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The delamination and degradation of solid oxide fuel cells (SOFCs) electrode/electrolyte

interface is estimated by calculating the stresses generated within the different layers of

the cell. The stresses developed in a SOFC are usually assumed to be homogenous

through a cross section in the mathematical models at macroscopic scales. However,

during the operating of these composite materials the real stresses on the multiphase

porous layers might be very different than those at macro-scale. Therefore micro-level

modeling is needed for an accurate estimation of the real stresses and the perfor-

mance of SOFC.

This study combines the microstructural characterization of a porous solid oxide fuel

cell anode/electrolyte with two dimensional mechanical and electrochemical analyses to

investigate the stress and the overpotential. The microstructure is determined by using

focused ion beam (FIB) tomography and the resulting microstructures are used to generate

a solid mesh of two dimensional triangular elements. COMSOL Multiphysics package is

employed to calculate the principal stress and Maxwell Stefan Diffusion. The stress field is

calculated from room temperature to operating temperature while the overpotential is

calculated at operating temperature.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Solid oxide fuel cells (SOFCs) are considered as one of the

most promising system for the energy vision of the future in
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the view of the fuel flexibility, high conversion efficiency,

low emission and cheap raw materials [1]. Many researches

have focused enhancing the service life of SOFCs and

to reduce fuel cell costs [2]. One of the most
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Fig. 1 e Anode/electrolyte cross section obtained by

FIBeSEM [13].
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essential parameters that needs to be considered is the high

operating temperature which leads to delamination of the

cell component and the degradation of the cell

performance. A typical SOFC comprises anode electrode,

electrolyte and cathode electrode layers. Each of these

layers are consistent of different materials. In addition to

these layers a certain amount of electrolyte material is

generally added to both electrodes in order to improve the

cell performance by increasing the electrochemical reaction

zones known as triple phase boundaries. Therefore, all

layers exhibit different mechanical properties such as

elasticity modulus, Poison's ratio and coefficient of thermal

expansions (CTE). The mechanical properties are also not

homogenous in both electrodes because of the electrolyte

materials added. The CTE differences between each layers

and in anode and cathode microstructures lead to micro or

macro cracks at the layer interfaces and inside the elec-

trodes. This problem alleviates at high temperature gradient

during the operation of SOFC [3]. Especially, in CTE causes

additional stresses in the electrode/electrolyte interfaces

and the grains in electrode. Since the SOFC systems include

many electrochemical reactions and mechanical enforce-

ments due to the assembly features, understanding of the

initiation of the defects and their reasons are quite

essential.

Recently, studies investigating about the reasons of the

defects in the micro scale have been increased with the

developments in the visualization techniques of micro-

structures. For this purpose generally advanced focused ion

beam (FIB)escanning electron microscopy (SEM) [4e11] and

X-ray computed tomography (XCT) [12,13] devices are uti-

lized in order to obtain the representative volume element

(RVE) which will be used in the finite element simulations

later. Although these kinds of detailed visualization tech-

niques are new, its application to SOFC microstructure have

been increasing remarkably.

In the current study, the generated microstructures are

used for the determination of the interactions between Ni

and YSZ phases as well as the stress distributions and

delamination features of the electrode/electrolyte interfaces

in a range of SOFC operating temperatures.
Fig. 2 e Colored anode/electrolyte cross section with

segmentation (Green: Nickel, Yellow: YSZ, Black: Pores).

(For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this

article.)
Microstructure generation

There are numerous 1D, 2D and 3D fuel cell modeling

studies in the literature. With the recent developments in

the visualization equipment, it is now possible to scanning

microstructures layer by layer. Furthermore, 2D and 3D

images of the cross-section of solid oxide fuel cells obtained

by using these visualization devices have been numerically

analyzed. Considered 2D SEM image of anode/electrolyte

interface belonging to a membrane electrode group is given

in Fig. 1 [14]. The coloring of this image is achieved via a

commercial image analysis program (Image-Pro Plus

v60.0.1). Before implementing into COMSOL program, the

colored image is converted to high quality image data and

dxf (drawing exchange format) sequentially (Fig. 2). The

meshed structure of the geometry of interest obtained in

COMSOL is illustrated in Fig. 3. In order to obtain more
accurate results, relatively small and high numbers of

meshes are applied for the sharp edges as well as contact

regions. The statistical values of the mesh structure are

listed in Table 1.
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Fig. 3 e Meshed anode/electrolyte cross section with

Comsol (Gray: Nickel, Blue: YSZ, White: Pores). (For

interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this

article.)
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Mathematical model

Thermo mechanic strainestress equations

The displacement and stress generation due to thermal

expansion mismatch are considered. Energy generation as a

result of electrochemical reaction is neglected because of very

small volume of computational domain chosen. The force

balance for the solid body element in its differential form

states [15]:

v2
�
ru
�

vt2
� V$s ¼ rf (1)

where u is displacement vector, r is density, f is body force and

s is stress tensor.

