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Abstract

The ongoing quest to increase gas turbine efficiency and performance (increased thrust) provides a driving force for materials development. While
improved engine design and usage of novel materials provide solutions for increased engine operating temperatures, and hence fuel efficiency,
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eliability issues remain. Thermal barrier coatings (TBCs), deposited onto turbine components using the electron-beam physical vapor deposition
EB-PVD) process, exhibit unique pore architectures capable of bridging the technological gap between insulation/life extension and prime reliance.
his article explores the potential of advanced X-ray and neutron techniques for comprehension of an EB-PVD TBC coating microstructure. While
onventional microscopy reveals a hierarchy of voids, complementary advanced techniques allow quantification of these voids in terms of component
orosities, anisotropy, size and gradient through the coating thickness. In addition, the derived microstructural parameters obtained both further
nowledge of the nature and architecture of the porosity, and help establish its influence on the resultant thermal and mechanical properties.
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. Introduction

Zirconia-based thermal barrier coatings (TBCs) are exten-
ively applied to the hot sections in gas turbine engines
nd provide protection against thermomechanical shock, high-
emperature oxidation and hot corrosion degradation [1–3]. The
BC comprises a two-layer system: an outer insulating ceramic

ayer and an underlying oxidation-resistant metallic layer (bond
oat) deposited directly onto the surface of the metallic compo-
ent. The top ceramic layer provides benefits in performance,
fficiency and durability through (a) increased engine operating
emperature; (b) extended metallic component lifetime when
ubjected to elevated temperature and stress; and (c) reduced
ooling requirements for the metallic components [4,5]. The
cale, performance and cost requirements determine the choice

∗ Corresponding author. Tel.: +1 516 632 8510; fax: +1 516 632 8052.
E-mail address: hherman@ms.cc.sunysb.edu (H. Herman).

for a particular TBC application. The development and accep-
tance of TBCs are closely linked to processing technology:
in this connection, ceramic topcoats are presently deposited
using air plasma spray (APS) or electron-beam physical vapor
deposition (EB-PVD) processes, which each produce distinctive
microstructures. In the case of plasma spray, feedstock powder
is melted and accelerated to high velocities, impinging upon the
substrate, and rapidly solidifying to form a “splat” (a flattened
particle). The deposit develops by successive impingement of the
molten particles and inter-bonding among the splats [6,7]. Thus,
APS coatings have a splat-based layered structure, which offers
advantages over EB-PVD in terms of insulation and cost effec-
tiveness [8]. On the other hand, the EB-PVD process, in which
the coating develops by vapor condensation, offers superior
strain tolerance and thermal shock resistance, thereby providing
significant lifetime enhancements [9,10]. Furthermore, cooling
hole closure is avoided and an aerodynamic design of the blades
is maintained. However, one disadvantage of EB-PVD coatings
arises from its columnar structure, which leads to high thermal

921-5093/$ – see front matter © 2006 Elsevier B.V. All rights reserved.

oi:10.1016/j.msea.2006.03.070

mailto:hherman@ms.cc.sunysb.edu
dx.doi.org/10.1016/j.msea.2006.03.070


44 A. Kulkarni et al. / Materials Science and Engineering A 426 (2006) 43–52

conductivity compared to that of APS coatings. In this man-
ner, coating microstructure is a significant factor in determining
coating behavior during service life [11].

Control of the thermal conductivity and mechanical prop-
erties necessitates a comprehensive understanding of the
microstructural features in TBCs. Knowledge of the nature,
origin and influence on the TBC properties and failure mech-
anisms of these features, would enable microstructures to be
tailored with enhanced reliability for specific applications. Since
the microstructure develops by vapor condensation, the influ-
ence of processing parameters during deposition, such as the
deposition temperature, vapor pressure and substrate conditions
have been studied [12]. In the EB-PVD process, vapor is pro-
duced by heating the source material with an electron beam,
and the evaporated atoms condense onto the substrate. Crys-
tal nuclei are formed on favored sites, growing both laterally
and through the thickness to form individual columns, result-
ing in a high degree of intercolumnar porosity [13,14]. This
specific coating structure, with low in-plane Young’s modulus,
provides more stress relief on thermomechanical loading and
can also accommodate misfit stresses resulting from CTE mis-
match. Also, since growth depends on competitive processes,
which can vary during deposition, variations in microstructure
and texture are anticipated throughout the thickness of the coat-
ing. This necessitates the need for microstructural insights of
possible porosity/microstructure gradients in the coatings.
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the coatings were bonded to the substrate. Specimens were
sliced using a low-speed diamond saw and then polished using
a tripod polisher, to create a nominal cross-sectional sample
thickness of 250 �m for X-ray investigations. Phase content
and crystallographic texture were determined by X-ray diffrac-
tion using Cu K� radiation. The strongest diffraction peaks
were used to determine the texture of the coating. Morpholog-
ical features in the microstructure were studied using optical
microscopy and scanning electron microscopy (SEM). Thin-foil
cross-sections were also studied by cross-sectional transmission
electron microscopy (X-TEM). In this case, samples were pre-
pared by slicing and punching a TBC cross-section to obtain a
3 mm diameter disc. This disc was polished and ion milled in a
GATAN ion mill at 5 kV and 2 mA. X-TEM was performed with
a Phillips CM12 unit, operated at 120 kV with a LaB6 filament.

