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Abstract. For the numerical simulation of oxygen potential distributions in Solid Oxide 
Fuel Cell (SOFC), the time-evolution of the anode microstructure is reflected in the 
macroscopic electrical conductivities and the amount of triple-phase boundaries. Once the 
oxygen potential distributions are determined, the time-variation of the reduction-induced 
strains due to nonstoichiometry of oxide materials is calculated along with the thermal strains. 
These strains cause the macroscopic stresses in mutually constrained components. Thus, the 
capability of the proposed method is demonstrated in characterizing the aging degradation of 
the macroscopic electro-chemo-mechanical behavior of SOFC that is caused by the Ni-
sintering in cermet microstructures during long-period control. 
 
1 INTRODUCTION 

Components of Solid Oxide Fuel Cells (SOFCs) are always exposed to high temperature 
and large gas pressure under operation. Subjected to the starting and stopping control, the 
performance of SOFC is gradually degraded. One of the degradation factors can be the 
thermal expansive deformation due to temperature change [1], but the expansive deformation 
under reduction environment is distinguishing [1] for SOFC. These stress-free deformations 
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inevitably invoke the unexpectedly large stress due to the mutual constraints of the 
components, which sometimes causes the mechanical deterioration. At the same time, Ni 
particles in the porous anode electrode of SOFC are subjected to coursing due to sintering 
under high temperature environment. The temporal changes of the anode microstructures 
cause the degradation of not only the overall mechanical properties, but also the electrical 
performance.  

In order to realize the macroscopic electro-chemo-mechanical coupling analyses of a 
SOFC under operation, we propose a characterization method of the time-varying overall or 
macroscopic electro-chemical and mechanical properties of anode electrodes by applying the 
phase-field method that enables us to capture the time-varying geometry of anode 
microstructures due to Ni-sintering. With this information at hand, the homogenization 
method is extensively applied to evaluate the temporal change of the macroscopic electro-
chemo-mechanical properties that characterize the macroscopic inelastic mechanical 
behaviour and the oxygen potential distribution in SOFC.  

For the numerical simulation of oxygen potential distributions, the time-evolution of the 
anode microstructure is reflected not only in the macroscopic electrical conductivities, but 
also the amount of triple-phase boundaries, which are the generation sites of electro-chemical 
reaction currents. Once the oxygen potential distributions are determined, the time-variation 
of the reduction-induced strains due to nonstoichiometry of oxide materials can be calculated 
along with the thermal strains, both of which cause the macroscopic stresses in mutually 
constrained components. Thus, the promise and capability of the proposed method can be 
demonstrated in characterizing the aging degradation of the macroscopic electro-chemo-
mechanical behaviour of SOFC that is caused by the Ni-sintering in cermet microstructures 
during long-period control.  

 

Figure 1: Framework of analysis 
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2 FORMULATION  

2.1 Electro-chemical phenomenon  
At the cathode electrode, oxygen O2 is reduced by electron e- to produce oxygen ion O2-, 

which can move through the electrolyte toward the anode electrode. The oxygen ion that 
reaches the anode electrode is oxidized by the reaction with H2, which is provided as a fuel, to 
produce water H2O and e-. 

2
2

1Cathode : O 2e O
2

    (1) 

2- -
2 2Anode :O H H O 2e    (2) 

Since the electrodes are porous materials, actual reactions are expected to occur at the 
interfaces between gas and solid phases. The latter electro-chemical reaction, i.e., oxidation 
with emission of electrons, occurs at the so-called triple phase boundaries (TPBs) of the anode 
electrode, which is generally a cermet composed of Ni particles and ion conductive ceramics. 
On the other hand, the cathode electrode, whose constituents are mixed ionic-electronic 
conductive ceramics, allows the reduction of O2 at the so-called dual phase boundaries 
(DPBs), involving the ionization of the oxygen with absorption of electrons.  

