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A B S T R A C T

High-temperature processes for hydrogen production unlock the potential for high energy effi-
ciency combined with a relatively low environmental impact. However, structural integrity 
should be carefully considered. Solid oxide electrolysis cells (SOEC) employ a range of ceramic 
and metallic materials capable of withstanding high temperatures, ranging from 500 ◦C to 
1000 ◦C, while facilitating active electrochemical reactions. The present structural analysis fo-
cuses on the challenge of anticipating the formation of debonding cracks at the interfaces of layers 
(assumed non-porous) within a single SOEC cell with a tubular design and a metal support. This 
study includes implementation of material properties for ceramic mixtures, model verification, 
analysis of deformation, stresses, crack formation using the cohesive zone model (CZM) – a 
method commonly used to simulate the process of crack initiation and propagation. In this pio-
neering research, several potential areas of debonding have been identified, with the primary 
concentration occurring around the fixed-end boundaries. Findings reveal a temperature- 
dependent curvature for the maximum expected total deformations, where a linear growth 
pattern turns into a random pattern, peaking at 750 ◦C. Up to eight deformation zones, which 
could potentially serve as crack initiation locations, are identified near the fixed boundaries, and 
up to four zones are indicated by deformation contours for the main body of the tubular cell 
model. The study establishes and reports the evolution of these debonding zones through the 
high-temperature operating range.

1. Introduction

Solid oxide electrolyser technology is vital for advancing sustainable energy production due to its outstanding efficiency in con-
verting heat and electrical energy into hydrogen or syngas [1–3]. This high-temperature technology enables the utilisation of residual 
heat and naturally abundant feedstock materials, such as water and carbon dioxide. The use of such sustainable materials reduces the 
pressure on the environment to produce energy carriers. Solid oxide electrolysis cells (SOEC) (Fig. 1) are on the verge of transitioning 
to large-scale hydrogen production for needs of hydrogen-powered vehicles, integrated renewable energy systems, and grid-scale 
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Nomenclature

Abbreviations
Ag Silver
Al Aluminium
CZM Cohesive Zone Model
GDC Gadolinium-Doped Ceria
LSCF Lanthanum Strontium Cobalt Ferrite
NiO Nickel Oxide
SOEC Solid Oxide Electrolysis Cell
Ti Titanium
V Vanadium
YSZ Yttria-Stabilised Zirconia

Greek symbols
α Artificial damping coefficient
β Non-dimensional parameter of scaling (weighting) of the tangential component of displacement
δ Displacement jump
δn Normal component of displacement jump
δt Tangential component of displacement jump
δc

n Normal displacement jump at the completion of debonding
δc

t Tangential displacement jump at the completion of debonding
δ*

n Normal displacement jump at the maximum normal cohesive traction
δ*

t Tangential displacement jump at maximum tangential cohesive traction
ε Strain vector
η Coefficient characterizing displacement jumps
λ Non-dimensional effective displacement jump
λcr Value of λ at which the maximum effective traction occurs
λi Estimate of the Lagrangian multiplier
λmax Maximum of the λ history
σ Stress vector
ϕi Contact gap or penetration between the surfaces

Latin symbols
B Matrix of shape functions for each element of the model
D Elasticity matrix
Dn Damage parameter
dm Coefficient characterizing displacement jumps
f Arbitrary function
fa Applied force
fext External forces
fint Internal forces
I Index of equality constraint
K Stiffness matrix
Kn Normal cohesive stiffness
Kt Tangential cohesive stiffness
K Penalty parameter
L Original Lagrangian of the system
Laug Augmented Lagrangian of the system
m Iteration number
n Normal direction
t Tangential direction
Tn Normal cohesive traction
Tt Tangential cohesive traction
Tmax

n Maximum normal cohesive traction
Tmax

t Maximum tangential cohesive traction
u Nodal displacement vector
utop Displacement of the top adjacent surface
ubottom Displacement of the bottom adjacent surface
V Volume
x Arbitrary variable
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energy storage [4]. For this purpose, novel SOEC designs are in demand, necessitating simulations and innovations at the microscale, 
cell- and stack-levels, including structural, fluid dynamics and Multiphysics type of analyses [1].

Fracture mechanics is a critical component in the analysis of structural stability, to ensure the long-term reliability of solid oxide 
electrolysers. High-temperature SOECs are structurally subjected to temperatures ranging from 500 ◦C to 1000 ◦C, where they become 
susceptible to fracture-related degradation, and understanding and predicting the initiation and propagation of cracks becomes 
essential. Brittle, ductile, fatigue, creep, corrosion, and debonding fractures are commonly discussed in the literature [5–9], and 
debonding fractures are most relevant to SOECs due to frequent fracturing at interfaces, compromising the electrical characteristics. 
Similar problems with electrochemistry affected by debonding arise in the all-solid-state batteries [10].

