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A B S T R A C T

A torsion test recently implemented for solid oxide fuel cell sealant materials is analyzed as a method for
measuring the shear strength of sealant for solid oxide fuel cells. The finite element method is used to simulate
the stress distribution in the hourglass-shaped steel specimens with intermediate sealant layer with different
specimen's dimensions and configurations. Also, it is analyzed how stress concentration changes if the sealant
does not completely fill the gap or is squeezed out of gap. The reduction of seal thickness to outer radius ratio
results in an increase in stress concentration at the outer edge of sealant. The developed specimens with a
hollow halve steel plate as well as the ones with two hollow halve steel plates appear to be suitable choices for
torsional shear strength test, reducing the torque for fracture and stress concentrations. Effects of lack of filling
and squeezing out of gap onto the stress distribution are negligible compared to the effect of pre-existing
discontinuities.

1. Introduction

Solid oxide fuel cells (SOFCs) are promising devices for future clean
energy production. The planar SOFC (pSOFC) with metallic intercon-
nects can be categorized as an advanced generation SOFC following
stacks based on tubular cells and planar cells with ceramic intercon-
nects [1]. In principle, pSOFCs are ceramic composite sheets of anode,
electrolyte and cathode layer. The cells are fixed and sealed in metallic
housings and interconnected by metallic plates to form a stack [2].
Glass-ceramic sealants are considered as among the most promising
materials for a gas tight sealing of pSOFCs [3].

The presence of dissimilar materials and also temperature gradients
in the stack lead to generation of strains during steady state operation
as well as heating and cooling. As a consequence tensile as well as shear
stresses are generated that can lead to failure [4,5]. In order to model
the mechanical behavior of a stack, designers need the pure tensile and
pure shear strengths of the joined components, in particular of the
sealants. Although a number of studies have been carried out concen-
trating on bending [6–8] and tensile [9–12] tests to evaluate the pure
tensile fracture stress of sealants, only a limited number of studies exist
on shear strength evaluation [13–15].

In fact, it has been verified that the torsion test on hourglass-shaped
specimens is an appropriate shear testing technique for ceramic joints

by the virtue of its pure shear loading, relatively low stress concentra-
tion, and easy alignment [16]. The first efforts to characterize SOFC
sealants by this method were made on miniature specimens [17,18].
The group at Jülich has developed more recently a shear test based on
the same approach for larger specimens in order to obtain properties
representative for the geometry in a real SOFC stack [19]. The shear
stress distribution (τ) in a section subjected to torsion can be calculated
straight forward with Eqs. (1) and (2):
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where T is the torque, J the sectional polar moment of inertia, x the
radial coordinate, Ro and Ri are outer and inner radiuses. The nominal
shear strengths are calculated by substituting fracture torque and Ro

for T and x in Eq. (1).
The torsion tests on a glass-ceramics reinforced with either YSZ

fibers or Ag particles (Fig. 1) have indicated that the size of specimens
can affect the results [18,19]. It can be seen that overall, the large
specimens lead to lower shear strengths compared to miniature ones.
The arrows in Fig. 1 represents large specimens that have not broken at
the torque limit of set-up (220 N m). Based on weakest link theory, the
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larger specimens have a higher probability of containing a larger defect,
which in turn can cause lower strengths [20]. Such behavior which is
more probable for brittle materials can be described by analyzing the
measured data on the basis of Weibull statistics. But, first of all, it

should be determined how close the measured/calculated stresses are
to true values. Recently, a finite element modeling of the test for
miniature specimens [21] has shown that a non-negligible stress
concentration arises, which must be taken into account to assess the
strength in terms of true stress (especially for comparison of different
geometries).

In the current paper, the stress distribution for large specimens
with different configurations is investigated. Also, it is analyzed how
stress concentration is changed if the sealant does not completely fill
the gap (LOF) or is squeezed out of gap (SqO), geometrical variations
that are typical for the real joining situation [22]. For this purpose,
numerical simulations using finite element analyses (FEA) have been
performed.

2. Finite element analyses (FEA)

A three-dimensional (3D) model was developed using finite element
software (ANSYS Workbench 18) to simulate the shear stress distribu-
tion in specimens. The initial simulation results revealed that due to
the square geometry a maximum 4% difference in stresses at the outer
edge of sealant arises compared to simplified cylinder geometry. As the
mesh had to be extremely refined near the interface, it was deemed that
the deviation from axial symmetry in the square ends of the specimen
did not affect its central portion. Therefore, the mesh size was
optimized (reduced to 2.5 × 10−3 mm at the edges of sealant) for an
axisymmetric model. To warrant the model as well as mesh size

Fig. 1. The shear strength low-high-close chart of the composite sealants obtained with
miniature and large hourglass-shaped specimens [18,19]. AJ: as joined, 500: annealed at
800 °C for 500 h, 90: annealed at 850 °C for 90 h.

