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Abstract
Porous cermet materials are widely applied in high-temperature fuel cell electrodes. Frac-
ture formation in the brittle ceramic phase and at the metal–ceramic interface results in 
mechanical damages and irreversible performance degradation to the electrode perfor-
mance. In this work, an ordinary state-based peridynamic (OSB-PD) approach is proposed 
to simulate the formation of fractures in solid oxide fuel cell (SOFC) anodes based on real 
microstructures reconstructed using focused ion beam scanning electron microscopy (FIB-
SEM) dual-beam technique. The effects of external mechanical loads on anode microstruc-
ture strength are investigated quantitatively. The key factors determining anode microstruc-
ture strength are analyzed based on the simulation results upon the comparison among 
different anode microstructures. The simulation method provides an easy-to-use approach 
for evaluating porous cermet microstructure strength during high-temperature operation, 
which can also be extended to other composite materials.
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1  Introduction

Solid oxide fuel cell (SOFC), as an advanced green chemical–electrical energy conver-
sion technique, attracts intense investigations in the last decade. Compared to conven-
tional power generation techniques, SOFCs can achieve high energy conversion efficiency 
with relatively low emissions [1–5]. With relatively high oxygen ionic conductivity and 
mechanical strength, yttria-stabilized zirconia (YSZ) is widely used as the electrolyte mate-
rial of SOFCs. Nickel–yttria-stabilized zirconia (Ni-YSZ) composite cermet is widely used 
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in SOFC anode by reducing NiO-YSZ composite co-sintered with dense electrolyte [3, 5]. 
In real industrial applications, SOFCs, separators, and sealants are compacted to assemble 
multilayered stacks for a higher power density [5]. As a brittle ceramic material, YSZ usu-
ally suffers from a brittle fracture due to stresses introduced by external loading during the 
fabrication and operation processes of the SOFC stacks [4, 6, 7]. Mechanical damages in 
YSZ phase, such as fractures caused by stresses, can result in gradual degradation or even 
severe deterioration in SOFC performance during operation. Investigations have been done 
to study the harmful effects of macroscale fracture on SOFC performances. Malzbender 
et al. [8] reported a small specimen testing method to assess the role of residual stresses on 
brittle fractures of anode-supported SOFCs to address the detrimental effects of fractures 
on SOFC performance. Laurencin et al. [6] investigated the stress field generated in anode-
supported SOFCs in macroscale during high-temperature operation. They reported that 
the mechanical failure probability of electrodes could be predicted by the Weibull theory 
based on stress distributions. Sato et  al. [9] conducted acoustic emission measurements 
on monitoring fracture generation processes during SOFC operation. They reported that 
the acoustic emission signal agreed with the macroscopic fracture generations observed. 
Xie et al. [10] investigated the initialization of fracture in SOFCs and claimed that fracture 
could be easily initialized from an edge of a single cell because of the high stress gener-
ated during a cooling process. So far, most of the investigations on fracture generation in 
SOFCs were conducted on a macroscale without considering the real microstructure of 
SOFC electrodes.

Recently, focused ion beam scanning electron microscopy (FIB-SEM) dual-beam tech-
nique was widely used to reconstruct the real three-dimensional (3D) microstructures of 
SOFC electrodes. [11–14]. Wilson et al. [13] quantified the lengths of triple-phase bound-
aries (TPBs) and the specific surface areas of different phases based on the real anode 
microstructure reconstructed by FIB-SEM. The high-precision microstructure information 
captured could also be used to supply accurate 3D reconstruction for further numerical 
simulations. Celik et  al. [11] investigated the 2D stress distribution evolutions in SOFC 
anode with a temperature rising from room temperature to 800 C. Xiang et  al. [12, 14] 
reported the 3D thermo-mechanical stresses of several real SOFC anode microstructures 
during temperature rising. The calculations of mechanical failure probabilities in differ-
ent anode samples were conducted based on the thermal stress distributions obtained in 
simulations.