Various aspects of the porosity were measured by different
techniques. Surface-connected porosity was measured by means
of mercury intrusion porosimetry (MIP) using a Quantachrome
Autoscan 33 porosimeter. Even though XMT measures both the
open and the closed porosity, the spatial resolution of our current
XMT facility limits the detection of the pores to those larger than
0.5 �m in diameter. The most reliable determination of the total
porosity content, needed for SANS analysis, was obtained using
the precision density (PD) method, where mass-over-volume
ratios were obtained for cut rectilinear specimens. In the present
case, the fractional density (and hence the total porosity) could
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In this paper, advanced scattering techniques are employed
or the microstructural characterization of an EB-PVD TBC.

hile conventional microscopy (SEM and TEM) studies reveal
he nature of the microstructural features in these ceramic coat-
ngs, quantitative microstructural information is sought using
igh-resolution X-ray microtomography (XMT) along with ultra
mall-angle X-ray scattering (USAXS) and small-angle neu-
ron scattering (SANS). The goal is to obtain insights into
he microstructure with respect to porosity, its dimensions and
he pore size distributions of open and closed porosity in 3D
long with the porosity gradient. These model-based results are
ompared to results obtained from traditional characterization
echniques. Also, thermal and mechanical properties of the coat-
ngs were measured to verify the existence of microstructural
nisotropy in these systems.

. Experimental

The TBC system1 investigated was deposited at Chromal-
oy Gas Turbine Corporation, Orangeburg, NY, and comprises
800-�m thick EB-PVD 7–8% by mass Y2O3-stabilized ZrO2
oating (topcoat) on a 50-�m thick NiCoCrAlY coating (bond
oat), also deposited by EB-PVD, on a stainless steel sub-
trate. A freestanding form of this coating was used for porosity
eterminations, thermal conductivity measurements and SANS
tudies. For USAXS, XMT and elastic modulus measurements,

1 Information on commercial products is given for completeness and does not
onstitute or imply their endorsement by the National Institute of Standards and
echnology.
e obtained with an uncertainty of standard deviation of ±0.1%,
ased on the average of 10 measured identical specimens and
n assumed theoretical density of 6 g/cm3.

.1. Thermal and mechanical property measurements

Thermal conductivity measurements were made on a
2.5 mm (0.5 in.) diameter disk, coated with carbon, using
laser-flash thermal diffusivity instrument (Netzsch Corpo-

ation*, Boston, MA) in the out-of-plane direction. Elastic
odulus measurements performed by means of depth-sensitive

ndentation measurements, were carried out with a Nanotest*
00 instrument (Micromaterials Inc., Cambridge, UK) with a
.59 mm (1/16 in.) WC–Co spherical indenter with a maximum
oad of 10 N. Elastic modulus measurements were carried out
n three directions (two in-plane and one out-of-plane direc-
ions) to examine the anisotropy of the coatings. The instrument
nables a basic load/displacement curve to be obtained, or mul-
iple partial load/unload cycles can be performed. This allows
ardness and elastic modulus values to be measured as a function
f the load/contact stress. The indentation procedure consisted
f 10–15 loading/unloading cycles. The load–displacement
ecords were evaluated based on the Oliver and Pharr method
15] where the elastic modulus is determined from the elastic
ecovery part of the unloading curve.