Fig. 2. Schematic of large hourglass-shaped specimens. The characteristics in parenth-
eses are representative for the miniature specimens [21]. The dimensions are in mm.

Table 1
Properties of the materials used in the analysis.

Material Young's modulus Poisson's ratio Ref.
E (GPa) ν (-)

SiC 466 0.21 [21]
Glass-ceramics adhesive 140 0.25 [21]
Glass-ceramics sealant 75 0.25 [23]
Crofer22APU 200 0.3 [23]

Fig. 3. 3D finite element models for different configurations of hourglass-shaped specimens.

Fig. 4. FE results for miniature full-full specimens.
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optimization, some 3D finite element simulations were also carried out
on the specimen geometry considered by Goglio and Ferraris (minia-
ture specimens, Fig. 2) and compared with their 2D simulation results
[21]. Fig. 2 shows a schematic of the rather large hourglass-shaped
specimens, also presenting for comparison the dimensions of miniature
ones. Table 1 shows the elastic properties considered for the materials.
Both joining materials (sealant and adhesive) are kinds of glass-
ceramic which, considering their application and joined material, have
different properties.

The main affecting parameter in comparison of miniature and
large specimens is the seal thickness to outer radius ratio which is
32 × 10−3 (0.08/2.5) and 16 × 10−3 (0.2/12.5), respectively. Fig. 3
shows the three configurations which were investigated; full-full
(with full halves), hollow-full (consisting both hollow and full
halves) and hollow-hollow (with hollow halves). All large hollow
halves have an inner radius of 9 mm, except for a large hollow-
hollow specimen which has 7.5 mm holes and is specified here by
7.5hollow‐hollow. To obtain a result that is more representative for
reality, a curvature with a radius of 0.1 mm was assumed for edges
of sealants. Also, it was considered in additional complementary

simulation what happens if the sealant does not fill about 0.2 mm
(LOF) of the gap or is squeezed about 0.1 mm out (SqO) of gap at
the edges.

3. Results and discussion

Similarly to that reported by Goglio and Ferraris [21], the
tensile and compressive stress evaluations showed that the stress
states in the cross-section of all specimens are of pure shear. Fig. 4
shows the shear stress distribution in the mid-thickness plane of
glass-ceramics (adhesive in [21] or sealant in the current study) for
miniature specimens. The torque values which were used as input
in the models/calculations were defined to create a peak nominal
shear stress in the glass-ceramic of 10 MPa (values calculated by
means of Eq. (1) with x equal to 2.5 mm). The stress concentration
factor (M) determines the ratio of peak actual to peak nominal
shear stresses. As can be seen in Fig. 4, the results for SiC/
adhesive/SiC joint are almost the same as that reported by Goglio
and Ferraris [21], and M values (1.32 and 1.29) are close to each
other.

Fig. 5 shows the contour plot of the shear stress in the larger full-
full specimens. Similar results were obtained for the hollow-hollow
specimen, which are however not shown for brevity. The evaluation of
the shear stresses at the mid-thickness plane of sealant (Figs. 4 and 6)
illustrated higher M of these specimens relative to miniature ones
(1.50 > 1.35), which would also be higher (1.75) if there is LOF
condition. As it can be seen in Fig. 5b–d, the stress distribution near
the outer edge of specimen strongly depends on how the sealant fills
the gap. Both, the SqO and LOF conditions result in a high stress
concentration at the triple-phase boundaries steel/sealant/atmosphere.

Fig. 7 shows the contour plot of the shear stress in hollow-full
specimens. There is a localized stress concentration at the inner edge of
the sealant, in the vicinity of full half (Fig. 7b), which however, in
reality might be affected by local SqO and LOF conditions. The shear
stress plot at the mid-thickness plan of sealant for hollow-full speci-
mens (Fig. 8a) illustrates that shear stress at the inner edge does not
exceed that at the outer edge. These specimens show smaller stress
concentration than full-full ones (M = 1.23 < 1.50, Figs. 6 and 8a).

Fig. 8a shows that the M values for miniature hollow-hollow and

Fig. 5. Contour plot of the shear stress (MPa) in the large full-full specimens under torsion: a) overall view and details near the edge for b) ideal, d) LOF and c) SqO conditions.

