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Abstract 

Assessment of mechanical properties of glass/metal joints is a challenging process, especially 

when the application relevant conditions of the joints have to be considered in the test design. In 

this study, a finite element method (FEM) is implemented to analyze a torsional shear strength 

test designed for glass-ceramic/steel joints aiming towards solid oxide fuel/electrolysis 
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application. Deviations from axial symmetry of the square flanges (ends) of respective 

hourglass-shaped specimens and also supporting and loading sockets of the test set-up are 

included in the model to simulate conditions close to reality. Undesirable tensile stress and also 

shear stress concentration appear at the outer edge of glass-ceramic layers, which are less for the 

hollow-full specimen. The simulation results show that for a specimen with 9 mm thick square- 

and 6 mm thick triangular-flanges, locally enhanced tensile stresses almost disappear, resulting 

in a symmetric shear stress distribution. The difference between the analytically derived nominal 

shear strength and the real critical shear stress derived via simulation reduces with decreasing the 

fracture torque.  

 

Keywords: Torsion test; Finite element simulation; Solid oxide cells; Sealant; Stress; 

Optimization 

 

1. Introduction 

Glasses/glass-ceramics have a different nature of the atomic bonds than metals, which 

makes it difficult to join both and also to evaluate their mechanical properties in a joined 

situation [1]. In the past three decades, sealing of planar fuel/electrolysis cell (SOFC/SOEC) 

stacks has been one of the most challenging applications regarding glass-metal joints [2,3]. In 

this application, glass/glass-ceramic sealants must join ceramic cells and metallic 

interconnects/frames in the SOFC/SOEC stack and maintain the gas-tightness often for more 

than 40,000 h at operation relevant high-temperatures (650 850 °C) as well as during heating 

and cooling cycles [4,5]. 
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Thermal and chemical strains arise during thermal cycling or steady-state operation of 

stacks leading to stress generation in the components [6 9]. Therefore, an assessment of stack 

components regarding their mechanical behavior, in particular for the sealant, is necessary [10]. 

Extensive experimental work has been conducted to evaluate the fracture toughness [11 13], 

fracture strength [14 16] and creep behavior [17,18] of glass-ceramic sealants in a joined state, 

where respective results are especially useful for qualitatively comparison of mechanical 

behaviors. However, the measured mechanical properties in different laboratories using in 

particular due to different assessment methods cannot be easily compared, raising questions 

regarding a standardized tests. Nowadays, finite element simulation is regarded as an efficient 

tool to assess the effect of test procedure parameters and hence, to subsequently eliminate any 

systematic errors and bias in the test results [19]. 

Shear strength is a critical property for the structural integrity of sealing materials in the 

joint [20]. Although some efforts have been made to evaluate the critical shear stress for failure 

of glass-ceramic sealants [21 24], the implemented methods were always associated with 

challenges related to the difficulty to align specimens in the test fixture, localized stress 

concentrations and unfavorable bending or normal stress ( ) components generated in the 

specimen [25,26]. However, the torsion test performing on hourglass-shaped specimens appears 

to be a convenient and promising method to overcome these challenges [27], and for this reason, 

it attracted increasing interest in the last decade [28 31]. In this method, the square-shaped ends 

(flanges) of the specimen are slotted into respective supporting and loading sockets, without any 

need for additional clamping or adhesive. The sealant layer, which joins two steel halves, may be 

in annulus or disk shape. The nominal shear strength ( nominal) is usually calculated using 

following equation [20]: 
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where Tf is the fracture torque, and Ro and Ri are outer and inner radii of the sealant layer, 

respectively.  

