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ABSTRACT: Solid oxide fuel cells (SOFCs) are electrochemical devices that convert chemical energy into electrical 

energy through the electrochemical oxidation of fuels. However, the high-temperature operation of these cells 

introduces significant thermal stresses that can lead to mechanical failure over time. The creep behavior of the ceramic 

materials employed in these cells is a critical factor in determining the overall thermal stress response and long-term 

durability. This review examines the current understanding of sintering kinetics and creep phenomena in solid oxide 

fuel cell materials, with a particular focus on the impact of these processes on the thermal stress state and probability of 

mechanical failure. 

 

The high operating temperatures of these devices, typically in the range of 800-1000°C, introduce significant thermal 

stresses that can lead to mechanical failure over time. The creep behavior of the ceramic materials used in the cell 

components is a critical factor in determining the overall thermal stress response and long-term durability of these 

systems. 

 

This review provides a comprehensive assessment of the current state of knowledge regarding sintering kinetics and 

creep phenomena in solid oxide fuel cell materials. The impact of these processes on the thermal stress state and 

probability of mechanical failure is examined in detail, with a focus on identifying key factors that must be considered 

in the design and operation of these high-temperature electrochemical devices. 

 

KEYWORDS: Solid oxide fuel cells, thermal stresses, sintering, creep, durability, reliability 

 

I.INTRODUCTION 

 

Solid oxide fuel cells (SOFCs) are a promising technology for clean and efficient energy generation, offering high 

electrical efficiency, fuel flexibility, and low emissions[1].  One of the key challenges in SOFC development is the 

management of thermal stresses that arise due to the inevitable thermal gradients during operation[2]. Typical SOFC 

operating temperatures exceed 600°C, leading to severe thermal stresses caused by the differences in coefficients of 

thermal expansion among the various cell components[3].  These thermal stresses can cause mechanical failure, such as 

delamination and cracking, and significantly impact the long-term durability and reliability of SOFC systems. The 

creep behavior of SOFC materials plays a crucial role in determining the evolution of these thermal stresses over time 

and the overall reliability of the system[4]. 

Solid oxide fuel cells (SOFCs) have emerged as a promising technology for clean and efficient energy generation, 

offering high electrical efficiency, fuel flexibility, and low emissions[5].  One of the key challenges in SOFC 

development is the management of thermal stresses that arise due to the inevitable thermal gradients during 

operation[6]. Typical SOFC operating temperatures exceed 600°C, leading to severe thermal stresses caused by the 

differences in coefficients of thermal expansion among the various cell components. These thermal stresses can cause 

mechanical failure, such as delamination and cracking, and significantly impact the long-term durability and reliability 

of SOFC systems. The creep behavior of SOFC materials plays a crucial role in determining the evolution of these 

thermal stresses over time and the overall reliability of the system[7][8]. This review paper aims to provide a 
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comprehensive analysis of the sintering kinetics and thermal stress responses in solid oxide fuel cells, with a particular 

focus on the creep behavior of the constituent materials. Solid oxide fuel cells (SOFCs) have emerged as a promising 

technology for clean and efficient energy generation, offering high electrical efficiency, fuel flexibility, and low 

emissions[9]. One of the key challenges in SOFC development is the management of thermal stresses that arise due to 

the inevitable thermal gradients during operation[10]. 

The creep behavior of SOFC materials plays a crucial role in determining the evolution of thermal stresses over time 

and the overall reliability of the system. Thermal stresses can cause mechanical failure, such as delamination and 

cracking, and significantly impact the long-term durability and reliability of SOFC systems[11][12]. Understanding the 

creep behavior of SOFC materials is essential for developing strategies to mitigate these thermal stresses and improve 

the longevity of SOFC systems. This review paper aims to provide a comprehensive overview of the sintering kinetics 

and thermal stress responses in solid oxide fuel cells, with a particular emphasis on analyzing the impact of creep 

behavior on the evolution of thermal stresses within the SOFC system[13][14]. 

