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The Journal of Thermal Spray Technology recently
announced its 2012 Best Paper Award. The winning article,
“Three-Dimensional Simulation of Porosity in Plasma-
Sprayed Alumina Using Microtomography and Electro-
chemical Impedance Spectrometry for Finite Element
Modeling of Properties,” by O. Amsellem, F. Borit, D.
Jeulin, V. Guipont, M. Jeandin, E. Boller, and F. Pauchet,
was published in the March 2012 issue of JTST. The article
focuses on three-dimensional analysis in microstructures of
thermal spray coatings by utilizing microtomography and
microstructure simulation tools.

Selections from

The judges for the Best Paper Award hailed this manu-
script as a “brilliant exposition of the significance and
importance of microtomography in understanding the
behavior of thermally sprayed coatings,” and a “very for-
ward thinking approach in thermal spray.” Given the focus
on microstructure and analysis of this specific manuscript,
and of the importance of thermal spray technology in gen-
eral, highlights of the winning article are presented here to
the readers of MMA. To access the full-length article, visit
the website of the Journal of Thermal Spray Technology at
http://link.springer.com/journal/11666.

“Three-Dimensional Simulation of Porosity in Plasma-Sprayed
Alumina Using Microtomography and Electrochemical
Impedance Spectrometry for Finite Element Modeling of
Properties” by O. Amsellem, F. Borit, D. Jeulin, V. Guipont,
M. Jeandin, E. Boller, and F. Pauchet

Abstract

Moving from a two-dimensional to a three-dimensional (3D)
approach to microstructure and properties has been expected
eagerly for along while to result in a dramatic increase in the
knowledge of thermally sprayed coatings. To meet these
expectations, in the present study, microtomography and
electrochemical impedance spectroscopy (EIS) were carried
out to simulate the microstructure of plasma-sprayed alu-
mina. As-sprayed and excimer laser-processed deposits
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were studied. Some unexpected but relevant results, e.g.,
regarding pore orientation in the coatings, could be obtained.
EIS led to the establishment of an equivalent electrical circuit
representation of the microstructure which enabled model-
ing of the insulating properties as a function of interfaces and
pore interconnection. The pore interconnection was studied
by microtomography. From this 3D simulation, a finite ele-
ment analysis of Young’s modulus properties was developed
and compared to experiments. Using this approach, excimer
laser surface processing was shown to be an innovative
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Fig. 3 3D porosity in (56 um)3 “A” alumina coating volume, (a) XMT image and (b) IA-reconstructed

process to modify insulating characteristics of plasma-
sprayed alumina.

Introduction

Alumina (Al,O3) is used extensively for its electrical
insulating properties because of its high dielectric strength
[1]. Thermal spraying, e.g., plasma spraying, is a prominent
process for depositing low-cost high-performance dielectric
coatings such as those made of pure alumina. Thermally
sprayed alumina coatings show a composite microstructure
because of the presence of defects, such as pores, inter-
lamellar and intra-lamellar cracks, which can be considered
as a second phase in an alumina matrix. These second phase
features influence the mechanical behavior and electrical
insulation of the coating dramatically [2, 3]. Several studies
were published relating physical properties to plasma-

sprayed coating microstructure [4-8]. The present study is
based on the study of composite microstructures (according
to the above mentioned definition, i.e., alumina + porosity)
obtained by air plasma spraying (APS). Following an earlier
2-dimensional (2D) approaches to this issue [9, 10], a
3-dimensional (3D) approach is developed to relate pore
and crack interconnection, which is difficult through 2D
methods. Two 3D tools were used, first, microtomography
[11], a dramatic development of which dates back to a few
years ago only and, second, electrochemical impedance
spectroscopy (EIS), the potential of which for correlating
microstructure with coating properties was shown also
recently [12, 13]. The 3D approach allows the determina-
tion of thermo-mechanical and electrical properties, e.g.,
primarily the Young’s Modulus, which can be compared to
those from the 2D approach [9, 10]. To demonstrate the
advantages of the 3D approach, a new excimer laser process
of coating was developed as a tool to explore the
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Fig. 4 XMT 3D images of a 70 x 70 x 70 um® alumina volume for
A, B, and C spraying conditions

performance of the 3D approach. The process is new
because conventional excimer laser processing is generally
restricted to metals [14], rather than to ceramics, the study
of which is relatively unexplored [15, 16].

Microstructure

2D tomographs, i.e., XMT images, compared well with
scanning electron micrographs (SEM) (Fig. 2). Cracks and
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Fig. 8 Pore morphology in the [\, A;] plane (e.g., A spraying
conditions)

pores could be easily visualized on 2D tomographs.
However, even though cracks could be detected in the
XMT, they could not be exhibited in 3D-reconstructed
images, because of a resolution which was limited to
0.6 pm® (Fig. 3). Further study, currently in progress, on
image analysis (IA) using advanced gray level processing
in particular, is required to resolve crack features. The
absence of cracks in 3D images and the XMT resolution
might explain the differences in the pore volume obtained
from 2D, 3D image, and experimental analyses. 6 and 7.5%
were measured, respectively, for 2D pore volume and 2D
overall porosity, whereas 2.8% was calculated with XMT
analysis for sample A (Fig. 4). Concerning equivalent
spraying condition, 17.5% of porosity was measured
experimentally [18]. In addition to conventional analyses,
volume and volume density of pore (Fig.8, 9), the
so-called pore mass distribution was determined on the
basis of an original study by Parra-Denis et al. [19].
Porosity size and distribution for the as-sprayed coatings
could be exhibited nicely in 3D XMT images. Similar 3D
analysis was applied to laser surface-processed “A” coat-
ing. When coupled to 2D SEM cross-sectional observation,
3D XMT showed superficial and inner cavities because of
degassing in addition to pitting effects at the lowest laser
energy density and glazing at upper densities (i.e., 4 and
8 Jcm ™).