Recently, the authors [20] carried out torsion tests on three configurations of hourglass-

shaped specimens; so-called full-full (with full halves) with disk-shape sealant, hollow-full 

(consisting both hollow and full halves) and hollow-hollow (with hollow halves) both with 

annulus-shaped sealant. The results revealed that there is a dependency of measured nominal 

shear strength ( nominal) configuration, for which the results of recent finite element 

analyses [32 34] could not present a reasonable explanation. Indeed, the simulations were done 

using axisymmetric models assuming that deviation from axial symmetry in the square flanges 

does not affect the central portion of specimen [32 34]. Also, it was recently observed that, 

contrary to flexural strength, the shear strength of steel/sealant joint decreases with increasing 

temperature [16,20]. Any effect of systematic error that might be related to the test itself in this 

reduction trend of the torsional shear strength with temperature has not been specified yet. 

Hence, in the current paper, the stress distribution in the specimen is investigated 

considering effects of the axial asymmetry of flanges and sockets at two temperatures. In the 

following, some dimensional changes and also new shapes for flanges are proposed and 

investigated to improve and ultimately attain an axial symmetric pure shear stress distribution in 

the joining area. 

2. Finite element analyses (FEA) 

The simulation was carried out on the basis of three-dimensional (3D) models using finite 

element software (ANSYS Workbench 16). Fig. 1 shows an example of considered models, in 

which a specimen with 3 mm thick square flanges is slotted into the sockets. The outer radius 

and height of sockets are 30-35 mm and 12 mm, respectively. There is a 100 µm gap between the 
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inner walls of sockets and the outer walls of flanges. More details about the geometry of 

specimens are given in Ref. [20].  

 

Fig. 1. Schematic drawing of cross-section of square 3 hollow-3 full specimen in the sockets.  

 

The specimen consists of a glass-ceramic layer (sealant H-F) and two halves of 

Crofer22APU, which are presumed to be in frictionless contact with the Inconel X-750 sockets. 

Sealant H-F is a composite material containing 13 wt% yttrium stabilized zirconium oxide (YSZ) 

fiber in a glass matrix of BaO-CaO-SiO2 ternary system. The glass transition temperature (Tg) 

and the joining temperature of this sealant are 621 ºC and 850 ºC, respectively [35,36]. Details 

on the preparation of sealant H-F and joining procedure can be found in Refs. [20,37]. The 

elastic-plastic behaviors of Crofer22APU and Inconel X-750 are taken into account, but it is 

assumed that the sealant behaves elastic at both room temperature and 600 ºC. The properties of 

the materials can be found in Refs. [38 41]. 

Figure 2 shows schematics of the different types of specimens selected for simulation and 

respective discussion in the current work. Finite element simulation results of other specimens 

have been excluded from this paper for brevity. The digits in the name of each specimen refer to 
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thickness of the flanges. The first three specimens with 3 mm thick square flanges are 

configurations which have already been used in experimental characterizations [20]. Adapted 

from ASTM F734 [42] an increase in flange thickness to 9 mm is proposed. The triangular- and 

hexagonal-flanges have been inspired by bolts. It is worth mentioning that Jung et al. have 

already used such a hexagonal design for mechanical evaluation of SiC/SiC joints [43].  

 

Fig. 2. Schematics of different types of specimens. 

 

The specimens and in particular the sealants have already shown in experiments brittle 

fracture under a nominal of ~ 60 MPa and ~ 40 MPa at room temperature and 600 ºC, respectively 

[20]. At each temperature, a torque value corresponding to the nominal (Eq. 1) was applied to the 

outer wall of loading socket, whereas the outer wall of supporting socket was fixed. In order to 

simulate the stress distribution in the mid-thickness plane of the sealant, the mesh was optimized 

by reducing the element size to 5 × 10 2 mm within the sealant area. In addition to the shear 
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stress ( ), any potential normal stress along the specimen axis ( z) was investigated. Also, the 

first principal stress ( 1) was obtained for the points on the mid-thickness plane of sealant. The 

first principal stress ( 1) is the algebraic maximum normal stress component on the planes on 

which the shear stress ( ) is zero. Because of rotational symmetry of square and 

triangular/hexagonal flanges, the analyses  were done on respectively one-quarter and one-third 

sections of respective models. 

