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for Solid Oxide Fuel Cells

Xinfang Jin and Xingjian Xue**

Micro Modeling Study of Cathode/Electrolyte Interfacial Stresses

Department of Mechanical Engineering, University of South Carolina, Columbia, South Carolina 29208, USA

Delamination of the cathode/electrolyte interface is an important degradation phenomenon in solid oxide fuel cells (SOFCs). While
the thermal stress has been widely recognized as one of the major reasons for such delamination failures, the role of chemical stress
does not receive too much attention. In this paper, a micro-model is developed to study the cathode/electrolyte interfacial stresses,
coupling oxygen ion transport process with structural mechanics. Results indicate that the distributions of chemical stress are very
complicated at the cathode/electrolyte interface and show different patterns from those of thermal stress. The maximum principal
stresses take place at the cathode/electrolyte interface and are affected by the distribution of oxygen vacancy concentration on the
cathode particle surface. The model is able to readily study complicated interfacial stresses in SOFCs, which otherwise would be

difficult for experimental techniques.
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The basic structure of solid oxide fuel cells (SOFCs) is a positive
electrode-electrolyte-negative electrode (PEN) tri-layer assembly, in
which the dense electrolyte is sandwiched by porous electrodes on
either side. Long-term stability is an important requirement for com-
mercial applications of SOFC technology. However, very aggressive
operating temperatures (600-1000°C) generally lead to a variety of
SOFC degradations representing significant challenges in meeting
lifetime requirements.' It is therefore essential to increase the under-
standing of the degradation mechanisms.

One of the important degradation phenomena in SOFCs is the oc-
currence of delamination at the oxygen electrode/electrolyte interface.
Experimental observations have shown that such delamination failures
occur in both fuel cell mode? and electrolysis mode.* Upon the occur-
rence of delamination, the cell performance degradation is accelerated
because the interfacial open-gap, perpendicular to the main current
path, consists of an insulating barrier to charge conduction, and de-
stroys electrochemical reaction sites.* Such a mechanical degradation
has been identified as a major limitation to the industrial developments
of SOFCs.’

Thermal stresses have been widely recognized as one of the main
factors leading to the structural failure of SOFCs.%” Thermal stresses
could be induced in the materials through several ways. During the
cooling of the cell after being sintered at very high temperatures,
stresses arise in the materials due to the mismatch in thermal expan-
sion coefficients (TEC) between different layers of the cell.” Such
stresses generated during cell fabrication processes are generally re-
garded as residual stresses. Residual stresses can also be expected
if the cooling rates are not slow enough to sustain a quasi-steady
heat transfer resulting in spatial temperature gradients.® The most
widely investigated situations are thermal stresses induced by spatial
temperature gradients during the fuel cell operations,®'° particularly
in transient operating conditions.!' If the fuel supply is accidentally
stopped, the nickel cermet re-oxidation may occur. This re-oxidation
step generates an anodic bulk expansion which can also lead to a high
level of stresses in the cell layers.'?

The mechanism governing the delamination at the oxygen
electrode/electrolyte interface remains an active subject of debate. It
is generally recognized that, for the stationary applications, the chem-
ical instability at the interfaces is one of the key issues, whereas the
thermo-mechanical instability is important in the transportation appli-
cations because of frequent thermal cycles.'®'3 Other understanding
envisioned that the high pressure of oxygen generated at the interface
could cause the delamination as well.!*

SOFCs require materials with the ability to release or store oxygen
in addition to a high concentration of oxygen vacancies for high

*Electrochemical Society Active Member.
“E-mail: Xue@cec.sc.edu

oxygen ionic conductivity.!* The transport of oxygen ion through
oxygen vacancies may lead to the effect that the distribution of oxygen
vacancy concentration is not uniform within the bulk materials, which
would cause different volumetric expansions within the materials. As
a result, chemical stress occurs in oxygen ionic conducting materials.
In open literature, the thermal stress effects on SOFC structures have
been investigated extensively, however, the chemical stress effects
are rarely studied, particularly their effects on the delamination at
the cathode/electrolyte interface. When the thermal stress is coupled
with the chemical stress, the structural reliability issue of SOFCs
will become even more complicated. The objective of this paper is
to develop a micro model to study the complicated stress states at
the cathode/electrolyte interface in SOFCs, including thermal stress
and chemical stress. The results could be used to study the different
roles of thermal stress and chemical stress at the cathode/electrolyte
interface in SOFCs.

Modeling of Transport Process in Combination
with Structural Mechanics

Solid mechanics.— The total strain is the summation of the me-
chanical strain and two types of eigenstrains,

__ ome T c
sij —S,'j +8ij +Eij [1]

Here ¢ is the strain, the superscripts me, T, and ¢ represent mechanical,
thermal, and chemical respectively.

