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A B S T R A C T

The porous-cracked microstructure of plasma sprayed ceramics coatings directly influences their macroscopic
mechanical response.

A 3D micromechanical model based on the discrete element method (DEM) is developed to reproduce their
behavior. 3D observations are conducted with FIB-SEM nano-tomography and image analysis is used to extract
and discretize the microstructure. A modeling strategy is developed to incorporate both pores and cracks into
the model while preserving the computation performance. The lattice nature of DEM is used for the modeling
of crack thickness that are smaller than the discrete element size. A method to compute the crack thickness
from gray level images is proposed.

Virtual quasi-static tests are performed on a sample of yttria-stabilized-zirconia. The results are in
accordance with the literature data, such as the anisotropy and the non-linear behavior. The model is helpful
to precisely investigate the role of the microscopic components, and micro-cracking on the macroscopic failure.

1. Introduction

Plasma sprayed ceramic coatings (PSCC) are used in various in-
dustrial applications as thermal barrier and protection from corrosion
or abrasion [1–3]. The thermo-mechanical properties of PSCC are
directly related to their porous-cracked microstructure [4]. Such a mi-
crostructure is composed of thin irregular splats, created when melted
ceramic particles impact the substrate and spread to form splats before
a rapid solidification. There are small globular pores (∼1 μm) inside
the splats, larger irregular pores (>1 μm) between the splats, and intra-
splats and inter-splats micro-cracks (1-100 nm) [5,6]. The presence of
these defects greatly affects the propagation of elastic shock waves,
and contributes to their effective attenuation [7–9]. Based on this
observation, the ability of PSCC to mitigate nanoseconds shock waves,
driven by high velocity impact of micrometer shrapnel or high power
laser experiments [10] has been investigated for few years. Research
is carried with the long term objective of being able to enhance the
mitigation by controlling the morphology and concentration of initial
defects through process parameters.

Experimentally speaking, compressive, tensile and bending tests
have been conducted to characterize the mechanical response of PSCC
[11–15]. The main outcome of these studies is that the elastic modulus
increases under compressive stress due to closing of micro-cracks. The

∗ Correspondence to: I2M, Esplanade des Arts et Métiers, 33405 Talence Cedex, France.
E-mail addresses: vincent.longchamp@ensam.eu (V. Longchamp), jeremie.girardot@ensam.eu (J. Girardot).

sliding and internal friction of these cracks also induce some energy
dissipation under cycling loading [11,16]. Moreover, an asymmetrical
behavior is observed between tension and compression, as in ten-
sion the cracks tend to open and propagate, decreasing the elastic
property [17]. The overall properties of PSCC depends greatly on
the distribution, orientation, geometry and concentration of defects.
Some constitutive relations have been proposed to describe their effect
on the effective elastic modulus and elastic wave velocity [18–20].
Nevertheless, the geometry and distribution of defects are simplified
and not always representative of the real microstructure, the relations
are often limited to small deformations and are not able to take into
account the damage evolution. Besides, a lot of parameters like crack
density or crack closure pressure, defined by Kroupa [19], must be
determined experimentally. Consequently, these models cannot be used
to predict the behavior only from the microstructure.

To achieve this, micromechanical approaches are of real inter-
est [21]. It concerns the direct representation of the material mi-
crostructure components into a numerical model. The pores and cracks
are discretized among the solid matrix and simulations are performed
to predict the macroscopic behavior of the material. The first studies
were based on the Finite Element Method (FEM) to represent ideal-
ized 2D porous-cracked microstructures [6,22] or more realistic ones
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through image-based modeling techniques [4,23]. Then, computation
are performed to estimate mechanical properties such as the elastic
modulus. However, 2D models are limited as they do not reflect the real
3D microstructure, leading to an underestimation of the mechanical
properties. The transition to 3D model is a major axis of improve-
ment, one challenge being the generation of 3D microstructure. To
that end, idealized 3D microstructures are often used [24], besides
volumetric observation instruments such as X-ray tomography allow
carrying 3D simulations on real microstructures [25,26]. However, X-
ray tomography is generally not precise enough to discriminate the
smallest cracks of PSCC. The Focused Ion Beam-Scanning Electron
Microscope (FIB-SEM) technique is preferred for its better resolution
(down to 10 nm) [27,28]. Unfortunately, the maximal volume size is
generally limited to a cube of 20 μm side. Another challenge concerns
numerical modeling and management of physical phenomena: contin-
uous methods like FEM are not necessarily the best suited to deal
with complex heterogeneous microstructures, crack propagation and
fragmentation induced in ceramics under quasi-static and high strain
rates loading [29].

The Discrete Element Method (DEM) seems more suitable for PSCC,
it was initially designed for granular media, represented as a set of dis-
crete elements (DE), which interact together through contacts laws [30,
31]. It was afterward adapted to describe continuous media, by adding
bonds that transmit cohesive forces between DE [32]. This kind of
discrete representation allows to handle easily discontinuous phenom-
ena. For instance, the propagation of cracks is usually represented by
deleting bonds or elements when a failure criterion is reached, and
contacts between the resulting fragments can be easily managed. These
obvious advantages led to an increasing usage of DEM in the field
of fracture mechanics of brittle materials, such as rock, ceramics or
cements [33–35].

Some attempts to represent complex microstructures from SEM
images with DEM have been proposed in literature [36,37]. In these
studies, like in many others [8,9,38], pores and micro-cracks are rep-
resented by deleting DE. Although, being relatively easy and relevant
for 2D modeling, this approach is not suited to the 3D discretization of
PSCC that exhibits a lot of micro-cracks as it requires to use DE smaller
than the micro-cracks size, inducing a considerable amount of DE which
affect the computational performance. Alternative methods have been
proposed to discretize small initial defects like micro-cracks. A solution
is to act on the bonds, they may be removed [39] or their behavior may
be modified [35,40,41]. The thickness between cracks surfaces can be
taken into account by acting on the contact detection distance [42–
44] or by using a variable bonds stiffness [45]. All of these works
are promising and show the good capability of the DEM to simulate
PSCC at the micro-scale. Nevertheless, to the author’s knowledge, no
investigation was found to link a small scale 3D experimental observa-
tion with a numerical modeling of the complex microstructure present
in PSCC. The long term objective of this study is to investigate the
behavior of Yttria-Stabilized Zirconia (YSZ) under laser driven shock
wave experiments, where the nanoseconds shock waves greatly interact
with the defects. The goal of this work is to set up a DEM discretization
and simulation procedure of real 3D microstructure, observed thanks to
FIB-SEM.