.2. Small-angle neutron scattering

SANS studies were carried out using the NIST/NSF 30 m
G3 SANS instrument at the Cold Neutron Research Facil-

ty at the National Institute of Standards and Technology,
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Gaithersburg, MD. The availability of a flexible measurement
geometry on this instrument provides the means to extend mul-
tiple SANS analysis of microstructure-related properties to thin
coatings, which are more representative of industrial applica-
tions. This is the case, provided that sufficiently copious multiple
scattering occurs for the MSANS formalism (developed previ-
ously) to be valid. In MSANS studies, a monochromatic beam of
long-wavelength (cold) neutrons passes through the specimen in
transmission geometry and the multiple-scattered beam profile
is recorded on a 2D detector. Details of the measurement are
described elsewhere [16,17]. The multiple scattering is from the
pores and the voids within the coating and is due to a difference
in neutron scattering length density between the solid material
and the pores. At a shorter neutron wavelength (0.5 nm) single
scattering occurs that is associated more specifically with the
void/solid interface (Porod scattering). Anisotropic Porod scat-
tering amplifies the anisotropies actually present and enables
the different void components to be distinguished due to their
different characteristic orientation distribution. However, ori-
entational averaging of the Porod scattering from the sample
yields the total void surface area per unit sample volume can
be obtained, independent of the precise void morphology. The
fine features in the microstructure are major contributors to this
deduced surface area. Meanwhile, anisotropic MSANS studies
involve a measurement of the anisotropic beam broadening due
to multiple scattering at long neutron wavelengths (1–1.8 nm).
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In general, MSANS analysis can provide structural informa-
tion for void opening dimensions up to around 4 �m.

2.3. Ultra small-angle X-ray scattering

Ultra small-angle X-ray scattering (USAXS) studies were
carried out on the UNICAT beam line 33-ID at the Advanced
Photon Source, Argonne National Laboratory, Argonne, IL.
This instrument utilizes Bonse-Hart double-crystal optics [19]
to extend the range of SAXS down to lower scattering vectors, Q,
where Q = |Q| = (4π/λ)(sin θ) and 2θ is the scattering angle. With
minimum Q = 0.0015 nm−1, the maximum void opening dimen-
sion obtainable from the data is around 1.5 �m. In a modified
form of the standard USAXS experiment, a finely collimated
and highly monochromatic X-ray beam (using horizontal and
vertical diffracting crystals) is incident on the specimen in trans-
mission geometry and the scattered intensity is measured. Use
of both horizontal and vertical diffracting crystals removes the
intrinsic slit-smeared geometry of the standard USAXS exper-
iment. The details of the experiment are described elsewhere
[20]. The X-ray energy used was 17 keV, which was selected
to penetrate through the highly absorbing YSZ coatings. Due
to the short wavelength used and the small sample thickness
(typically 200 �m), the contamination of the results by multiple
scattering is relatively small and usually is corrected. Two data
collection methods are combined in the present studies. In the
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he multiple scattering usually arises from the coarse features
n the microstructure. The MSANS beam broadening (rc) ver-
us wavelength for two sample orientations, with the incident
eam out-of-plane (normal to the coating) and in-plane (i.e., in
he substrate plane), yields information on the microstructure
nisotropy. The sector-averaged anisotropic MSANS data (on
he SANS instrument’s 2D detector) also provide microstruc-
ural orientation information, as discussed in detail elsewhere
17,18].

A complete description of the microstructure is obtained by
ombining MSANS measurements for different sample orienta-
ions, anisotropic Porod surface area distributions, and the total
orosity from PD measurements. To acquire a quantitative delin-
ation of three of the main void components (intercolumnar
ores, intracolumnar feather-like cracks and globular/elongated
ores) in terms of their porosity contributions, dimensionality
nd orientation distribution, the following four constraints have
o be fulfilled in the MSANS analysis:

1) The component porosities are consistent with the total
porosity obtained using precision density measurements.

2) The component surface areas are consistent with the total
surface area obtained from anisotropic Porod scattering
experiments.

3) Model predictions of the circularly averaged MSANS beam
broadening versus wavelength are consistent with the exper-
imental data for both orientations: out-of-plane (spray direc-
tion) and in-plane (orthogonal direction).

4) The derived MSANS anisotropy (perpendicular to the sub-
strate) is consistent with that observed experimentally.
rst, the scattered intensity is measured as a function of Q for
ach orientation of the sample azimuthal angle α. In the second,
he scattered intensity at a fixed Q is measured as a function of

by rotating the sample in the beam. Variation in the scattering
nisotropies observed at different Q are associated with the vari-
tion in the microstructure anisotropy at different length scales,
hus giving a quantitative map as a function of the sizes of the
cattering populations.