For an isotropic material, the constitutive relationship for the strain
¢/ and the corresponding mechanical stress is given as:

1
g = E[(l + V) 0ij — Vodij] [2]
Where o;; represents the stress components with i and j indicating the
axis of the Cartesian coordinate system, E is Young’s Modulus, v is

Poisson’s ratio of the material, and 3;;= { (1)’ i ; ; , Ok =01 +0,+03.

In this paper, E and v are treated as constants. The variations of the
elastic constants with temperature and oxygen vacancy concentration
are neglected."

The eigenstrain s[.Tj induced by temperature variations in an
isotropic material is given by:

E;Tj = OCATS,'J' [3]

Where AT is the temperature variation, and a is the thermal expansion
coefficient. It is worth noting that dopants may change the formation
energy of defects in materials, which in turn can affect the depen-
dence of defect concentration on temperatures and hence the prac-
tical thermal expansion coefficient. For simplicity, the true thermal
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expansion coefficient is employed in this study, which is defined un-
der the constant defect concentration of materials.'®

The chemical expansion stress induced by oxygen vacancy varia-
tions is calculated by analogy to the thermal stress. It is assumed that
the volume of ionic conducting bulk materials changes linearly with
volumetric oxygen ion insertion and extraction. The eigenstrain &j;

induced by chemical expansion effect is written as:'”

Where Ac is the variation of oxygen vacancy concentration, p is the
chemical expansion coefficient.
Substitution of equations 2—4 into equation 1 leads to:

1
Sij = E[(l + \))O','j — \JO’kkS,'j] =+ OCATSI']' + ﬁACS,‘j [5]

The expression for stress components can be written as,
Uij = 2[1,*8,'1' =+ ()\-Ekk - OC/AT - B/AC)S,'/' [6]
Where w* = E/2(1 + v), A = 2vw*/(1 — 2v), o' = a3\ + 2p"),

B’ = B3N+ 21*), and g = &1 + &5 + €3.
In elasticity, the strain tensor is related to the displacement u by:'®

P 1 814,- + 8Mj [7]
Yo 2 ij 8)(,‘

By neglecting the body forces, the equilibrium equation is repre-
sented as,

0,;, =00, j=1,2,3) [8]

Substituting equations 6, 7 into equation 8, the displacement equa-
tion can be expressed as, '’

WV 4+ O+ Wi — AT —B'Ac=0,G,k=1,2,3) [9]

Transport process in ionic conducting ceramic materials.— The

electrochemical potential in an ideal solid solution can be expressed
17,2021
as, =%

W =to, +RTInx; +z,Fo+T1; [10]

Where |1; is the electrochemical potential of species j; R the gas
constant; T the temperature; x; the molar fraction of species j; z; the
effective charge of species j; F the Faraday’s constant; ¢ the potential;
and 7; is the stress-dependent part of the electrochemical potential.
For isotropic elastic solids, the T; is given by,

3v 3(14+v)
T =B, (Ukk + E (ow)” — Tcijcij) [11]

Where B is the chemical expansion coefficient of species j; o;; is the

303
stress tensor; 6;;0;; = . Y 0;;0;;.
i=1j=1
The chemical expansion coefficient of species j is defined as,
1 9V,

B = 3 V9dc;

[12]

Where V,, is the molar volume of species j in the stress-free solid
with concentration of ¢;; V2 is the molar volume of species j in the
stress-free solid with stoichiometric defect concentration of c?.

The defects are considered as species that simply diffuse through a
solid with a solid framework that does not change. According to non-
equilibrium thermodynamics, the molar flux of the diffusing mobile
defect species j is given by,

N Jj - — CJ DJ V
RT
Where D; = RTm; is the diffusion coefficient of the species j; m;
is the mobility of the species j; c; is the concentration of diffusion
component, e.g., oxygen vacancy, electron or hole.

W [13]

The current density of a charged species can be represented as,

zjFcjDj
J =—2" 17y, 14
j RT W [14]
Substituting equation 10 into 14 gives,
i(z;FD; iFci(z; FD;
Jy = (@, FDyVe,~ St PD G GFGEED) G sy

RT ! RT
Obviously, the current density consists of three contributors including
charged species concentration gradient, stress gradient, and potential
gradient.

To simplify the problem into a manageable form, we consider the
case where the majority of mobile defects are vacancies and electronic
species only. Because the size of electron is much smaller than that
of oxygen vacancy, it is assumed that the compositional expansion is
mainly caused by oxygen vacancy distribution. As a result, the effect
of stress gradient on electronic current density is neglected. Also the
material CepoGdy10;955 (GDC) is treated as a perfect electrolyte
material in which the oxygen vacancy concentration is determined
by the doping level only and is uniformly distributed through the
entire electrolyte domain. Accordingly it is assumed that the oxygen
vacancy transportation in the electrolyte is driven only by the electric
field, the effects of both oxygen vacancy concentration gradient and
stress gradient are neglected.