Compared to the effectiveness of conventional numerical simulations of stress distri-
butions in a continuum, the finite element method (FEM) shows no advantages in simu-
lating fracture initiation and propagation. In classical continuum mechanics, the appli-
cation of conventional FEM always suffers the singularity problem in terms of partial 
differential equations (PDEs) along the discontinuities such as fracture tips and surfaces 
[15–20]. It is also quite difficult to get rid of the influences of mesh size and the mor-
phology of precast fracture. To simulate the natural generation of discontinuous or frac-
ture generated during the deformation of a material, a new mathematical framework for 
continuum mechanics called Peridynamic (PD) theory was proposed by Silling [15]. In 
the Peridynamic theory, problems were formulated in terms of integral equations rather 
than the PDEs used in the classical continuum mechanical theory [16]. Various charac-
teristics of dynamic brittle fracture propagations observed in experiments, such as crack 
branching and secondary cracking, were successfully simulated based on Peridynamic 
theory [21]. To further verify the accuracy of peridynamics simulation, the results of 
Peridynamic theory extended finite elements method and cohesive zone model were 
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compared. It was reported that the crack speeds captured from all methods were in the 
same order, but the fracture paths in Peridynamic simulations were more in agreement 
with experimental observations [22]. According to the bond force types, PD theory can 
be classified into three categories: bond-based (BB), ordinary state-based (OSB), and 
non-ordinary state-based (NOSB) PD. In the BB-PD, the joint pairwise force vectors 
between any two different material points are opposite in direction with an identical 
magnitude. In the OSB-PD, the pairwise force vectors between two material points are 
in the same direction as a bond, while the force magnitudes could be different. In the 
NOSB-PD, the direction of force density vector need not be along the deformed bond 
direction and its magnitude may depend on the collective deformation of all the bond in 
the horizon [19]. According to the brittle material properties of YSZ, OSB-PD theory 
was selected to overcome the major limitation in Poisson’s ratio for BB-PD theory.

Wang et al. [23] firstly reported the application of PD in 2D to simulate fracture gen-
erations in SOFC anode upon temperature rising, and the PD simulation results agreed 
well with the conventional finite element method. However, the Peridynamics model 
used in their 2D simulations was limited by several constraints, such as a constant Pois-
son’s ratio of 0.25. In this work, real anode microstructures of three anode samples 
under different sintering conditions are reconstructed by dual-beam FIB-SEM. Based on 
these reconstructions, simulations of the von Mises equivalent stress and fracture distri-
butions are conducted using in-house code. Ordinary state-based peridynamics are used 
in the simulation of 3D reconstruction model to overcome the limitations in previous 
research. Based on the simulation results, it can be clearly seen that under the external 
loads, the most dangerous positions in the anode are the initiation and propagation of 
fracture, which is helpful for anode durability during long-term operation.

2 � Peridynamic Modeling

The nonlocal peridynamic (PD) theory of continuous media was initially introduced by 
Silling [15]. PD theory can be considered as a continuum version of molecular dynam-
ics, with the equation of motion of any material point in continuous media at position � 
at time t expressed as

where � is the material density, H� refers to the non-local force horizon, and � is the body 
force density. The force state � is expressed in the form of components the force density 
vectors �(k)( j) .

The OSB-PD bond force density vector �(k)(j) is defined as
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where a, a2 , b, d are the parameters matrix determined by position matrix and material 
parameter such as Young’s modulus E, Poisson’s ratio � and shear modulus G based on 
equating the strain energy density in classical continuum mechanics with the one in PD 
theory [24], which are defined in 3D as

In addition, T is the temperature difference from the reference temperature and � is 
the thermal expansion coefficient of a material. � refers to the relative position vector 
of two material points, and � is the relative displacement vector of the corresponding 
material points pair after deformation, which are defined as

where �(k)( j) is defined as

and the dilatation coefficient �(k) is defined as

where V( j) is the volume of the material point at �( j) , and s(k)( j) is the bond stretch, which is 
defined as

A history-dependent parameter � is defined in PD to quantify the extent of the local 
damage as

where sc is a critical stretch over which the bond force between two material points 
becomes zero, and the corresponding bond can be considered damaged [16, 25]. In 3D, sc 
is defined as [24]
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where � and G are the bulk and shear moduli of a material. A local damage can be quanti-
fied using � , the ratio between the number of bonds damaged to the total number of initial 
bonds surrounding a material point as

where 𝜑 > 0.38 indicates a complete local damage in this work. In order to obtain the 
stress distribution based on the above simulation results, the first Piola–Kirchhoff stress �0 
in OSB PD can be calculated as [18]

where ⊗ is the symbol of a dyadic product. The corresponding deformation gradient tensor 
is defined as

where � , � are the reference position vector state and the deformation vector state, respec-
tively, and � ∗ � is the corresponding tensor product [19]. The shape tensor � is defined 
as � = � ∗ �.

