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H I G H L I G H T S

• Workflow for evaluating morphology evolution and mechanical properties in SOFCs.

• Decrease in effective elastic modulus due to microstructural coarsening.

• Elastic modulus decreases with pore volume fraction and increases with pore surface area.

• Critical volume fraction could be related to pore diameter, pore surface area, and TPB density.

• Coarsening is linked to electrochemical degradation and mechanical weakening.
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A B S T R A C T

The microstructural degradation of Ni–CGO anodes in solid oxide fuel cells affects both electrochemical and 

mechanical properties. This study presents an automated workflow to quantify the evolution of geometrical 

descriptors and their influence on effective mechanical properties. Three-dimensional anode microstructures were 

aged up to 35,000 h using phase-field and stochastic modeling, followed by mechanical loading simulations. Aging 

caused microstructural coarsening as the mean pore diameter increased, while pore specific surface area and 

triple-phase boundary density decreased. Effective elastic moduli also decreased with aging. While the average 

von Mises stress remained nearly constant, the critical volume fraction increased with aging. Within the studied 

microstructures, the effective Hill modulus was strongly related to pore volume fraction and pore specific surface 

area. The critical volume fraction related positively with pore diameter and inversely with pore specific surface 

area and triple-phase boundary density.

1 . Introduction

Motivation. Solid oxide fuel cells (SOFCs) are high-temperature elec­

trochemical energy devices that efficiently convert fuel into electricity. 

Nickel/yttria-stabilized zirconia (Ni–YSZ) cermet anodes have been 

the state-of-the-art due to their good electrochemical performance 

and compatibility. Understanding how parameters like Ni/YSZ ratio, 

grain size, porosity, pore size distribution, tortuosity, and triple-phase 

boundary (TPB) density affect performance is key to optimizing these 

anodes [1]. However, Ni–YSZ anodes face challenges at lower operating 

temperatures (≈600 ◦C) because YSZ’s ionic conductivity drops, leading 

to a high polarization resistance [2]. To enable efficient operation at in­

termediate temperatures (500–700 ◦C), alternative anode materials have 

emerged. In particular, nickel–gadolinium-doped ceria (Ni–CGO) cer­

met anodes have gained attention for intermediate-temperature SOFCs 

[3]. Gadolinium-doped ceria (Ce0.9Gd0.1O2, CGO) offers higher ionic 

conductivity at these temperatures than YSZ and also exhibits mixed 

ionic-electronic conduction in reducing atmospheres [4]. This means 
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\begin {align}\label {ieq1} \Omega (\boldsymbol {\phi }, \boldsymbol {\nabla } \boldsymbol {\phi }, \boldsymbol {\mu })=\int _{V} \frac {1}{\epsilon } w(\boldsymbol {\phi })+\epsilon a(\boldsymbol {\nabla } \boldsymbol {\phi })+\psi (\boldsymbol {\phi }, \boldsymbol {\mu }) \; {\textrm {d}}{V}.\end {align}
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\begin {align}\label {ieq3} w(\boldsymbol {\phi }) = \begin {cases} \dfrac {16}{\pi ^{2}} \displaystyle \sum _{\beta =2}^{N} \sum _{\alpha =1}^{\beta -1} \gamma _{\alpha \beta }\, \phi _{\alpha } \phi _{\beta }, & \boldsymbol {\phi } \in \mathcal {G}, \\[10pt] \infty , & \boldsymbol {\phi } \notin \mathcal {G}, \end {cases}\end {align}


$\mathcal {G}=\left \{\displaystyle \sum _{\alpha =1}^{N} \phi _{\alpha }=1:\left \{\phi _{\alpha } \geq 0, \forall \alpha \in \{1, \ldots , N\}\right \}\right \}$


$\psi (\boldsymbol {\phi ,\mu }) = \sum _{\alpha =1}^{N} \psi ^\alpha (\boldsymbol {\mu }) {\textrm {h}}_\alpha (\boldsymbol {\phi })$


$\alpha $


\begin {align}\label {ieq4} \psi ^\alpha (\boldsymbol {\mu }) = f^\alpha (\boldsymbol {c}^\alpha (\boldsymbol {\mu })) - \sum _{i=1}^{K-1} \mu _i c_i^\alpha (\boldsymbol {\mu }), \quad \forall \alpha \in \left \{ {\textrm {1}}, \dots , {\textrm {N}} \right \},\end {align}
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$c^\alpha = \left \{ c_1^\alpha , c_2^\alpha , \dots , c_{\mathrm {K-1}}^\alpha \right \}$


$\alpha $


$f^\alpha \!\left (c^\alpha (\boldsymbol {\mu })\right ) = \sum _{i=1}^{K-1} f_i^\alpha \!\left (c_i^\alpha \right )$


\begin {align}f_i^\alpha \!\left (c_i^\alpha \right ) = A_i {\left [ c_i^\alpha (\mu _i) - c_{i,{\textrm {eq}}}^\alpha \right ]}^2, \qquad i \in \{{\textrm {Ni}},{\textrm {CGO}}\}. \label {eq:parabolic_free_energy}\end {align}
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\begin {align}\label {ieq5} \mu _i = \frac {\partial f^\alpha (c^\alpha )}{\partial c_i^\alpha } = \frac {\partial f^\beta (c^\beta )}{\partial c_i^\beta } = \frac {\partial f^N(c^N)}{\partial c_i^N}\end {align}


\begin {align}\label {ieq6} \frac {\partial \mu _i(\boldsymbol {x}, t)}{\partial t}={\left [\sum \limits _{\alpha =1}^N h_\alpha (\boldsymbol {\phi }) \frac {\partial c_j^\alpha (\boldsymbol {\mu })}{\partial \mu _i}\right ]}^{-1} {\left [\frac {\partial c_j(\boldsymbol {x}, t)}{\partial t}-\sum \limits _{\alpha =1}^N c_j^\alpha (\boldsymbol {\mu }) \frac {\partial h_\alpha (\boldsymbol {\phi }(\boldsymbol {x}, t))}{\partial t}\right ]}.\end {align}


$\phi _{\alpha }$


\begin {align}\label {ieq7} \epsilon \frac {\partial \phi _{\alpha }(x, t)} {\partial t}=\frac {1}{\tilde {N}} \sum _{\substack {\beta \neq \alpha }}^{N} m_{\alpha \beta }\left (\frac {\delta \Omega }{\delta \phi _{\beta }}-\frac {\delta \Omega }{\delta \phi _{\alpha }}\right ),\end {align}
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$l_c = \sqrt {B / (\gamma _{\alpha \beta } \, m_{\alpha \beta })}$


$l_c \ll {\pi ^2 \epsilon / 4}$


$\boldsymbol {\phi } = \left \{\phi _{\mathrm {\textit {Ni}}}, \phi _{\mathrm {\textit {CGO}}},\phi _{\mathrm {\textit {Pore}}}\right \}$


$\boldsymbol {c} = \left \{c_{{\textrm {Ni}}}, c_{{\textrm {CGO}}}\right \}$


$c_{\text {Pore}}=1-c_{{\textrm {Ni}}}-c_{{\textrm {CGO}}}$


\begin {align}\label {ieq8} \frac {\partial c_{i}(\boldsymbol {x}, t)}{\partial t}=-\boldsymbol {\nabla } \cdot \boldsymbol {j}_{i}, \quad i=1,\dots ,K-1\end {align}


$\boldsymbol {j}_{i}$


$i$


\begin {align}\label {ieq9} \boldsymbol {j}_{Ni} = -\frac {32}{\pi ^2 \varepsilon } \nabla \mu _{{\textrm {Ni}}} (M_{\textrm {Ni}}^{\textrm {NiPore}} \phi _{{\textrm {Ni}}} \phi _{{\textrm {Pore}}} + M_{\textrm {Ni}}^{\textrm {NiCGO}} \phi _{{\textrm {Ni}}} \phi _{{\textrm {CGO}}}),\end {align}


$M_{\textrm {Ni}}^{\textrm {NiPore}}$
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$D_{\textrm {Ni}}^{\textrm {NiPore}}$
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\begin {align}&M_{\textrm {Ni}}^{\textrm {NiPore}} = \frac {D_{\textrm {Ni}}^{\textrm {NiPore}} \delta _s V_m {(\Delta c_{{\textrm {Ni,eq}}}^\mathrm {Ni-Pore})}^2}{RT},\label {autoeq:1}\\ &M_{\textrm {Ni}}^{\textrm {NiCGO}} = \frac {D_{\textrm {Ni}}^{\textrm {NiCGO}} \delta _I V_m {(\Delta c_{{\textrm {Ni,eq}}}^\mathrm {Ni-CGO})}^2}{RT}.\label {autoeq:2}\end {align}


\begin {align}&M_{\textrm {Ni}}^{\textrm {NiPore}} = \frac {D_{\textrm {Ni}}^{\textrm {NiPore}} \delta _s V_m {(\Delta c_{{\textrm {Ni,eq}}}^\mathrm {Ni-Pore})}^2}{RT},\label {autoeq:1}\\ &M_{\textrm {Ni}}^{\textrm {NiCGO}} = \frac {D_{\textrm {Ni}}^{\textrm {NiCGO}} \delta _I V_m {(\Delta c_{{\textrm {Ni,eq}}}^\mathrm {Ni-CGO})}^2}{RT}.\label {autoeq:2}\end {align}
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$\Delta c_{{\textrm {Ni,eq}}}^\mathrm {Ni-Pore} = c_{\textrm {Ni,eq}}^{\textrm {Ni}} - c_{\textrm {Ni,eq}}^{\textrm {Pore}} = 0.8$


$\Delta c_{{\textrm {Ni,eq}}}^\mathrm {Ni-CGO} = c_{\textrm {Ni,eq}}^{\textrm {Ni}} - c_{\textrm {Ni,eq}}^{\textrm {CGO}} = 0.8$


$\boldsymbol {j}_{\boldsymbol {i}} \cdot \boldsymbol {n}=0 \forall i,\ x \in {\textrm {d}}{V}$


$\boldsymbol {n}$


$\boldsymbol {\nabla } \phi _{\alpha } \cdot \boldsymbol {n}=0$


$\left (M_{{\textrm {Ni}}}^{{\textrm {NiPore}}}\right )$


$1.73\times 10^{-31}~\mathrm {m^6/(J\,s)}$


$\left (M_{{\textrm {Ni}}}^{{\textrm {NiCGO}}}\right )$


$1.73\times 10^{-36}~\mathrm {m^6/(J\,s)}$


$\left (M_{{\textrm {CGO}}}^{{\textrm {CGOPore}}}\right )$


$7.55\times 10^{-36}~\mathrm {m^6/(J\,s)}$
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$1.73\times 10^{-42}~\mathrm {m^6/(J\,s)}$


$\left (\gamma _{{\textrm {NiPore}}}\right )$


$2.10~\mathrm {J/m^2}$


$\left (\gamma _{{\textrm {NiCGO}}}\right )$


$2.43~\mathrm {J/m^2}$


$\left (\gamma _{{\textrm {CGOPore}}}\right )$


$1.43~\mathrm {J/m^2}$
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$6.92\times 10^{-17}~\mathrm {m^4/(J\,s)}$


$\left (m_{{\textrm {NiCGO}}}\right )$


$6.92\times 10^{-17}~\mathrm {m^4/(J\,s)}$
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$6.92\times 10^{-17}~\mathrm {m^4/(J\,s)}$


$\left (\epsilon \right )$
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$2.1\times 10^{9}~\mathrm {J/m^3}$
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${\textrm {H}}_2\text {-}50\% \ / \ {\textrm {H}}_2{\textrm {O}}\text {-}50\%$


\begin {align}{\textrm {div}}\left ( \overline {\boldsymbol {\sigma }} \right ) = \boldsymbol {0}, \quad \overline {\boldsymbol {\sigma }} = \sum _{\alpha =1}^{N^\ast } \phi _{\alpha } \boldsymbol {\sigma }^{\alpha },\label {autoeq:3}\end {align}
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\begin {align}\boldsymbol {\varepsilon } = \sum _{\alpha =1}^{N^\ast } \phi _{\alpha }\boldsymbol {\varepsilon }^{\alpha }.\label {autoeq:4}\end {align}