Under steady state conditions, V - J, = V - J, = 0, substituting
equation 15, we have for the electrolyte and the cathode respectively,

_ owFe(z FD,y)

Electrolyte : V - (
RT

v¢> =0 [16]

Here, ¢, o represents the uniform oxygen vacancy concentration in the
electrolyte.

Cathode :
v vFDv vF v vFDv
V(e FD,yve,~ & EDI g wFa&ED) G N
RT RT
z.Fc.(z.FD,)
V.=, FD,)Vc,—=—¢" "y ) =0
( (z Ve RT ¢)
Y zjc;=0,(j=v,e,a)
J
[17]

Where v, e, and a represent vacancy, electron, and acceptor dopant
respectively. The third equation in 17 characterizes the electroneutral-
ity, requiring that the sum of all the charges in a material be equal
to zero at macroscopic scale. The assumption of an electroneutrality
does not necessarily preclude the existence of a nonlinear potential
distribution as indicated by Newman.??

Model Setup and Boundary Conditions

Figure 1a shows the computational domain of the model, where
a cathode particle is attached to a bulk electrolyte due to the sin-
tering effect. It is assumed that the cathode particle is a mixed
ionic and electronic conducting material, e.g., Lag ¢Srg4Cog2Feq 5035
(LSCF), while the electrolyte is an ionic conducting material, e.g.,
Ce9Gdj 101955 (GDC). Since the considered computational domain
is relatively small, the isothermal condition is assumed. Essentially
equations 9 and 16-17 need to be solved to obtain the unknowns of
defect concentration c;, potential ¢, and solid displacements u as well
as their derivatives. Accordingly the boundary conditions are specified
including defect concentration, potential and displacement, which are
detailed as follows.

Concentration boundary conditions.— The defect concentration
of conducting materials is dependent on the doping level. The defect
concentration also depends on the oxygen partial pressures, particu-
larly those of bulk material surface exposed to the surrounding atmo-
sphere, such as the cathode material Lag ¢Srp4Cog,FesOs5 (LSCF).
For perovskite-type oxides in a low oxygen partial pressure Py, and

Downloaded on 2015-03-12 to IP 129.252.69.176 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society, 160 (8) F815-F823 (2013) F817

Central line of the

Top end of the assembly in z direction
) I| electrolyte >/

0 WX +

1z Origin (0, 0, 0),

.l h

I X

; i

77 v

Cathode surface

(a) ' (b)

Figure 1. (a) Cathode/electrolyte assembly (the origin of XYZ coordinate
system is located at the central point of the electrolyte domain); (b) schematic
illustration of cross-section locations (The A-A and B-B cross sections are
parallel to the cathode/electrolyte interface and have the distance of 0.5 pm
from the cathode/electrolyte interface.

small temperature ranges, the oxygen nonstoichiometry 8 shows linear
dependence on log Py,

d = A+ Blog,, Po, [18]

Where A and B are constants, depending on specific type of perovskite
oxides. For Lag¢Srg4Cog,Fe)s05.5 (LSCF) cathode material, A and
B are obtained by fitting the experimental data,?

8 = —0.02 — 0.03 log,(Po, /bar) [19]

Equation 19 is valid for oxygen partial pressures from 1072 bar to
10~# bar and temperature at 973.15 K. It should be pointed out that
for a working cathode the gas phase and the surface of the cathode
particle are generally not in equilibrium,?*?” which are assumed to be
in equilibrium and the equation 19 is applicable for simplicity of the
model.

Other boundary conditions.— The potential difference between
the top end of the electrolyte (Figure la) and the cathode particle
surface is determined by using the multi-physics modeling approach,
which is approximately greater than or equal to —0.4 V as predicted
by the SOFC model.* The electrolyte/cathode assembly is point-
constrained at the top end of the electrolyte as shown in Figure 1a
while traction-free conditions are applied on the rest of surfaces. This
prevents rigid-body movements but does not affect the stress distribu-
tion. The boundary conditions are summarized in Table 1.

Simulations and Model Parameters

The mathematical model is solved using finite element package,
COMSOL Multiphysics V4.0. The model parameters are listed in
Table I1.