Debonding stands for a primary way of interfacial failure, where the separation of two bonded surfaces takes place. This phe-
nomenon is common in composite materials, layered structures, adhesive joints and coatings, where surfaces are held together by 
adhesive and cohesive forces. Debonding manifests when these forces are overcome by external stresses. Debonding is rare in ho-
mogeneous, bulk materials and is considered separately from fractures in this setting. Fracturing modes describing the mechanism 
behind the propagation generally include Mode I (opening mode), Mode II (sliding mode), Mode III (tearing mode), and Mixed-Mode 
fractures. Debonding, among the fractures, can be characterized with the Mode I mechanism, where tensile stress is perpendicular to 
the crack surface, Mode II mechanism, where the crack surfaces slide over one another, and Mixed-Mode mechanism, where debonding 
is driven by both tensile and shear stresses and the interfacial fracture grows in both directions.

Debonding in relevant structures has been studied at various scales, including at a molecular level using molecular dynamics 
[11,12] and at a mesoscale with the finite element approach [13–15], and also with a combination of approaches in a multiscale way 
[16,17]. The literature considered various structures subjected to debonding failure: bimaterial sample near a V-notch [18], concrete- 
filled steel tubes [19], strengthened beams [20,21], composite beams [22,23], T-stiffened composite plates [24], thin brittle layer 
deposited on a substrate [25], laminated structural battery [26], polymer composites [27], reinforced concrete block [28,29], and 
many others. Already undertaken research considered the development of debonding fractures with respect to various temperatures 
[24,30–34], however, little investigation is focused on the high-temperature range (up to 1000 ◦C), as required for multi-material and 
multi-layer structures, such as SOEC.

If debonding is defined as the failure of bonding forces for a variety of interfaces, delamination is a closely related problem of the 
material separation and fracturing specifically into layers. Both delamination and debonding could appear in layered structures of the 
same material composition and composed of different materials and can develop in a single-mode and a mixed-mode way. Delami-
nation and debonding are studied in [35] for adhesively-bonded composite joints, in [36] – for sandwich shells with sensors and 
actuators, in [37] – for laminated composite plates. Prediction and suppression of delamination and debonding is discussed in [38,39], 
and migration of the delamination in composite laminates is modelled in [40] with the fragile points method. Another approach, 
cohesive zone model (CZM), is used for the combined problem of debonding and delamination in [41].

Delamination and its effects on the solid oxide electrolysis devices are reviewed by [42] and modelled by [43] using the geometry 
modifications. Experimental investigation into anode delamination is performed in [44], and the delamination mitigation and pre-
vention in SOEC is studied in [45–47]. According to [48], SOEC performance is more sensitive to the delamination occurring at the 
centre of the electrolysis cell than at the edges. Optimisation strategy for the dynamic electrolysis process under conditions of a 

Fig. 1. Schematic showing multi-layer and multi-material solid oxide electrolysis cell (SOEC) system and illustrating some material selection 
considerations.
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delaminating electrode is proposed in [49,50].
The cohesive zone model in fracture mechanics is a useful framework for fracture modelling with high accuracy across various 

materials, material heterogeneities, loading conditions, and crack paths. In this approach, a gradually growing fracture is considered, 
with the separation of surfaces at the crack tip. The cohesive zone refers to the space within the extending fracture, filled with the 
virtual material, allowing to describe cohesive forces acting on the separating surfaces. During separation, the modelled traction 
increases, reaching its’ maximum, and then reduces to zero, indicating full separation of the surfaces. The cohesive zone model enables 
the simulation of crack branching, fragmentation, and near-tip behaviour [51]. The CZM approach is applied in fracturing simulations 
of carbon nanotube reinforced polymers [52], welded vessels [53], subsea pipelines [54], honeycomb core sandwich sheets [55], 
vulcanized rubber-metal bonding interface [56], laminated glass [57], composite laminated windshield [58], composite rigid double 
cantilever beam [59] and other laminated composites. It is considered good practice in research to obtain CZM parameters from 
dedicated experimental series to ensure simulation quality [60]. Several variations of the CZM method include mode-dependent [61], 
thermo-mechanical coupled [62] and generalised model formulations [63]. Uncertainty quantification of a rate-dependent CZM is 
demonstrated in [64] for polymer interfaces. Analytical solution for deformation is proposed based on the CZM model in the work by 
[65]. The impact of environmental conditions on mixed-adhesive joints is studied in [66]. In the work by [62], the CZM is applied to 
simulate temperatures up to 450 ◦K for the debonding process, while the research by [67] focuses on the subzero temperatures down to 
− 20 ◦C. High temperature conditions up to 873 ◦K are considered in [68] for fracturing of hat-shaped specimens of the rail steel.