The electronic current density -
Anode
ei  generated with the oxidation (2) is known to be 

determined by the Butler-Volmer relationship [3,4] as 

-
Anode Anode

0 a ce [exp{(2 ) / ( ) } exp{(2 ) / ( ) }]i i F R E F R E        (3) 

where 196500CmolF   is the Faraday’s constant, R  is the gas constant,   is the 
temperature and Anode

0i  is the exchange current density, a  and c  are the anodic and 
cathodic charge transfer coefficients. In addition, E  is the polarization voltage expressed by 

 gas
O O( ) / 2E F     (4) 

where O  and gas
O  are the oxygen potentials in material and gas, respectively. The oxygen 

potential is calculated with the partial pressure of oxygen 
2Op  as  

2O O O
1 ln( )
2

R p     (5) 

where O 0   is the oxygen potential at standard condition. The normal component of current 
density -ei  inside the Ni particles equals to the generated electric current density as 

- - -
Anode

e e ei i  i n  (6) 

where n  is the outward unit vector on the TPB, directed to the normal to Ni surface. 
According to the electro-chemical reaction Eq. (2), the oxygen ionic current density  
generated at the same boundary surfaces can be evaluated as  

2 2 2- -
Anode Anode

O O O ei i i      i n  (7) 

where the outward unit vector n  is defined to the TPB, directed to the normal to the oxide’s 
surface. 
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The current density generated at the cathode with the reduction process expressed by Eq. 
(1) is also determined by the Butler-Volmer type equation as 

-
Cathode Cathode

0e [exp{(2(1 ) ) / ( ) } exp{(2 ) / ( ) }]i i F R E F R E         (8) 

where the exchange current density Cathode
0i  and  the charge transfer coefficient   are 

different from those for anode.. The relationships of this generated current density with the 
normal components of the current densities in the oxide are given as  

- - -
Cathode

e e ei i  i n  (9) 

2 2 2- -
Cathode Cathode

O O O ei i i      i n  (10) 

2.2 Microscopic electronic and oxygen-ionic conduction problems 
The electrical conduction in mixed ionic-electronic conductive ceramics can be 

characterized by the local transport of electro-chemical potentials and is governed by the 
following equations [5]: 

2-
2 2 2-

O
O O O O,

2 2
c
F F


       


i i  (11) 

-
-

e
O e e e( ) , ( 2 )

2 2
c
F F


        i i  (12) 

2- - 2 -O O e O e2 ,      i i i  (13) 

where 2-O  is the electro-chemical potential of oxygen ion, -e  is the electro-chemical 
potential of electron, 2

O m O O( ) ( 4 / )( ( ) / )c c F V         is the electric capacitance,   is 
the oxygen vacancy,  is the molal volume, i  is the total current density, and 2-Os  and -es  are 

Table 1: Electric conductivities and oxygen vacancy 
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the electric conductivities of oxygen ion and electron, respectively. It is noted that the source 
terms of reaction current densities are not appeared in Eqs. (11) and (12). The reaction 
currents are generated at the TPBs or DPBs. The standard Dirichlet boundary conditions with 
the values of electro-chemical potentials are used for the pore surface in the microscopic 
problem. 

2.3 Macroscopic electronic and oxygen-ionic conduction problems 
The local transport of macroscopic electro-chemical potentials is governed by the 

following equations: 
2-

2 2 2 2-
O

O O O O O,
2 2
c j
F F


         


i i

      (14) 

-
-

e
O e e e e( ) , ( 2 )

2 2
c j
F F


          i i

      (15) 

2- - 2 -O O e O e2 ,      i i i     (16) 

where symbol   indicates the macroscopic (homogenized) quantity. The reaction current 
densities 2O

j 
  and 

e
j 
  are appeared as source terms in Eqs. (14) and (15). Once the solutions 

of these equations 2-O  and -e  are determined, the macroscopic oxygen potential O  can be 
obtained.  

2.4 Macroscopic deformation problem 
The macroscopic (homogenized) governing equations of deformation problem are written 

in the following forms: 
0   T b   (17) 

e c r   ε ε ε ε ε    q  (18) 
e e e

dev: (tr ) 2   T C ε ε 1 ε     (19) 
2c

m m 1 3/ || ||, || || exp( / )CC C    ε T T T        (20) 

 ε α q  (21) 
r  ε β   (22) 

where symbol   indicates the macroscopic (homogenized) quantity. The macroscopic 
reduction-induced strain r  is evaluated by the multiplication of the macroscopic vacancy   
from Table 1 by the coefficient  . The standard Dirichlet and Neumann boundary conditions 
are used. 

