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Bonded compliant seal (BCS) is a new sealing method for planar solid oxide fuel cell. The BCS design uses a thin
foil to bond the cell and window frame, which generates a multilayer structure. However, the high temperature
bonding generates large residual stresses that greatly affect the fracture. This paper presents a numerical method
and neutron diffractionmeasurement to study the residual stress, and effect of window frame thickness has been
discussed. A grain boundary diffusion model incorporated with a power-law creep constitutive model is devel-
oped to calculate the growth stress in the oxide film. Then, the thermal elasto-plastic finite element method is
applied to calculate the thermal stress. A neutron diffraction experiment is performed to measure the through-
thickness stresses. A good agreement is found between the calculation results and the neutron diffraction mea-
surements. Compressive stress is generated in the oxide scale because of the substrate constraint. Furthermore, a
competition exists between the generation of growth stress and the creep relaxation in the oxide layer. The re-
sidual stresses in the oxide layer decrease with the decrease in the substrate thickness. The thicknesses of the
window frame and foil are designed to be 500 and 50 μm, respectively.
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1. Introduction

The planar solid oxide fuel cell (SOFC) is a promising clean energy
device that converts chemical energy into electricity by electrochemical
reaction [1]. The cathode and anode sides of the planar SOFC operate in
oxidizing atmosphere and wet reducing gas, respectively. This device
undergoes several thermal cycles at a high temperature (~750 °C).
Such hostile conditions require a good hermetic sealant to prevent
the leakage of air and fuel and to effectively isolate the fuel from the
oxidant.

Two main sealing methods are available for use in planar SOFCs:
rigid-bonded and compressive seals [2]. A rigid-bonded seal [3] uses
metal or glass-ceramic as sealant material. Glass or glass-ceramic is
very popular because metal brazing (silver and gold) is highly expen-
sive. However, its coefficient of thermal expansion (CTE) is different
from that of the SOFC components; thus, this material is prone to ther-
mal stresses and cracks [4]. Improving the life of glass-ceramic sealing
by using new composite sealants that can decrease the difference of
the CTE is therefore important [5]. A compressive seal [6,7] applies a
pressure load on the stack to maintain tightness; this pressure load al-
lows some extent of deformation because the components are not rigid-
ly bonded together. However, the applied load can be relaxed at a high

temperature, making this seal unsuitable for long-term operation [8].
Therefore, developing new sealing technologies for SOFCs remains
crucial.

Weil et al. recently developed a newsealingmethod called thebond-
ed compliant seal (BCS), which combines the advantages of rigid and
compressive seals [9–10]. The BCS uses a thin foil to bond the cell and
the window frame, thereby mitigating a large amount of thermal stress
in the cell through elastic or plastic deformation within the sealing foil
[11,12]. Thematerial of the thin foil is FeCrAlY alloy with good creep re-
sistance. It contains a high concentration of aluminum that can trans-
form into a thin alumina layer that prevents further oxidation at a
high temperature. As a result, a thin multilayer structure that includes
an oxide film, a foil, a filler metal, and a window frame is generated.
The oxide film contains growth stresses generated by the formation of
new oxide within the existing oxide layer [13,14]. Thermal stresses
are generated because of the mismatching CTEs [15] between the com-
ponents. As the structure cools to room temperature, residual stresses
are generated by the contraction and plastic deformation. These stresses
have a significant influence on fracture [16]. Therefore, an accurate cal-
culation of the two types of stresses must be achieved to ensure safety.
In this study, a finite element method (FEM) is developed to predict the
growth and thermal stresses in the BCS structure and is subsequently
verified by neutron diffraction measurement. The thicknesses of the
foil and BNi2 filler metal are set to 80 [17] and 75 μm [18], respectively.
However, the design of the window frame thickness is still unclear. In
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this paper, we discuss the effect of window frame thickness on residual
stress to ultimately provide a reference for thickness design.

2. Experimental

2.1. Sample preparation

Fig. 1 shows the cross section of the BCS structure in a planar SOFC. A
sealing foil is used to bond the cell and the window frame. The cell is
composed of an anode, an electrolyte layer, and a cathode layer. In the
present study, we focus on the joint of the sealing foil-to-window
frame because of its significance in stress evolution. Therefore, the com-
posite cell was assumed to be the same as the anode material [9–11].
The materials of the sealing foil, filler metal, and window frame were
FeCrAlY, BNi2, and Inconel alloy C276, respectively. Their chemical com-
positions are listed in Tables 1, 2, and 3 [17–19], respectively. Neutron
diffraction measurement is an effective method for measuring
through-thickness stress, but using it in this study was difficult because
the BCS structure is too thin and because the neutron beam only has a
mm-scale gauge volume [20]. Therefore, an enlarged sample was pre-
pared, and the residual stress was calculated and compared by neutron
diffraction measurement. Then, the validated FEM was used to predict
the residual stress in the thin BCS structure.

