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Hermetic gas seals are critical components of planar Solid Oxide Fuel Cells (SOFCs). This article focuses on
the comparative evaluation of a glass-ceramic seal developed by the Pacific Northwest National Laboratory
(PNNL) and a self-healing glass seal developed by the University of Cincinnati. The stress and strain levels
in the Positive electrode–Electrolyte–Negative electrode (PEN) seal in a single-cell stack are evaluated
using a multi-physics simulation package developed at PNNL. Simulations were carried out with and
without consideration of a clamping force and a stack body force, respectively. The results indicate that
olid Oxide Fuel Cell
lass seals
hermomechanical behavior
odeling

reep

the overall stress and strain levels are dominated by the thermal expansion mismatches between the
different cell components. Further, compared with the glass-ceramic, the self-healing glass results in a
much lower steady state stress value due to its much lower stiffness at the operating temperature of the
SOFC. It also exhibits much shorter relaxation times due to a high creep rate. It is also noted that the
self-healing glass seal will experience continuing creep deformation at the operating temperature of a
SOFC therefore resulting in possible overflow of the sealant material. Therefore, a stopper material may

ts geo
be required to maintain i

. Introduction

The volatility of the oil markets and the increasing concern with
he environmental impact of noxious gas emissions have generated
renewed interest in the development of clean and efficient sources
f power. In this context fuel cells are an attractive power source
ince energy conversion in a fuel cell is electrolytic thereby elimi-
ating harmful gas emissions. Furthermore, it has been shown that

uel cells are more efficient at energy conversion as compared to
he combustion of fossil fuels. Among various fuel cell technologies,
olid Oxide Fuel Cells (SOFCs) and Polymer Electrolyte Membrane
uel Cells (PEMFCs) are the leading candidates under intensive
esearch and development [1]. While PEMFCs are more suited for
he automotive industry, SOFCs are the leading contenders for
tandalone power generation with a power generation range of
–250 kW and lifetimes exceeding 40,000 h of operation [1]. The
oal of SECA (Solid-state Energy Conversion Alliance), funded by
he United States Department of Energy (DOE), is to develop com-
ercial SOFC technology at the rate of $400/kW [2].
The successful development of such technology is however

ependent on overcoming a series of technological hurdles. In con-
rast to PEMFCs, which operate at low temperature (<100 ◦C), the
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metric stability during operation.
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higher operating temperature of SOFCs poses significant techno-
logical challenges. Solid Oxide Fuel Cell design may be primarily
categorized into two types viz., tubular and planar. Tubular SOFCs,
by design, do not require a gas seal. Planar SOFCs offer a significant
advantage of a compact design along with higher power densities,
but require the incorporation of hermetic gas seals for efficient and
effective channeling of fuel and oxygen. Seals are the most critical
components in commercializing the planar SOFC technology—they
must adequately prevent the leakage of air and fuel, effectively
isolate the fuel from the oxidant, and be electrically insulating.

Mechanistically, there are two types of seals: compressive seals
and rigid seals [3,4]. Compressive seals, as the name implies, involve
the use of materials (such as metals or mica based composites)
under compressive loads to ensure gas tight sealing as opposed to
rigid seals which rely on effective bonding of the seal to the sealing
surfaces. Therefore, in the case of rigid seals, physical properties
such as the coefficient of thermal expansion (CTE) become criti-
cal since it is required that the CTE mismatch across the sealing
interface be minimal. Rigid seals offer significant advantages over
compressive seals which suffer from problems of oxide scaling and
chemical stability under highly reactive environments in addition

to the disadvantages of incorporating an externally applied load
[3]. Among the rigid seals there are three separate approaches to
sealing—glass seals, glass-ceramic seals and metal brazes. Among
the glass seals, one area of significant interest is in the develop-
ment of innovative self-healing glasses [3]. Self-healing glasses have

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:Raj.Singh@uc.edu
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Nomenclature

