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A B S T R A C T

Discrete Element Method (DEM) has been used for numerical investigation of sintering-induced structural de-
formations occurring in inverse opal photonic structures. The influence of the initial arrangement of template
particles on the stability of highly porous inverse opal α-Al2O3 structures has been analyzed. The material
transport, densification, as well as formation of defects and cracks have been compared for various case studies.
Three different stages of defects formation have been distinguished starting with local defects ending with in-
trapore cracks. The results show that the packing of the template particles defined during the template self-
assembly process play a crucial role in the later structural deformation upon thermal exposure. The simulation
results are in very good agreement with experimental data obtained from SEM images and previous studies by
ptychographic X-ray tomography.

1. Introduction

Photonic crystals and glasses are a class of materials with the cap-
ability of manipulating the electromagnetic radiation propagation and
thereby, find application in solar thermophotovoltaic energy conver-
sion devices and are also prospected as next-generation reflective
thermal barrier coatings (rTBC) [1–3]. There are several types of pho-
tonic structures produced by a variety of processes. Direct photonic
structures, usually comprised by polystyrene or silica monodisperse
particles, are conveniently produced by a variety of self-assembly
methods [4]. Meanwhile, inverse structures usually involve more
complex processing and can be produced by co-assembly [5] and co-
deposition [6,7], or via infiltration of templates by sol–gel [8], chemical
vapor deposition (CVD) [9] or atomic layer deposition (ALD) [10]. ALD
is especially interesting because of its capability for coating high-aspect
ratio structures [11] and the possibility for the development of tailor-
made atomically mixed systems. Ceramic-based inverse photonic
structures have been produced using different techniques and various
materials for the matrix such as silica [7], titania [10], alumina [12],
mullite [13], zirconia [14] and yttria stabilized zirconia (YSZ) [7,15].

When these structures are exposed to high-temperatures (> 1000
°C), though, they undergo morphological changes that may hinder their
final function, especially in the case of photonic applications. Among
the structural changes are sintering shrinkage, pore enlargement,

distortion, extensive grain growth and possible phase transformations.
These changes are, as expected, directly dependent on the initial
structural parameters and matrix composition [16]. In the latest years
there has been a growing interest in the use of photonic glasses rather
than photonic crystals, due to their capability of radiation reflection
over a broad wavelength range instead of only of a narrow photonic
band gap region. However, to our knowledge, studies about the struc-
tural changes in photonic glasses systems caused by high-temperature
(> 1000 °C) exposure are scarce. We have been developing refractory
inverse and hollow-sphere photonic glasses [13,15,17] for next-gen-
eration reflective thermal barrier coatings (rTBCs), which reduce the
heat conduction by its highly porous structure whilst reflecting thermal
radiation.

Several experimental techniques have been used to analyze the
morphology of photonic structures. Scanning electron microscopy
(SEM) is by far the most used technique, although followed by limita-
tions such as charging, mechanical drift and only 2D qualitative in-
formation. Transmission electron microscopy (TEM) and focused ion
beam (FIB) tomography are the ones with highest resolution, however
with strong beam interaction and destruction, respectively.
Synchrotron-based nano-tomography and ptychography have emerged
as potential alternatives for 3D structural characterization of several
porous materials [13,18–20], such as the ones studied in this work. In a
recent work [13], we have shown that X-ray computed tomography
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enables the quantification of 3D structural modifications at various
scales caused by the high-temperature exposure. Nonetheless, the
characterization of the high-temperature stability is mostly performed
by post-mortem analysis and even though these analyses provide va-
luable information for the understanding of the structural destabiliza-
tion with temperature and as input for simulation data, they don’t allow
for in-situ visualization of the structural destabilization pathways or for
the identification of the sources of defect formation.