$\boldsymbol {\varepsilon }^{\alpha }$


\begin {align}\boldsymbol {\varepsilon }^{\alpha } &= \boldsymbol {\varepsilon } + \sum _{\beta =1, \beta \neq \alpha }^{N^\ast } \phi _{\beta } \text {-}\!\text {[}\boldsymbol {\varepsilon }\text {]}\!\text {-}^{\alpha \beta },\label {autoeq:5}\end {align}
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$\text {-}\![\boldsymbol {\varepsilon }\text {]}\!\text {-}^{\alpha \beta } = \boldsymbol {\varepsilon }^\alpha - \boldsymbol {\varepsilon }^\beta $
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\begin {align}\boldsymbol {\varepsilon }^{\alpha } &= \boldsymbol {\varepsilon }^{{\textrm {el}}, \alpha } + \alpha ^{\alpha }_{\theta }\Delta \theta \boldsymbol {I}, \label {eq:eigenstrain_thermal}\end {align}
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$\Delta \theta = \theta - \theta ^{\alpha }_{{\textrm {ref}}}$
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\begin {align}& \boldsymbol {\sigma }^{\alpha } = {\mathbb { C}}^{\alpha }\left [ \boldsymbol {\varepsilon }^{{\textrm {el}}, \alpha }\right ] = {\mathbb { C}}^{\alpha }\left [ \boldsymbol {\varepsilon }^{\alpha } - \boldsymbol {\varepsilon }^{\theta , \alpha }\right ],\label {autoeq:6}\end {align}


${\mathbb { C}}^{\alpha }$


\begin {align}{\mathbb { C}}^{\alpha } = 3K^{\alpha } {\mathbb { P}}_1 + 2G^{\alpha } {\mathbb { P}}_2,\label {autoeq:7}\end {align}
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$16.00\times 10^{-6}$


$12.96\times 10^{-6}$
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\begin {align*}&\Xi _{\text {Ni}}= \{t\in \mathbb {R}^3: Z(t) \geq \lambda _Z \}, \\ &\Xi _{\text {P}} = \text {cl}(\{t\in \mathbb {R}^3: Y(t) \geq \lambda _Y \} \cap \Xi _\text {Ni}^\complement ),\\ &\Xi _{\text {CGO}} = \text {cl}({(\Xi _{\text {Ni}} \cup \Xi _{\text {P}})}^\complement ),\end {align*}
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$\lambda = 1,\dots ,6$


\begin {equation}{\textrm {CVF}} = \frac {1}{V_{\textrm {tot}}} \int _{V(\sigma _{\textrm {vM}} > \sigma _{\textrm {threshold}})} dV. \label {eq:cvf}\end {equation}
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\begin {align}&A_\text {Ni} = A_{\text {Ni-Pore}} + A_{\text {Ni-CGO}},\label {autoeq:9}\\ &A_\text {CGO} = A_{\text {CGO-Pore}} + A_{\text {Ni-CGO}},\label {autoeq:10}\\ &A_\text {Pore} = A_{\text {Ni-Pore}} + A_{\text {CGO-Pore}},\label {autoeq:11}\end {align}


\begin {align}&A_\text {Ni} = A_{\text {Ni-Pore}} + A_{\text {Ni-CGO}},\label {autoeq:9}\\ &A_\text {CGO} = A_{\text {CGO-Pore}} + A_{\text {Ni-CGO}},\label {autoeq:10}\\ &A_\text {Pore} = A_{\text {Ni-Pore}} + A_{\text {CGO-Pore}},\label {autoeq:11}\end {align}


\begin {align}&A_\text {Ni} = A_{\text {Ni-Pore}} + A_{\text {Ni-CGO}},\label {autoeq:9}\\ &A_\text {CGO} = A_{\text {CGO-Pore}} + A_{\text {Ni-CGO}},\label {autoeq:10}\\ &A_\text {Pore} = A_{\text {Ni-Pore}} + A_{\text {CGO-Pore}},\label {autoeq:11}\end {align}
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$\bar {\boldsymbol {\varepsilon }}^{1} = \varepsilon _0 \, \mathbf {e}_1 \otimes \mathbf {e}_1$


$\varepsilon _0$
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$\varepsilon _0 = 0.001$


$\boldsymbol {\sigma }^{\lambda }(\mathbf {x})$


\begin {align}\label {ieq10} \langle \boldsymbol {\sigma }^{\lambda } \rangle = \frac {1}{V} \int _V \boldsymbol {\sigma }^{\lambda }(\mathbf {x}) \, dV .\end {align}


$\langle \boldsymbol {\sigma }^{\lambda } \rangle \;=\; \bar {{\mathbb { C}}^{}} \, \bar {\boldsymbol {\varepsilon }}^{\lambda }.$


${\left ( \underline {\bar {\varepsilon }^{\lambda }} \right )}^{T}$


$\underline {(\bar {\varepsilon }^{\lambda })}^{T} \underline {(\bar {\varepsilon }^{\lambda })}$


$\underline {\bar {\varepsilon }^{\lambda }}$


$\bar {\boldsymbol {\varepsilon }}^{\lambda }$


$\varepsilon _0$


\begin {align}\underline {\underline {\bar {{\textrm {C}}}}}^{\lambda } \;=\; \frac { \underline {\langle \sigma ^{\lambda }\rangle } \, \underline {(\bar {\varepsilon }^{\lambda })}^{T}} {\underline {(\bar {\varepsilon }^{\lambda })}^{T} \underline {(\bar {\varepsilon }^{\lambda })}} . \label {C_beta}\end {align}


$\underline {\underline {\bar {{\textrm {C}}}}}$


${\mathbb { C}}^{}$


$\underline {\underline {\bar {{\textrm {C}}}^{\lambda }}}$


$\lambda $


$\underline {\underline {\bar {{\textrm {C}}}}}$


$\underline {\underline {\bar {{\textrm {C}}}^{\lambda }}}$


$\bar {{\mathbb { C}}^{}}$


$\underline {\bar {\varepsilon }}^{1} = {[\, \varepsilon _0,\; 0,\; 0,\; 0,\; 0,\; 0 \,]}^{\mathsf {T}}$


$\langle \underline {\sigma }^{1} \rangle $


$\bar {{\mathbb { C}}^{}}$


$\underline {\bar {\varepsilon }^\lambda }$


$\sqrt {2}$


\begin {align}\label {ieq11} \underline {\underline {\bar {{\textrm {C}}}}} \;=\; \sum _{\lambda =1}^{6} \underline {\underline {\bar {{\textrm {C}}}}}^\lambda .\end {align}


\begin {align}\label {ieq12} \frac {1}{E(\mathbf {d})} = \mathbf {d}\otimes \mathbf {d} \cdot \mathbb {S}[\mathbf {d}\otimes \mathbf {d}],\end {align}


$\mathbf {d}$


$\mathbb {S}$


\begin {align}&K_{Voigt} = \frac {C_{11}+C_{22}+C_{33} + 2(C_{12}+C_{13}+C_{23})}{9}, \label {eq:voigt-K}\\ &G_{Voigt} = \frac {C_{11}+C_{22}+C_{33} - (C_{12}+C_{13}+C_{23}) + 3(C_{44}+C_{55}+C_{66})}{15}. \label {eq:voigt-G}\end {align}


\begin {align}&K_{Voigt} = \frac {C_{11}+C_{22}+C_{33} + 2(C_{12}+C_{13}+C_{23})}{9}, \label {eq:voigt-K}\\ &G_{Voigt} = \frac {C_{11}+C_{22}+C_{33} - (C_{12}+C_{13}+C_{23}) + 3(C_{44}+C_{55}+C_{66})}{15}. \label {eq:voigt-G}\end {align}


\begin {align}&\frac {1}{K_{Reuss}} = S_{11}+S_{22}+S_{33}+2(S_{12}+S_{13}+S_{23}), \label {eq:reuss-K}\\ &\frac {1}{G_{Reuss}} = \frac {4}{15}\big (S_{11}+S_{22}+S_{33}-S_{12}-S_{13}-S_{23}\big ) + \frac {3}{15}(S_{44}+S_{55}+S_{66}). \label {eq:reuss-G}\end {align}


\begin {align}&\frac {1}{K_{Reuss}} = S_{11}+S_{22}+S_{33}+2(S_{12}+S_{13}+S_{23}), \label {eq:reuss-K}\\ &\frac {1}{G_{Reuss}} = \frac {4}{15}\big (S_{11}+S_{22}+S_{33}-S_{12}-S_{13}-S_{23}\big ) + \frac {3}{15}(S_{44}+S_{55}+S_{66}). \label {eq:reuss-G}\end {align}


\begin {align}\label {ieq13} K_{Hill} = \tfrac {1}{2}(K_{Voigt}+K_{Reuss}), \qquad G_{Hill} = \tfrac {1}{2}(G_{Voigt}+G_{Reuss}),\end {align}


\begin {align}\label {ieq14} {E}_{Hill} = \frac {9 K_{Hill} G_{Hill}}{3K_{Hill} + G_{Hill}}.\end {align}


$\alpha $


$80~^\circ {\textrm {C}}$


$800~^\circ {\textrm {C}}$


$3~\mathrm {K,\min ^{-1}}$


$0.5~\mathrm {L,\min ^{-1}}$


$0.125~\mathrm {L,\min ^{-1}}$


${\textrm {H}}_2/{\textrm {H}}_2{\textrm {O}}$


$1:1$


$800~^\circ {\textrm {C}}$


$650~^\circ {\textrm {C}}$


$600~^\circ {\textrm {C}}$


$900~^\circ {\textrm {C}}$


${\textrm {H}}_2/{\textrm {N}}_2$


$0.05:0.95$


$\Delta x=\Delta y=\Delta z=0.05~\mu $


$37.0~\mu {\textrm {m}}\times 28.15~\mu {\textrm {m}}\times 6.40~\mu {\textrm {m}}$


$6666~\mu {\textrm {m}}^3$


$\approx $


$0.65 \,{\upmu }{\textrm {m}}$


$0.86 \,{\upmu }{\textrm {m}}$


$1.65 \,{\upmu }{\textrm {m}}^{-1}$


$1.30 \,$


$1.36 \,{\upmu }{\textrm {m}}^{-1}$


$5000 \,{\textrm {hours}}$


$2 \,{\upmu }{\textrm {m}}^{-2}$


$1.2 \,{\upmu }{\textrm {m}}^{-2}$


$1.9 \,{\upmu }{\textrm {m}}^{-2}$


$1.08 \,{\upmu }{\textrm {m}}^{-2}$


$3.08 \,{\upmu }{\textrm {m}}^{-2}$


$1.78 \,{\upmu }{\textrm {m}}^{-2}$


$42\%$


$40 \,$


$E_{zz}$


$62.5 \,{\textrm {GPa}}$


$E_{xx}$


$E_{yy}$


$57 \,{\textrm {GPa}}$


$E_{xx}$


$E_{yy}$


$55 \,{\textrm {GPa}}$


$55.5 \,{\textrm {GPa}}$


$E_{zz}$


$57 \,{\textrm {GPa}}$


$I_A = {\max (E_{ii}) - \min (E_{ii})}/{\langle E_{ii}\rangle }$


$\langle E_{ii}\rangle $


$E_{xx}$


$E_{yy}$


$E_{zz}$


$43 \,{\textrm {GPa}}$


$40 \,{\textrm {GPa}}$


$39 \,{\textrm {GPa}}$


$41.5 \,{\textrm {GPa}}$


$39 \,{\textrm {GPa}}$


$\sim $


$\sim $


$39 \,{\textrm {GPa}}$


$40 \,{\textrm {GPa}}$


$(u_x,u_y,u_z)=(0,0,0)$


$u_z=0$


$u_n=0$


$\theta =700~^\circ {\textrm {C}}$


$\theta _{{\textrm {ref}}}=25~^\circ {\textrm {C}}$


$\Delta \theta =\theta -\theta _{{\textrm {ref}}}=675~{\textrm {K}}$


$\langle \sigma _{\textrm {vM}} \rangle = \frac {1}{V} \int _V \sigma _{\textrm {vM}}(\mathbf {x}) \, dV$