According to the conventional continuum mechanics theory, the corresponding 
Cauchy stress tensor � can be calculated as [18]

In this work, all of the anode microstructures reconstructed were digitalized into 3D 
matrices containing three domains corresponding to Ni, YSZ, and pore phases, respec-
tively. Every reconstruction was then discretized into the finite number of volumes 
( 160 × 160 × 160 ) by defining a specific material point at the center of the volume, 
which belonged to a material. � = 3Δ is defined as the radius of the horizon H� , Δ is the 
grid spacing. For the material points in the range 𝜉(k)( j) =

|||�( j) − �(k)
||| < 𝛿 − Δ∕2 , a vol-

ume correction factor is defined as �c( j) =
(
� + Δ∕2 − �(k)( j)

)
∕Δ . Otherwise, the volume 

correction factor is �c( j) = 1 [24]. Mechanical properties of different materials at SOFC 
operation temperature are summarized in Table 3. In a simulation, two types of interac-
tion between two material points need to be specified. One is the interaction between the 
material points with identical material properties. The other is the interaction across the 
Ni-YSZ interface, where the elastic modulus, bulk modulus, and Poisson ratio of Ni 
phase and the fracture toughness of YSZ phase were selected to facilitate the simula-
tions [26]. For the boundary conditions set under an external load, the displacements of 
the material points on a boundary surface along the loading axis were fixed. On the 
opposite boundary surface, a layer of material points, with a thickness of 
ΔL = 0.4301�m , was replaced by a dense YSZ plate. A uniform volume force density 
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was imposed on each material point at X = L + ΔL , as shown in Fig. 2, to simulate an 
external load. For initial conditions, residual stresses in both Ni and YSZ phases at 
operation temperature were ignored in this work to facilitate the simulations.

Verlet semi-implicit scheme was applied in time integration to obtain the numeri-
cal solution. The average displacement of the boundary cross-section in reconstruction 
was tracked to monitor the convergence of the simulation. An adaptive dynamic relaxa-
tion method [24] was utilized to stabilize the simulation when the external load was 
not large enough to cause complete damage to the microstructure, while the average 
displacement of the boundary cross section converged to a steady-state value after a 
time step. The average displacement of the boundary surface may not converge when a 
large external load was applied, which resulted in the breaking up of the reconstruction. 
Then, the simulations were terminated when the average stretch of the reconstruction 
along the loading direction reached 5%.

3 � Modeling Validation

Before the simulations of fracture formation in real anode microstructures were con-
ducted, the OSB-PD model was validated by simulating the fracture formation in notch 
deep beam (NDB) specimens with preset cracks of different inclinations. In the simula-
tions of validation, a brittle material of rock was used and the corresponding material 
properties are summarized in Table 2. Three typical inclinations of � = 0o , � = 30o and 
� = 45.9o were selected for the precast cracks. The NDB specimens were subjected to 
different vertical loads at the central point of the top and two supports at the bottom, as 
shown in Fig. 3a. Figure 3b−d shows the fracture formation patterns corresponding to the 
three inclinations under loads of P = 5.366 kN, 7.616 kN, and 10.563 kN, respectively. 
According to the simulation results, it is clearly seen that, no matter what the inclination 
of the precast crack was, the fractures propagated toward the central loading point from 
the tip of the precast crack. The fracture formation predicted by the OSB-PD simulations 
agreed well with the experimental results reported in Ref. [27], which proved the correct-
ness of the model.

Table 1   Parameters of 
fabrication and microstructure 
characterizations of anodes S1 
to S3

Parameters S1 S2 S3

Sintering T oC 1400 1500 > 1600

Reduction T oC 800 800 800
Volume fraction %

Ni 21.49 31.68 34.44
YSZ 29.09 37.08 38.49
Pore 49.42 31.24 27.07
Tortuosity factor

x-axis 13.53 3.55 3.80
YSZ y-axis 9.82 3.68 5.15

z-axis 12.69 3.30 5.64
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4 � 3D Microstructure Reconstruction Methods

