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ABSTRACT 

Thermal stress-induced mechanical failure is a critical issue for practical application of solid 

oxide fuel cells (SOFCs). Due to the lack of study on the thermo-mechanical behavior of SOFC 

with different methane steam pre-reforming ratios (R), a 3D thermo-mechanical model is 

developed to systematically evaluate the mechanical performance of SOFC running on methane 

fuel. The model fully considers the coupled transport and reaction processes in the SOFC. The 

numerically obtained temperature is imported to a mechanical sub-model to determine the thermal 

stress and strain of SOFC components under various operating conditions, namely with different 

R values. Covering all R conditions, glass-ceramic sealant is the most dangerous component, 

while cathode is in sub-critical state. When R<0.4, the electrolyte has the minimum failure 

probability. When R>0.4, the anode becomes the safest component in SOFC stack. With the 

increase of R, the failure probability of anode decreases all the way and always stays in the safe 

range, while first decreases then increases for electrolyte, cathode and sealant. R within 0.4-0.7 is 

favorable for the reliability of the whole SOFC stack. This study is useful for identifying optimal 

operating conditions for efficient and stable operation of SOFC running on alternative 

hydrocarbon fuels. 
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1. Introduction

Solid Oxide Fuel Cell (SOFC) is a promising electrochemical conversion device which can 

convert chemical energy of fuels into electrical energy directly. As an innovative energy 

conversion technology to replace conventional thermal power plants, SOFC has various 

advantages such as high energy conversion efficiency, high volumetric power density, less or no 

pollution, and fuel flexibility. Although significant progress has been made in new material 

development to achieve high performance of SOFC button cell and one-cell SOFC stack, the 

performance of practical SOFC stacks with multiple cells is still quite low. This is mainly due to 

highly uneven gas distribution in the SOFC stack and the additional ohmic loss caused by current 

collection. In addition to lower performance, practical SOFC stacks are more mechanically fragile 

as the failure of any cell can cause the failure of the entire stack. Therefore, for practical 

application of SOFC, it is of paramount importance to improve the performance and durability of 

SOFC stacks. 

Due to the transport of oxygen ions from the cathode to the anode side through the dense 

electrolyte, in principle SOFCs are capable of running on any combustible fuels, including 

methane, ammonia, or even solid carbon. The direct use of methane (CH4) in SOFC has received 

extensive attention in recent years as methane is a key component of natural gas and biogas [1]. 

Moreover, CH4 can also be obtained from liquid hydrocarbon fuels through various chemical 

processes [2]. However, as direct electrochemical oxidation of CH4 in SOFC is very challenging 

and requires novel catalysts, CH4 is first converted to H2 and CO by internal or external methane 

steam reforming reaction (MSR). Then the produced CO and H2 are diffused to the triple phase 

boundary (TPB) near the anode-electrolyte interface to take part in electrochemical reaction for 
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electricity generation. As the MSR is endothermic while the electrochemical processes and 

overpotential losses in SOFC generate heat, it is ideal to make use of the heat generation from 

SOFC for internal MSR (IMSR), which can take place in the nickle-yttria stabilized zirconia 

(Ni-YSZ) anode. However, SOFC stack with IMSR may suffer from large temperature gradient, 

which in turn may cause large thermal stress and reduce the mechanical stability of SOFC 

components. Moreover, thermal cracking of CH4 or CO in the porous Ni-based anode can cause 

carbon deposition, which can fill in the pores, impede gas transport, cover the reaction sites, and 

eventually cause performance degradation. External MSR (EMSR) can avoid carbon deposition. 

However, it needs extra heat and reactor, which decrease the overall efficiency of SOFC system. 

Thus, partial EMSR and partial IMSR seem to be a feasible way of achieving both high 

performance and good durability of SOFC stack. Although some preliminary research works have 

been done to understand the effects of methane steam pre-reforming ratios on the system 

performance, the effects of methane steam pre-reforming ratio (R) on the thermomechanical 

behaviors of practical SOFC stack have not been studied yet. 

Until now, there have been only limited studies on thermomechanical behaviors of SOFC 

stacks with a variety of assumptions and simplifications. For example, Anandakumar et al. [3] 

studied the influence of graded electrode layers on thermal stress and failure probability of a 

button cell. The research was carried out based on isothermal field and an assumed linear 

temperature distribution. Lin et al. [4, 5] investigated the influence of sealing method on stress 

distribution of a 3-cell stack, the PEN structure is considered as a whole without considering 

property difference of different components. However, the mechanical properties of anode, 

electrolyte and cathode are vastly different [6]. The property discontinuity of components exerts 

tremendous influence on stress distribution at the interface between adjacent components, and the 

thermal stress induced by mismatch of thermal expansion coefficient can’t be ignored [7]. Peksen 

[8] conducted the research about the stress and strain distribution of the production-scale 36-cell
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SOFC stack with thermal field acquired by averaging heat source inside stack, which may 

underestimate the temperature difference and overestimate the mechanical stability of stack. It 

should be noted that the temperature difference inside the SOFC stack cannot be ignored, 

especially for large-scale stack with internal methane steam reforming [9]. To reduce the 

requirement for computation resources, Frandsen et al. [10] developed a homogenization model to 

study the mechanical performance of SOFC stack with high computation efficiency. The average 

stress is calculated and the mapping relationship between average stress and local fracture failure 

is used to evaluate the safety of SOFC stack. However, this method adopted a lot of 

simplifications, which makes the actual details of stress distribution hardly to be captured. In 

general, the mechanical modeling of large-scale SOFC stack with maximum possible rigor is 

desirable for many design and optimization purposes.  