Since the related experimental data are very limited, the parameters
noted with * are estimated based on the data from open literatures.
In particular, the oxygen vacancy concentrations (c,) induced by the
dopant in the electrolyte and cathode materials are estimated according
to their chemical formula. As mentioned above, the CeyoGdg 101.95.5
(GDC) electrolyte is treated as a perfect electrolyte, in which the
oxygen vacancy concentration is uniformly distributed and determined

If Max: 2055 . Max: 36.0

| J652 Ma1x2.0125

‘ 2050 20
2045 100
2040 80 0
12035 60 R
2030 s 20
2025 -40
2020 20

| 2015 0 -60

} 2010 -20 b

\ 2005 g 40 -

pr 011 L == | ®.100
(a) n: ) Min: -52.0 ©) Min: -102

Figure 2. Oxygen vacancy concentration distribution (mol/m?®) (a); first
principal stress distribution (MPa) (b); third principal stress distribution
(MPa) (c).

by the dopant only. For stoichiometric defect reactions, we have § = 0.
Using the molar volume of GDC bulk electrolyte in Table II, we can
obtain ¢,y = 0.05/Vygpe = 2083 (mol/m?). This value is used as the
concentration boundary condition of the cathode/electrolyte interface.
For the Lag ¢Srg.4CogFe 303.5(LSCF) cathode particle, if choosing 3
= 0.06, we can obtain ¢,y scr = 0.06/Vy,1scr = 1818 (mol/m?). For
the calculation of chemical expansion coefficient, the ratio of strain vs.
oxygen nonstoichiometry is obtained from open literatures for GDC?®
and LSCF? respectively. The chemical expansion coefficient is then
obtained by using the equation f = &/(3/V,,).

Results and Discussion

The thermal and chemical stresses are coupled together in a com-
plicated way in practical SOFCs. It is difficult for experimental meth-
ods to identify their individual contributions. In this aspect, modeling
technique has the flexibility to study the individual roles. In the fol-
lowing sections, the chemical stress and thermal stress are individually
studied, followed by the combinational investigations.

Chemical stress.— Figure 2a shows the oxygen vacancy concen-
tration distribution within the considered electrolyte/cathode assem-
bly. The oxygen vacancy concentration reaches the maximum value
of 2055 mol/m?® near the cathode/electrolyte interface and decreases
toward the cathode particle surface. Within the electrolyte, the oxy-
gen vacancy concentration is uniform because the perfect electrolyte
is assumed and oxygen ion transport is driven only by the electrical
potential. Even though oxygen ions are generated on the cathode parti-
cle surface while being consumed at the top end of electrolyte surface
in the model, the distribution of the oxygen ion concentration shows
certain gradients, particularly near the cathode/electrolyte interface.
This leads to the chemical stress in the cathode/electrolyte assembly.

The corresponding first principal stress and third principal stress
profiles are shown in Figure 2b and Figure 2c respectively. Obviously
the maximum first principal stress of 125 MPa occurs in the elec-
trolyte near the cathode/electrolyte interface (Figure 2b). The max-
imum third principal stress of —102 MPa is in the cathode adjacent
to the cathode/electrolyte interface (Figure 2c). Since the oxygen va-
cancy concentration in the cathode particle is greater than that in the
cathode particle with stress-free condition (1818 mol/m?), it tends to
expand while the electrolyte is reluctant to expand. As a result, the
cathode particle is in compressive state near the cathode/electrolyte

Table 1. Boundary conditions.

Boundary Oxygen vacancy concentration Potential Mechanics
Anode/electrolyte interface - ov Point constrained
Cathode/electrolyte interface Specified by the doping level in electrolyte - Continuum
Cathode particle surface Specified by oxygen partial pressure Geathode Free

Other surfaces Symmetry/Insulation, V - J, =0 Symmetry/Insulation V - J, =0 Free
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Table II. Parameters used in the model.

Item Name Cathode (LSCF) Electrolyte (GDC) Reference

Dimensions of computational domain (m) Particle radius: 5 x 10~° r‘(/)liti 701:156 lf}(lé >><< Tgfég)th

E (GPa) 161 255.9 7

v 0.32 0.334 7

Uniaxial tensile strength, of, (MPa) 180 250 6,31-33

p (kg/m?) 6820 7150 7

T (K) 973.15 973.15

Vm (m3/mol) 33 x 1076 24 x 107° 28,29

Reference oxygen vacancy concentration, (m3/mol) 1818 - *

Mobility (mol - m2/J - 5) my: 2.0 x 10~14 my:3.4 x 10714 34%
me:7.26 x 10713 v

B (m3/mol) 4.95 x 1070 - 29%

o(lm Ly 15 11 7

interface while the electrolyte is in tensile state. The complicated stress
distribution is resulted from the combinational effects of oxygen va-
cancy concentration distributions and the structural configuration of
the cathode/electrolyte assembly.