In a first section, the methodology to obtain 3D microstructural data
is presented, beginning with the production of YSZ coatings, the obser-
vations thanks to FIB-SEM technique and finally the image processing
and analysis involved in the detection of pores and cracks. Then, the
strategy to represent the microstructure into a numerical DEM model
is exposed. Finally, the influence of defects on the elastic macro-
scopic behavior under compression and tension is investigated through
virtual quasi-static loading. The numerical results are compared to
experimental data found in the literature.

2. Microstructure analysis

2.1. YSZ sample manufacture

Powder of 8 wt% Y2O3 stabilized ZrO2 (8YSZ), provided by Oerlikon
metco, is used to manufacture coating with an air plasma spray (APS)
technique. This operation is performed at CEA-LR (France). The pow-
der, made up of dense and angular particle with a median diameter
(D50) of 30 μm, is sprayed on a metallic substrate. The metallic
substrate is removed after the spraying in order to keep only the two
millimeter thick coating. Then, the freestanding coating is machined
with a diamond wire saw to obtain 6 × 3 × 2 mm3 parallelepiped
specimen.

The apparent density of the specimen (𝜌𝑃 ) is measured from its mass
and dimension. By considering that the density of dense 8YSZ is 𝜌𝐷 =
6060 kg ⋅m−3 [46], the porosity (𝑝𝑀 ) is estimated to be about 10% with:

𝑝𝑀 = 1 − 𝜌𝑃 ∕𝜌𝐷. (1)

2.2. FIB-SEM protocol

The ZEISS Crossbeam 550 is used to perform FIB-SEM
nano-tomographic observations. It combines a Focused Ion Beam (FIB),
which is used to progressively erode thin layers of the specimen, and a
Scanning Electron Microscope (SEM), which acquires images between
each erosion. This provides 3D high resolution visualizations of small
volumes (∼203 μm3) by stacking all the 2D images.

2.2.1. Sample preparation
Samples preparation is essential before FIB-SEM observations, Fig. 1

shows the prepared area (1b) and the first image acquired (1c). The
preparation steps consist in the deposition of a thin layer of platinum
on the area that will be observed. Then, some lines are milled and
filled with carbon for the tracking and auto-calibration of the FIB-SEM
parameters during the acquisition. The lateral sides of the observed
volume are eroded with the ion beam to reduce re-deposition problems,
and a large hole is machined to reveal the observation side of the
volume. The procedure is similar to the one described in [27].

2.2.2. Volume acquisition
Images are acquired with the Secondary Electrons Secondary Ions

(SESI) detector with a resolution of 23.6 nm per pixel (Fig. 1c). A
shearing correction is automatically applied to correct image distortion
due to the angle of the electron beam relative to the imaged surface.
The observation plane (𝑥⃗𝑦) is perpendicular to the projection direction
𝑧 (cf. Fig. 1a). Between each slice, a constant thickness of matter is
eroded in order to get an isometric voxel size (𝐷𝑣𝑥) of 23.6 nm. The
final raw dataset contains 899 slices with a dimension of 746 by 561
pixels, leading to a total volume of 17.61×13.24×21.22 μm3, composed
of 3.76 × 108 voxels. Each slice is a gray level image encoded on 8 bits,
meaning that the intensity goes from 0 (black) to 255 (white).

2.3. Data pre-processing

The image processing and 3D visualization are carried out using
Avizo 9 from Thermo Fisher Scientific and the open source software
ImageJ. In a first part, a pre-processing is performed to improve images,
which are contaminated by several artifacts caused by the FIB-SEM
technique. The pre-processing is divided into the following steps:

(1) Alignment: A least square optimization algorithm [27] is used to
ensure the best alignment of the slices.

(2) Deletion of vertical stripes: A Fast Fourier Transform (FFT) filter
is used to remove the stripes in the ion beam direction (𝑥⃗ axis).
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Fig. 1. FIB-SEM observation: (a) Schematic of the sample, (b) top view of the observed side and (c) image acquisition with SEM.

Fig. 2. 3D view of the volume and position of the slices 100, 250 and 625.

(3) Noise filtering: The non-local means (NLM) filter [47] is used
for its effectiveness to smooth the noise while preserving edges
sharpness. In Avizo, the search window and local neighborhood
settings are kept on their default value of respectively 21 and 5
pixels.

(4) Intensity homogenization: The method developed by Taillon [27]
is used to remove the intensity gradient in the images. It consists
in resampling the data along the gradient direction and then
adjust the mean intensity of each slice in order to get a constant
value.

The volume after data pre-processing is shown in Fig. 2 and the
successive effects of applied treatments are illustrated on three different
slices in Fig. 3.

2.4. Image processing

Based on the observations of the previous microstructure, it is
assumed to idealize the material as a set of void pores and no-thickness
cracks. Segmentation and 3D morphological operations are used to
extract the relevant information about porosity, they are presented in
this section.

2.4.1. Segmentation
The segmentation consists in separating porosities from matter. The

easiest way to achieve this is by applied a threshold: the value 0
(black) is assigned to all pixels whose gray level is below the selected
threshold (𝑆) and the value 255 (white) is assigned to the others,
leading to binary black and white images representing respectively
porosities and matter. Various methods proposed in the literature have
been tested to compute automatically a threshold from the data gray
level histogram. A comparison between three of them is given in Fig. 4.
With Ostu’s method [48], some thin cracks are not detected, while
using the maximum entropy method [49], some part of the matter in
the bottom corner are classified as porosities. For the present data,
the preserving moments method [50] provide the most representative
results: most cracks are detected without registering solid phase in the
porosity category.