To our knowledge, the mechanical performance analysis for large-scale stack is very limited. 

No study has been conducted for stack with high geometry resolution and with different R. As 

mentioned earlier, partial pre-reforming of methane is preferred for practical SOFC stack to 

achieve high system performance. Therefore, a fundamental understanding on how the R value 

affect the thermo-mechanical stability of SOFC is of practical importance to identify suitable 

operating conditions to achieve both high performance and good durability of SOFC stack. In this 

study, thermo-mechanical model is developed to evaluate thermal-stress and strain distribution of 

a 15-cell SOFC stack with different R for the first time. Thermal stress distribution characteristics 

of all the components of SOFC stack are clearly analyzed and the underlying mechanism is 

revealed. Based on the stress distribution, the mechanical failure probability of different 

components of the SOFC stack can be obtained. Parametric simulations are conducted to 

investigate the effects of R on the performance and mechanical stability of the SOFC stack, which 

are critical for the development of high performance and durable SOFC stacks. 
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2. Models and method 

2.1 Geometry structure, grid setting and working condition 

Fig. 1a and Fig. 1b display the geometry of a 15-cell SOFC stack and the detailed structure 

of a repeating unit. The repeating unit of SOFC stack includes: nickle-8% mol yttria stabilized 

zirconia (Ni-YSZ) anode, yttria stabilized zirconia (YSZ) electrolyte and strontium-doped 

lanthanum manganite-yttria stabilized zirconia (LSM-YSZ) cathode, manifolds, channels, sealants 

(Glass-Ceramic) and frames/interconnectors (Crofer 22 APU). The cell periphery and the 

window-frame are bonded by glass-ceramic seal. The overall stack size corresponds to 

length/width/height=135/100.5/62.5 (mm), with an active area of 10 cm × 10 cm. The thicknesses 

of fuel/air sub-channels, anode, electrolyte, cathode, and inter-connector (IC) are 1mm, 1 mm, 10 

μm, 90 μm, and 2 mm. The width of sub-channel and rib is 2.5 mm and 1.5 mm, respectively. 

Both the fuel and air inlets/outlets in manifold have the same size: 5.5 mm × 5.5 mm. To avoid 

backflow, the inlet/outlet channels are extended 30 mm outwards as displayed in Fig. 1a. The 

outer edge of frames is 2 mm wide. The upper and lower edges of PEN sealant are 1 mm wide, 

and the side edge is 1.5 mm wide, while the height of PEN sealant is the same as that of PEN. 

This stack is based on the 2-in-3-out counter-flow pattern, because counter-flow SOFC has 

demonstrated maximum electric output compared with co-flow and cross-flow stack [11, 12]. 

Half of the structure is constructed due to the symmetry of the stack (Fig. 1a), which can 

significantly reduce the demand on computational resource without losing accuracy. Detailed 

components of one repeating cell is shown in Fig. 1b. The details of grid setting for multiphysics 

coupling model can be found in our recent publication [13]. The stack model for 

thermo-mechanical analysis is meshed with the SOLID186 20-node hexahedral elements. Grid 

independence test is conducted for thermal stress-strain calculation, and a total grid number of 

512 thousand is chosen for thermo-mechanical model.  
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Fig. 1. (a) Geometry of a 2-in-3-out 15-cell stack; (b) Detailed structure of the repeat cell layer. 

According to the previous research [14], carbon deposition in SOFC can be safely prevented 

when the molar ratio of H2O to CH4 is larger than 2. The H2O/CH4 ratio is chosen to be 2 as the 

base case, denoted as R=0, which means there is no external methane steam reformation. Only 

methane steam reforming reaction and water gas shift reaction (WGS) are considered in the 

external reformer, and the equilibrium reaction model is employed for WGS reaction. The 

operating conditions of external reformer are assumed to be controlled to provide the required R 

[15]. There has been experiment research [16, 17] that introduce the experiment control process of 

external methane steam reforming in detail, which implies the aforementioned working conditions 

attainable. After the methane fuel passing through the reformer, the reformed fuel is heated by 

heat exchanger [15] or electrical heater [18] or some other means before entering into the SOFC 

stack. The inlet temperature of fuels supplied to the stack is controlled at 700 ℃ for all R 

conditions. The composition mole fractions and velocities of inlet fuel are adjusted according to 

the change of R. The fuel compositions and the flow velocities at the stack fuel inlet, together 

with the power outputs of the SOFC stack are summarized in Table 1. Even though different fuels 

are considered, it is noted that this is a steady-state analysis and does not involve transient state 

modeling. 

As the H2O/CH4 ratios are always larger than 2, the carbon deposition is not considered for 
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all the cases studied. The fuel utilization is 70%, and the oxygen utilization of the air flow is 

33.3%. The high oxygen utilization used here is for the benefit of potentially high system 

efficiency in real applications and has been examined experimentally by different groups [19, 20]. 