The SOFC anode used in this work was fabricated using a mixture of commercial YSZ 
and NiO powders, with a volume ratio of 40% ∶ 60% . The anode was sintered at 1400o C 
temperature and then reduced at 800o C to obtain Ni-YSZ composite. The composite 
microstructure was reconstructed using FIB-SEM dual-beam technique. In order to dis-
tinguish the pores of the Ni-YSZ composite during the SEM observation, the composite 
was infiltrated with a low-viscosity epoxy resin under low-pressure atmosphere (ca.15 
Pa). After the resin was cured, the sample was polished by using Ar-ion beam cross 
section polisher for the FIB-SEM observation. A series of 2D cross section images of 
the sample structure can be obtained by observing the samples prepared by FIB-SEM. 
Finally, a 3D reconstruction with a size of 6.25 �m×6.25 �m×6.25 � m was accom-
plished based on the series of segmented 2D image by code written with MATLAB and 
ImageJ, as shown in Fig. 1a. For comparison, the microstructures of other two anodes 
were reconstructed. All the stress and fracture distributions in this work were projected 
onto the tetrahedron meshes generated by CGAL mesh , which is an open-source 3D 
simplicial mesh generator, to facilitate observations. The three anodes were labeled as 

6.
25

μm

6.25μm 6.25μm

0

xy
z

(a) S1 (b) S2 (c) S3

Fig. 1   3D reconstruction images of Ni-YSZ anodes sintered at (a) 1400o C, (b) 1500o C, and (c) > 1600
o C 

using microwave (Gray: Ni; Green: YSZ)

Fig. 2   Illustration of external 
load boundary conditions in PD 
modeling (Green: YSZ, gray: Ni, 
black: pore)

bx
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x
y
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o
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S1–S3, with their fabrication conditions and microstructure parameters summarized in 
Table 1. Details of anode fabrication and image processing procedures are referred to 
Refs. [28].

5 � Results and Discussion

In this section, the simulations of von Mises equivalent stress and fracture distributions in 
S1 under different external loads are performed firstly. Then, the distributions of fracture in 
S1 under 20 MPa external load in x, y, and z directions are given. Material properties of Ni 
and YSZ used in this work are presented in Table 3. Compared with room temperature, Ni 
becomes very soft in the operating environment. So the elastic modulus of Ni is selected 
according to Ref. [29].

90
 m

m

180 mm

45 mm45 mm

36
 m

m

P

0

0.2

0.4

0.6

0.8

1.0(a) (b)

(c) (d)

�

(b)

Fig. 3   Illustration of (a) the three-point bending strength test on a notch deep beam, and the correspond-
ing simulation results of fracture formation with a pre-crack inclination of (b) � = 0

o , (c) � = 30
o , and (d) 

� = 45.9
o

Table 2   Parameters used in the simulations of the three-point bending strength test on a notch deep beam

Elastic modulus Poisson’s ratio Density Tensile strength Mode I fracture Mode II fracture
(GPa) kgm−3 (MPa) toughness ( MPam1∕2) toughness ( MPam1∕2)

3.9 0.25 2410 3.37 0.378 0.234
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Figure 4 shows the von Mises stress and the corresponding fracture distributions in 
the simulations of S1 under both tensile stresses of 5 MPa, 10 MPa, and 20 MPa and 
compressive stress of −20MPa, respectively. In the images, a dense YSZ plate is hid-
den, and Ni is displayed as a transparent phase to facilitate the observations of both 
stress and fracture formation distributions. According to the simulation results, it is 
seen that external tensile stress of 5 MPa caused no fracture damage to the microstruc-
ture, though the maximum von Mises stress reached 1  GPa level in YSZ at several 
locations highly curved. Under an external tensile load of 10  MPa, limited fractures 
can be observed formed at Ni-YSZ interfaces, and the area under high von Mises stress 
was enlarged. When the tensile stress reached 20 MPa, a larger area of regions under 
high von Mises stress can be observed. In addition, fracture damages can be observed 
formed at the Ni-YSZ interface in a large area and in YSZ at several locations. This 
phenomenon, which is hard to be observed in the microstructure reconstructed by FIB-
SEM at room temperature, could have significant degradation for the performance 
of anodes. Compared to the case under 20  MPa tensile stress, an external compres-
sive stress load of 20 MPa only resulted in limited fracture formations at the Ni-YSZ 
interface and in YSZ, though the high von Mises stress regions are similar to the case 
of 20 MPa tensile stress. It is clearly seen that the microstructure of S1 shows much 
higher fracture resistance under a compressive load. Upon the comparison among the 
four cases, it is seen that the high von Mises stresses concentrate at highly curved 
regions, which are corresponding to two kinds of fracture formations at the Ni-YSZ 
interface and in YSZ, respectively. No high von Mises stress was observed in the Ni 
phase, which was corresponding to its large critical stretch and small elastic modulus. 
Similar fracture formation phenomena were reported in 2D by Wang et  al. [23]. The 
simulation results in this work are also consistent with the failure probability predic-
tions in our previous work [14], that the Weibull failure probabilities of microstruc-
ture S1 under external loads are 0.24% , 15.79% , 100% and 98.9% under tensile loads 
of 5  MPa, 10  MPa, and 20  MPa and a compressive load of −20  MPa, respectively. 
The simulation results indicate that the anode strength is dominated by the brittle YSZ 
skeleton, while Ni behaves as soft material. The mechanical damages are dominated 
by the formations of fracture under sizeable tensile stress. In the later discussions, we 
only focus on external loads of tensile stresses.