The strain tensor ε is defined in terms of u:
Table 1 e Statistical data of mesh specification.

Specification Numbers

The number of the triangular elements 24,342

The number of edge element 2586

The number of the corner element 453

Total number of elements 24,342

Minimum elements of quality 0.1372

Average elements quality 0.9343

Element area ratio 4.12E�4

Network area 22.71 mm2
3¼ 1
2

h
Vuþ ðVuÞT

i
(2)

The Hooke's law, relating the stress and strain tensor,

closes the system of equations:

s ¼ 2m 3þ ltrð 3ÞI (3)

where tr( 3) is the transpose of the strain tensor, I is the unit

tensor and m and l Lame's coefficients, relating to Young's
modulus of elasticity E and Poisson's ratio v as:

m ¼ E
2ð1þ yÞ (4)

and

l ¼

8>>><
>>>:

yE
ð1þ yÞð1� yÞ for plane stress

yE
ð1þ yÞð1� 2yÞ for plane strain and 3D

(5)

There are well-known relationships between stress and

displacement, and for plane stress with possible temperature

loading [16];

sxx ¼ E
ð1� m2Þ

�
vu
vx

þ m
vv
vy

� ð1þ mÞaT
�

(6)

syy ¼ E
ð1� m2Þ

�
vv
vy

þ m
vu
vyx

� ð1þ mÞaT
�

(7)

sxy ¼ E
2ð1þ mÞ

�
vu
vy

þ vv
vx

�
(8)

Using the equations above, the governing equation can be

rewritten with the displacement vector u as the primitive

variable [15]:

v2
�
ru
�

vt2
� V$

h
mVuþ ðVuÞT þ lItrðVuÞ

i
¼ rf (9)

Continuity equation

The continuity equation for the all of domains of a single cell

i.e. the anode, the cathode, the electrolyte, the inter-

connectors and gas channels are given;

vð 3rÞ
vt

þ V$
�
rV
!� ¼XRj (10)

Where, 3is the porosity correction for the electrodes. In the

anode and cathode, source terms are prescribed in the conti-

nuity equation to take into account of homogenous reactions.

In the cathode, oxygen is consumed and transformed into O2�,
which is absorbed by the solid matrix. In the anode, hydrogen

is depleted where water is formed with the O2� ions trans-

ferred from the anode electrode. Since ion transfer occurs in

solid matrix, continuity equation which is defined for only

fluid domain has to be modified. Then appropriate source

terms are set in the continuity equation accordingly as;

Ra ¼ RH2
þ RH2O and Rc ¼ RO2

;where;

RH2
¼ �ia

��
2F
�
MH2

(11)
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RH2O ¼ �ia
��

2F
�
MH2O (12)

RO2
¼ �ic

��
4F
�
MO2

(13)

ia,c is the exchange current density for anode and cathode,

which is explained in the following equations.
Species balance

Species transport is modeled with MaxwelleStefan equation;

v
�
r 3wj

�
vt

þ V$
�
Ji þ rV

!
wi

� ¼ Rj (14)

where Ji is diffusive flux term and where,

Ji ¼ �DTh
j

VT
T

� rwj

Xn
k¼1

~Djkdk (15)

The first term accounts for the effect of temperature

gradient on diffusion.
Momentum balance

Assuming laminar flow in the system, the momentum equa-

tions can be expressed as:

d
dt

�
rV
!�þ rV

!
$VV

!¼ V$

�
� pIþ m

�
VV
!þ �VV

!�T	� 2m
3

�
VV
!�

I



þ rg

(16)

where m is the viscosity obtained similar to density calculation

and p represents the static pressure.

Density of the mixture used in momentum equation as

well as in the other equation is calculated via the expression,

r ¼ P
RT

X
j

xjMj (17)

where xj is the mole fraction of the species determined from

MaxwelleStefan equation and Mj is the molecular weight of

the species.