The output current density is fixed as 4000A/m2. Both the inlet temperatures of fuel and air flow 

are 700 ℃. The Ni content of anode and LSM content of cathode are both 50%, and the porosity 

of electrodes are both 0.4. 

 

Table 1 Fuel molar compositions, flow velocities at the stack fuel inlet (Vfuel) and the power 

outputs of the SOFC stack operating at 700 ℃. 

R H2 (%) H2O (%) CH4 (%) CO (%) CO2 (%) Vfuel (m/s) Power output (W) 

0 0 66.650 33.350 0 0 4.394 415.2 

0.2 22.235 48.353 23.530 1.294 4.588 4.982 430.2 

0.4 37.947 35.735 15.789 4.158 6.369 5.567 442.2 

0.6 49.524 26.666 9.524 7.619 6.667 5.859 453.6 

0.8 58.370 19.891 4.348 11.196 6.195 6.738 467.4 

1 65.346 14.654 0 14.654 5.346 7.324 481.2 

 

2.2 Thermo-mechanical stress and strain model 

The multiphysics coupling models are built with the commercial software FLUENT®, 

combined with user-developed subroutines. The methodology details of the multiphysics model 

can be referred to our previous work [9, 13]. The thermo-mechanical model is developed based on 

the multiphysics coupling models. That is, the temperature field obtained through the 

multiphysics modeling is imported into the structural mechanical model for the ensuing 

mechanical analysis, thus realizing the one-way thermo-mechanical coupling process.
 

The total strain of one material is expressed as:   

 plcrthel   0   (1) 

Here, ε0, εel and εth represent the initial strain, elastic strain and thermal strain, respectively. εcr and 

εpl are creep strain and time-independent plastic strain, which are irreversible strain.  
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The thermal strain is formulated as: 

( )d
ref

T

th
T

a T T   (2) 

Where a, Tref and T denote thermal expansion coefficient (TEC), reference temperature and the 

absolute temperature. According to the recent experiment study [21], all stresses of the anode 

support disappeared after reducing NiO-YSZ to Ni-YSZ at 800 ℃. Moreover, 800 ℃ is also 

usually the stack assembly temperature [8]. Hence, Tref = 800 ℃ is used for all the stack 

component materials. 

In the temperature variation range (about within 200 K) of SOFC stack, it is safe to assume 

that thermal expansion coefficient is invariable, which is reasonable according to the open 

literature [22]. Hence, 

( )th refa T T ε (3) 

According to the theory of elasticity, the stress-strain relationship can be expressed as: 

( )    t cr thel 0σ Dε σ D ε ε ε (4)

where σ, D and σ0 denote the stress tensor, elasticity matrix and the initial stress, respectively. 

Based on the generalized Hooke’s law of the elastic isotropic materials, considering the influence 

of temperature distribution, the stress-strain relationship can be expressed as: 

1 ν 0 0 0
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 
 



(5) 

Where E represents Young’s modulus and v denotes Poisson’s ratio. σx, σy, σz and εx, εy, εz are the 

normal stress and strain values. σxy, σyz, σzx and εxy, εyz, εzx are the shear stress and strain values, 

respectively. ΔT refers to the temperature difference between the actual temperature and the 
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reference temperature. 

The boundary conditions for the thermal mechanical model include: (1) tightly bonded PEN 

without slip among the components, (2) slight sliding and no gap allowed between the electrode 

and interconnector (IC), (3) sealant tightly bonded with cell and frame (rigid sealed stack), (4) no 

force applied on the outer surface of the stack, (5) The bottom of the whole stack is frictionless 

supported. The 3D structural thermo-mechanical model, together with the boundary conditions, is 

solved by the sparse matrix direct solver of the commercial finite element software ANSYS 15.0. 

2.3 Effective mechanical property model

The composite sphere method for the heterogeneous material [23] is used to calculate the 

bulk modulus (Kcom) and shear modulus (Gcom) of dense composite material: 

)43/(3)/(1 22221

1
2

GKKK
KKcom







(6) 

))43((5)2(6)/(1 22222221

1
2

GKG/GKGG
GGcom







(7) 

where Ki and Gi are respectively the bulk and shear modulus of component i in the composite 

electrode. φi is the volume fraction of phase i in the composite electrode. The results of Eq. 6 and 

Eq. 7 depend on which material phase is chosen as the matrix or the impurity, but the difference is 

generally small [24]. The higher values are used here. 

The effective Young’s modulus (Eeff) and shear modulus (Geff) for the porous electrode 

material are given by the models developed by Ramakrishnan and Arunachalam [25]: 





)32(1

)1(

0

2

0
v

EEeff



 (8( 





)44/()19-11(1

)1(

00

2

0
vv

GGeff



 (9) 

Here, E0 and ν0 are respectively the Young’s modulus and Poisson’s ratio of the dense composite 

material. Ψ denotes porosity of a porous electrode. 
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The TEC of the composite material is formulated as [26, 27]: 

 4 ( )
4 3

m c i
com i i m i i

i ic m i

G K K
a a a a

K G K
 


  


   (10) 

Where i, c and m represent element, composite and matrix, respectively.  