2.4.2. Morphological operations
Morphological operations are commonly used to separate object

(groups of black voxels on a white background) according to their
size [25,51]. The two fundamental operations are erosion and dilation,
they induce an increase or a decrease of objects edges. These operations
involve a structuring element (SE) that defines the amount of material
added or removed from the edges of objects. By combining this two
operations is it possible to remove only the objects smaller than the SE
while keeping the initial size of the remaining ones, although their the
exact shape may be altered. This is achieved with the closing operation,
which is a dilation followed by an erosion. The principle is illustrated in
Fig. 5 with a cubic SE of size 3 pixels (px).

These operations are used in the following part to classify the
porosities according to their size.
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Fig. 3. Pre-processing steps on slices 100, 250 and 625 (see Fig. 2 for their positions in the volume): (a) raw image, (b) removal of vertical stripes with FFT filtering, (c) denoising
with NLM filter and (d) illumination homogenization.

Fig. 4. Threshold (𝑆) computed with different method, and resulting segmented image. The blue circles indicate thin cracks that are not detected with Otsu’s method (b) and red
arrows appoint matter misregistration with the entropy method (d).

Fig. 5. 2D example of the morphological operation Closing where the structuring element (in dashed orange line) is a square of side 3 pixels.

2.4.3. Porosities classification

Porosities are classified in two groups according to their size [51].
Morphological and logical binary operations are used to select only
the large pores and thick cracks, considered as pores. The cracks (thin
cracks and small pores) are obtained by subtracting the pores from the

total binary image. The complete protocol is summarized in Fig. 6 and
consist of the following steps:

• Img. 0: total porosities,
• Img. 1a: closing operation with a ball-type SE of radius 𝑅𝐶 to

remove the smallest porosities,
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Fig. 6. Work-flow of porosities classification by image analysis.

Fig. 7. (a) 3D view of pores (non-connected pores are colored in different color) and (b) histogram of the maximal inscribed ball radius in each pore.

• Img. 1b: erosion operation with a ball-type SE of radius 𝑅𝐸 to
enlarge the size of remaining porosities,

• Img. 1c: intersection between the enlarged porosities (img. 1b)
and the total porosities (img. 0) to retrieve the exact pores geom-
etry,

• Img. 2: subtraction of the pores (img. 1c) from the total porosities
(img. 0) to obtain the cracks.

Obtaining the exact pores boundaries is essential for the extraction
of cracks. In fact, performing the subtraction with (img. 1a) create some
parasitic cracks at the edges of pores. For that reason the SE size used
for the erosion (𝑅𝐸) must be high enough to increase pore boundaries
(img. 1b) beyond their initial boundaries (img. 0). The two SE radii
𝑅𝐶 and 𝑅𝐸 values are selected to achieve a classification where most
of the thin elongated structures are classified as cracks and no parasitic
cracks are created on the edge of pores. To find the best suited values,
in a first part, the classification algorithm is carried out with increasing
SE radius from 1.5 px to 20.5 px by considering that 𝑅𝐶 = 𝑅𝐸 . From
visual inspection of the resulting classification, the value 𝑅𝐶 = 8.5 px
is selected, following the work of [5,36,51]. In a second part, several
values of 𝑅𝐸 from 1.5 px to 20.5 px are assessed with a constant 𝑅𝐶 =
8.5 px. The value of 4.5 px is chosen because it is the smallest value
that prevents parasitic cracks on the edges of pores. With these values,
the pores (Fig. 7(a)) are bigger than a sphere of radius 𝑅𝐶 = 8.5 px
(200 nm). This is verified by computing the maximal inscribed ball
radius of each porosity (Fig. 7(b)).

2.5. Crack meshing

Cracks are converted into a 3D surface with no thickness, this pro-
cess is illustrated in Fig. 8. First, each image of the stack representing
the cracks are skeletonized, this reduces the width of each object to one
pixel. Then, the meshing algorithm Alpha shape [52] implemented in
the open source software MeshLab [53] is used to generate a triangular
mesh from the voxels coordinates of the skeleton. The mesh, which
represents the crack surface, is made up of 9 million triangles.

2.6. Porosity analysis

A porosity (𝑝𝑣𝑥) can be computed from binary images, with the
following formula:

𝑝𝑣𝑥 = 𝑁𝑏𝑙𝑎𝑐𝑘
𝑣𝑥 ∕𝑁 𝑡𝑜𝑡

𝑣𝑥 , (2)

where 𝑁𝑏𝑙𝑎𝑐𝑘
𝑣𝑥 and 𝑁 𝑡𝑜𝑡

𝑣𝑥 are respectively the number of black voxels and
the total number of voxels. The total porosity is 𝑝𝑡𝑜𝑡𝑣𝑥 = 8.83%, this is
12% lower than the apparent density measured with the mass (see
Section 2.1). This difference is expected due to the size of the observed
volume, which is too small to be representative on its own. Several
volumes can be used to get statistically representative results. After the
classification step, one can also compute the porosity due to pores or
cracks, they are respectively equal to 𝑝𝑝𝑜𝑟𝑒𝑠𝑣𝑥 = 5.88% and 𝑝𝑐𝑟𝑎𝑐𝑘𝑠𝑣𝑥 = 2.95%.
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Fig. 8. Generation of a meshed surface of cracks by using skeletonize and alpha shape algorithm.

3. Discrete element modeling

In a first part, the Discrete Element method (DEM) framework used
in this work is introduced, it includes the discrete domain generation
and the calibration procedure. Then, the modeling strategy of pores and
cracks inside a discrete domain is presented.

3.1. Discrete element method framework

DEM is used to represent a continuous medium with a set of spher-
ical discrete elements (DE) connected with bonds that transmit cohesive
forces [32]. In this work, the open source platform GranOO [54] is used.
Based on previous works [54–56], the bond behavior is represented by
cylindrical Euler–Bernoulli beams. They have a purely elastic behavior
defined by four parameters (with 𝐵 in subscript): 𝐸𝐵 their elastic
modulus, 𝜈𝐵 their Poisson’s coefficient, 𝑅𝐵 their radius and 𝐿𝐵 their
length. The beam radius is a global constant defined with respect to
the mean DE radius (𝑅𝐷𝐸) through 𝑟, the radius ratio defined as:

𝑅𝐵 = 𝑟 × 𝑅𝐷𝐸 . (3)

The length of each beam is implicitly set by the distance between linked
DE centers, resulting in the subsequent approximation:

𝐿𝐵 ≃ 2𝑅𝐷𝐸 . (4)

According to the position and orientation of connected DE, tensile,
bending and torsion stresses are transmitted through the beams, as il-
lustrated in Fig. 9(a). The expression of resultant forces and momentum
applied on DE can be found in [54].

