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ABSTRACT

A multi-physics model is developed to investigate the thermal stresses in a micro-tubular SOFC, based
on a previously developed thermal-fluids model predicting cell operation. Mechanical properties of the
anode and cathode are determined theoretically through composite structure approximation. Residual
stresses arisen during the fabrication of the cell due to the mismatch in thermal expansion coefficients are
calculated by accounting for each fabrication process separately. The interactions between the cell, the
sealant and the alumina tube are accounted for a better representation of the actual fuel cell test setup.
The effect of sealant and alumina tube on the stress distribution in the cell is investigated and it is found
out that near the fuel cell-sealant interface stress distribution changes significantly. The effect of spatial
temperature gradient on the stress distribution is also analyzed and found to have a minimal impact for
a typical fuel cell operation at mid-range current densities. The effects of oxygen vacancies caused by the
reduction of the GDC electrolyte on the overall stress distribution are also shown. Oxygen vacancies of
the electrolyte result in relaxation of the stresses due to the alleviation of mismatch in Young’s modulus

between different layers of the cell.

© 2010 Published by Elsevier B.V.

1. Introduction

Amidst the discussions on global warming and the concerns
about limited fossil fuel resources, solid oxide fuel cells (SOFCs)
have been accepted as one of the most promising candidates for an
alternative power generation method because of their low pollu-
tant emissions and fuel flexibilities [1,2]. As well as being used as
standalone energy conversion devices with high power densities,
due to their elevated operating temperatures SOFCs can also be
considered in combined heat and power applications for increased
system efficiencies [3,4].

Albeit their advantages, SOFCs are yet to become commer-
cial, primarily due to high fabrication costs and reliability issues.
Regarding the fabrication costs, planar type SOFCs are more favor-
able than tubular type because of their compact designs and simpler
manufacturing processes [5]. Regarding the durability and relia-
bility of the fuel cells, difficulty in obtaining mechanical stability
and necessity for more sophisticated sealing arrangements make
tubular design superior to planar design. Indeed miniaturizing the
tubular cells to sub-millimeter dimensions, i.e. micro-tubular SOFC,
is reported to result in better thermal cycling and shock resistance
capabilities and hence, improved mechanical durability [6].
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Thermal stresses are the main factors for the failure of not only
the fuel cell but also the sealants. Thermal stresses can be induced
in the materials by several ways; however those related to fabri-
cation of the cell (residual stresses) are the most critical. During
the cooling of the cell after being sintered at very high tempera-
tures, stresses arise in the materials due to the mismatch in thermal
expansion coefficients (TEC) between different layers of the cell.
However, residual stresses can also be expected if the cooling
rates are not slow enough to sustain a quasi-steady heat trans-
fer resulting in spatial temperature gradients. Furthermore, spatial
temperature gradients during the fuel cell operation, mechanical
loading of the cell, and the mismatch in the properties of the cho-
sen sealant and support tube materials also determine the thermal
stresses induced in the cell.

In the context of thermal stresses, it should be mentioned that
a specific case arises for the SOFCs, which employ ceria-based
electrolytes, such as gadolinia-doped ceria (GDC), yttria doped
ceria (YDC), or samaria doped ceria (SDC). In fuel cell operat-
ing conditions, Ce?* is reduced to Ce3*, which results in oxygen
vacancies in the electrolyte [7-9]. This results in electron trans-
port from the anode to cathode, also known as leakage currents,
which decreases the cell voltage at low current densities. Reduc-
tion of the electrolyte also affects the crystal structure of the
material and hence the mechanical properties such as Young’s
modulus and TEC [10,11]. Therefore, in an SOFC with a ceria-based
electrolyte, thermal stresses also depend on the reduction of the
electrolyte.
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Nomenclature
A pre-exponential constant
G specific heat
D elasticity matrix
D; binary diffusivities
E Young’s modulus
F Faraday constant
Fy, force components
g gravity
G shear modulus
i transfer current density
I identity matrix
h enthalpy
k thermal conductivity
K bulk modulus
Kp permeability
m reactant dependency
MW molecular weight
N mass flux
p pressure
Q volumetric heat source
r radial coordinate
R universal gas constant
R; volumetric consumption of the jth species
T temperature
u velocity vector
%4 volume fraction
w species mass fraction
X species mole fraction
z axial coordinate
Greek symbols
o thermal expansion coefficient
Qajc transfer coefficient
£ normal strain
¢ potential
% shear strain
n overpotential
© porosity
K conductivity
" dynamic viscosity
% Poisson’s ratio
0 density
o normal stress
T shear stress
0 tangential
Subscripts
0 initial
a anode
c cathode
comp  composite
e electronic
eff effective
el elastic
i ionic
j species
k species
r radial
ref reference
th thermal
z axial

Superscripts

eff effective

eq equilibrium
low lower bound
T transpose

Th thermal

up upper bound

Cell components subject to extensive thermal stresses fail by
brittle fracture, and the failure modes differ whether the failure
is in tensile or in compression. Tensile failure generally occurs
as a result of crack propagation whereas compressive failure, an
unusual failure mode for ceramics, generally occurs as a result
of interfacial delamination [12]. Due to the imperfections during
the SOFC fabrication, it is highly possible that cracks may exist in
the cell, which could initiate failure under tensile stresses. There-
fore, thermal stresses in tensile state are not desirable and the cells
should be designed and operated to minimize tensile stresses.

