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 A B S T R A C T

Solid Oxide Cells are highly efficient energy conversion devices that can be damaged by various system failures. 
Specifically, the porous hydrogen electrode, which is a cermet consisting of Nickel and Yttria Stabilized Zirconia 
(Ni-YSZ), can deteriorate when exposed to oxidizing atmosphere at high temperature. Ni oxidation induces 
volumetric expansion which is partially accommodated in the pores of the cermet. This constrained swelling 
imposes mechanical strain on the YSZ backbone that can compromise its integrity. In this study, a conventional 
cermet was oxidized in air at 700 ◦C for different times to characterize the kinetics and features of Ni oxidation 
and the fracture of YSZ. A novel three-material phase field model, incorporating oxidation-induced strains, was 
developed to simulate Ni oxidation within the complex electrode microstructure. The model was validated on 
different cermet microstructures to reproduce the kinetics of oxidation in the different electrode layers and the 
YSZ mechanical loading after oxidation. The material parameters governing oxidation (Ni diffusion in NiO) 
and stress state (oxide growth strain) were identified through the model calibration. A correlation between 
oxidation and microstructural features was identified, revealing that Ni coarsening slows oxidation kinetics, and 
enabling DoO estimation prior to simulation with a microstructure descriptor. Simulations revealed localized 
high tensile stresses at several YSZ necks, matching experimental crack initiation timescales and validating a 
first step towards oxidation-induced damage prediction.
1. Introduction

Porous materials play a critical role in a wide range of cutting-
edge technologies. For instance, they allow maximizing heat exchange 
in ceramic or metallic foams [1], enhancing catalytic surface area in 
fuel reforming or in Solid Oxide Cells (SOCs) [2,3], enabling fluid 
transport in membrane filters [4,5], and reducing the structural weight 
of aeronautical and spatial components [6]. In these applications, they 
are usually exposed to severe operating conditions at high temperatures 
under oxidizing environments. These conditions can induce a signifi-
cant risk of oxidation in the porous material, which can compromise 
both its functional properties and structural integrity [7–10].

SOCs are a particularly relevant example of these challenges. The 
hydrogen electrode of standard SOCs is a porous cermet made of 
Nickel and Yttria Stabilized Zirconia (Ni-YSZ). This porous composite 
electrode ensures efficient gas diffusion and provides numerous reactive 
sites at Triple Phase Boundary (TPB) lines [11]. The combination 
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of these structural features with operation at elevated temperatures 
(650 ◦C to 850 ◦C) in a reducing environment makes the hydrogen elec-
trode particularly vulnerable to various failure modes that can cause 
detrimental Ni oxidation. This Ni oxidation is sometimes called reoxi-
dation since the cermet is manufactured using Nickel Oxide (NiO) par-
ticles prior to reduction which makes it operational. Potential sources 
of oxygen exposure include a gas leak during operation, fuel overuti-
lization in fuel cell mode, and unexpected air reintroduction during 
system shutdown [12]. At high temperatures, the exposition of metallic 
Ni to an oxidizing atmosphere induces its oxidation which involves a 
significant volumetric expansion [13–15]. The subsequent nickel oxide 
growth during oxidation progressively fills the cermet porosity and also 
applies deformation to the YSZ backbone. This deformation generates 
tensile stress in the ceramic component that can induce its local micro-
cracking [16]. Full oxidation of the cermet and redox cycling have 
been shown to deteriorate cell performances and may even provoke 
https://doi.org/10.1016/j.actamat.2026.122665
Received 16 January 2026; Received in revised form 12 August 2026; Accepted 12
vailable online 19 August 2026 
359-6454/© 2026 The Authors. Published by Elsevier Inc. on behalf of Act
 http://creativecommons.org/licenses/by/4.0/ ). 
 August 2026

a Materialia Inc. This is an open access article under the CC BY license 

https://www.elsevier.com/locate/actamat
https://www.elsevier.com/locate/actamat
https://orcid.org/0000-0003-2491-9647
https://orcid.org/0000-0002-6039-3315
https://orcid.org/0000-0002-4526-2851
https://orcid.org/0000-0002-6796-220X
https://orcid.org/0000-0003-1000-3507
https://orcid.org/0000-0002-7274-5373
https://orcid.org/0000-0002-4553-1206
https://orcid.org/0000-0002-9808-2897
mailto:fourniersylvain@protonmail.com
https://doi.org/10.1016/j.actamat.2026.122665
https://doi.org/10.1016/j.actamat.2026.122665
http://creativecommons.org/licenses/by/4.0/


S. Fournier et al. Acta Materialia 319 (2026) 122665 
catastrophic failure of the YSZ electrolyte [17–20]. While the effects 
of complete oxidation are well documented, it appears essential to 
better understand the influence of partial oxidation on the onset and 
evolution of micro-damage in SOCs. Moreover, the role of the electrode 
microstructure on the Ni oxidation kinetic and stresses in the YSZ is still 
unclear.

The mechanism of NiO growth at high temperature has been widely 
studied and described in the literature, particularly for flat and dense 
Ni thin films [15,21–25]. For films thicker than 20 nm, the oxida-
tion behavior is generally well described by Wagner’s theory, which 
predicts parabolic growth kinetics, governed by a diffusion-limited 
mechanism [26–28]. Atkinson [28] and later studies [29] have demon-
strated that Ni2+ diffusion through the NiO layer is several orders of 
magnitude faster than O2 –  diffusion. The kinetics of Ni oxidation is 
thus controlled by the diffusion of Ni2+ cations towards the oxide/gas 
interface. Using tracer diffusion of Ni in the NiO lattice [28], it has 
been observed that grain boundary diffusion is the dominant pathway 
for Ni2+ transport between 500 and 800 ◦C, accelerating the kinetics 
compared to bulk diffusion. Indeed, it has been found that the forma-
tion energy of cation vacancies is lower at grain boundaries than in the 
bulk of the NiO crystal grains [22].

The diffusion of Ni2+ towards the oxide/gas interface during the 
oxidation process creates a residual vacancy in the metal at the metal/
oxide interface. The accumulation of these vacancies in the vicinity of 
the interface adds an additional strain into the materials. However, 
the vacancies are also likely to migrate into the Ni metal phase, or 
be annihilated by dislocation slip [30]. When Ni vacancies migration 
dominates [25], they can diffuse and coalesce to form nanopores into 
the bulk of the metal particles, as it has sometimes been observed 
experimentally for SOCs [16,31]. When vacancies annihilation gov-
erns, interfacial dislocations climb and glide [32–35], enabling the 
displacement of the metal-oxide interface without damage [28,36]. 
When strain accumulation overcomes relaxation mechanisms such as 
dislocation motion, the oxide or its interface with the metal is damaged, 
including decohesion, buckling, spalling, cracking and/or the formation 
of voids directly at the Ni/NiO interface [37–40]. A combination of 
these phenomena can lead to duplex film growth or successive film 
spalling and reformation [24,37], although the structure of connected 
Ni particles in SOCs tends to mitigate this behavior [31]. Overall, these 
mechanisms lead to the inward motion of the metal/oxide interface in 
addition to the outward growth of the oxide/gas interface.

Studies of high-temperature oxidation of Ni plates have shown that 
the resulting oxide is generally porous, with grains elongated along 
the growth direction, although its morphology can vary with oxidation 
temperature and time [41]. In this geometry, the growth of intergran-
ular oxide is considered as the major source of stress in the NiO layer 
due to the fast oxygen and nickel ions diffusion along grain boundaries 
according to Rhines theory and subsequent studies [32,42–44]. This 
mechanism is supported by experimental observations of lateral oxide 
growth and local thickening at grain boundaries [43,45]. These growth 
stresses can also induce the cracking of the NiO scale [14], creating 
additional diffusion paths for gaseous oxygen and new oxide growth 
sites inside the oxide layer. In SOCs, the irregular Ni phase topology 
promotes rough and sponge-like NiO layers made of platelets [35,46,
47], a topology that is linked to the development of mechanical stresses 
within the oxide layer.

In the complex microstructure of a cermet used in SOCs, the local 
deformation applied on the YSZ backbone during oxidation can have 
several origins. While the exact cause is unclear, it may be due to 
lateral oxide growth and particle swelling. These expansions generate 
tensile stresses in YSZ that can lead to microcracking, as exemplified 
by Nakajo et al. [18], who reported microcracks in YSZ after full 
Ni oxidation. Other studies have observed that multiple redox cycles 
induce microcracking in YSZ and have correlated this with degradation 
of cell performance [20,48]. Few studies tried to capture progressive 
2 
oxidation at intermediate stages [49], although it provides more insight 
on the onset of hydrogen electrode degradation mechanisms.

As the mechanisms of nickel oxidation coupled with stress build-up 
in solid phases are complex and closely linked to the cermet microstruc-
ture, modeling appears to be a relevant approach for understanding 
all the involved phenomena. In this context, the phase field method 
(PFM) [50–52] is increasingly used as a diffuse-interface approach to 
describe the phase evolution during high temperature oxidation [27,53,
54]. This method is especially relevant to model oxidation of metals in 
air, generally assuming the growth of a homogeneous oxide film. In the 
literature, most of the studies described the evolution of one interface 
in biphasic systems: the metal-oxide phases for the inward growth 
of the interface as proposed for the oxidation of zirconium or alu-
minum [27,54–56], and the oxide-gas phases for the outward growth 
of the interface as developed for the nickel oxidation [57]. Despite its 
capital importance to simulate the Ni oxidation, the implementation of 
triphasic systems involving metal/oxide/gas phases is more complex. 
Zaeem et al. [58] and Johnson [59] have investigated this kind of 
model but implemented it on restricted one-dimensional geometries. 
Both biphasic or triphasic phase field models have generally been 
applied to simple geometries, the most complex cases would use simple 
rectangular domains with roughened surfaces [27,54,55,57]. Regarding 
the SOC application, the complexity of cermet microstructure cannot 
be ignored as it plays a crucial role in the Ni oxidation. However, 
to the best of our knowledge, no PFM model has been proposed to 
simulate Ni oxidation in the electrode. Only Jiao et al. [60] have 
developed a PFM model to simulate the reduction of NiO into Ni in 
these complex microstructures. Moreover, the impact of nickel oxi-
dation on YSZ stress state and subsequent crack formation has been 
investigated using purely mechanical PFMs in a few studies [61–63]. 
These models typically approximate the oxidation-induced swelling by 
a simple expansion of the Ni phase to compute the stresses in YSZ. 
Nevertheless, such approaches do not explicitly model the Ni oxidation 
process itself, nor the resulting phase evolution in the microstructure 
and the oxidation strain.

