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Estimation of Three-Dimensional

Connectivity of Internal Defects in Coatings
Using Fractal Analysis
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The connectivity of a porous medium is an important topological characteristic, which indicates the extent
to which internal defects €.g.,porosity or micro/macrocracking) are connected. Up to now, connectivity has
been studied by various stereological procedures based on the “net volume tangent counts” proposed by
DeHoff and performed on pairs of consecutive sections of an interconnected structure. However, the
drawbacks of these procedures are their use of invasive techniques and manual counting.

Connectivity is here studied with fractal geometry instead of conventional Euclidean geometry. The
porosity network of a thermal spray sample may be fractal, and so can be at least partly characterized by
fractal dimension. Modifications in connectivity could be reflected in changes in the fractal dimension. If
changes in the connectivity, as characterized by changes in fractal dimension, can be adequately
demonstrated by the computerized analysis of confocal scanning laser microscope (CSLM) images, then the
technique may provide a useful, noninvasive way of improving the characterization of thermal spray
coatings.

The study also seeks to show how connectivity differences affect the mechanical properties of the coating
and whether fractal analysis is able to detect these changes in mechanical properties.

between the need for low porosity and the real number of defects
makes it necessary to formulate an objective parameter to eval
ate the amount of defects present in the coating.

Conventional characterization of thermal spray coatings pro
ducti duces optical and electron images as well as compositional al
1. Introduction structural information. Confocal microscopy to study the inter-

Ceramic thermal spray coatings have defects, pores andconnected defects network is a useful tool with minimum inter-
! ! action between the sample and the technique. It allows

cracks, which are inherent to the spraying technique. The size Ofthree-dimensional information from a controlled volume of sam-
these defects varies according to the specific technique used (con- le by optical sectioning to be acquired by the laser beam with
sidering controlled spraying parameters) and with the materials p'e by op 9 q y

used as substrate-coating pair. Most applications require a degre(-g ::narll)e/smvsecrheai%carlzeczggg v?/ﬁ?g?(?\:vnvﬁzgorgiisﬁEz)fél;c(j:gntthriSi
of porosity in order to accommodate the ceramic subjected to P preg y

thermal cycling. The defects originate mainly in the shrinkage and then observed with the confocal microscope under fluoreg

. . cence and using the extended focus conditions. The images pr
that occurs when particles are rapidly cooled on the SUbStrate'duced were then studied with respect to their fractal geometry.

They are also a consequence of the different thermal expansion Fractal qeometry describes a areat number of natural struc
coefficients of substrate and coating materials. The weakest part} Y y Y

Keywords  confocal microscopy, connectivity, fractal dimension,
porosity, thermal spray coatings, three-dimensional
characterization

of these structures are the substrate-coating interface, especiall ures, which are wregglar, rough, or fragmented. These irregular
ties are of different sizes but are related to each other becaus

for increasing differences between thermal expansion coeffi- thev show similar features when the observation scale is de
cients, and the interface between deposited particles due to the y - . A
areas of little contact between them. The coating will fracture at crea_sed. T_he main characteristic O.f any fractal iject IS its frac
one of these two zoné$ A direct consequence of plasma spray- tal dlmensu?nD], ameasurement of its degree of irregularity and

i ion[6-10 i -
ing is the generation of residual stresses reflected in the final qual_mt_erruptlon. This measurement can be relatedto the connec
ity of the coating. These limit the adherence of coating and tivity of the system. There are several methods for determining

substrate, and decrease its mechanical properties. A compromiséhe fractal dimension of an object. Although the regultlng values
are not the same, all of them confirm that increasing the fractal

dimension increases the complexity of the structiita the pre-
sent study, the Boulignan dimension method was used. Thig
method is based on the box-counting process, defifed'ds
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Fig. 1 Schematic representation of the extended focus mode for the confocal microscope

Table 1 Sample codification

k]

]

Medium temperature Highest velocity N

. 1]

-

Highest Lowest Lowest Highest ;

Substrate velocity velocity temperature temperature

Aluminum (a) 1la 2a 3a 4a
Steel (i) 1i 2i 3i 4i

cells needed to define the figure to be studiedDartioe Boulig-
nan dimension.