In this work, the discrete element method (DEM) approach, im-
plemented in the simulation framework MUSEN [21], has been used to
analyze the structural deformations occurring in inverse opals photonic
structures exposed to high-temperatures. In general, the numerical
modeling of material behavior during sintering can be performed on
different time and length scales. Starting with molecular dynamic (MD)
simulations on the nanoscale ending with semi-empirical densification
models on the macroscale. One of the very promising simulation ap-
proaches which can be applied on the intermediate scale is the discrete
element method (DEM). DEM is a meshless method, where the modeled
material is represented as a set of interacting primary particles. This
approach was initially developed for modeling the mechanical behavior
of dry granular materials. However, in recent years it was also widely
applied for the analysis of sintering processes. Material transport,
densification or crack formation occurring in different types of struc-
tures have been analyzed using DEM [22–26]. The studies were carried
out for free [24], pressure-assisted [27] and constrained sintering [23].
In most cases, DEM was applied for single-component systems, how-
ever, applications for composites consisting of two or more components
can also be found [28,29]. Moreover, DEM simulation of sintering
process was used to estimate the resulting material microstructure, later
used to characterize mechanical characteristics of partially sintered
samples [30]. Although this work focuses on the photonic materials
application as next-generation reflective thermal barrier coating
(rTBC), the structures exposed here have a high fraction of inter-
connected porosity, which makes them attractive for a variety of other
technological applications, such as catalysts, solid oxide fuel cells and
membranes [16,31,32].

1.1. Experimental synthesis and characterization of photonic crystals

Polystyrene (PS) particles with low coefficient of variation and an
average diameter of 0.75± 0.02 μm and 0.76±0.02 μm were used to
produce templates for further infiltration via atomic layer deposition
(ALD). Photonic crystals were produced via vertical convective self-
assembly of 1.0 mg ml−1 PS-suspensions inside a humidity chamber
(Memmert HCP 108) onto pre-cleaned single-crystal sapphire substrates
(< 1-102>orientation, Crystec GmbH) for 144 h at 70% RH and 55 °C.
The cleaning process consisted of soaking and sonication in an alkaline
detergent solution (Mucasol 1%, Brand, Merz Hygiene GmbH) for 1 h,
brushing, rinsing with deionized water and drying with argon gas.
Before immersion into the Teflon™ beakers, the substrates were further
exposed to an oxygen plasma treatment for 20 min (Polaron PT7160,

Quorum Technologies).
The PS templates were infiltrated by an ALD process with 300 cycles

performed at 95 °C in a home-made reactor, using 30 sccm nitrogen as
carrier gas. The precursors used were Trimethylaluminum, min. 98%
(TMA, Strem chemicals) and deionized water (diH2O), both kept at
room temperature. Full-exposure mode was used and the pulse, ex-
posure and pump time were 0.1/30/90 and 0.2/30/90 s for TMA and
water, respectively. Film thickness and refractive index measurements
were carried out by spectroscopic ellipsometry (SENProTM, SENTECH
Instruments GmbH) onto silicon wafers (as received,< 100> , native
oxide layer, Si-Mat Silicon Materials) placed close to the templates
during the ALD cycles. The growth per cycle (GPC) was in average 1.7 Å
and the refractive index 1.65, consistent with our previous works
[13,32,33]. After infiltration, the PS templates were removed by
thermal burn-out at 500 °C (0.3 °C min−1) in air atmosphere for 30 min,
generating then the inverse opal photonic crystals. SEM images of ty-
pical generated structures can be visualized in Fig. 1. After burn-out of
the PS template the photonic crystals are comprised by macro pores
where the former PS spheres were located and thereby, a three-di-
mensional structure of interconnected macro pores is formed. More-
over, ALD-based photonic structures, such as the ones generated in this
work, also present isolated nanopores located at the interstitial sites,
due to the nature of the ALD process and the eventual blocking of these
sites by the already-deposited films, which obstructs the precursors
reach to these sites. One of these pores is highlighted by the red marker
in Fig. 1a. The protective layer on top of the photonic crystal in Fig. 1b
is only for imaging purposes and was not present during the heat
treatments.

Photonic crystals were heat treated in a muffle furnace at 1200 °C
for 1 h and 1400 °C for 4 h in air atmosphere. The heating rate was 5 °C
min−1. Scanning electron microscopy (SEM, Zeiss Supra 55 V P) was
used to characterize the structures’ morphology, both in surface and
cross sections.

2. Modelling approach

2.1. Structure generation

The sintering behavior of inverse opal structures has been modeled
with DEM. The porous rTBC layer of ceramics and the substrate were
represented as a set of individual spherical primary particles. These
particles were treated as individual objects and for each particle the
Newtonian equation of motion has been calculated. To reduce the
computational effort, periodic boundary conditions (PBC) in axial di-
rection were applied. PBC were not defined in the vertical direction,
which has allowed to investigate the rTBC interaction with the sub-
strate.

