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CHEMICALLY INDUCED STRESSES IN THE CATHODE  
OF  SINGLE CHAMBER SOLID OXIDE FUEL CELL 
 

Установлено зв’язок між явищами дифузії іонів кисню, хімічним розширенням в електрохімічній 
кераміці та розвитком хімічно наведених напружень в часі в катоді твердооксидних паливних 
елементів з одним стеком мініатюрної конфігурації на базі тонких плівок у формі печатних плат. 
Розроблену модель використано для розрахунків залежних від часу розподілень напружень в 
катоді як функцій фізичних параметрів матеріалу, геометричних параметрів катоду та концент-
рації іонів кисню в сталих умовах роботи твердооксидних паливних елементів з одним стеком.  

 
A relation between diffusion of the oxygen ions, chemical expansion in electrochemical ceramics, and 
chemically induced stress evolution in the cathode over time for the Single Chamber Solid Oxide Fuel 
Cell based on the miniaturisation concept using thick films produced by screen-printing method has 
been established. The proposed model has been used to calculate the time dependent stress distribution 
in the cathode as a function of the material parameters, geometrical parameters of the cathode, and 
concentration of the oxygen ions under steady state operating conditions of the Single Chamber Solid 
Oxide Fuel Cell. 
 

Introduction. The concept of a Single Chamber Solid Oxide Fuel Cell (SC-
SOFC) has been recently proposed by several groups of researchers in the world 
[1]. A SC-SOFC is an all solid state electrochemical device that operates at ele-
vated temperatures in uniform mixtures of fuel and oxidant and can directly convert 
the chemical energy of the gas mixture into heat and electric energy by the use of 
reaction selective electrodes. In regards of conventional SOFC, the single chamber 
SOFC presents the high interest due to no need of seals in the SOFC system ac-
cording to use of only one cell for both anode and cathode. The working principle 
of the SC-SOFC is based on a difference of catalytic activity of the electrodes re-
sulting in preferential reactions with fuel 
or with air; the anode has a higher activity 
for fuel oxidation, whereas the cathode is 
more efficient for oxygen reduction.  

The SC-SOFC configuration with 
conventional materials (anode made of 
NiO and yttria-stabilized zirconia YSZ, 
cathode made of Sr-doped lanthanum 
manganite LSM and solid electrolyte 
made from YSZ) is shown in Fig. 1 [2]. 
This SC-SOFC device is based on the 
thick films produced by screen-printing. The SC-SOFC under consideration refers 
to the so called SC-SOFCs with side by side placement of electrodes. A concept of 

 
Fig.1. A Single Chamber Solid Oxide 

Fuel Cell [2] 
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the SC-SOFC recently proposed in the Ecole Nationale Supґerieure des Mines 
(France) is based on the new materials: Gd  or  Sm doped ceria for the electrolyte, 
Ni or Cu composite materials ( 42NiOLa or 42CuONd ) for anode and 

32.08.05.05.0 OFeCoSrBa (BSCF) for the cathode. All materials are deposited by 
screen-printing using special inks prepared in the Ecole Nationale Supґerieure des 
Mines (France). The composition of the inks is adjusted in order to control the right 
properties of the inks. Mixtures of powders and organic precursors of these pow-
ders have been used to obtain suitable viscosities. 

1. Mathematical model of the diffusion of oxygen ions. In the following, 
the constitutive and numerical modeling only of the cathode in the SC-SOFC under 
discussion will be considered. A mixture of 2O and 4CH  is introduced from the 
outer surface of the cathode. The perovskite 30.20.80.50.5 OFeCoSrBa , material of the 
cathode, exhibits high oxygen ionic and electronic conductivity. The oxygen trans-
port through cathode in the form of oxygen ions instead of oxygen molecules oc-
curs, and oxygen ions diffuse from the outer surface of the cathode into the me-
dium. The concentration, θ , of oxygen ions in the cathode follows Fick’s second 
law and can be determined as [3]:   
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where α  is the coordinate in the normal direction of the cathode, [ ]h,0∈α ; h is the 
thickness of the cathode; t is the time; 0θ  is the concentration of oxygen ions re-
quired to maintain equilibrium with the vapor pressure in the surrounding gas mix-
ture remote from the outer surface of the cathode; D is the chemical diffusion coef-
ficient of oxygen ions; zerfc  is the complementary error function. As known, the 
error function 
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has the following properties 
 