A area (m2)
c specific heat (J kg−1 K−1)
C concentration (mol m−3)
E0 Nernst potential (V)
E Young’s modulus (Pa)
F Faraday constant (C mol−1)
i current density (A m−2)
I current (A)
l length (m)
n number of moles (mol)
p partial pressure (Pa)
Q volumetric heat flux (W m−3)
r reaction rate (mol m−3 s−1)
RG universal gas constant (J K−1 mol−1)
R resistance (�)
t time (s)
T temperature (K)
u volumetric flow rate (m3 s−1)
Vv voltage (V)
V volume (m3)
ε strain
� viscosity (Pa s)
� thermal conductivity (W m−1 K)
� density (kg m−3)

t
m
s
a
p

e
e
p
i
p
w
b
m
o
n
e
e
e
i
t

m
s
s
d
b
a
o

c

i

other transport phenomena on the evolution of stress and deforma-
�c resistivity (� m)
� stress (Pa)

he ability to effectively “repair” any cracks developed during ther-
al cycling when heated to a sufficiently high temperature. These

ealant materials, if proven to meet the stringent long-term oper-
ting requirements, will offer a simple yet powerful solution to the
roblem of developing effective gas seals for SOFC applications.

As a step towards the realization of this goal, it is necessary to
valuate the mechanical performance of these seals in a fuel cell
specially in relation to their interaction with other components
resent in the cell. Before conducting costly experimental trials,

t is prudent and cost-effective to first evaluate the mechanical
erformance of self-healing glasses by simulating their interaction
ith other components present in a single-cell stack. The rationale

ehind carrying out a simulation study is to evaluate the perfor-
ance of a component or several components in relation to each

ther. Apart from the apparent savings in cost and time, another sig-
ificant benefit is the ability to “peer into” the system and study the
ffect of process parameters on parts which would be inaccessible
xperimentally. A methodical simulation study in conjunction with
xperiment is a very powerful tool which can shed valuable insights
nto the underlying complex physical phenomena and hence lead
o a more reliable SOFC design with increased efficiency.

This article aims to quantify the viability of two different sealant
aterials by means of modeling their long-term performance in a

ingle-cell stack. In order to provide a context for the work pre-
ented in this article a brief summary of recent relevant research is
iscussed below. It is to be noted here that the discussion presented
elow is by no means comprehensive, and the reader is encour-
ged to consult other sources [5–7] for a more complete overview
f modeling studies carried out with respect to SOFCs.

Simulations of SOFC behavior may be broadly divided into two

ategories:

i. Microscopic Models
i. Macroscopic Models
r Sources 190 (2009) 476–484 477

Microscopic modeling employs techniques such as Molecular
Dynamics (MD) to investigate the transport phenomena in the
atomic or nanoscale regime. These models, therefore, serve to
enhance our understanding of the fundamental behavior of various
materials in the SOFC stack and thereby help in the development of
materials with tailored material properties.

Macroscopic models on the other hand ignore the microscopic
details and instead employ macroscopic level constitutive equa-
tions to describe the coupling of heat, mass, electrochemical and
momentum transport. Some macroscopic models in fact even sim-
plify this approach further by treating the behavior of individual
fuel cells as “black boxes” (thereby ignoring the performance of
individual components in a single-cell) in order to carry out sys-
tem level simulations [8,9]. Each of the above approaches serves
to enhance understanding of SOFC behavior at different time and
length scales and hence is important in its own right. The modeling
work presented in this article is macroscopic in nature and involves,
as mentioned earlier, the thermomechanical behavior of glass seals
in a single-cell SOFC stack.

A large number of simulation studies have been carried out cov-
ering various aspects of the operation of Solid Oxide Fuel Cells and
the different fundamental mechanisms governing the behavior of
the fuel cells [5–7]. However, to date few models cover the com-
plex multi-physics problem involving electrochemistry, fluid flow,
heat transfer and their influence on the manifested mechanical
behavior of a fuel cell. Yakabe et al. [10], performed studies to eval-
uate thermal stresses in an anode–electrolyte–cathode unit along
with an interconnect layer. The modeling, based on the commercial
STAR-CD software [11] from Computational Dynamics Ltd., involved
coupled electrochemical, fluid flow, thermal and stress analysis.
Selimovic et al. [12], utilized the FEMLAB software [13] from COM-
SOL AB to evaluate the thermal stresses in a two-dimensional model
of a three layered structure (anode, electrolyte and cathode) with
electrochemistry, in which thermal and flow calculations were per-
formed by the finite volume method using FORTRAN. Laurencin et
al. [14], modeled the coupled thermomechanical and electrochem-
ical behavior in a circular three layer SOFC stack. Behavior of the
sealant material was ignored in the aforementioned work. Müeller
et al. [15], conducted an interesting study on the propagation of
cracks in the presence of a sealant material, however the study
focused only on the thermomechanical behavior and ignored fluid
flow and electrochemical phenomena. Zhang et al. [16], used an
analytical approach to calculate the residual stresses in a three layer
anode–electrolyte–cathode stack, but the complicated nature of the
calculations precluded the consideration of other factors influenc-
ing the functioning of an SOFC.