In this work, a phase field model is proposed to simulate the Ni 
oxidation in the typical cermet microstructure of SOCs. Specifically, 
the aim of this work is to capture the coupled evolution of the Ni/NiO 
and NiO/gas interfaces during oxidation by explicitly describing the 
metal, oxide, and pore phases. In addition to the phase evolutions, the 
mechanical energy contribution is also included in the PFM in order to 
simulate the stresses in the solid phases including the YSZ backbone. 
The calibration of the parameters in the PFM is done using experi-
mental data on kinetics of oxidation in a conventional SOC cermet. In 
particular, characterization of the cermet microstructure after different 
time of exposition to air allows to retrieve the evolution of degree of Ni 
oxidation as a function of time. Finally, the validated model is used to 
assess the influence of microstructural features and material properties 
on oxidation and stress development in such structures.

2. Materials and methods

In this section, a description of the cell used for the oxidation 
experiments is proposed as well as details about the analysis of the 
electrode microstructure and the determination of the oxidation degree.

2.1. Materials

A hydrogen electrode made of two layers has been used for the 
study of oxidation. The H2 electrode is composed of a thick support 
layer of about 280 μm, which is a cermet of nickel and 3mol.% Yttria 
stabilized zirconia (Ni – 3YSZ). The second part of the electrode is a 
functional layer of about 25 μm made of Ni – 8YSZ. All the details about 
the hydrogen electrode microstructure have already been published in a 
previous article [64]. The phase volume fractions of the reduced initial 
cell used here are typically about 38.0 vol.% of Ni; 36.7 vol.% of YSZ; 
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25.3 vol.% of porosity in the functional layer and of 28.8 vol.% of Ni; 
40.1 vol.% for YSZ; 31.0 vol.% of porosity in the support layer. It should 
be noted that the hydrogen electrode samples are manufactured from 
YSZ and NiO powders, resulting in NiO-YSZ composites that are later 
reduced to obtain Ni-YSZ operational electrodes. The functional layer 
is fully dense in its oxidized state and the porosity is only induced by 
the reduction of NiO into Ni. On the contrary, pores are already present 
in the NiO-3YSZ support before reduction.

2.2. Experimental methods

To obtain the initial operable electrode microstructure made of Ni-
YSZ, the first step is to fully reduce the NiO into its metallic phase. 
For this purpose, the electrode was exposed to a mixture of hydrogen 
and argon (2%H2/Ar) during 48 hours at 800 ◦C. The heating and cool-
ing were performed at a constant rate of 1 °C.min−1. This reduction 
process induces the formation of porosity within the electrode due 
to the volumetric contraction of NiO upon reduction. Afterwards, the 
electrode bilayer was cut into several individual samples. Each of them 
was subjected to an oxidation process (usually called reoxidation since 
the cell is originally NiO-YSZ). The oxidation protocol started with 
heating the sample up to 700 ◦C at a rate of 1 °C.min−1 in Ar atmosphere. 
Then, the sample was exposed to air at 700 ◦C for a specific duration 
𝑡 ∈ {0; 2; 5; 10; 20; 30; 120} min, and cooled down in the same conditions 
as for heating. It can be noted that a high airflow rate was supplied to 
the sample to ensure that oxidation was not limited by oxygen feeding, 
but fully controlled by the kinetics of the Ni/NiO transition.

The samples were weighed at each step of the protocol (before 
reduction, after reduction and after oxidation). The mass measurements 
were carried out on a balance with a precision of 0.1mg. The precise 
weighting of the samples enables verification of the initial reduction of 
the nickel phase and afterwards to estimate the oxidation degree. The 
degree of oxidation (DoO) of nickel is then calculated as follows [49]: 

𝐷𝑜𝑂(𝑡) =
𝑚(𝑡) − 𝑚(𝑡 = 0)

𝑚(𝐷𝑜𝑂 = 100%) − 𝑚(𝑡 = 0)
(1)

with 𝑚(𝑡) the mass of the sample after exposition to air, 𝑚(𝑡 = 0) the 
mass of the same sample after reduction protocol, and 𝑚(𝐷𝑜𝑂 = 100%)
its mass in the fully oxidized state. As the thick support layer accounts 
for most of the mass of the hydrogen electrode, it is difficult to assess 
the oxidation state of the thin functional layer using this method. 
To overcome this issue, cross-sectional analyses of the samples were 
carried out using scanning electron microscopy (SEM). The samples 
were embedded in epoxy resin, polished and coated with a 5 nm carbon 
layer to avoid charging during imaging. SEM imaging and energy-
dispersive X-ray spectroscopy (EDS) mapping were conducted using 
a Zeiss Gemini SEM 460 equipped with an Oxford Ultim Max 100 
EDS detector. The voltage was set at 1.1 kV for imaging, while EDS 
maps were acquired at 10 kV. Images including both the functional 
layer and the support layer were obtained with a pixel size of 22.3 nm
and a dimension of about 92 μm × 63 μm. To overcome interruptions 
caused by vibration or drift during prolonged acquisition times, the 
EDS maps were acquired at half the resolution of the corresponding 
SEM images. After acquisition, the EDS maps were upsampled and 
precisely aligned with the SEM images with a custom python script 
using skimage library [65]. In order to retrieve the relative amount 
of the different phases in the SEM images (Ni, NiO, YSZ, pores), a U-
Net convolutional neural network was used. This algorithm has been 
trained in a supervised fashion on similar images using cross-entropy 
loss to learn the mapping between SEM textures and material phases. 
The details of the deep learning-based methodology can be found 
in [66]. As an example, the SEM image of the sample oxidized for 
2 h and its segmented version are displayed in supplementary material 
section S-1. After image segmentation of the different samples, it is 
possible to estimate the DoO for both the functional and support layers 
3 
from the volume fraction of Ni and NiO phases. To this end, Eq.  (1) 
was adapted to the segmented images data: 

𝐷𝑜𝑂(𝑡) =
𝑚Ni(𝑡) + 𝑚NiO(𝑡) − (𝑚Ni(𝑡) + 𝑑NiO−Ni𝑚NiO(𝑡))

𝑑Ni−NiO𝑚Ni(𝑡) + 𝑚NiO(𝑡) − (𝑚Ni(𝑡) + 𝑑NiO−Ni𝑚NiO(𝑡))
(2)

In this equation, 𝑚Ni and 𝑚NiO were obtained by multiplying the surface 
area of the Ni and NiO phases observed in the 2D SEM images with their 
respective density. The factor 𝑑NiO−Ni (resp. 𝑑Ni−NiO) is used to convert 
the mass of NiO into the corresponding mass of Ni (resp. mass of Ni 
into mass of NiO) and is expressed as: 

𝑑NiO−Ni =
𝑉 NiO
m

𝑉 Ni
m

𝜌O
𝜌M

(3)

with 𝑉 NiO
m  and 𝑉 Ni

m  the molar volumes of oxide and metal phases, and 𝜌O
and 𝜌M their respective densities. The ratio between the molar volumes 
allows applying a swelling to the volume fraction of Ni to reproduce the 
space taken if this metallic Ni was fully oxidized. The ratio of density 
is used to obtain the mass of this equivalent oxide phase. The Eq. 
(2) has the advantage of being applicable to experimental segmented 
images and to simulation results without relying on the measurement 
of reference samples to obtain the initial mass in the reduced and fully 
oxidized states (𝑚(𝑡 = 0) and 𝑚(𝐷𝑜𝑂 = 100%)). Thus, the degree of 
oxidation can be determined separately for the functional and support 
layers.

3. Model description

3.1. Phase field formulation

The phase field method is used to describe the microstructural evo-
lution during phase transformation. The basic idea is to represent the 
phases using a so-called phase field variable, 𝜙 which remains constant 
within phases and exhibits steep but smooth evolution at interfaces 
(known as diffuse interfaces). This method has become increasingly 
popular in the recent years due to its simplicity and flexibility.

For the current work, the phase field model must reproduce the 
evolution of the oxide phase in between the metal and the pores, as 
well as the stresses induced in the YSZ backbone. The oxidation model 
is applied to the Ni, NiO, and pore phases, respectively abbreviated M 
for metal, O for oxide and P for pore as depicted in Fig.  1. This model 
follows the framework of standard oxidation phase field models, with 
the work of Ammar et al. [55] serving as a key reference. It involves 
one conserved variable 𝑐 and a non-conserved variable 𝜙, each defined 
in a two-dimensional cartesian space (𝑥, 𝑦) and evolving with time 𝑡. 
The variable 𝑐 represents the molar fraction of diffusible nickel (Ni), 
which means the Ni that can diffuse between the different phases. It 
is expressed as 𝑐 = 𝑐Ni

𝑐𝑚𝑎𝑥Ni
 with 𝑐𝑚𝑎𝑥Ni = 𝑐𝑀Ni  the stable concentration of 

Ni in the nickel phase. The variable 𝜙 is the order parameter, which is 
defined as 𝜙 = 𝑐NiO

𝑐𝑚𝑎𝑥NiO
, such that 𝜙 = 1 in the NiO phase and 𝜙 = 0 in the 

Ni and pore phases (with a smooth transition at the interfaces).
The present model assumes the pre-existence of a continuous thin 

NiO layer along the Ni interfaces prior to simulation. This assumption 
relies on experimental SEM observations showing a thin NiO scale 
surrounding Ni particles from the earliest experimental measurement 
time. Consequently, the model is formulated specifically to simulate 
outward diffusion-controlled oxide growth, and mechanical stress evo-
lution that drives YSZ cracking in complex cermet microstructures. 
It describes cases of oxidation in transient conditions where oxygen 
partial pressure is high enough to not be the limiting mechanism. It 
should be noticed that the present implementation does not aim at 
capturing oxide nucleation on metal–pore interfaces. Moreover, the 
model cannot be used to describe the electrochemical reoxidation of 
a cermet in the case of fuel starvation [67] or the formation of NiO at 
the Ni/YSZ interface under operation [68].