Since thermal stresses are the main reasons for the mechanical
failure of the SOFCs, prediction of stresses by finite element anal-
ysis (FEA) is important to understand the failure modes, suggest
design and operation guidelines and to assess mechanical durabil-
ity of the cells. Two types of analyses are possible: predicting the
residual stresses in the standalone SOFC at room temperature and
predicting the stresses in an operating SOFC held in a test fixture.
The former takes into account only the stresses in the cell com-
ponents due to mismatch in TECs, whereas the significance of the
latter arises from the inclusion of the exterior loading in the analysis
and the interactions between the cell, sealant and the supporting
tubes.

Only a few work in the open literature so far focus on the
mechanical analysis of SOFCs, which are mostly on planar SOFCs.
Some of these works concentrate on calculations of solely the resid-
ual stresses at room temperature [13-15]. For an operating SOFC,
Yakabeetal.[16] and Selimovicetal.[17] calculated stresses for pla-
nar design, whereas Nakajo et al. [18] and Cui and Cheng [19] have
studied tubular design. However, all of these studies neglect the
interactions between the cell and the peripheral components such
as seals or gaskets and therefore do not represent the actual stress
field in a fuel cell operation. Models taking into account these inter-
actions in an operating SOFC can be found in the studies of Lin et al.
[20] and Nakajo et al. [21], which focus on planar SOFC stacks, and
the work of Weil and Koeppel [22], which emphasize on the sealant
design. However, these studies lack the detailed representation of
the cell due to computational concerns, and the cell is modeled
as a single component without considering anode, electrolyte and
the cathode separately. The most rigorous study on thermal stress
analysis is the one by Nakajo et al. [21], in which an anode sup-
ported planar SOFC stack is analyzed. In the FEA, the interactions
between the cell, electrodes, gaskets and interconnects are taken
into account. The temperature field is calculated via a CFD model,
but the cathode is not included in stress calculations and the cell
consists of anode and electrolyte only.

In this study, we present a detailed mechanical analysis of a
micro-tubular SOFC subject to thermal stresses arising from fab-
rication of the cell, exterior constraints, and fuel cell operation.
We calculate the thermal stresses based on the temperature field
obtained from previously developed thermal-fluids model [22]. We
also predict the residual stresses considering each sintering process
separately carried out in the course of cell fabrication. Furthermore,
based on the experimental setup of a micro-tubular SOFC reported
[24], we include the sealant and the supporting tubes in our stress
calculations not only to account for the exterior stress loading on
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Fig. 1. (a) Model geometry. (b) Singularities in the upper half geometry. Black dots show the singularity points where mesh refinements are required. Plotted region is
represented with dashed lines in (a). (c) The lines where profiles are drawn along. Profiles are discussed in Section 4.

the cell components but also to predict the thermal stresses in the
sealant.

Anode and cathode electrodes used in the cells consist of two
different materials each and can be represented as a composite
structure. Although, mechanical properties can be widely found in
the literature for pure anode and cathode materials, the values for
the composite electrode structure should deviate significantly from
the pure material properties. Hence, in this study we use the theory
of composite materials to determine the mechanical properties for
composite electrode structures. Non-stoichiometry effects on the
mechanical properties of the ceria-based electrolyte are also con-
sidered. Determination of the material properties is explained in
the modeling section.

2. Mathematical model

We utilize the thermal-fluid model we previously developed
[23-25] and use the predicted temperature distribution in the
mechanical analysis. The geometry of the previous model is
extended to include the sealants that are applied between the elec-
trolyte coating and the supporting alumina tubes as seen in Fig. 1.
The model geometry presented is based on the experimental setup
of Suzuki et al. [26]. We use their cell performance data to validate
our model predictions, therefore predicted cell temperatures are
expected to closely represent the experiments.

Model geometry includes the anode tube and the fuel channel,
the electrolyte, the cathode and the air chamber, sealants and the
supporting alumina tubes. Due to the axial symmetry of the tubular
geometry, the model is constructed in a 2-dimensional axisym-
metric domain by assuming the current collectors are uniformly
distributed on the electrode surfaces.