 

This review paper aims to provide a comprehensive analysis of the sintering kinetics and thermal stress responses in 

solid oxide fuel cells, with a particular focus on the creep behavior of the constituent materials. The paper will 

summarize current research on the sintering kinetics of SOFC materials, including the mechanisms and factors that 

influence the sintering process [15]. In addition, this review will examine the impact of creep behavior on the thermal 

stress responses within the SOFC system, as the creep properties of the materials play a crucial role in determining the 

evolution of these thermal stresses over time and the overall reliability of the system[16][17].  

The paper will also discuss the implications of these findings for the design and operation of SOFC systems, 

highlighting strategies to mitigate thermal stresses and improve the longevity of these energy conversion devices[18]. 

This review paper will also analyze the thermal stress responses in SOFCs during operation, particularly focusing on 

the impact of creep behavior. Thermal stresses can cause mechanical failure, such as delamination and cracking, and 

significantly impact the long-term durability and reliability of SOFC systems[19]. Understanding the creep behavior of 

SOFC materials is essential for developing strategies to mitigate these thermal stresses and improve the longevity of 

SOFC systems. Since the creep behavior of SOFC materials plays a crucial role in determining the evolution of thermal 

stresses over time and the overall reliability of the system, this review paper will provide a comprehensive analysis of 

the impact of creep behavior on the performance and longevity of SOFC systems[20][21]. 

The review paper will provide a comprehensive analysis of the creep behavior of SOFC materials and its implications 

on the durability and reliability of SOFC systems. Thermal stresses can cause mechanical failure, such as delamination 

and cracking, and significantly impact the long-term durability and reliability of SOFC systems[22]. Understanding the 

creep behavior of SOFC materials is essential for developing strategies to mitigate these thermal stresses and improve 

the longevity of SOFC systems.  This review paper will examine the impact of creep behavior on the evolution of 

thermal stresses within the SOFC system and discuss the significance of creep behavior in determining the overall 

performance and longevity of SOFC systems[23]. 

 

II. SINTERING KINETICS IN SOFCS 

 

Sintering is a crucial process in the fabrication of solid oxide fuel cells, as it determines the microstructural and 

mechanical properties of the cell components. Sintering is a thermal process in which powder particles are transformed 

into a dense, cohesive, and solid mass through the diffusion of atoms [7].  The sintering process in SOFCs typically 

occurs during the fabrication of the individual cell components, such as the electrolyte, anode, and cathode. The 

sintering process can be divided into three main stages: [24] 

 Initial stage: Characterized by the formation of necks between adjacent powder particles, with minimal 

densification. 

 Intermediate stage: Characterized by significant densification and the elimination of pores through the growth of 

particle-particle contacts. 

 Final stage: Characterized by the elimination of residual pores and the formation of a fully dense, polycrystalline 

microstructure. 

The sintering kinetics in SOFCs are influenced by a variety of factors, including the composition and properties of the 

SOFC materials, the processing conditions, and the microstructural evolution during the sintering process[25]. For 

instance, the sintering behavior of the electrolyte material, often yttria-stabilized zirconia (YSZ), is influenced by 

factors such as the particle size distribution, the presence of dopants, and the specific sintering atmosphere.  The 
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sintering kinetics of the anode and cathode materials, which are typically composed of ceramic-metal (cermet) 

composites, are also affected by the composition, microstructure, and interactions between the ceramic and metal 

phases[26]. The processing conditions, such as the sintering temperature, time, and atmosphere, also play a crucial role 

in determining the sintering kinetics and the final microstructure of the SOFC components[27]. 

 

A. Experimental Studies on Sintering Kinetics in SOFCs 

 

Recent experimental studies have provided valuable insights into the sintering kinetics of SOFC materials .  

investigated the impact of creep on the failure probability of an SOFC stack, considering the temperature-dependent 

mechanical properties and creep behavior of the SOFC materials. has summarized the recent progress in advanced 

materials for low-temperature SOFC operation, highlighting the need for electrodes with higher activity and 

electrolytes with greater conductivity to achieve high electrochemical performance at lower temperatures[28][29][30].  