To examine the complicated chemical stress state across the cath-
ode/electrolyte interface, the details of stress distributions in A-A and
B-B cross sections (A-A and B-B are defined in Figure 1b) are ob-
tained as shown in Figure 3. Figures 3a-3c and 3(c’) show the stress

V.

(a)

©

b

)

Min: -43
| Max: 118

IIOO

Hlgo

(@

N0)

1 -80

-100
-120
-140

Min: -154

(f)

Figure 3. Chemical stress distribution (MPa). Stress at B-B cross section: (a)
shear stress, (b) normal stress, (c) first principal stress, (¢’) third principal
stress; stress at A-A cross section: (d) shear stress, (e) normal stress, (f) first
principal stress; (f') third principal stress.

distributions in cross-section B-B while Figures 3d-3f and 3(f") show
those in cross-section A-A. As can be seen from Figure 3a, the shear
stress distribution shows four small “islands” with relatively high
stress magnitude. The positive shear stress and negative shear stress
occur alternatively along the neck of the interface. According to the
coordinate system defined in Figure 1a, the shear stress directions are
represented with arrows in Figure 3a and 3d. The normal stress in
B-B cross section shows the ring-shaped distribution (Figure 3b). Ob-
viously the normal stress shows tensile state within a small internal
circle followed by a ring band area with stress magnitude close to
zero. Beyond this area, another ring band area with maximum com-
pressive stress can be clearly seen. The normal stress then ripples off
to zero toward the circumference. This phenomenon can be attributed
to the non-uniform distribution of oxygen vacancy concentration in
the cathode particle, where the vacancy concentration decreases from
the center toward the circumference of the particle (as shown in
Figure 2a). The volumetric expansions in different locations of the
cathode particle will be different due to non-uniform vacancy con-
centrations in the cathode particle. Meanwhile the volumetric expan-
sion of cathode particle is confined by the electrolyte at the cath-
ode/electrolyte interface. Therefore the stress is generated as shown
in Figure 3a and 3b.

The first and third principal stresses in the B-B cross-section in the
electrolyte are shown in Figures 3¢ and 3(c) respectively. The first
principal stress in Figure 3c shows the maximum value of 118 MPa
in the central circle area and ripples to zero toward the circumfer-
ence. Obviously the maximum first principal stress of 118 MPa is less
than the uniaxial tensile strength 250 MPa of the GDC electrolyte
(Table II). The third principal stress in Figure 3(c’) shows tensile
state within the central circle area followed by the maximum com-
pressive stress of —67 MPa in a ring band. The third principal stress
then decreases to a relative low compressive stress state toward the
circumference. For ceramic materials, the compressive strength is usu-
ally greater than the tensile strength. Due to the lack of experimental
data, here we assume that the compressive strength is equal to the
tensile strength for the GDC electrolyte. Accordingly the maximum
third principal stress of —67 MPa is less than the compressive strength
of —250 MPa. Comparing the first and third principal stresses in B-B
cross-section with the GDC electrolyte strength, one can see that the
chemical stress will not lead to the fracture of the electrolyte.

The various stress distributions in A-A cross section in the cath-
ode particle are shown in Figure 3d-3f and 3(f'), which display oppo-
site distribution patterns to those in B-B cross section. These results
can be attributed to the balance requirement of stresses in the cath-
ode/electrolyte assembly. The maximum first principal stress takes
place in the shell area of the cathode particle and reaches 115 MPa
as shown in Figure 3f. The maximum third principal stress oc-
curs in the central circle area and reaches —154 MPa as shown in
Figure 3(f'). Obviously it is in compressive stress state. Here we as-
sume that the compressive strength of LSCF material is the same as its
tensile strength (180 MPa) due to the lack of experimental data. One
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Figure 4. Distribution of principal stresses (MPa): (a) first principal stress;
(b) third principal stress.

can see that neither the first principal stress nor the third principal
stress can lead to the fracture of the cathode particle.

Thermal stress.— Since the computational domain is relatively
small, the temperature distribution is assumed to be uniform within
the domain. Accordingly the thermal stress is calculated by varying
the temperature from one state to another. Because the LSCF cathode
is generally sintered at 900-1000°C,* the stress-free temperature is
assumed at 1000°C. The thermal stress is then calculated when the
cathode/electrolyte assembly is operated at 700°C. Figures 4a and
4b show the corresponding first and third principal stress distribu-
tions respectively. Clearly the maximum stress occurs at the cath-
ode/electrolyte interface with significant non-uniformity. Since the
assumed operating temperature (700°C) is different from the thermal
stress-free temperature (1000°C), and thermal expansion coefficient
of GDC electrolyte is different from that of LSCF cathode, the ex-
pansion of the GDC electrolyte should be different from that of the
LSCEF cathode. However, without delamination, the expansion of both
electrolyte and cathode should be identical at the cathode/electrolyte
interface. This confliction of structural deformation leads to the ther-
mal stress as shown in Figure 4.