DEM also allows to easily manage contact. In this work, a contact
between two non-linked DE is represented by a spring repulsion law
(cf. Fig. 9(b)):

𝐹𝐶 = 𝐾𝐶 × 𝛥𝑢, (5)

where 𝐹𝐶 is the repulsive contact force, 𝐾𝐶 the contact stiffness and
𝛥𝑢 ≥ 0 the inter-penetration of DE. 𝐾𝐶 is set to be equivalent to the
mean beam stiffness in tensile mode:

𝐾𝐶 =
𝐸𝐵 × 𝜋 × 𝑅2

𝐵
𝐿𝐵

. (6)

Fig. 9. 2D illustration of the interactions between two DE: (a) linked by a beam, and
(b) through contact spring repulsion.

with Eq. (3) and (4) it becomes:

𝐾𝐶 = 0.5 × 𝐸𝐵 × 𝑅𝐷𝐸 × 𝜋 × 𝑟2. (7)

3.1.1. Domain generation
Initial compact domain representing dense material are generated

according to the procedure described in [54]. The DE radii follows a
uniform random dispersion of 25% around the selected mean DE radius
𝑅𝐷𝐸 in order to prevent the apparition of ordered arrangement that
could lead to anisotropy. Then, nearest DE are connected by beams
until a mean cardinality (number of beams per DE) of 6.2 is achieved.
As an example, a discrete domain with 𝑅𝐷𝐸 = 0.2 μm is given in Fig. 10,
it is composed of ∼92 000 DE and ∼278 000 bonds.

3.1.2. Elastic parameters calibration
The compact discrete element domain (Fig. 10), represent dense

8YSZ which is assumed to have a purely elastic linear behavior, whose
parameters are given in Table 1 (the subscript 𝐷 is referring to the
dense material).

In DEM approach, there is no predefined relationship between the
input parameters (micro-parameters) and the resulting macroscopic
mechanical behavior of a domain (macro-parameters). Thus, a cali-
bration is performed [54] to find the value of input parameters that
provide the desired macroscopic behavior (Table 1) with a maximum
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Fig. 10. (a) An isotropic continuous volume of matter represented by (b) a set of spherical discrete elements connected with (c) cylindrical beams.

Table 1
Mechanical properties of dense 8YSZ from [46].

Macro-parameters Sign Value

Young’s modulus 𝐸𝐷 223 GPa
Poisson’s coefficient 𝜈𝐷 0.29
Density 𝜌𝐷 6060 kg∕m3

Table 2
Calibrated micro-parameters corresponding to macro-parameters of Ta-
ble 1.

Micro-parameters Sign Value

Beam Young’s modulus 𝐸𝐵 5820 GPa
Beam Poisson’s coef 𝜈𝐵 0.30
Radius ratio 𝑟 0.345

difference of 1%. The resulting micro-parameters values are summa-
rized in Table 2. The initial isotropy of the dense numerical material is
verified.

3.2. Modeling strategy and selection of DE size

The ceramic coating microstructure must be reproduced into the
generated dense discrete material. Usually, all the porosities are rep-
resented by deleting DE [36]. However, this requires to use DE smaller
than the smallest porosity. For the present volume it would require
more than 108 DE, which is impractical in view of the computation
times involved. To overcome this limitation, only the pores (biggest
porosities) are represented by deleting DE. Thus, the DE radius must
be lower than the smallest pore, which size is equal to the structuring
element used for classification of porosities (Section 2.4.3):

𝑅𝐷𝐸 ≤ 𝑅𝐶 . (8)

Cracks and their thicknesses (𝑇 ) are represented via the bonds. Hence,
the bond length (𝐿𝐵) must be longer than the maximal thickness
(𝑚𝑎𝑥(𝑇 ) ≤ 𝐿𝐵). And, by definition of the closing operation, the maximal
crack thickness is less than 2𝑅𝐶 . Hence, 𝐿𝐵 must verify:

𝑇 ≤ 2𝑅𝐶 ≤ 𝐿𝐵 . (9)

From Eq. (9), a lower bound of the DE radius can be obtained by using
Eq. (4):

𝑅𝐶 ≤ 𝑅𝐷𝐸 . (10)

In order to represent both pores and cracks, the DE radius must be equal
to the structuring element radius according to Eqs. (8) and (10):

𝑅𝐷𝐸 = 𝑅𝐶 . (11)

Hence, the radius of DE is set on the value 200 nm. Fig. 11, illustrates
the adopted modeling strategy: pores are represented by deleting some
DE, whereas cracks are represented by modifying the behavior of
beams. The following two sub-sections describe the implementation of
this approach.

3.3. Representation of pores with the DE

To include pores into the discrete model, all DE whose center is
inside a pore are removed, they are represented in Fig. 12. As the
mass is carried by DE, removing some of them induce a decrease of
the macroscopic density. A discrete porosity 𝑝𝐷𝐸 is computed from the
mass of the initially dense discrete domain (𝑀𝐷), and the mass of the
discrete domain after the representation of pores (𝑀𝑃 ):

𝑝𝐷𝐸 = 1 −
𝑀𝑃
𝑀𝐷

. (12)

The modeling of pores in the discrete model lead to a porosity
𝑝𝐷𝐸 = 5.82%, which is close (1%) to the one computed from the input
binary volume of the pores (cf. Section 2.6). The pores modeling is
correct in terms of mass.

3.4. Representation of cracks with the beams

Cracks, whose thickness is smaller than the DE size, are represented
by modifying the behavior of bonds. A preliminary processing is per-
formed to localize the bonds that intersect a crack, then the strategy to
introduce and compute a local crack thickness in bonds is described.

An intersection detection algorithm is used to detect all bonds
crossed by a crack, they are represented in Fig. 13. The Linked Cell
Method (LCM) algorithm is adopted to optimize the detection. It was
originally developed for contact detection [57], and is here adapted to
the bond-mesh (ie. segment-triangle) intersection. This algorithm, com-
bined with the skeletonize operation, improves greatly the computation
time which is estimated to be at least 700 times faster than a brute force
method.