Fig. 6. FE results for large full-full specimen and the effect of SqO and LOF conditions.

M. Fakouri Hasanabadi et al. Ceramics International 43 (2017) 12546–12550

12548



large 7.5hollow-hollow specimens are 1.26 and 1.37, respectively. The
ratio of thickness to other dimensions of sealant in miniature hollow-
hollow specimens is twice that in large 7.5hollow-hollow ones.
Therefore, reduction of this ratio to half results in 11% and 9% increase
in stress concentration at respectively full-full and hollow-hollow
specimens (Figs. 6 and 8a). However, it can be also seen in Fig. 8a
that increase of inner radius (from 7.5 mm to 9 mm) has compensated
for seal thickness reduction, and M values for both miniature and large
hollow-hollow specimens are 1.26. Therefore, the hollow-hollow and
hollow-full specimens, in addition to reduction of stress concentration,
can eliminate the effect of specimen's size. Also, annulus-shape sealants
in hollow-hollow and hollow-full specimens appear to tolerate an about
37% lower torque than the disk-shape sealant in full-full specimens.
Therefore, the hollow-hollow and hollow-full configurations might be a
good choice in cases where the load limitation of set-up is a problem.

Fig. 8b indicates that the LOF condition is more effective in
increasing the stress concentration in hollow-hollow specimens
(16%) than in full-full specimens (13%), this is related to the fact
that the LOF is considered in both inner and outer edges, and thus
the area for load bearing has been decreased more. Considering the
high stress concentration (M) at the triple-phase boundaries steel/
sealant/atmosphere of some specimens (Fig. 5c and d), as well as
higher possibility of failure at these points [3], the stress distribu-
tion at the edge of sealant seems to be important. Fig. 9 shows the
stress distribution at the edges of sealants. The LOF and SqO
conditions cause a high stress concentration at the triple-phase
boundaries steel/sealant/atmosphere, which might lead to micro-
crack initiation and gradual propagation. The pre-existing discon-
tinuities (pores) in the sealant exceed in size 20 µm [18] which, in
addition to stress concentration, might deflect or blunt micro-
cracks. Therefore the effects of LOF and SqO relative to pre-existing
discontinuities appear not to be significant.

For hollow-full specimens, the shear stress exceeds 12.3 MPa
(the stress at the outer edge) at a limited area (1 µm) near the full
half at the inner edge (Figs. 7b and 9). Although this area reaches
the critical shear stress at a lower applied torque than the outer
edge, it appears to be too small to create a crack longer than critical
size for fracture and hence to initiate cracking in comparison with
the outer edge. Therefore the resulting cracks appear to grow

gradually starting from the inner edge during the constant strain
rate loading. During the test, eventually the shear stress at the
outer edge exceeds the critical value and macroscopic cracking will
occur. The stress gradient at the outer edge (Fig. 8a) is low and
hence the resulted cracks can quickly grow and lead to fracture.

Compared to full-full specimens, hollow-full and hollow-hollow
specimens should show higher nominal shear stresses in the torsional
test due to lower M at the edge of their sealants. However, it has been
recently reported that both miniature hollow-hollow and full-full
specimens yielded the same nominal shear stress [17]. However, the
FEM results confirm the presence of localized stresses at particular
regions. Future work on subcritical crack growth might permit to gain
more insight into the effect of localized stresses on fracture behavior.

4. Conclusions

In this study, the finite element method was used to investigate the
effect of hourglass-shaped specimen's dimensions and configuration on
shear stress distribution during the torsional test. The main conclu-
sions of this study are summarized below.

– The ratio of thickness to outer radius of sealant has a significant
effect on shear stress distribution at the sealant. The reduction of
this ratio, which takes place for large specimens, results in an
increase in stress concentration at the outer edge of sealant. Of
course the reduction of this ratio can be compensated by increasing
the inner radius of sealant.

– The specimen with two hollow halves (or one hollow half) and
annulus-shape sealant can decrease the required torque for fracture,
and also has the lower stress concentration. Therefore, they are the
attractive alternative configurations to the specimen with full halves
and disk-shaped sealant.

– A shear stresses concentration can take place at the triple-phase
boundaries steel/sealant/atmosphere if the sealant does not com-
pletely fill the gap or is squeezed out of gap. But their effects are
negligible relative to of pre-existing discontinuities.

Fig. 7. Contour plot of the shear stress (MPa) in the large hollow-full specimen under torsion: a) overall view, and details on b) inner and c) outer edges.
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