Analysis of the literature indicates a lack of research on the debonding phenomenon in high-temperature SOEC devices. The aim of 
the current study is to investigate the high-temperature (between 500 ◦C to 1000 ◦C) thermomechanical behaviour at interfaces with 
the cohesive zone model. The cell itself is constructed from several layers (assumed non-porous) made of multiple materials performing 
individual functions, detailed in the following section of the paper. Given the differences in thermal expansion coefficients of these 
materials, there is a high chance of interfacial failure due to debonding and consequent crack propagation.

2. Model

2.1. Structural model

The structural model used in this study is illustrated in Fig. 2 and is based on the paper [69], where a six-layer tubular SOEC is 
considered. The model includes five thin functional layers (two interconnects, a cathode, an electrolyte and anode), deposited on a 
thick titanium metallic support. The tubular cell model, which is assumed non-porous, is tested for the operational range of 500 ◦C to 
1000 ◦C. The structure is subjected to an internal flow pressure load of 1 MPa, thermal loading and the effects of fixed boundary 
conditions. The fixed–fixed supports applied in the current study allow investigating the worst-case scenario debonding and 

Fig. 2. Cross-section of six (non-porous) layers of the part of the tubular model: (a) general schematic of the cross-section; (b) structural model in 
Static Structural; (c) mesh of 90,762 elements.
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deformation across the high-temperature range. The present work considers thermomechanical deformation for an improved material 
composition, compared to this previous research, closer to the SOEC fabricated, and the properties of the layers for the current 
simulation are shown in Table 1. Materials used include titanium alloy (Ti-6Al-4V), silver (Ag), nickel oxide (NiO), gadolinium-doped 
ceria (GDC), yttria-stabilised zirconia (YSZ) and lanthanum strontium cobalt ferrite (LSCF). The interfacial debonding is studied in the 
present work for five contact areas with the cohesive zone material model, described in the following subsection.

The total thickness of the model wall is 2.382 mm, including the substrate layer. The length of the structural model is 100 mm, as 
shown in Fig. 2(b). Due to the high aspect ratio of the five functional layers, including two interconnect layers, a cathode, an anode and 
electrolyte, these layers are modelled with shell elements, each having six degrees of freedom. At the same time, the substrate layer is 
meshed with solid elements, with three degrees of freedom each, as illustrated in Fig. 2(c). The thick substrate layer design of the SOEC 
is proposed in this study based on its potential for better mechanical strength, as is known for this type of support.

The current research considering the six-layer structure model is focused on the formation of debonding regions at the interfaces, 
estimated during the steady-state simulation in Static Structural. The basis for the Static Structural simulation is the displacement–-
strain equation: 

ε = [B]u. (1) 

Here, ε is the strain vector, [B] stands for the matrix of shape functions for each element of the model, u is the nodal displacement 
vector.

Linked to Eq. (1), the stress–strain equation is: 

σ = [D]ε, (2) 

where σ is the stress vector, and [D] is the elasticity matrix, reflecting the material properties.
The Hooke’s law is applied to link the displacement vector and the applied force fa through the stiffness matrix [K]: 

fa = [K]u (3) 

Internal forces fint acting on the structure are calculated as a volume V integral: 

fint =

∫

V
[B]TσdV (4) 

Internal and external forces fext on the structure are considered to be in balance, or: 

fint = fext (5) 

Solution in Static Structural is obtained with the Newton-Raphson method, which could be spelled for an arbitrary variable x, 
iteration m and function f(x): 

xm+1 = xm −
f(xm)

fʹ(xm)
. (6) 

The Augmented Lagrange formulation is used for all contact areas, as advised by the ANSYS guidance [70] for debonding calcu-
lations. This formulation uses Lagrange multipliers to represent the contact forces and allows evaluating situations where contact 
between parts of the structure occurs or does not occur. This formulation is considered to be numerically stable and can be used for 

Table 1 
Material properties of six (non-porous) layers of the structural model.