4. Results and discussion 

Figure 3 illustrates stress distributions in the mid-thickness plane of the sealant for 

different configurations. As already revealed on the basis of a symmetric model [33,34], the true 

shear stress at the outer edge of sealant is higher than that calculated by Eq. 1 ( nominal = 60 MPa). 

However, the present asymmetric model verifies that the square flanges of specimens are the 

origin of the axial asymmetry in the shear stress distribution. Furthermore, some localized tensile 

stress ( z) can be observed at the outer edge of sealant for all configurations. In addition, some 

minor plastic strains (< 10-4 mm mm-1) appeared in the steel halves within the regions of stress 

concentration near the sealant/steel interfaces. These plastic strains reach up to 10-2 mm mm-1 at 

the corners of flanges.   

Furthermore, it can be seen in Fig. 3 that the shear stresses in hollow-hollow configuration 

possess the strongest deviation from the axial symmetric distribution, and a considerable area of 

the sealant is exposed to rather high tensile stresses. This explains why in our previous report the 

measured nominal shear stress at failure nominal (calculated using the analytical relationship) of 3 

hollow-3 hollow specimens (49.1 ± 3.8 MPa [20]) was lower than of both 3 full-3 full and 3 

hollow-3 full specimens (57.0 ± 0.4 MPa and 60.3 ± 2.3 MPa, respectively [20]).  
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Fig. 3. Effect of configuration of specimens with 3 mm thick square flanges on , z and 1 

distributions in the mid-thickness plane of sealant at room temperature. The maximum stresses 

are indicated along with their location. The applied torque corresponds to a nominal shear stress 

nominal of 60 MPa, which calculated using the analytical relationship. 

 

Recent fractographic investigations of failed torsion test specimens [20] revealed that the 

crack passes through both upper and lower interfaces and creates some strips and traces on the 

bare surfaces of steel and sealant, respectively. This evidence [20] implies that a number of 

cracks initiate simultaneously at the triple-phase boundaries steel/sealant/atmosphere and then 

they grow along the radius and also toward the opposite steel/sealant interface as schematically 

illustrated in Fig. 4a. But the steel restrains further crack opening, and consequently the mode I 

 increasing the crack length. Also, the mixed-mode 
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stress intensity factor is still not high enough so that the cracks kink to the interface. Therefore, 

the cracks propagate stably along the surfaces at an angle  with respect to the z axis. With 

increasing torque one of the cracks reaches the critical stress intensity for propagation along the 

interfaces and leads then to catastrophic failure (Fig. 4b). 

 

Fig. 4. Schematics of a) cracks which propagate stably in sealant before catastrophic fracture and 

b) traces of serrated crack path along the sealant/steel interface during unstable crack growth.  

 

During torsion tests, the brittle materials tend to break along planes perpendicular to the 

direction in which tension possesses its maximum value, i.e., along fracture surfaces at an angle 

of ~ 45º to the z axis [20]. It is worth noting that this angle can be affected by the elastic moduli 

mismatch of sealant and steel [44].  

As can be seen in Fig. 3, the maximum value of the first principal stress ( 1) for a hollow-

full specimen is higher than for a full-full one, and for this reason, it can be expected that the 

sealant fails in this case at a lower applied torque. However, the experimental results [20] 

showed that the nominal of hollow-full specimens is even higher than that of the full-full ones. 

Although these high values of 1 might lead to crack initiation and growth in a direction other 

than normal to specimen  axis, the steel can restrain further crack opening and finally stop crack 

growth. The normal stresses along the specimen  axis ( z) increase the stable crack growth angle 

with respect to the z axis (  in Fig. 4a), and consequently reduce the effect of the steel restrain on 
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crack growth. Also, z is essential stress for crack growth along the interfaces. Therefore, the 

magnitude of z is more crucial than that of 1 regarding crack growth. This might be the cause 

of the observed higher nominal of hollow-full specimens compared to that of the full-full ones. 