To examine the details of thermal stress near the cath-
ode/electrolyte interface and identify the difference from their chem-
ical stress counterparts, the distribution of stress components is in-
dividually obtained at the cross sections A-A and B-B respectively.
The shear stress distribution in B-B cross section shows four small
“islands” (Figure 5a), where the positive and negative shear stress
“islands” appear alternatively. Comparing the chemical stress distri-
bution in the same cross section B-B (Figure 3a), one can see that the
pattern of thermal stress distribution in Figure 5a is opposite to that
of chemical stress distribution. The difference of stress distribution
is due to the different natures of chemical expansion and thermal ex-
pansion, where the chemical expansion is the tendency of materials
to change in volume due to the variations of oxygen vacancy concen-
tration; whereas the thermal expansion is the tendency of materials
to change their volumes in response to the change in temperatures.
The normal stress in B-B cross section shows a ring-band distribution
(Figure 5b). Within a central circle, the normal stress is compressive.
Beyond this central circle area, a ring band with normal stress am-
plitude close to zero can be observed, followed by another ring-band
like area, in which the normal stress is tensile. The stress then decays
to zero toward the circumference.

The first and third principal stress distribution in B-B cross section
is shown in Figure Sc and 5(c’) respectively. The first principal stress
in Figure 5c is in compressive state in the central circle area. Beyond
this circle area, a ring-band area appears with the maximum tensile
stress of 76 MPa. The first principal stress then decays to 0 MPa toward
the circumference. The third principal stress in Figure 5(c’) shows the
maximum compressive stress of —124 MPa within the central circle
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{10
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0
5
-10
-15
-20
-25
Min: -26.1
Max: 52.6
50
40
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20
e ilo
o
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Max: 76 = = Max: 130
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Figure 5. Thermal stress distribution (MPa). Stress at B-B cross section: (a)
shear stress, (b) normal stress, (c) first principal stress, (¢’) third principal
stress; stress at A-A cross section: (d) shear stress, (¢) normal stress, (f) first
principal stress; (f') third principal stress.

area. Beyond this circle, the third principal stress decays to 0 MPa.
Since both the maximum first principal stress and the maximum third
principal stress are less than the strength of the GDC electrolyte, the
thermal stress cannot cause the failure of the GDC electrolyte.

The various thermal stress distributions in A-A cross section in the
cathode particle are shown in Figure 5d-5f and 5(f"), which display op-
posite distribution patterns to those in B-B cross section. These results
may be attributed to the balance requirement of stresses in the cath-
ode/electrolyte assembly due to the mismatch of thermal expansion
coefficients between the electrolyte and the cathode. The maximum
first principal stress takes place within the central circle area and
reaches 130 MPa as shown in Figure 5f. The maximum third principal
stress occurs in the shell area of the cathode particle circumference
and reaches —109 MPa as shown in Figure 5(f'). Obviously it is in
compressive stress state. Since the tensile/compressive strength of the
LSCEF cathode is 180 MPa (Table II), we can see that neither the first
principal stress nor the third principal stress can lead to the fracture
of the cathode particle.

Combined chemical and thermal stresses at the cathode/electrolyte
interface.— In practical solid oxide fuel cells, the chemical stress
and thermal stress occur simultaneously. In this section, the cath-
ode/electrolyte interfacial stresses induced by the combined chemi-
cal and thermal effects are studied. The operating conditions are the
combination of those in previous sections of chemical stress and ther-
mal stress. Comparing every single chemical stress distribution in
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Figure 6. Combined thermal and chemical stress (MPa). In B-B cross section:
(a) shear stress, (b) normal stress, (c) first principal stress, (¢’) third principal
stress; In A-A cross section: (d) shear stress, (e) normal stress, (f) first principal
stress; (f') third principal stress.

Figure 3 with the corresponding thermal stress distribution in Fig-
ure 5, one may find that the patterns of chemical stress distribution
are opposite to those of thermal stress distribution. Therefore the
chemical stress will be partially canceled out by the thermal stress,
or vise verse, when combined together. This understanding can be
seen from Figure 6, where the magnitude of every single combina-
tional stress is less than that of chemical stress (Figure 3) and ther-
mal stress (Figure 5). So the combination of chemical and thermal
stress facilitates to mitigate the overall stress occurred at the cath-
ode/electrolyte interface. In B-B cross section, the maximum first
principal stress is the tensile stress of 20 MPa (Figure 6¢) and the
maximum third principal stress is the compressive stress of —20 MPa
(Figure 6(c’)), both of which are less than the strength of the GDC
electrolyte (Table II). Therefore no fracture occurs in the electrolyte
in this case. Similarly, in A-A cross section, the maximum first prin-
cipal stress is the tensile stress of 31 MPa (Figure 6f) and the max-
imum third principal stress is the compressive stress of —19 MPa
(Figure 6(f")), both of which are less than the strength of the LSCF
cathode (Table IT). Therefore no fracture occurs in the cathode particle
either.

