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Models, which are developed to determine the effective properties of thermal spray coatings, require the
material properties of each constituent of the coating as well as the information about the spatial
positions and the geometries of these constituents as input parameters. The complex microstructure of
thermally sprayed Yttria-stabilized zirconia (YSZ) coatings consists of irregular voids which are dis-
tributed non-uniformly in the coating. It is a common practice in the literature to employ two-dimen-
sional (2ZD) cross-sectional images of the coatings to derive the geometrical model of the microstructure
and conduct the simulations in 2D. In the context of this study, contrary to the 2D approach, a new three-
dimensional (3D) reconstruction approach has been developed to model the microstructure of thermally
sprayed coatings in 3D. The effective properties of an YSZ coating have been calculated by means of
asymptotic homogenization and virtual testing methods. The results of the models, which have been
conducted in 2D and 3D, are compared with each other. Finally, the capabilities of these methods with
respect to the modeling approach (in 3D and in 2D) are analyzed on the basis of reference

measurements.
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1. Introduction

The mechanical and thermal properties of thermally
sprayed coatings are highly dependent on the initial
properties of their constituents (particles) and the mor-
phology/microstructure of the coating. The microstruc-
tures of Yttria-stabilized zirconia (YSZ) coatings
are—compared to many conventional materials—very
complex. In general, they consist of inter-lamellar cracks
(approximately parallel to the substrate surface) and intra-
lamellar cracks (approximately perpendicular to the sub-
strate surface) as well as single pores and unmelted
particles (Ref 1-4).

Different methods have been implemented in the lit-
erature to characterize the microstructural characteristics
of thermally sprayed coatings. Mercury intrusion porosi-
metry, helium pycnometry, electrochemical tests, optical
image analysis, or small-angle neutron scattering are the
commonest examples of these methods (Ref 4, 5). Image
analysis techniques are usually based on metallographic
cross-sectional images which are taken, for instance, by
means of light or scanning electron microscopy. Although
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the analysis of the microstructural characteristics by
means of cross-sectional images is very sensitive to the
correct distinction of microstructural constituents, this
method is inexpensive and easy to implement, and hence,
widely spread. A huge advantage of the image analysis for
characterization of microstructural features is that the
cross sections give detailed information about the spatial
positions and dimensions of the inhomogeneities as well as
their shapes and orientations. Another method to identify
the characteristics of the microstructure is the x-ray mic-
rotomography (XMT). A three-dimensional (3D) view of
the microstructure can be created by measuring the
attenuation of x-rays along the sample in different direc-
tions. Although the XMT method—compared to the other
methods—is easier and faster to carry out, it has only a
limited capability to determine small pores and inhomo-
geneities, which are characteristic for thermally sprayed
coatings (Ref 5-7).

Thermally sprayed coatings are in general considered
to be non-uniform in all spatial directions. In the case of
3D heterogeneous media, such as fiber-reinforced com-
posites, which can be considered as periodic or random
along two directions and uniform along one direction, the
calculation of the effective properties done by analyzing
the two-dimensional (2D) structure will be equivalent to
one with 3D structure. The reduction of the problem
domain from 3D to 2D is a possible factor limiting the
prediction capability of the numerical models, especially
for the structures which do not show any uniformity in a
particular direction. Although the uniformity along the
third direction is a critical quality criterion for 2D
approach, it is still a common practice adopted in the
literature to model thermally sprayed coatings using the
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2D cross-sectional images (Ref 8-16). Since experimental
methods (i.e., XMT) are not yet capable of capturing a 3D
view of the microstructure with all the details (Ref 6, 7),
generating 3D views of the coatings out of the 2D images
is claimed as an active research area in the literature (Ref 5).

In the present study, a pragmatic approach has been
developed, which makes the generation of 3D represen-
tation of the YSZ coatings become simple and straight
forward. By means of numerical analyses, conducted in 2D
and 3D, the effective Young’s Modulus and thermal con-
ductivity of thermally sprayed YSZ coatings have been
computed. On the basis of reference measurements, the
capabilities of the different methods to determine the
effective properties have been analyzed.

2. Material and Processing

As a spraying material, ZrO,/Y,0; 93/7 (YSZ, H.C.
Starck GmbH, Goslar, Germany) with a fraction size of
—90+ 16 um has been used. Spraying parameters for the
air plasma spraying (APS) system TriplexPro-210 (Sulzer
Metco Europe GmbH, Kelsterbach, Germany) are listed
in Table 1. As coating thickness about 350 um has been
realized, the resulting porosity has been around 23%.
Thickness and porosity of the coating have been measured
by means of image analysis.