3.4.1. Crack thickness modeling
Cracks can be represented by removing bonds in the initial dense

domain [39–41]. However with such a representation, cracks are as-
sumed to have zero thickness as the DE are initially in contact. Based
on the work of [42], the crack thickness can be represented through
the modification of bond behavior. In this work, a new kind of bond is
implemented: the Contact Beam (CB). They only work in compression
by transmitting repulsive normal force to mimic a contact behavior
without friction (no tangential forces nor moments are transmitted). A
comparison of the tension–compression behavior of beam and contact-
beam is given in Fig. 14. By defining the compressive state of CB when
their current length 𝐿 is below a contact length 𝐿𝐶 , a thickness 𝑇 is
introduced:

𝐿𝐶 = 𝐿0 − 𝑇 , (13)

with 𝐿0 the initial length.
To the authors’ knowledge, no method for calculating this thickness

has been proposed, and a calibration from experimental results is re-
quired. In order to avoid the use of a calibration, a thickness estimation
method is proposed in the following section.
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Fig. 11. Discretization procedure : from real microstructure to virtual DEM microstructure. DE on pores and bonds intersecting cracks are represented in black.

Fig. 12. 3D view of all the discrete elements that are removed to represent the pores
(color gradient indicate the position along the 𝑧 axis).

Fig. 13. 3D view of all the bond that intersect a crack surface (color gradient indicate
the position along the 𝑧 axis).

Fig. 14. Normal force (𝐹 ) as a function of length (𝐿) for the standard GranOO Beam (a)
and the ContactBeam (b) (𝐾𝐵 is the normal stiffness of the beam).

Fig. 15. Illustration in 2D of the calculation method used to assess the thickness 𝑇1
of a bond (in green) linking elements DE1 and DE2.

3.4.2. Determination of crack thickness by image analysis
Each beam that intersects a crack is replaced by a contact beam.

For each of these CB, one must compute the thickness value to input
into the CB. This thickness depends on the position of the beam and
its orientation with respect to the crack. Considering CB as cylinders, a
computing method based on the voxels inside CB is proposed.

In a first approach, a binary method, noted 𝑇1, is considered:

𝑇1
𝐿0

=
𝑁𝑏𝑙𝑎𝑐𝑘

𝑣𝑥
𝑁 𝑡𝑜𝑡

𝑣𝑥
, (14)

with 𝑁 𝑡𝑜𝑡
𝑣𝑥 the total number of voxel inside the considered bond and

𝑁𝑏𝑙𝑎𝑐𝑘
𝑣𝑥 the number of black voxel inside the bond. A 2D example of

this computation method is given in Fig. 15, where 𝑁𝑏𝑙𝑎𝑐𝑘
𝑣𝑥 = 28 px,

𝑁 𝑡𝑜𝑡
𝑣𝑥 = 225 px and 𝐿0 = 25 px, leading to 𝑇1 = 3.1 px. This binary

method shows a direct a drawback due to its voxel size dependency.
Indeed, the minimum crack thickness is driven by the voxel size.

Hence, another method, based on the original non-binarized volume
is proposed in order to be voxel size independent. This intensity method
(𝑇2) involves the average normalized intensity level (𝐼𝑖∕𝑆) of voxels
representing cracks, ie. voxels whose gray level are below the threshold
𝑆 (denoted 𝑁<𝑆

𝑣𝑥 ):

𝑇2
𝐿0

= 1
𝑁 𝑡𝑜𝑡

𝑣𝑥
×

𝑁<𝑆
𝑣𝑥
∑

𝑖=1

(

1 −
𝐼𝑖
𝑆

)

. (15)

Fig. 16 compares the results given by the two methods for different
increasing voxel size (𝐷𝑣𝑥) on the same volume. The histograms put
forward the voxel size dependency of the binary method with an
increase of computed values 𝑇1 when 𝐷𝑣𝑥 increase, unlike the intensity
method which gives the same results 𝑇2 regardless of voxel size. More-
over, the distribution computed with the intensity method present a
typical rise in density for decreasing values of thickness, even below the
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Fig. 16. Histogram (bar width=4 nm) of thicknesses computed with the binary method (dashed)) and intensity method (solid), for various voxel size 𝐷𝑣𝑥 (in nanometer).

voxel size, which is generally expected when considering population of
defects [58]. For these reasons, the intensity method is selected in the
rest of this study

4. Anisotropy and non-linear behavior assessment

Plasma sprayed ceramics exhibits complex macroscopic mechanical
behavior, with:

• Anisotropy due to the preferential crack orientation, inter-splat
cracks lead to a lower elastic modulus in the direction of the
plasma projection [59,60],

• Asymmetry between tensile and compressive loading is reported
[12,13],

• Non-linear behavior under compression loading due to the pro-
gressive closing of cracks [12,16],

• Dissipative behavior during cycled loading due to friction of crack
surfaces [11,61].

Although the friction between cracks surface is not considered in
this work, the ability of the developed 3D DEM model to reproduce
the complex behavior of PSCC is investigated by performing numerical
quasi-static loading tests. In a first part, uniaxial tests are used to study
the anisotropy and asymmetry. In a second part, triaxial compression
loading tests are performed to study the effect of microstructure on
pressure–density law. Finally, cycled loading are applied with the use
of a cracking criterion.

4.1. Anisotropy and asymmetry

4.1.1. Numerical loading description: uniaxial loading
Uniaxial tensile and compressive numerical tests are performed on

the virtual microstructure in the three directions of space. The applied
loading and boundary conditions are described in Fig. 17. For a given
direction 𝑖⃗ ∈ {𝑥⃗, 𝑦, 𝑧}, a normal displacement (𝐷𝑙𝑜𝑎𝑑) is imposed on one
side of normal 𝑖⃗, while the normal displacement of the opposite side is
fixed ( ⃖⃖⃗𝐷 ⋅⃗𝑖 = ⃖⃗0). The displacement of the others sides are free. The mean
resulting force ⃖⃖⃖⃗𝐹𝑖 applied on both loaded faces is used to compute the
normal stress 𝜎𝑖𝑖 (Eq. (16)), and the dimension of the sample is used to
compute the axial and transversal strains (Eq. (17)):

𝜎𝑖𝑖 =
⃖⃖⃖⃗𝐹𝑖 ⋅ 𝑖⃗
𝑆0𝑖

, (16)

𝜖𝑖𝑖 =
𝐿𝑖 − 𝐿0𝑖

𝐿0𝑖
, (17)

where 𝐿𝑖 is the dimension of the sample along the 𝑖⃗ axis, 𝑆𝑖 is the
section of normal 𝑖⃗ and 0 in subscript is used to refer to initial values.