Knowing that 𝜙 has the same value in the Ni and pore phases, 
the identification of the Ni, NiO, pore and YSZ phases is challenging 
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Fig. 1. Schematic representation of the oxidation model describing the two domains (MO and OP), the three considered phases (Ni=M, NiO=O and pore = P), the 
values of the phase field order parameter 𝜙, the diffusible nickel molar fraction 𝑐, and the oxidation reaction.
in the complex electrode microstructure. To overcome this issue, we 
propose to divide the initial geometry into three domains: MO which 
can contain M and O phases; OP which can contain O and P; and 
YSZ which is excluded from the oxidation model but takes part in the 
mechanical interactions of the system (Fig.  1). The boundary between 
MO and OP domains corresponds to the interface between Ni and the 
pore phase before the oxidation (i.e., microstructure in the reduced 
state). The thin layer of NiO considered to initiate the simulation is thus 
applied along this interface over about 100 nm. The MO, OP and YSZ 
domains remain fixed during the simulation. MO and OP are identified 
by integer indicators 𝑖MO and 𝑖OP, which are equal to one when in their 
respective domain and zero elsewhere (i.e., 𝑖MO = 1 in the MO domain 
and 𝑖OP = 1 in the OP domain as shown in Fig.  1). These indicators are 
used to ascribe the correct material properties or governing equations 
in each phase. Indeed, combining the order parameter value 𝑖MO and 
𝑖OP, the phase can be easily identified. The metallic phase M is defined 
by 𝜙 = 0 ∩ 𝑖MO = 1, the pore phase P by 𝜙 = 0 ∩ 𝑖OP = 1, and the oxide 
phase O by 𝜙 = 1 ∩ (𝑖MO = 1 ∪ 𝑖OP = 1).

3.2. Functional

The evolution of the system is governed by chemical, interfacial and 
mechanical energy contributions, which together define the total Gibbs 
free energy of the system, as expressed in Eq.  (4):

𝐺(𝑐, 𝜙, 𝜀𝑒𝑙) = ∫V

[

𝑓𝑁𝑖
chem(𝑐(𝒓, 𝑡), 𝜙(𝒓, 𝑡)) + 𝑓𝜙

interface(𝜙(𝒓, 𝑡))

+ 𝑓mecha(𝜀𝑒𝑙(𝒓, 𝑡), 𝜙(𝒓, 𝑡))
]

d𝑉 (4)

with 𝑡 and 𝒓 respectively denoting the time and the position vector. The 
term 𝑓𝑁𝑖

chem(𝑐, 𝜙) is the chemical energy which penalizes deviations from 
the molar fraction at equilibrium in each phase. The term 𝑓𝜙

interface(𝜙)
is related to the contribution of the interfaces. It contains the energy 
barrier described by a double-well potential separating two phases and 
a gradient term that tends to minimize the length of the interfaces: 
𝑓𝜙
interface(𝜙) = 𝑓𝜙

double−well(𝜙) + 𝑓grad(𝜙). The term 𝑓mecha(𝜀𝑒𝑙 , 𝜙) is the 
mechanical energy contribution.

The chemical free energy density is expressed with the contribution 
of each phase as shown in the following equation:

𝑓Ni
chem(𝑐, 𝜙) = 1

2

[

𝑖MO(1 − 𝑝(𝜙))𝑘M
(

𝑐 − 𝑐M
)2 + 𝑝(𝜙)𝑘O

(

𝑐 − 𝑐O
)2

+ 𝑖OP(1 − 𝑝(𝜙))𝑘P
(

𝑐 − 𝑐P
)2
]

(5)

This last expression involves the curvature 𝑘A of each square function 
(𝑐 − 𝑐A)2 which are calibrated to simulate accurately the experimental 
results. The molar fractions at equilibrium 𝑐A are defined as the ratio 
between the equilibrium concentration of Ni 𝑐𝐴Ni in phase 𝐴 for 𝐴 ∈
{𝑀 ;𝑂;𝑃 } and the maximal Ni concentration 𝑐𝑚𝑎𝑥Ni , taken equal to the 
equilibrium concentration in the metal phase 𝑐𝑀Ni : 

𝑐M =
𝑐𝑀Ni
𝑚𝑎𝑥 , 𝑐O =

𝑐𝑂Ni
𝑚𝑎𝑥  and 𝑐P =

𝑐𝑃Ni
𝑚𝑎𝑥 . (6)
𝑐Ni 𝑐Ni 𝑐Ni

4 
The equilibrium concentration of Ni in the metal and the pore domains 
is taken from Lin et al.’s study [57] setting 𝑐𝑀Ni = 152 439mol.m−3 and 
𝑐𝑃Ni = 0mol.m−3, while we set 𝑐𝑂Ni = 815mol.m−3 (half of the saturation 
value given by Lin et al.) in the oxide, since their value is the maximum 
amount of Ni that can diffuse in NiO. Hence, the equilibrium value 
of variable 𝑐 is 𝑐M = 1 in phase M ; 𝑐O ≈ 0.005 in phase O; and 
𝑐P = 0 in phase P. The values used for these parameters are reminded 
in Table  1. In Eq.  (5), the terms 𝑖MO, 𝑖OP and 𝑝(𝜙) allow to assign 
contributions to each specific phase. The interpolation function 𝑝(𝜙)
defines progressive variation of properties between phases, evolving 
continuously from 𝑝(𝜙 = 0) = 0 to 𝑝(𝜙 = 1) = 1. Following the study by 
Wang et al. [69], the interpolation function has been chosen to ensure 
a smooth transition: 
𝑝(𝜙) = 𝜙3(10 − 15𝜙 + 6𝜙2) (7)

The double well potential for the two interfaces is expressed by Eq.  (8):
𝑓𝜙
double−well(𝜙) = (𝑖MO𝑊MO + 𝑖OP𝑊OP) 𝑔(𝜙) (8)

in which 𝑔(𝜙) is a double well function defined as 𝑔(𝜙) = 𝜙2(1−𝜙)2 and 
𝑊AB is the height of the energy barrier accounting for the free energy 
penalty of the interface AB. As it has been shown in [55,70], neglecting 
the terms coming from the other energy densities, the standard relation 
linking the height of the energy barrier 𝑊AB with the ratio between the 
interfacial energy 𝜎AB and the prescribed interface thickness 𝜁AB can be 
obtained with: 
𝑊AB = 6𝐶

𝜎AB
𝜁AB

. (9)

When taking the interface as the region verifying 0.05 < 𝜙 < 0.95, the 
parameter 𝐶 is estimated to be 𝐶 = 2.94 according to [70]. This relation 
was used to estimate values of 𝑊MO and 𝑊OP for the simulations (see 
Table  1).

The gradient term of the interfacial energy is written as: 

𝑓grad(𝜙) =
𝑖MO𝜅MO + 𝑖OP𝜅OP

2
|∇𝜙|2 (10)

in which 𝜅AB is the coefficient of the gradient term of the interface 𝐴𝐵. 
As for the height of the energy barrier, this parameter is also related 
to an interface thickness and the interface energy, when neglecting the 
other contributions, as explained by [70]: 

𝜅AB = 3
𝐶
𝜁AB𝜎AB. (11)

The Eq.  (11) has been used to calibrate an initial value for the simula-
tions, as detailed in Table  1, using interfacial energy density from the 
literature for MO and OP interfaces [71,72].

The elastic strain energy contribution is expressed by Eq.  (12): 

𝑓mecha(𝜀𝑒𝑙 , 𝜙) =
1
2
𝐶ijkl 𝜀

𝑒𝑙
ij 𝜀𝑒𝑙kl (12)

in which 𝜀𝑒𝑙 is the elastic strain tensor and 𝐶  is defined as:
ijkl
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𝐶ijkl = 𝑖MO (1− 𝑝(𝜙)) 𝐶𝑀
ijkl + 𝑝(𝜙) 𝐶𝑂

ijkl + 𝑖OP (1− 𝑝(𝜙)) 𝐶𝑃
ijkl + 𝑖YSZ𝐶

𝑌 𝑆𝑍
ijkl

(13)

The expression of the stiffness matrix as a function of the domain and 
the interpolation function allows for a continuous evolution of the 
elastic coefficients across the interfaces. In the model, the materials 
are considered isotropic, since the Ni and YSZ particles exhibit a 
polycrystalline microstructure with randomly oriented grains, and the 
NiO is modeled as a homogeneous scale, although its actual structure 
is more complex (cracks, delaminations, grain orientation) [28,37] and 
not fully characterized here. The Lamé parameters are expressed as 
𝜆 = 𝐸𝜈

(1+𝜈)(1−2𝜈)  and 𝜇 = 𝐸
2(1+𝜈) . The values of Young’s moduli and Poisson 

ratio defining Lamé parameters for each material are provided in Table 
1.

3.3. Governing equations

The evolution of the system is governed by three equations, respec-
tively describing phase change, diffusion, and mechanical equilibrium.

Allen–cahn equation: 𝜙
The evolution of the order parameter 𝜙(𝒓, 𝑡) over time and space 

represents the growth of the oxide layer. It is the solution of the 
classical Allen–Cahn equation with an interfacial reaction term 𝑟𝜙: 

𝜙̇ = −𝐿𝜙
𝛿𝐺(𝜙)
𝛿𝜙

− 𝑟𝜙 (14)

where 𝐿𝜙 is the mobility coefficient that scales the contribution of 
the Gibbs free energy derivative with respect to 𝜙. The term 𝐿𝜙 is 
calibrated to ensure the correct motion of the two interfaces between 
the different phases. The derivation of 𝛿𝐺(𝜙)

𝛿𝜙  from Eq.  (14) is provided in 
Appendix  A along with the developed form of the implemented Allen–
Cahn equation. The interfacial reaction term 𝑟𝜙 takes into account 
the kinetics of interfacial reactions in the case of Ni oxidation. In the 
present formulation, the term 𝑟𝜙 is introduced to couple the evolution 
of the phase field to the local deviation from equilibrium concentration. 
This reaction term needs to be considered in the model since the 
classical Allen–Cahn equation describes interface motion driven by 
free energy minimization but does not picture the oxidation at the 
interfaces. The reaction term 𝑟𝜙 is expressed combining Eqs. (15) and 
(16) and allows linking the diffusible Ni molar fraction at interfaces to 
their motion described by the order parameter 𝜙: 
𝑟𝜙 = 𝑟𝑀𝑂

𝜙 + 𝑟𝑂𝑃
𝜙 (15)

where the interface-specific reaction terms are defined by following 
Eqs. (16a) and (16b). 

𝑟𝑀𝑂
𝜙 = 𝐿𝑀𝑂

r (𝑐 − 𝑐𝑀𝑂
eq )

d𝑝
d𝜙

𝑖MO (16a)

𝑟𝑂𝑃
𝜙 = 𝐿𝑂𝑃

r (𝑐 − 𝑐𝑂𝑃
eq )

d𝑝
d𝜙

𝑖OP (16b)

In these expressions, the term d𝑝
d𝜙  and integers 𝑖MO and 𝑖OP ensure to 

restrict the reaction term contribution to the corresponding interfacial 
regions. The term (𝑐 − 𝑐𝐴𝐵eq ) drives the reaction based on deviation 
from the equilibrium molar fraction 𝑐𝐴𝐵eq  at each interface 𝐴𝐵. In 
this way, the interface is displaced whenever the local composition 
deviates from equilibrium, thereby ensuring consistency between phase 
transformation and mass transport. In other words, the term 𝑟𝜙 is 
introduced to describe the NiO growth governed by species transport 
and interfacial reactions. This formulation is consistent with previous 
phase field oxidation models (Cheng et al. [73] or Lin et al. [57]). The 
kinetic constants 𝐿𝑀𝑂

r  and 𝐿𝑂𝑃
r  of each interfacial reaction in Eqs. (16a) 

and (16b) are parameters that are calibrated using the experimental 
data in order to reproduce the overall kinetic of oxidation.