.4. Computed microtomography

X-ray microtomography (XMT) studies were carried out on
he XOR 2-BM beam line at the Advanced Photon Source. The
xperimental details and setup are described elsewhere [21,22].
n this experiment, a large-area, collimated X-ray beam traverses
he sample, and the transmitted X-rays are recorded on an area
etector. For the TBC, the thickness was 250 �m, owing to the
igh attenuation of YSZ material. Images (X-ray attenuation
aps) are recorded at discrete angular intervals (typically in

/4◦ steps) as the sample is rotated for a total of 180◦ about
he vertical axis perpendicular to the incident X-rays. In addi-
ion of the 720 2D attenuation maps, “dark-field” (background

easurements with the X-rays off) and “white-field” (X-ray on
easurements, with no sample in the beam) images are acquired.
hese images are necessary for normalizing the 2D projection

mages. The normalized images are then aligned to ensure that
he rotation axis is accurately located at the center of the images.
he data are reconstructed using a filtered back-projection algo-

ithm and 2D slices are then stacked to build 3D images of the
icrostructural features. While the pixel size (image resolution

or software thresholding) was 1.3 �m, this does not represent
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Fig. 1. X-ray analysis shows a non-transformable tetragonal phase structure
with a (2 0 0) texture.

the minimum pore size that can be resolved. Realistically the
pore has to be larger than this size at least in one dimension to
be recognizable. The technique provides volumetric information
on microstructure distribution by mapping 3D X-ray coefficients
through the sample.

For the analysis of the X-ray tomographic data, 3D medial
axis transforms are used to obtain quantitative information on
porosity and its gradient with thickness [23]. The medial axis
transform is a dimensional reduction of an object to its skele-
tal remnant, preserving information on extent and connectivity
of the original object. Intuitively, a medial axis is the skele-
ton of an object along its geometric middle (a point for a
sphere and a line along the center for a cylinder). The analysis
involves thresholding an overlapping bivariate mapped distri-
bution of attenuation coefficients (tomographic raw images) to
obtain segmented (black and white) images. This is followed
by construction of the medial axis with an iterative erosion
procedure [24] to trace the fundamental geometry of the void
pathways.

3. Results and discussions

The primary aim of this investigation was to gain insights into
the microstructure of EB-PVD coatings using advanced char-
acterization techniques. This section presents results from the
“conventional” microstructural and phase characterization com-
plemented with results from SANS, USAXS and XMT studies.
Thermal conductivity and elastic modulus measurements are
presented later. X-ray diffraction studies show a single-phase

F
(

ig. 2. Morphological features observed in an EB-PVD coating. (A) Polished microg
B) High magnification SEM image showing features inside individual columns. (C a
raph showing columnar grains with large percentage of intercolumnar porosity.
nd D) The corresponding fractured surfaces.
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Fig. 3. Cross-sectional TEM micrographs revealing feathery cracks and fine pores inside each column. (A) Intercolumnar spacing along with feathery features are
observed at the rim of each column, 5000× magnification, the scale bar represents 2.5 �m. (B) Feathery striations and intracolumnar fine voids are seen, 35,000×
magnification, the scale represents 200 nm.