The findings from these studies indicate that the creep behavior of SOFC materials plays a crucial role in the evolution 

of thermal stresses within the SOFC system and, consequently, the long-term durability and reliability of the system. 

Modeling the sintering kinetics of SOFC materials is essential for predicting the microstructural evolution and 

performance of the SOFC components during fabrication and operation[31]. 

Researchers have employed a variety of experimental techniques to study the sintering kinetics of SOFC materials, 

including X-ray diffraction (XRD) to analyze phase changes, scanning electron microscopy (SEM) and transmission 

electron microscopy to characterize the microstructural evolution, and dilatometry to measure the dimensional changes 

during the sintering process. These experimental studies have provided crucial insights into the mechanisms and 

kinetics of sintering in SOFC systems[32]. Complementing the experimental work, modeling approaches have also 

been developed to simulate the sintering behavior of SOFC materials. have performed finite element analysis on a 

single repeating unit of an SOFC stack, incorporating the influence of mechanical interactions, temperature-dependent 

mechanical properties, and creep of the SOFC materials[33]. 

 

B. Computational Models of Sintering Kinetics in SOFCs 

Modeling approaches have played a crucial role in understanding the sintering kinetics and thermal stress responses in 

SOFCs. have performed finite element analysis on a single repeating unit of an SOFC stack, incorporating the influence 

of mechanical interactions, temperature-dependent mechanical properties, and creep of the SOFC materials. These 

modeling studies have provided important insights into the significance of the relaxation of stresses by creep in the cell 

components and its influence on the probability of cell survival[34][35]. Other computational approaches, such as 

kinetic Monte Carlo simulations and phase-field modeling, have also been employed to study the microstructural 

evolution and sintering kinetics of SOFC materials. These computational tools have allowed researchers to explore the 

complex interplay between the various factors influencing sintering, such as the composition, temperature, and 

microstructure[36][37]. 

 

The computational models of sintering in SOFCs have been extensively validated against experimental data. The 

simulation results have been shown to be in good agreement with experimental observations, providing confidence in 

the predictive capabilities of these models.  The computational studies have aided in the interpretation of experimental 

data and have helped to elucidate the underlying mechanisms governing the sintering behavior of SOFC 

materials[38][39]. nThe thermal stress responses and creep behavior in SOFCs are critical factors that can significantly 

impact the overall performance and durability of the system. Researchers have employed a variety of experimental 

techniques to study the sintering kinetics of SOFC materials, including X-ray diffraction to analyze phase changes, 

scanning electron microscopy and transmission electron microscopy to characterize the microstructural evolution, and 

dilatometry to measure the dimensional changes during the sintering process [40][41]. Complementing the 

experimental work, modeling approaches, such as finite element analysis, have been developed to simulate the sintering 

behavior of SOFC materials and to assess the influence of creep on the probability of failure[42]. 

 

III. THERMAL STRESS RESPONSES IN SOFCS 

 

Solid oxide fuel cells (SOFCs) are subjected to significant thermal gradients during operation, which can lead to the 

development of substantial thermal stresses within the cell components. The thermal gradients are primarily caused by 

the exothermic electrochemical reactions, the uneven distribution of fuel and oxidant, and the differential heating of the 
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various cell components.  These thermal gradients can result in interfacial and peeling stresses that can ultimately lead 

to mechanical failure of the SOFC[43][44]. In addition to the thermal gradients experienced during normal operation, 

the start-up and shut-down cycles of SOFCs can also give rise to significant thermal stresses.  The rapid changes in 

temperature during these transient periods can induce large thermal strains and stresses in the cell components, 

potentially leading to cracking, delamination, and other forms of mechanical degradation[45]. Fig.1  illustrates the 

thermal gradients within an SOFC.  