$1.15$


$1.19$


$\sim $


$t=0$


$t={35{{,}}000}$


$\sigma _{vm}$


$\sigma _{threshold}$


$\sigma _{threshold}=$


$1.19 \,{\textrm {GPa}}$


$\sigma _{{\textrm {threshold}}}=1.00$


$1.19$


$1.50~{\textrm {GPa}}$


$\sigma _{{\textrm {threshold}}}$


$0.33$


$0.37$


$y_i$


$\hat {y}_i$


$E_\text {Hill}$


$E_\text {Hill}$


$E_{{\textrm {Hill}}}$


$\delta _i$


$E_{Hill}$


$\delta _i$


$\delta _i$


$\delta _i$


$\delta _i$


\begin {align}\label {ieq2} a(\boldsymbol {\nabla } \boldsymbol {\phi })=-\sum _{\beta =2}^{N} \sum _{\alpha =1}^{\beta -1} \gamma _{\alpha \beta } \boldsymbol {\nabla } \phi _{\alpha } \cdot \boldsymbol {\nabla } \phi _{\beta },\end {align}


\begin {align}A_\alpha = \frac {1}{V} \int _V |\nabla \phi _\alpha | \, dV,\label {autoeq:8}\end {align}


\begin {align}\label {ieq15} \delta _i = 100 \times \frac {y_i - \hat {y}_i}{\hat {y}_i},\end {align}


$\sigma _{{\textrm {threshold}}}=1.00$


$1.19$


$1.50~{\textrm {GPa}}$


$\sigma _{{\textrm {threshold}}}=1.00~{\textrm {GPa}}$


$0.426$


$0.455$


$0.433$


$0.447$


$\sigma _{{\textrm {threshold}}}=1.19~{\textrm {GPa}}$


$0.331$


$0.369$


$0.336$


$0.361$


$\sigma _{{\textrm {threshold}}}=1.50~{\textrm {GPa}}$


$0.197$


$0.236$


$0.201$


$0.232$
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that, unlike YSZ, the ceria phase can conduct both O2– ions and elec­

trons to some extent, so the fuel oxidation reaction is not limited to 

the narrow TPB regions, it can also occur on the broader CGO surface 

in the presence of gas (double-phase boundary of CGO and pore) [5]. 

Consequently, Ni–CGO anodes tend to have lower polarization resistance 

and high activity even at 600–700◦C [4]. The mixed-conducting ceria 

phase also shows tolerance to sulfur poisoning and coking, improving 

durability in realistic fuel conditions [2].

Degradation mechanisms in Ni-based anodes. During operation, SOFC 

anodes undergo microstructural evolution that can degrade performance 

over time [6–8]. The Ni phase in Ni–CGO anodes is subject to similar 

degradation mechanisms as observed in Ni–YSZ anodes [9]. One pri­

mary mechanism is Ni coarsening (agglomeration) [2]. The Ni particles 

tend to sinter and grow in size under prolonged high-temperature reduc­

ing conditions. This coarsening reduces the overall Ni surface area and 

connectivity, and consequently diminishes the density of triple-phase 

boundary sites available for reaction [5]. For example, after long-term 

aging a Ni agglomeration can be observed, accompanied by a measur­

able decrease in TPB length density [10]. In Ni–CGO anodes aged for 

240 hours at 800◦C, the average Ni particle diameter was found to in­

crease from 0.91 to 1.04 µm, with a corresponding drop in TPB density 

from 1.82 to 1.55 µm−2 [5].

Another major degradation mode is redox cycling damage. Nickel 

is highly susceptible to oxidation if air infiltrates the anode (e.g., dur­

ing shutdown or fuel starvation) [11]. Upon oxidation to NiO, the Ni 

particles undergo a volumetric expansion of about 70% [12]. This large 

expansion/contraction during redox cycles imposes mechanical stresses 

that can crack the brittle ceramic scaffold and disrupt Ni–ceramic in­

terfaces [13,14]. For example, a study of Ni–YSZ anodes (analogous in 

structure to Ni–CGO) showed that after 20 redox cycles the TPB length 

was reduced by ≈ 77% and new micro-cracks and pores had formed, 

contributing to a decrease in the hardness and the elastic modulus by 

62% and 45%, respectively [13]. It should be noted that this study fo­

cuses only on isothermal degradation due to particle coarsening, and not 

on redox cycling damage.

Studies on mechanical properties of Ni-based anodes. The anode is part 

of the load-bearing structure in many SOFC designs (especially anode-

supported cells and metal-supported cells). Changes in its microstructure 

can affect its overall mechanical properties [15,16]. Despite extensive 

work on electrochemical performance and microstructural evolution in 

Ni–CGO anodes, direct, time-resolved measurements of the degradation 

of mechanical properties under steady, isothermal aging remain scarce. 

The few Ni–CGO mechanical datasets that do exist are either single-state 

characterizations or geometry-specific tests: micro-/nano-indentation on 

Ni–CGO anode pellets and burst tests on NiO–CGO micro-tubes [17], 

biaxial flexure of electrolyte-supported laminates showing a strength 

drop when a NiO/CGO fuel electrode is added [18], flexural strength 

of NiO–CGO anode-supported cells fabricated by gel-casting [19], and 

in-situ synchrotron X-ray diffraction on Ni–CGO cermets that reveal 

lattice-scale thermo-mechanical behavior [20]. Designs emphasizing 

redox robustness of Ni–CGO also report improved mechanical stabil­

ity under cycling, but these works target redox damage rather than 

isothermal coarsening [21]. Computational studies using reconstructed 

Ni–YSZ microstructures and porous-media models have further con­

firmed that elastic moduli decrease as porosity increases, consistent with 

Gibson–Ashby scaling laws [22–24]. To the best of our knowledge, no 

study has systematically tracked the directional elastic moduli or stress 

localization metrics of Ni–CGO as a function of isothermal aging time.

Originality. The literature establishes that Ni–CGO based anodes 

undergo microstructural degradation (e.g., Ni coarsening, TPB loss) 

and that the mechanical and electrochemical properties are generally 

strongly influenced by porosity and microstructural connectivity [25–

27]. However, few studies have investigated how the elastic modulus 

of Ni–CGO anodes degrades with isothermal aging, whether it exhibits 

anisotropy, and how mechanical reliability metrics (e.g., stress distribu­

tion) correlate with evolving geometric descriptors. This study aims to 

fill this gap in the literature by introducing a workflow that is capable 

of calculating different geometrical descriptors and effective mechanical 

properties.

Objective. In this study, we present a workflow implemented in 

Kadi4Mat [28,29] to analyze aging Ni–CGO microstructures and quan­

tify both geometrical and mechanical descriptors during aging. The 

study is based on one experimentally derived Ni–CGO microstructure, 

which is aged using the phase-field method [30–32] and complemented 

with stochastic microstructures generated from the same calibrated ag­

ing trajectory [33]. The phase-field method is used to simulate the 

physical mechanisms associated with isothermal coarsening, while the 

stochastic model provides realization-to-realization variability around 

the calibrated morphology. The scope of this work is to establish and 

demonstrate a reproducible workflow for coupling microstructure aging, 

descriptor calculation, and mechanical-property evaluation.

The workflow calculates phase radii distributions, specific surface 

areas, double-phase boundary density, TPB density, and volume frac­

tions. Furthermore, mechanical properties such as directional elastic 

moduli, the Hill average elastic modulus, von Mises stress distribu­

tions, and the critical volume fraction are calculated. By comparing the 

temporal evolution of these descriptors, the workflow enables the iden­

tification of potential microstructure–property relationships within the 

investigated dataset. Such relationships can provide insight into how 

coarsening-induced morphological changes affect mechanical degrada­

tion and may serve as a basis for future electrode optimization studies 

involving broader variations in composition, particle-size distribution, 

and statistically independent initial microstructures.

Outline. In Section 2 the numerical models used to produce the aged 

microstructures are presented. The workflow is outlined and described 

in Section 3. The simulation studies and their results are discussed in 

Section 4. Concluding remarks are given in Section 5.

2 . Numerical models

2.1 . Physics-based simulations

Multiphase-field model. A modeling approach is employed to capture 

the essential physical mechanisms of coarsening in Ni-CGO anodes, 

while maintaining computational efficiency. The model is based on the 

following assumptions: conservation of mass and volume, isotropic inter­

facial properties, as well as surface and interfacial diffusion as dominant 

mass transport pathways. Both Ni and CGO coarsening are considered 

primary degradation processes. Accordingly, this study focuses only on 

determining the effects of Ni and CGO coarsening on the microstructural 

evolution of the anode and, consequently, on the long-term performance 

of SOFCs.

A multiphase-field model centered on the grand-potential functional 

[34] together with a recent extension that accounts for surface self-

diffusion [35], is adopted to model the coarsening phenomena of nickel 

and CGO. The model formulation includes the grand-potential functional 

Ω of the system with volume 𝑉 , dependent on the order parameters 

𝝓 =
{

𝜙1, 𝜙2,… , 𝜙𝑁
}

 of 𝑁  phases and the volumetric chemical potentials 

𝝁 =
{

𝜇1, 𝜇2,… , 𝜇𝐾−1
}

 of 𝐾 − 1 components and reads

Ω(𝝓,𝛁𝝓,𝝁) = ∫𝑉
1
𝜖
𝑤(𝝓) + 𝜖𝑎(𝛁𝝓) + 𝜓(𝝓,𝝁) d𝑉 . (1)

Here, 𝑤(𝝓) , 𝑎(𝛁𝝓) and 𝜓(𝝓,𝝁) represent the potential, gradient and 

bulk terms respectively. With the scalar parameter 𝜖, the length scale 

is controlled and determines the diffuse interface width 𝛿 = 𝜖𝜋2∕4. The 

combined potential and gradient expressions according to the notation 

of [36] include the interfacial energy in the model and stabilize the 
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interfacial profile with a finite thickness. The gradient term [30] is 

expressed as

𝑎(𝛁𝝓) = −
𝑁
∑

𝛽=2

𝛽−1
∑

𝛼=1
𝛾𝛼𝛽𝛁𝜙𝛼 ⋅ 𝛁𝜙𝛽 , (2)

where 𝛾𝛼𝛽  denotes the interfacial energy between phases 𝛼 and 𝛽. An 

obstacle potential of the following form is chosen as

𝑤(𝝓) =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

16
𝜋2

𝑁
∑

𝛽=2

𝛽−1
∑

𝛼=1
𝛾𝛼𝛽 𝜙𝛼𝜙𝛽 , 𝝓 ∈ G,

∞, 𝝓 ∉ G,

(3)

with Gibbs simplex G =

{ 𝑁
∑

𝛼=1
𝜙𝛼 = 1 ∶

{

𝜙𝛼 ≥ 0,∀𝛼 ∈ {1,… , 𝑁}
}

}

.

Furthermore, the bulk grand-potential density is expressed as the in­

terpolation of the grand-potential densities of the individual phases, i.e., 

𝜓(𝝓,𝝁) =
∑𝑁
𝛼=1 𝜓

𝛼(𝝁)h𝛼(𝝓). The grand-potential density for phase 𝛼 is 

given as

𝜓𝛼(𝝁) = 𝑓 𝛼(𝒄𝛼(𝝁)) −
𝐾−1
∑

𝑖=1
𝜇𝑖𝑐

𝛼
𝑖 (𝝁), ∀𝛼 ∈ {1,… ,N} , (4)

where 𝑓 𝛼  is the bulk free energy of phase 𝛼 and depends on the phase-

specific compositions 𝑐𝛼 =
{

𝑐𝛼1 , 𝑐
𝛼
2 ,… , 𝑐𝛼K−1

}

.