Momentum equations is modified with Brinkman

Equations;

d
dt

�
rV
!�

3
�þ rV

!
$VV

!¼V$

�
� pIþ m

3

�
VV
!þ �VV

!�T	� 2m
3

�
VV
!�

I




þ rg� ðm=KÞV!þ F

(18)

ðm=KÞV! is porous media transport in the equation where K is

the permeability of the electrode. Source term in Brinkman

equation includes the external-force applied to the fluid due to

the generation and depletion of the species during the fuel cell

reaction as,

F ¼
�
Ra;c U
Ra;c V



(19)
Energy balance

The energy conservation equation is.

d
�
rCpT

�
dt

þ V$

 
� kVTþ rCpTu9þ

X
j

hiND;j

!
¼ Q (20)

In the equation, Cp specific heat, k is the thermal conduc-

tivity and Q denotes the energy due to a source term including

joule effect due to ohmic resistance, the electrochemical re-

actions or radiation according to the domain of interest.

Electrochemical equations

Electrochemically generated model comprises the following

processes:

� Electronic charge balance (Ohm's law)

� Ionic charge balance (Ohm's law)

� ButlereVolmer charge transfer kinetics
Charge conservation
The charge is expressed by Ohm's Law and the conservation of

charge as follows:

j
!¼ sVf (21)

vre
vt

þ V$ j
!¼ Sc (22)

Where is j
!
, s and f are the ionic or electronic current density,

the conductivity and the electrical potential. Sc is the charge

source term and equal to current density of the considered

domain valid only in TPBs, otherwise it is equal to zero. In

other words, Sc is equal to the anode or cathode current den-

sity calculated from ButlereVolmer equation for the elec-

trodes whereas it is zero for the electrolyte or interconnects

purely ionic and purely electronic conductive parts respec-

tively. The electrodes, however, have both ionic and electronic

conductivity. Therefore, charge balance equation is required

as follows:

j
!

io ¼ � j
!

el (23)

Electrochemical model
The actual voltage of an SOFC is less than its open circuit

voltage owing to irreversible losses:

Vcell ¼ V � DVohm � DVact � DVcon (24)

The current density is by given ButlereVolmer equation:

ia;ct ¼ i0;a

�
ch2

ch2 ;ref
exp

�
0; 5F
RT

h

�
� ch2o

ch2o;ref
exp

�
�1;5F

RT
h

�

(25)

where, i0,a anode exchange current density (A/m2), ch2

hydrogen molar concentration, ch2o water molar concentra-

tion, ct species total molar concentration (mol/m3), ch2 ;ref and

ch2o;ref reference concentration (mol/m3), F is faraday constant

(C/mol), R universal gas constant (J/(mol K)), T is temperature

(K), h is loses.
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ic;ct ¼ i0;c

�
exp

�
3; 5F
RT

h

�
� xo2

ct
c

exp

�
�0; 5F

RT
h

�

(26)
o2 ;ref

where, i0,c is cathode exchange current density (A/m2), xo2 is

molar fraction of oxygen.

Electrochemical reactions
All electrochemical reactions consist of two separate re-

actions: an oxidation half-reaction occurring at the anode and

reduction half reaction occurring at cathode.

Anode H2 þO�2/H2Oþ 2e� (27)

Cathode O2 þ 2e�/O�2 (28)

Materials and parameters

The mechanical properties of the materials required for the

thermo-mechanical stress analysis are summarized in Table 2

[17e20].
Fig. 4 e The stress between the NickeleYSZ at 700 �C.
Results and discussion

The calculated stress distributions in the porous NieYSZ

anode are shown in Figs. 4e8. Figs. 4e6 show the stresses

generated as a result of the temperature change from room to

700 �C, 800 �C and 900 �C. When the operation temperature is

reduced to 700 �C, the dramatic drop in the stress values is

observed as illustrated in Fig. 4. However, stress generation

increases at higher temperatures (Figs. 5 and 6). It is seen that

at 800 �C, which is an average operation temperature of SOFC,

the stress values between the nickel and YSZ phases exceeds

200 MPa even reaches 300 MPa at some regions. Since the

material limit for nickel phase is around 317 MPa, this stress

level is found to be critical for some locations within the

structure.

The calculated thermal stress on the nickel phase which

has the highest thermal expansion coefficient is given in Fig. 7.