3. Numerical Methods

The material properties of the coating constituents and
information about their morphology and spatial positions,
which are derivable from the cross-sectional image, form
the basis of the analysis for the determination of the
effective coating properties. In previous studies, different
methods have been implemented to determine the effec-
tive properties of the coatings. In some of these studies,
analytic relationships between the microstructural fea-
tures and the effective coating properties have been
established by idealizing the complex microstructure of
the coating with simplifications (Ref 3, 17-21). However,
these simplifications limit the predictive capability and the
accuracy of the analytic models. The numerical approach,
which is based on the real microstructure of the coating,
represents an approach with a greater promise for the
determination of the effective properties. The averaging
process, which performs the micro-macro transition to

Table 1 Spraying parameters for the APS system
TriplexPro-210

1. Gas (Argon) 60 SLPM
2. Gas (Nitrogen) 8 SLPM
Current 450 A
Stand-off distance 170 mm
Nozzle 9 mm
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determine the influence of the inhomogeneities of the
microstructure on the macroscopic properties, is called
homogenization. Homogenization methods are based on
the assumption that a specific small part of the micro-
structure can be considered to be representative for the
entire material. Therefore, the dimensions of the so-called
representative volume element (RVE) are much smaller
than those of the entire microstructure. However, the
RVE must contain sufficient number of microstructural
inhomogeneities, so that the morphology of the RVE is
equivalent to the entire microstructure (Ref 22, 23). Two
different homogenization methods have been employed in
the context of this study. The first one is based on the
asymptotic expansion of the involved fields and assumes
the periodicity of the microstructure. For materials with
periodic microstructure, this method predicts the effective
properties accurately and efficiently with regard to time
consumed. For non-periodic microstructures like APS
thermal barrier coatings, the geometrical definition of the
RVE plays a crucial role. In fact, these microstructures are
approximated by periodic ones, characteristics of which
are obtained by statistical methods. Hereafter, this meth-
od will be called asymptotic homogenization. The soft-
ware tool HoMat® (Ref 24, 25), which is based on the
asymptotic homogenization, has been employed to predict
the effective properties of the coating. Here, the macro-
scopic solution is treated as the limit of microscopic
solutions of the family of differential operators depending
on a small, scale ratio parameter. Please refer to the study
of Bobzin et al. (Ref 26) for the theory of this method. The
second numerical homogenization method to determine
the effective properties of thermally sprayed coatings is
based on the finite element analysis (FEA). The position-
dependent stress and strain behaviors of the RVE under a
constant external load, which are subsequently used to
calculate the effective properties, can be determined using
the finite element method (FEM). In this regard, the
boundary conditions of the FEA should be defined by
virtual replication of a mechanical or thermal load.
Therefore, in the literature, this method is referred as
virtual testing method (Ref 26). The effective Young’s
modulus and thermal conductivity of the coating can be
predicted from the calculated stresses and strains (Ref §).
In this study, the definition of the boundary conditions and
the calculation of the stress-strain behavior are conducted
using the commercial numerical analysis program Altair
Hyperworks v11.0%.

The discretization of the RVE with sufficiently small
FEs, which allows a realistic approximation of the
microstructure, is the prerequisite for the above men-
tioned homogenization methods. In this regard, the cross-
sectional images of the coating should be converted into
FE-based geometry files. For this purpose, first of all, the
different constituents in the microstructure should be
tagged by assigning different discrete colors to corre-
sponding pixel sets. The open-source program OOF2,
which was developed at the United States National Insti-
tute of Standards and Technology (NIST), has been often
employed in the literature to convert the cross-sectional
image files (Ref 27, 28).
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3.1 2D Models

The Zeiss Axiophot Fluorescence microscope has been
implemented to capture the x200 magnified cross-sec-
tional images of the coatings (2580 x 1944 pixels). Visual
rendering of the images has been improved using the
Retinex algorithm of the GNU Image Manipulation Pro-
gram® (GIMP) to enhance the contrast and overcome the
problems because of the non-uniform lighting conditions.
By selecting regions with similar colors and assigning them
black and white colors, the cross-sectional light microscopy
images of the coating have been converted into two-color
images. The voids (pores and cracks) are tagged with black,
and YSZ is tagged with white color. The two-color images
of randomly extracted windows have been converted into
FE-based geometry files using the open-source object-
oriented FE program OOF?2. The generated geometry files
have been imported into Hyperworks® for further pro-
cessing. The error introduced because of the plane stress or
plane strain assumption has been eliminated by extruding
the geometry in the third direction (see Fig. 1)