At the Ni/NiO interface (MO), the reaction term 𝑟𝑀𝑂
𝜙  describes the 

interface movement induced by Ni transfer from the metal phase into 
5 
the oxide as a diffusing species. As described in the introduction, there 
are different physical mechanisms, including dislocation glide [33–35], 
that can be involved in such Ni-NiO interface motion. The equilibrium 
molar fraction at the MO interface is set at 𝑐𝑀𝑂

eq = 𝑐M+6𝑐O
2 , a value 

slightly larger than the average of 𝑐M and 𝑐O, in order to ensure the 
model stability and that the NiO phase can only grow.

At the NiO–pore interface (OP), it is assumed that the chemical reac-
tion of Ni oxidation occurs, given that Ni diffusion in the oxide layer is 
faster than oxygen diffusion [28]. This assumption is in agreement with 
the work of Unutulmazsoy et al. [74] who showed that the oxidation 
reaction time is negligible compared to the diffusion time in nickel 
oxide scales at high temperatures. In this framework, any Ni atom 
reaching the OP interface is considered to react almost instantaneously 
with oxygen of the pore phase to form a NiO molecule. Therefore, 
the equilibrium molar fraction of Ni at OP interface has been set to 
𝑐𝑂𝑃
eq = 𝑐𝑃 = 0.
Since the equilibrium fraction of Ni in the oxide 𝑐O is higher than 

𝑐𝑂𝑃
eq , the profile of 𝑐 (the diffusible Ni molar fraction) in the NiO layer 
exhibits a downward slope from MO interface to the OP interface. 
This gradient promotes Ni diffusion towards the OP side. Such de-
creasing concentration profiles driving diffusion are also found in other 
oxidation phase field models. To obtain a driving gradient, Ammar 
et al. [55] imposed a boundary concentration above the equilibrium 
value, while Zaeem et al. [58] have set initial concentrations with out-
of-equilibrium values in all three phases. In contrast, multiphase field 
formulations explicitly resolve every involved chemical species, which 
avoid relying on these reaction terms but at the expense of a larger 
set of governing equations and increased computational cost [53,75]. 
Given the complexity of the microstructures considered in this work 
and the need to reproduce the experimental oxidation at the microscale, 
the present formulation is preferred.

Cahn–Hilliard equation: 𝑐
In the present model, the evolution of the diffusible molar fraction 

of Ni 𝑐(𝑡, 𝒓) is governed by a modified Cahn–Hilliard equation with a 
reaction term 𝑟c: 

𝑐̇ = ∇ ⋅
(

𝑀c∇
𝛿𝐺(𝑐, 𝜙)

𝛿𝑐

)

− 𝑟c (17)

The first term of the right-hand side of Eq.  (17) describes the diffu-
sion of Ni. The diffusible Ni reaching the NiO/pore reaction front is 
consumed by the source term 𝑟𝑐 , which in turn produces NiO. The 
developed form of the implemented equation after the derivation of 
𝛿𝐺
𝛿𝑐  from Eq.  (4) is provided in Appendix  A. The Onsager coefficient 
𝑀c (also called mobility of 𝑐) depends on the phase, and is described 
by Eq.  (18):

𝑀c = 𝑖MO(1 − 𝑝(𝜙))
𝐷M
𝑘M

+ 𝑝(𝜙)
𝐷O
𝑘O

+ 𝑖OP(1 − 𝑝(𝜙))
𝐷P
𝑘P

(18)

where 𝐷A is the diffusion coefficient of Ni in phase A and 𝑘A is the 
curvature of the free energy density of phase A used in Eq.  (5).

In Eq.  (17), the reaction term 𝑟c is introduced to take into account 
the elemental consumption due to the oxidation reaction at the OP 
interface. This term is expressed as: 

𝑟c = 𝑖OP 𝜙̇ 1
𝜂

(19)

where 𝜂 represents a swelling coefficient. From Eqs. (17) and (19), it 
can be seen that the reaction term 𝑟c imposes an opposite coupling 
between the temporal evolution of the diffusible Ni molar fraction 𝑐̇
and the temporal evolution of the order parameter 𝜙̇ at the NiO/pore 
interface. Specifically, a decrease of 𝑐 in the oxide layer at the interface 
with the gas phase results in an increase by a factor 𝜂 of the oxide 
phase parameter 𝜙. In this way, it is possible to reproduce the swelling 
of the NiO phase during oxidation. This swelling originates from the 
difference in volume between the Ni and NiO unit cells. This theoretical 
swelling is described by the Pilling–Bedworth ratio (PBR), defined as 
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the ratio of the oxide molar to the metal molar volume. Since both 
𝜙 and 𝑐 represent normalized molar fractions, setting 𝜂 = 𝑃𝐵𝑅 in 
𝑟𝑐 ensures appropriate conversion between Ni consumption and NiO 
formation at the OP interface.

As a general comment, it is worth noting that the model does 
not intend to describe the exact complex physical processes for the 
inward motion of the metal/oxide interface. In the model, thanks to 
the reaction term 𝑟𝑀𝑂

𝜙 , the voids created at the Ni/NiO interface due 
to Ni outward diffusion are progressively filled by newly formed NiO. In 
this condition, the NiO is considered porous in the model, as observed 
experimentally and schematically described by Jeangros et al. [37]. 
Besides, the effective Ni-to-NiO volume expansion ratio is thus given by 
𝜂𝑒𝑓𝑓 = (𝐴+ 𝜂𝐴)∕𝐴 = 𝜂 +1 where 𝐴 is the volume of voids filled by NiO 
at the Ni/NiO interface. Under this assumption, the effective volume 
expansion factor increases from the theoretical PBR of 1.7 to 2.7. 
However, this value of 𝜂𝑒𝑓𝑓 = 2.7 represents an upper bound compared 
to the ratio taken from the simulations as it does not consider the 
diffusible Ni stored in NiO (so that the effective ratio will be between 
1.7 and 2.7). Furthermore, the magnitude of the effective overswelling 
depends on the imposed initial and boundary conditions, which will be 
detailed in the next section. Therefore, the present formulation should 
be interpreted as an effective mesoscale description of oxide growth 
that reproduces oxidation kinetics and the experimentally observed 
overswelling coming from defects within the NiO layer [16].

Mechanical equilibrium
The mechanical equilibrium of the whole geometry, including do-

mains MO, OP and YSZ, is classically expressed with Eqs. (20a) and 
(20b): 
𝜕𝜎ij
𝜕𝑥j

= 0
(

𝑥j = 𝑥, 𝑦
)

(20a)

𝜎ij = 𝐶ijkl 𝜀
𝑒𝑙
kl (20b)

where 𝜎ij is the element of the stress tensor. The elastic strain 𝜀𝑒𝑙ij  used 
in Eqs. (12) and (20b) is given by the difference between the total and 
the inelastic strains: 
𝜀𝑒𝑙ij = 𝜀𝑡𝑜𝑡ij − 𝜀𝑖𝑛𝑒𝑙ij . (21)

The total strain 𝜀𝑡𝑜𝑡ij  is expressed assuming small deformations and plane 
strain assumptions: 

𝜀𝑡𝑜𝑡ij = 1
2

(

𝜕𝑢i
𝜕𝑥j

+
𝜕𝑢j
𝜕𝑥i

)

(22)

with 𝑢𝑖 the element of the displacement vector.
The inelastic strain 𝜀𝑖𝑛𝑒𝑙ij  in Eq.  (21) can potentially have several 

contributions. In the present work, viscoplastic deformation of the 
reduced nickel at 700 ◦C [14] is not explicitly modeled as it is not 
the major phenomenon of interest. Although the mismatch in crystal 
lattice parameters between the metallic and the oxide phases was 
assumed to participate to the movement of the MO interface in previ-
ous studies [57,58], this contribution has not been considered in the 
present model. Indeed, the deformation related to this mismatch is 
limited to the vicinity of the Ni/NiO interface and is not expected to 
add a substantial contribution to the global kinetic of oxidation [32]. 
Moreover, thermal strains are not considered here as the study focuses 
on isothermal oxidation. Previous works have shown that, at operat-
ing temperature, thermal stresses tend to compensate residual cooling 
stresses formed during cell processing [76,77]. Therefore, the present 
study only takes into account the inelastic strains associated with the 
growth of NiO film since they are the main source of stress in the 
YSZ backbone [14,78]. A rather simple approach is adopted here as 
more detailed stress analyses at the NiO grain scale proposed in the 
literature [32,38,44,79,80] are beyond the scope of this study. The 
inelastic strain is thus expressed as follows: 

𝜀𝑖𝑛𝑒𝑙 = 𝜀𝑔 =
( 𝜀𝑔11 0 0

0 𝜀𝑔22 0

)

=
( 𝑝(𝜙)𝑁y𝜀

𝑔
0 0 0

0 𝑝(𝜙)𝑁x𝜀
𝑔
0 0

)

(23)

0 0 0 0 0 0
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where 𝜀𝑔0 is the growth strain constant that must be calibrated for a 
correct description of this phenomenon. The terms 𝑁x and 𝑁y allow 
to define the direction of the oxide growth. The growth strain is 
considered orthogonal to the oxide surface in accordance with Rhines’ 
theory, which attributes its origin to the growth of interstitial NiO 
grains along fast diffusion paths of the oxide film oriented in its 
growth direction [32,38,42,57,78]. Therefore, 𝑁x and 𝑁y are used to 
determine the direction of the normalized absolute gradient of 𝜙 on 
each point (𝑥, 𝑦) and are updated at each time step. They are defined 
as follows: 

𝑁x =
|𝑛x|
𝑛norm

and 𝑁y =
|𝑛y|
𝑛norm

(24a)

with 𝑛x = 𝜕𝜙
𝜕𝑥 ; 𝑛y = 𝜕𝜙

𝜕𝑦  and 𝑛norm =
(

(

𝜕𝜙
𝜕𝑥

)2
+
(

𝜕𝜙
𝜕𝑦

)2
)1∕2

. The 
orientations 𝑁x and 𝑁y are updated at each time step, only if the 
condition 𝜙(𝑥, 𝑦) > 0.9 is verified, to prevent the modification of the 
strain direction for an already grown oxide. Also, the 𝑁x and 𝑁y fields 
on the 2D geometry are smoothed by a geometrical filter. These steps 
are necessary to avoid computational instability or unrealistic gradient 
evaluations that can lead to numerical problems in the computation of 
the gradient orientation.