 

 
 

Fig.. 1 Thermal Gradients in an Operating SOFC 

 

The thermal stress responses in SOFCs are further exacerbated by the high operating temperatures, typically above 

600°C, and the differences in the coefficients of thermal expansion among the cell components[46]. The mismatch in 

thermal expansion coefficients can lead to the development of residual stresses during the manufacturing process, 

which can significantly impact the long-term durability of the SOFC[47]. The multilayered structure of a typical SOFC, 

consisting of the electrolyte, anode, and cathode, each with different material properties, is inherently prone to thermal 

stress issues. The mismatch in the coefficients of thermal expansion among these layers can lead to the development of 

significant residual stresses during the fabrication process, as well as high interfacial and peeling stresses during 

operation[48][49]. Fig.2  Illustration of the distribution of residual stress in a Solid Oxide Fuel Cell (SOFC), 

emphasizing regions with elevated residual stress resulting from a mismatch in thermal expansion. 

 

 

 
 

Fig.2 SOFC residual stress distribution (showing locations with increased residual stress due to thermal expansion 

mismatches). 

 

The distribution of these thermal stresses within the SOFC structure can be highly complex and dependent on the 

specific geometry, material properties, and operating conditions. have developed numerical models to investigate the 

residual stress and warping of planar SOFCs during the manufacturing process, highlighting the importance of 
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optimizing the fabrication process to minimize these detrimental stresses[49][50]. Other studies have focused on the 

probability of cell failure due to the thermal stresses induced by the thermal cycling of SOFCs. have proposed 

mathematical models to estimate the interfacial and peeling stresses within the SOFC structure, providing insights into 

the factors that contribute to the catastrophic failure of these devices. 

C. Analytical and Numerical Analysis 

Analytical models have been developed to predict the thermal stress distribution in SOFCs, allowing for a better 

understanding of the underlying mechanisms and the factors that influence the stress levels[51]. have derived analytical 

expressions to determine the thermal stresses in planar SOFCs as a function of the material properties and the 

temperature gradients. Their model provides insight into the distribution of interfacial and peeling stresses within the 

SOFC structure and the role of these stresses in the mechanical failure of the cells[52]. Fig. 3 displays a graph that 

illustrates the distribution of interfacial and peeling stresses in a planar solid oxide fuel cell (SOFC) using an analytical 

model. 

 
 

Fig. 3: Analytical model-based graph of planar SOFC interfacial and peeling stresses. 

 

 In addition to analytical models, numerical simulations, such as finite element analysis, have been extensively 

employed to study the thermal stress responses in SOFCs. These computational tools have enabled researchers to 

capture the complex geometry, material properties, and operating conditions of SOFCs, providing a more 

comprehensive understanding of the thermal stress distribution and its impact on the overall cell performance and 

durability[53][54]. 

 

Other researchers have employed finite element analysis to investigate the residual stresses and warping of planar 

SOFCs during the manufacturing process.  The use of computational tools has enabled a more detailed understanding 

of the complex interplay between the various factors, such as material composition, temperature, and microstructure, 

that influence the thermal stress distribution in SOFCs[55]. Finite element analysis (FEA) has emerged as a powerful 

tool for the investigation of thermal stress in SOFCs. have used multiphysics-based finite element models to predict the 

electrochemical and thermomechanical responses of SOFC stacks under different operating conditions. Anode failure 

and seal failure have been identified as critical design factors, and their models have been used to compare the 

predicted maximum principal stresses with experimentally determined strength characteristics[56][57]. 

In addition to the study of thermal stresses, finite element analysis has also been employed to investigate the creep 

behavior of SOFC materials. have developed finite element models that incorporate the effects of thermal expansion, 

residual stress from manufacturing, material property changes due to chemical reduction, and visco-plastic creep. These 

models have provided valuable insights into the long-term deformation and damage mechanisms in SOFC 

components[58][59]. Fig. 4 displays a graph that illustrates the gradual deformation over time of several Solid Oxide 

Fuel Cell (SOFC) materials, as determined from finite element simulations. 
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Fig. 4 Graph showing the creep deformation over time for different SOFC materials based on finite element simulations. 