3.2 3D Models

Since the assumption ‘“‘uniformity of the third direc-
tion”” does not hold for thermally sprayed coatings, the 2D
models have a restricted ability to simulate the true
behavior of the coatings. Wiederkehr et al. reconstructed
the 3D view of coatings by mutually aligning 2D images,
which were cut out of the cross-sectional images of the
coating lying parallel to each other. The parallel cross-
sectional images were acquired by successively grinding
and polishing the specimen (Ref 5). The microstructure of
a medium, which consists of random inhomogeneities, is
unique. The windows, which are cut out from different
locations of this microstructure, represent uniqueness as

-.<

well. Stating this, homogenization with RVEs from dif-
ferent spatial positions will theoretically deliver different
effective properties for the same coating. In order to find
out a global property, which is valid for the whole struc-
ture, the definition of the RVE should ensure that the
deviation between the effective properties calculated
using different RVEs is insignificantly small. For this
purpose, instead of defining the 3D RVE at a predefined
location, several 2D images, which are selected randomly
from different locations on the same cross-sectional
image, have been used in this study to reconstruct a
3D-representation of the coating. First of all, the randomly
selected 2D images have been converted into FE-based
geometries and aligned in random order along the third
direction. By extruding the FEs along the third direction
and tying them together (one-to-one connection), the 3D
representation of the RVE has been derived (Fig. 2). With
the help of this statistical 3D reconstruction approach, the
randomness of the microstructure has been taken into
consideration for the definition of the RVE while elimi-
nating the extensive grinding and polishing steps.

The variation in dimensions of single voids in z-direc-
tion cannot be captured using the 3D reconstruction
approach. Nevertheless, the spacing between the 2D
images of the 3D representation corresponds to the
average void dimension in z-direction. Based on the
common consideration that the thermal spray coatings
show similar characteristics in directions parallel to the
deposition surface (x- and z-directions), the average
dimensions of the voids laying in xy-plane should confirm
with the average dimension of the voids laying in yz-plane.
Therefore, an appropriate averaging method, which is
conducted over the void dimensions in xy-plane, can be
implemented to determine the spacing between the levels
of 3D representation in z direction. In the case of a

E,= Young's modulus of the YSZ

A= Thermal conductivity of YSZ

E.= Young's modulus assigned to the voids
A= Thermal conductivity assigned to voids
E,= effective Young's modulus

A= effective thermal conductivity

Fig. 1 Homogenization of thermal spray YSZ coatings obtained by 2D approach
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Void phase

Alignment of 2D windows for
the 3D reconstruction

200x magnified cross-sectional image of YSZ coating

Homogenisation

Finite element based model of the3D RVE

Fig. 2 Homogenization of thermally sprayed YSZ coatings obtained by statistical 3D reconstruction approach

coating microstructure which consists of inhomogeneities
with very high aspect ratios (cracks), i.e., microstructure of
a cold spray coating, the averaging is conducted over the
length of individual inhomogeneities. In this study, in
which the voids with small aspect ratios are dominant, the
spacing between each pair of 2D images (k) has been
calculated by averaging the idealized diameters of indi-
vidual voids in xy-plane. First of all, the surface areas of
each single void (F;) in the microstructure have been
calculated from the dimensions of the corresponding pix-
els. The idealized diameter of each void (0;) has been
determined using the following relationship:

Gi = \/ TCFi

The weighted average of the idealized void diameters
(h=14.2 pm), which is calculated using the following
relationship, has been deployed as the length of the
spacing between the 2D images, where n is the total
number of the individual voids.