2.1. Thermal-fluids model

Thermal-fluids model has been explained comprehensively in
Refs. [23,24], and governing equations are summarized here in
Table 1 for completeness. The model predicts the transport of mass,
momentum, species, energy and charge, as well as electrochemical
kinetics of anode and cathode reactions. Source terms appearing
in the governing equations are listed in Table 2. Mass, species and
momentum conservation equations are solved in the gas channels
and the porous electrodes, and energy conservation is applied to
the entire domain. lonic charge balance is applied in the anode, the
electrolyte and the cathode whereas the electronic charge balance
is applied in the anode and the cathode.

It should be noted that momentum equation (Eq. (2)) is written
in general form and valid for both gas phase and porous regions
where the porosity, ¢ and the permeability, K}, is unity and infinity
for the open channels, respectively. Also, in porous regions we mod-
ify species equation (Eq. (3)) in order to implement dusty gas model

Table 1
Governing equations of the thermal-fluid model.
Mass V. (pu)=R; (1)
Momentum pu-Vu=V. [—pH—u/w (Vu+(Vu)T) —2u/3(V~u)l] + 08— (u/Kp)u (2)
n
Species V.- | pwju — pw; E Dje (ka + (X —wWy) Vp/p) =R; 3)
k=1
Energy V - (=kVT + pCpTu + E hiNj)=Q (4)

Electronic charge
Ionic charge

=V (keVpe) = ia/c
=V« (Kiv¢i) = _ia/c

J
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Table 2

Source terms of the thermal-fluid model.
Mass and species R = £(ia)c/nF)MW; )
Momentum F=u g R; (8)

i
Energy Q = (Emax — Veell) fa 9)
Anode transfer current i; = A; exp (7EA3/RT) (XHZP/X{fzfpref) = (XHZOP/X;(er()pref) ™20 sin (%TF Ua) (10)
X § mo, . acF

Cathode transfer current ic = Acexp (—EAC/RT) (xozp/xngpmf) >sin h (ZICQT r]c) (11)

which accounts for Knudsen diffusion in small pores. Furthermore,
in the porous regions assuming thermal equilibrium between the
gas phase and the solid phase heat equation is formulated by vol-
ume averaging as described in [27]. For further details the reader is
referred to Refs. [23,24].

2.2. Solid mechanics model

2.2.1. Constitutive relations

It is assumed that ceramic cell materials, sealant and the alu-
mina tube undergo linear (elastic) deformation when subject to
thermal loads. Total strain consists of elastic, thermal and initial
contributions such that

& =Ee + &+ €0 (12)
where the strain components for an axi-symmetric system are [28]

ou u ow u ow

&=+, &=-, &=-—, = —+ = 13
= 0T BTy Y=gty (13)
which are normal strains in radial, tangential, axial (longitudinal)
direction and shear strain in the rz plane respectively.

Thermal strain is calculated as
&th = & (T — Trer) (14)

where « is the thermal expansion coefficient (TEC) of the material.
T, temperature field is taken from the solution of the thermal-fluids
model, and T, is the stress free temperature at which there is
no stress accumulated in the material. Determining the stress free
temperature is very critical as it directly affects the magnitude of
the thermal stress induced in the material. For SOFCs it is widely
accepted that T, is the sintering temperature at which different
layers are joined [13-21].

Stress-strain relationship for a linear elastic material is given
as:

o =Degg + 09 (15)
which can be rewritten using Eq. (12) as
0=D(e—¢em—€o)+00 (16)

where o is the initial stress distribution which represents the
residual stresses in our model. D, the elasticity matrix, for an
isotropic material in axial symmetry is defined for axial symmetry
as following:

1-v v v 0
E Y 1-v v 0
D=m % % 1-v (;72‘) (17)
0 0 0 5

where E defines the Young’s modulus and v is the Poisson’s ratio of
the material.

2.2.2. Equilibrium equations
The equilibrium equations for axial symmetry are [28]:

dor 0tz  Or—0y
o oz o (18)
0Tz 007 1Tz _

or Tz T =T (19)

in radial and axial directions, respectively. Here, o, 0y, 02, repre-
sent the normal stresses in radial, tangential and axial direction
respectively while, 7., represents the shear stress in rz plane.

2.2.3. Determination of the material properties

In the anode supported micro-tubular cells we consider here,
gadolinia-doped ceria Ceg 9Gdg.101 g5_5 (GDC) electrolyte is coated
on porous NiO-GDC anode, and Lag gSrg2CoggFeg.403 (LSCF)-GDC
is used as cathode. Mechanical properties for the dense anode and
cathode are calculated using the relations given for heterogeneous
materials based on “composite sphere method” (CSM) [29,30]. This
method takes the composite material as a spherical matrix of one
phase and the spherical impurities of the other phase that are
concentrically placed in the matrix. Hashin and Shtrikman [30] cal-
culated the bounds for the bulk and shear moduli of composite
material theoretically as

Vo
Klow _ K 20
comp = K1+ e K + 3V /(3K; +4G1) (20)
%
KP _K 1 21
comp = K2+ e T10) 1+ 3V, /(3K, + 4G,) (21)
GlOW -G + V2
comp =M1 1/(Gy — G1) + 6V1(Kq + 2G1)/[5G1(3K1 + 4G1)]
(22)
Gebp = Ga + "
comp = 2T 170G~ Gy) + 6Va (Ko + 2G2)/[5G2(3K7 + 4G)]
(23)

where K and G corresponds to the bulk and shear modulus of the
material and Vis the volume fraction of each phase in the composite
material. Expressions for the lower bound are derived when first
phase is assumed to be the matrix and the second phase being the
impurities. The upper bounds are calculated when the reverse is
assumed.