3.4. Implementation: Geometries, initial and boundary conditions

The chemo-mechanical model for Ni oxidation in the hydrogen 
electrode is implemented in the finite element software COMSOL Mul-
tiphysics. Simulations are carried out on 2D geometries selected to 
comply as closely as possible with the microstructural features and 
phase connectivity of the 3D material, as detailed below in this sec-
tion. Their dimension is 10 × 10 μm2, which is significantly larger 
than the characteristic microstructural features of the functional layer 
microstructure used in experiments and allows capturing the main mor-
phological behaviors at a reduced computational cost [81]. It should 
be noted that the same dimension is chosen for the support layer. Each 
geometry is partitioned into three domains: MO, OP and YSZ which 
respectively represent the initial Ni, pores and zirconia. Two types of 
geometries are considered: synthetic geometries generated using the 
algorithm developed by Moussaoui et al. [81], and segmented geome-
tries obtained through the segmentation of SEM images of reduced 
hydrogen electrodes cross-sections. Although the Moussaoui algorithm 
generates 3D geometries from prescribed volume fractions and particle 
size distributions, representative 2D slices are selected for simulation. 
A specific attention is given to select the most representative slice in 
the 3D reconstruction for both segmented and generated geometries, by 
comparing the phase fractions as well as the initial Ni/pore interface 
distance distributions. To achieve this goal, a distance function is imple-
mented to compute the relative distance from the MO–OP interface, for 
each point (𝑥, 𝑦) in the geometry (excluding the YSZ phase), similarly to 
Ouyang et al.’s work [82]. In our case, the function is calculated in two 
different domains, taking positive values in the OP domain and negative 
values in the MO domain. Distance maps are computed for each 2D 
slice of the generated microstructures and each square sample of the 
segmented SEM image to select the most representative microstructure 
(Fig.  2a and b). The corresponding histograms are then compared to the 
one of a whole volume to identify the most representative 2D samples 
(Fig.  2c).

For all geometries, a smoothing protocol is applied to the interfaces 
of the domains to improve numerical stability. To achieve accurate 
resolution of narrow phase interfaces, the mesh consists of triangular 
linear elements with edge lengths on the order of 10−2 μm, resulting in 
approximately 3 × 105 elements per geometry. The element size must 
be small enough to describe correctly the interfaces in the phase field 
model. In our model, it should be noticed that the effective interface 
thicknesses are dependent on the chosen heights of the energy barriers 
and coefficients of the gradient terms, as well as the reaction term 𝑟 . 
𝜙
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Fig. 2. Most representative geometry of functional layer regarding phase fractions and distance map distribution. (a) Segmented representation with in gray: Ni; 
in pink: pore; and in white: YSZ (b) Distance map from the Ni/pore interface with the interfaces in black, the Ni in cold colors, the pore in hot colors, the YSZ 
in white, and the metal and pores that are not connected to an interface in gray and dark gray; (c) Histograms of the 3D reference segmented volume in black 
and the 2D slice of the synthetic microstructure in transparent blue.  (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article.)
More specifically, the effective interface thicknesses are affected by the 
calibration of the kinetic constants 𝐿𝐴𝐵

𝑟  of the Eqs. (16a) and (16b). 
Particular care was taken to determine these kinetic parameters whilst 
ensuring a sufficient resolution regarding the chosen mesh. Given the 
elected 𝑊𝐴𝐵 and 𝜅𝐴𝐵 parameters, the effective interface thicknesses 
measured in the simulations are about 70 nm at MO interface and 300 nm
at OP interface.

The initial values for both 𝜙 and 𝑐 variables rely on the distance 
function from the MO–OP interface, similarly as illustrated in Fig.  2b. 
The initial NiO layer is imposed thin enough to correspond to a low 
Degree of Oxidation (typically below 25wt.%), yet sufficiently thick to 
ensure numerical stability at the start of the simulation. The initial NiO 
thickness is set larger in the OP domain than in the MO one, to account 
for the swelling ratio of NiO (knowing that the boundary between the 
OP and MO domains is set at the Ni/gas interface in the segmented 
SEM image or synthetic microstructure).

Regarding the boundary conditions, a zero-flux constraint on the 𝑐
field is applied at the edge of the YSZ phase, preventing Ni diffusion 
in the YSZ backbone. A zero-flux condition is imposed on the 𝜙 field 
at the OP–YSZ interface, which means that ∇𝜙 = 0 and results in a 
𝜋∕2 contact angle between the oxide front and the YSZ surface. This 
choice corresponds to an intermediate wetting condition given the lack 
of interfacial energy data in this case. An estimation of this angle on the 
SEM image after 2min of oxidation gives an average angle of 92◦ with 
a standard deviation of 47◦. Because of this uncertainty, a sensitivity 
analysis has been performed with the model changing the imposed 
angle. The results have shown that the DoO is almost not affected by the 
choice of this boundary condition. At the MO-YSZ interface, a Dirichlet 
condition 𝜙 = 1 is prescribed, which allows reproducing the nucleation 
of an oxide layer all around the Ni particles. SEM observations (Fig.  3a) 
revealed the formation of a thin NiO layer surrounding Ni particles after 
a short oxidation time, supporting the use of the Dirichlet condition 
at the starting point of the simulations. Furthermore, NiO has also 
been reported at the Ni-YSZ interface after cell operation under various 
conditions [68,83], while Ni-O bonds are known to dominate the 
Ni-YSZ interface chemistry [84]. Consequently, a small amount of pre-
existing NiO is assumed at the Ni-YSZ interface prior to the modeled 
case of oxygen introduction causing fast oxidation. The introduction of 
the NiO layer in the simulation implies a partial compensation of oxide 
overgrowth, decreasing the effective expansion factor. On the outer 
edges of the simulated microstructures, periodic boundary conditions 
are applied for the variables 𝑐 and 𝜙. To enforce periodicity in the 
simulated geometry, a thin porous layer (approximately 20 nm thick) 
is added around the geometry.

For the mechanical part of the model, the initial strain is set uni-
formly to 𝜀𝑡𝑜𝑡 𝑥, 𝑦, 𝑡 = 0 = 0. The simulations are performed assuming 
( )

7 
plane strain conditions applied to the whole 2D microstructure (i.e., the 
out-of-plane strains 𝜀iz are set to zero). This condition is representative 
of a 2D cross section taken from a large cell, where deformation in 
the out-of-plane direction is effectively constrained by the surrounding 
material. Regarding the boundary conditions applied to the edges of 
the simulated domain, the displacements are not constrained and only 
one corner is clamped (in displacement and rotation).

All the parameters involved in the phase field model are listed in 
Table  1. For each of them, it is reminded if the value is taken from the 
literature or determined in this study. It can be noticed that the Young’s 
modulus and the diffusion coefficient of Ni in the gas phase have been 
chosen to low values (𝐸P = 0.1GPa and 𝐷P = 1 × 10−22 m2.s−1) in such 
a way that it does not affect the results.

4. Results and discussion

4.1. Experimental characterization of the cermet oxidation

All the samples, from the pristine to the one oxidized for 120min, 
have been characterized by SEM. Fig.  3 presents subregions of the 
electrode functional layer oxidized for 2min (Fig.  3a) and 120min (Fig. 
3b). On these images, the bright particles with sharp edges are YSZ, the 
Ni phase has a slightly darker and less homogeneous gray color with 
a rougher surface, while NiO appears in dark gray, and pore phase in 
black.

First, it can be observed that the quantity of NiO increases with the 
exposition time to air, as expected. The swelling of the Ni particles dur-
ing their oxidation leads to a sample with a low volume of porosity after 
120min of oxidation at 700 ◦C. Moreover, the oxide particles present 
inner nanopores located both at the Ni/NiO interface and within the 
NiO layer itself. On the 120min sample (Fig.  3b), cracks can be observed 
in the YSZ backbone. This indicates that the DoO(𝑡 = 2 h) value has 
exceeded a threshold at which structural damage to the YSZ backbone 
occurs. Finally, it can be observed that Ni particles are surrounded by 
an oxide layer from the beginning of the oxidation, even at interfaces 
with YSZ particles.

The SEM images of samples oxidized for different durations are 
segmented using a dedicated deep-learning tool developed for this 
purpose [66]. From these segmented images, the area fractions of Ni 
and NiO phases are quantified and used to estimate the DoO of each 
sample with Eq.  (2). The experimental DoO extracted from these images 
is plotted as a function of oxidation time in Fig.  4, for the support and 
the functional layer. For comparison, the DoO is also calculated using 
weight measurements of the samples (Fig.  4). It can be seen that the 
weight-based results closely follow the oxidation trend of the support 
layer. This result is consistent with the fact that the support accounts 
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Table 1
Phase field model parameters.
 Symbol Value Unit Meaning Reference 
 Chemistry
 𝑐𝑀Ni 152439 mol.m−3 Equilibrium concentration of Ni in metal [57]  
 𝑐𝑂Ni 815 mol.m−3 Equilibrium concentration of Ni in oxide [57]  
 𝑐𝑃Ni 0 mol.m−3 Equilibrium concentration of Ni in the pore phase [57]  
 𝑐𝑂NiO 89933 mol.m−3 Equilibrium concentration of NiO in oxide [57]  
 PBR 1.7231 Pilling–Bedworth ratio 𝑉 𝑁𝑖𝑂

m

𝑉 𝑁𝑖
m

= 𝑐𝑀Ni
𝑐𝑂NiO

[57]  
 𝜌M 8902 kg.m−3 Theoretical density of Ni [85]  
 𝜌O 6720 kg.m−3 Theoretical density of NiO [85]  
 Diffusion
 𝑇 973 K Temperature Chosen  
 𝐷M 1.6 × 10−19 m2.s−1 Diffusion coefficient of Ni in the metal [86]  
 𝐷O 8 × 10−16 m2.s−1 Diffusion coefficient of Ni in the oxide Identified 
 𝐷P 1 × 10−22 m2.s−1 Diffusion coefficient of Ni in the pore phase Chosen  
 Interfacial
 𝜅MO 3.36 J.m−1 Coefficient of the gradient term of the interface MO Chosen  
 𝜅OP 6.4 J.m−1 Coefficient of the gradient term of the interface OP Chosen  
 𝑊MO 1.16 × 107 J.m−3 Height of the MO energy barrier Chosen  
 𝑊OP 2.76 × 106 J.m−3 Height of the OP energy barrier Chosen  
 𝑘 103 J.m−3 Curvature of chemical energy square functions Identified 
 𝐿𝜙 1.6 × 10−4 J−1.m3.s−1 Mobility coefficient for 𝜙 interface Identified 
 𝐿𝑀𝑂