f’FiOi
Dy
n

Depending on the discretization level, linear FEs can
cause an artificial stiffness because of their limited degrees
of freedom for various types of deformation. Analyses that
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have been conducted using higher discretization levels
have proved that the 3D models which are reconstructed
using a single layer of linear FEs between 2D windows
show over-stiff behavior. In the case of models with five
layers of linear FEs, results of the discretized problem
converge to a solution which changes only insignificantly
as the number of layers increased further. Since the
solution of the models with one single layer of higher-
order (quadratic) elements does not differ from the solu-
tion of the model with five layers of linear FEs signifi-
cantly (<~5%) and leads to considerable savings in
computation time and resources, the virtual testing models
have been reconstructed using single layer of higher-order
(quadratic) FEs. For the asymptotic homogenization
method, on the other hand, five linear FE layers had to be
defined between each pair of 2D windows, because
HoMat® does not support higher-order FEs. Linear elastic
material model has been employed to define the material
properties of the constituents of the coating. Although the
void phase in the microstructure is considered not to have
any stiffness, it has been still modeled as elastic medium
with a Young’s modulus of E,=100 MPa, which is much
smaller than the Young’s modulus of YSZ (£E;=210000
MPa). The aim was to prevent the possible numerical
instability and erroneous microscopic displacements. A
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thermal conductivity value of A,=0.025 W/m K, which is
comparable with the conductivity of air at room temper-
ature, has been assigned to the void phase. A thermal
conductivity value of 2 W/m K has been assigned to the
YSZ phase. For the virtual testing, the boundary condi-
tions have been defined as illustrated in Fig. 3.

As seen in Fig. 3, stiff shell elements have been
employed on the sides of the 3D model to prevent erro-
neous microscopic displacements due to excessive nodal
loading. The influence of unphysical lateral contraction of
the elements neighboring to the stiff shell elements on the
results have been minimized by defining the magnitude of
loading so small that the overall stresses on the elements
do not lead to a significant necking-like deformation on
these elements. Assuming that the accumulated strain
energy in the inhomogeneous medium is equivalent to
the strain energy accumulated in homogenous medium
(Ref 29), the effective Young’s modulus (Ej,) of the
microstructure can be determined from the computed
element stresses and strains using the following equation:

(F?/A%)V

Eyp=-="—
2 Gijtij

where F is the total force applied, A is the cross-sectional
area of the calculation domain perpendicular to the
loading direction, V is the volume of the calculation
domain, ¢ and ¢ are sequentially the calculated stresses
and strains of the FEs, and the indices i and j represent the
spatial directions. Similarly, based on the assumption that
the heat fluxes in inhomogeneous and homogenous med-
ium are equivalent in the loading direction (Ref 29), the
effective thermal conductivity (A;,) of the coating can be
calculated using the following equation:

d Z:’ AT[J?\.,‘

—
h (Tl — T()) n ’

where d is the thickness of the calculation domain in the
loading direction; T, and 77 are the temperatures at the

Mechanical loading (F=ZF)

Stiff shell
elements
L
‘g uvie, -
R
Fixed displacement
(a) &

_.<

opposite edges of the window; AT; and 2; are, respectively,
the temperature gradient and thermal conductivity of the
ith element in the calculation domain; the index j repre-
sents the spatial direction of the loading; and # is the total
number of the elements.

4. Experimental Methods

The effective elastic properties of thermally sprayed
coatings can be determined by means of different exper-
imental methods, such as the uniaxial tensile test, 4-point
bending test, micro-/nanoindentation, and ultrasound test.
In the tensile test/4-point bending test, the relationship
between the elastic deformation of the specimen and the
Young’s modulus/flexural modulus is determined accord-
ing to the force and the moment equation. The ultrasound
test is a non-destructive method in which the resul-
ting acoustic emissions of the oscillations caused by a
mechanical pulse are recorded. The physical relationship
between the velocity of the ultrasonic wave in the material
and the material properties allows the determination of
the Young’s modulus of the specimen. In indentation
methods, a Vickers or Berkovich diamond is pressed into
the surface of the sample. The continuous recording of the
active force and the resulting penetration depth allows for
the determination of the indentation hardness and
indentation modulus. The indentation modulus (Eyr) is
comparable to the modulus of elasticity but not identical
with it (Ref 30). Microindentation was frequently used in
the literature to measure the effective Young’s modulus of
coatings and to verify the simulation results, because the
method is versatile, practical, and easy to implement. In
general, the laser flash method is deployed in the literature
to determine the thermal conductivity of thermally
sprayed coatings. In this method, the upper side of the
sample is heated with the laser, and simultaneously, the
temperature on the rear side of the sample is recorded

adiabatic

adiabatic

(b)

Fig. 3 (a) Mechanical boundary conditions, loading in y direction; and (b) thermal boundary conditions, loading in x direction
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using an infrared detector. From the relationship between
heat capacity, density, and temperature conductivity, the
actual thermal conductivity of the sample can be deter-
mined (Ref 31). In this study, microindentation and laser
flash method have been employed to determine the
mechanical and thermal properties of the coatings. Forty-
three microindentation measurements have been con-
ducted on the cross section of the coating according to the
European standard EN ISO 14577 (Ref 30) using the
instrument Fischescope® HM2000 XYp. The thermal
conductivity measurements have been carried out using
the instrument LFA 447 NanoFlash® over three different
samples. Each sample has been characterized six times.
Since the measurements of temperature conductivity in
the in-plane directions are challenging, the measurements
have been executed only in direction perpendicular to
deposition surface.