To generate realistic initial structures, specifically to determine
coordinates of all primary particles, a multi-staged approach has been
developed. Here three main steps can be distinguished:

Fig. 1. Typical structures of inverse opal pho-
tonic crystals after ALD infiltration and tem-
plate burn-out showing the hollow-shell struc-
tures (a) top view (b) cross section (inset) top-
view of an ion-milled section. The red markers
show typical interstitial sites for ALD-based
photonic structures. Former PS template par-
ticles’ size are 1.5 and 0.7 μm for (a) and (b),
respectively. Scale bars are 3 microns and 500
nm at the inset. (For interpretation of the re-
ferences to color in this figure legend, the
reader is referred to the web version of this
article.)
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• Stage 1: Generation of the bulk phase

• Stage 2: Calculation of the pore positions

• Stage 3: Pores cutting and materials specification

Stage 1: Generation of the bulk phase
At first, a dense packing of primary particles that represent ceramics

was generated. Generation was carried out using the previously de-
veloped iterative force-biased algorithm [21,34]. Initially, the particles
are randomly placed into a cubic volume and overlaps between them
are analyzed. Depending on the interparticle overlaps forces are cal-
culated and particles are iteratively shifted to minimize the overlaps
and to generate the packing. The algorithm is stopped when the max-
imal overlap in the system is smaller than the specified. This algorithm
has been implemented into the simulation framework MUSEN and
parallelized for graphics processing units (GPU). This allowed effi-
ciently generate packings consisting of around six million primary
particles.

Stage 2: Calculation of the pore positions
In the second stage, the coordinates of polymeric template particles

were calculated. These coordinates directly determined the position of
macro pores after the burn-out process. In the scope of this work, two
types of template packings were analyzed. One group included the
regular hexagonal close-packed (HCP) and face-centered cubic (FCC)
structures. Here, the coordinates of pores were directly calculated de-
pending on the specified lattice. For both FCC and HCP packings, four
layers with 12 particles in each have been analyzed. The total number
of polymeric particles (macro pores after burn-out) was equal to 48 and
the diameter of each particle was equal to =D 0.762 μmpore . Thus, in the
case of FCC and HCP structures the cuboid domain had a size of 2.29
μm x 2.64 μm x 2.63 μm (width x depth x height). These dimensions
were calculated as D3 pore x Dpore

4 3
2 x +D (1 3 )pore

6
3 .

The second group included stochastically generated random pack-
ings of polymeric particles with varied packing densities. On the one
hand, such structures make it possible to analyze the influence of
packing density. On the other hand, they can more realistically re-
present the defects occurring in self-assembled structures of polymeric
template particles before burn-out, which are kept during the infiltra-
tion phase (in our case by ALD) and later reproduced in the inverse
structures generated after burn-out [35]. Defects, such as vacancies,
Frenkel defects, screw dislocations and cracks, are usual in self-as-
sembled polymeric templates (colloidal spheres films) [12].

To generate random packings of polymeric template particles, a
previously-described force-biased algorithm was used [21]. The parti-
cles with a diameter of 0.762 μm were generated into cubic domains
with periodic boundary conditions over axial coordinates. The dimen-
sions in axial coordinates were the same as in the case of the ordered
packings, however, the height was slightly increased in 5% from 2.63 to
2.76. This was done to increase flexibility during packing generation
and to allow particles to build stacking faults in vertical direction. In
Fig. 2, two exemplary packings with different number of polymeric

particles are shown. It is well known that an increase in packing density
leads to ordering of structures [36]. This can be also observed in our
results where increasing of packing density from 42 to 48 particles leads
to their ordering. As result, the stochastically generated random close
packed structures with high densities can be treated as ordered struc-
tures containing some stacking faults.