 

2.4 Failure probability analysis model 

Due to the brittle nature, ceramic component usually fails due to a significant flaw at a high 

tensile stress. The mechanical strength of ceramic materials is statistically distributed due to the 

statistical distribution of material flaws and defects induced by the manufacturing process. The 

strength of ceramic component is also size dependent [28], because a larger volume of material 

may contain more stress triggers. To this regard, the Weibull statistical analysis method is widely 

used to estimate the failure probability of brittle SOFC components caused by tensile stresses [3, 

29, 30]. The failure probability of brittle component j is calculated as: 

  



3

1x 00

, )
d

)(exp(1
V

V

σ

σ
P

jmj,x

jf  (11) 

Here, σ0, m and V0 are the characteristic strength, Weibull modulus and reference volume, 

respectively. Vj is the volume of component j, x denotes the component of principal stress. 

Material is generally considered to be safe when failure probability is less than 1E-6 from an 

engineering perspective [7].  

 

2.5 Model verification 

The multiphysics coupling model has been validated by its capability of reproducing the 

experimental I-V result and temperature distribution of an experiment stack, as illustrated in Fig. 

2 of Ref. [13].
 
The ability to provide temperature distributions in agreement with experimental 

data is an important advantage of this study as mechanical problems are strongly influenced by 

the temperature fields.
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Fig. 2. Comparison of theoretical and experimental Young’s modulus of Ni-YSZ anode 

To validate the effective mechanical property model, the Young's modulus values of anode 

predicted by mechanical model have been compared with the result of experiment [31]. It can be 

seen from Fig. 2 that the theoretical result agrees well with the experiment results for the whole 

porosity range of interest, justifying the mechanical property models used here.

X-ray diffraction (XRD) is generally used to measure the strain of a material, then X-ray

elastic constants can be used to convert the measured strain value to stress [32]. The mechanical 

model and the mechanical properties of components have been tested by computing the residual 

stress of an experimental half-cell [33], with an anode layer of 1.5 mm and an electrolyte layer of 

10 um. The calculated compressive stress of the electrolyte is 548 MPa at room temperature, in 

excellent agreement with the experimentally measured result of 560 ± 35 MPa. The predictive 

power of the mechanical models is thus confirmed. 

Table 2 Mechanical parameters of dense material. 

Materials Young’s modulus (GPa) Poisson’s ratio TEC (1E-6/K) 

Ni (25℃) 200 [34] 0.313 [35] 16.9 [26] 

Ni (800℃) 171 [36] 0.313 16.9 [27] 
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YSZ (25℃) 215 [37] 0.317 [37] 10.3 [38] 

YSZ (800℃) 185 [37] 0.317 10.3 

LSM 95 [39] 0.32 [40] 12.4 [41] 

Glass-ceramic seal 
linear interpolation with 

64@600℃ & 16@800℃ [22] 
0.28 [22] 11.1 [22] 

Frame/IC 

linear interpolation with 

184@550℃,124@650℃, 

92@750℃, 48@850℃ [5]  

0.3 [42] 11.5 [42] 

 

Table 3 Weibull parameters. 

Materials m σ0 V0 (mm3) 

Anode (Ni/8YSZ) (800℃) [43] 14.5 124 0.73 

Electrolyte (YSZ) (800℃) [44] 8.0 282 0.27 

Cathode (LSM) (800℃) [29] 4.0 75 2.81 

Glass-ceramic [45] 6.0 34 1 

 

A set of standard structural mechanical models with properly chosen material properties are 

used to obtain the stress distributions of a 15-cell planar SOFC stack. The mechanical property 

parameters of dense materials at room temperature and 800℃ are listed in Table 2. The 

mechanical properties of porous composite electrode can be calculated by effective mechanical 

property models. The change of Young's modulus of PEN within SOFC operating temperature 

range (600-800℃) is ignored according to literatures [42, 46]. The temperature dependence of 

Possion’s ratio and thermal expansion coefficient in the usual SOFC operating temperature range 

can be ignored according to previous research [22]. However, the Young’s modulus of Crofer 22 

APU frames/ICs and Glass-ceramic sealant are strongly temperature dependent [5, 22], so the 

temperature dependence of Young’s modulus of sealant and frames/ICs are considered. The 

Weibull parameters used to calculate failure probability of brittle components of SOFC stack are 

listed in Table 3. As shown in Tables 2 and 3 and references therein, the mechanical parameters of 
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SOFC components used in this study are based on experimentally measured values for as far as 

possible. 