Layer Material(s) Density, kg/m3 Melting 
temperature, ◦C

Young’s modulus, 
GPa

Poisson ratio Thermal expansion 
coefficient, µm/m◦C

Substrate tube Titanium alloy 
(Ti-6AL-4V)

4405 [70,72] 1605 [70,72] 107 [70,72,82] 0.32 [70,72] 8.9 [70,72]

Interconnect 1 
(Current 
collector 1)

Silver (Ag) 10,490 [70,72] 961 [79] 83 [80–82] 0.37 [70,72] 19 [70,72,82]

Cathode 0.6:0.4 NiO: 
GDC

6882 [83–86] 2273 [83,87] 151.2 [88–90] 0.33 [88–90] 12.1 [91,92]

Electrolyte 0.91:0.09 GDC: 
YSZ

7083 
[84–86,93–95]

2745.5 
[87,96,97]

128.1 
[88–90,93,98]

0.26 
[88–90,94,95,98]

11.4 [92–94,97,99]

Anode 0.5:0.5 GDC: 
LSCF

6600 
[84–86,100–103]

1835 
[87,103–104]

145 
[89,90,101–105]

0.28 
[89,90,103,105]

13 [92,101,106]

Interconnect 2 
(Current 
collector 2)

Silver (Ag) 10,490 [70,72] 961 [79] 83 [80,81,82] 0.37 [70,72] 19 [70,72,82]

List of references for Table 1: [1] [70,72]; [2] [79]; [3] [80]; [4] [81]; [5] [82]; [6] [83]; [7] [84]; [8] [85]; [9] [86]; [10] [87]; [11] [88]; [12] [89]; 
[13] [90]; [14] [91]; [15] [92]; [16] [93]; [17] [94]; [18] [95]; [19] [96]; [20] [97]; [21] [98]; [22] [99]; [23] [100]; [24] [101]; [25] [102]; [26] 
[103]; [27] [104]; [28] [105]; [29] [106].
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several types of contact, including bonded and frictional. The Augmented Lagrange formulation can be expressed as: 

Laug = L+
∑

i
λiϕi +

k
2
∑

i
ϕ2

i , (7) 

where L is the original Lagrangian of the system, λi is an estimate of the Lagrangian multiplier, ϕi is the contact gap or penetration 
between the surfaces, i is the index of equality constraint, k is the penalty parameter, so that the third term penalizes the contact 
violations.

The Static Structural computational module in ANSYS provides a very flexible, versatile set of tools to simulate a wide range of 
structural conditions, including fractural simulations, realistic boundary conditions, diverse material properties, body interactions, 
pressure, temperature, other types of loads and custom, user-defined conditions. Static Structural allows coupling with other 
computational modules and supports the use of various specialized models, separately and in combination. The CZM model employed 
in the current research is an example of a specialised model, specifically tailored for interfacial failures. With all advantages, Static 
Structural simulations have some limitations, for instance, a high-resolution analysis can be demanding in terms of the computational 
resources. This may pose a limit on the level of detail when considering stress–strain conditions of complex objects and high aspect 
ratio structures.

2.2. Debonding model

The current study uses the CZM model [71–74], which was initially designed for simulating fractures and delamination, initiation, 
propagation and coalescence of cracks and debonding interfaces. The CZM model is applicable for composite materials, adhesively 
bonded joints, thin films and layered structures with multiple materials, that exhibit complex fracture processes. The CZM model is 
based on the traction-separation relationships, which represent the mechanical cohesive behaviour at the interface of adjacent ma-
terial regions.

The mixed-mode bilinear cohesive zone material model derives the separation of material interfaces from both the normal and 
tangential components of displacement jumps. Here, a non-dimensional effective displacement jump λ reads as: 

λ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

δn

δc
n

)2

+ β2
(

δt

δc
t

)2
√

, (8) 

where β is the non-dimensional parameter of scaling (weighting) the tangential component of displacement δt, and δn is the normal 
component of displacement jump, while δc

n and δc
t are the normal and tangential displacement jumps at the completion of debonding.

The interfacial separation δ in general is the displacement jump or the difference of displacements of the adjacent interface surfaces 
utop and ubottom: 

δ = utop − ubottom. (9) 

Therefore, the normal displacement is the normal separation in the local direction n, and the tangential displacement is the 
tangential separation in the local direction of t: 

δn = n • δ, (10) 

δt = t • δ. (11) 

The normal cohesive traction Tn is linked through the normal cohesive stiffness Kn and the damage parameter Dm to the normal 
displacement jump as follows: 

Tn = Knδn(1 − Dm) (12) 

Here, the normal cohesive stiffness depends on the maximum normal cohesive traction Tmax
n and the normal displacement jump at the 

maximum normal cohesive traction δ*
n: 

Kn =
Tmax

n

δ*
n

(13) 

The damage parameter Dn is defined as: 

Dn =

{
0, atλmax ≤ λcr

min(1, dm), atλmax > λcr
, (14) 

where λmax is the maximum of the λ history, λcr is the value of λ at which the maximum effective traction occurs, and the dm coefficient 
is spelled as 

dm = η
(

λmax − λcr

λmax

)

, (15) 
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where the η coefficient is 

η =
δc

n

δc
n − δ*

n
=

δc
t

δc
t − δ*

t
, (16) 

where δ*
t is the tangential displacement jump at maximum tangential cohesive traction. The critical value of λcr is defined as: 

λcr =
δ*

n
δc

n
= β

δ*
t

δc
t
, (17) 

The tangential component Tt of the cohesive traction in the mixed mode version of the bilinear model reads as: 

Tt = Ktδt(1 − Dm), (18) 

where Kt is the tangential cohesive stiffness, or 

Kt =
Tmax

t

δ*
t
, (19) 

where Tmax
t is the maximum tangential cohesive traction.