The very nature of the phenomena involved and their extremely
complex interactions result in numerical simulations which are
computationally intensive and therefore difficult to develop. There
are only a few published studies to date which deal with thermo-
mechanical behavior of SOFC seals in a “realistic” configuration
viz., the modeling of the sealant materials in conjunction with
other components in a fuel cell [17,18]. Lin et al. [17] conducted
a detailed multi-physics study including fluid flow, heat transfer,
electrochemistry and mechanical behavior using data available in
published literature. Weil and Koeppel [18] presented recent results
from finite element (FE) simulations of a planar cell using the
foil-based seal, along with companion analyses of the more conven-
tionally employed glass-ceramic and brazed joints. The behavior of
self-healing glass seals was not considered in the aforementioned
simulations. Furthermore, effects of creep in conjunction with the
tion of SOFC have not been considered so far [19]. In view of their
critical role and given the high operating temperature of SOFCs with
long designed lifetimes, it is imperative that more attention be paid
to this aspect of the thermomechanical behavior of fuel cells as a
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hole and glass seals in particular. The focus of this article is to pro-
ide a comparative evaluation of the time-dependent behavior of
glass-ceramic seal developed by the Pacific Northwest National

aboratory (PNNL) and a self-healing glass seal developed by the
niversity of Cincinnati. The stress and strain levels in the PEN seal

n a one cell stack are evaluated using a multi-physics simulation
ackage developed at PNNL. Simulations were carried out with and
ithout consideration of clamping force and body force, respec-

ively. The results indicate that the overall stress and strain levels are
ominated by the thermal expansion mismatches between the dif-
erent cell components. Further, compared with the glass-ceramic
eal, the self-healing glass seal results in a much lower steady state
tress value due to its lower modulus at the operating temperature
f the SOFC, and also exhibits much shorter relaxation times due
o a high creep rate. It is to be noted that the self-healing glass seal
ill experience continuing creep deformation under the operating

emperature of the SOFC, thus resulting in possible overflow of the
ealing material under long-term operation. Therefore, a stopper
aterial may need to be added to maintain its geometric stability

uring operation. This study will provide a quantitative basis for
he development of an effective, stable sealant material.

. Model formulation and simulation parameters

In order to model the behavior of the glass seals in a single-
ell stack, a software module developed at PNNL, viz., SOFC-MP
20], was used. The software is based on the MSC.Marc® finite ele-

ent program from MSC Software Corp., along with a proprietary
odule developed by PNNL for electrochemical (EC) as well as flow

alculations. The EC module calculates the current distribution, gas
pecies concentration and heat generation and uses the MSC.Marc®

oftware to solve the heat transfer problem. The MSC.Marc® soft-
are is also used to calculate the time-dependent creep behavior
f the stack using a user-defined material subroutine. The gov-
rning equations describing electrochemical, heat transfer, fluid
ow and thermomechanical phenomena are given below along
ith a brief description of the underlying assumptions behind the

quations—the reader is referred elsewhere [20–23] for a more in-
epth discussion on these topics.

.1. Electrochemistry

The EC module in SOFC-MP is capable of simulating electro-
hemical reactions with H2 as the primary fuel as well as CO and
omposite fuels [20]. In the interest of brevity only the I–V relation
nvolving H2 as the fuel is given below, the equations for describing
ther fuel inputs may be found in [20,21].

(i) = E0 − iRi − b sinh−1
(

i

2i0

)
+ RGT

4F
ln

(
1 − i

iO2

)

+ RGT

2F
ln

(
1 − i

iH2

)
− RGT

2F
ln

(
1 +

p0
H2

i

p0
H2OiH2

)
(1)

here E0 is the Nernst potential, i is the current density,
sinh−1(i/2i0) is the activation polarization, RG is the gas con-
tant, T is the temperature, F the Faraday constant, iO2 the oxygen
ransport limiting current, iH2 the hydrogen transport limiting
urrent, p0

H2O and p0
H2

being the water and hydrogen partial pres-

ures respectively. Finally, the resistance of the PEN structure,
i = Rp + Re + Rn + Rb, where Rp is the cathode resistance, Re is the
lectrolyte resistance, Rn is the anode resistance and Rb is the bipo-
ar resistance.