For phase 𝛼, the free energy is written as the sum of the individual en­

ergetic contributions of the conserved species, 𝑓 𝛼(𝑐𝛼(𝝁)) =
∑𝐾−1
𝑖=1 𝑓 𝛼𝑖

(

𝑐𝛼𝑖
)

. 

In the present Ni–CGO system, the solid phases are treated as nearly pure 

phases with fixed equilibrium compositions. Therefore, the individual 

free-energy contributions are approximated by parabolic functions,

𝑓 𝛼𝑖
(

𝑐𝛼𝑖
)

= 𝐴𝑖
[

𝑐𝛼𝑖 (𝜇𝑖) − 𝑐
𝛼
𝑖,eq

]2
, 𝑖 ∈ {Ni,CGO}. (5)

Here, 𝐴𝑖 is a thermodynamic prefactor controlling the energetic penalty 

for deviations from the equilibrium composition and thereby the 

strength of the immiscibility between the phases. The values of 𝐴𝑖
are chosen sufficiently large to maintain volume conservation of the 

individual phases during coarsening. The quantity 𝑐𝛼𝑖,eq
 denotes the equi­

librium concentration of species 𝑖 in phase 𝛼. A local quasi-equilibrium 

assumption is used, where the condition

𝜇𝑖 =
𝜕𝑓 𝛼(𝑐𝛼)
𝜕𝑐𝛼𝑖

=
𝜕𝑓 𝛽 (𝑐𝛽 )

𝜕𝑐𝛽𝑖
=
𝜕𝑓𝑁 (𝑐𝑁 )
𝜕𝑐𝑁𝑖

(6)

is met. The evolution of the chemical potential is given as

𝜕𝜇𝑖(𝒙, 𝑡)
𝜕𝑡

=

[ 𝑁
∑

𝛼=1
ℎ𝛼(𝝓)

𝜕𝑐𝛼𝑗 (𝝁)

𝜕𝜇𝑖

]−1[
𝜕𝑐𝑗 (𝒙, 𝑡)
𝜕𝑡

−
𝑁
∑

𝛼=1
𝑐𝛼𝑗 (𝝁)

𝜕ℎ𝛼(𝝓(𝒙, 𝑡))
𝜕𝑡

]

. (7)

Following [30], the evolution equation of each phase-field 𝜙𝛼  is stated 

as

𝜖
𝜕𝜙𝛼(𝑥, 𝑡)

𝜕𝑡
= 1
𝑁̃

𝑁
∑

𝛽≠𝛼
𝑚𝛼𝛽

(

𝛿Ω
𝛿𝜙𝛽

− 𝛿Ω
𝛿𝜙𝛼

)

, (8)

where 𝑁̃  denotes the local number of phases, and the terms 𝛿∕
(

𝛿𝜙𝛼
)

and 𝛿∕
(

𝛿𝜙𝛽
)

 correspond to the variational derivative with respect to 𝜙𝛼
and 𝜙𝛽 . Furthermore, 𝑚𝛼𝛽  (in m4∕(J ⋅ s)) indicates the interface mobility 

of phases 𝛼 and 𝛽, which is defined as the kinetic coefficient controlling 

the rate of the phase-field evolution at the diffuse interface between 

the phases 𝛼 and 𝛽. It is distinct from the chemical mobilities used 

for surface and interfacial diffusion, which govern the conserved mass 

transport during coarsening (introduced below). In the present simu­

lations, 𝑚𝛼𝛽  was chosen such that interface attachment kinetics does 

not become the rate-limiting mechanism, so that the coarsening evo­

lution is governed by surface diffusion and interfacial diffusion along 

the Ni–CGO interface. This condition is satisfied by ensuring the char­

acteristic length scale associated with the attachment kinetics, defined 

as (𝑙𝑐 =
√

𝐵∕(𝛾𝛼𝛽 𝑚𝛼𝛽 )) being much smaller than the diffuse interfacial 

width, i.e., (𝑙𝑐 ≪ 𝜋2𝜖∕4) [35].

Three distinct order parameters 𝝓 =
{

𝜙Ni, 𝜙CGO, 𝜙Pore
}

 representing 

the nickel phase, the CGO phase, and the pore phase, respectively, are 

employed to model the porous Ni-CGO system. A set of two dimen­

sionless composition variables 𝒄 =
{

𝑐Ni, 𝑐CGO

}

 (mole fractions) with 

the composition of the porous phase 𝑐Pore = 1 − 𝑐Ni − 𝑐CGO enables the 

transport of each substance. The dimensionless, conserved composition 

fields evolve according to the conservation laws governing the system, 

expressed as

𝜕𝑐𝑖(𝒙, 𝑡)
𝜕𝑡

= −𝛁 ⋅ 𝒋𝑖, 𝑖 = 1,… , 𝐾 − 1 (9)

in which 𝒋𝑖 refers to the flux of the species 𝑖. Surface diffusion is typ­

ically assumed to be the dominant mechanism for mass transfer [10]; 

however, in contrast to Ni-YSZ anodes, Ni-CGO anodes show coarsening 

behavior for both Ni and CGO during isothermal aging. In that regard, 

this model incorporates both surface diffusion as well as diffusion along 

the interface between Ni and CGO. The flux density of Ni is given as 

𝒋𝑁𝑖 = − 32
𝜋2𝜀

∇𝜇Ni(𝑀NiPore
Ni

𝜙Ni𝜙Pore +𝑀NiCGO
Ni

𝜙Ni𝜙CGO), (10)

where 𝑀NiPore
Ni

 and 𝑀NiCGO
Ni

 are mobilities of Ni along the tangential di­

rection of the free nickel surface and along the Ni/CGO interface respec­

tively. These mobilities are directly related to the surface self-diffusivity 

𝐷NiPore
Ni

 and the interfacial self-diffusivity 𝐷NiCGO
Ni

 by 

𝑀NiPore
Ni

=
𝐷NiPore

Ni
𝛿𝑠𝑉𝑚(Δ𝑐Ni−PoreNi,eq

)2

𝑅𝑇
, (11a)

𝑀NiCGO
Ni

=
𝐷NiCGO

Ni
𝛿𝐼𝑉𝑚(Δ𝑐Ni−CGONi,eq

)2

𝑅𝑇
. (11b)

Here, 𝛿𝑠 and 𝛿𝐼  are the atomistic thicknesses of the surface and the in­

terface respectively, 𝑉𝑚 is the molar volume, 𝑅 is the ideal gas constant, 

and 𝑇  is the temperature. The model-specific composition differences 

Δ𝑐Ni−Pore
Ni,eq

 and Δ𝑐Ni−CGO
Ni,eq

 are defined as Δ𝑐Ni−Pore
Ni,eq

= 𝑐Ni
Ni,eq

− 𝑐Pore
Ni,eq

= 0.8
and Δ𝑐Ni−CGO

Ni,eq
= 𝑐Ni

Ni,eq
− 𝑐CGO

Ni,eq
= 0.8, respectively. The same formulations 

apply to CGO.

At the domain boundaries, zero-flux boundary conditions are im­

posed, whereby the boundaries are treated as isolating (i.e., 𝒋𝒊 ⋅ 𝒏 =
0∀𝑖, 𝑥 ∈ d𝑉 ), with 𝒏 denoting the normal to the domain boundary, 

implying no net flux across the boundary. Also, a perpendicular con­

tact condition is assumed for the order parameters (𝛁𝜙𝛼 ⋅ 𝒏 = 0), which 

ensures boundary normality of the order parameter gradient. A SIMD-

vectorized (Single Instruction, Multiple Data) solver is used for the 

multiphase-field simulations, the implementation of which is described 

in detail in Section 4.2 of [37]. A summary of the main parameters used 

in the multiphase-field simulations is given in Table 1.

Further details on the validation of the multiphase-field simulation 

results against experimental data of Ni-CGO anodes aged for 240 h, 

1100 h and the model parameters, representing the operating conditions 

of Ni-CGO at 900 ◦C under a gas composition of H2-50% ∕ H2O-50% can 

be found in [5,38].

Solid mechanics formulation within the MPFM framework. The temporal 

evolution of the elastic mechanical properties due to isothermal aging 

is one of the main objectives of the present work. Load simulations 

are therefore carried out on the aged microstructures at distinct time 
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Table 1 

Model parameters used in the multiphase-field simulations, adopted from [38].

Parameter (symbol) Value (units)

Ni surface chemical mobility 
(

𝑀NiPore
Ni

)

1.73 × 10−31 m6∕(J s)
Ni chemical mobility along the Ni/CGO interface 

(

𝑀NiCGO
Ni

)

1.73 × 10−36 m6∕(J s)
CGO surface chemical mobility 

(

𝑀CGOPore
CGO

)

7.55 × 10−36 m6∕(J s)
CGO chemical mobility along the Ni/CGO interface 

(

𝑀NiCGO
CGO

)

1.73 × 10−42 m6∕(J s)
Interfacial energy Ni/pore 

(

𝛾NiPore

)

2.10 J∕m2

Interfacial energy Ni/CGO 
(

𝛾NiCGO

)

2.43 J∕m2

Interfacial energy CGO/pore 
(

𝛾CGOPore

)

1.43 J∕m2

Interface mobility Ni/pore 
(

𝑚NiPore

)

6.92 × 10−17 m4∕(J s)
Interface mobility Ni/CGO 

(

𝑚NiCGO

)

6.92 × 10−17 m4∕(J s)
Interface mobility CGO/pore 

(

𝑚CGOPore

)

6.92 × 10−17 m4∕(J s)
Interface width parameter (𝜖) 100 nm

Thermodynamic prefactor for Ni 
(

𝐴Ni

)

2.1 × 108 J∕m3

Thermodynamic prefactor for CGO 
(

𝐴CGO

)

2.1 × 109 J∕m3

Equilibrium composition of Ni in Ni 
(

𝑐Ni
Ni,eq

)

90 mol%

Equilibrium composition of Ni in CGO 
(

𝑐CGO
Ni,eq

)

10 mol%

Equilibrium composition of Ni in pore 
(

𝑐Pore
Ni,eq

)

10 mol%

Equilibrium composition of CGO in Ni 
(

𝑐Ni
CGO,eq

)

10 mol%

Equilibrium composition of CGO in CGO 
(

𝑐CGO
CGO,eq

)

90 mol%

Equilibrium composition of CGO in pore 
(

𝑐Pore
CGO,eq

)

10 mol%
Atomistic thickness of the surface 

(

𝛿𝑠
)

0.1 nm

Atomistic thickness of the interface 
(

𝛿𝐼
)

0.1 nm

increments. In this regard, a quasi-static, small-strain solid mechanics 

formulation is employed, and body forces are neglected. The mechani­

cal response is assumed to be linear elastic, so that the calculated stresses 

represent the instantaneous elastic response of the microstructure under 

the prescribed boundary conditions and thermal-expansion mismatch. 

Time-dependent relaxation mechanisms such as creep, viscoplasticity, 

interfacial sliding, damage evolution, and fracture are not included. This 

assumption enables a consistent comparison of the relative influence of 

coarsening-induced morphological changes on the effective stiffness and 

stress localization, but the resulting local stress values should not be 

interpreted as long-term residual stresses under SOFC operating condi­

tions. At elevated operating temperatures, stress relaxation may reduce 

local stress concentrations over time [39].