Fig. 17. Uniaxial loading configuration along 𝑖⃗ axis.

4.1.2. Asymmetry analysis
Stress–strain curves for each direction under tensile and compres-

sive loading are plotted in Fig. 18. Under tensile loading, the behavior
is linear. Conversely, under compressive loading the behavior is non-
linear with an increasing stiffness in relation with the applied axial
strain. This asymmetric behavior, between tensile and compressive
loading, is due to the closing of intra and inter-splats cracks that only
occurs under compression [19]. An example of the displacement field
under a compressive loading along the 𝑦-axis at an axial strain of
−0.59% is shown in Fig. 19. This picture clearly highlights the influence
of cracks on the displacement field, which is not uniform because of the
crack thickness. It also demonstrates the interest of using DEM in order
to deal with all the contact management induced by the discontinuities
in compression. The effect of cracks on the non-linear behavior is
explored more in depth in Section 4.2.

4.1.3. Anisotropy analysis
Anisotropy is visible in Fig. 18 with a different response for each

direction. To quantify this difference, the stress–strain curves at small
strain (0.1%) are used to compute the Young’s modulus. In the linear
range, the values are equal under tensile and compression, they are
reported in Table 3. Additional computations have been performed to
discriminate the contribution of each defect (pores and cracks), the
results are also reported in Table 3, where the elastic modulus in
the spraying direction (𝑧 axis, see Fig. 1) is the longitudinal modulus
(𝐸𝐿), while the modulii in the two other orthogonal directions are the
transverse modulii (𝐸𝑇 ).

Transverses Young’s modulii are close to the upper bound of lit-
erature data (∼ 90 GPa). However, the longitudinal modulus is twice
higher than literature data (∼ 60 GPa) [4,16,60]. The level of anisotropy
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Fig. 18. Stress–strain curves for tensile and compressive loading (dashed line represent
the tangent at the origin to put forward the non-linear behavior in compression).

Fig. 19. Displacement field under uniaxial compressive loading along the 𝑦-axis at
𝐸𝑦𝑦 = −0.59%.

Table 3
Elastic modulii in the three directions of space for each microstructure components.

𝐸𝑇𝑋 [GPa] 𝐸𝑇𝑌 [GPa] 𝐸𝐿𝑍
[GPa]

Pores and cracks 89 74 115
Cracks without pores 135 111 159
Pores without cracks 186 184 190
Bulk 223 223 223

can be quantified with the ratio of transverse modulus over longitudinal
modulus (𝐸𝑇 ∕𝐸𝐿). Transverses modulii are smaller than the longitudi-
nal one, with 𝐸𝑇𝑋 ∕𝐸𝐿 = 77% and 𝐸𝑇𝑌 ∕𝐸𝐿 = 64%. Literature data report
a different trend, with longitudinal modulus lower than transverse one
(𝐸𝑇 ∕𝐸𝐿 > 100%). According to [4,16,60], this trend is attributed to
the presence of inter-splat cracks, orthogonal to the spraying direction
(𝑧), that play a greater role in reducing the modulus than inter-splat
cracks in the transverse direction. The overestimation of the current
model may come from its dimension that are not sufficient to capture
well the effect of inter-splat cracks. Indeed, the dimension of a splat is
around 20 μm in thickness and about 100 μm in radius. In the present
study, the volume (20 × 20 × 20 μm3) is hence too small to capture
accurately the effect of those macro inter-splat cracks.

As a summary, the transverse modulii, that are mainly affected by
the numerous small intra-splat cracks, are in good accordance with
literature data. It supports the relevance of such a model, which is
able to take into account the presence of cracks despite their small
thickness. Nonetheless, a larger volume of matter is require to improve

Fig. 20. Triaxial loading configuration.

the representation of inter-splat cracks and get better longitudinal
modulus prediction.

Simulations on virtual microstructure containing only pores or only
cracks are used to study the origin of anisotropy. The sample containing
only pores shows an isotropic behavior with elastic modulus equal in
the three directions of space as 𝐸𝑇𝑋 ∕𝐸𝐿 = 98% and 𝐸𝑇𝑌 ∕𝐸𝐿 = 97%.
Conversely, anisotropy is observed in sample containing only cracks
with 𝐸𝑇𝑋 ∕𝐸𝐿 = 85% and 𝐸𝑇𝑌 ∕𝐸𝐿 = 70%. These results confirm that the
cracks are responsible for the mechanical anisotropy of the numerical
sample due to their preferential orientation. This is in line with the
results of other studies [19,36,60].

As a verification, a theoretical Young’s modulus (𝐸𝑡ℎ) is computed
with Eq. (18) from [62] and compared to the mean modulus of the
virtual material containing only pores.
𝐸𝑡ℎ(𝑝)
𝐸𝐷

= 1 − 𝑝
3(1 − 𝜈𝐷)(9 + 5𝜈𝐷)

2(7 − 5𝜈𝐷)
. (18)

where 𝐸𝐷 and 𝜈𝐷 are the Young’s modulus and Poisson’s coefficient
of the dense material (cf. Table 1). And 𝑝 is the porosity, here equal
to 5.82% (see Section 3.3). Theoretical (197 GPa) and numerical
(187 GPa) Young’s modulii differ by 5%, this is reasonably limited
considering all the assumption of the theoretical formula, and confirm
the good modeling of the pores inside the numerical volume.