5. Results and Discussion

For heterogeneous materials with periodical micro-
structure, the RVE is defined by the unit cell of the
periodic microstructure, and the choice of the position of
the RVE is not important. In contrast to periodic micro-
structures, it is a sensitive and a non-trivial task for
materials with random inhomogeneities, i.e., thermally
sprayed coatings, to define the size/morphology of the
RVE. In this study, the standard deviations of the Young’s
moduli, which have been calculated using different 3D
models reconstructed from several random 2D images,
have been analyzed to define RVE. Through systematic
replacement of the smaller models with larger ones, the
change in the standard deviation (o) has been investi-
gated. The calculations have been conducted using the
asymptotic homogenization method. Since the large-scale
models involve higher number of inhomogeneities, which
ultimately influence the effective properties of the coating,
the standard deviation of the results decreases as the size
of the model increases. The Young’s moduli and the
thermal conductivities in the x-direction (E,, A,) and in
the y-direction (E,, A,) have been computed with four
different 3D models which have been reconstructed using
four different sets of 20 random 2D images with dimen-
sions of 54 x 54 pm? (see Table 2).

The sufficiently small value of the standard deviation
(less than ~7% of mean E,/E, and less than ~3.5% of
mean A,/A,) ensures that the effective properties calcu-
lated with a RVE with these dimensions do not signifi-
cantly depend on the local positions of the 2D images,
which have been used to reconstruct the 3D model. In
other words, it shows that the dimensions of the RVE are
large enough to be significantly representative for the
whole structure. Nevertheless, owing to the available
computational capacity, a larger model has been
employed for further evaluations to assure a better rep-
resentation of the microstructure and to increase predic-
tive capability of the model. Ten randomly selected 2D
windows with dimensions of 108 x 108 umz have been
implemented to reconstruct this 3D model. As an exam-
ple, the element results of this model, which are calculated
using FEM in the context of virtual testing method, are
represented in Fig. 4.

The mean indentation modulus of the coating, which is
gathered through microindentation measurements on 43
different points over the whole cross section of the coating
matches with the effective properties calculated with
homogenization methods very well (see Table 3). As a
consequence of the reduction of stiffness in the perpen-
dicular direction due to inter-lamellar cracks and weak
splat boundaries, the Young’s modulus of thermal sprayed
coatings in the in-plane direction (E,) is in general higher
than the one in the perpendicular direction (E,) (Ref 32).
Similarly, the differences in the calculated A, and 2, can be
explained with the characteristic lamellar structure of the
coatings.

For further evaluation, the mean value of the results of
ten different 2D simulations, which have been calculated
using the 2D images involved in the reconstruction of the
3D representation, is determined. Relatively high values of
standard deviation have been reached even with a relatively
large window size (108 x 108 um?) (Table 4). This shows
the higher sensitivity of the results calculated with 2D
RVE:s to the spatial position, in contrast to those with 3D
RVEs. Homogenization of 2D windows with dimensions
larger than 108 x 108 um? did not result in further signifi-
cant reduction in the standard deviation. Therefore, the
mean value of the effective properties calculated using 2D
RVEs with these dimensions has been used for the evalu-
ations. The results calculated by virtual testing method are
clearly lower than the ones calculated by asymptotic

Table 2 Calculated effective properties (E = Young’s modulus, A = thermal conductivity) of the four different 3D samples
obtained using statistical 3D reconstruction approach

h, Dimensions, E,, E,, Rxs hys
Sample Method pm pm GPa GPa W/m K W/m K
Set 1 3D asymp. hom. 14.2 54 x 54 x 71 105.5 91.3 1.24 1.15
Set 2 3D asymp. hom. 14.2 54 x 54 x 71 103.2 95.0 1.23 1.18
Set 3 3D asymp. hom. 14.2 54 x 54 x 71 90.4 84.9 1.15 1.11
Set 4 3D asymp. hom. 14.2 54 x 54 x 71 97.7 86.9 1.18 1.11
Mean value p (Setl-Set4) 99.2 89.5 1.20 1.14
Standard deviation o (Setl-Set4) 6.7 4.5 0.04 0.03

h: distance between each pair of 2D images
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Fig. 4 (a) Element stresses (Mpa) under mechanical loading in y direction, and (b) element temperature gradients (K) under thermal

loading in y direction

Table 3 Effective properties calculated using the 3D approach as well as the measured properties