 

3. Results and discussion 

3.1 The necessity of high geometry resolution for stress calculation of SOFC stack 

Generally, anode withstands tensile stress while electrolyte bears compressive stress due to 

the larger (smaller) volume and TEC of anode (electrolyte) [37, 40], cathode sustains either 

compressive or tensile stress due to the overlap of TEC range to that of anode [44]. However, the 

stress state also strongly relies on the temperature distribution and constrain condition from 

adjacent components [38, 45, 47], the change of thermal load and constrain state can change the 

stress from tensile state to compressive state, or vice versa. To better reflect the interaction of 

different components in a cell, the comparative study has been conducted by taking the maximum 

principal stress as a comparison criterion. SOFC is loaded by the volume-averaged temperature 

688 ℃ of one IMSR single-cell stack. The maximum principal stress along the PEN central line in 

height direction has been displayed in Fig. 3. The stress distribution characteristic of sole PEN as 

shown in Fig. 3 is consistent with the previous numerical studies [29, 47]. With the increase of 

adjacent constraint, the freedom for PEN to deform decreases, the stress tends to increase. As 

shown in Fig. 3, when the contraction of PEN is restrained by sealant, the tensile stress of PEN 

increases while compressive stress releases. However, the effect of sealant is relatively minor, 

because the Young’s modulus of sealant decreases sharply when temperature increases to 688 ℃. 

When the frame with relatively higher strength is added outside the sealant, the constraint of PEN 

is enhanced, and the tensile stress of PEN increases drastically. It should be noted that the 

addition of IC directly changes the stress of anode outer face from compressive stress to tensile 

stress. When free PEN is loaded by uniform temperature lower than the reference temperature, the 

outer surface of anode withstands compressive stress, which is in accordance with the reported 
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simulation results [29, 42]. However, when the contraction is hindered by IC, the outer surface 

withstands tensile stress. It was also reported that stress gradient along anode height direction is 

linked to bending behavior [29]. As discussed above, the previous research solely on the PEN 

mechanical performance may overestimate the reliability of SOFC. The accurate prediction of 

stress distribution of SOFC stack should consider the constrain of the neighboring components 

such as the PEN seal, frame and the bipolar plates. 

Fig. 3. The maximum principal stress along the PEN central line (the inset dashed arrow line) 

3.2 Thermal load 

Different R means different ratio of chemical reaction to electrochemical reaction inside 

SOFC stack, thus leading to different temperature distribution. Fig. 4 shows the stack temperature 

distributions for three representative R-cases. Notice that the cell stacking directions shown in Fig. 

4 and Fig. 1 are different, differ by a rotation of about 90˚. As can be seen from Fig. 4, the internal 

reforming reaction significantly consumes the heat generated in the SOFC, leading to lower 

average temperature of the SOFC stack. Without any external reforming, the lowest and the 
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highest temperature in SOFC stack are 614 ℃ and 747 ℃, respectively. When partial external 

reforming is considered, the average temperature of SOFC is increased significantly, the lowest 

temperature is increased to 658 ℃ while the highest temperature increases slightly toward 750 ℃. 

With complete external reforming, the lowest and highest temperatures of the SOFC stack are 

increased to 746 ℃ and 876 ℃, respectively.  

In addition to the apparent R factor, the stack temperature distribution is also affected by the 

gas flow uniformity. Based on the flow uniformity definition of Ref. [48], the fuel flow 

uniformity is calculated to be 86%, 89% and 91% for R = 0, 0.4 and 1, respectively. The flow 

non-uniformity contributes to the difference in the temperature distribution of different stack cells, 

as seen in Fig. 4. 

 

 

Fig. 4. Temperature (℃) distribution of: (a) IMSR stack; (b) PMSR stack with R=0.4; (c) EMSR 

stack.  

 

3.3 The influence of temperature gradient on stress distribution and mechanical failure 

 For SOFC stacks studied in this research, the geometric structure, material property, 

constraint condition and contact type are all the same, the only difference is the thermal load. 

Different R means different thermal loads for thermal-mechanical performance analysis of SOFC 
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stack. The influence of temperature gradient on long-term mechanical performance evolution of a 

single-cell stack was studied in our previous research [24]. In this study, the influence of 

temperature gradient on the specific stress distribution details of the 15-cell stack is clearly 

illustrated by comparing stack loaded by volume-averaged temperature of IMSR stack and 

temperature distribution of the IMSR stack. 

As the tensile strength of ceramic material is generally far lower than compressive strength 

[49] and the metallic component tends to yield firstly before fracture, only the maximum principal

stress of brittle components and equivalent stress of stainless frames/IC are shown. It could be 

seen that the thermal stress of cell with uniform temperature is distributed symmetrically in both 

width and length direction, which can be attributed to the symmetry of geometric structure, 

constrain condition and thermal load in both directions. However, the thermal stress is distributed 

symmetrically only in width direction for the IMSR stack, for the temperature distribution is only 

symmetric in width direction. The stress is relatively uniform for stack with constant temperature 

while highly uneven for stack with temperature difference, which is consistent with the previous 

result [24]. As shown in Fig. 5(a)(b), Fig. 6(a)(b), Fig. 7(a)(b) and Fig. 8(a)(b), the maximum 

stress values of anode, electrolyte, cathode and sealant are 19.6 MPa, 8.89 MPa, 11.4 MPa and 

17.5 MPa, for isothermal stack and 33.2 MPa, 31.3 MPa, 23.7 MPa and 31.6 MPa for an 

operating stack. The maximum stress of corresponding components of an operating stack are 

respectively decreased by 40.9%, 63.6%, 51.9% and 45% when the thermal load is changed from 

the actual temperature distribution to the volume-averaged temperature. As shown in Fig. 9(a)(b), 

the maximum equivalent stress of frames/IC with uniform temperature is 33.1Mpa, about 1/3 of 

that of stack with uneven temperature. The corresponding failure probability of anode, electrolyte, 

cathode and sealant decreases from 1.20E-7, 6.73E-9, 4.30E-3 and 1 for an operating stack to 

4.14E-11, 7.22E-13, 4.39E-4 and 7.36E-1 for stack with volume-averaged temperature. It can be 

seen clearly that the mechanical reliability and integrity are significantly affected by temperature 
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distribution. The results also clearly demonstrate that the previous studies using isothermal field 

underestimate the risks of mechanical failure of SOFC stacks. 