In this equation, the growth df(e) shows the level of irreg-
ularity of the set under observation, whether planar or volumet-
ric, when examined with amscale.

ah ol willFesion

2. Experimental Methodology

Fig. 2 Three-dimensional reconstruction of a plasma sprayed zone. An
extended focus image was created with a contrast-optimized average
projection of 2(-y optical sections, 5.26m apart. The volume under
observation is 998.% 998.4X 56.2um?. Scale bar indicates 140m

2.1 Materials

Plasma-sprayed ZeY ,0; coatings were sprayed on steel
(identified ad) and on aluminum (identified a} substrates. In
order to generate different microstructures, the relative velocity
of the torch substrate and the substrate temperature were vaiber of planes selected by the user inside the sample. The depth
ied!™ Samples coded as 1 represent the highest velocity ancfrom which information will be taken depends on the resolution
samples coded as 2 are for the lowest velocity, both at mediunof the equipment. The information from the different focal
temperature. Samples coded as 3 are of the lowest temperatuiplanes is then processed and its recombination produces a re-
and samples coded as 4 are of the highest temperature and higconstructed image showing the features of the selected volume
est relative velocity (Table 1). of the sample.

The coatings were impregnated with the epoxy resin Spurr  The operating method of extended focus in the confocal mi-
(Sigma, St. Louis, MO) containing fluorescent particles croscope is based on the addition of all the gray values shown by
(Epodye, Struers (Rodovre, Denmark)) for studying the differ- the pixels occupying the same position; this procedure is per-
ent penetration levels. The sample preparation is reported elseformed for each image to build up the final reconstruction. The

wherel?] extended focus allows the observation of large areas and depths,
which makes the depth of field very large in a single iftége
2.2 Confocal Microscopy (Fig. 1).

An example of the image obtained with the extended focus
Optical sections from different focal planes are combined to mode is shown in Fig. 2, in which the coating, the substrate-coat-
find information of a known volume of the sample. The laser ing interface, and the substrate (bottom part of the micrograph)
scans only a focal plane of the sample, discriminating againstcan be resolved. The bright spots are saturation points at which
out-of-plane information. In our case, the fluorescent intensity is fluorescence is very intense and correspond to the fluorescence
the recorded information. This operation is repeated for a num-accumulation zones of the samples.
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2.3. Experimental Estimation of the Fractal Dimen-
sion

The Boulignan equation (Eq 1) enables a numerical algo-
rithm for measuring the fractal dimension to be constructed. Ex-
perimentally, the fractal dimension is measured following the
Boulignan equation, which consists of the calculation of the
slope of the log of the measured area in front of the log of the
measurement tool.

If we considelE as the set of points to be studied, we have to
choosee, and measure ifde (E). This value can be found by di-
rect counting (if we are measuring its area by the box-counting
method) or from any other property that changes with the obser-
vation scale and can be measured easily. Next, argikeho-
sen and itdNe,(E) measured and so on with the other points of
the set. Finally, all the values are represented as loga¥{(E)
versus logarithne,. The fractal dimension corresponds to the
slope of the linear part of the asymptotic representation obtained.
For physical systems modeled by fractals, the sxdd@ends on
the tool measurement resolution for establishing its working de-
tection range, and also on the physical meaning of the scale it-
self relative to the studied systéi.
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Fig. 3 Construction of the fractal surface for an individual céindY
. are the cell sizes (in pixels), aht$ the fluorescence intensity
2.4 Image Analysis

The surfaces with fractal characteristics show a mathemati- . ) . . .
cally infinite area, which means that this area increases as th@Ne€ pointin the logarithm-logarithm representation (Fig. 3). By

scale becomes finer. In the present study, fractal dimension Watenlarging the cell size, details are Iost_and the surface to be_ me
calculated with gray-level intensity as the measurement tool.Sured decreases. The number of points to count, which is th

The gray levels define the image’s fluorescence intensity, whichr.‘urnber of measurements shown, depends on the image reso

corresponds to porosity and other connected defects of thet'or_'lgh lqorithm is diff f h di
system and is, therefore, an intrinsic characteristic of the mi- e present algorithm Is different from others suggested I

crostructure. Therefore, a bigger pore contains more accumu-thfa blhbllograpfhy In tpe wayr:n n’.h'Ch thdeflnge IS O!'V.'dedhtofOb'
lated fluorocrom and, consequently, fluoresces more. In!@iN the specific surface, which is used for determining the frac

addition, the higher the interconnected network of defects, thetal dimension of the system.

more this shows up through fluorescence intensity. With this in-

formation, an algorithm measuring the fractal dimension of the ; ;

images obtained using the confocal microscope is proposed. Th13' Results and Discussion

image’s gray level as a function of the relative pixel size used in 3 1 Fj 0rescent Intensity and Defects Distribution
the measurement is counted.