Method h, pm Dimensions, pm E.yxt, GPa E,, GPa Ay W/m K Ay, Wim K
3D virt. test. 14.2 108 x 108 x 142 97.6 82.3 1.24 1.17
3D asymp. hom. 142 108 x 108 x 142 99.0 87.1 1.19 1.11
Microindentation n/o n/o n=96.0 n/o n/o n/o
c=11.0
Laser flash (at room temperature) n/o n/o n/o n/o n/o n=1.07
c=0.05
Table 4 Effective properties calculated using the 2D approach
Dimensions, E,, E,, Axs hys
Method pm GPa GPa W/m K W/m K
2D virtual testing 108 x 108 u=66.2 n=40.0 n=1.03 n=0.86
6=16.5 c=16.0 c=0.14 6=0.16
2D asymp. hom. 108 x 108 u=77.0 n=55.9 u=1.07 pn=0.94
o=15.1 c=155 c=0.13 6=0.15

homogenization in case of 2D simulations (see Table 4).
These results correspond to those of the earlier study
(Ref 26), in which merely 2D simulations were conducted.

Moreover, by comparing the results of the 3D simula-
tions (Table 3) with the ones from 2D simulations
(Table 4), it is seen that the 3D simulations have led to
higher values especially for Young’s Moduli. Because the
voids in 2D models are considered to be continuous through
the third direction (z direction) and not constrained along
this axis, it is an expected result that, the 3D models, in
which the voids are discrete and distributed non-uniformly,
are stiffer than the 2D models for both homogenization
methods. Similarly, the thermal conductivity of the 3D
model is higher than the 2D models because the heat flow
along the third axis has more degrees of freedom in case of
3D models. Since thermally sprayed YSZ coatings in gen-
eral consist of non-uniformly distributed voids which do
not lie continuously along the whole length of one of the

Journal of Thermal Spray Technology

in-plane directions, the numerical calculations conducted in
2D domain underestimate the effective properties of the
thermally sprayed coatings. This effect also explains the
importance of the definition of the value of / in 3D models
(distance between the 2D images) for an accurate deter-
mination of the effective properties. Therefore, the varia-
tion in Young’s moduli with respect to different spacing
distances between 2D images has been analyzed further. In
Fig. 5, it is seen that Young’s moduli calculated using 3D
simulations decrease and get closer to the mean results of
the 2D simulations as the distance between 2D images (/)
increases. Since the modeling of a 3D structure with a 2D
model is based on the assumption that the 2D cross section
of the structure repeats itself in the third direction infinitely,
it is expected that the solutions of the 3D models, which are
reconstructed using the same 2D cross sections like 2D
models, converge to the mean results of the 2D models, as &
tends to infinity.
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Fig. 5 Calculated values of effective Young’s Moduli of the coating with respect to the value of the &

One should pay attention that the predictive capability
of the models, which are based on the statistical 3D
reconstruction approach, depends significantly on the
definition of the distance between each pair of 2D images
(h). 3D models with an oversized value of 4 would
underestimate the effective properties. On the other hand,
an undersized £ value would lead to an overestimation of
the effective properties.

6. Summary and Conclusion

When using 3D models, the results of the virtual testing
and asymptotic homogenization methods match each other
more closely compared with the conventional 2D models.
For the calculations conducted in 3D domain, both meth-
ods can be implemented interchangeably to estimate the
effective properties without causing any significant differ-
ence. 2D models underestimate the effective properties
of thermally sprayed YSZ coatings. The statistical 3D
reconstruction approach developed in the context of this

1276—Volume 21(6) December 2012

study has been employed to calculate the effective prop-
erties of a typical YSZ coating in 3D domain. The calcu-
lated effective values of Young’s Moduli and the thermal
conductivity of the coating, which have been calculated by
means of homogenization methods, agree with the results
of microindentation and laser flash measurements. The
definition of the distance between 2D images (h), which
are used to reconstruct the 3D representation, is critical for
the correctness of the calculated effective properties.

By means of a software tool, which will be developed
by combining the codes and macros used in this study, the
process steps of the presented methodology will be auto-
mated. Furthermore, the approach will be further devel-
oped to determine the effective properties of alloy
coatings which involve characteristically more than two
different distinguishable constituents.
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