The specimen was 4 mm thick, 100 mm long, and 100 m wide
(Fig. 2). The materials for the top, bottom plates, and filler metal were
FeCrAlY, Inconel alloy C276, and BNi2, respectively. The bonding tem-
perature cycle is shown in Fig. 3. First, the specimen was heated up to
850 °C and then held for 30 min. Second, it was heated up to 1100 °C
within 30 min and held for 30 min. Finally, it was cooled to ambient
temperature.

2.2. Neutron diffraction measurement

Neutron diffraction experiments were performed using the residual
stress instrument at the HANARO reactor of the Korea Atomic Energy
Research Institute [20]. The Si (220) bent perfect crystal was selected
for the monochromator and produced neutrons with the wavelength
of 1.46 Å at take-off angles (2θM) of 45°. The configuration enabled us
to measure the (110) peak at the scattering angles (2θS) of 42.2° for
the bcc FeCrAlY alloy and the (111) peak at 41.0° for the fcc Inconel
alloy C276. The section of the gauge volume (GV) in the diffraction
plane was defined by 1 mm-wide cadmium slits on the incident and
diffracted beams. The height of the GV was also defined by the 1 mm
height of the incident beam. Thus, the GV was ~1 × 1 × 1 mm3 for the
three orthogonal directions of the specimen. A total of 12 points of the
diffraction peaks weremeasured through the thickness of the specimen
at the middle of the plate width and length along the line P marked in
Fig. 2. Two direction theodolite and levelers were used to fit the exact
location for the measurements with the accuracy of about 0.1 mm. Ver-
tical and horizontal alignments were fitted by using procedure (ISO/TS
21432:2005) [21]. Thus, after one component measurement and

rotating horizontally 90°, we measured the second component. Finally
we vertically rotated 90° and then measured the third strain compo-
nent. All three components at the exactly same point with the accuracy
of 0.1 mm were applied to calculate the stress components. Boron has
very strong neutron absorption, but here the BNi2 layer is only
0.075 mm and the measurement is located in the base metal. The
peak comes mostly from the chemical components from the gauge vol-
ume (1 × 1 × 1 mm3).

The measurement of the residual stress using neutron diffraction
was based on Bragg's law, which is given by

n0λ ¼ 2d0 sin θ ð1Þ

where n' is an integer, d' is the lattice spacing, and 2θ is the diffraction
angle. Strain (ε) is determined by measuring the scattering angle (θ)
of a material under stress and the scattering angle (θ0) of the same
material that is free of stress.

ε ¼ Δd0

d0
¼ − θ−θ0ð Þ cotθ ð2Þ

The lattice spacing is measured in the direction bisecting the incom-
ing and diffracted neutron beams. The measured peak was fitted by the
Gaussian peakfittingmethod and the peak centerwas selected to deter-
mine the peak shift location consistently. Given that strain and stress
have tensor dimensions,measuring the strains in at least threemutually
orthogonal directions (x, y, and z) at a certain location is necessary to
obtain the normal stress components. The three orthogonal stress com-
ponents can be calculated using the generalized Hook's law by
converting the elastic strains (εxx, εyy, εzz) to residual stresses (σx, σy,
σz) along the three orthogonal directions.

σ ii ¼
Ehkl

1þ νhkl
εii þ

νhkl
hkl

1−2νhkl
εxx þ εyy þ εzz
� �" #

ð3Þ

where i = x,y or z, Ehkl and νhkl are the elastic modulus and Poisson's
ratio, respectively. In this study, the diffraction elastic constant (E110)
of 225.5 GPa and Poisson's ratio (v) of 0.28 for bcc alloy and the E111 of
247.9 GPa and v of 0.24 for fcc alloy were used. The selection of the
peak to represent bulk properties is the key issue. The procedure of
the neutron residual stress experiment recommends the peak (111)
for fcc, (110) for bcc structures because it is known not to obtain anisot-
ropy of the bulk materials.

Fig. 1. The cross section of the BCS structure in planar SOFC.

Table 1
Chemical composition of FeCrAlY (wt.%).

Fe Cr Al Y Mn C Si

≥69.62 22 4.8 0.3 ≤0.04 ≤0.08 ≤0.70
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