The balance of linear momentum is therefore expressed as

div
(

𝝈
)

= 𝟎, 𝝈 =
𝑁∗
∑

𝛼=1
𝜙𝛼𝝈𝛼 , (12)

cf. [40], where 𝝈 denotes the interpolated Cauchy stress calculated from 

the phase-specific stresses 𝝈𝛼 , and 𝜙𝛼  represents the order parameter of 

phase 𝛼. The infinitesimal strain tensor 𝜺 is interpolated analogously as

𝜺 =
𝑁∗
∑

𝛼=1
𝜙𝛼𝜺𝛼 . (13)

Following the jump condition approach [41–43], the local phase 

strain 𝜺𝛼  can be written as

𝜺𝛼 = 𝜺 +
𝑁∗
∑

𝛽=1,𝛽≠𝛼
𝜙𝛽 -[𝜺]-𝛼𝛽 , (14)

where -[𝜺]-𝛼𝛽  denotes the strain jump across diffuse interfaces between 

phases 𝛼 and 𝛽 given by -[𝜺]-𝛼𝛽 = 𝜺𝛼 − 𝜺𝛽 . Under the small strain assump­

tion, the phase-specific strain 𝜺𝛼  is decomposed additively into an elastic 

part 𝜺el,𝛼  and a thermal expansion contribution 𝜺𝜃,𝛼 ,

𝜺𝛼 = 𝜺el,𝛼 + 𝛼𝛼𝜃Δ𝜃𝑰 , (15)

with 𝛼𝛼𝜃  being the isotropic coefficient of thermal expansion of phase 𝛼, 

Δ𝜃 the temperature difference with respect to the reference temperature 

(Δ𝜃 = 𝜃 − 𝜃𝛼
ref

), and 𝑰  the second-order identity tensor.

Table 2 

Material properties of the individual phases used in the mechanical 

simulations.

Phase Elastic modulus 

𝐸 (GPa)

Poisson’s ratio 𝜈 Thermal expansion 𝛼𝜃
(K−1)

Ni 200 [44] 0.31 [44] 16.00 × 10−6 [45]

CGO 120 [46] 0.33 [46] 12.96 × 10−6 [47]

The corresponding phase-specific stresses follow from Hooke’s law 

in each phase,

𝝈𝛼 = ℂ𝛼
[

𝜺el,𝛼
]

= ℂ𝛼
[

𝜺𝛼 − 𝜺𝜃,𝛼
]

, (16)

where ℂ𝛼  denotes the phase-specific stiffness tensor. Assuming isotropic 

elasticity for each phase, it is expressed as

ℂ𝛼 = 3𝐾𝛼ℙ1 + 2𝐺𝛼ℙ2, (17)

with 𝐾𝛼  and 𝐺𝛼  representing the bulk and shear moduli, respectively. 

The projection tensors are defined as ℙ1 = 1∕3𝑰 ⊗ 𝑰  and ℙ2 = 𝕀S − ℙ1
where 𝕀S is the symmetric fourth-order identity tensor.

In the mechanical simulations, the pore phase was assigned a small 

finite elastic stiffness of 𝐸pore = 1 Pa and 𝜈pore = 0.33 to avoid singu­

larities in the stiffness matrix. Since this stiffness is several orders of 

magnitude lower than the stiffness of Ni and CGO, the pore phase con­

tributes negligibly to the load-bearing response and acts mechanically as 

a near-void phase. The material properties used in this study are shown 

in Table 2.

2.2 . Stochastic simulations

Overview of the stochastic microstructure model. In this section, the 

stochastic microstructure model of [33] is briefly introduced. Therefore, 

two stochastically independent and motion invariant Gaussian random 

fields {𝑋(𝑡), 𝑡 ∈ ℝ3} and {𝑌 (𝑡), 𝑡 ∈ ℝ3} with covariance functions 𝜌𝑋 , 𝜌𝑌 ∶
[0,∞) → ℝ are used. More precisely, the covariance functions are as­

sumed to be 𝜌𝑋 (ℎ) = exp(−(𝛼𝑋ℎ)
𝛽𝑋 ) and 𝜌𝑌 (ℎ) = exp(−(𝛼𝑌 ℎ)

𝛽𝑌 ) for ℎ > 0, 

where 𝛼𝑋 , 𝛼𝑌 ∈ (0,∞) and 𝛽𝑋 , 𝛽𝑌 ∈ (0, 2) [48]. In addition, we assume 

that X and Y are standardized, i.e., we assume that 𝔼𝑋(𝑡) = 𝔼𝑌 (𝑡) = 0
and 𝑉 𝑎𝑟(𝑋(𝑡)) = 𝑉 𝑎𝑟(𝑌 (𝑡)) = 1 for all 𝑡 ∈ ℝ3 However, a Gaussian ran­

dom field is not suitable to accurately model the nickel phase of the 

considered SOFC anodes. That is why a 𝜒2-field {𝑍(𝑡), 𝑡 ∈ ℝ3} with two 

degrees of freedom based on the Gaussian field 𝑋 is used. Formally, it 

holds 𝑍(𝑡) = 𝑋2
1 (𝑡) + 𝑋

2
2 (𝑡) for all 𝑡 ∈ ℝ3, where 𝑋1 and 𝑋2 are two in­

dependent copies of 𝑋. The covariance function of 𝑍 is then given by 

𝜌𝑍 (ℎ) = 4𝜌𝑋 (ℎ)
2 for all ℎ > 0 [49]. The two random fields 𝑍 and 𝑌

are used to model the three phases with so-called excursion sets [50]. 

Therefore, the two threshold parameters 𝜆𝑍 , 𝜆𝑌 ∈ ℝ are used. More 

precisely, the model is given by

ΞNi = {𝑡 ∈ ℝ3 ∶ 𝑍(𝑡) ≥ 𝜆𝑍},

ΞP = cl({𝑡 ∈ ℝ3 ∶ 𝑌 (𝑡) ≥ 𝜆𝑌 } ∩ Ξ∁
Ni),

ΞCGO = cl((ΞNi ∪ ΞP)
∁),

where 𝑐𝑙 denotes the topological closure and ∁ denotes the complement 

of a set. Note that the set ΞNi models the nickel phase, while ΞCGO and 

ΞP model the CGO phase and pore space, respectively.

Parameters of the stochastic microstructure model. This stochastic mi­

crostructure model exhibits a six-dimensional parameter vector 𝜃 =
(𝜆𝑍 , 𝜆𝑌 , 𝛼𝑋 , 𝛼𝑌 , 𝛽𝑋 , 𝛽𝑌 ), which is fitted with analytical formulas to the 3D 

microstructure obtained from the phase-field model simulations. More 

details on the fitting procedure can be found in [33]. Afterwards, an 

exponential regression is performed on each model parameter evolu­

tion over time, to obtain a time-dependent 3D microstructure model; 
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Fig. 1. Schematic representation of the workflow, implemented and used in this work, to run the mechanical simulations, calculate the geometrical descriptors and 

determine the effective mechanical properties.

see [33]. This time-dependent model is used to generate time series of 

the 3D microstructure of SOFC anodes. To ensure the continuity of the 

model realizations over time, a random seed is chosen and fixed after­

wards for the entire time series. By setting a specific seed value, the 

pseudo-random number generator is initialized with a defined starting 

point, resulting in an identical sequence of random numbers each time 

the code is executed. Thus, the change in the microstructure over time 

is only influenced by the change in the model parameters.

3 . Workflow

Overview. The workflow was implemented in KadiStudio, the work­

flow editor of the Kadi4Mat research data infrastructure. KadiStudio 

enables the design of modular, automated workflows that adhere to FAIR 

(Findable, Accessible, Interoperable, Reusable) data principles [29,51]. 

A schematic overview of the developed workflow is shown in Fig. 1, 

while the implementation in KadiStudio is illustrated in Fig. A.1.

The workflow begins with importing anode microstructures, either 

from local storage or directly from the Kadi4Mat repository. After pre-

processing, the microstructures are prepared for mechanical load simula­

tions, which provide the effective stiffness and other effective properties. 

Subsequently, geometrical descriptors and performance-related metrics 

are computed. The resulting datasets are stored locally and uploaded 

to Kadi4Mat, ensuring long-term accessibility and reproducibility. This 

procedure is repeated for all microstructures under investigation.

3.1 . Pre- and processing nodes

Preprocessing. The pre-processing stage of the workflow manages 

the import, preparation, and format conversion of microstructures for 

subsequent analysis. As illustrated in Fig. 1, the input nodes can ac­

cess data from multiple sources, including local directories and the 

Kadi4Mat repository. The input data can include both aged and pristine 

microstructures.

Since the subsequent mechanical and geometrical analyses are 

executed the workflow manages the import within the Phase-

field Algorithms for Computational Engineering (PACE3D) [52] 

environment,1 each imported dataset must first be converted to the 

PACE3D format. This is accomplished through a Python-based conver­

sion script that reads the original data, typically provided as .npy arrays 

or .tiff image stacks, and transforms them into scalar fields compatible 

with the PACE3D software. During this step, the corresponding simula­

tion input files are also generated automatically, defining the material 

parameters, phase identifiers, and boundary conditions required for the 

mechanical load simulations that follow.

Processing nodes. Once pre-processing is complete, the workflow ad­

vances to the processing stage, where the converted microstructures and 

their associated input files are passed to simulation nodes that perform 

the mechanical load calculations. For each aged microstructure, a loop 

over the temporal frames is executed, and within each frame, six inde­

pendent uniaxial loading cases (𝜆 = 1,… , 6) are applied sequentially to 

compute the anisotropic elastic response of the material. An additional 

loading case is performed to extract further mechanical characteristics 

relevant to this study, such as the average von Mises stress and the crit­

ical volume fraction (Eq. 28). All simulations are performed using the 

PACE3D software. These simulations act as the basis for all subsequent 

analyses.

3.2 . Post-processing nodes

Geometrical descriptors. The workflow integrates methods to compute 

geometric descriptors of the microstructure, such as phase volume 

fractions, median particle diameter from the continuous particle size dis­

tribution, specific surface areas (SSAs), and triple phase boundary (TPB) 

density. Particle sizes are quantified using the continuous sphere-fitting 

method following Münch and Holzer [53], which fills the phase volume 

with overlapping spheres of varying diameters. This technique has been 

used successfully in experimental measurements of SOFC anodes [54]. It 

provides the cumulative distribution that decreases from unity to zero as 

sphere diameter increases. The median particle size (𝑑50) is then defined 

1 Formerly named as Parallel Algorithms for Crystal Evolution in 3D.
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at the 50% point of the cumulative distribution. TPB density is deter­

mined by a skeletonization algorithm that identifies intersection voxels, 

reduces them to a one-voxel-thick network, and smooths the resulting 

skeleton to minimize discretization effects [55]. The SSA, 𝐴𝛼  of a given 

phase 𝛼, is evaluated from its order parameter field 𝜙𝛼  by integrating 

the magnitude of its gradient over the simulation volume, i.e.,

𝐴𝛼 = 1
𝑉 ∫𝑉

|∇𝜙𝛼| 𝑑𝑉 , (18)

where 𝑉  denotes the total volume. From these quantities, the interfacial 

areas 𝐴𝛼−𝛽  between different phase pairs (𝛼, 𝛽) can be obtained by solv­

ing a linear system that relates the total surface area of each phase to 

the sum of its pairwise interfaces. For example, in a three-phase system 

consisting of Ni, CGO, and pores, the relations 

𝐴Ni = 𝐴Ni-Pore + 𝐴Ni-CGO, (19a)

𝐴CGO = 𝐴CGO-Pore + 𝐴Ni-CGO, (19b)

𝐴Pore = 𝐴Ni-Pore + 𝐴CGO-Pore, (19c)

hold. Particular emphasis is placed on the CGO–pore interface. Owing 

to the mixed ionic–electronic conductivity of CGO, the entire CGO 

surface in contact with pores can participate in electrochemical reac­

tions, making this descriptor highly relevant for electrical performance. 

All methods were implemented within the PACE3D framework and 

validated against established benchmarks [56].