It is suggested that properties of any arbitrary composite mate-
rial stays in between these bounds [30]. Budiansky suggested an
exact implicit solution for the bulk and shear moduli and Poisson
ratio [31]. For the anode and cathode, the upper and lower bounds
calculated from Hashin’s expressions are observed to be identical
hence they are used in our model instead of Budiansky’s relations.

Expressions for the effective elastic and shear moduli for the
porous media are given by the approach developed by Ramakr-
ishnan and Arunachalam [32,33]. This approach is based on CSM
considering the pores instead of the impurities. There are also
empirical expressions to determine the porous material proper-
ties [34-36]. Selcuk and Atkinson [37] compared these models with
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Table 3
Material properties.
E (GPa) v TEC (wmm-~1) p (kgm—3)

Ni 219 [43] 0.313 [43] 8900 [43]
GDC See text 0.334 [44] 7150 [44]
LSCF 161 [45] 0.320 [45] 6820 [45]
Anode 11.8 [42]
Electrolyte 11[42]
Cathode 13 [42]
Sealant 90? 0312 7.74 [46) 3990 [46]
Alumina tube 400 [43] 0.22 [43] 8 [46] 3965 [43]

2 Assumed.

their experimental data. Due to the good agreement with the exper-
imental data and its simplicity, CSM is used here due to simplicity.
Effective Young’s modulus and shear modulus are determined as,

_ (1-¢y
2
Gefr = Go (1-¢) (25)

1+ (11 =19vp)/(4 — 4vg)p

where ¢ is the porosity of the medium. Subscript 0 stands for the
properties of the dense materials.

As discussed earlier, reduction of Ce** to Ce3* results in oxygen
non-stoichiometry in GDC, which affects the thermoelastic prop-
erties of the material. To account for this, elastic modulus of GDC is
characterized as a function of oxygen partial pressures as given in
Ref. [10]. A curve fit to the experimental data is:

Ecpc = a+b(—log10p02)c (26)

where a=255.9 x 10°Pa, b=3.31 x 107> and c=11.11 (R? =0.995).

Oxygen partial pressure for different operating conditions is
given by Steele [38] for a typical GDC electrolyte. The distribution
of the oxygen partial pressure in the electrolyte can be calculated
as explained in Refs. [8,39]. For different operating voltages the dis-
tribution will be different as the oxygen partial pressure is related
to the reduction of the electrolyte. However, we incorporate an
approximate distribution based on Riess [8] for simplicity.

The effect of oxygen vacancies on the thermal expansion coef-
ficient of GDC is also reported in [40]. However, for operating
temperatures lower than 600°C, the effect is insignificant com-
pared to that at higher temperatures. In addition to the thermal
expansion, the defect concentration in the material also results
in chemical expansion, as defined by Adler [41]. Chemical expan-
sion of the GDC as a function of oxygen partial pressure is given in
[11], however, it is not included here since it is not significant at
temperatures below 600 °C.

While Young’s moduli and Poisson’s ratios are determined using
above relations based on the mechanical properties for pure materi-
als, TECs of the anode, the electrolyte and the cathode are obtained
from Ref. [42], where they are experimentally determined for a
temperature range of 25-650°C. The values are listed in Table 3
along with the Young’s moduli and Poisson’s ratios for Ni, GDC and
LSCF. Table 3 also lists the mechanical properties for sealant and
alumina tube.

2.2.4. Boundary conditions

In the experiments, the cell is fixed to alumina tubes from each
side by the sealant. The assembly is then placed inside another tube
and the outer tube is fixed to the furnace horizontally. This way,
inner tubes move freely without being imposed any constraints
except the linear contact with the outer tube. Assuming the grav-
itational forces have negligible contribution to the overall stress
distribution, the boundary conditions are set to free deformation.

However, to set a reference point bottom of the alumina tube is
fixed in axial direction.