non-transformable tetragonal structure as shown in Fig. 1. Also,
it is seen that the processing conditions during deposition (depo-
sition temperatures between 900 and 1100 ◦C, deposited normal
to the stationary substrate plane) favor a dominant (2 0 0) tex-
ture of the nucleating columns [12]. The morphological features
observed in these coatings, both in a polished cross-section
and at fracture surfaces, are shown in Fig. 2. The coatings
reveal a unique columnar morphology with 20–25 �m wide
crystals, growing perpendicular to the substrate plane, result-
ing in substantial intercolumnar porosity (1–5 �m wide). The
figures indicate that the porosity increases from a minimum
near the bond coat interface to a maximum at the top of the
coating. Porosity variations are not monotonic but rather exhibit
local maxima in this case. This is typically not the case when
the EB-PVD coatings are thinly deposited (∼250 �m). How-
ever, in this present study, these local variations are attributed
to the fact that the microstructure development of the coating
was interrupted three times during deposition, as evident in
Fig. 2A and C denoted by arrows. The coating in the present
study was more thickly deposited thicker (∼800 �m), partic-
ularly to achieve the required multiple neutron scattering in
SANS studies. Also evident is the competitive growth closer
to the substrate, where columns with dominant (2 0 0) crystal-
lographic texture are favored to grow. Fig. 2B and D are high
magnification SEM images of individual columns. The images
reveal feather intracolumnar striations along with an extended
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feathery striations, which exist at the periphery of each column.
These striations are oriented at 50–60◦ to the substrate plane,
consistent with the high magnification image observed under
SEM (Fig. 2B). A higher resolution micrograph at 35,000×,
Fig. 3B, reveals strings of nanometer size pores inside a sin-
gle column. The presence of nanosized intracolumnar pores is
observed towards the center of the columns, at the inward tips
of the feather cracks, and also towards the rim. These pores are
a combination of globular and elongated spheroids, and range
in size from 18 to 25 nm, as determined from image analy-
sis. While important information on the nature of the porosity
is obtained from SEM and TEM, advanced techniques, dis-
cussed further, complement this information by quantifying the
features.

Coating characterization in terms of the porosity from MIP
and precision density, the thermal conductivity and the elastic
modulus are discussed below. The surface-connected porosity,
measured using MIP, is in close agreement with the total poros-
ity measured using the PD technique. This suggests that most
of the porosity in this case is open and interconnected poros-
ity (intercolumnar pores, intracolumnar striations and globular
pores connected to the feathers). The thermal conductivity and
elastic modulus behavior of these coatings is significantly dif-
ferent from those of APS coatings. The thermal conductivity of
the EB-PVD coating measured 1.9 W/m K, which is high com-
pared to that for an APS coating (1 W/m K) [18] (Table 1). This
i
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ize range of evenly distributed globular porosity in each column
s a result of overshadowing effects and gas entrapment during
eposition. Fig. 2D also reveals that the feathery striations grow
nwards both from the facets of the columns and from the edges
as seen in the 2D images in Fig. 2B).

While micrometer size porosity is observed in SEM stud-
es, the X-TEM studies carried out reveal microstructural fea-
ures along different length scales (Fig. 3). A micrograph of an
ntercolumnar void at 5000× magnification, Fig. 3A, indicates
s due to the very different pore architectures in the two coatings.
hile APS coatings have predominantly a layered porosity, the

able 1
oating properties with standard deviations

IP porosity (%) 20 ± 2
recision density porosity (%) 21.75 ± 1.45
hermal conductivity (W/m K) 1.9 ± 0.13
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Fig. 4. (A) Depth-sensitive indentation behavior of EB-PVD coating in two in-
plane (X and Y) and out-of-plane (Z) directions and (B) microstructural features
observed on the top surface.

majority of the porosity in the EB-PVD case are intercolumnar
pores, which are vertical to the substrate plane, thus providing
less resistance to heat flow. Also, due to the nature of the deposi-
tion process (vapor condensation), the columns grow in an intrin-
sically homogeneous fashion (without either the microcracks
seen in APS or grain boundaries). The elastic modulus mea-
surements were carried out both out-of-plane and two in-plane
directions, as shown in Fig. 4, to verify the anisotropy. Fig. 4A
shows the load–displacement behavior for the three directions
along with the elastic modulus values. While the coating is stiff
in the out-of-plane (through thickness) direction, the depth of
penetration is larger in the in-plane (cross-sectional) directions;
hence the elastic modulus is significantly higher in the out-
of-plane direction (56 ± 3 GPa). However, due to the intrinsic
nature of the coating microstructural development (competitive
growth among crystal nuclei by vapor condensation), a different
scale of anisotropy is observed. The coating microstructure dis-
plays property anisotropy in three directions. The anisotropy in
elastic modulus can be explained by study of Fig. 4B, looking at
the top surface of the coating. It is evident that the columns grow
in an elongated diamond shape, thus introducing anisotropy in
the two in-plane directions, as well as between these and the
out-of-plane direction.

Fig. 5. Anisotropic Porod surface area and MSANS broadening experimental
data (symbols) with model-fits (lines) for the EB-PVD coating (A) anisotropic
Porod surface area; (B) anisotropic angular MSANS, rc, at different wavelengths.