Eq. (1) is based on the following main assumptions [20,21]:
r Sources 190 (2009) 476–484

- The dominant mode of gas transport in the anode and the cathode
is by binary diffusion through the pores in the electrode material.
In other words, the effective binary diffusivity is obtained by mul-
tiplying the binary diffusion coefficient by the volume fraction of
the porosity and by dividing it by the tortuosity factor.

- The electrodes have uniform microstructures through the thick-
ness and the diffusion of the gas species is influenced by the
porosity and tortuosity of the electrodes.

- The partial pressures of the gas species involved in the electro-
chemical reaction at the electrode–electrolyte interface are the
same as the partial pressures outside the reaction zones.

- Temperature dependent resistances are employed for the anode,
cathode and bipolar plate.

2.2. Fluid flow

The EC module simplifies the fluid flow problem by treating all
fluid flow in the fuel cell as one-dimensional flow which is laminar
in nature and by using simplified equations based on mass balance
and flow rate to account for their behavior. This formulation circum-
vents the need to solve the complete fluid flow problem involving
the Navier–Stokes equations and hence results in significant savings
in computation time and resources. A simple mass balance detailed
in Eq. (2) below is used to derive the rate of change of partial pres-
sure of a particular species as a function of the current flow through
the cell (I) and the gas flow rate (u) as shown in Eq. (3) for the case
of hydrogen.

dnk

dt
= rk dVv − u dCk (2)

dpH2

dt
= − IRGT

2Fu
(3)

where nk is the number of moles of species k, t is the time, rk is the
reaction rate per unit volume, Vv is the volume, u is the fluid veloc-
ity and Ck is the concentration of the species k, pH2 is the hydrogen
partial pressure. The coupling between the fluid flow and the elec-
trochemical calculations is achieved through the current I in the
above equation.

2.3. Heat transfer

As mentioned earlier, the MSC.Marc® software solves the heat
transport problem (both steady state and transient) by the finite
element method to provide the temperature distribution in the fuel
cell stack [22]. The general form of the heat conduction equation in
three-dimensions is given below.

∇ · (�∇T) + Q = �cp
∂T

∂t
(4)

where � is the thermal conductivity, Q is the volumetric heat flux,
� the density, and cp the specific heat.

The coupling between the EC module and the MSC.Marc® soft-
ware is achieved through the volumetric heat generation term viz.,
Q. The heat generation in the fuel cell is calculated by assuming
Joule heating due to the current flow I through the cell and the
resistance R(i) calculated from Eq. (1), i.e., from the calculated V(i)
as shown below.

2 2
(

0
)

Q = i2�c (i) = i R (i) A

l
= i A

l

E − V (i)
i

(5)

The volumetric heat flux thus calculated is fed into the MSC.Marc®

software via the user subroutine FLUX [23].
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Fig. 1. Schematic diagram of the cross section of a Solid Oxide Fuel Cell—the thick-
ness of the main components is given. Dimensions are not to scale.

Table 1
Material property values at room temperature (298 K) for the self-healing glass
developed at the University of Cincinnati which were employed in the simulations.

Material property Value

Young’s modulus 70 GPa
S
P
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Fig. 3. Schematic diagram of the top view of the PEN seal. Dimensions are not to
scale.

F
A

trength 70 MPa
oisson’s ratio 0.2
iscosity log(�) = 15.36(1000/T) − 5.46 Pa s

.4. Stack geometry and material properties

Fig. 1 shows a schematic cross section of the fuel cell model used
long with the thickness of the main components. Except for the
eals and the PEN structure, all the other materials are assumed to
e SS-430. Snapshots of the individual components of a fuel cell unit
re depicted in Fig. 2 below. Fig. 3 above illustrates the top view of
he PEN seal along with its in-plane dimensions. Default geometric
arameters in Mentat-FC are used for all the components of the
ingle-cell stack.

Two different sealing materials were considered in this study:

i. Glass-ceramic: A BaO–SiO2 system based glass-ceramic seal
developed by PNNL and designated, with reference to a particular
composition, as G18 [24].

i. Self-healing glass: A silicate based self-healing glass developed
at the University of Cincinnati was used for comparison with G18.
Further details about the glass preparation and experimental
evaluation of its physical properties may be found in [3].