A matrix representing the intensity levels of each pixel inan  The microstructure is evaluated with the images obtained b
identically divided 255 scale is built up from the digital images. the confocal microscope in its extended focus mode. Each imag
These intensity values are used by the program to calculate this the reconstruction of different sections (focal planes), and eac
logarithm of the surface, which is the property of the structure, pixel used for the calculation is the sum of the fluorescence in
the variation of which, depending on the observation scale, will tensities of each pixel occupying the same position in all the seq
provide the structure’s fractal dimension. The surface is mea-tions, which are combined to form the final image (Fig. 1).
sured by taking the pixel size together with its gray level. From Figure 2 is a reconstructed image in extended focus. The densi
these values, the representation of the logarithm surface versuof fluorescence and its distribution is clearly seen. From this in
logarithm cell size will provide the slopb in Eq 2), which is formation, some parameters can be stabilized and used for co
added to the Euclidean dimensiarir{ Eq 2) to obtain the frac-  parison purposes, as, for example, penetration of the resi
tal dimensionD in Eq 2): microfracture orientation, and adhesion/cohesion of the coating

Preliminary work was performed to achieve the optimal
D=a+hb (Eq 2) image conditions for the study. It was observed that maximu
saturated areas were detrimental to the calculation, and so t|

The first step in cell analysis is to build up the cell's surface laser potential and other internal parameters of the microscop
with the proposed algorithm. For this, the intensity of the four were adjusted to avoid maximum saturated areas. All the sa
vertices of the cell and their mean value are represented in aiples were observed and the images taken under the same con
X-Yintensity diagram. The union of these intensity points (each tions.
two vertices with the mean value) will produce four new sur-  Results are plotted as logarithm surface versus logarith
faces. The sum of the resulting areas is the fractal surface and inumber of steps. The program enables the interval between ste
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_ ) ~ Fig. 5 Representation of the measured surface variation as a function of
Fig. 4 Percentage of defects for the samples as a function of the pixelthe cell size for all the samples. The tendency is the same for all the sam-

size ples whose order in the graphic is 3i, 4a, 4i, 3, 2a, 1a, 1i, and 2i
Table 2 Overall defects in the samples Table 3 Fractal dimensionDs of the samples

I.D. 1i la 2i 2a 3i 3a 4 4a I.D. 1i la 2i 2a 3i 3a 4i 4a
%Defect 0.38 0.91 029 273 260 125 545 730 Dy 2592 2605 2.612 2.712 2.670 2.700 2.750 2.770

and the confidence level of the measurement to be set. To obtainetwork’scomplexity andthe possible effectofthe spray conditions.
the maximum number of significant data, the interval was taken  The next step is to establish whether the structures that are
as unity with a 0.05 confidence level. The average number ofstudied using fractal geometry are in fact of a fractal nature. For
steps was 506. In order to demonstrate that the samples exhikthis, it must be established whether the plot of the measured
ited the same behavior and that what varied was the complexitypoints shows an asymptote from which a slope can be calculated.
of the microstructure and not the microstructure itself, the pro- The samples showed the behavior represented in Fig. 5. The
gram had to analyze and complete all the established steps. variation of the surface area versus cell size indicates an impor-
The main objective of the measurement was to find a param- tant proportionality, which implies that the microstructure of the
eter characteristic ofthe microstructure ofthe sample under analy-samples is fractal in nature.
sis. This parameteris obtained fromthe fluorescence densityofthe  Consequently, the microstructural complexity of the samples
previously impregnated samples characterizing the intercon- can be characterized by the fractal dimension, which is measured
nected defects network. Itis important to note that samples with a by calculating the slope of the linear part of the plot. This value
higher degree of overall fluorescence density do not show this be-is added to the Euclidean dimension, as indicated in Eq 2, to ob-
cause they have accumulated defects (where alot of resin is contain the fractal dimension. The results are shown in Table 3.
centrated), because their defects network is more complex. To  As the fractal dimension is a measurement of the intercon-
demonstrate this, the amount and distribution of defects were nected defects and the complexity of their network, some dif-
measured by image analysis. This is summarized in Table 2 andferences can be observed if compared with the results shown in
Fig. 4. Table 2, for which only the percentage of defects were calcu-
Figure 4 shows the distribution of the defects as a function of lated. Both results are complementary, because the shape, dis-
their size. As can be seen, the distribution is very similar in all tribution, and size of the defects, as well as the complexity of
the samples studied. Though the overall number of defectstheir interconnected network, need to be viewed for a better eval-
varies, no important differences in their size distribution can be uation of the coating microstructure.
appreciated. Thus, an image with stronger fluorescence densit
does not imply the existence of accumulated fluorescence due t
larger defects. Therefore, the microstructure is basically the
same, but the modification of certain spray parameters develop: The penetration of the resin, when the relative velocity of the