Method of obtaining the directional elastic moduli. Since the fully re­

solved microstructure is available, a numerical homogenization is pre­

ferred over analytical mean field methods [57]. In this regard, the 

effective stiffness tensor ℂ̄ is obtained by a strain-controlled numeri­

cal homogenization scheme based on six independent macroscopic load 

cases corresponding to the 6 components of the normed Voigt nota­

tion [58]. I.e., for 𝜆 = 1,… , 6, a prescribed macroscopic strain 𝜺̄𝜆 is 
imposed, such that 𝐮 = 𝜺̄𝜆𝒙 ∈ 𝛿Ω holds true. For example, for 𝜆 = 1, 

the corresponding macroscopic strain is given by 𝜺̄1 = 𝜀0 𝐞1 ⊗ 𝐞1, with 

the strain amplitude 𝜀0 in the 11 direction. In this work, a strain ampli­

tude 𝜀0 = 0.001 is chosen in order to remain within the constraints of 

the small strain assumption. The corresponding boundary value prob­

lem of linear elasticity is solved yielding the stress field 𝝈𝜆(𝐱). The 

volume-averaged macroscopic stress response is then computed as

⟨𝝈𝜆⟩ = 1
𝑉 ∫𝑉

𝝈𝜆(𝐱) 𝑑𝑉 . (20)

The homogenized constitutive relation can be expressed as ⟨𝝈𝜆⟩ = ℂ̄ 𝜺̄𝜆.
For the numerical homogenization scheme, the normed Voigt notation 

is used. To extract the stiffness contributions from each load case, both 

sides are multiplied by 
(

𝜀̄𝜆
)𝑇

 and normalized by (𝜀̄𝜆)𝑇 (𝜀̄𝜆) , with 𝜀̄𝜆 de­

noting the Voigt representation of 𝜺̄𝜆. This removes the dependence on 

the chosen strain amplitude 𝜀0 and yields

C̄
𝜆 =

⟨𝜎𝜆⟩ (𝜀̄𝜆)𝑇

(𝜀̄𝜆)𝑇 (𝜀̄𝜆)
. (21)

Here, C̄ denotes the matrix representation of the stiffness tensor ℂ in 

normed Voigt notation. In this context, C̄
𝜆
 refers to the matrix represen­

tation of the 𝜆th column of C̄ obtained by evaluating Eq. (21). Thus, each 

C̄
𝜆
 corresponds to a partial stiffness matrix that contributes a single col­

umn to ℂ̄. For example, if the applied strain is 𝜀̄1 = [ 𝜀0, 0, 0, 0, 0, 0 ]
𝖳, 

then the averaged stress response ⟨𝜎1⟩ provides the first column of ℂ̄. 

Analogously, shear load cases with 𝜀̄𝜆 nonzero in only one shear compo­

nent contribute the corresponding shear columns, with the conventional 
√

2 normalization [59].

The complete effective stiffness tensor is finally assembled as the sum 

of the contributions from the six load cases, i.e.,

C̄ =
6
∑

𝜆=1
C̄
𝜆. (22)

Following Böhlke and Brüggemann [60], the elastic modulus body 

can be plotted from the homogenized stiffness tensor and the directional 

elastic moduli can be extracted therefrom [60] using

1
𝐸(𝐝)

= 𝐝⊗ 𝐝 ⋅ 𝕊[𝐝⊗ 𝐝], (23)

where 𝐝 is the normalized direction vector and 𝕊 is the compliance 

matrix. This allows the calculation of the elastic moduli of any mi­

crostructure regardless of the material symmetry group.

In addition to these directional values, an isotropic equivalent mod­

ulus was computed by projecting the anisotropic tensor onto isotropic 

Voigt and Reuss bounds and averaging them in the sense of Hill [61]. 

The Voigt estimates for bulk and shear moduli are 

𝐾𝑉 𝑜𝑖𝑔𝑡 =
𝐶11 + 𝐶22 + 𝐶33 + 2(𝐶12 + 𝐶13 + 𝐶23)

9
, (24a)

𝐺𝑉 𝑜𝑖𝑔𝑡 =
𝐶11 + 𝐶22 + 𝐶33 − (𝐶12 + 𝐶13 + 𝐶23) + 3(𝐶44 + 𝐶55 + 𝐶66)

15
. (24b)

While the Reuss bounds follow from the compliance tensor as 

1
𝐾𝑅𝑒𝑢𝑠𝑠

= 𝑆11 + 𝑆22 + 𝑆33 + 2(𝑆12 + 𝑆13 + 𝑆23), (25a)

1
𝐺𝑅𝑒𝑢𝑠𝑠

= 4
15

(

𝑆11 + 𝑆22 + 𝑆33 − 𝑆12 − 𝑆13 − 𝑆23
)

+ 3
15

(𝑆44 + 𝑆55 + 𝑆66).

(25b)

The Hill averages are then

𝐾𝐻𝑖𝑙𝑙 =
1
2 (𝐾𝑉 𝑜𝑖𝑔𝑡 +𝐾𝑅𝑒𝑢𝑠𝑠), 𝐺𝐻𝑖𝑙𝑙 =

1
2 (𝐺𝑉 𝑜𝑖𝑔𝑡 + 𝐺𝑅𝑒𝑢𝑠𝑠), (26)

the effective isotropic elastic modulus is obtained as

𝐸𝐻𝑖𝑙𝑙 =
9𝐾𝐻𝑖𝑙𝑙𝐺𝐻𝑖𝑙𝑙

3𝐾𝐻𝑖𝑙𝑙 + 𝐺𝐻𝑖𝑙𝑙
. (27)

It should be noted that these Voigt–Reuss–Hill estimates provide an 

isotropic projection of the generally anisotropic effective stiffness tensor, 

and are therefore used here only as scalar indicators to compare the 

overall stiffness level across aging states.

4 . Results and discussions

Acquisition and reconstruction of the experimental 3D microstructure. The 

initial phase-field microstructure used in this work was obtained from 

an experimentally reconstructed three-dimensional Ni–CGO anode mi­

crostructure reported in [38]. The underlying symmetrical cells were 

fabricated at Forschungszentrum Jülich GmbH and consisted of an 8YSZ 

electrolyte with CGO interlayers. The CGO interlayers were prepared 

from CGO powder, using 𝛼-terpineol as dispersion medium and ethylcel­

lulose as transport medium. The NiO/CGO functional layer was prepared 

analogously from CGO and NiO powders mixed in a 50:50 wt.% ra­

tio. A NiO contact layer was subsequently screen-printed on top of 

the functional layer and dried overnight at 80 ◦C. The electrochemi­

cal testing and aging treatment were performed at Karlsruhe Institute 

of Technology. The cells were first heated to 800 ◦C in nitrogen with 

a heating rate of 3 K,min−1 and were then reduced stepwise using 

hydrogen/nitrogen mixtures. After establishing a gas composition cor­

responding to humidified hydrogen, generated from a hydrogen flow 

of 0.5 L,min−1 and an oxygen flow of 0.125 L,min−1 in the upstream 

burner, the resulting H2∕H2O ratio was 1 ∶ 1. The cells were character­

ized by electrochemical impedance spectroscopy at 800 ◦C, 650 ◦C, and 
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Fig. 2. Representative three-dimensional Ni–CGO anode microstructures at the initial state and after 35,000 h of aging. The upper row shows the phase-field 

microstructure, while the lower row shows a stochastic realization. Ni is shown in purple and CGO in yellow. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.)

600 ◦C. Subsequently, the furnace temperature was increased such that 

the cell temperature reached 900 ◦C, and the aging experiments were car­

ried out under humidified open-circuit-voltage conditions. Continuous 

impedance measurements were performed during aging in order to mon­

itor the cell performance while maintaining electrochemical symmetry 

of the two electrodes. Three cells from the same production batch were 

considered: one reduced but unaged pristine cell, one cell aged for 

240 h, and one cell aged for 1100 h. After operation, the cells were 

cooled to room temperature in a reducing H2∕N2 atmosphere with a 

ratio of 0.05 ∶ 0.95. The pristine and aged Ni–CGO anode microstruc­

tures were reconstructed by FIB–SEM tomography. The pores were first 

infiltrated with electrically conductive epoxy resin, followed by metal­

lographic sectioning and focused-ion-beam preparation. A Plasma-FIB 

system was then used to acquire a sequence of SEM images and mate­

rial slices, resulting in three-dimensional grayscale image stacks. These 

image stacks were denoised using a Split-Bregman optimization method 

and segmented by a watershed algorithm. To obtain reliable watershed 

seeds, threshold values were extracted from the grayscale histogram, 

and markers close to high-gradient regions and ridge-like features were 

removed using a Meijering-filter-based procedure. The resulting phase-

resolved three-dimensional reconstructions of the pristine, 240 h aged, 

and 1100 h aged states were used for model initialization and validation 

in [5].

Microstructures used. For the present analysis, six aged microstructures 

were considered. These include one aging simulation obtained with the 

MPFM, as well as five realizations generated by a stochastic reconstruc­

tion model to account for statistical variability. The initial phase-field 

microstructure used in this work was obtained from the experimen­

tally reconstructed three-dimensional Ni-CGO anode microstructure. 

The phase-field simulation was run to a total aging time of 35,000 h 

and subsequently employed as input for calibrating the stochastic model 

parameters. This procedure has been described in detail in Weber 

et al. [33]. Thus, the phase-field simulation offers a physical basis for 

understanding microstructural coarsening, whereas the stochastic real­

izations enhance the statistical assessment of the derived geometric and 

mechanical descriptors.

Representative three-dimensional microstructures obtained from the 

phase-field simulation and the stochastic model are shown in Fig. 2 for 

the initial state and after 35,000 h of aging, with Ni shown in pur­

ple and CGO in yellow. The phase-field microstructure was based on 

the experimentally reconstructed FIB–SEM domain with a voxel size 

of Δ𝑥 = Δ𝑦 = Δ𝑧 = 0.05 𝜇m and physical dimensions of approxi­

mately 37.0 𝜇m × 28.15 𝜇m × 6.40 𝜇m, corresponding to a total volume 

of about 6666 𝜇m3. The stochastic realizations were generated with the 

same voxel size, domain dimensions and total domain volume. These 

domains were used as representative volume elements for the calculation 

of geometrical descriptors and effective mechanical properties.

The following sections present a systematic evaluation of these mi­

crostructures in terms of their geometrical characteristics and effective 

mechanical properties. For brevity, only the geometrical descriptors that 

are used in the subsequent evaluations in Section 4.3 are presented here.

Remark. The phase-field model used in this work was previously 

validated against experimentally aged Ni–CGO microstructures up to 

1100 h, as reported in [38]. In the present study, the same model 

is applied to simulate aging up to 35,000 h. This long-term simula­

tion therefore represents an extrapolation beyond the experimentally 

validated time interval. The extrapolation is based on the assumption 

that the dominant mechanisms identified within the validated range, 

namely volume-conserving coarsening driven by surface and interfa­

cial diffusion under isothermal conditions, remain active throughout 

the considered aging period. The aging duration of 35,000 h was cho­

sen because it is comparable to technologically relevant SOFC operating 

timescales (e.g., [62]). Direct experimental validation over such dura­

tions was not feasible within the scope of the present work. Similar 

model-based extrapolations to long aging or operating times have been 

employed in previous SOFC degradation studies  [63,64].
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Fig. 3. Evolution of pore microstructural descriptors during aging for phase-field (solid lines) and the five realizations of the stochastic model (dashed lines): (a) volume 

fraction, (b) mean diameter, and (c) specific surface area. SD: Standard deviation.

4.1 . Evolution of selected geometrical descriptors

Pore microstructural properties. Fig. 3 summarizes the evolution of 

the three key pore descriptors during aging, namely volume fraction, 

mean diameter, and specific surface area. The pore volume fraction 

(Fig. 3a) remains within a narrow range throughout the aging process 

for both methods. In the phase-field simulation, which is calibrated with 

a free-energy coefficient to preserve phase volumes [35], the porosity 

stabilizes at approximately 36.6%. The stochastic microstructures ex­

hibit a wider spread across realizations, spanning roughly from 36.4% 

to 37.0%. While these variations are small in absolute terms, porosity 

directly reduces the load-bearing cross-section, so even modest differ­

ences could contribute to some scatter in the computed effective elastic 

properties. The porosity variations in the stochastic model remain far 

below variations encountered in redox cycling scenarios, where Ni ox­

idation to NiO induces approximately 70% volumetric expansion with 

severe consequences for mechanical integrity [13].