4.2. Non-linear behavior in compression

4.2.1. Numerical test description: triaxial loading
Numerical triaxial compression tests are performed by applying the

same displacement simultaneously in the three directions of space as
shown on Fig. 20. In order to compute the pressure–density thermody-
namic law, the macroscopic hydrostatic pressure 𝑃ℎ is computed from
the diagonal components of the macroscopic stress tensor (Eq. (16)),
with:

𝑃ℎ = −1
3
× tr

(

𝜎𝑥𝑥 + 𝜎𝑦𝑦 + 𝜎𝑧𝑧
)

. (19)

The normalized density 𝜂 is computed thanks to the current (𝑉 ) and
initial (𝑉0) volume of the domain:

𝜂 =
𝜌 − 𝜌0
𝜌0

=
𝑉0 − 𝑉

𝑉
, (20)

𝑉 = 𝐿𝑥 × 𝐿𝑦 × 𝐿𝑧. (21)

The tangent bulk modulus 𝐾 is estimated with:

𝐾 = −𝑉 𝑑𝑃
𝑑𝑉

= 𝜂 𝑑𝑃
𝑑𝜂

. (22)

The amount of crack closure is evaluated by defining a dimensionless
variable 𝛾:

𝛾 =
𝑁𝑐𝑜𝑚𝑝

𝐶𝐵

𝑁 𝑡𝑜𝑡
𝐶𝐵

, (23)

where 𝑁 𝑡𝑜𝑡
𝐶𝐵 is the number of CB and 𝑁𝑐𝑜𝑚𝑝

𝐶𝐵 is the number of CB in
compression (ie. with 𝐿 < 𝐿𝐶 ).
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Fig. 21. (a) Pressure–density law, (b) Tangent bulk modulus and (c) Crack closure of several virtual microstructures containing pores and/or cracks that are open or closed.

4.2.2. Analysis of the effect of pores and cracks
The numerical triaxial tests are performed on various virtual ma-

terials containing no pores nor cracks (dense), pores without cracks,
cracks without pores or both pores and cracks. When cracks are present,
two cases are considered, one where they have zero thickness (closed)
and one where they have a thickness (open). The numerical results are
presented in Fig. 21.

As expected, the behavior with pores and open cracks is non-linear
(green solid line on Fig. 21(a)). This non-linearity can be quantified
with an increase of the bulk modulus from 52 GPa at 𝜂 = 0% to
70 GPa at 𝜂 = 1.5% (Fig. 21(b)). This increase in tangent bulk mod-
ulus correlates directly with progressive crack closure observed on
Fig. 21(c). At the relaxed state (𝜂 = 0%), all the cracks are open
(𝛾 = 0%). Increasing pressure causes some cracks to close which lead
to an increase of the bulk modulus. The non-linear tendency is only
observed in virtual microstructures containing open cracks. Indeed,
when there are only pores (red curve) or when the cracks are closed
(dashed curves) the behavior is linear. Actually, the presence of closed
cracks has a negligible effect on the compressive mechanical response.
In addition, to investigate the contribution of pores and open cracks,
the initial bulk modulii are compared with respect to the bulk modulus
of the dense material (𝐾𝐷):

• with only pores 𝐾𝑃 ∕𝐾𝐷 = 75%,
• with only cracks 𝐾𝐶∕𝐾𝐷 = 46%,
• with both pores and cracks 𝐾𝑃+𝐶∕𝐾𝐷 = 29%.

The relative bulk modulus with pores and cracks is lower than the
cumulative independent contributions of pores and cracks (𝐾𝑃 ∕𝐾𝐷 ×
𝐾𝐶∕𝐾𝐷 = 35%). Hence, there is a coupling effect between pores and
cracks on the mechanical behavior, and both populations of defects
cannot be considered independently. It put forward the relevance of
this model which is able to represent simultaneously both pores and
cracks despite their high size difference.

4.2.3. Analysis of the influence of the crack thickness
To study more in-depth the effect of crack thickness on the mechan-

ical non-linearity, virtual microstructures with only cracks of various
thicknesses values are considered. Pores are not represented to sim-
plify the analysis and instead of the automatic thickness computation
method presented in Section 3.4.2, here the thickness of all CB is fixed
at a constant value. The results are presented in Fig. 22 for thicknesses
values between 0 nm and 100 nm. For comparison purpose, two other
case are represented: no crack (blue line) and crack thickness computed
with the intensity method 𝑇2 from Section 3.4.2 (dashed red line).

The thickness value greatly affects the resulting behavior. As ex-
pected, the more the thickness value is small, the more the behavior
(Fig. 22(a)) is close to the one of the dense material with no cracks.
Indeed, the smaller the thickness is, the faster the cracks are closing,
as visible on Fig. 22(c) with 𝛾 reaching 100% and the bulk modulus
reaching a maximal value close to the one of the dense material
on Fig. 22(b). This is in accordance with Kroupa’s theory [19], that
correlate the crack closure with their aspect ratio (ratio of crack surface
to their thickness).

The constant thickness that fit the best the behavior obtained with
𝑇2 (dashed red curve) is 40 nm, this is expected as the median value
of the distribution obtained with 𝑇2 is 37 nm. However, with 𝑇2 the
cracks begin to close as soon as pressure increases, this is caused by the
distribution of thicknesses values from 0 nm to 400 nm (cf. Fig. 16). The
thinnest cracks are responsible for the non-linear behavior at the lowest
pressure. For constant thickness value above 10 nm a first linear part
is clearly distinguishable, as cracks surfaces are getting closer without
touching and the non-linear response begins when some crack surface
come into contact.

Finally, one can observe that the modulus reaches its maximum
before all the CB enter in compression, for instance in the 2 nm case,
the modulus reach its maximum when 𝜂 = 1% whereas all the CB are
not in compression 𝛾(𝜂 = 1%) = 90%. Accordingly, one can conclude
that the thinnest cracks that are the first to close have more influence
on the non-linear behavior than the thickest cracks.
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Fig. 22. Comparison of the behavior with only cracks of different thickness: (a) Pressure–density law, (b) Tangent bulk modulus and (c) Crack closure.

4.3. Crack initiation and propagation

One motivation of using DEM is also its ability to naturally handle
activation and propagation of cracks. The effect of cracking on the
behavior and its relation with the microstructure is explored in this
section.