It is seen that the stress generated on the nickel grains is

higher than that of YSZ phase due to high thermal
Table 2 e The properties of the materials used in the
model [17e20].

Material Nickel 8YSZ NiOe8YSZ Nie8YSZ
(reduced)

Temperature (K) 1073 1073 298 298

E (Gpa) 207 157 112.3 56.8

Poisson ratio (V) 0.31 0.313 0.284 0.258

Specific heat

capacity (J/kg K)

450 460 e e

Density (kg/m3) 8800 5200 e e

Thermal

conductivity (W/mK)

60.7 2.1 e e

Thermal expansion

coefficient (a � 10�6)

13.5 10.5 12.5 12.5

Yield strength (Mpa) 59 n/a e e

Tensile strength (Mpa) 317 n/a e e
conductivity, elasticity modulus and thermal expansion

behavior of nickel. On the other hand, the stress level of

around 80 MPa is observed within the YSZ phase except the

boundaries in contact with the nickel phase (Fig. 8).

According to the obtained results, the delamination of

MEA will decrease with especially above 800 �C operation

temperature. Simulation studies confirm that the main

reason behind this is the delamination between the phases
Fig. 5 e The stress between the NickeleYSZ at 800 �C.
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Fig. 8 e The stress just YSZ phase at 800 �C.
Fig. 6 e The stress between the NickeleYSZ at 900 �C.
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leading to significant decrease in the number of the triple

phase boundaries.

The electrochemical model is also considered in the 2D

simulations beside the thermo-mechanical models. Fig. 9

shows the oxide ion transfer pathways within the electro-

lyte. The most significant parameter affecting the ion distri-

bution is found to be heterogeneous particle distribution. It is

seen that there is no ionic paths at some locations resulting in

dead zones.
Fig. 7 e The stress just Nickel phase at 800 �C.
The ionic current distributionwithin the electrolyte layer is

depicted in Fig. 10 which proves the formation of dead zones.

According to the thermo-mechanical analyses, the zones

which are more susceptible to failure are also indicated in the

figure as “critical region”. In case of any mechanical damages

within this critical region, no current will be transferred to the

upper zones thus new dead zones will be formed. These
Fig. 9 e The distribution of ions through the electrolyte

path.
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Fig. 10 e Current distribution through the electrolyte.
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results reveal that the main reason for the performance

degradation is mainly reduced oxide ion and electron transfer

paths due to damaged triple phase boundaries.
Conclusions

The thermal stresses inside the solid oxide fuel cell anode

microstructure and YSZ electrolyte interface are investigated

through 2D micro-scale stress modeling. The calculated re-

sults show that at temperatures higher than 800 �C, the

generated stress values within the microstructure are higher

than the material limits and thus micro-cracks can be devel-

oped. These micro-cracks lead to damage in ionic and elec-

tronic transfer paths thus leads to reduced number of triple

phase boundaries and causes dramatic performance drop. In

order to avoid the mechanical damages within the micro-

structure, the operation temperature should be below 800 �C.

Nomenclature

m viscosity, kg/s m

ch2
hydrogen molar concentration, mol/m3

ch2 ;ref reference concentration, mol/m3

ch2o water molar concentration, mol/m3

ch2o;ref reference concentration (mol/m3)

Cp specific heat capacity (J/kg K) (J/kg K)

ct species total molar concentration, mol/m3

E Young's modulus, GPa
F faraday constant, C/mol

FIB focused ion beam

i0,a anode exchange current density, A/m2

i0,c cathode exchange current density, A/m2

j ionic or electronic current density, A/m2

Ji diffusive flux, m2/s

K permeability of the electrode

k thermal conductivity, W/mK

SOFC solid oxide fuel cell

R universal gas constant, J/(mol K

Sc charge source term

SEM scanning electron microscopy

T temperature, K

TEC thermal expansion coefficient, 1/C

Vact activation potential loss, V

Vcell cell Voltage, V

Vcon concentration potential loss, V

Vohm ohmic potential loss, V

xj mole fraction of the species determined from

MaxwelleStefan equation

xo2 molar fraction of oxygen

YSZ yttrium stabilized zirconia

3 strain tensor

b porosity

I unit tensor

f body force

u displacement vector, m/s

Q joule effect due to ohmic resistance, W

p static pressure, Pa
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l Lame's coefficients

r density, kg/m3

s stress tensor, MPa

s conductivity, S/m

y Poisson's ratio

f electrical potential, V
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