Stage 3: Pores cutting
Finally, the rTBC structure is created from previously generated

bulk phase. Only those ceramic primary particles remain in the bulk,
where for any pair of values ∈i N[1. . ]cer and ∈j N[1. . ]pol the following
two conditions are satisfied:

⎧
⎨⎩

− ≥ +
− ≤ + −

C C R R
C C R L R

| |
| |

cer i pol j pol cer

cer i pol j pol coat cer

, ,

, , (1)

where Ccer i, and Cpol j, are the coordinates of ceramic and polymeric
particles, Rcer and Rpol are their radii, Lcoat is the thickness of the ALD-
coating layer, Npol and Ncer are the number of polymeric particles and
primary particles in bulk accordingly.

Complementary to the condition given in Eq. (1), several bottom
layers of primary particles have been treated as a fixed substrate.
Moreover, it was also considered that during ALD the substrate is also
coated. In Fig. 3, a schematic illustration of all steps during the gen-
eration algorithm are shown.

2.2. DEM model

The DEM model proposed by Parhami and McMeeking [37] was
used to simulate material densification. This model was developed for
initial stage sintering without considering grain growth, and in recent
years it has been effectively applied for different applications
[23,24,28]. Between each two primary particles that are in contact, the
forces in normal (Fn) and tangential (Ft) directions are calculated. The
normal force consists of an attractive part, which causes material
densification, and a dissipative part, which acts against relative motion:

= −F α
β

πRγ
πa
β

u
2 Δn s

s

b
rel n

4

,
(2)

where parameters α and β depend on the ratio between grain-boundary
and surface diffusion, R is the particle radius, γs is the surface energy, as
is the contact radius between particles, Δb is the diffusion parameter
and urel n, is the relative velocity in normal direction of contact. The
diffusion parameter is calculated depending on the diffusion coefficient
D b0 as:

= −δ D Q
R

Δ Ω
kT

exp(
T

)b b b
b

0 (3)

where Ω is the atomic volume, k is the Boltzmann constant, T is the
absolute temperature, δb is the grain boundary thickness and Qb is the
activation energy. The force in tangential direction consists only of

Fig. 2. Two exemplary packings of polymeric template particles with different packing densities. Three-dimensional view of the cubic generation domain and a top-
view of the particles in the upper layer.
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dissipative part, which acts against relative motion urel t, .

= −F
μ πa R

β
u

2 Δt
part s

b
rel t

2

,
(4)

where μpart is the dimensionless parameter to describe the viscosity.
Yet, there is no consensus how to estimate this parameter, and dis-
crepant values can be found in literature. More detailed information
about the influence of this parameter on sintering behavior can be
found in [23,25].

One of the main challenges related to the DEM application is the
high computational effort due to the short simulation time steps. Since
DEM is based on an explicit time integration scheme, the step size in-
fluences the numerical stability of the solution [38,39]. Especially in
the case of the sintering process, where the size of primary particles is in
the nanometer range, the calculation time is one of the limiting factors.
As a mean to speed-up DEM simulation, mass scaling, where density of
particles is increased in several orders of magnitude, can be applied
[22,23,29,40]. Nevertheless, a posteriori analysis should always be
done in order to check that such enlargement of particle inertia has no
effect on the particle dynamics. For example, Heinrich et al. [22] have
found that mass scaling to values < −m 8.6·10p

R
γ

11
Δs b

8
can be effectively

used. In this study, a density scale factor of 1013 has been applied,
which leads to a condition, in which < −m 4·10p

R
γ

11
Δs b

8
.

For the DEM simulation the MUSEN framework has been used [21].
In recent years this framework has been successfully applied for dif-
ferent computationally expensive tasks [21,26]. The calculations in
MUSEN are parallelized for graphics processing units (GPU) using
CUDA platform. That allows to accomplish simulations consisting of
several millions of particles in a reasonable time.

3. Results

3.1. Model parameters and generated structures

In the first stage of the generation algorithm, primary particles with
a diameter of 15.2 nm have been generated into a cuboid volume with
dimensions 2.29 μm x 2.64 μm x 2.76 μm for random and 2.29 μm x
2.64 μm x 2.63 μm for FCC and HCP packings. The initial porosity of the
bulk phase was equal to ∼35.8%.