The failure probability of the glass-ceramic sealant, being a brittle material even at 600°C, 

depends strongly on the existence of discontinuities. Pre-existing pores and/or micro-cracks 

within the region of stress concentration may lead to sealant fracture at lower torques. On the 

other hand, it should be recognized that brittle materials are typically weaker in tension than 

shear [45]. Therefore, both shear stress concentration and localized tensile stress generation 

increase the sensitivity to existing defects and consequently can enhance the scatter in test 

results.  

Figure 3 shows that the stress distribution in the sealant is more non-uniform for hollow-

full and hollow-hollow specimens than for full-full specimens. It was recently observed that 

perforation of either one half or both steel halves (i.e. using hollow-full and hollow-hollow 

specimens, respectively) leads to enhanced uncertainty of the results in terms of the standard 

deviation of nominal [20], which is in agreement with the conclusions derived on the basis of the 

current simulation results. 

As can be seen in Fig. 3, the sealant in hollow-full configuration is exposed to the lowest 

tensile stress. In fact, the annulus shape of sealant in the hollow-full specimen decreases the 

required torque for fracture (compared with full-full specimen), and the full half decreases the 

impact of the  (compared with the hollow-hollow 

specimen). However, considering the reported flexural strength of this joint at room temperature 

(23 ± 1 MPa [46]), the generated tensile stress of 21 MPa appears to be still significant.  

To achieve a pure shear loading in the joining area, two other flange shapes were 

investigated for the hollow-full configuration. Figure 5 reveals that triangular flanges decrease 
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the shear stress concentrations and also z at the outer edge of sealant, while hexagonal flanges 

have an opposite effect. 

 

 Fig. 5. Distribution of  and z in the mid-thickness plane of sealant in specimens with 3 mm 

thick triangular-, square- and hexagonal-flanges at room temperature. The applied torque 

corresponds to a nominal shear stress nominal of 60 MPa, which calculated using the analytical 

relationship. 

 

The tensile and compressive stresses at the respective outer and inner edges of the sealant 

(Fig. 3) are a result of the considerable elastic deformation of the hollow steel halves. Therefore, 

it seems reasonable that strengthening the flanges can homogenize the stress distribution in the 

sealant.  

It is worth noting that the full-full configuration must tolerate a 37% higher torque than the 

other configurations (Eq. 1) to reach the same apparent shear strength of the sealant and hence it 
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can be stated that one of the causes of the high tensile stress generation for this configuration 

(Fig. 3) is the higher applied torque hf (Eq. 1) to reach fracture.  

As an alternative to the full half, the hollow half might be strengthened by thickening its 

flanges. In fact, as can be seen in Fig. 6, an increase in thickness of triangular flanges to 6 mm 

decreases the z down to 4 MPa and also results in an axial symmetric  and 1 distributions in 

the sealant. A decrease in the maximum 1 from 119 MPa to 63 MPa might also reduce scatter 

related to crack initiation from pre-exiting discontinuities. Also, the decrease in z inclines the 

crack propagation path into surfaces , and consequently the 

constraint against the crack opening increases. Therefore, the specimen is expected to fail under 

a higher nominal being in fact closer to true value, and also the scatter in test results is expected to 

decrease. Square flanges will need higher thickness (9 mm) to achieve the same stress 

distribution (Fig. 6).  

 

Fig. 6. Distribution of , z and 1 in the mid-thickness plane of sealant for specimens with 6 mm 

thick triangular- and 9 mm thick square-flanges at room temperature. The maximum stresses are 
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indicated along with their respective location. The applied torque corresponds to a nominal shear 

stress nominal of 60 MPa, which calculated using the analytical relationship. 

 

Figure 7 reveals that the normalized maximum z ( z,max / nominal) is almost independent of 

the applied torque (T), though the normalized maximum shear stress ( max / nominal) value 

increases with increasing T. This means that a higher torque T causes the shear stress state to 

deviate more from axial symmetric distribution. Hence, it can be concluded that the difference 

between nominal and true shear strength increases with increasing the apparent fracture torque 

(Tf). Therefore, it is important to investigate the stress distributions of the specimens at Tf. 