3. Numerical implementation

Model equations are solved in a commercial multi-physics soft-
ware, COMSOL, which uses finite element method to discretize
the partial differential equations (PDEs). COMSOL has the capabil-
ity of coupling the thermo-fluid model with the solid mechanics
model in the single file, which makes it convenient for solving prob-
lems including thermal-structure interactions. Since this coupling
is assumed to be one way i.e., temperature field affects the stress
distribution but not the other way, model equations are solved
sequentially: first the thermal-fluids model is solved and then pre-
dicted temperature field is used in solid mechanics model.

Sequential solution procedure also allows us to develop a ratio-
nal meshing strategy as following: thermal-fluid model solves for
11 variables (pressure, velocity components, species, temperature
and potentials) at every node of each mesh element, therefore
requires a higher computational effort, compared to the solid
mechanics model which solves for only 2 (radial and axial dis-
placements) variables. Also due to high non-linearity fashion of the
model equations and the strong coupling between them, long com-
putational times are required to solve for the thermal-fluids model.
Hence, number of mesh elements needs to be adjusted carefully
to minimize the computational time without compromising the
accuracy of the solution. With the COMSOL'’s flexibility of choosing
different types of elements in the same geometry, the thermal-
fluids model consists of 3799 triangular and 1940 quadrilateral
mesh elements. Although this mesh topology is tested to be good
enough for the thermal-fluids model, it is not satisfactory for the
solid mechanics model. The main problem arising with the solid
mechanics calculations are the singularities existing at the corners
of two different layers or two different materials where the mag-
nitude of the stress tends to infinity. Hence the mesh needs to be
refined at these singularities. Fig. 1b shows the singularities in the
upper half model geometry. In the geometry considered in the solid
mechanics model, there are 12 singularities and mesh refinements
at these points are carried out for solid mechanics calculations.
43,590 triangular elements are used in the solid mechanics model
for a reasonable performance at the singularities. This is 12 times
of that used in thermal-fluid model.

Non-linear set of equations is solved with Newton iteration and
then one of the linear solvers in COMSOL'’s library are utilized for
the rest of the solution [47]. On a workstation equipped with a
quad-core X5355 INTEL XEON processor and 8 Gb of RAM, the solu-
tion for the thermal-fluid model takes around 10 min whereas solid
mechanics model takes only 15 s. Although the latter employs more
elements, the big difference in the solution time can be attributed
to the highly non-linear model equations, the number of variables
to be solved and the strong coupling in the thermal-fluid model.

4. Results

With the model described in previous section simulations are
performed to predict the stress distribution in the fuel cell and the
sealant. The effects of different factors on the stress distribution are
also investigated.

4.1. Residual stresses

To calculate the residual stresses developed during cell fabrica-
tion, each fabrication process needs to be known. The micro-tubular
SOFCs we consider here are taken from AIST, Japan and we refer
to Suzuki et al. [24] who described the fabrication processes of
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these cells. These processes are summarized briefly as: anode tube
is extruded and left to dry. Then it is dip coated with electrolyte
slurry. Electrolyte coated cells are then sintered at 1450 °C. After
cooled down to room temperature (RT) as slow as 5°Cmin~!, cath-
ode coating is applied to the tubes. The whole cell is then sintered at
1050°C and then the PEN (positive-electrolyte-negative) structure
is cooled down to room temperature again in a controlled way. Fab-
ricated cells then go through a redox cycling before being tested.
Finally they are attached to the alumina tubes with Ceramabond
sealing material at room temperature and they become ready for
the electrochemical tests.

It is possible residual stresses exist in each step. Since it is very
difficult to estimate the residual stresses induced in the anode dur-
ing the extrusion of the tubes, we do not consider them in this
study. Also, we assume that electrolyte coating and cathode past-
ing do not induce residual stresses. Therefore, we only account
for sintering processes as the sources for residual stresses. Since
the structures are cooled to room temperature very slowly, i.e.
5°Cmin~!, in a temperature-controlled furnace, we assume that
the process is quasi-static such that the spatial temperature gradi-
ents existing in the structure are negligible. Therefore we assume
that the residual stresses are induced in the anode/electrolyte and
PEN structures only due to the TEC mismatch between different
layers.

We first calculate the residual stresses induced during sintering
of the anode/electrolyte structure, taking the stress free temper-
ature as 1450°C. Due to higher TEC of the anode, 11.8 umm~1,
than that of the electrolyte, 11 umm~!, anode tends to shrink
more when the structure is cooled down to room temperature.
However, since this action is restrained by the electrolyte, tensile
stresses exist in the anode support which is compensated by the
compressive stresses induced in the electrolyte coating. The pro-
files of the axial component of normal stress along the horizontal
centerline of the anode/electrolyte structure (line 1 in Fig. 1c) are
shown in Fig. 2a. Due to the large aspect ratio of the tubes, i.e.,
length/width =25/1, no radial distribution is observed in the pro-
files. Since the electrolyte coating is much thinner than the anode
wall thickness, the magnitudes of the residual stresses are different
in the anode and the electrolyte. Shear stress is negligible com-
pared to axial normal stress, so the integral of axial normal stress
taken over the anode volume would be equal to that taken over the
electrolyte volume with an opposite sign (recall Eq. (17)). This is
implied by the force equilibrium of the entire structure when there
is no external force acting on the system.