Additionally, the ratio of α = δ*
n/δc

n is referred to as the artificial damping coefficient.
The current simulation uses coefficients for the separation-distance-based debonding: Tmax

n = 45 MPa, δc
n = 1e− 6 m, Tmax

t = 45 MPa, 
δc

t = 1e− 6 m, and β = 2. Here, Tmax
n and Tmax

t are obtained from the literature [75–78], and δc
n and δc

t are selected based on the pre-
liminary simulations in order to resolve the fracture. All interfaces have the same CZM settings.

The CZM model is a high-resolution method, which allows looking into the intriguing nature of interfacial failures in detail. 
However, using the model in Static Structural analysis requires an incremental, stepwise load application during the standard 1 s time 
step and a high accuracy mesh, as discussed in the following subsection.

2.3. Mesh analysis and verification of the structural model

The mesh analysis for thermal expansion without the fracture is verified, as in Fig. 3, in terms of the maximum total deformation. 
An unstructured mesh is used for both solid and shell elements. A mesh consisting of 90,762 cells was initially selected, delivering a 
maximum total deformation of about 8.5e-5 m for the considered model at 800 ◦C. Further simulations with the mesh of 90,762 cells 
demonstrated multiple solution convergence issues, when the debonding process is considered in the targeted range of temperatures. 
These were deemed to be due to higher element sizes leading to larger displacement jumps leading to instabilities in force convergence 
during the iterative solution process. For this reason, all simulation results in this work are reported for the mesh of 141,211 cells, with 
which a convergent solution was achieved.

Here the multi-layer and multi-materials system being studied is complex to model analytically. The intention of the current work is 

Fig. 3. Mesh independence test in terms of the maximum total deformation of the model with no debonding for 800 ◦C.
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to investigate the specific design with the future vision to investigate it experimentally. As this investigation explores new phenomena, 
the simulation could serve as a preliminary investigation to guide future theoretical developments or experimental designs. The 
simulation also provides meaningful insights that align with expected physical behaviour and still can be valuable despite the lack of 
direct validation.

3. Results

3.1. Stress analysis

Debonding simulations in the temperature range from 500 ◦C to 1000 ◦C are performed with the increment of 50 ◦C, or 11 sim-
ulations in total. The results demonstrate relatively uniform (along the length of the cell) shear stress distributions for the substrate and 
outer layers, as shown in Fig. 4 for the borders of the considered temperature interval. The immediate effect of the fixed boundary 
conditions is observed near both ends in the contours of normal stresses at 500 ◦C, as appears in Fig. 4 for the substrate layer. A similar 
circular stress change is observed around the fixed boundary in the 6th layer at 500 ◦C, although these results are not shown in the 
paper for brevity. Normal stresses also exhibit belt-shaped concentrations near the fixed boundaries for 1000 ◦C. A high concentration 
of the radial stress and of the hoop stress at 1000 ◦C propagates into the body of the substrate, which hints to the location of debonding 
regions in the tubular cell. At the same time, the largest stress above 1 GPa is the shear XY stress at 1000 ◦C at the substrate’s fixed 
boundary. Failure initiation and propagation are expected to occur well before the shear stress reaches this high value.

The high temperature impact on the normal and shear stresses is illustrated in Fig. 5(a–f) for the 50 mm mark (i.e., the midpoint of 
the 100 mm-long tubular SOEC, Fig. 5(g)). The data are presented for the X coordinate for the full thickness of the cell model (Fig. 5
(h)). As comes from Fig. 5, a principal transition to a fully formed crack between 600 ◦C and 800 ◦C is significant in the radial stress in 
the substrate, as in Fig. 5(a), and in the shear XY and XZ stresses in the substrate, as in Fig. 5(b) and (f). A large jump in the shear YZ and 
XZ stresses at 1000 ◦C is observed in the thin layers in Fig. 5(d) and (f). A notable rise in longitudinal stress occurs between the 
temperatures of 800 ◦C and 1000 ◦C for both the supporting substrate and thin functional layers. The longitudinal stress on the border 
with thin layers in Fig. 5(e) is the largest among all the stresses, experienced by the structure. The hoop stress magnitude in Fig. 5(c) is 
relatively low in the substrate and high in the thin layers, and changes among the temperatures appear to be less pronounced.