The physical properties used in the simulations for the self-
ealing glass are given in Table 1. Since the Young’s modulus data
s a function of temperature was not available for the self-healing

lass, the temperature dependent Young’s modulus data for a pure
morphous glass [25] was used instead, under the assumption that
heir high temperature modulus may be similar since the room
emperature modulus values for both the materials were the same.

hile we acknowledge that this assumption may not be entirely

ig. 2. Schematic diagram of the individual components in a single fuel cell unit: (a) Inte
node Seal, (h) Air Frame, (i) Picture Frame and (j) Interconnect.
Fig. 4. Temperature dependent Young’s moduli of pure amorphous and aged crys-
talline glasses.

valid, it does provide a basis for a first order approximation to sim-
ulate the behavior of the seals until the relevant experimental data

becomes available in the future. The temperature dependent mod-
uli of pure amorphous glass and G18 after aging for 4 h are depicted
in Fig. 4. It can be seen that the modulus of the aged glass-ceramic
is nearly constant even at high temperature, and has a much higher

rconnect, (b) Anode Seal, (c) Fuel Frame, (d) Anode, (e) Electrolyte, (f) Cathode, (g)
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Table 2
Comparison of experimental creep strain rates for self-healing glass and glass-
ceramic under uniaxial stress of 30 MPa at 1000 K.
Fig. 5. Coefficient of thermal expansion (CTE) data used in the simulations.

alue than the amorphous glass. The coefficients of thermal expan-
ion (CTE) for both the sealing materials are plotted in Fig. 5.

.5. Seal creep behaviors

Both the self-healing glass and the glass-ceramic sealants
xhibit creep behavior at the operating temperature of the SOFC.
he experimentally determined creep curves for the self-healing
lass and the aged glass-ceramic are depicted in Fig. 6.
The creep behavior of the self-healing glass sealant is modeled
y Eq. (6):

˙ eff = A
�0

3� (T)
(6)

ig. 6. Experimental creep behavior for (a) the self-healing glass and (b) aged glass-
eramic at different temperatures.
Self-healing glass Glass-ceramic

Creep strain rate (at 1000 K) 1.0e−3 s−1 1.0e−6 s−1

where A is a constant and �(T) is the temperature dependent vis-
cosity, which is determined from the creep test results at different
temperatures as shown in Fig. 6(a).

To capture the creep behavior of the glass-ceramic sealant, a two
phase standard viscoelastic solid model was adopted. For the glassy
phase, the strain included two components, i.e., elastic and viscous
strains, respectively, as

εgl = ε	
gl + εe

gl (7)

where

εe
gl = �gl

Egl(T)
(8)

ε̇v
gl = �gl

�gl(T)
(9)

the temperature dependent viscosity �gl(T) is determined from the
creep test results at different temperatures as shown in Fig. 6(b).

In general, the ceramic phase is considered to undergo elastic
deformation only, therefore, its stress and strain relationship will
follow Hooke’s law:

εc = �c

Ec (T)
(10)

The overall stress and strain relationship is governed by

� = �gl + �c (11)

ε = εgl = εc (12)

The above two creep models are incorporated into the MSC.Marc®

software via the user-defined subroutine CRPLAW [23].
For reference, Table 2 lists the experimental creep strain rate

of both the self-healing glass and glass-ceramic at 1000 K under
uniaxial stress of 30 MPa. It can be seen that the creep rate of the
self-healing glass is about 1000 times higher than that of the glass-
ceramic.

3. Results and discussion

In order to evaluate the creep behavior of the two different
seal materials, time-dependent creep simulations were carried out
using the steady state operating temperature profile, which was
calculated by SOFC-MP using the stack geometry and material
properties described above. The initial stress-free temperature was
1073 K (800 ◦C), which was the stack assembly temperature. The
goal was to quantitatively compare the time-dependent behavior
of the two sealant materials by considering the interactions of the
different stack components present in the SOFC during steady state
operation.

A series of simulations were carried out with and without the
consideration of body force and stack clamping force, and the
results will be discussed later in this section. Note that all the results
discussed below refer exclusively to the PEN seal. The rationale
behind the incremental approach was to evaluate the effect of fun-

damental physical properties (Young’s modulus, CTE) on the overall
stress distributions in the absence of a body force, following which
the addition of this force along with an externally applied clamp-
ing force would lead to an elucidation of the effect of the different
parameters on the stress distributions in the PEN seal.
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glass-ceramic seal material possesses high modulus at the operat-
ing temperature of the SOFC due to the presence of the ceramic
ig. 7. Maximum equivalent total strain and maximum equivalent creep strain as a
unction of the hold time for the PEN seal with self-healing glass, at the operating
emperature.