In the second stage, different random packings of polymeric tem-
plate particles with diameters of 0.762 μm have been generated and
pores have been cut out. In the scope of this work, the influence of
diameter deviations on the stability of rTBC was not investigated, and it
was assumed that all pores have the same diameter. In Table 1, an
overview of investigated packings is given. The packing porosity of

polymeric particles and the number of ceramic primary particles, which
remained in the structure after cutting out the macro pores, are listed
here. The FCC or HCP packings reveal the highest macro pores fraction
of 74%. Due to the increased generation domain, the random packings
with same number of template particles (and thus macro pores, Case 5
in Table 1) have lower packing fraction of 71%. Both of them can be
generally treated as photonic crystal structures. At the same time,
packings with lower number of polymeric template particles, like in the
Case 2, where packing porosity was equal to 37%, can be treated as
photonic glasses.

With respect to the number of primary particles, it can be observed
that an increase of template particles number from 38 to 48 leads to an
increase in the coating material by volume of almost 5%. It should be
also mentioned that ideally ordered FCC or HCP packings reveal a
smaller amount of coating material compared to the randomly gener-
ated packings with the same number of pores. This is caused by the
increased overall height of the analyzed volume in the structure from
2.63 μm to 2.76 μm.

The packing fraction of template particles influences not only the
final structure of the rTBC, but also significantly affects the volume
fraction of the deposited material. In experimental structures, the
coating thickness will be the same for both photonic crystals and
glasses, due to the individual surface reactions and self-limiting nature
of the ALD process. However, since the surface area for the reaction is
different, the volume fraction of the coating material will be different.
To investigate this dependency, packings of polymeric particles in the
range between 37 and 48 have been analyzed. In Fig. 4, two main
characteristics are shown. The number of primary particles remaining
in the structure after cutting out the macro pores is shown by the da-
shed red line. The packing fraction of template structure before ALD

Fig. 3. Schematic illustration of the multi-staged structure generation algorithm to generate FCC packing. The cross-section on the right shows only a thin slice of
Al2O3 and all particles of the substrate.

Table 1
Packing information and the number of primary particles numbers in the in-
vestigated structures.

Case
study

Number of polymeric
template particles

Macro pores
fraction [%]

Number of primary
particles (in millions)

Random packings
Case 1 38 58.89±0.51 1.16±0.022
Case 2 42 62.84±0.68 1.211± 0.012
Case 3 45 66.27±0.62 1.205± 0.019
Case 4 47 69.5± 0.35 1.207± 0.006
Case 5 48 71±0.15 1.216± 0.007
Ordered packings
FCC 48 74 1.099
HCP 48 74 1.098
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and infiltration is illustrated by the solid blue line. This value is cal-
culated without considering border effects occurring at the top of the
packings.

The first dependency can be considered as the volume of the de-
posited material versus the total volume of the polymeric material. In
the case of porous packings, where the number of template particles is
less than 41, the amount of deposited material is almost linearly de-
pending on the number of polymeric particles. The packings consisting
of 41 particles reveal average packing density of∼61%. The increase of
packing density from 41 to 48 particles has no significant influence on
the volume of the deposited material. This is due to two main reasons:
on the one hand, the total surface of the template material is increased.
On the other hand, this effect is compensated due to the decreased
interparticle distances.

An overview of the main parameters used for DEM simulation in all
case studies is given in Table 2. In this study, the thermal gradient has
been neglected and it was supposed that all particles have the same
temperature.

The simulations have been performed using calculations on the
hybrid CPU-GPU architecture. The operations related to the contact
detection algorithm were executed on CPU and the calculation of
forces, as well as the integration of motion, was carried out on GPU.
Due to the use of such a parallelization strategy, the average calculation
time for one case study on two different hardware configurations was
equal to:

- 83 h: Intel Core i7-7700 K with NVIDIA GeForce GTX 1080 Ti;
- 36 h: Intel Xeon Gold 5118 with NVIDIA Quadro GV100.

3.2. Structural deformation

Due to the material sintering upon high-temperature exposure,
significant structural deformations of the initial rTBC can be observed,
as demonstrated for HCP pores packing in Fig. 5. To qualitatively
characterize the structural deformation and to compare different case
studies (different packings) we distinguish three main types of struc-
tural changes:

• Material transport at the top of the rTBC, pores deflection and
overall vertical shrinkage

• Enlargement of interpore openings. Interpore openings are the
former connection points between the template particles

• Formation of small defects, rupture of struts, interpore and intrapore
cracks

Since the DEM model of sintering process (Eqs. (2)–(4)) does not
consider grain growth, structural deformations which can occurring at
further stages are not considered in this work.