 

Fig. 7. Normalized maximum stresses in the mid-thickness plane of sealant in 3 hollow-3 full 

specimen at room temperature as a function of nominal. 

 

With increase of the temperature from RT to 600 °C, the elastic moduli of Crofer22APU, 

Inconel X-750 and sealant G decrease by 33%, 23% and 9% respectively, and, furthermore, the 

yield strength of the Crofer22APU steel also decreased from 270 MPa to 130 MPa [38 41].  
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Figure 8 presents the stress distributions in the sealant under a torque corresponding to 

nominal of 40 MPa at 600 °C. The magnitude of  and z within the region of stress concentration 

reach for the square 3 hollow-3 full specimen at 600 °C up to 64 MPa and 14 MPa, respectively. 

The simulation under the same torque at room temperature yielded the same z distribution but a 

slightly lower maximum shear stress (61 MPa). Therefore, the temperature change have 

a significant effect on the stress distributions, and thus it can be stated that the flanges are not 

responsible for a lower nominal at 600 °C than at room temperature [20].  

Recently, a finite element simulation [16] indicated the presence of a non-negligible 

thermal residual stress in joined specimens. The impact of thermal residual stresses on nominal 

decreases with increasing the test temperature (due to decreasing the temperature interval 

between the joining and testing temperatures). Therefore, it can be stated that the difference in 

true shear strengths at different temperatures is even greater than in nominal shear strengths. In 

other words, a lower nominal at higher temperatures originates neither from test uncertainty nor 

from differences in thermal residual stress, but it is a result of a change in properties of the 

sealant.  
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Fig. 8. Distribution of  and z in the mid-thickness plane of sealant in specimens with 3 mm 

thick square-, 9 mm thick square- and 6 mm thick triangular-flanges at 600 ºC. The maximum 

stresses are indicated along with their location. The applied torque corresponds to a nominal 

shear stress nominal of 40 MPa, which calculated using the analytical relationship. 

 

As seen in Fig. 8, thickening either square or triangular flanges also improves the stress 

distributions at 600 °C. The stress concentration reduction decreased the plastic strains within the 

steel halves (near the sealant/steel interface) to almost zero at both temperatures.  

The volume of Crofer22APU material used in square 9 hollow-9 full and triangular 9 

hollow-9 full specimens is respectively 139 % and 118 % larger than that in the square 3 hollow-

3 full specimens. However, these optimized geometries have the potential to bring the measured 

nominal value closer to the true torsional shear strength and also decrease the scatter in test results.  
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4. Conclusions 

In this study, the stress distributions during torsion testing of glass-ceramic sealant of joint 

specimens were investigated by finite element method (FEM). The implemented asymmetric 

model, which simulates conditions closer to reality than previously used models, illustrates the 

following important points: 

- The square flanges (ends) of hourglass-shaped specimens cause the stress state in glass-

ceramic sealant to deviate from the axial symmetric pure shear stress distribution. The 

tensile stress along the specimen axis ( z) has the lowest values in the specimen with 

one full half and annulus-shaped glass-ceramic layer (hollow-full specimen). 

- The tensile stress ( z) is more detrimental than the first principal stress ( 1) 

concentration, because z increases the angle of crack propagation surface to the 

specimen axis ( ) from 45º to 90 º, where the constraint against the crack opening is 

lower. 

- The change in shape of the flanges from square to triangle slightly reduces z and the 

shear stress concentrations at the outer edge of glass-ceramic sealant. However, 

thickening the square and triangular flanges to respectively 9 mm and 6 mm decreases 

z down to 8% of nominal shear stress and also results in a more symmetric shear stress 

distribution. 

- The measured nominal shear strength ( nominal) gets closer to the true value if the 

fracture torque (Tf) is decreased for a given specimen  geometry. This should be taken 

into consideration in cases where the shear strengths of glass-ceramic/steel joints 

change with temperature. 
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- A lower nominal shear strength ( nominal) of joints at higher temperatures originates 

neither from test uncertainty nor from differences in thermal residual stresses, but it is 

associated with the properties of sealants. 
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