The mean pore diameter (Fig. 3b) increases monotonically, reflect­

ing the coarsening of the pore network during aging. Both models 

show very similar values and trend characteristics. The average pore 

diameter grows from ≈0.65µm to approximately 0.86µm over the full 

aging duration. This coarsening is mirrored by a steady decline in the 

pore specific surface area (Fig. 3c), which decreases from 1.65µm−1 to 

1.30 – 1.36µm−1. The steepest changes in both quantities occur within 

the first 5000hours, after which the coarsening rate progressively di­

minishes. This decelerating trend is characteristic of diffusion-controlled 

Ostwald ripening, where the driving force for further coarsening de­

creases as the curvature differences between particles diminish [65].

Triple phase boundary density. The triple phase boundary density is 

one of the most critical descriptors for SOFC anodes, as it quantifies 

the length of lines where the three phases Ni, CGO, and pores coexist 

and thereby defines the number of electrochemical reaction sites [66]. 

As has been investigated in the literature [66–68], TPB density shows 

a pronounced decline during aging, as shown in Fig. 4. In the phase-

field simulation, TPB density decreases from an initial value of 2µm−2

to about 1.2µm−2, corresponding to a reduction of nearly 39%. A sim­

ilar trend is observed for the stochastic model realizations, where the 

initial values around 1.9µm−2 drop to around 1.08µm−2, amounting to 

a loss of roughly 43%. The predicted TPB degradation is consistent with 

the limited available long-term experimental observations for Ni–CGO 

anodes. Zekri et al. [10] investigated porous Ni/CGO anodes after opera­

tion times up to 20,000 h using FIB tomography and reported a decrease 

in TPB density from 3.08µm−2 to 1.78µm−2, corresponding to a reduc­

tion of approximately 42% after 20,000 hours of aging. In their study, the 

TPB density decreased strongly within the first 2500 h and then contin­

ued to decline more gradually up to 20,000 h. This behavior is consistent 

with the present simulations, where the TPB density decreases most 

Fig. 4. Evolution of the triple phase boundary density during aging for the phase-

field (solid line) and the five realizations of the stochastic model (dashed lines). 

SD: Standard deviation.

strongly during the early aging period and subsequently approaches a 

slower long-term degradation rate. This reduction closely mirrors the 

previously observed increases in mean particle diameter and decreases 

in SSA. This is consistent with previous considerations from the liter­

ature, where an increase in grain size leads to a decrease in the TPB 

density [69,70]. From a functional perspective, the decline in TPB den­

sity directly translates into reduced electrochemical activity and higher 

polarization resistance [71]. A reduction of 40  – 43% in TPB density 

implies that nearly half of the active sites vanish during the simulated 

aging.

4.2 . Effect of aging on effective mechanical properties

Elastic modulus. The boundary conditions and homogenization proce­

dure for the determination of the effective directional elastic moduli and 

the Hill average are described in detail in Section 3.2.

Fig. 5(a) shows the evolution of the directional elastic moduli for the 

phase-field microstructure. The initial response is notably anisotropic, 

where 𝐸𝑧𝑧 starts at approximately 62.5GPa, while 𝐸𝑥𝑥 and 𝐸𝑦𝑦 begin 

at around 58 and 57GPa, respectively. All three directions undergo a 

steep reduction within the first 5000 hours, after which 𝐸𝑥𝑥 and 𝐸𝑦𝑦
stabilize near 55GPa – 55.5GPa. The 𝐸𝑧𝑧 component continues to de­

crease more gradually, reaching approximately 57GPa by 35,000 hours. 

As aging progresses, the three curves show signs of convergence, indi­

cating that the initially anisotropic microstructure becomes increasingly 

isotropic through grain coarsening. The degree of elastic anisotropy can 

be quantified by the index 𝐼𝐴 = max(𝐸𝑖𝑖) − min(𝐸𝑖𝑖)∕⟨𝐸𝑖𝑖⟩  where ⟨𝐸𝑖𝑖⟩
is the average of the three directional elastic moduli. This normalized 
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Fig. 5. Evolution of the directional elastic moduli 𝐸𝑥𝑥, 𝐸𝑦𝑦 and 𝐸𝑧𝑧 during aging 

for the phase-field microstructure.

measure is used in various contexts to characterize directional stiffness 

variation, for instance in geological [72], biomedical [73], and fuel cell 

modeling applications [74]. Consequently, the anisotropy of the initial 

phase-field microstructure is around 0.09 and decreases to 0.03 after 

the aging duration. However, it should be noted that the decrease in 

anisotropy could also be attributed to the isotropic interfacial energy 

used in this work. Since the initial experimental-based microstructure 

is anisotropic, the use of anisotropic interfacial energies would be more 

representative and could lead to a different trend. 

The Hill average (Fig. 6) is considered a single scalar measure 

for the effective elastic modulus and allows a direct comparison be­

tween the two modeling approaches. The stochastic realizations start 

with tightly clustered values around 43GPa and decrease smoothly 

to 40GPa – 39GPa, corresponding to an average reduction of roughly 

7 – 10%. The phase-field microstructure begins at a lower value of ap­

proximately 41.5GPa, drops rapidly to about 39GPa (∼ 6% decrease) 

within the first 5000 hours, and then remains nearly constant. Thus, 

while both approaches capture the general stiffness loss during aging, 

the stochastic model predicts higher initial elastic modulus and a more 

gradual degradation, whereas the phase-field simulation exhibits a faster 

early reduction that saturates sooner. This discrepancy can be attributed 

to the slight variation in the pore volume fraction, as discussed above, as 

well as the initial high degree of anisotropy inherent in the experimen­

tally based structure. Such anisotropies are not included in the stochastic 

model, as discussed in [33]. Nevertheless, as coarsening progresses and 

the morphological differences between the experimentally derived and 

stochastically generated structures diminish, the Hill average elastic 

modulus starts to converge (∼39GPa – 40GPa).

Mechanical boundary conditions for realistic operational scenarios. To ap­

proximate the mechanical constraints experienced by the anode within 

a realistic SOFC stack, a boundary condition setup was applied. In 

this configuration, the anode–electrolyte interface was fixed in all dis­

placement components (𝑢𝑥, 𝑢𝑦, 𝑢𝑧) = (0, 0, 0), as the anode is anchored 

to the electrolyte. The opposite surface, corresponding to the anode–

interconnect interface, was constrained only in the normal direction 

(𝑢𝑧 = 0), preventing interpenetration with the metallic interconnect. 

The remaining lateral faces were restricted in displacement normal to 

their respective planes (𝑢𝑛 = 0) mimicking the mechanical confinement 

imposed by neighboring cells within the stack.

The temperature field was prescribed uniformly as 𝜃 = 700 ◦C

throughout the domain, corresponding to an isothermal thermal-loading 

Fig. 6. Evolution of the Hill average elastic modulus during aging for the phase-

field (solid line) and the five realizations of the stochastic model (dashed lines). 

SD: Standard deviation.

scenario. With the reference temperature set to 𝜃ref = 25 ◦C, the temper­

ature difference in Eq. (15) is therefore Δ𝜃 = 𝜃 − 𝜃ref = 675 K. Unlike the 

strain-controlled homogenization simulations used to compute the ef­

fective elastic moduli (Section 3.2), the stack configuration allows stress 

and strain fields to evolve naturally under combined mechanical con­

finement and thermal expansion, providing a more representative basis 

for assessing stress and strain distributions.

Average von mises stress. The von Mises stress is utilized here as an 

equivalent scalar measure of the multiaxial stress state, thereby enabling 

a quantitative comparison of stress levels and their spatial distribution 

across different microstructures and aging states. It is used solely as an 

indicator of the overall stress state and is not intended to predict frac­

tures, failure, or damage. The evolution of the average von Mises stress 

under the applied stack boundary conditions is shown in Fig. 8(a). Here, 

the average von Mises stress is calculated as ⟨𝜎vM⟩ = 1
𝑉 ∫𝑉 𝜎vM(𝐱) 𝑑𝑉 . 

Across all datasets, the values vary between 1.15–1.19 GPa (∼ 3.4% dif­

ference) throughout the simulated aging period. Hence it can be assumed 

that the average von Mises stress is essentially constant throughout the 

35,000 hours of aging. The absolute values given in this analysis are 

comparatively high because the simulations assume a purely elastic re­

sponse without plasticity, creep, or fracture. In reality, stresses above the 

yield point would relax by inelastic mechanisms. To examine how the 

von Mises stress is distributed within the microstructure, representative 

phase-field and stochastic microstructures were selected and their stress 

probability distributions were evaluated. Fig. 7 shows the corresponding 

distributions for the initial state (t = 0 h) and after 35,000 h of ag­

ing. In both approaches, the stress distributions are concentrated in the 

low- to intermediate-stress range, whereas very high von Mises stresses 

occur only with relatively low probability. Overall, the probability de­

creases with increasing stress level. For the phase-field microstructure, 

the average von Mises stress increases slightly from 1.160 GPa to 1.177 

GPa during aging, and for the stochastic microstructure the average von 

Mises stress increases slightly from 1.179 GPa to 1.182 GPa. In both 

approaches, aging is accompanied by a redistribution of the probabil­

ity percentages. In particular, the aged microstructure exhibits slightly 

higher probabilities for stresses above 1.5 GPa and, at the same time, 

for stresses below 0.5 GPa. This suggests that aging does not simply lead 

to a uniform increase in stress, but rather to a redistribution of stresses 

within the microstructure. A possible explanation is the smoothing of the 

microstructure during aging, which reduces the number of thin necks 

and lowers the stress in some regions, while the remaining thin necks 

may carry a larger fraction of the load and thus promote local stress 

concentrations. 
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Fig. 7. Probability distributions of the von Mises stress for representative phase-field and stochastic microstructures in the initial and aged states. Panels (a) and 

(b) show the phase-field microstructure at 𝑡 = 0 h and 𝑡 = 35,000 h, respectively, while panels (c) and (d) show a representative stochastic microstructure at the 

corresponding aging states. The vertical dashed lines indicate the average von Mises stress in each case.

Critical volume fraction. While the average von Mises stress 𝜎𝑣𝑚 shows 

small variation, the fraction of the microstructure experiencing stresses 

above a critical threshold 𝜎𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑  increases with aging, as shown in 

Fig. 8(b). This quantity is here referred to as the critical volume fraction 

(CVF). It is calculated as 

CVF = 1
𝑉tot ∫𝑉 (𝜎vM>𝜎threshold)

𝑑𝑉 . (28)

A threshold 𝜎𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 =1.19GPa was chosen for this analysis, as this value 

corresponds to the upper limit of the average von Mises stress as shown 

in Fig. 8(a). To assess the sensitivity of the critical volume fraction (CVF) 

to the selected stress threshold, three threshold values were considered, 

namely 𝜎threshold = 1.00, 1.19, and 1.50 GPa. The resulting CVF evolu­

tion is shown in Fig. B.2 as a function of aging duration. For all three 

threshold values, the CVF increases with aging for both the phase-field 

microstructure and the stochastic realizations. The absolute CVF values 

decrease with increasing threshold, as expected, but the qualitative ag­

ing trend remains similar. It should be emphasized that the CVF values 

are not intended as direct design guidelines or failure criteria. They are 

used here as comparative indicators of stress redistribution during coars­

ening, quantifying the fraction of the domain in which the von Mises 

stress exceeds a prescribed reference threshold. For direct use as a de­

sign criterion, the threshold value 𝜎threshold would have to correspond 

to a physically representative material or failure threshold, such as an 

appropriate strength value of the anode. Such an interpretation would 

also require a mechanical model that includes additional mechanisms 

such as plasticity, creep and fracture. These mechanisms are beyond the 

scope of the present work. 