3.2.1. Vertical and axial material transport
In Fig. 6, the top view for two different case studies, corresponding

to a ‘perfect’ photonic crystal (FCC-packing) (Fig. 6a) and a photonic
crystal with defects (Fig. 6b) are shown. Here, the primary particles are
colored according to their velocity in y-direction during the simulation
of temperature exposure. It should be noted, that, since in the DEM
simulations the scaled time is used, the magnitude of the velocity given
in the color bar does not directly represent real material velocity, but
can be used to quantitatively analyze the material transport within the
shells of the photonic structures (ALD coating). As it can be observed,
the material transport takes place from sides to the top of each pore,
which is mainly due to the flattening of the pore’s curvature. In the
‘perfect’ photonic crystal case a symmetrical material transport on the
surface of all shells can be observed, as a result of the periodic boundary
conditions and axial symmetry of the structure. Conversely, in the case
of non-ideal structures, even in densely packed states like in Case 3
(description in Table 1), the material has a higher degree of freedom for
motion in axial or vertical directions and, as a consequence, the for-
mation of heterogeneous zones can be observed, as depicted in Fig. 6b.
The grade of the heterogeneity is strongly dependent on the porosity of
the template packing. Such material transport can be a source of pos-
sible defects and cracks.

Moreover, during the sintering process, an enlargement of interpore
connections can also be observed. These results are in good agreement
with experimental results of Furlan et al. [33] for Al2O3:SiO2 ALD-based

Fig. 4. Influence of number of polymeric particles generated into cubic volume on the packing fraction (blue solid line) and on the amount of coating material (red
dashed line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Main simulation parameters used in all case studies.

Parameter Symbol Value Units Reference

Simulation time step 10−8 s
Viscosity parameter μpart 0.05 – [23,25]

Radius of primary particle R 7.6 nm
Pore radius Rpol 381 nm [13,33]
Surface energy alumina γs 1.1 J/m2 [23,24,41]
Surface energy substrate γs 0.638 J/m2 [42]
Grain-boundary thickness times

diffusion coefficient
δ Db b0 1.3 ×

10−8
m3/s [23,41]

Activation energy Qb 475 × 103 J/mol [23,43]
Temperature T 1473 K [33]
Atomic volume Ω 8.47 ×

10−30
< p
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inverse opal photonic crystals with a template size of 762 nm and by
Sokolov et al. [8] for sol-gel based Al2O3 inverse opal structures.

As it is expected, the vertical shrinkage of rTBC strongly depends on
the initial pore packings. In Fig. 7, the average vertical shrinkage for
different case studies and for two different time points (t2> t1) is
shown. Analysis of vertical shrinkage for the final time point t2 shows
that ideally ordered FCC and HCP structures with template particles
packing densities of 74% result in the smallest vertical densification of
about 8.2%. The slight disordering in the system and decrease of the
packing density to 71% and 69.5% for the case studies 5 and 4, re-
spectively, leads to the slightly larger vertical deformation around
8.38%. This agrees with earlier experimental observations by ptycho-
graphic x-ray computed tomography [13], in which the 3D shrinkage in
the overall photonic crystal structure accounted for 8%, including the
vertical shrinkage measured by the difference between the periodicity
of macropores prior (531 nm) and after (488 nm) sintering at 1400 °C
for 4 h. However, the further decrease of the packing density to 66.3%
and 62.8% for case studies 3 and 2 result in much larger deformations
of 9.36% and 9.72%. Comparison of the vertical deformation for two
different time points shows that for both sintering stages the

deformation grade depends on the packing density almost linearly.
Moreover, one can clearly observe that for t1 the slope of the linear fit is
less steep than for t2, which can be directly linked to the sintering
process and a more pronounced shrinkage for larger sintering times.
Such results fit nicely to our earlier experimental observations of alu-
mina inverse opal photonic crystals [33], for which an increase from 1 h
to 4 h of dwell time at 1300 °C caused substantial changes in the
structure morphology analyzed via SEM.