The stresses arisen during the second sintering process, which
includes the cathode coating on the tube, are calculated based on
the residual stresses induced during the previous sintering process.
Residual stresses calculated at 1050 °C for the first process are given
as initial stress fields for the anode and electrolyte whereas at this
temperature cathode is assumed to be stress free. Residual stresses
in the PEN structure are seen in Fig. 2b. Since both anode and cath-
ode have higher TEC than that of the electrolyte, tensile stresses are
observed in these layers whereas compressive stresses are seen in
the electrolyte. Comparing Fig. 2a and b, it is also observed that, the
magnitude of the compressive stress increased at the electrolyte
at the room temperature because in the PEN structure electrolyte
restrains the shrinkage of not only the anode but the cathode
as well due to the force equilibrium, as discussed in previous
paragraph.

Room temperature is the most critical condition that an unsup-
ported SOFC experiences [12]. If the support conditions are chosen
carefully, an operating SOFC is not exposed to stresses as high as
residual stresses at the room temperature. As seen in Fig. 2b at a
typical operating condition of an intermediate temperature SOFC,
relaxation of the residual stresses are experienced as the stress free
temperature is approached.
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Fig. 2. Residual stresses arisen after (a) the first sintering process in the anode and
the electrolyte (b) second sintering process in the whole cell. The profiles are drawn
along the horizontal centerline (line 1 of Fig. 1c).

4.2. Thermal stress during SOFC operation

Stress distribution in an operating micro-tubular SOFC is pre-
dicted with the calculated residual stresses given as initial stress
fields. SOFC is attached to the alumina tubes with the sealant
applied between the electrolyte coating and the inner surface of
the tubes at room temperature. Therefore the stress free temper-
ature for the assembly is taken as 25°C as no stress is assumed to
build up at the interfaces of the sealant between the cell and the
tubes. However, residual stresses exist in the cell components.

With the predicted temperature distribution of a micro-tubular
SOFC operating potentiostatically at 0.7V, thermal stresses occur-
ring during the operation are calculated. In the actual SOFC
operation, fuel is supplied to the cell as a mixture of 20 vol% hydro-
gen and 80vol% nitrogen at a flow rate of 25cm? min~! whereas
ambient air is used at the cathode. The furnace temperature is con-
trolled at the air channel as 550°C while overpotentials cause a
higher temperature in the cell. As seen in Fig. 3 it is predicted that
the maximum temperature in the cell to be 561°Cat 0.7V (~11°C
higher from furnace temperature). However, as reported previously
[23], the cell temperature may increase by as much as 120°C at
0.2V.

The test assembly consisting of the cell, sealants and the alumina
tubes undergoes an elastic deformation when heated up to the cell
operating conditions from room temperature. The scaled deforma-
tion of the assembly is seen in Fig. 4 where gray lines show the
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Fig. 3. Predicted temperature distribution in C for the SOFC operating at 0.7 V.

undeformed structure. Contours on the deformed shape show the
axial elongation. Although the structure deforms freely, i.e. without
any constraints, it is fixed axially at the bottom of the alumina tube
as areference. Since cell components have higher TECs than sealant
and the alumina tube, cell tends to expand more both in radial and
axial direction. However, movement of the cell is restricted by the
sealant. Therefore a non-homogeneous deformation is observed in
the cell, such that the middle regions of the cell expands radially
more than those supported by the sealant. On the other hand, as
implied by the Newton'’s third law of motion, the PEN structure
forces the corresponding regions in the sealant and the alumina
tube to expand radially.

Corresponding axial normal stress distribution in the cell,
sealant and the alumina tube are shown in Fig. 5 which portrays
only a portion of the model geometry. Figure is drawn to scale.

Max: 271.506

250

200

- 1150

100

50

0

Fig. 4. Deformation of the assembly under thermal stresses. Gray lines show the
undeformed shape. Contours show the axial elongation distribution in microns on
the deformed shape.
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- 1-100

- 1-200
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Fig.5. Axial stress distribution in the cell, sealant and the alumina tube is plotted on
the deformed shape (deformation is scaled 40 times for clarity). Contours show the
transition of the stress from compression to tension, i.e. o, =0. (the figure is drawn
to scale.)

Negative values of stress show compression, where positive values
show tension. Tensile and compressive stresses may coexist in a
single layer. This is due to the combined effects of residual stresses
and the interactions between different components of the assem-
bly. However, a very big portion of anode, sealant and alumina tube
are in tension whereas electrolyte is in compression. Observation
of the cell components experiencing two different stress states at
the same time is reported first for a tubular SOFC in this study.