.1. Without body force (gravity) and clamping force

Due to the high creep rate of the self-healing glass, very small
ime increments had to be used in the simulation of long-term
ehavior of these sealant materials. Therefore, initially, the effect of
old times at the operating temperature profile on the long-term
ehavior of the PEN seals (in the case of the self-healing glass) was
tudied with the aim of deciding on a realistic holding time thereby
esulting in significant savings in computing time. Three holding
imes were chosen for this purpose—0.07 h (4.2 min), 0.5 h and 1 h.
ig. 7 shows the maximum equivalent total strain and the maxi-
um equivalent creep strain for a hold time of 1 h. It is to be noted

ere that the curves for lower holding times, i.e., 0.07 h and 0.5 h are
dentical and are not reproduced. It can be seen that after the ini-
ial steep increase of these strains, caused by the temperature drop
rom the stress-free temperature to the operating temperature pro-
le of a single-cell stack, maximum equivalent total strain and the
aximum equivalent creep strain continued to increase, and the

ate of increase tapered off slightly with time within 1 h. The max-
mum equivalent von Mises stress values, for the same hold times,
re presented in Fig. 8. It can be noted that the von Mises stress falls
rom a maximum value of about 4 MPa to around 40 kPa within a

ime span of about 10 min. A similar trend is observed in the �33
normal stress through the thickness of the seal) and �11 (normal
tress in the seal plane) plots with respect to time (Fig. 8). There-
ore, the stresses in the seal reached their asymptotic values after a

ig. 8. Maximum equivalent von Mises stress, maximum �33 component of stress
nd maximum �11 component of stress for the PEN seal with self-healing glass as a
unction of hold time, at the operating temperature.
Fig. 9. Stress history for the PEN seal with the glass-ceramic as the seal material.

1 h relaxation time. From the stress relaxation point of view, there-
fore, a holding time of 1 h was chosen for further simulations of
self-healing glass seals.

Fig. 9 shows the stress history, i.e., maximum equivalent von
Mises stress, maximum �11, and �33, for the PEN seal with the
glass-ceramic. The maximum equivalent total strain and maximum
equivalent creep strain are depicted in Fig. 10 over the creep time.
The results are similar to those obtained with the self-healing amor-
phous glass, wherein the von Mises stress is released rapidly, the
normal stresses �11 and �33 are constant after a small drop, because
the hydrostatic pressure could not be relaxed by creep deforma-
tion. Compared with the self-healing amorphous glass, the time to
relax the shear/deviation stress is much longer—close to 1 h in the
case of the glass-ceramic while in the case of the self-healing glass
the time scales are of the order of few minutes. Also, the value of
the maximum equivalent von Mises stress in the case of the glass-
ceramic after stress relaxation is of the order of 1 MPa as opposed
to 40 kPa in the case of the self-healing glass. This is because the
phase, but the modulus of the amorphous self-healing glass at the
high operating temperature of SOFC is only about 1/10 of its room
temperature value. In addition, it may be noted that the maximum

Fig. 10. Equivalent strain history in the PEN seal with the glass-ceramic as the seal
material.
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ig. 11. Maximum equivalent von Mises stress, maximum �33 and maximum �11

ith and without the presence of gravity in the PEN seal with self-healing glass at
he operating temperature.

quivalent total strain and creep strain are constant after the initial
reep stage, i.e., no overflow of the glass-ceramic seal material will
ccur during the operation of the SOFC stack.

.2. Effect of gravity

Using the 1 h hold time, the next step was to evaluate the effect of
ravity on the stresses in PEN seals and compare them to the results
ithout consideration of gravity presented in the previous section,

s shown in Figs. 11 and 12. In the interest of brevity only the plots
or the stress are presented here since the plots for the strains are
dentical to Figs. 7 and 10. It can be seen that the maximum equiv-
lent von Mises stress, the components �33 and �11 are essentially
nchanged by the presence of gravity, i.e., body force. These results

ndicate that the most significant contribution to the stresses in the
EN seal is the CTE mismatch between different components in the
OFC stack.