For as-sprayed coatings, a mass-distribution parameter
was used to study the pore morphology. The moments of
inertia of a given object depend on its shape and charac-
terize the distribution of mass within the shape. They
correspond to the eigenvalue in the inertia matrix of
the shape. The normalized moments are defined as
=L/ +1+13),i=1,2,3, where I; are the moments
of inertia. Their sum is equal to 1 s and they are ranked as
Ay > Ay > A3. From those equations and the definition of
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Fig. 9 Stereographic plot of the principal axis of inertia for pore
orientation in A, B, and C

Fig. 10 (a) Sub-domain
division, and (b) meshing of a
calculated alumina volume

inertia moments, the two following expressions could be
inferred: A; < 0.5 and A, > 0.5(1 — A;). These equations
led to the 3D shape of pores in a 2D plane graph (Fig. 8).

Three types of mass distribution were exhibited: i.e.,
spherical, flat, and needle. Along the border lines, the shape
was that of a prolate ellipsoid, an oblate ellipsoid, or a flat
ellipsoid. The pores did not show a spherical shape. The
mass distribution was similar to needle (Fig. 8). To know
the orientation of the pores in the alumina material, a ste-
reographic representation was used. The 2D stereographic
plot of the principal axis of inertia for the whole particle
(Fig. 9) showed that pores exhibited an orientation parallel
to the spraying axis.

Three-Dimensional Modeling

The 3D images were adopted to define a finite element
model. This consists in generating triangulated surface
models using “Amira®” software [10, 20] and building an
unstructured tetrahedral mesh based on this surface defi-
nition (Fig. 10). A characteristic of such meshing was to be
highly dense, i.e., of 4 million nodes in a (30 um)3 volume
typically, which allowed to outline the pores precisely. 3D
meshing was characterized by sub-domains in the calcu-
lated volume, which resulted from parallel calculations
using Zebulon® (FEA program; Mines ParisTech, Centre
des Materiaux). A tensile test was simulated to calculate
the effective Young’s modulus. Properties of alumina
matrix was C1 = 310 GPa. Complexity of the matrix, i.e.,
the defect and the anisotropy behavior, were not charac-
terized in this preliminary calculation. The effective
Young’s Modulus was determined from the expression:
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Va0, L(o
Eof = —22% (9)

V. AL’

where Vaj,0, is the volume of alumina, V is the total vol-
ume (porosity plus alumina matrix), AL is the prescribed
displacement, L is the horizontal or vertical dimension in
the model, and (o) is the stress average calculated in the
alumina material. Using the above-described meshing,
Young’s Modulus was determined to be equal to 260 GPa
along the spraying direction. Calculations were made for a
porosity of 3%, which is typically that of the studied
materials (Type “C”). They showed the rather low influ-
ence of porosity on the elastic behavior. However, this
calculated Young’s Modulus was overestimated, as could
be expected since cracks could not be involved in calcu-
lations. Another calculation error (10 GPa) comes from
the homogenization method of the finite element simula-
tion. To add crack details, 3D images from microtomog-
raphy should be improved for better IA in the
reconstruction stage. Study is currently in progress to meet
this objective. A typical value for the Young’s Modulus
should be then around 90 GPa as obtained experimentally
with bending test method [21]. Further study should cover
also a statistical study of the elementary volume for cal-
culations to be significant actually.

Conclusion

Moving to the third dimension was shown to result in a
dramatic improvement in the knowledge of the micro-
structure and properties of thermally sprayed coatings, e.g.,
alumina coatings in this study. Two major tools were
developed for this. The first tool was XMT coupled with
finite element analysis. In addition to the measurements of
conventional porosity characteristics, the advanced pro-
cessing of XMT 3D images allowed for studying the shape
and the orientation of the pores. 3D analysis of micro-
structure has shown the complex morphology of pores
which cannot be limited to ellipsoid in 2D observations.
For sprayed alumina, the pores were seen to be oriented
along the spraying direction although one could have
expected a perpendicular orientation. The exploitation of
XMT images could also feature the influence of excimer
laser surface processing. This part showed the high sensi-
tivity of the method since this fairly innovative laser
treatment was shallow basically. The second tool consisted
of EIS. EIS resulted in an experimental measurement of
porosity (including cracks) interconnection in thermal
spray microstructures through the definition of an electrical
circuit equivalent to the involved pore-coating-substrate
system. Further study remains to be done, mainly based on
the achievement of better IA of XMT images to exhibit
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cracks and the improved definition of pores. From this
development, one should expect to have at one’s disposal a
powerful enough tool to optimize excimer laser processing
for the sealing of plasma-sprayed ceramic coatings such as
alumina coatings.
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