r 105 s−1 Kinetic constant of the MO interface reaction Identified 
 𝐿𝑂𝑃

r 1.6 × 108 s−1 Kinetic constant of the oxidation reaction Identified 
 Mechanics
 𝐸M 173 GPa Young’s modulus of Ni [87]  
 𝐸O 175 GPa Young’s modulus of NiO [88]  
 𝐸P 0.1 GPa Young’s modulus of the pore phase [57]  
 𝐸YSZ 220 GPa Young’s modulus of YSZ phase [57]  
 𝜈M 0.325 Poisson ratio of Ni [89]  
 𝜈O 0.3 Poisson ratio of NiO [89]  
 𝜈P 0.3 Poisson ratio of the pore phase [57]  
 𝜈YSZ 0.32 Poisson ratio of YSZ phase [57]  
 𝜀𝑔0 0.002 Growth strain constant Identified 
for around 90% of the total electrode thickness and thus dominates 
the cell mass. For each point, horizontal error bars were traced to 
represent the potential uncertainty in the oxidation time. To quantify 
the DoO, the segmentation was performed on large samples (about 
90 μm × 30 μm for each layer) that can be considered as representative of 
the microstructure of the whole layer. The DoO error bars reported for 
each oxidation time along the 𝑦-axis represent the uncertainty coming 
from the segmentation, quantified as the standard deviation of the 
experimental DoO obtained from an ensemble of segmentation results. 
For each oxidation time, the image segmentation was performed in-
dependently using ten different U-Net models previously trained and 
validated for uncertainty quantification [66]. This procedure yields ten 
distinct segmentation maps for the same image, from which ten corre-
sponding DoO values are computed. The obtained standard deviations 
stand below 0.75wt.%, averaging 0.3wt.% for the functional layer and 
0.4wt.% for the support layer, which makes them difficult to distinguish 
from the symbols on the graph. The DoO may be affected by additional 
sources of error coming for example from experimental manufacturing 
and measurement that cannot be quantified here.

In line with the observations of Laurencin et al. [49], the experi-
mental results show parabolic oxidation kinetics for both layers. This 
behavior is characteristic of diffusion-controlled oxide growth [90], 
resulting from the increasing diffusion path length for Ni ions into NiO 
as the oxide layer thickens. In addition, the tested microstructures have 
a Gaussian-like MO–OP distance histogram, as illustrated by Fig.  2c, 
which means that progressively the oxide can grow in fewer Ni and 
porosity regions. This microstructural feature tends to slow down the 
parabolic oxidation kinetics.

It is worth noting that the DoO for the two layers tends to an upper 
bound for long reoxidation time. This asymptotic limit is not the same 
for the two layers, as observed in Fig.  4. After 120min of oxidation 
time, the DoO is measured at 80wt.% in the support and 60wt.% in the 
8 
functional layer. This difference of behavior is related to the difference 
of initial porosity between the two layers (in its as-manufactured, pre-
reduction state, the functional layer is fully dense in its oxidized state 
while the support is already porous). Regarding the functional layer, 
the reoxidation stops when the pores are completely filled. Indeed, at 
this stage, it is worth noting that a fraction of the reduced Ni remains 
not oxidized. This phenomenon is explained by the overswelling due to 
the NiO sponge-like structure so that the nanoporous NiO takes up more 
space than the initial dense NiO (of the as-manufactured, pre-reduction 
state). Therefore, the additional porosity in the support allows reaching 
higher DoO. Using the SEM images, the effective Ni to NiO volume 
change during reoxidation has been estimated by measuring the volume 
fraction of the nanoporous NiO. This ratio is found to be around 1.9, 
which is similar to the value of 1.92 reported by De Angelis et al. [16].

4.2. Model validation

4.2.1. Comparison with experiments
For the simulations, two 10 × 10 μm2 geometries were selected from 

the support layer and two others from the functional layer, all extracted 
from large segmented SEM images. In addition, one 10 × 10 μm2 slice 
taken from a representative 3D artificial microstructure of each layer 
(support and functional) was selected to assess the agreement between 
phase field simulations performed on real and synthetic cermets. All 
selected geometries were chosen to best represent the characteristic 
phase fractions and distance-map distributions of each layer. The phase 
volume fraction and equivalent mean particle diameter for each phase 
of the simulated geometries are reported in tables S-2.1 and S-2.2 of 
the supplementary material section S-2.

A representative example of a synthetic functional layer is shown at 
its initialized state in Fig.  5 with labels of MO, OP and YSZ domains, 
and colored areas of Ni, nanoporous NiO, pore, and YSZ phases. In the 
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Fig. 3. SEM images (10 × 10 μm2) of the functional layer of samples oxidized in air at 700 ◦C for (a) 2min (b) 120min.
Fig. 4. Experimental Degree of Oxidation of nickel in the cermet as a function 
of air exposure time at 700 ◦C obtained from cell weighing (black), and 
segmented SEM image of the supported layer (blue) and the functional layer 
(green). The oxidation time when YSZ cracks start to appear is in transparent 
red.

initial state, the imposed Dirichlet boundary condition produces a thin 
NiO shell (green border) around all Ni particles, corresponding to a 
DoO in the range of 15wt.% to 25wt.% (here 16wt.%) although the 
layer thickness is only about 100 nm. Thus, the evolution of the DoO 
as a function of oxidation time starts from this initial oxidation for the 
simulated results. Nevertheless, it is worth reminding that this initial 
thin layer surrounding the reduced Ni particles is consistent with the 
observations of the cermet microstructure at an early stage of oxidation 
(see Section 4.1).

After 2min of simulated oxidation (Fig.  5), the DoO reaches 32wt.%. 
At this stage, the oxidation front is non-uniform, depending on the 
local curvature and position of the MO and OP interfaces. The av-
erage thickness of the oxide layer is around 280 nm. The simulated 
microstructure matches the experimental one depicted in Fig.  3a after 
2min of oxidation, showing significant NiO growth within the pores, 
consistent with parabolic oxidation kinetics. After 120min (Fig.  5), the 
DoO reaches 60wt.%, and the nanoporous NiO phase (green phase) fills 
most of the pores, although a substantial amount of metallic Ni remains. 
The result of the simulation is in agreement with the experimental 
observations shown in Fig.  3b, where non-oxidized Ni is still visible 
and few pores also remain.

Fig.  6 compares the time evolution of DoO for simulations per-
formed on both functional and support layer microstructures with the 
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corresponding experimental data. Overall, the simulations reproduce 
the parabolic kinetics and asymptotic behavior observed experimen-
tally for both layers. The results for the support layer deviate slightly 
more from the experimental curve than the functional layer ones, likely 
due to the difficulty of capturing large pores and particles (Fig.S-1.1) 
within 2D 10 × 10 μm2 microstructures. Simulations performed on the 
representative synthetic geometries closely follow those obtained from 
the segmented ones.

Model parameters listed as ‘‘Identified’’ in Table  1 were calibrated 
by trial and error to reproduce as closely as possible the experimen-
tal oxidation kinetics of the functional layer, while remaining within 
physically realistic ranges for the diffusion coefficient of Ni in the 
oxide 𝐷O. This calibration was performed using the two real segmented 
images of the functional layer (Fig.  6). Then, the model validity was 
assessed by simulating the other microstructures without changing 
the fitted data. On Fig.  6, it can be observed that the same model 
parametrization is also able to catch the kinetic of the support layer 
using the real segmented microstructures. This demonstrates that the 
model correctly captures the effect of a microstructural change on the 
oxidation kinetics. Moreover, the simulated DoO as a function of time 
for the synthetic microstructures also matches the experimental data 
for both layers. The statement also demonstrates the model capability 
to simulate correctly oxidation on different microstructures which are 
representative of the real cermet but with different local geometry.

The expansion factor 𝜂𝑒𝑓𝑓  has been calculated from the simulations 
for the functional layer considering only the oxide growth occurring 
after initialization. After 120 min of oxidation, this ratio is equal to 
about 𝜂𝑒𝑓𝑓 = 2.5. This value does not reach the upper bound of 2.7 since 
a fraction of the diffusible Ni remains stored in the NiO rather than 
being converted into oxide. When the entire simulation is considered, 
the overall measured expansion ratio further decreases to around 2.05, 
close to the experimental ones slightly above 1.9. This decrease is 
explained by taking into account the pre-existing NiO layer introduced 
at MO-YSZ interfaces during initialization. It shows that even without 
explicitly modeling nanopores in the NiO phase, the simulations cap-
ture accurately the oxidation kinetics including the saturation of the 
DoO versus time due to the particle overswelling.

4.2.2. Ni diffusion coefficient in NiO
Among the identified parameters, the Ni diffusion coefficient in NiO 

𝐷O is of key importance as it governs the NiO growth. A sensitivity 
analysis on this parameter has been performed by varying its value 
in simulations. Since the model is built as diffusion-dependent, the 
modification of this property acts as a scaling factor on the evolution of 
DoO versus time, without affecting the ultimately reached asymptotic 
value of DoO. The calibration of this parameter on the evolution of 
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Fig. 5. Phase distribution of 2D simulation of oxidation on a 10 × 10 μm2 functional layer synthetic microstructure for oxidation times of 0; 2; 30 and 120min. 
The initial domains are represented on the left image at initial state. The phases are represented in gray for Ni, green for NiO, pink for the pore phase, and white 
for YSZ.  (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 6. Experimental and simulated Degree of Oxidation of nickel as a function 
of air exposure time for functional and support microstructures. Large dots 
curves are experimental data, three representative geometries are used for the 
simulations. The results obtained from simulations on generated geometries for 
both layers appear in light green and light blue with hollow diamonds instead 
of points.  (For interpretation of the references to color in this figure legend, 
the reader is referred to the web version of this article.)

DoO as a function of reoxidation time for both layers leads to the value: 
𝐷O = 8×10−16 m2.s−1 with a rather narrow uncertainty range extending 
from 5.6 × 10−16 m2.s−1 to 1.2 × 10−15 m2.s−1. These bounds correspond 
to the values that keep the experimental value of DoO (𝑡 = 120min) 
within the envelope of the simulated DoO curves. Because of the high 
heterogeneity of the microstructure, the coefficient of diffusion of Ni 
in NiO may vary but we did not consider a heterogeneous distribution 
of its values here. The morphologies of each simulated microstructure 
before and after 120min of oxidation are provided in the supplementary 
material section S-3.