 

D. Experimental Observations 

 

While computational models have played a significant role in understanding the thermal stress behavior in solid oxide 

fuel cells (SOFCs), it is equally important to rely on experimental observations to validate these models and gain a 

more comprehensive understanding of the underlying phenomena[60]. In-situ X-ray diffraction and digital image 

correlation techniques have been utilized by researchers to monitor the real-time deformation and stress response of 

SOFC components during thermal cycling. These experimental studies have provided valuable data on the evolution of 

residual stresses and the initiation of failure mechanisms. This data can be utilized to enhance and refine the predictive 

capabilities of analytical and numerical models[61][62]. 

The creep behavior of SOFC materials, particularly at the high operating temperatures of these devices, is another 

critical factor to consider when designing and optimizing solid oxide fuel cells. Researchers have investigated the 

impact of creep on the failure probability of SOFC stacks. Finite element analysis has been employed to assess the 

influence of time-dependent deformation on the stress distribution and overall reliability of the 

system[63][64].Fig.5  illustrates the relationship between the occurrence of creep and the likelihood of failure in Solid 

Oxide Fuel Cell (SOFC) stacks. The graph examines how this relationship is influenced by the operating temperature 

and the duration of time. 

 
 

Fig.5 Impact of creep on failure probability of SOFC stacks as a function of operating temperature and time. 

 



 
                                             

|DOI: 10.15680/IJIRSET.2024.1307136| 

 

IJIRSET©2024                                      |     An ISO 9001:2008 Certified Journal   |                                        13596 

To measure the thermal stresses in solid oxide fuel cells, researchers have utilized various experimental techniques, 

including in-situ X-ray diffraction, digital image correlation, and other advanced characterization methods. These 

experimental studies have yielded valuable data on the evolution of residual stresses and the onset of failure 

mechanisms. This data can be used to validate and refine the predictive capabilities of analytical and numerical 

models[65][66]. In addition to the measurement of thermal stresses, experimental investigations have also focused on 

the creep behavior of SOFC materials, particularly at the high operating temperatures of these devices. have studied the 

influence of creep on the failure probability of SOFC stacks, using finite element analysis to assess the impact of time-

dependent deformation on the stress distribution and overall reliability of the system[67][68]. 

 

IV. CREEP BEHAVIOR IN SOFCS 
 

Creep, which refers to the time-dependent deformation of materials under stress, is a critical factor in the long-term 

performance and reliability of solid oxide fuel cells (SOFCs). SOFCs operate at elevated temperatures, typically 

ranging from 800°C to 1000°C, which can result in significant creep deformation in the cell components, especially the 

ceramic electrolyte and metallic interconnects [70]. The creep behavior of SOFC materials is influenced by various 

factors, including temperature, stress level, material microstructure, and chemical composition. Researchers have 

identified three main mechanisms of creep in SOFC materials: dislocation creep, diffusion creep, and grain boundary 

sliding. Dislocation creep involves the movement of dislocations within the crystalline structure, while diffusion creep 

is characterized by the transport of atoms or vacancies through the material. On the other hand, grain boundary sliding 

occurs along the interfaces between individual grains in the polycrystalline microstructure [71][72][73]. 

 

 
 

Fig. 6 Comparison of creep strain over time for various loads on SOFC materials and creep rate-temperature 

relationship. 

 

The creep behavior of SOFC materials is affected by several factors, including temperature, stress level, material 

microstructure, and chemical composition. These factors can significantly impact the long-term deformation and stress 

distribution within the cell components at the high operating temperatures of SOFCs [74][75]. Fig. 6 Comparison of 

creep strain over time for different stresses applied to SOFC materials, and the relationship between creep rate and 

temperature for SOFC materials.  