2.5 Microstructures of anode 
In this study, we assume that the main factor that deteriorates the anode made by Ni-YSZ 

is the sintering of Ni particles, which aggregate during the steady operation at 973-1173K. In 
particles touching with each other at lower temperature than the melting point, material 
transfer occurs so as to reduce the surface energy of the system. With the driving force of the 
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surface energy, the shapes of particles change with time. To simulate such a time-variation, a 
phase-field model for sintering [6,7] is employed in this study. We employ the following 
Ginzburg-Landau type free energy [8]: 

2
i i

i

1[ || ||
2

F   V  

ij2 2 2 2 2 2 2 2
i i i i i i j i j k

i i i j
(1 ) ( ) ]

4 2i
A B dv

        


         (23) 

where index i takes 1, 2 or 3, which indicates the phase of Ni, YSZ and void. Here, the first 
and second terms are the surface energies, the third term is the chemical free energy, and the 
fourth term is the interface energy of the TPB. Also, coefficients i , iA , iB , ij ji   and   
are the material constants associated with the corresponding energies or potentials. The Cahn-
Hilliard equations are used for the evolution equation because i  is a conservative quantity. 

i
i i

i
( , ) FM

t
  


             

 (24) 

where i i( , )M    is the mobility defined as i i i i( , ) ( ) ( )M D m    with the diffusivity 
function i( )D   and the mobility function i ( )m  , i.e., i( )D   vol i( )D f   vap i(1 ( ))D f    

surf i i(1 )D     and 8
i i i( ) 10 / 2[1 tanh{( ) / }]m b      where volD , vapD  and surfD  are the 

diffusivities for the volumetric diffusion, the gas diffusion and the surface diffusion, 
respectively, and ia  and ib  are the mobility parameters and i( )f   takes the form of i( )f   

3 2
i i i(10 15 6 )     . Substitution of i i( , )M    into Eq. (24) yields the following equation: 

2i
i i i i i

i i
( ) ( ( )) ( )F Fm D D

t
    

 
                     

 (25) 

Discretizing Eq. (25) with finite differential method, we simulate the development of order 
parameters.  

3 ANALYSIS CONDITION  

3.1 Material constants 
We employ La0.6Sr0.4Co0.2Fe0.8O3- (LSCF) for the cathode, 8mol% yttria-stabilized 

zirconia (8YSZ) for the electrolyte, Ni-YSZ cermet for the anode La(Ca)CrO3 (LCCr) for the 

Figure 2: Model of microstructure of electrodes 

619



M. Muramatsu, S. Takase, K. Yashiro, T. Kawada and K. Terada 

 7

interconnect in this study. Note that the formulation does not limit the materials of cells. To 
evaluate the macroscopic material properties of the porous anode and cathode electrodes by 
performing the homogenization analyses, homogenization method are used to obtain the 
macroscopic material properties. In this study, numerical material testing [2] is employed for 
homogenization. Especially, the microstructure of anode, which is Ni-YSZ cermet, changes 
temporally due to Ni-sintering. The macroscopic properties of anode are calculated on the 
basis of the temporal microstructures.  

3.2 Temporal change of microstructure in anode 
Figure 2 shows the microscopic analysis models of anode (Ni-YSZ) and cathode (LSCF) 

microstructures, which are generated by the 3-dimensional porous material simulator POCO 
[9]. A phase-field simulation with the above-described evolution equations is carried out only 
for the Ni particles in Fig. 2 (a) that are assumed to be exclusively sintered. The finite 
difference model is generated with 5050 146 grids (Δx×Δy×Δz = 0.062m × 0.062m × 
0.062m). The material constants are chosen as 1 = 2 = 14.0×10-2 J/cm3, A1 = A2 = 22.0×10-

3 J/cm3, B1 = B2 = 1.0 J/cm3, 12 = 5.0×10-3 J/cm3,  13 = 23 = 0.0 J/cm3,  = 100.0×10-3J/cm3, 
Dvol = 5.0×10-13 cm2/s , Dvap = 5.0×10-15 cm2/s and Dsurf = 2.0×10-10 cm2/s. It is noted here that 
the diffusivity of the interface is set at a value larger than the ones for the solid and gas phases 
to promote the sintering near the interfaces. Figure 3 is the schematic of the condition of 
temperature control in a virtual SOFC operation. After the temperature increases to 1073K, 
this constant value of temperature is kept for 11 hours, and then decreases to the room 
temperature by natural cooling. Under this temperature control, the sintering simulation is 
assumed to start when the temperature reaches at 1073K, since Ni particles are sintered 
mainly in steady operations [1]. Here, the simulation time is 11h with Δt = 1s. The results of 
the sintering simulation of Ni particles are provided in Fig. 4 that shows the time-variation of 
the anode microstructure with the TPBs, which are generation sites of reaction currents. The 

Figure 4: Temporal changes of microstructure 
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amount of the TPBs shows that the frequency of TPBs is reduced with time during the 
sintering of Ni particles. 