4.3.1. Cracking implementation
New cracks are usually created by deleting elements or bonds [36,

63]. To be consistent with the modeling proposed in this paper, a
cracking process using the contact-beam model is implemented: cracks
creation and propagation is handled by converting beam into contact-
beam.

The conversion of a beam is activated when it reaches a certain
stress threshold. Since beams are subjected to compound stresses (ten-
sile, bending and torsion), an equivalent stress 𝜎𝑅 is constructed using
Rankine’s formula:

𝜎𝑅 = 1
2

(

𝜎𝑁𝑚𝑎𝑥 +
√

𝜎2𝑁𝑚𝑎𝑥 + 4𝜏2𝑚𝑎𝑥

)

. (24)

where 𝜎𝑁𝑚𝑎𝑥 is the maximal normal stress in the beam (sum of tensile
and maximal bending stress) and 𝜏𝑚𝑎𝑥 is the maximal torsion stress
in the beam [63]. Beams are converted to contact-beam when their
Rankine stress reaches a predefined threshold value (𝜎𝑅 ≥ 𝜎𝑓𝑎𝑖𝑙𝑢𝑟𝑒). The
ratio of contact-beam number 𝑁𝐶𝐵 over the bond number 𝑁𝐵 (which
is constant equal to the sum of beams and contact-beams) is used to
follow the global cracking evolution:

𝛼 =
𝑁𝐶𝐵
𝑁𝐵

. (25)

4.3.2. Monotonic uniaxial loading
To study the effect of cracking on the behavior, uniaxial loading

tests are carried for various bond stress failure between 10 and 50 GPa
(note that the bond stress failure is a micro-parameter different from
the effective macroscopic failure stress). The results are presented in

Table 4
Ultimate Tensile Strength (UTS) and Ultimate Compression Strength (UCS) for various
bond failure stresses 𝜎𝑓𝑎𝑖𝑙𝑢𝑟𝑒.

𝜎𝑓𝑎𝑖𝑙𝑢𝑟𝑒 [GPa] 10 20 30 40 50

UTS [MPa] 61 120 179 243 308
UCS [MPa] 171 345 540 753 1002
UCS/UTS 2.8 2.88 3.02 3.10 3.25

Fig. 23, each curve corresponds to two different tests: one in compres-
sion and one in tension. The stress–strain curves (Fig. 23(a)) exhibit
a brittle behavior, both in tensile and compression there are sudden
failure, the ultimate failure stresses in tensile (UTS) and compression
(UCS) are reported in Table 4. UCS values are higher by a factor 3 than
UTS values.

Concerning the cracking evolution on Fig. 23(b), for each value of
𝜎𝑓𝑎𝑖𝑙𝑢𝑟𝑒 the same amount of CB are created after the macroscopic failure.
However, the cracking is not the same in tensile and compression: more
cracks are created in compression (4.4% new CB) than in tensile (1%
new CB). The state of the samples after failure are presented in Fig. 24.
In tensile there is a unique macro-crack perpendicular to the loading
direction, whereas in compression there are multiple cracks.

4.3.3. Cycled uniaxial loading
To study the damage evolution, a cycled loading is applied on

the samples. The cycled response curves plotted on Fig. 25 follows
the envelope of the monotonous loading (in dashed black line). The
stiffness decreases at the unloading of each cycle, due to the cracking
propagation during each loading. Unloading are linear, and no residual
strain is observed at the end of the unloading, this is attributed to the
absence of friction in the model.

This kind of simulation can be used to identify the corresponding
damage model that could be used in macroscopic homogeneous model,
with for example the use of progressive damage law in the bond [55].
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Fig. 23. (a) Stress–strain curves and (b) cracking evolution, under uniaxial loading in tensile and compression along 𝑥⃗ for various failure stresses 𝜎𝑓𝑎𝑖𝑙𝑢𝑟𝑒.

Fig. 24. Displacement field in the sample under uniaxial loading at |𝐸𝑥𝑥| = 1.33% for 𝜎𝑓𝑎𝑖𝑙𝑢𝑟𝑒 = 30 GPa.

Fig. 25. Cycled uniaxial loading along 𝑥-axis for 𝜎𝑓𝑎𝑖𝑙𝑢𝑟𝑒 = 10 GPa (monotonic loading represented in dash).

5. Conclusions

A methodology to numerically reproduce the complex 3D
microstructure of plasma sprayed ceramic coating with the discrete
element method has been developed. It relies on 3D FIB-SEM obser-
vations to faithfully discretize the pores and the exact crack geometry.
Cracks and their nanometric thicknesses are modeled through the mod-
ification of the bond behavior. Their thickness is computed by image
analysis, so that calibration is not required. Hence, the only input of
the model are the 3D observations and properties of the dense ceramic
matrix.

The methodology has been applied to a small volume of plasma
sprayed YSZ. Numerical quasi-static loading are used to characterize
the mechanical behavior. The model is able to capture the anisotropy
of the material and is used to confirm that the cracks are responsible for
this anisotropy. The typical non-linear behavior in compression is also
successfully reproduced thanks to the crack thickness representation. A
coupled effect between pores and cracks has also been put forward as
they both interact to decrease the elastic modulus. The DEM’s ability to
represent cracking is exploited to perform fracture testing. As expected,
the behavior is brittle both in traction and compression, but variation
are observed in ultimate strength values and failure pattern. Cycled
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loading can also be used to identify macroscopic damage law induced
by cracking at the microscale. These qualitative results are encouraging,
and triaxial compressions with cracking are planned in order to get
pressure–density relationship that can be used as homogenized laws in
simulation at the macroscopic scale.

Besides, the developed model is a useful tool to study precisely the
influence of the microstructure on the mechanical behavior, for in-
stance by using different distribution of crack thicknesses. The method-
ology could also be extended to design artificial microstructure, and
comparison between different plasma sprayed microstructure are plan-
ned.

Different axis of improvement relies on the use of bigger vol-
ume of matter to obtain more representative results, this would be
possible with the rising plasma-FIB technology and high-performance
computing. The use of more sophisticated image processing techniques
like threshold methods based on gradient or machine learning could
also improve the microstructure analysis and its discretization. Finally,
internal stresses and the friction at the cracks interfaces could be
implemented into the model to increase its accuracy. The effect of more
sophisticated cracking criterion is also under investigation.
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