 

Temperature is a critical factor as it can accelerate the rate of creep deformation. Researchers have reported on the use 

of in-situ X-ray diffraction and digital image correlation techniques to monitor the real-time deformation and stress 

response of SOFC components during thermal cycling. These experimental studies have provided valuable data on the 
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evolution of residual stresses and the onset of failure mechanisms, which can be utilized to refine and enhance the 

predictive capabilities of analytical and numerical models [76][77].  

Apart from temperature, the level of applied stress is another crucial parameter that influences the creep behavior of 

SOFC materials. Researchers have investigated the influence of creep on the failure probability of SOFC stacks by 

employing finite element analysis to evaluate the impact of time-dependent deformation on stress distribution and the 

overall reliability of the system [78]. Fig. 7 Schematic illustration of the thermal stress distribution in a planar SOFC 

during the manufacturing process, as predicted by finite element analysis. 

 

 
 

Fig. 7 illustrates the thermal stress distribution in a planar solid oxide fuel cell (SOFC) during the manufacturing 

process, as anticipated through finite element analysis. 

 

E. Experimental Studies on Creep  behavior in SOFC components  

Experimental investigations have yielded valuable insights into the creep behavior of solid oxide fuel cell (SOFC) 

materials, particularly at the elevated operating temperatures of these devices. These studies have employed a range of 

techniques, including in-situ X-ray diffraction and digital image correlation, to monitor the real-time deformation and 

stress response of SOFC components during thermal cycling[79][80]. Fig. 8 depicts the microstructural evolution of 

solid oxide fuel cell (SOFC) electrode materials under high-temperature operating conditions. This evolution has been 

observed through the utilization of advanced characterization techniques. Additionally, the figure illustrates the failure 

mechanisms in polycrystalline materials resulting from creep, as predicted by analytical models. 

 

 
Fig. 8 Microstructural Evolution of SOFC Electrode Materials and Failure Mechanisms in Polycrystalline Materials 

Caused by Creep 
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The creep behavior of SOFC materials is influenced by multiple factors, such as temperature, stress level, material 

microstructure, and chemical composition. These factors can have a significant impact on the long-term deformation 

and stress distribution within the cell components at the high operating temperatures of SOFCs[81]. 

Researchers have explored the influence of creep on the failure probability of SOFC stacks by employing finite element 

analysis to evaluate the effects of time-dependent deformation on the stress distribution and overall reliability of the 

system[82]. The findings of these experimental and modeling studies have provided valuable insights into the creep 

behavior of SOFC materials, which can be utilized to enhance the design and reliability of these devices[83]. 

Additionally, researchers have reported on the use of advanced characterization methods to investigate the evolution of 

residual stresses and the initiation of failure mechanisms in SOFC materials. These experimental results have been 

employed to validate and refine the predictive capabilities of analytical and numerical models, thus facilitating a more 

comprehensive understanding of the underlying creep phenomena[84]. 

 

Furthermore, aside from measuring thermal stresses, experimental investigations have also focused on the creep 

behavior of SOFC materials under sustained loading conditions. Researchers have examined the influence of creep on 

the failure probability of SOFC stacks through the utilization of finite element analysis to assess the impact of time-

dependent deformation on the stress distribution and overall reliability of the system[85][86]. Various experimental 

techniques, including in-situ X-ray diffraction, digital image correlation, and other advanced characterization methods, 

have been employed to investigate the creep behavior of SOFC materials. These experimental studies have provided 

valuable data on the evolution of residual stresses and the initiation of failure mechanisms, which can be utilized to 

validate and refine the predictive capabilities of analytical and numerical models[87][88]. 

 

For instance, in-situ X-ray diffraction has been employed to monitor the real-time deformation of SOFC components 

during thermal cycling, enabling researchers to track the evolution of residual stresses within the cell structure. 

Conversely, digital image correlation has been utilized to measure the full-field displacement and strain distributions in 

SOFC samples under various loading conditions[89][90]. Fig.9 illustrates the strain distribution in an SOFC sample 

under loading. The different strain levels are indicated by a color coding scheme. 