Effects of non-uniform oxygen partial pressure.— Oxygen partial
pressure may significantly affect the surface oxygen vacancy concen-
tration of cathode material and oxygen reduction reaction process. At
the cathode side of SOFCs, the oxygen diffuses from the channel to

Max: 2069
2050

2000

1950

1900

1850
Min; 1837

Figure 7. Oxygen vacancy concentration distribution at A-A cross section.

the surface of cathode material through porous electrode. As a result,
non-uniform oxygen partial pressure distribution may exist within
porous cathode. It is anticipated that the non-uniform distribution of
oxygen partial pressure could cause complicated chemical stress and
ceramic particle distortions. To study such effects, we assume that
different portion of cathode particle surface (shown in Figure 7) is
subjected to different oxygen partial pressures. Specifically, the oxy-
gen partial pressure of 0.002 bar is applied to the right half surface of
the cathode particle, while that of 0.00112 bar is applied to the left half
surface of the cathode particle (Figure 7). The rest of the operating
conditions are the same as those in chemical stress section. Because
of non-uniform oxygen partial pressure on the cathode particle, the
corresponding distribution of oxygen vacancy concentration within
the A-A cross section is also non-uniform (Figure 7). Specifically, the
right half surface of the cathode particle is exposed to the environment
with high oxygen partial pressure; consequently the concentration of
oxygen vacancy is low. This can be seen from the shell area of the
right half surface of the cathode particle in Figure 7. By contrast, the
left half surface of the cathode particle is exposed to the low oxy-
gen partial pressure; as a result, the corresponding concentration of
oxygen vacancy is high, because the gas phase and the surface of the
cathode particle are in equilibrium. One may also see from Figure 7
that the oxygen vacancy concentration within the central circle area
is high, which is significantly affected by low oxygen partial pressure
instead of high oxygen partial pressure.

The higher oxygen vacancy concentration leads to larger expan-
sions in volume, therefore, the non-uniform distribution of oxygen
vacancy concentration is expected to cause the complicated chemical
stress distribution. Figure 8a shows the first principal stress in A-A

Max: 207 B_B
- ax: "
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: \ 150 100
100 &0
160
|| 150
40
S P < ¥ 20
M 0
(a) Min: -48.0 (b) Min: 0

A-A
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Figure 8. principal stress distributions (MPa) under non-uniform oxygen par-
tial pressure. (a) first principal stress at A-A cross section, (b) first principal
stress at B-B cross section; (c) third principal stress at A-A cross section, (d))
third principal stress at B-B cross section.
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cross section, which shows significant variations along the circum-
ferential shell area of the cathode particle. The first principal stress
in Figure 8a varies from —48 MPa to 207 MPa, which exceeds the
fracture strength of the LSCF cathode material 180 MPa. As a result,
cracks within the cathode particle might initiate in this case. It is
worth noting that the assumption of abrupt changes of oxygen partial
pressure on the cathode particle surface might be an extreme scenario,
however, the results clearly demonstrate the significant effects of oxy-
gen partial pressure on chemical stress generation. The third principal
stress in Figure 8c is dominated by the compressive stress within the
central area of A-A cross section.