In the literature, the value for the Ni diffusion coefficient in NiO 
can change by orders of magnitude since it is highly dependent on 
the diffusion path. Peraldi et al. [41] and Atkinson et al. [21,22] 
conducted measurements to distinguish diffusion through the bulk, 
dislocations and grain boundaries. In practice, Ni transport across 
the oxide scale involves contributions from all these mechanisms. As 
summarized in [41], the diffusion coefficient of Ni in NiO at 700 ◦C
typically lies in the range 10−17 m2.s−1 < 𝐷O < 10−14 m2.s−1. For the 
model calibration, the identified diffusion coefficient has been found to 
be 𝐷 = 8×10−16 m2.s−1, which is in the range of predominant diffusion 
O

10 
Fig. 7. Kinetics of functional layer microstructures with different values of 
growth strain constant 𝜀𝑔0 .

along crystallographic grain boundaries and dislocations. Lin et al. [57] 
proposed a relation linking the effective diffusion coefficient of Ni in 
NiO to the relative contributions of bulk and grain boundary diffusion, 
dependent of the grain diameter of NiO and the grain boundary width. 
Using this relation with the value of 𝐷O identified in our study and 
the grain boundary width proposed by Lin et al., we obtain a NiO 
grain equivalent diameter of about 45 nm. This value appears plausible, 
although the complex topology of Ni in H2 electrodes likely results in 
a more heterogeneous NiO grain structure than that captured by this 
simple formula.

4.2.3. Stress state in the cermet and influence on the oxidation kinetics
As described in the model section, the oxide growth strain is im-

plemented as an inelastic in-plane strain defined by a constant value 
in the oxide layer. This uniform strain assumption is justified by the 
difficulty of estimating the spatial distribution of the growth strain 
due to the complex and heterogeneous nature of the growing oxide 
microstructure. The generated microstructure of functional layer used 
in Fig.  5 is reused here to simulate oxidation for five growth strain 
values: 𝜀𝑔0 = 0; 0.001; 0.002 (used for simulations in the previous section) 
; 0.005; and 0.01.

First, the influence of the growth strain constant on oxidation 
kinetics has been assessed. The results of DoO kinetics for the studied 
cases are gathered in Fig.  7. The oxidation curves for 𝜀𝑔0 = 0 and 
𝜀𝑔 = 0.002 are almost identical, with the latter reaching a slightly lower 
0
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Fig. 8. Microstructure after 30min of oxidation in the 𝜀𝑔0 = 0.002 case. Results of (a) phase distribution and (b) first principal stress 𝜎1 in Ni and NiO map.
Fig. 9. (a) Combined phases distribution and first principal stress in YSZ 𝜎𝑌 𝑆𝑍
1  map (b) Map of the areas of 8YSZ in which the first principal stress is larger than 

a typical value of 8YSZ strength (in the 𝜀𝑔0 = 0.002 case). Three maps are superimposed: in orange for the 10 min map ; red for 30 min and dark red for 2 h. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
final DoO (about 0.02wt.% lower). The largest 𝜀𝑔0 tested (0.01) leads to a 
slight difference in the oxide morphology, while the DoO is only around 
0.5wt.% lower than the non-strained one. In this case, the imposed 
strain is sufficiently high so that the mechanical term involved in the 
free energy functional slightly slows down the oxide growth. It can thus 
be inferred from this sensitivity analysis that in this range, the imposed 
strain has only a limited influence on the oxidation kinetic rate. In other 
words, the mechanical part of the functional could even be omitted to 
quantify the oxidation rate even though it is capital to compute the 
stress state in the cermet.

The simulated microstructure is displayed in the case 𝜀𝑔0 = 0.002
after 30min of oxidation in Fig.  8a with the corresponding first principal 
stress 𝜎1 in Ni and NiO in Fig.  8b. Because of the inelastic growth strain 
applied in the oxide, it has been found that the Ni is subjected to a 
tensile stress. On the contrary, the NiO phase, which is constrained by 
both the Ni and YSZ, is under compression. The average of the first 
principal stress in the Ni layer 𝜎𝑁𝑖

1  is around 87MPa at 30min of oxida-
tion. Because of the complex microstructure, the stress state in NiO is 
quite heterogeneous, with a majority of compressive stress (averaging 
−30MPa), and local tensile areas, as shown in Fig.  8a. The parts of 
the NiO layer subjected to local tensile stress are close to very convex 
Ni/NiO interfaces, as discussed in [32,79]. This heterogeneous stress 
distribution could even lead to some delamination and/or cracking of 
the NiO as already reported in other studies [14,37,39,40]. The current 
formulation captures the effect of interface curvature through the local 
orientation of the phase field gradient. However, the implementation of 
growth strain is limited to the definition of 𝜀𝑔 in Eq.  (23) without ex-
plicitly including additional geometric growth contributions such as the 
ones reported in [32,91,92]. This choice is motivated by the fact that 
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other NiO film mechanisms (delamination, pore forming and cracking) 
are not explicitly modeled as NiO is described as a homogeneous phase.

The phase distribution is presented in Fig.  9a together with the first 
principal stress in YSZ (𝜎𝑌 𝑆𝑍1 ) for the case 𝜀𝑔0 = 0.002 after 30min of 
oxidation. At this stage, the YSZ phase undergoes a rather low tensile 
stress in average with a mean value of 90MPa. Due to the heterogeneous 
microstructure, several necks in the YSZ backbone are subjected to 
locally high tensile stresses that exceed the fracture strength of 8YSZ 
(i.e., around 245MPa [62]) for millimetric samples, no size effect is 
taken into account here.

Assuming that such stress concentration can yield the formation of 
micro-cracks, we aim to follow the density of cracks as a function of 
oxidation time. To do so, Fig.  9b shows the regions of 8YSZ where the 
first principal stress is larger than the strength in the 𝜀𝑔0 = 0.002 case. As 
expected, the density of these critical regions increases with oxidation 
time. After 30min, two necks of the YSZ backbone exhibit tensile 
stresses exceeding the theoretical strength, making them potential crack 
initiation sites. In addition, several smaller regions also satisfy the 
strength criterion without spanning an entire YSZ neck and may also 
contribute to crack initiation.

Since fracture initiation is not only led by a strength criterion but 
also by an energy criterion, which means that exceeding the strength 
does not necessarily produce a crack [93], this approach cannot predict 
the amount of cracks that may form. Nevertheless, to assess our model 
and the values of 𝜀𝑔0 , we analyze, for all tested cases, the areas subjected 
to tensile stresses higher than the 8YSZ strength.

Fig.  10a reports the evolution of the fraction of 8YSZ area where 
the tensile stress exceeds the 8YSZ strength for all 𝜀𝑔0 cases. From these 
maps, we estimate the potential number of cracks by detecting the 
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Fig. 10. (a) Graph of the percentage of 8YSZ area above 8YSZ strength for 
each value of 𝜀𝑔0 . (b) Amount of estimated cracks at 30min as a function of 
𝜀𝑔0 . This value of crack density for a 10 × 10 μm2 square was experimentally 
measured. The range for which the distribution of cracks per tile overcomes 
15% is in red, while the whole distribution appears at a lower color intensity. 
(For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)

necks where the strength criterion is exceeded and setting a protective 
layer of about 300 nm around each crack, within which no additional 
crack can form. The resulting number of potential cracks after 30min
of oxidation is reported in Fig.  10b. This oxidation time was chosen 
because it corresponds to the experimental threshold at which the first 
cracks were observed.

For 𝜀𝑔0 = 0 and 0.001 cases, the entire YSZ backbone is subjected 
to stresses lower than 8YSZ strength, which should not lead to any 
crack (Fig.  10a and b). In the 𝜀𝑔0 = 0.002 case, the fraction of YSZ 
exceeding the strength increases with oxidation time, leading to a first 
potential crack slightly before 10min of oxidation and a second one 
before 30min, with a possible third one in the upper left corner of 
the geometry because of large initiation zones in a narrow neck (Figs. 
10a and 9b). The 𝜀𝑔0 = 0.005 and 0.01 cases exhibit a large fraction 
of YSZ already above the critical tensile stress from the early stages 
of oxidation. An incremental analysis of the maps allows to estimate 
the number of cracks in the range of 45 after 30min of oxidation for 
𝜀𝑔0 = 0.005. The same approach could not be applied to the 𝜀𝑔0 = 0.01
case because an excessively large fraction of the YSZ phase is already 
subjected to high tensile stresses from the very beginning of oxidation, 
preventing the identification of distinct crack sites (Fig.  10b).

The estimated number of cracks at 30min (Fig.  10b) can be com-
pared to experimental observations. SEM image analysis was conducted 
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on about 18 000 μm2 of the electrode functional layer to detect cracks in 
the YSZ backbone. The density of cracks averaged 1.9 cracks per 10 ×
10 μm2 tile with a variability depending on the local phase composition 
and geometry. In Fig.  10b is traced in transparent red the area in which 
the distribution of cracks per tile overcame 15% and in a clearer color 
is represented the whole distribution with its intensity proportional to 
its frequency. This crack density range is in best agreement with the 
𝜀𝑔0 = 0.002 case. This result confirms that 𝜀𝑔0 = 0.002 provides the most 
realistic representation of the experimental behavior among the tested 
values.

It is well known that the appearance of cracks in the YSZ backbone 
has an impact on the electrode operation [67]. Indeed, the damage of 
the YSZ phase contributes to increase the mean ionic diffusion path. In 
other words, the tortuosity factor for the backbone increases with the 
number of cracks. Nevertheless, damage to the YSZ backbone can also 
lead to non-percolated regions that will decrease the density of active 
TPBs. In this way, the two predicted cracks with the model after 30min
of oxidation (Fig.  10b) could lead to lower electrode performances. A 
precise estimation of these consequences requires coupling the result 
of the present phase field model with an electrochemical model, which 
is beyond the scope of the present work. Therefore, a preliminary 
study of the impact of the simulated cracks on YSZ connectivity is 
provided in the supplementary material section S-4. This estimation 
suggests that even a limited number of cracks in the YSZ backbone 
reduces its connectivity and the number of active TPBs, resulting in 
performance loss and highlighting the importance of preventing YSZ 
backbone fracture.