3.3 Homogenization 
Based on the geometrical and material information about anode, which is shown in section 

3.1, and cathode, numerical material tests are conducted to evaluate the macroscopic 
properties such as oxygen ionic and electronic conductivities, elastic constants, creep 
parameters and coefficient of thermal expansion. The obtained properties are used for the 
macroscopic analysis.  

4 ANALYSIS RESULT  

4.1 Electric conduction problem 
Figure 5 is the analysis model and boundary conditions for macroscopic electric 

conduction problem. Figures 6, 7 and 8 show the time variations of the distributions of the 
potentials of oxygen ion, electron and oxygen, respectively. The contour plot on the left of 
each of these figures (Figures 6(a), 7(a) and 8(a)) shows their time varying distributions in the 
x1-x2 plane, while the graph on the right of each figure (Figures 6(b), 7(b) and 8(b)) shows 
their time-varying profiles on line P-Q indicated in Fig. 5. An increase of the uniform 
distributions of the electrochemical potential of electrons, which can be observed in Figs. (i) 
and (ii), reflects the supplying condition of fuel in the anode in the numerical analysis. After 
3,600s, the potential is kept constant as can be seen from Figs. (ii) and (iii), realizing the 
steady states.  

4.2 Deformation problem  
The analytic model and boundary conditions for macroscopic analysis for the macroscopic 

deformation problem are shown in Fig. 9. As can be seen from Fig. 10, at first, the overall cell 
structure is bent toward the interconnect side This initial bending until the temperature 
reaches at 1073K has been caused by the significant development of larger thermal expansion 
strains in the cathode than those in the interconnect. Subsequently, the deflection is gradually 
decreased and the head of the cell moves toward the cathode side during 10h-steady operation 
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and cooling, while the overall shape of the cell is warped into the interconnect side (See Figs. 
10(ii)-(v)). This is probably caused by the reduction induced expansive strains that are 
expected to developed in the interconnect side during steady operation and subsequent 
cooling.  
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5 CONCLUSIONS  

In this study, to perform stress analyses of SOFCs under operation, mechanical problem 
and electrochemical problem are coupled taking a time-varying geometries of anode 
microstructures due to Ni-sintering into account. The conclusions are summarized as follows: 

- A phase-field method was presented to simulate the micro-scale morphology change 
with time, from which the time-variation of the amount of TPBs was directly 
predicted. In the homogenization analyses, the dependencies of the properties of 
constituent materials on temperature and/or the oxygen potential, which is supposed 
to change within an operation period, were also considered.  
 

(i) =0st

Stress [MPa]

In
terco

n
n
ect sid

eC
at

h
o
d
e 

si
d
e

(iii) =39600st(ii) =3600st (iv) =43200st (v) =46800st

-700 -350 0 350 700

x1

x3

Figure 10: Distribution of stress of the cell 

Fuel

Anode

Electrolyte

Cathode

Interconnect

Air

5000 m (5000elements)�

x
3

x
1

x
2

x
3

x
1

Pedestal

x
3

x
2

1200 m�

(1200elements)

1
2
0
0
0

m
 (2

4
0
elem

en
ts)

�

A

B

C D

Figure 9: Boundary condition of deformation problem 

623



M. Muramatsu, S. Takase, K. Yashiro, T. Kawada and K. Terada 

 11

- Under the assumption of an actual start-and-stop operation, the macroscopic electric 
conduction analysis was conducted to oxygen potential distribution in an overall cell 
structure under long-period operation with start-and-stop control, which determined 
reduction-induced expansive/contractive deformation of oxide materials. 

- The macroscopic stress analysis was carried out for the overall SOFC structure with 
the stress-free strains and the homogenized mechanical properties, both of which 
depend on the operational environment. 
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