From a mechanical perspective, the fraction of the microstructure 

experiencing stresses above a critical threshold provides additional in­

formation beyond the average stress level alone. The CVF therefore 

serves as a measure of how microstructural aging affects the spatial ex­

tent of mechanically critical stress states within the microstructure. The 

CVF rises from about 0.33 initially to 0.37 in the aged state throughout 

all microstructures. The increasing CVF indicates that aging promotes 

a redistribution of stress rather than an overall rise in the global stress 

level (as evident by the nearly constant average von Mises levels). As the 

microstructure coarsens, some areas become less stressed because local 

curvatures smooth out or small features disappear, while other areas 

carry a greater portion of the load. Consequently, even though the over­

all average von Mises stress stays nearly constant, a larger fraction of the 

material volume experiences stresses above the critical threshold. This 

is also reflected in the histograms in Fig. 7. While the average von Mises 

stress changes very slightly, the aged microstructure shows a redistribu­

tion of the probabilities toward stresses above the chosen threshold of 

1.19 GPa. This redistribution is consistent with the increase in CVF as a 

higher fraction of the aged microstructure is exposed to higher stresses 

compared to the initial microstructure. 

4.3 . Relating microstructure geometry and mechanical properties

Remark. To better understand how microstructural degradation re­

lates to mechanical performance, pairwise relationships between ge­

ometrical descriptors and mechanical properties were analyzed. The 

considered geometrical descriptors are particle radii, specific surface 

areas (SSAs), TPB density, and specific pairwise contact areas, while 

the mechanical quantities include the directional elastic moduli, Hill 

average elastic modulus, the average von Mises stress, and the critical 

volume fraction (CVF). For reasons of brevity, only relationships that ex­

hibit clear trends and allow for a consistent physical interpretation are 

presented below, whereas relationships showing no discernible trend or 

being dominated by scatter are omitted. Consequently, the following 

discussion focuses on Hill average elastic modulus and the CVF. The av­

erage von Mises stress is not considered further, as it remains nearly 

constant under the chosen boundary conditions and therefore does not 

yield meaningful trends with the evolving microstructure.
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Fig. 8. Evolution of a) the average von Mises stress, and b) the critical volume fraction during aging for the phase-field (solid lines) and the five realizations of the 

stochastic model (dashed lines). SD: Standard deviation.

As the objective of this section is to identify general relationships 

rather than method-specific differences, no distinction is made between 

phase-field and stochastic microstructures. Instead, all data points are 

treated as a single pooled dataset. The relationships shown below were 

quantified by least-squares regression. Depending on the observed trend, 

either a linear regression or a second-degree polynomial regression was 

applied. The deviations reported below correspond to the maximum 

positive and negative relative deviations from the fitted curve and are 

defined (in %) as

𝛿𝑖 = 100 ×
𝑦𝑖 − 𝑦̂𝑖
𝑦̂𝑖

, (29)

where 𝑦𝑖 denotes the computed value and 𝑦̂𝑖 the corresponding value 

predicted by the regression model. The limitations of this analysis 

should however be emphasized. The descriptor–property relationships 

presented here are descriptive trends derived from the investigated 

phase-field and stochastic aging trajectories. The data points therefore 

represent microstructures generated from the present model assump­

tions and within the limited composition and particle sizes considered 

in this work. Accordingly, the observed trends should be interpreted as 

microstructure–property associations for the present dataset, rather than 

as generalizable correlations for arbitrary Ni–CGO anode microstruc­

tures. Assessing their generalizability requires systematic variations of 

phase volume fractions and particle-size distributions, which is beyond 

the scope of the present work.

Elastic modulus. Establishing a relation between the Hill average elas­

tic modulus 𝐸Hill and the microstructural descriptors provides a direct 

link between mechanical stiffness and geometric coarsening. Fig. 9 

shows that 𝐸Hill decreases approximately linearly with increasing pore 

volume fraction. While the pore fraction variations observed during ag­

ing are relatively small (around 1.5% across all data, cf. Section 4.1), 

these modest changes are already associated with measurable reductions 

in 𝐸Hill. This is consistent with other homogenization schemes (e.g., 

Voigt homogenization), according to which the phase volume fractions 

contribute directly to the effective elastic response. The relationship 

is consistent across datasets, with relative deviations 𝛿𝑖 within −1.9% 

and + 3.3%. This sensitivity reflects the strong role of porosity in re­

ducing the effective load-bearing cross-section, consistent with previous 

studies on porous SOFC anodes [13,23].

Additionally, the Hill average modulus increases with the specific 

surface area of the pore phase. Within the microstructures investigated, 

this relationship is well captured by a second-degree polynomial fit, 

with 𝛿𝑖 between −3.2% and + 1.8%. A higher pore SSA corresponds 

to a finer, more distributed pore network, whereas a lower SSA indi­

cates that the pore space has coarsened into fewer, larger voids. As pores 

coarsen, the surrounding solid phases lose interfacial contact area and 

Fig. 9. Relationship between the Hill average elastic modulus (𝐸𝐻𝑖𝑙𝑙) and the 

pore phase volume fraction (top), and the specific surface area of the pore phase 

(bottom).

local load-transfer paths are disrupted. Conversely, a finer pore mor­

phology preserves a more continuous and well-connected solid skeleton. 

The pore SSA thus serves as an indirect measure of the connectivity of 

the Ni–CGO network. Its decrease during aging reflects not only pore 

coarsening itself, but also the accompanying degradation of the solid-

phase connectivity. Even though the Ni volume fraction remains nearly 

constant, the (distinct) decrease in the effective Young’s modulus is 

attributed to the increase in the pore volume fraction.

Critical volume fraction. In the microstructures under investigation, 

the critical volume fraction—representing the volume fraction exceed­

ing a von Mises stress of 1.19 GPa—exhibits a strong dependence on 

the geometric characteristics of the pore phase, as well as on the TPB 

density. As shown in Fig. 10 (top and middle rows), CVF increases 

Materials & Design 269 (2026) 116665 

11 



A. Elmoghazy, S. Weber, R.K. Jeela et al.

Fig. 10. Relationship between the critical volume fraction and the average pore 

diameter (top), the specific surface area of the pore phase (middle) and the triple 

phase boundary density (bottom).

nearly linearly with the mean pore diameter, while it decreases cor­

respondingly with SSA of the pore phase. The mean pore diameter 

exhibits a clear relationship with the CVF across all simulations, with 

relative deviations 𝛿𝑖 between −3.0% and + 1.9%. The SSA of the pore 

phase shows a similar but opposite trend, with 𝛿𝑖 ranging from −2.7% 

to + 2.1%. Consequently, these opposing trends are manifestations of 

the morphological transformation due to pore coarsening. Furthermore, 

a negative relationship is observed between the CVF and the TPB den­

sity, with relative deviations 𝛿𝑖 between −3.7% and + 3.5% across 

all datasets (Fig. 10, bottom row). This suggests that, for the present 

aging trajectories, the reduction in TPB density during coarsening co­

incides with a redistribution of the stress field toward a larger volume 

fraction exceeding the prescribed threshold. From a mechanical perspec­

tive, TPB density acts as a quantitative descriptor of microstructural 

fineness and phase interpenetration. As the TPB network deteriorates 

through coarsening and interface loss, the critical volume fraction

increases.

5 . Concluding remarks

This work presented a fully automated and FAIR-compliant work­

flow for analyzing the morphological and mechanical evolution of 

Ni–CGO anodes, implemented in KadiStudio within the Kadi4Mat 

infrastructure [28]. The workflow imports microstructures locally or 

from the Kadi4Mat repository, runs mechanical simulations, and com­

putes the geometrical descriptors as well as the effective mechanical 

properties of the microstructure. The results and metadata are uploaded 

to the Kadi4Mat repository for reproducibility. One microstructure re­

constructed from real Ni-CGO anode image data aged up to 35,000 

hours [5] using the multiphase-field method and five realizations of the 

stochastic model outlined in [33] were investigated. The geometrical 

analysis revealed that phase fractions remain essentially constant dur­

ing aging, confirming that degradation is driven primarily by interface 

reduction rather than bulk volume change. Coarsening manifests as an 

increase in the mean particle diameter and a decrease in specific sur­

face area and triple phase boundary density. Numerical homogenization 

revealed a reduction in the effective stiffness, quantified through the di­

rectional elastic modulus and the Hill average modulus. This reduction 

in stiffness was consistent across all datasets and showed a clear relation­

ship with the specific surface area of the pore phase, highlighting that 

microstructural fineness and pore network connectivity play a role in the 

effective mechanical behavior within the investigated microstructures. 

Under the stack boundary conditions representing anode confinement 

within the SOFC assembly, the spatial stress distribution, arising due to 

thermal expansion, displayed distinct behavior, where the average von 

Mises stress remained nearly constant due to the macroscopic boundary 

constraints, while the volume fraction exceeding a critical stress thresh­

old increased with time. This increase in critical volume fraction reflects 

a stress redistribution, as a higher fraction of the microstructure experi­

ences higher stresses. In the set of microstructures studied, the critical 

volume fraction was found to be positively related to the average pore 

diameter, and negatively related to triple phase boundary density and 

specific surface area of the pore phase. Thus, the critical volume fraction 

directly links microstructural degradation to mechanical weakening and 

simultaneously connects electrochemical and mechanical descriptors. 

These results demonstrate that microstructural coarsening in Ni–CGO 

anodes not only reduces electrochemically active interfaces (degrading 

electrochemical performance) but also degrades effective mechanical 

properties of the anode at the investigated composition and particle 

sizes. Overall, the findings and microstructure–property relationships es­

tablish a basis for advancing electrode material optimization by enabling 

the comparison of microstructures. The mechanical properties predicted 

in this work should be interpreted as comparative microstructure-level 

descriptors under the considered isothermal coarsening scenario, rather 

than as direct design allowables for arbitrary SOFC operating condi­

tions. In this sense, the effective elastic moduli, von Mises stresses, and 

critical volume fractions can support electrode optimization by iden­

tifying stiffness changes and stress-localization tendencies associated 

with evolving Ni–CGO–pore morphologies. Direct transfer to electrode 

design and manufacture, however, requires further investigations over 

a broader microstructural parameter space, including systematic vari­

ations of phase volume fractions [64] and particle-size distributions. 

Recent model-based and digital-electrode studies further highlight the 

potential of simulation-assisted microstructure optimization for SOFC 

electrodes [75–78]. The established workflow provides a suitable basis 

for such extended analyses, since it enables coupled geometrical and me­

chanical evaluations to be performed automatically and reproducibly, 

with results and metadata stored in Kadi4Mat for future reuse.
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Appendix A . Workflow in KadiStudio

Fig. A.1. A screenshot from KadiStudio showing the implemented workflow.

Appendix B . Sensitivity analysis of the CVF with respect to the chosen threshold stress

To assess the sensitivity of the critical volume fraction (CVF) to the selected stress threshold, three threshold values were considered: 𝜎threshold = 1.00, 

1.19, and 1.50 GPa (Fig. B.2). For 𝜎threshold = 1.00 GPa, the phase-field CVF increases from approximately 0.426 in the initial state to 0.455 after 

35,000 h of aging, while the stochastic mean increases from about 0.433 to 0.447. For the threshold used in the main analysis, 𝜎threshold = 1.19 GPa, 

the corresponding values increase from approximately 0.331 to 0.369 for the phase-field microstructure and from about 0.336 to 0.361 for the stochastic 

mean. For the highest threshold, 𝜎threshold = 1.50 GPa, the CVF values are lower, increasing from approximately 0.197 to 0.236 for the phase-field 

microstructure and from about 0.201 to 0.232 for the stochastic mean. Thus, increasing the threshold reduces the absolute CVF values, as expected, 

because a smaller fraction of the microstructure exceeds a higher stress level. However, the qualitative aging trend remains consistent for all three 

thresholds.
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Fig. B.2. Sensitivity of the critical volume fraction (CVF) to the selected stress threshold.

Data availability

The data are available from the authors upon reasonable request.
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