The profiles in Fig. 6 show the components of the normal stress
along the centerline of the electrolyte (line 3 in Fig. 1c). The first
observation is that the magnitudes of the axial and tangential stress
components converge to the same value at the region exposed as
a plateau in the profiles. This behavior is shown to be true for thin
walled cylindrical structure with a high aspect ratio [48]. It is also
seen that the magnitude of the radial normal stress is much less
than those of the other two components.

4.3. Effect of the support structure on the stress distribution

Axial normal stress profiles at 0.7 V are shown in Fig. 7a. The pro-
files are drawn along the vertical centerlines (lines 2-4 in Fig. 1c¢) of
each layer. Fig. 7b shows the residual stress contribution for each
case. Since residual stresses are calculated for an unsupported cell,
the differences between the profiles in Fig. 7a and b are due to the
interaction between the cell and the support components in the
test assembly. When the profiles for the cathode in both figures
are compared, there is a little difference observed, which suggests
that almost all the contribution to the axial stress distribution is
due to residual stresses, since cathode has no interaction with the
peripheral components. When the profiles in Fig. 7a and b are com-
pared for the electrolyte, it is observed that the magnitudes of the
stresses corresponding to the plateaus in these profiles are almost
same. However, the magnitude of the axial stress profile deviates
from that of the residual stress profile at the regions close to the
electrolyte-sealant interface. This is also true for the change in the
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Fig.6. Normal stress components along the vertical centerline of the electrolyte. The
illustration below the figure depicts the cell assembly. The profile is drawn along
the vertical centerline of the electrolyte (line 3 of Fig. 1c).

sign of the axial stress profiles. As it is seen in Fig. 7b, residual stress
isin pure tension in the anode whereas axial normal stress becomes
compressive at the regions close to the electrolyte-sealant inter-
face. Note that at each end of the tube, axial stress value is equal to
zero because these points correspond to the free surfaces.

Axial stress profile is shown in Fig. 8 along the vertical centerline
of the electrolyte (line 3 in Fig. 1c). There are three different trends
seen in the profile: corresponding to the regions of the electrolyte
supported by the sealant (0O-1 mm and 9-10 mm), the regions of
the electrolyte that are coated with the cathode (1.5-8.5 mm) and
the free regions of the electrolyte between the cathode coating and
the support tube (1-1.5mm and 8.5-9 mm). As discussed before,
the trend in the profile exposed as a plateau, is mainly due to the
residual stresses. Departing from the plateau, the portion of the
profile corresponding to the free regions of the electrolyte has an
increasing trend which suggests that in these regions there is a
tensile stress contribution to the overall profile. Free regions of the
electrolyte do not have any radial constraints, and tend to expand
radially more than the other regions. This can be seen in Fig. 5
as parts of the electrolyte corresponding to the free surface are
warped outwards. However, radial expansion of these regions is
restricted with the constraints posed by both the sealant from the
above and the cathode coating from the below. An analogy to a
beam clamped from both sides can be used to explain this. If the
beam is under a distributed transverse loading, tensile stresses are
induced inits cross-section. Similarly, tensile stresses in axial direc-
tion are induced in the electrolyte. Nevertheless, the overall axial
stress in the electrolyte is still in compression due to the contribu-
tion of the residual stresses except the regions closer to the sealant
interface.

The portion of the profile corresponding to the electrolyte
regions supported with the sealant has first a decreasing then an
increasing trend. The first trend suggests an extra compressive
contribution to the overall axial stress. This is due to the large
TEC mismatch between the electrolyte and the sealant. Electrolyte
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Fig.7. (a)Axialsstress profiles in the anode, electrolyte and cathode along the vertical
centerlines of each layer (lines 2-4 in Fig. 1c). (b) Corresponding residual stress
contributions (due to sintering) for each layer.

material GDC has a TEC of 11 while it is 7.8 for the Ceramabond
552 sealant. As a result when heated up to operating temperature,
compressive stresses are introduced in these regions in addition to
the inherent residual stresses which are also in compression. As a
result compressive stresses as high as 570 MPa are predicted in the
electrolyte. The axial stresses however, vanish at the free surface
of the electrolyte; therefore after reaching the maximum the stress
profile has a decreasing trend.