Fig. 4. Example stresses of the model exhibiting debonding for the substrate at 500 ◦C: (a) radial stress; (b) shear XY stress; (c) hoop stress; (d) shear 
YZ stress; (e) longitudinal stress; (f) shear ZX stress (stresses in Pa, length scale bars: 0.06 m).
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Fig. 5. High temperature (600 ◦C, 800 ◦C, and 1000 ◦C) effect on the model exhibiting debonding in terms of the stresses in the middle of the 
structure (50 mm mark, i.e., at middle of the 100 mm long tubular SOEC cell, in the positive direction of X axis): (a) radial stress; (b) shear XY stress; 
(c) hoop stress; (d) shear YZ stress; (e) longitudinal stress; (f) shear ZX stress; (g) representative cross-sections along the length of SOEC; (h) co-
ordinate system.
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3.2. Deformation analysis

Analysis of the total deformation at 500 ◦C indicates belt-shaped changes in the deformation contours for all six layers, as appears in 
Fig. 6. This pattern is consistent with the contours of normal stresses, displayed in the previous subsection. The total deformation is 
otherwise uniform for the first and second layers, shown in Fig. 6(a) and (b), while all other layers exhibit two zones of either increased 
or decreased deformation. The maximum total deformation in this case is 0.061 mm and is observed in the midsection of the structure 
in the outer layer, in the red zone in Fig. 6(f).

The total deformation contours significantly change, when the SOEC structural model with the debonding process is heated to 
1000 ◦C, as appears in Fig. 7. Here, the substrate layer shows belt-shaped low-deformed zones near fixed boundaries. In Fig. 7(b), the 
second layer of the cell demonstrates belt-shaped zones of decreased and increased deformation. Layers 3 and 4 in Fig. 7(c) and Fig. 7
(d) have two elongated zones of decreased and increased deformation along the body of the cell, and up to eight deformation zones 
around each fixed boundary. These deformation zones are present but less pronounced in layers 5 and 6 in Fig. 7(e) and (f). The 
maximum total deformation in the model reaches 0.128 mm at 1000 ◦C, against the level of 0.061 mm at 500 ◦C, or twice as high. This 
significantly increases the risk of fracturing at the interfaces, especially for layers 3 and 4.

The heat accumulated in the tubular cell above 600 ◦C causes the structure to exhibit multiple deformation patterns, that are also 
indicated for the full model in Fig. 8 across the considered temperature range. The process begins at about 650 ◦C, as in Fig. 8(c), 
together with the formation of fully developed debonding areas. Fig. 8(c–f) indicate that deformation zones are pronounced near the 
fixed boundary and are asymmetric in terms of the deformation magnitude values across the structure. The result in Fig. 8(d) not only 
indicates the maximum total deformation in the tests but also reveals the clear presence of eight deformation zones at each boundary 
and four such zones in the middle section of the tubular cell. Contours in Fig. 8(c), (e), and (f) demonstrate similar deformation patterns 
(general asymmetry and same number of deformation zones). Fig. 8(a) suggests that in the range of 500 ◦C to 600 ◦C, where the 
debonding initiation only is observed, the maximum total deformation follows almost a linear growth, increasing with the temper-
ature. This corresponds to the “Near” debonding fracture status. Formation of a fully open crack at 650 ◦C and higher in the tem-
perature range leads to a slightly unpredictable trend in the expected maximum total deformation, limited by the observed highest 

Fig. 6. Example total deformation contours for six layers of the structural model at 500 ◦C: (a) first layer; (b) second layer; (c) third layer; (d) fourth 
layer; (e) fifth layer; (f) sixth layer (deformation in meters, length scale bars: 0.06 m).
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value of 0.244 mm at 750 ◦C. This corresponds to the “Far” debonding fracture status. The maximum deformation observed at 750 ◦C 
indicates the highest risk of fracturing in the structure in the operating temperature range.