Table 2
Quantitative MSANS model results

V m3) Mean opening dimension, 〈OD〉 (�m) Mean pore diameter (�m)

I 0.2145 ± 0.005 –
I 0.0215 ± 0.005 –
N – 0.0480 ± 0.01

T N/A N/A
oid component Porosity (%) Surface area (m2/c

ntercolumnar pores, β = 1/10 13.05 ± 1.31 1.25 ± 0.6
ntracolumnar cracks, β = 1/10 5.65 ± 0.56 5.42 ± 0.27
anometer globular pores 3.05 ± 0.31 3.81 ± 0.19

otal 21.75 ± 1.45 10.48 ± 0.34



A. Kulkarni et al. / Materials Science and Engineering A 426 (2006) 43–52 49

Fig. 6. Scattering intensity as a function of azimuthal angle α for different values of Q compared to microstructural features observed. The errors are within the sizes
of the data points.

3.1. SANS results

The SANS results along with the fit to the MSANS model
include the component porosities of the interlamellar pores and
intrasplat cracks, together with their mean opening dimensions
and approximate orientation distributions, as well as the poros-
ity of the globular pores and their mean diameter. The MSANS
model is modified from that used for APS deposits [17] in
that the three void model components have different orienta-
tions and sizes. Because axial symmetry may not be implicitly
assumed for EB-PVD microstructures, especially after gain-
ing input from elastic modulus measurements, the anisotropic
Porod scattering was measured for two sample orientations,
i.e., with the incident beam both out-of-plane and in-plane.
However, the total surface area, ST, has been estimated by
calculating the “axially symmetric” 3D average from the in-
plane orientation Porod scattering (6.06 ± 0.35) m2/cm3, then
multiplying this by the ratio of the 2D-average Porod surface
found for the out-of-plane (9.92 ± 0.84) m2/cm3, divided by the
apparent Porod surface area projection at 90◦ for the in-plane
orientation (5.47 ± 0.34) m2/cm3. To model the intracolumnar
cracks and intercolumnar pores, these are assumed to con-
sist of separate networks of oblate spheroidal elements with
aspect ratio values of 1/10. From microscopy, it is observed
that the intracolumnar cracks are V-shaped with planar pore
normals predominantly making an angle to the substrate nor-
m
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ST from the Porod data were used as input for the MSANS
model.

Fig. 5 shows the experimentally deduced Porod surface area
and MSANS anisotropy compared with the model predictions.
The apparent anisotropic surface area distribution, derived
from the anisotropic Porod scattering, Fig. 5A, amplifies the
actual surface area orientation dependence of the scatterers. It is
observed that the major contributors to the surface area are the
intracolumnar pores and fine globular porosity. Fig. 5B shows
the anisotropic angular variation of MSANS rc at different
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al in the middle angular range 30–60◦. Intercolumnar pores
re mainly parallel to the columns, i.e. perpendicular to the
ubstrate and therefore in the high 60–90◦ angular range.
he total porosity (21.75 ± 0.10)%, determined by PD, and,
ig. 7. MaxEnt volume-fraction size distributions of the EB-PVD coating, for
ifferent orientations of Q with respect to the deposition direction. The angle
s defined as that between Q and the substrate normal. The figure shows three
izes consistent with the observed microscopy results.
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Fig. 8. Reconstructed sections, indicated on the micrograph showing variation in intercolumnar spacing with thickness. Figure shows the columnar spacing increasing
towards the top of the coating and (D) shows tip of columns.

Fig. 9. Pore morphology in EB-PVD TBCs in 3D, showing fine porosity in the competitive zone near the substrate and intercolumnar pores at 1.3 �m resolution.
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wavelengths in the plane of the coating cross-section. The
dominant coarse scatters are the intercolumnar pores in the
system, shown in Fig. 2A. After satisfying all the constraints
in the MSANS model, the results for porosity contributions
and mean opening dimensions are summarized in Table 2. The
quantitative separation of the coating microstructure into its
components, obtained from the MSANS model, shows that the
intercolumnar pores contribute the most to the total porosity
(60%) followed by intracolumnar cracks (26%). The globular
pores contribute the remaining porosity.