zz erf)(erf −=− ; 0)0(erf = , 1)(erf =∞ . 
 

Complementary error function is introduced as  
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2. Modeling of chemically induced stresses. For the acceptor doped 
perovskite materials, for example, the cathode material 32.08.05.05.0 OFeCoSrBa , it is 
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well known that the unit cell volume changes with changes of stoichiometry [4]. 
Therefore the volume chemical expansion will lead to a build-up of chemically 
induced stresses in the cathode.  

In the following, the cathode in SC-SOFC under discussion will be considered 
as a thin rectangular simply supported plate that occupies the domain  
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with the reference to the Cartesian coordinates (x, y, z). Here a and b are the sizes 
of the cathode in the plane.  

The components of the total strains at the each point of the plate and at the 
each instant of the time can be calculated as a sum of the elastic parts, defined by 
the generalized Hooke’s law, and chemically induced parts, i. e. 
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where yx σσ ,  and xyτ  are stress components, E, ν  and Tα  are Young’s modulus, 
Poisson’s ratio and a new material constant related to the chemical expansion, respec-
tively, w  is the normal displacement of the middle plane of the plate, m

xε , m
yε  and 

m
xyγ  are plane deformations of the points at the middle plane. Right parts in equation 

(4) correspond to the Kirchhoff hypothesis which we accept for the plate bending [5].  
Since θ  is a function of the coordinate z and horizontal displacements are not 

restricted at the boundary, middle plane is a homogeneously stretched one so that  
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In order to exclude these strains from the further consideration an auxiliary 
balanced concentration function is introduced in the following form: 
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This enables to express all the stress components in terms of the second de-
rivatives of normal displacement w  and oxygen ions concentration: 
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According to these relations bending and twisting moments in the middle 
plane of the plate can be found as:  
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These moments have to satisfy the equilibrium equation [5] 
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and boundary conditions [5] 
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which enables to state a boundary value problem in regard to the normal displace-
ment w : 







=

=+∆

Γ

θ

0
0

w
MwD

 .   (8) 

 

Exact solution of the boundary value problem given by equation (8) is deliv-
ered by an infinite series 
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where 
a
n

n
π

=α . This series converges together with its second derivatives, which 

enables to substitute their values in equation (7) and to obtain sought stresses at all 
points of the cell at all instants of the time, i.e. 
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Note that the concentration of oxygen ions  θ  in equations (8), (10) is given by 
equation (1). 

3. Numerical results. The model described above was employed to 
determine chemically induced stresses in a cathode of the SC-SOFC at 973K. 
Values of parameters have been taken as follows: concentration of oxygen ions at 
the equilibrium is 056.00 =θ , chemical expansion factor is 00489.0=αT , 

chemical diffusion coefficient of oxygen ions is  
s

m102460
2

8−⋅= .D  [6], Young’s 

modulus and Poisson’s ratio are GPa100=E and 3.0=ν [7], the sizes of the plate 

are a=0.005 m and b=0.01 m, thickness of the plate h=2 510−⋅ m.  
Fig. 2 shows the distribution of oxygen ions concentration across a thickness 

of the plate as a function of time according to equation (1). It is seen that the 
concentration at any point of a plate except point with z=h/2 increases with 
increasing time. Furthermore, the most intensive growth of oxygen ions 
concentration with increasing time occurs up to 1s, and the instant at 1s can be 
accepted as the equilibrium time. 