.3. Effect of gravity and applied clamping load
Next, the effects of the stack clamping force on the stresses in
he PEN seal were numerically evaluated. Point loads were applied
o the top and bottom interconnects at the center points of the four

ig. 12. Effect of gravity on the stresses in the PEN seal with glass-ceramic at the
perating temperature.
Fig. 13. Maximum equivalent von Mises stress, maximum �11 and maximum �33

under different loading conditions in the PEN seal with self-healing glass at the
operating temperature.

corners to simulate the force due to clamping bolts. Two different
loading conditions were considered—a total load of 10 N and 100 N
for the case of the self-healing glass and a 100 N load for the glass-
ceramic. These load levels were chosen such that the effects of an
order magnitude change in the applied load could be evaluated. The
stress levels in the two seals as a function of time are presented in
Figs. 13 and 14 for both the sealant materials. It should be noted
here that the results for the 10 N applied load (in the case of the
self-healing glass seal) are identical to that of the 100 N load and
are not reproduced here. Also, the strain distributions for both the
sealant materials are identical to those presented in Figs. 7 and 10.

It is evident from these results that there is no significant differ-
ence in the stress and strain distributions even in the presence of an
externally applied stack clamping load for both sealant materials.
For illustration, Fig. 15 shows the von Mises stress contour bands
for the PEN seal with no body force or external loads considered for
the self-healing glass material.

From the above discussions, it may be concluded that the most
significant contributors to the stress variations in the PEN seal are

the physical property differences (primarily Young’s modulus and
CTE) between the different materials used in the fuel cell. The signif-
icant differences in the behavior of the two materials are illustrated
by Fig. 16. Fig. 16(a) is a comparative plot of the strain levels in the

Fig. 14. Stress history for the PEN seal with glass-ceramic at the operating temper-
ature under different loading conditions.
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Fig. 15. Contour band plot of the equivalent von Mises stress in the PEN seal with
self-healing glass in the absence of gravity and an externally applied load.

Fig. 16. Comparative plots of (a) strain and (b) stress levels in the glass-ceramic
and self-healing glass seals at the operating temperature. The plots show significant
differences in the values for both stress and strain in these materials after 1 h of
operation.
r Sources 190 (2009) 476–484 483

two sealant materials after 1 h of operation. It can be seen from this
plot that while the strain values for both the materials are within
the same order of magnitude, the self-healing glass exhibits higher
strain values as compared to the glass-ceramic material. Also, it
should be noted that the total strain for the glass-ceramic seal
reaches an asymptotic value after 1 h of operation, but the total
strain for the self-healing glass seal keeps increasing after 1 h of
operation (c.f., Figs. 7 and 10). Fig. 16(b) is a comparative plot of the
stress levels in the two sealant materials after 1 h of operation. It
can be seen that there is at least an order of magnitude difference in
the stress values with the self-healing glass displaying lower stress
values. Also, stress relaxation is achieved during the first several
minutes of steady state operation for the self-healing glass seal. For
the glass-ceramic seal, it takes about an hour. These results indicate
the advantages of the self-healing glass seal in managing the oper-
ating stress levels in the seal. They also indicate that a potential area
for further development for this sealing material lie in controlling
its total creep deformation during the desired operating duration
of an SOFC.

4. Conclusions

In this paper, stack level simulation studies were carried out to
evaluate the time-dependent stress and strain behaviors in the PEN
seal fabricated using a glass-ceramic and a self-healing glass. The
simulations utilize coupled electrochemical, fluid flow, heat trans-
fer and thermomechanical analyses. The results indicate that for
both the materials the dominant effects on the resultant stresses
and strains at the operating temperature of the SOFC are due to
mismatch of CTE of the different stack components. Further, it is
found that the stresses at the operating temperature in the case
of the self-healing glass are significantly lower as compared to the
glass-ceramic seal, due to its much lower modulus at the operating
temperature of SOFC. The self-healing glass sealant also exhibits
much shorter relaxation times due to its high creep rate, thereby
indicating that the self-healing glass has the potential to be a
simple yet effective sealing material from a seal stress manage-
ment perspective. However, it is to be noted that the self-healing
glass seal will experience continuing creep deformation under the
operating temperature of the SOFC therefore resulting in possi-
ble overflow of the sealing material. Therefore, a stopper material
may need to be added to maintain its geometric stability dur-
ing operation. Simulation studies can help accelerate the material
development process by screening the effects of different stop-
per material designs and their implementation. Further simulation
studies are also planned to evaluate the effects of thermal cycling,
residual stresses and various other load combinations on the ther-
momechanical behavior of different seal materials to holistically
examine the time-dependent seal integrity and reliability under
long-term operation.
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