As shown in Figure 7, the distribution of the oxygen vacancy con-
centration is significantly non-uniform. It has been realized that difter-
ent vacancy concentrations lead to different volumetric expansions in
the material. On the other hands, such volumetric expansions are also
confined by the structure configuration of the cathode/electrolyte as-
sembly. Therefore complicated stress takes place. The first and third
principal stresses in B-B cross section are shown in Figure 8b and
8d respectively. The maximum tensile stress is 119 MPa while the
maximum compressive stress is —68 MPa. None of these stresses can
lead to the cracks within the GDC electrolyte (strength 250 MPa).
Comparing to Figures 3c, 3(c’), 3f and 3(f'), one can see that the
stress distributions in Figure 8a-8d show different degree of distortion
because of non-uniform oxygen partial pressure distribution on the
cathode particle surface.
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Effects of oxygen vacancy concentration at the cathode particle
surface.— For practical solid oxide fuel cells, the cathode is exposed
to the environment containing oxygen gas. The oxygen gas in turn
affects the surface oxygen vacancy concentration of the cathode par-
ticle, which will further influence the oxygen vacancy concentration
distribution in the cathode/electrolyte assembly. Figure 9a shows the
distribution of oxygen vacancy concentration. The horizontal axis in
Figure 9 is defined from the cathode surface toward the cath-
ode/electrolyte interface along the central line of the cath-
ode/electrolyte assembly in z-direction (the z-direction is defined in
Figure 1a). The dimension from —19 pm to —10 pm on the hor-
izontal axis is the cathode domain while that from —10 pm to 10
pm is the electrolyte domain. As shown in Figure 9a, the oxygen
vacancy concentration increases from the cathode particle surface
to the cathode/electrolyte interface. The gradient of the oxygen va-
cancy concentration is relatively large near the cathode/electrolyte
interface. When the oxygen vacancy concentration increases from
1800 mol/m® to 2000 mol/m3at the cathode surface, the overall
distribution of oxygen vacancy concentration also increases. The
corresponding distributions of the normal stress, the first principal
stress, and the third principal stress are shown in Figure 9b, Oc,
and 9d respectively. Obviously the maximum stress and the maxi-
mum stress gradient take place near the cathode/electrolyte interface,
where the compressive stress occurs at the cathode side while the ten-
sile stress happens at the electrolyte side. Since the oxygen vacancy
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Figure 9. Parameter distribution along the central line of the cathode/electrolyte assembly in z-direction under different oxygen partial pressure: (a) oxygen
vacancy concentration, (mol/m?); (b) normal stress in z direction, (MPa); (c) first principal stress, (MPa). (d) third principal stress, (MPa).
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Figure 10. Peak stress at the specified locations in Figure 9, (MPa).

concentration reaches the maximum value at the cathode/electrolyte
interface and decreases toward the cathode particle surface (as shown
in Figure 9a), the volumetric expansion of cathode near the cath-
ode/electrolyte interface is larger than that of the rest part in the
cathode. Considering that the cathode expansion near the cath-
ode/electrolyte interface is confined by the electrolyte, this is the
reason that the compressive stress occurs at the cathode side while the
tensile stress takes place at the electrolyte side. To correlate the bound-
ary conditions on the cathode surface with the maximum stresses oc-
curred at the cathode/electrolyte interface, four peak stresses marked
as P1, P2, P3, and P4 in Figure 9c, 9d, and 9b respectively are selected.
Figure 10 shows the correlations between P1, P2, P3, P4 and the oxy-
gen vacancy concentrations on the cathode particle surface. P1 and P4
are in tensile state while P2 and P3 are in compressive state. Clearly,
increasing the oxygen vacancy concentration on the cathode particle
surface will increase the tensile stresses of P1 and P4 but decrease the
compressive stresses of P2 and P3. Conversely, decreasing the oxygen
vacancy concentration on the cathode particle surface is beneficial to
reduce the tensile stresses of P1 and P4 but increase the compressive
stresses of P2 and P3. Therefore, suitable oxygen vacancy concentra-
tion on the cathode particle surface needs to be considered so that the
first and third principal stresses can be confined below the strength of
the concerned materials if appropriate.

Conclusions

A micro model is developed to study the cathode/electrolyte in-
terfacial stresses. The model considers the complicated interactions
between structural mechanics and ionic transport process through
conductive defects. While both the chemical and thermal stresses are
complicated at the interface, the chemical stresses show different dis-
tribution patterns from the thermal stresses. The results of combined
thermal and chemical stresses show that these two kinds of stresses
can be partially canceled out with each other, leading to the reduced
overall stresses at the cathode/electrolyte interface. The distributions
of oxygen partial pressure and thus the oxygen vacancy concentration
on the cathode particle surface have significant effects on chemical
stress distribution and consequently on the principal stresses at the
cathode/electrolyte interface.
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List of Symbols

Concentration of species/defects j
the uniform oxygen vacancy concentration
in electrolyte

Diffusion coefficient of defects j
Young’s Modulus

Faraday’s constant, 96485
Current density of species j
Equilibrium constant

Mobility of species j

Flux of species j

Pressure

Gas constant, 8.314

Temperature

Displacement (Vector)

Molar volume of the material
Molar fraction of species j
Effective charge of species j

Greek symbols

Density

Thermal expansion coefficient
Chemical expansion coefficient
Poisson’s ratio

Strain tensor

Stress tensor

Okk = 01 + 02 + 03

Stress induced potential by species j
Electrochemical potential of species j
Potential

Oxygen nonstoichiometry

Subscripts

Dopant

fracture
Electron

Species j
Oxygen vacancy

Superscripts

Mechanical
Thermal
Chemical
Stoichiometric
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