3.3. Fracture propagation

Debonding process in this work is generally tracked as the thermal load is incremented gradually, limited by a maximum of 100 
steps. The evolution of the process can be traced through the changing sliding distance variable, illustrated in Figs. 9–11. Fig. 9(a) 
specifically illustrates the early fracture formation, visible during the steady-state simulation, where the debonding process initiates 
around the circular fixed boundary, and this region expands from 500 ◦C to 600 ◦C. At the same time, the maximum total deformation 
increases for about 30 % between these temperatures. Transition of the debonding initiation to a fully formed crack occurs between 
650 ◦C and 700 ◦C, where the debonding process takes place in the area around the fixed boundary, as well as propagates deeper into 
the body of the tubular cell. This is consistent with significant changes in the interlayer sliding distance (tracked for the interfaces) 
around the fixed boundary, seen in Fig. 9(b) for 700 ◦C, and the peak maximum total deformation in Fig. 8(a), which exceeds values 
observed at both lower and higher temperatures. Propagation of the debonding fracture to nearly the middle of the cell is evident from 
Fig. 9(c) and (d) for 900 ◦C and 1000 ◦C respectively, for the first interface between the substrate and the second layer of the model.

Debonding fracturing into the body of the cell is further analysed through changes at the third interface (between the third and 
fourth layers of the model), displayed in Fig. 10, and the fifth interface (between the fifth and the sixth layers of the model), displayed 
in Fig. 11. Both high and low sliding distances are observed propagating into the body of the cell in Fig. 10, starting at a temperature of 
700 ◦C, and this process is not symmetric relatively the middle of the cell. The result in Fig. 10(d) for 1000 ◦C, showing high variation 
in sliding distances at the third interface, is consistent with the high variation in total deformation seen in layers 3 and 4 in Fig. 7(c) and 
(d). Similar sliding distances across the cell body are observed at the fifth interface, but they are more pronounced at 700 ◦C and less 
pronounced at 900 ◦C and 1000 ◦C. This trend aligns with the overall lower level of deformation, seen in Fig. 8(a).

Fig. 7. Example total deformation contours for six layers of the structural model at 1000 ◦C: (a) first layer; (b) second layer; (c) third layer; (d) 
fourth layer; (e) fifth layer; (f) sixth layer (deformation in meters, length scale bars: 0.06 m).
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4. Discussion

As can be seen in Figs. 4–11, there is a marked variation in deformation, stress, debonding distribution through the multi-material 
and multi-layer tubular structure subjected to internal pressure. This gets more extreme as the temperature rises. As expected, the 
multi-material and multi-layer tubular structure undergoes significant deformation where different materials deform differently under 
the applied model settings. The irreversible deformation is more pronounced at high temperatures, as in Fig. 8, due to thermal 
softening, which reduces the yield strength of the materials. At high operating temperatures, each layer’s material expands differently, 
and this expansion can induce complex stresses, especially if layers of the tubular structure have different thermal expansion co-
efficients. High temperatures are expected to exacerbate interfacial debonding by causing differential expansion, and areas with high- 
stress concentrations are especially prone to debonding. Cracks are likely to initiate in regions where stresses are high, and once cracks 
are initiated, they can propagate through the thickness of the multi-layer tubular structure. It is important to note that debonding can 
interact with cracks and can serve as pathways for crack propagation and leading to delamination and spalling within the structure. 
Overall, the CZM model can simulate the initiation and propagation of debonding and cracking at the interfaces, enabling a 
comprehensive analysis of the multi-layer tubular structure.

Consideration of debonding in the non-porous cell model leads to the results different from those observed in [69], where no 
fractures were simulated. Thus, it can be suggested that debonding suppresses the areas of the high deformation seen in [69] along the 
body of the tubular cells, however, substantially amplifies processes near the fixed boundaries, manifesting in high deformations, 
multiple deformation shapes, stress fluctuations and fractures. This behaviour is primarily attributed to the allowance of differential 

Fig. 8. Total deformation changes with the temperature increase: (a) maximum total deformation statistics across the range of 500–1000 ◦C; 
contours of the total deformation for the full structure at (b) 550 ◦C, (c) 650 ◦C, (d) 750 ◦C, (e) 850 ◦C, (f) 950 ◦C (deformation in meters, length 
scale bars: 0.03 m).
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deformation across the interfaces enabled by the definition of the interfaces. These interfaces behave like deformable springs which 
allow relative thermal expansion thus accommodating any bulk deformation until a critical threshold is reached. At the same time, 
both studies indicate formation of belt-like zones near fixed boundaries seen in deformation (as in Fig. 6(e) and (f)) and stress (e.g. 
Fig. 4(e)) contours, and abrupt changes between stress values found in the thck substrate and thin functional layers.

An important finding of the current research is the observation of clear multiple deformation shapes, where up to eight zones 
(Fig. 7, Fig. 8) are seen close to a boundary and two to four zones of deformation form along the body of the structure. These zones are 
identified as areas of potential debonding, fracture and crack growth. It should be noted that the interfacial bond strength charac-
teristics across the different layers play a critical role in determining the overall structural integrity of the tubular cell. Therefore, 
experimental determination of the interfacial strength and toughness is critical for calibrating the CZM model parameters leading to 

Fig. 9. Contours of the sliding distance at the first interface of the substrate layer and the second layer at: (a) 600 ◦C; (c) 700 ◦C; (c) 900 ◦C; (d) 
1000 ◦C (contour in meters, length scale bars: 0.06 m).