In summary, our results point out that in rTBCs with low packing
densities, i.e. photonic crystals with defects and photonic glasses, the
material has a larger degree of freedom for the motion in the axial di-
rection (Fig. 6b), which also results in a larger vertical deformation.
This could mean that although photonic glasses are better suited for
reflective thermal barrier coatings in terms of reflectance capability,
they suffer from larger vertical deformation, which could reduce its
thermal stability if this deformation is linked to defect formation
(analyzed in the next section).

3.2.2. Formation of defects
We distinguish three main categories of structural defects taking

Fig. 5. Cross-section view of an Al2O3 photonic crystal structure with HCP packing before (left) and after thermal exposure (right).

Fig. 6. Axial material transport for two different initial pore structures (top view). Symmetric material transport for FCC structure and formation of heterogeneous
zones for Case 3.
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place in the photonic structures during initial stage sintering, namely:

• Local defects: defects smaller than 20 nm. Depending on their po-
sition and local stress distribution around these defects, they can be
a source for crack initiation.

• Interpore cracks: small cracks with a typical length in the range
50–700 nm which occur on the surface of individual pores or at
boundaries between adjacent pores. The rupture of struts is also
considered as interpore cracks.

• Intrapore cracks: large cracks with lengths exceeding 700 nm and
that are going through two or more pores. The identification of such
cracks in highly-porous photonic structures is not trivial. A set of
interpore cracks, such as ruptured struts, which are located on the
same two-dimensional plane, are considered as one intrapore cracks.

The simulation results have shown that all the defects listed above
occur almost in direct sequence, starting with the local defects followed
by interpore and ending with intrapore cracks. Since the resolution of
the DEM simulations performed is of the order of 15 nm, in this work
we do not perform a detailed investigation of local defects, but rather of
the interpore and intrapore cracks. Moreover, due to the limited height
of the simulated rTBC structure, corresponding to 4 layers only, the
analysis of delamination effects is not considered in this contribution.

Independently on the type of investigated structure, almost all
cracks are initiated from the spherical interpore openings (former
connection points between the template particles) and propagate to the
center of adjacent opening which is formed by the contact with another
macropore. On the left side of Fig. 8, the typical initial cracks that
appear at the interpore openings are shown. With the solely purpose of
improving visual representation, additional cylindrical bonds have been
generated between the contacted particles. These bonds are only used
during post-processing and do not have any influence on simulation
results.

In Figs. 9 and 10, the formation of intrapore cracks in ideally or-
dered structures is illustrated. Here, as in Fig. 8, bonds were generated
between contacted particles during post-processing. To aid the visua-
lization of the deformations inside the structure, a top layer of around
300 nm was removed when generating the image after simulation. The
formation of the intrapore cracks is initiated inside the structure and
only on the later stages they are propagated to the outer rTBC surface.
Due to the modeling of only initial stage sintering and the relatively
small thickness of modeled rTBC, almost no cracks have been observed
on the rTBC surface.

The particles and bonds in Fig. 9 are colored according to their
velocity. Here, cracks which are going through more than one pore in
vertical and horizontal direction are identified. In the case of ideally
ordered structures, the defects often form two-dimensional planar sur-
faces. On the right side of Fig. 9 two main intrapore crack paths

projected onto the surface of rTBC are shown and compared to the
cracks observed from SEM images. Obtained numerical and experi-
mental results are in very good agreement. Similar patterns are iden-
tified, where the intrapore cracks are propagating through centers of
several macro pores.

For the quantitative characterization of defects, the relative posi-
tions of primary particles are analyzed. If any two primary particles
were initially in the contact and if in the final state the distance be-
tween their surfaces is larger than a specific threshold, then these
particles are marked to be part of a defect. The marked particles may
belong to the same or to different defects. For all case studies, a distance
of 12.16 nm (80% of particle diameter) was selected as the optimal
threshold value. The value was chosen considering the following fac-
tors. On the one hand, too small threshold value leads to the appearing
of noise, due to which some material deformations can be identified as
cracks. On the other hand, too large values do not allow to detect cracks
at all.

To analyze the size of the defects, the grouping of particles into the
independent sets has been performed. If any two particles are identified
to be part of the defect, and they are in contact, then it is assumed that
both of them belong to the same defect. Thereby, the number of pri-
mary particles in the defect is directly proportional to the formation of
the new surface.