3.3 Influence of Spraying Parameters

defect networks with greater complexity. torch-substrate changes, was evaluated by comparing samples 1
and 2. Atthe intermediate temperature and for the steel substrate,

3.2 Determination of the Connectivity: Fractal Di- resin penetration was lower when the relative velocity was low. At

mension the sametemperature, the aluminum substrate behaviorwas differ-

ent. Both velocities produced coatings in which the resin reached
The penetration of thresinintothe coating dependsonthesize, the interface. Consequently, a steel substrate produced coatings
distribution, and quantity of connections between defects reachingwith a less complex defect network and with better adhesion.
the surface. Therefore, resin’s penetration gives informationonthe  For the same substrate temperature and for the same coating
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Fig. 6 (a) Orthogonal projection of the reconstructed extended focus for Fig. 7 (a) Orthogonal projection of the reconstructed extended focus for

sample 2a. The volume under observation is 99888.4X 56.2umd. sample 3i. The volume under observation is 998398.4X 56.2um3.
(b) Orthogonal projection of the reconstructed extended focus for sam-(b) Orthogonal projection of the reconstructed extended focus for sam
ple 1a. The volume under observation is 998.9498.4X 56.2um? ple 3a. The volume under observation is 998.998.4x 56.2um?

and substrate pair, the highest relative velocity gave a temperathe coating. This indicates weak adhesion between the splat
ture gradient lower than the one produced when the relative ve-and the substrate due to the high thermal gradient betwee
locity was higher. Consequently, lowering the thermal gradient them. On increasing the substrate temperature, stresses of thg
decreases the formation of vertical cracks of the coating, as caimal origin also increase, and so weaker adhesion is observeq
be seen by the comparison of Fig. 6(a) and (b). Adhesion quality seemed to be better when particles reached
Changes in substrate temperature caused marked differencehigh-temperature substrate, which can be explained by thg
in network complexity. This network is generated by the relax- strong adhesion of the particles onto the surface as a consg
ation of the residual stresses caused by plasma spraying. For lonquence of the lower thermal gradient between them. The bond
substrate temperatures, the thermal gradientis high, and soresiding is very high and the particles cannot relax quenching
ual stresses, which arise from quenching, are increased, ancstresses by cracking, and so the stresses remain in the syste
cracks perpendicular to the surface could be formed. For high as residual stresses. Experimentally, this behavior was observe
substrate temperature, quenching stresses decrease because 1as a decrease in the degree of quenching stresses relaxed by
thermal gradient between the substrate and the arriving particlescrocracking on the coatings sprayed over substrates at high te
is lowered. Under these conditions, cracks parallel to the substrateperature.
surface generated by the relaxation of thermal stresses increase
The compression strength of the substrate is high, and so, for high
coefficient of thermal expansion substrates, the relaxation of 4, Conclusions
these stresses will cause parallel cracking. This is observed for
aluminum substrates rather than steel substrates. For the latter Ceramic plasma sprayed coatings are fractal in nature andg
less parallel cracking is seen (Fig. 7a), whereas for aluminum consequently, can be studied using fractal geometry. The fractg
substrates, parallel microcracking is clearly observed (Fig. 7b). dimensiorD offers a semiguantitative tool for comparative eval-
As the fluorescence density and the penetration are higher fouation of the complexity, in terms of connectivity and irregular-
high-temperature substrates, it can be concluded that the relaxity, of the defects shown by the studied samples. An algorith
ation of thermal residual stresses is more important and criticalfor calculating the fractal dimension is proposed. It is based o
for the complexity of the coating microstructure than the relax- the fluorescence density of the resin-impregnated coatings.
ation of residual stresses from quenching. The complexity of the coating can be evaluated in terms of
The intermediate temperature is a compromise condition, inspraying conditions. Part of the stresses generated during spra
which thermal gradients are low enough to reduce quenchinging are relaxed by cracking. As the proposed methodology i
stresses during spraying, and, simultaneously, the substrate ibased on the network of cracks produced when stresses are
not heated so that it generates major thermal stresses. Consilaxed, this is the only part that can be evaluated, but in an im
quently, the low penetration of the resin indicates that the defectsportant volume of the sample and without interference with it.
are less connected. Residual stresses (unrelaxed stresses) of the coating cannot
For low-temperature substrates, some accumulation of fluo- evaluated with this method. Therefore, some correlation wit
rescence is observed at the interface between the substrate anmechanical properties needs complementary mechanical test®
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