4.4. Effect of temperature gradient

Other than TEC mismatch, spatial temperature variations in
the materials may induce thermal stresses as well. To distinguish
between this and TEC mismatch, stresses are calculated based on a
uniform temperature field, which is the controlled temperature in
the furnace. Then they are compared with the overall stress field
calculated based on the temperature distribution in a cell oper-
ating at 0.2V. The difference between these two is attributed to
the effect of temperature gradients on the thermal stresses. Shown
in Fig. 9a are the axial stress profiles along the electrolyte center-
line. The temperature profile along the same line is also seen in
Fig. 9b. The regions of the electrolyte that experience higher tem-
perature tend to expand more. However, this will be restricted
by the regions of the cell that have lower temperature. Therefore
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Fig. 8. Axial normal stress profile along the electrolyte centerline. The profile is
drawn along the vertical centerline of the electrolyte (line 3 of Fig. 1c).

hotter electrolyte regions will experience tensile stresses whereas
colder regions will be under compression. Since the temperature
profile is not symmetric but shifted towards the flow outlet due to
the effect of convection, maximum tensile is also observed towards
the flow outlet. Hence, to balance the tensile stresses greater com-
pressive stresses are induced at the upper regions of the electrolyte
than those induced at the lower regions.

4.5. Effect of oxygen defects on the elasticity of the electrolyte

The reduction of Ce** to Ce3* in CeO, causes oxygen vacancies
in the GDC lattice structure. This increases the average bond length
which causes the elasticity of the material to decrease [11]. Oxy-
gen vacancies also change the expansion behavior of the material.
However, itis reported that this effectis only significant at tempera-
tures above 600 °C, below that linear thermal expansion is observed
[10]. Since we consider an IT-SOFC operating at 550°C, the effect
of oxygen vacancies on TEC are neglected providing that the tem-
perature increase is calculated to be less than 50°C for a typical
fuel cell operating voltage of 0.7 V. The effect of oxygen vacancies
on the elasticity of the electrolyte is accounted for, however. In
Fig. 10, axial stress profiles along the horizontal centerline of the
electrolyte (line 1 in Fig. 1c) are seen for GDC with defects (reduced)
and that without defects. Young’s modulus of GDC is higher than
both Ni and LSCF. With the reduction of GDC elasticity due to the
oxygen vacancies, the difference between anode and cathode mod-
uli of elasticity decreases. Hence the stress distribution induced in
the electrolyte is alleviated. The axial stress drops by as much as
20% at the anode-electrolyte interface with the introduction of the
defects in GDC.

Young modulus of GDCis calculated via Eq. 22 based on the oxy-
gen partial pressure distribution in the electrolyte. The model does
not solve for oxygen partial pressure implicitly, rather an assumed
profile is used in Eq. 22. Riess solved for oxygen partial pressure
distribution in the electrolyte for different operating conditions [8].
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Fig. 9. (a) Effect of temperature gradient on the axial normal stress profile. Solid
line is the predicted profile for the cell under actual operating conditions; dashed
line is for the hypothetical case when the uniform cell temperature is 550°C. (b)
Temperature profile for the cell operating at 0.2 V. The profiles are drawn along the
vertical centerline of the electrolyte (line 3 of Fig. 1c).
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Consistent with his results at 0.7V, we assume a logarithmic pro-
file in the radial direction based on which we calculate the Young’s
modulus.

5. Conclusions

A solid mechanics model is developed to investigate the thermal
stresses in a micro-tubular SOFC. Mechanical properties of the cell
are determined by approximating anode and cathode as compos-
ite structures. The fabrication processes are modeled to calculate
the residual stresses. Applying the residual stresses as initial stress
fields, thermal stresses are calculated based on the temperature
field calculated by the thermal-fluid model.

We address and distinguish the effects of different factors
determining the stress distribution in the cell components: i) resid-
ual stresses, ii) exterior stress loading due to the interactions
with the peripherals, iii) temperature gradients presented dur-
ing the fuel cell operation, iv) effects of oxygen vacancies in the
ceria-based electrolyte. Residual stresses are determinant on the
overall stress field in the bulk of the cell layers while the interac-
tions between the cell and the support structure have significant
effects on the stress distribution. Due to these interactions, we
observe that both compressive and tensile stresses can exist in
the same layer simultaneously. We have also found out that the
effect of the spatial temperature distribution is minimal for a typ-
ical SOFC operation at mid-range current densities. We also see
that because of the alleviation of the mismatch in Young’s moduli
between electrolyte and the neighboring layers, stresses in the elec-
trolyte decreases with the introduction of the oxygen vacancies in
GDC.

The thermal-fluid model used in this work is only validated
against the performance data obtained by Suzuki et. al. [26], and
this validation is shown in Ref. [23]. We have verified the com-
putational solution of the solid mechanics model by method of
manufactured solutions (MMS) [49], which tests the computational
model against a known analytical solution. We have also performed
grid independence studies. However, verification only ensures the
correctness of the numerical solution; it validates neither the mate-
rial properties nor the correctness of the developed physical model.
Therefore, an experimental validation needs to be performed in
order to ensure the accuracy of the results and validity of our
conclusions.

In a stress analysis of an operating SOFC it is paramount to
include the sealant and the alumina tube in the solid mechanics
model. For the results shown here, for moderate operating cur-
rent densities, a uniform temperature field can be used to calculate
thermal stresses. However, at higher current densities temperature
gradients must be calculated.
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