As displayed in Fig. 5(a), the maximum stress of anode with uniform temperature is at all the 

orthogonal corners and the outer edge of the cuboid structure. However, the maximum stress of 

anode is located at corners of low-temperature area when loaded by thermal field of the IMSR 

stack, and the tensile stress in the high-temperature area decreases toward zero. For electrolyte 

and cathode shown in Fig. 6(a)(b) and Fig. 7(a)(b), larger stress is observed at the interface 

between different components and the outer edge. However, compared with isothermal stack, the 

location of the peak stress moves to high temperature outer edge in the IMSR stack. Besides, 

stress state is changed from compressive state to tensile state in partial high temperature area of 

electrolyte and cathode. Hence, the temperature distribution changes not only the locations of 

maximum stress, but also the stress state, which may shift from compressive stress state to tensile 

stress state or vice versa. 

3.4 The influence of MSR pre-reforming ratio on stress distribution characteristic 

Figures from Fig. 5 to Fig. 9 show the change of the maximum principal stress of PEN 

components and sealant and the equivalent stress of stainless frame/IC with the increase of R. As 

Fig. 4 shows, the lower part of IMSR SOFC stack has higher temperature while the upper part has 

lower temperature. For the low-temperature area of anode, the larger TEC and temperature 

difference from reference temperature lead to larger thermal contraction strain, then the thermal 

contraction is hindered by adjacent components and the high-temperature area of anode itself, 

thus tensile stress tends to appear. Accordingly, as shown in Fig. 5b, the high-temperature area of 

anode tends to be under lower tensile stress even compressive stress, which is induced by the 

“drag effect” of low temperature area of anode. With increasing R, the maximum principal stress 

of anode decreases overall. Both tensile stress and compressive stress can exist inside the same 
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anode layer when the overall temperature is high enough. For example, in addition to the presence 

of tensile stress, the compressive stress appears in high-temperature area for both stacks with 

R=0.4 and R=1. Although the stress distribution of anode is distinctively affected by temperature 

distribution overall, the local stress distribution change is not strictly consistent with temperature 

distribution, because the surrounding constrain can also influence the stress state significantly. 

When R increases from 0 to 0.4 then to 1, the maximum principal stress of anode decreases from 

33.2 MPa to 24.0 MPa, and then to 13.3 MPa, decreasing by about 25% and 60%, respectively. 

The fracture strength of Ni-YSZ anode is in the range of 52-100 MPa [3], hence, the anode is 

always in safe state and the anode mechanical reliability tends to be improved with increasing R 

according to strength theory.  
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Fig. 5. The maximum principal stress (MPa) distribution of anode: (a) uniform temperature; 

(b)R=0; (c) R=0.4; (d) R=1.

Fig. 6. The maximum principal stress (MPa) distribution of electrolyte: (a) uniform temperature; 

(b) R=0; (c) R=0.4; (d) R=1.

For electrolyte, it can be seen from Fig. 6 that both tensile and compressive stress coexist in 

the same electrolyte layer for stack loaded by either constant temperature or uneven temperature. 

The electrolyte in the isothermal SOFC stack tends to be compressive, due to its smallest thermal 

expansion coefficient and thinnest thickness compared with anode and cathode. When R increases 

from 0 to 0.4, the maximum tensile stress of electrolyte decreases from 31.3 MPa to 27.9 MPa, 

which can be ascribed to the decrease of temperature difference from reference temperature, 
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which finally leads to the decrease of thermal strain. When R increases from 0.4 to 1, the 

temperature continues to increase and the maximum temperature even exceeds the reference 

zero-stress temperature. The stretching effect from anode and cathode cause the electrolyte to 

expand more, hence, the compressive stress inside electrolyte is released dramatically, and the 

tensile stress of electrolyte increases significantly. When R increases from 0 to 1, the stress state 

of electrolyte changes from compressive state or lower tensile stress state to almost totally tensile 

stress state. The XRD experiment study on SOFC half-cell indicated that the compressive stress 

of electrolyte decreased with the increase of temperature, and the stress change tendency shown in 

Fig. 6 is consistent with the experiment result [32]. The lower-temperature region tends to be 

compressive while higher-temperature region tends to be stretched, totally opposite to that of 

anode. This can be ascribed to expansion under a high -temperature area and contraction under a 

low temperature area of anode, which correspondingly induce tension and compression of 

electrolyte in low and high temperature area, respectively. Compared with anode and cathode, the 

thinner thickness and larger Young’s modulus of electrolyte makes it more sensitive to 

temperature variation, external load and effect from adjacent components, because only a small 

deformation can induce relatively larger strain, thus producing larger stress. Considering the 

ceramic generally has larger compressive resistance than tensile resistance [50], more attention 

should be paid to electrolyte when the SOFC stack is operated at the EMSR state. 