The gradient of the concentration of oxygen ions in perovskite material leads 
to the appearance of the diffusion-induced stresses in a cathode. High levels of 
these stresses can be a source of the cathode cracking in the SC-SOFC. Therefore, 
in the following we will estimate the development of diffusion- induced stresses 
with time using Eq. (10) and material constants given above. 
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As known, mechanical failure of perovskite material includes fracture and 
permanent straining caused by 
domain switching of this perovskite. 
Figs. 3-6 show the distribution of the 
chemically induced stresses at the 
centre of a cathode. 

Fig. 3a shows the 
redistribution of the stress xσ  
across a thickness of the cathode 
with time. It is seen that the stress 

xσ is compressive in the region 
near the boundary surfaces 

2/hz ±=  at the centre of a cathode 
and tensile in the middle region of 
a cathode, and that the absolute 
value of the maximum level 
corresponds to a compressive 
stress. Starting at the instant of time t = s1 we have approximately zero stresses xσ  
at the centre of a cathode. 

 

 
a b 

Fig. 3. The distribution of the stress components xσ  (a), yσ  (b) across  
a thickness with time at a centre of the cathode 

 
It is clear from Fig. 3b that the stresses yσ  are positive (tensile) for all 

moments of time at each point of a cathode at its centre except for the outer of its 
surface 2/hz = . Starting at the instant of time t = s1 we have small values of 
stresses yσ  at the centre of a cathode due to the stress relaxation with time. 

Thus, the results above show, as oxygen ions diffuse into perovskite structure, 
tensile stresses arise in the interior of the sample. The probability of a crack due to 

 
 

Fig. 2. The distribution of oxygen ions 
concentration across a thickness  

of the cathode with time 
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tensile failure in the middle region of a cathode is increasing during the initial 
period of the diffusion. To demonstrate that the distribution of the first principal 
stress across a thickness of the cathode as a function of time is considered (Fig. 4). 
It is seen, for example, that at the centre of the cathode the maximum value of the 
first principal stress MPa7.61 =σ  is reached at s001.0=t , and then the stress 
relaxation process develops. In this regard, there is here the risk of a crack 
formation in the cathode during the initial period of the diffusion when the first 
principal stress reaches the strength limit of the perovskite material under tension. 
The penetration of oxygen ions causes also a change in the direction of the first 
principal stress distribution (Fig. 4). The first principal stress in the region with the 
positive values of the coordinate z except for the outer of boundary surface 2/hz =  
coincides with the orientation of the stress xσ , and microcracks form and propagate 
perpendicular to the direction x. In the region of a cathode with the negative values 
of the coordinate z the first principal stress is related to the direction of the 
stress yσ , and microcracks can form and propagate perpendicular to the direction y. 
The position of the point with coordinate f where the maximum value of the first 
principal stress at the centre of a cathode occurs changes with time under point 
moving from the region near the outer surface to the inner surface (Fig. 5).  

 

 
 

Fig. 4. The distribution of the first principal 
stress 1σ across a thickness with time at a 

centre of the cathode 

 

 
 

Fig. 5. Drift of the location of the point with 
coordinate f with the maximum value of the 
first principal stress across a thickness with 

time at a centre of the cathode 
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On the other hand, the 
highest compressive stresses at a 
centre of the cathode arise at the 
boundary surface 2/hz = . The 
condition of permanent straining 
has a form  

ci σ>σ    (11) 
 
where iσ  is the von Mises 
equivalent stress, and cσ  is the 
limit of the linear elasticity under 
compression, 
 

22
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It is seen from Fig. 6 that the von 
Mises stress has the maximum value at the outer surface and at s001.0=t . A 
fracture based on a shear crack will appear in a cathode of the SC-SOFC when the 
maximum von Mises stress exceeds the strength limit of the material under 
compression. 