However, the current simulation framework can only provide a 
rough estimation of crack formation in the microstructure. In particu-
lar, the true growth strain may differ from our simplifying assumptions. 
Its direction may not be purely in-plane, as suggested by NiO grain 
growth, and it may increase during oxidation even under the simple 
Rhines theory [42]. Refining the growth-strain definition would require 
lower-scale modeling and additional experimental data. Ultimately, the 
prediction of crack onset and propagation within the microstructure 
must rely on models that take into account stress and energy criteria 
such as the fracture phase field methods [94].

4.3. Impact of microstructure on oxidation

Generated artificial microstructures were used to evaluate the effect 
of Ni particles size on the oxidation of the functional layer for which the 
porosity is only due to NiO reduction to Ni (see Section 2.1). For this 
study, the same settings were kept to generate the 3D microstructures 
(i.e., same phase volume fractions and YSZ particle size), except for 
the Ni mean particle diameter. The geometries were selected in such a 
way that their measured phase fractions deviated by less than 1% from 
the prescribed values and with an equivalent diameter for YSZ close 
enough to the target value. The microstructural properties measured on 
these geometries are provided in the supplementary material section S-
2. The Ni mean particle diameter changes from 1.56 μm for the coarsest 
microstructure to 0.67 μm for the finest one. On the contrary, the mean 
pore size exhibits only limited variation. This microstructural change 
mimics the Ni agglomeration that occurs during SOC operation [95,96]. 
In addition, the smallest particle-size range investigated can provide 
insights for emerging nanostructured electrodes [97].

In Fig.  11a, the DoO of each microstructure is plotted as a function 
of oxidation time. The simulated microstructures in their initial state 
and after 2 h of oxidation are displayed in the supplementary material 
section S-3. For all microstructures, a parabolic oxidation behavior is 
obtained, with a systematically faster oxidation for smaller Ni particles. 
Each of the curves were fitted using an Avrami equation [98]: 
𝐷𝑜𝑂(𝑡) = 𝐷𝑜𝑂max(1 − exp(−𝑘𝑡𝑛)) (25)

It appears that the fit curves displayed in dotted lines on Fig.  11a 
match the simulated data, with only a small deviation for the short 
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Fig. 11. (a) Oxidation kinetics of functional layer microstructures with varying equivalent Ni particle average equivalent diameter. Dotted lines represent Avrami 
fits. The inset shows the kinetic rate parameter in log scale as a function of the Ni particle equivalent diameter. (b) Final DoO after 120min of oxidation as a 
function of the Ni particle equivalent diameter. (c) Initial Ni–pore interface length and TPB density traced as a function of the Ni particle equivalent diameter.
oxidation times of coarser geometries. The saturation level 𝐷𝑜𝑂max
obtained from the fit is similar for all cases (around 72wt.%). This is 
because the microstructures have a very similar surface fraction ratio 
𝑅PM = 𝐴𝑟𝑒𝑎(𝑃 )

𝐴𝑟𝑒𝑎(𝑀) , with areas corrected to exclude unconnected regions. 
The Avrami exponent 𝑛 has a value close to 0.3 for every fit, since 
the NiO growth mechanism, controlled by Ni diffusion into NiO, is 
the same for all these curves. The values of kinetic rate parameter 𝑘
for every curve are given in the inset of Fig.  11a as a function of the 
Ni particle equivalent diameter. The kinetic parameter 𝑘 is found to 
strongly decrease with increasing the Ni particle diameter. The DoO 
value after 2 h of oxidation is also plotted in Fig.  11b as a function 
of 𝑑Ni. This 𝐷𝑜𝑂 (𝑡 = 2 h) is inversely proportional to the Ni particle 
equivalent diameter. The evolution of 𝑘 and 𝐷𝑜𝑂 (𝑡 = 2 h) with the 
Ni particle size can be explained by the longer Ni diffusion path for 
the bigger Ni particle that limits the overall kinetic. In other words, 
high oxidability correlates with a high surface-to-volume ratio (here 
perimeter-to-area ratio) of Ni particles, which is directly linked to small 
equivalent Ni diameters. Since these ratios are inversely proportional 
to the diameter of Ni, the latter appears as a relevant indicator for 
oxidation kinetics. From this analysis, it appears that increasing the 
Ni particle size (or decreasing the surface-to-volume ratio) could be 
an interesting mitigation strategy to improve the cermet tolerance 
to oxidation. However, it is well established [97,99] that increasing 
the Ni particle size has a highly detrimental impact on the electrode 
performance. In the studied microstructures, the TPB density is divided 
by three between the lowest and the highest Ni particle dimensions (see 
supplementary material section S-5). This difference strongly affects the 
performance since TPB density governs the electrochemical reaction in 
this electrode. Thereby, a trade-off has to be found between the cermet 
tolerance to Ni oxidation for long-term durability and high density of 
TPBs to ensure the best initial electrochemical performances.
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To complement the study, the effect of modifying the volume frac-
tions is assessed by simulating oxidation on two additional support-
layer microstructures (𝑅𝑆𝑢𝑝𝑝𝑜𝑟𝑡

PM ≈ 1.1) in addition to the already simu-
lated functional layers (𝑅𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙

PM ≈ 0.6). Although 𝑅𝑆𝑢𝑝𝑝𝑜𝑟𝑡
PM > 𝑅𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙

PM , 
the oxidation in the simulated supports is still limited by the lack of 
porosity so that the DoO at saturation is still below 100wt.% (here 
𝐷𝑜𝑂max = 92wt.%). To evaluate the oxidation tolerance as a function 
of the microstructure, we need to introduce a descriptor that takes into 
account the volume fraction and the particle size. However, many dif-
ferent methods can be used to evaluate the mean Ni particle equivalent 
diameter 𝑑Ni in complex microstructures, providing different values for 
this metric. To overcome this issue, we define the descriptor, named 
microstructural interface parameter as follows 𝛬PM = 𝑅PM

√

𝑙PM where 
𝑙PM is the initial Ni–pore interface length. This interface length 𝑙PM
parameter is directly linked to the surface-to-volume ratio and therefore 
to diffusion-driven oxidation mechanisms. The values of 𝑙PM are plotted 
in Fig.  11c against 𝑑Ni. The interface length decreases strongly as the 
Ni particle diameter increases, following a logarithmic trend which 
illustrates that larger Ni particles tend to reduce the initial oxidation 
interface. The TPB density of each microstructure was measured and 
reported against 𝑑Ni in Fig.  11c. Interestingly, its evolution with 𝑑Ni
follows a very similar trend to that of 𝑙PM, showing that the reduction 
of the Nickel–pore interface is strongly tied to the reduction of TPBs. 
Notably, 𝑙PM is closely linked to oxidation kinetics, as it defines the 
length of the initial oxidation reaction, while TPB density governs 
electrochemical reactions. This evidences a strong coupling between 
fast oxidation and high performance for the type of microstructures 
studied here. Therefore, further work should explore other types of 
microstructures to decorrelate oxidation kinetics from performance, or 
to determine whether cracking can be avoided despite fast oxidation 
kinetics.

The DoO at 𝑡 = 2 h has been plotted as a function of the mi-
crostructural interface parameter 𝛬  in Fig.  12 for all the generated 
PM
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Fig. 12. DoO after 120min of oxidation plotted as a function of the normalized 
microstructural interface parameter for different microstructures, including 
functional and support layers with various Ni particle sizes.

microstructures including the functional layer and support. It can be 
seen that all the points are well aligned along a linear trend (𝑅2 = 0.95) 
demonstrating the relevance of the proposed indicator. This curve 
could be used to evaluate the 𝐷𝑜𝑂(𝑡 = 2 h) for cermet microstructures 
with varying phase fractions, particle sizes, shapes, at least within the 
explored parameter range. Therefore, it represents a useful tool to start 
exploring microstructure characteristics optimization.

5. Conclusions and perspectives

This work establishes a validated phase field model for outward 
oxidation in Ni-YSZ cermets, integrating microstructural evolution, 
diffusion-controlled kinetics, oxidation-induced swelling and mechan-
ical stress development in these microstructures. The model demon-
strated its ability to replicate experimental oxidation kinetics across 
synthetic and real initial microstructures of Ni, pore and YSZ. Its 
calibration allowed us to identify the diffusion coefficient of Ni in NiO 
governing the parabolic kinetics and to estimate the relative contribu-
tions of dominating grain-boundary and dominated bulk diffusion in 
NiO.

Beyond validation, the model reveals critical microstructure-kinetics 
relationships. Ni particles coarsening tends to significantly slow down 
the oxidation kinetic rate, a direct consequence of the surfacic reaction 
mechanism of oxidation. The link between oxidation and microstruc-
tural features was explored, allowing the definition of a microstructure 
descriptor (combining phase fractions and initial oxidation interfaces) 
which correlates with the final DoO. This descriptor could be used to 
estimate oxidation kinetics prior to simulation, and therefore to allow 
faster microstructure analysis and optimization.

The implementation of growth strain allowed estimation of the 
heterogeneous stress distribution in the Ni and NiO, and more impor-
tantly in the YSZ backbone. The simulations have revealed compressive 
stresses in NiO, consistent with the limited experimental informa-
tion available from similar cases. However, heterogeneities in the mi-
crostructure can yield local tensile stress in the NiO that may result in 
NiO damage as observed experimentally. The value of the growth strain 
constant was calibrated to correspond to the experimental threshold 
cracking time of around 30min for the functional layer. In the 8YSZ 
backbone, simulations result in local tensile stress peaks of a magnitude 
compatible with crack initiation at 8YSZ necks. To better predict the 
14 
crack density evolution in the cermet, a phase field fracture model 
could be coupled to our oxidation model, which could also be improved 
by refining the current implementation of growth strain. The updated 
model will constitute an efficient tool to identify new redox-tolerant 
microstructures and materials to enhance SOCs durability.
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Appendix A. Developed form of the governing equations

The Allen–Cahn equation (14) is expressed as a function of the 
derivative of the Gibbs free energy with respect to 𝜙. This term can 
be developed as follows: 

𝛿𝐺
𝛿𝜙

=
𝜕𝑓𝑁𝑖

chem
𝜕𝜙

+
𝜕𝑓𝜙

chem
𝜕𝜙

− ∇ ⋅
𝜕𝑓grad
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+
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. (A.1)

with each term being:
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The terms of the derivative of the elastic energy are developed in 
the following: 

1
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Finally, the governing equation of 𝜙 can be expressed as: 
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The Cahn–Hilliard equation (17) is expressed as a function of the 
derivative of the Gibbs free energy with respect to 𝑐. This term can be 
developed as following: 
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The developed form of the Cahn–Hilliard equation is:
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Appendix B. Supplementary data

Supplementary material related to this article can be found online 
at https://doi.org/10.1016/j.actamat.2026.122665.
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