It can be seen from Fig. 7(b)(c)(d) that the overall stress state of cathode has similar change 

trend to that of electrolyte. However, the maximum stress value decreases all the way when R 

value is changed from 0 to 0.4 and then to 1, which is similar to that of anode. This is because that 

the thickness and TEC of cathode are both between those of electrolyte and anode. With the 

increase of R, the maximum stress value decreases from 23.7 MPa to 16.5 MPa and then to 15.1 

MPa, decreases by 30.3% and 36.3%, respectively. Besides, the stress distribution in most part of 

cathode changes from compressive state to tensile state especially in high temperature area, which 
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can also be ascribed to the stretching effect of anode.  

 

 

 

 
Fig. 7. The maximum principal stress (MPa) distribution of cathode: (a) uniform temperature; (b) 

R=0; (c) R=0.4; (d) R=1.  

 

Fig. 8 displays the maximum principal stress distribution of sealant. Due to the strict 

constrain of internal and outer components, it is supposed that adjacent components can affect the 

stress distribution of sealant seriously. Comparing Fig. 8a and Fig. 8b, it can be seen that the peak 

principal stress value locates at the interface between sealant and adjacent components, no matter 

whether the thermal load is uniform or not. Besides, the peak stress also appears on the outer edge 

of sealant. The result is consistent with a previous numerical simulation [8] and in agreement with 

experimental observations [51]. As can be seen from Fig. 8(b)(c)(d), the maximum stress value of 
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sealant decreases all the way with the increase of R. However, it can also be seen that the area 

withstanding compressive stress decreases while area subjected to tensile stress increases, which 

means the compressive stress of sealant is released with the increase of R. 

 

 

 

 
 

Fig. 8. The maximum principal stress (MPa) distribution of sealant: (a) uniform temperature;  

(b) R=0; (c) R=0.4; (d) R=1. 

 

For metal alloy material, when the equivalent stress is larger than the elastic strength limit 

while lower than the fracture strength, the better ductility makes it firstly yield plastically rather 

than fracture like a brittle component. Plastic yielding and fracture can induce irreversible 

deformation and damage of component, leading to contact loose between adjacent components, 

(a) (b) 

(c) (d) 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



 

 
23 

and thus causing gas leakage. The region of larger stress tends to be the area where potential 

plasticity yielding or fracture may occur. The equivalent stress distributions of metal frames are 

displayed in Fig. 9. Due to the model symmetry, only 1/2 of the metal frames is displayed for 

better visualization of the high stress locations that are emphasized by red circles in Fig. 9. As can 

be seen from Fig. 9, the maximum equivalent stress of metal alloy components decreases first 

then increases when R increases from 0 to 0.4 then to 1. The high stress area is located around the 

orthogonal corners of manifold inlets and outlets, which has also been reported in the simulation 

research [8]. Besides, the gas leakage around manifold inlet/outlet has also been observed 

experimentally [51]. It can be said that the simulation results of Fig. 9 have both the theoretical 

and experimental supports.    
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Fig. 9. Equivalent stress (MPa) of steel frames: (a) uniform temperature; (b) R=0; (c) R=0.4; (d) 

R=1. 

As displayed in Fig. 9, as the larger stress around corners of manifold exist in both the 

isothermal stack (Fig. 9a) and operating stacks (Fig. 9(b)(c)(d)), it can be speculated that the 

larger stress around corners of manifolds is induced by the geometry and material properties’ 

discontinuity rather than temperature gradient. Considering the second largest stress in the outer 

edge of frames (in Fig. 9(b)(c)(d)) does not appear in stack with constant temperature (Fig. 9a), it 

can be concluded that this potential failure location in Fig. 9(b)(c)(d) is induced by temperature 

unevenness. Notably, the maximum equivalent stress of frames/IC of stack with R=0 and R=0.4 is 

lower than plastic yield strength, while the maximum equivalent stress of stack with R=1 is only 

slightly higher than the plastic yield strength, the plastic strain is not considered here. Even so, the 

risk of plastic yield of metal frames tends to increase with the increases of R, therefore more 

attention should be paid to frames when EMSR is the operation mode. The research about plastic 

strain will be conducted in the subsequent study, which is not the focus of this study.  

In summary, when R increases from 0 to 1, the most part of anode is in tensile stress state 

while changes from compressive stress state to tensile stress state for electrolyte, cathode and 

sealant. The maximum equivalent stress of frames/IC decreases first then increases, the risk of 

plastic yield of metal frames tends to increase with the increases of R. 

 

3.5 The influence of MSR pre-reforming ratio on mechanical failure 

The strength of brittle material is statistically distributed and size dependent, so failure 

probability analysis is more reasonable for risk assessment. Table 4 lists the failure probability of 

SOFC stack components when stack operates with different R. As can be seen, the failure 

probability decreases all the way for anode when R increases from 0 to 1, which is in accordance 

with tensile stress change shown in Fig. 5(b)(c)(d). When R increases, the temperature of SOFC 
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stack increases, the increased temperature and larger TEC cause anode to expand more or release 

much more contraction. However, the constraint from adjacent layers and low-temperature area of 

anode itself hinder its expansion or contraction release, thus leading to the decrease of tensile 

stress and the increase of compressive stress in anode. Consequently, the anode of IMSR stack has 

the maximum failure probability 1.2E-7, which is lower than the general engineering safety 

criterion 1E-6 [6, 40], therefore the anode is always in safe state for different R. 