Fig. 10. Contours of the sliding distance at the third interface of the third layer and the fourth layer at: (a) 600 ◦C; (c) 700 ◦C; (c) 900 ◦C; (d) 
1000 ◦C (contour in meters, length scale bars: 0.06 m).
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realistic predictions of the high temperature behaviour of the proposed tubular cell design. Furthermore, the effect of porosity across 
the different layers, which plays a critical role in the chemical species transport, also needs to be thoroughly investigated to understand 
its impact on the thermo-mechanical behaviour.

It is important to emphasise, that debonding has a critical effect on the intensity and location of chemical reactions within SOEC. 
Although the primary cause of debonding in SOEC is linked to the thermal expansion mismatch among thin layers of the cell under 
high-temperature conditions, accelerated by thermal cycling, chemical reactions during electrolysis may also lead to an intensification 
of debonding failure at interfaces. The first chemical factor weakening the interfaces is the accumulation of oxygen atoms and 
reduction–oxidation cycling, both acting as a source of internal stresses within the materials. The second factor reducing adhesion 
strength from the chemical side is reactions between the electrode and electrolyte materials and reactions with possible contaminants 
of the steam. The third factor promoting debonding comes from possible species of interconnect materials, which may deposit on the 
electrodes during cell operation in real-world conditions. The mutual influence of debonding processes and chemical reactions pre-
sents a compelling subject for future research in this area.

The results obtained in the current paper provide a foundation for further investigations into the fracturing of solid oxide elec-
trolyser structures, complementing the studies [16,42–46], which primarily focus on delamination. The analysis of debonding, 
delamination and other types of fractures is of outmost importance for the technology based on the high temperature process. In a 
multi-layer and multi-material tubular structure, fracture may initiate at sites of high stress concentration, such as interfaces between 
layers, defects, or areas of material heterogeneity. By incorporating thermal expansion and damage evolution into the cohesive zone 
framework, the CZM becomes a powerful tool for predicting structural degradation in materials exposed to complex thermomechanical 
loads.

Additionally, material and manufacturing considerations (as outlined by the roles of various layers illustrated in Fig. 1) should 
prioritize thermal stability, high-temperature strength, and compatibility with adjacent layers to minimise their inter-layer debonding. 
While the fabrication of multi-layer and multi-material tubular structure is considered as part of future work, the integration of CZM 
into both the design phase and the manufacturing process is expected to be essential for producing high-performance SOEC structures. 
However, challenges remain in applying CZM to tubular SOEC structures. These challenges comprise the need for detailed knowledge 
of multi-material properties (cohesive strength, fracture toughness, energy release rates), assessment of mesh sensitivity, consideration 
of material non-linearities of (e.g., plasticity, viscoelasticity, temperature-dependent properties), including any residual stresses in 
multi-layer structures.

5. Conclusions

Solid oxide electrolyser technology plays a significant role in the vision of the future transition towards a sustainable and car-
bon–neutral energy landscape. Structural analysis is crucial for evaluating novel SOEC designs at the cell level, including forecasting 
deformations, stress–strain conditions, and crack manifestation under high-temperature operating conditions.

The current study uses the cohesive zone model, incorporated into a finite element model of the tubular SOEC, to obtain reliable 
predictions of potential crack occurrences. CZM models encapsulate the mechanical behaviour at material interfaces through cohesive 

Fig. 11. Contours of the sliding distance at the fifth interface of the fifth layer and the sixth layer at: (a) 600 ◦C; (c) 700 ◦C; (c) 900 ◦C; (d) 1000 ◦C 
(contour in meters, length scale bars: 0.06 m).
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laws, and the present study is considering specifically the formation of debonding regions, due to multiple material zones in the 
proposed SOEC design. The research stages include developing a six layers (non-porous) cell model, implementing custom material 
properties, performing a mesh test, simulating the diverse debonding process.

Main findings from this study include a temperature-dependent curvature for the maximum of expected total deformations, where a 
linear growth pattern transitions to a random pattern, with a peak value observed at 750 ◦C in the range from 500 ◦C to 1000 ◦C. Up to 
eight deformation zones which could potentially be crack initiation locations are found near the fixed boundaries in this study, and up 
to four zones are indicated by deformation contours along the main body of the tubular cell model. Finally, this study predicts that 
debonding is likely to occur during laboratory experiments of the proposed model, starting at temperatures around 650 ◦C near the 
fixed tubular end boundaries.
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