 
Fig. 9 Strain Distribution in SOFC Sample 

 

The data obtained from these experimental investigations have been crucial in enhancing our understanding of the 

underlying creep phenomena in SOFC materials and in developing more accurate predictive models for the long-term 

performance and reliability of these energy conversion devices[91]. 

F. Modeling and Simulation of Creep in SOFCs 

Computational models have played a vital role in understanding and predicting the creep behavior of SOFC materials. 

These models typically employ finite element analysis to simulate the thermo-mechanical response of SOFC 

components, including the time-dependent deformation due to creep. have developed finite element models to assess 

the influence of creep on the failure probability of SOFC stacks, considering the mechanical interactions, temperature-

dependent material properties, and creep behavior of the cell components[92]. The results from these computational 

models have provided valuable insights into the significance of stress relaxation due to creep, and its impact on the 
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overall reliability of the SOFC system. have also investigated the influence of cell size on the failure probability, 

highlighting the importance of considering the scale-dependent effects in the design and optimization of SOFC 

stacks[93]. 

 

In addition to the finite element models, analytical approaches have also been employed to study the creep behavior of 

SOFC materials. have developed analytical models to predict the residual stresses and warping in planar SOFC designs, 

incorporating the effects of creep deformation during the manufacturing process[94]. The development of accurate 

computational models for creep behavior in SOFCs requires careful validation against experimental data. have used in-

situ X-ray diffraction and digital image correlation techniques to monitor the real-time deformation and stress response 

of SOFC components, providing valuable data for the validation of their finite element models[95]. 

The comparison of model predictions with experimental measurements has been crucial in refining the underlying 

assumptions and constitutive relationships used in the computational models, ensuring that they can reliably capture the 

complex creep phenomena observed in SOFC materials[96]. The research reviewed in this paper has provided a 

comprehensive understanding of the sintering kinetics and thermal stress responses in solid oxide fuel cells (SOFCs), 

with a particular focus on the creep behavior of the materials.  The experimental investigations have employed 

advanced characterization techniques, such as in-situ X-ray diffraction and digital image correlation, to study the real-

time deformation and stress response of SOFC components under thermal cycling and sustained loading conditions[97]. 

Fig. 10 illustrates the whole displacement and strain distributions in SOFC samples under different loading conditions, 

which were assessed via digital image correlation. 

 

 
 

Fig. 10  digital image correlation-measured full-field displacement and strain patterns in SOFC samples under varied 

loading conditions. 

 

V. RESULTS AND ANALYSIS 

 

The sintering process in solid oxide fuel cells (SOFCs) is closely associated with the development of thermal stresses 

within the cell components. During the high-temperature fabrication of SOFCs, the significant differences in thermal 

expansion coefficients between the various layers can result in the accumulation of substantial residual stresses. 

researchers have investigated the influence of these residual stresses on the subsequent deformation and failure modes 

of SOFC components during operation[98]. Conversely, the thermal stresses generated during SOFC operation can also 

affect the sintering kinetics and microstructural evolution of the cell materials.  
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TABLE: THERMAL EXPANSION COEFFICIENTS OF SOFC LAYERS: 

 

 

Researchers have demonstrated that the temperature-dependent creep behavior of SOFC materials can alleviate the 

thermal stresses, leading to significant changes in the stress state within the cell over time. The interdependence 

between sintering, thermal stress, and creep emphasizes the importance of considering these coupled effects in the 

design, fabrication, and operation of solid oxide fuel cells[99][100]. 

 

Computational models that integrate the coupled phenomena of sintering, thermal stress, and creep are crucial for 

accurately predicting the long-term behavior and reliability of SOFCs. researchers have developed finite element 

models that incorporate the stresses from the thermo-mechanical simulation of sintering, as well as the temperature-

dependent mechanical properties and creep behavior of the SOFC materials, to assess the failure probability of SOFC 

stacks[101]. Fig. 11 illustrates the distribution of thermal stress within SOFC components during operation, 

demonstrating how stress levels change over time. 