4. Conclusion. A predictive tool which is able to reproduce the chemically 
induced stresses in a cathode of the SC-SOFC has been proposed. Within the 
proposed approach it is possible to investigate the effect of oxygen stoichiometry 
related to the partial oxygen pressure as well as of the sizes of the cathode and its 
thickness on the level of the chemically induced stresses.  

A picture of the stress evolution over time in the entire SC-SOFC system 
(cathode- solid electrolyte- anode) is more complicated. The chemical expansion of 
the cathode material and densification of the electrolyte will lead to a build-up of 
chemically induced stresses in the SC-SOFC that can be a source of the failure of 
the whole system as well as  of its degradation over time.  

For example, Fig. 7 shows the difference between the calculated and experi-
mentally measured open circuit voltage (OCV) for anode-supported SC-SOFC of 
the conventional design with electrodes on each side of a dense electrolyte operat-
ing on the gas mixtures characterized by the ratio of 4CH and 2O denoted as x [1]. 
The calculated OCV values have been obtained under assumption of perfect elec-
trodes and purely ionic conducting electrolyte. In fact, the chemical expansion of 
the cathode material and densification of the electrolyte occur that can be a source 
of the SC-SOFC degradation over time. Therefore, it is necessary to introduce the 
more realistic model for the OCV calculations taking into account the diffusion of 
oxygen ions, appearance of the chemically induced stresses and degradation of the 
SC-SOFC system over time. 

 
 

Fig. 6. The distribution of the von Mises 
stress iσ  across a thickness with time at a 

centre of the cathode 



 156

 
a b 

 
Fig. 7. The calculated and experimentally measured open circuit voltage (OCV) for SC-

SOFCs operating on 4CH -air mixtures with different x-ratio of 4CH and 2O  [1]: 
а – calculated OCV for SC-SOFCs, assuming perfect electrodes  

and purely ionic conducting electrolyte, 
b – experimentally measured OCVs of anode-supported SC-SOFCs with YSZ-electrolyte 

 
Another example shown in Fig. 8 demonstrates the difference between the 

OCV data measured during heating and cooling for electrolyte-supported SC-SOFC 
of the conventional design with electrodes on each side of a dense electrolyte. The 
SC-SOFC is produced by screen-printing method. It is seen from Fig. 8 that the 
OCV during cooling was generally lower than during the heating stage. Obviously, 
the permanent straining and irreversible change of the anode material occur during 
the temperature cycle and serve as a source of the SC-SOFC degradation over time. 
 

 

Fig. 8. The experimentally measured 
open circuit voltage (OCV)  

of a SC-SOFC with 0.19 mm thick 
electrolyte as a function  

of temperature with 380 ml/min meth-
ane and 260 ml/min airflow during 

heating with 2 K/min and cooling with 
5 K/min [1] 

 

 
The analysis of the stress and damage evolution in a SC-SOFC with time can 

be produced according to an integrated approach proposed earlier in [8] using AN-
SYS software. In this way, it is possible to study the SC-SOFC degradation over 
time influenced by: 
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• SC-SOFC design type, 
• the gap between the two electrodes in a SC-SOFC planar design  with side 

by side placement of electrodes, 
• the gas flow rate, the gas flow configuration, the gas composition and the 

operating temperature,  
• the current-collectors effect, 
• the thickness of the anode layer and the electrolyte layer, 
• shapes, geometries and electrochemical properties of the electrodes, 
• permanent straining and irreversible change of the anode material, 
• densification of the electrolyte, 
• oxygen stoichiometry of the cathode material, 
• thermal gradient across a thickness of the SC-SOFC,  
• creep effect. 
The research described in this paper was sponsored by the Ministry of 

Education and Science of the Ukraine and EGIDE within the framework of the 
scientific cooperation between Ukraine and France based on the programme 
“Dnipro”. The first author would like to thank Madam Sakharenko T.O. for useful 
advices and cooperation. 
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