3.2. USAXS results

A summary of some of the USAXS studies of the EB-PVD
coating is presented in Fig. 6. The anisotropies in the scattered
intensity at different Q values are presented as a function of
azimuthal angle with respect to the substrate-normal direction.
Also indicated are the features in the microstructure to which the
scattering anisotropies can be attributed at each of the various
length scales interrogated. The mean size of scatterers contribut-
ing at any Q is inversely proportional to the Q values (Bragg’s
law). The largest scatters (intercolumnar pores) scatter at the
smallest Q, followed by the feathery striations at intermediate
Q and the nanosized fine pores at the largest Q values. The
combination of scattering data collected as a function of Q for
each orientation and as a function of orientation at a particular
Q
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shapes assumed, MaxEnt can be used to provide a rough estimate
of the void sizes present. Thus, Fig. 7 shows the different feature
sizes that dominate the anisotropy at different magnitudes of Q.
The results reveal a hierarchy of pores of at least three sizes
broadly consistent with the SEM microstructures observed. A
mean void dimension between 630 and 820 nm is indicated for
the intercolumnar pores, while that for the intracolumnar feath-
ery cracks lies between 100 and 200 nm. The nanometer globular
pores exhibit diameters between 8 and 20 nm. However, it should
be noted that the Q range of the USAXS instrument enables mea-
surements of void sizes below ∼1.5 �m in diameter.

3.3. XMT results

XMT studies were carried out to image the 3D columnar
structure non-destructively. The raw date collected as cross-
sectional X-ray attenuation maps are normalized and recon-
structed using the filtered backprojection algorithm to generate
2D slices. Fig. 8 shows four such reconstructed images of indi-
vidual slices along the thickness of the coating along with an
SEM micrograph. The figure shows the change in intercolum-
nar spacing through the coating thickness. Also seen are the
tips of the columns in one projection. These 2D slices are vol-
ume rendered to generate 3D projections. Fig. 9 shows the
microstructural features in the EB-PVD coating in a 3D repre-
sentation where the void space is displayed as transparent. A fine
p
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b ng int
provides quantitative information on the void microstructure
ithin the coating as a function of void size. Fig. 7 presents

pparent volume-fraction size distributions derived from the cal-
brated USAXS intensity versus Q using the maximum entropy
ize distribution routine, MaxEnt [25,26]. The MaxEnt anal-
sis gives apparent size distributions that vary for different
rientations of Q with respect to the substrate normal. This is
ecause anisotropic orientation distributions are not taken into
ccount here. A more comprehensive anisotropic model is being
eveloped for the analysis of USAXS measurements made with
ultiple sample orientations. However, depending on the void

ig. 10. The porosity gradient through the thickness of the coating in a fracture
etween successive deposition layers whereas the Y denotes the substrate coati
orosity is revealed in the competition zone near the substrate,
here columns of all crystallographic orientations nucleate and

hen the dominant orientation favored by the deposition condi-
ions in the chamber grow further. The columns are seen along
ith intercolumnar pores to extend through the thickness of the

oating. The quantitative analysis for porosity information and
radient with thickness involves the following procedure: (a)
eneration of a histogram of the linear attenuation coefficient
rom the gray scale images. These show bimodal peaks, one due
o the voids and the other due to solid material, (b) selection
f region-of-interests in individual images, and (c) conversion

s-section micrograph as well as the XMT studies. The X denotes the interface
erface.
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of the gray scale density maps to “Black and White” images
by a process of segmentation involving population assignment
(materials and pores) for each voxel. Since the pore/grain bound-
ary in the image is fuzzy due to finite voxel resolution and data
collection noise, a localized thresholding procedure based on
indicator kriging [24] is used. More detailed analysis of this
procedure is presented elsewhere [27]. Porosity measurements
are done by voxel counting of black and white regions in the
segmented images.

Fig. 10 depicts the porosity gradient through the thickness
of the coating in a fractured cross-section micrograph derived
from the XMT studies. Each individual point in the figure is a
volumetric average of 10 slices in the coating. Also the standard
deviation for each point is about 1–2%, which is unnoticeable on
the graph. A variation in microstructure and texture is anticipated
throughout the thickness of the coating due to the competitive
nature of the growth process. The results reveal the presence of
a high porosity region in the competition zone near the substrate
(marked as Y in the figure), where columns of several crystal-
lographic orientations nucleate. Columns with preferred orien-
tation, depending on the deposition conditions in the chamber,
grow beyond this point, thus showing another increase in poros-
ity (or intercolumnar spacing) towards the top surface of the
coating. Porosity variations are not monotonic but rather exhibit
local maxima, as shown in Fig. 2C and marked as X in Fig. 10.
These local variations arise from interruptions in the deposition
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