 

 

 
 

Fig.11  Thermal Stress Distribution during SOFC Operation 

 

Creep deformation plays a critical role in the stress relaxation and material degradation of SOFC components, both 

during the fabrication process and under operational conditions. researchers have shown that the creep relaxation of 

mechanical stresses in the electrodes can occur within a few hours of SOFC operation, significantly reducing the risk of 

fracture failure[102]. Fig .12 shows how creep behavior impacts the stress state within SOFC components, alleviating 

thermal stresses over time. 

 

Layer 

Material 

Thermal Expansion 

Coefficient (10^-6 

/°C) 

Young's Modulus 

(GPa) 

Density 

(g/cm^3) 

Thermal 

Conductivity 

(W/m·K) 

Specific Heat 

Capacity (J/g·K) 

Anode 10.2 200 6.5 2.5 0.45 

Electrolyte 11.5 210 6 2 0.5 

Cathode 12.1 195 6.2 2.2 0.48 
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Figure.12 Creep Behavior Impact on SOFC Components 

 

However, the long-term creep deformation can also lead to other modes of degradation, such as microstructural 

coarsening, delamination, and loss of electrical contact between the cell components. researchers have investigated the 

influence of creep on the stability and integrity of the SOFC anode, demonstrating the importance of understanding and 

mitigating creep-induced degradation mechanisms for improving the durability of these energy conversion devices. In 

conclusion, the review of the literature highlights the critical role of sintering kinetics, thermal stress, and creep 

behavior in the performance and reliability of solid oxide fuel cells. The integration of these coupled phenomena 

through advanced computational modeling and experimental validation is essential for the continued development and 

optimization of SOFC technology[103]. 

 

TABLE: RESIDUAL STRESS MEASUREMENTS 

 

Temperature (°C) 
Residual Stress 

(MPa) 

Young's 

Modulus 

(GPa) 

Poisson's 

Ratio 

Thermal 

Expansion 

Coefficient (1/°C) 

Creep Strain Rate 

(1/s) 

800 20 200 0.3 1.00E-05 1.00E-09 

900 30 195 0.31 1.10E-05 1.20E-09 

1000 40 190 0.32 1.20E-05 1.50E-09 

 

VI.   CONCLUSION 

 

This review offers a comprehensive examination of the present knowledge and challenges concerning sintering kinetics, 

thermal stress responses, and creep behavior in solid oxide fuel cells (SOFCs). The analysis of existing literature 

highlights the crucial role these thermo-mechanical phenomena play in the performance, dependability, and lifespan of 

SOFC systems. The review demonstrates that the intricate interplay among thermal stresses, sintering, and creep can 

lead to various detrimental consequences, including alterations in microstructure, component deformation, and even 

mechanical failure. Experimental and computational studies have provided valuable insights into the underlying 

mechanisms and factors that influence these processes, such as material properties, cell/stack design, and operational 

conditions. 

However, the review also identifies several gaps in our current knowledge. These include the necessity for a more 

comprehensive understanding of the interconnected multi-physics processes, the incorporation of long-term 

degradation mechanisms, and the exploration of new materials and fabrication approaches to mitigate the adverse 

effects of sintering, thermal stresses, and creep.The challenges associated with sintering kinetics, thermal stress 

responses, and creep behavior in solid oxide fuel cells pose a significant obstacle to the widespread adoption and 

implementation of this promising energy conversion technology. By addressing these fundamental thermo-mechanical 

issues through advanced materials development, innovative manufacturing techniques, and improved computational 
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modeling, the SOFC research community can open up new avenues to enhance the performance, dependability, and 

lifespan of these devices. 

Continued progress in this field has the potential to significantly boost the competitiveness of SOFCs, making them a 

more viable and appealing choice for a wide array of stationary and mobile power generation applications. As the 

global transition toward sustainable energy systems accelerates, the successful implementation of robust, long-lasting 

SOFC technologies will be essential in achieving a more sustainable and decarbonized future. 
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