To verify the isotropy of the fracture formation, the simulation results of S1 under an 
external load of 20 MPa along x-, y-, and z-axis are compared, as shown in Fig. 5. Dense 
YSZ plates were displayed transparently to indicate the direction of the external loads. 
It is seen that fracture formations are distributed differently when the external load-
ing boundary was changed. The result along the x-axis shows the largest fracture areas 
both at the Ni-YSZ interface and in YSZ, while the result along the y-axis shows the 
lightest damages. The degrees of damage in three cases can be attributed to the values 

Table 3   The properties of anode materials used in the PD model [23, 29]

Phases Elastic modulus Poisson’s ratio Density Fracture 
toughness

Thermal expansion 
coefficient

Thermal 
conductivity

(GPa) (kgm−3) (MPam−1∕2) K−1 (Wm−1K−1)

Ni 4.9 0.310 8800 125 13.5 × 10
−6 60.7

8YSZ 157 0.313 5200 3.5 10.5 × 10
−6 2.1
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Fig. 4   von Mises stress and fracture distributions in S1 under external tensile loads of 5 MPa, 10 MPa, and 
20 MPa and an external compressive load of 20 MPa
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of tortuosity factors along three axes, as shown in Table  1. The results indicate that a 
smaller tortuosity factor enhances the fracture resistance of the anode microstructure 
under a large tensile load along a specific direction. At the same time, it is also known 
that the current reconstruction size might not be large enough to represent the micro-
structure characterization statistically.

To study the influence of microstructure characterization on anode strength, simula-
tions based on S2 and S3 were conducted under two external loads of 5 MPa and 20 MPa 
along the x-axis, with the simulation results shown in Fig. 6. No fracture formations were 
observed in the simulations for both S2 and S3 under two tensile loads. For a tensile 
stress load of 5 MPa, no high von Mises stress regions can be observed in both S2 and 
S3. For a tensile stress load of 20 MPa, only limited areas with small areas were under 
high von Mises stress at a level of 1 GPa. The much higher anode strength of both S2 
and S3 can also be attributed to their low tortuosity factor along all axes, as shown in 
Table  1. The comparison indicates that the anode strength can be primarily modified 
using different sintering schemes during an anode fabrication.

In this work, fracture formation simulations based on real SOFC anode micro-
structures were conducted using PD theory. The simulation results showed the 
potential of the PD simulation method and revealed the connectivity between 
anode strength and the key microstructure parameter of the tortuosity factor. It is 
well known that the anode performance is adversely influenced by a high porosity 
because of the reduced TPB density [30]. It was proven that a high porosity in anode 
results in a decrease in YSZ volume fraction so that the tortuosity factor of YSZ, 
which finally weakens the anode microstructure strength. The simulation results sug-
gest that anode microstructure strength under external loads can be enhanced using 
a higher sintering temperature or advanced sintering technique with a large tempera-
ture ramping rate.

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7(a) x (b) y (c) z

Fig. 5   Fracture distributions in S1 with external tensile loads of 20 MPa along (a) x- (b) y-, and (c) z-axes
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6 � Conclusion

In this paper, OSB-PD method was utilized to simulate the formations of fracture in SOFC 
anodes under external loads based on the real microstructures reconstructed using FIB-
SEM dual-beam technique. The distributions of von Mises stress and local damage at 
SOFC operation temperature were analyzed systematically. To identify the predominant 
factor influencing anode strength, the simulations based on the anodes fabricated using dif-
ferent sintering methods were conducted. The comparison among the simulation results 
indicated that the mechanical strength of an anode under an external load was determined 
by the tortuosity factor of the YSZ phase, which can be enhanced using different sintering 
schemes. It was also proven that the fractures formed at the Ni-YSZ interface were the pre-
dominant damages to the anode microstructure under a large external load. In future works, 
the PD simulation method can be improved to predict the mechanical properties of SOFC 
electrodes in trans-scale by coupling the local environmental parameters in the simulations.
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