In Fig. 11, the quantitative comparison of the defects for different
case studies is shown. In Fig. 11a, the dependency of defects number
from the number of primary particles per defect is shown. On the right
side the average gap distances are illustrated. The average gap distance
is calculated as:

∑= − − −
=

x
N

C C R R1 (| | )gap
g i

N
i i i i1 1, 2, 1, 2,

g

(5)

where Ng is the total number of pairs of particles which are marked to
be part of the defect, C i1, and C i2, are the coordinates of particle centers
after sintering, R i1, and R i2, are the radii of particles.

From Fig. 11 it can be seen, that higher packing densities of tem-
plate particles, i.e. ‘perfect photonic crystals’, lead to the formation of
larger number of defects. For example, the number of defects con-
sidering the same defect-size range for ‘perfect’ HCP structures is about
130, whilst for the structures with packing densities ∼71% (for case
studies 4 and 5) this value is reduced to 97. However, comparison of the
gap distances (Eq. (5)) for different case studies (Fig. 11b) shows that
the average gaps are smaller for HCP structures. The structures with
much lower packing densities like Case 2 with density of 64% reveal
much smaller number of defects as well as smaller gaps.

Such behavior is a result of the relaxation of sintering-induced
stresses. In the case of photonic glasses-like structures, like in Case 2 or
3, the coating material has a high degree of freedom for the motion in
the axial direction (see Fig. 6). As a result, the stresses are relaxed

Fig. 7. Average vertical shrinkage for different case studies and for two different time points, where t2> t1.
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through the overall larger deformation of structure (Fig. 7). Contrary to
this, highly-packed beds (photonic crystals) have less capability for
stresses relaxation, which lead to the formation of a higher number of
inter- or intrapore defects inside rTBC. Furthermore, significant differ-
ences between ideally ordered structures (FCC and HCP) and close-
packed beds containing initial defects (Case 4 and 5) can be observed.
For these structures, a higher number of defects are observed in com-
parison to photonic glass-like structures. However, in rTBCs for cases 4
and 5, larger gaps are formed compared to FCC or HCP due to the non-

homogenous distribution of sintering stresses. As a result, the stress
relaxation is enhanced in these structures compared to FCC or HCP
packings, that generally leads to the formation of fewer defects.

4. Conclusions

Sintering-induced deformations of inverse opal structures have been
numerically investigated using discrete element method. For this pur-
pose, a multi-staged structure generation algorithm has been proposed

Fig. 8. Typical formation of cracks at interpore openings illustrated for the FCC packing. Initial formation for three different openings (left) and further stages of
crack propagation for a single pore (right).

Fig. 9. Typical intrapore cracks occurring in HCP structure (left). Crack paths projected to the rTBC surface and their comparison to experimental results (right).
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and implemented into the simulation framework MUSEN. In order to
reach the necessary spatial resolution, the porous structures of re-
flective thermal barrier coatings (rTBCs) have been represented with
approximately 1.2 million primary particles. Usage of the GPU paral-
lelization combined with the periodic boundary conditions has allowed
to perform calculations in a reasonable time.

The influence of different packing structures of polymeric template
particles on the stability of inverse opal rTBCs was simulated and
compared with experimental results. It was observed that defects start
preferentially at the former connection points between template parti-
cles and propagate leading to the formation of interpore cracks with
lengths ranging from 50 to 700 nm. On the later stages, intrapore cracks
with lengths exceeding 700 nm are formed. The obtained numerical
results are in very good agreement with the experimental data, where
similar crack patterns have been observed in SEM images.

Results have shown that, on the one hand, increased packing den-
sities had a positive effect, which results in smaller overall deformation
of rTBC. However, on the other hand, higher densities can have a ne-
gative effect leading to the formation of a larger number of defects. This
is a very interesting finding, as the thermal stability of such photonic
structures depends both on the formation of defects and on the overall
deformation. While the first could result in cracks propagating from
inside the structure, which reduce the photonic capability, the second
can lead to delamination of the entire film in case the stresses generated
by this deformation are not entirely relaxed and exceed the interfacial
strength. Overall, photonic glasses are better suited for reflective
thermal barrier coatings in terms of reflectance capability, and our
results point out less defect formation, but indicate that special

attention should be given to the interfacial strength between photonic
structure and substrate, as these structures deform more when exposed
to higher temperatures.
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