Different from the anode, the failure probability of electrolyte is small when temperature is 

relatively low. With the increase of R, the failure probability of electrolyte decreases first then 

increases, consistent with the stress change shown in Fig. 6(b)(c)(d). Only when R is as high as 

0.7, the failure probability starts to exceed 1E-6. It seems that relatively lower temperature is 

preferable for electrolyte integrity, because electrolyte tends to be compressive when temperature 

is low. R not exceeding 0.7 is always suitable in view of the safety of electrolyte. 

Similar to electrolyte, the failure probability of cathode also first decreases then increases. 

Though the maximum stress value of cathode decreases all the way, the overall stress state of 

cathode is changed from lower tensile stress to larger tensile stress state. When R is larger than 

0.6, the failure probability starts to increase dramatically. For different R, the failure probability of 

cathode is always larger than 1E-3, which is larger than the engineering safety criterion of 1E-6. 

However, partially pre-reforming reaction still decreases the failure risk of cathode. 

Table 4 Failure probability of brittle components 

Case Anode Electrolyte Cathode Sealant 

R=0 1.191E-7 6.731E-9 4.303E-3 1.000E+0 

R=0.2 1.654E-8 4.946E-9 2.138E-3 9.996E-1 

R=0.4 1.484E-9 3.020E-9 7.533E-4 8.051E-1 

R=0.6 2.655E-11 1.1054E-7 4.723E-4 1.078E-1 
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R=0.8 1.635E-12 3.279E-6 1.901E-3 3.400E-2 

R=1 8.971E-14 1.320E-3 3.224E-2 6.847E-2 

 

When R increases from 0 to 0.2, the failure probability of sealant remains close to 1. When R 

increases from 0.2 to 0.8, the failure probability decreases gradually. However, when the 

temperature is high enough, the failure probability turns to increase. For R in the range of 0-1, the 

failure probability of sealant is always larger than 3E-2 and is always the largest among all the 

brittle components. Therefore, sealant is the component most susceptible to mechanical failure, 

which is consistent with the theoretical and experimental results in the literature [22, 45, 51]. The 

strict constrain of adjacent components makes sealant susceptible to temperature variation. Stress 

arises easily for a tightly bonded component rather than that with more freedom to deform. Above 

all, the sealing method should be improved to achieve better stack mechanical performance. 

However, even for rigid-sealed SOFC stack, the increased R can still improve the safety of sealant 

in a limited scope.  

In summary, for R in the range 0-1, the failure probability of cathode and sealant is always 

larger than 1E-3 and 3E-2, respectively. By the failure probability analysis, it can be concluded 

that the glass-ceramic sealant is the most dangerous component and the cathode is in sub-critical 

state for R in the entire range 0-1. When R<0.4, the electrolyte has minimum failure probability. 

When R≥0.4, anode becomes the safest component in SOFC stack and electrolyte has larger 

failure probability than anode. Compared with totally EMSR or totally IMSR operations, R lies in 

the range 0.4-0.7 is a good choice for the mechanical reliability of all the components of SOFC 

stack. 

 

4. Conclusions 

The thermo-mechanical model is developed to investigate the mechanical performance of the 
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15-cell SOFC stack. Cases covering all the range from the fully external methane steam reforming

reaction, partially reforming reaction to fully internal reforming reaction are investigated. The 

influence of methane steam pre-reforming ratio (denoted as R) on SOFC mechanical performance 

are systematically evaluated. It finds out: 

(1) Compared with the practical operating stack, the maximum principal stress of anode,

electrolyte, cathode, sealant and the maximum equivalent stress of steel frames/IC of SOFC stack 

with uniform temperature is decreased by 41%, 71.6%, 52%, 49.8% and 66.8%, respectively. The 

corresponding failure probability of anode, electrolyte, cathode and sealant is decreased from 

1.20E-7, 6.73E-9, 4.30E-3 and 1 for an operating stack to 4.14E-11, 7.22E-13, 4.39E-4 and 

7.36E-1 for stack with volume-averaged temperature. 

(2) Covering all R conditions, glass-ceramic sealant is the most dangerous component, while

cathode is in sub-critical state among all components. When R<0.4, the electrolyte has minimum 

failure probability and is always in safe compressive stress scope. When R≥0.4, anode becomes 

the safest component in SOFC stack and electrolyte has larger failure probability than anode. The 

anode is always in safe condition for R in range 0-1. Metal alloy frames have larger yielding risk 

for stack with larger R. 

(3) For all the components, the mechanical reliability and integrity have been improved by

methane steam pre-reforming reaction, while the security improvement of glass-ceramic sealant is 

quite limited, a superior sealing method may be an alternative. To keep R in the range of 0.4-0.7 is 

a better choice for the reliability of the whole SOFC stack. 
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