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Achieving control of the microstructure of plasma-sprayed thermal barrier coating (TBC) systems offers an
opportunity to tailor coating properties to demanding applications. Accomplishing this requires a funda-
mental understanding of the correlations among processing, microstructure development, and related TBC
properties. This article describes the quantitative characterization of the microstructure of plasma-sprayed
partially stabilized zirconia (PSZ) coatings by means of x-ray and neutron-scattering imaging techniques.
Small-angle neutron scattering, ultra-small-angle x-ray scattering, and x-ray microtomography were used to
characterize and visualize the nature and structure of the features in these material systems. In addition, the
influence of processing parameters on microstructure development is discussed along with thermal cycling
effects on the pore morphology, and their resultant influence of the porosity on the thermal conductivity and

elastic modulus of plasma-sprayed PSZ TBCs.

Keywords elastic modulus, plasma spray, small-angle neutron
scattering, thermal barrier coatings, thermal conduc-
tivity, thermal cycling, ultra-small-angle x-ray
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1. Introduction

For today’s advanced gas turbine and high-performance in-
ternal combustion engines, the key issue, along with operational
economics and the achieving the longest possible lifetimes, is
the prime reliance on the materials (Ref 1). This has spawned a
considerable amount of research on various aspects of the rel-
evant material systems, particularly on ceramic thermal barrier
coatings (TBCs). Zirconia-base TBCs are widely used on the
surfaces of high-temperature engine components. Their use im-
proves the thermodynamic efficiency of the engines, because
they enable higher operating temperatures and have reduced
cooling air requirements. Simultaneously, they prolong sub-
strate lifetimes due to lower temperatures at the metal surface
(Ref 2-4). The microstructures and properties of TBCs are
closely linked to processing technology: for example, plasma
spray (PS) and electron beam-physical vapor deposition (EB-
PVD) each produce distinctive microstructures and thermome-
chanical characteristics. Each of these processing techniques has
advantages and disadvantages. The scale, performance, and cost
requirements determine the choice for a particular TBC applica-
tion. The research reported in the article focuses on the relation-
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ship between microstructure development and the in-service
coating behavior of plasma-sprayed coatings.

Plasma spraying is a high-temperature process. The feed-
stock powder is fed into a plasma arc, where it is melted and
accelerated to high velocities, before it impinges onto a sub-
strate. Upon reaching the substrate, the melted powder solidifies
rapidly to form “splats,” or flattened particles (Ref 5-7). The
deposit develops by the successive impingement of melted par-
ticles and interbonding among the splats. The product micro-
structure is axially symmetric when viewed along the surface
normal, provided this is also the spray direction, but it is aniso-
tropic when viewed in section (i.e., in any plane perpendicular to
the substrate). This axial symmetry is used in the analysis of the
x-ray and neutron scattering data. The microstructure of plasma-
sprayed coatings typically includes porosity in the form of inter-
lamellar voids (between the splats), and very fine pores and
cracks within the splats resulting from thermal stress relaxation
(Ref 8). It is well understood that the porosity in TBCs is a sig-
nificant factor in determining TBC properties (Ref 9, 10). This is
important because if the pore character and morphology within
TBCs can be controlled, then the TBC properties can be tailored
to specific applications. This is the governing principle in de-
signing TBCs. Achieving control of the product microstructure
and the coating system properties requires research aimed at un-
derstanding the correlations among processing, microstructure
development, and the associated TBC properties. Until now, it
has been difficult to obtain an adequate three-dimensional (3D)
characterization of the microstructure. Techniques such as im-
age analysis require reliable and reproducible cross-sectional
images, and may depend on image acquisition conditions and
threshold selection for the porosity (Ref 11, 12). Even when im-
age analysis is successful, it delivers two-dimensional (2D) in-
formation; it may not yield compositional information, and im-
ages with poor contrast may give rise to errors. In the research
reported here, x-ray and neutron-scattering imaging techniques
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are used to provide a statistically rigorous 3D characterization of
the porous microstructure of initial and in-service (i.e., ther-
mally cycled) TBCs. Ultimately, the goal is to provide a quan-
titative comparison of PS and EB-PVD microstructures in the
expectation that such information will lead to an improved un-
derstanding of the relationships among processing, microstruc-
ture, and the resultant properties of these important materials.

Thus, the primary aim of this investigation was to examine
the effect of processing parameters on the microstructural devel-
opment, which, in turn, affects the properties of partially stabi-
lized zirconia (PSZ) coatings with 7 to 8% mole fraction yttria.
The parameters investigated were: the feedstock particle size;
the in-flight particle state; and substrate conditions such as the
temperature and angle-of-impact of the melted particle. The
droplet-substrate interaction was also investigated through
single-splat observations, and the splat-splat interactions were
also followed because these lead to the microstructure develop-
ment. Correlations between the measured microstructure and
properties of the coatings have been characterized. Finally, re-
sults are presented on the changes in microstructure and the
properties that occur as a result of thermal cycling. The methods
used for microstructural characterization included small-angle
neutron scattering (SANS), ultra-small-angle x-ray scattering
(USAXS), and imaging by means of computed x-ray microto-
mography (XMT). Quantitative information on microstructural
features with respect to porosity, dimensions, pore size distri-
bution, and orientation was sought using scattering techniques.
X-ray microtomography offers 3D images of open and closed
porosity, along with information on the surface area, size, and
position of the particles, with limited resolution.

2. Experimental Techniques

The studies presented in the article focus on gaining a sys-
tematic understanding of the influence of processing on micro-
structure development in plasma-sprayed coatings. The influ-
ence of the feedstock particle size, the in-flight particle state, and
substrate conditions, such as temperature and angle-of-impact of
the melted particle, on the splat morphology and coating micro-
structure were studied. To do this, a fully quantitative micro-
structure characterization was carried out for both as-sprayed
and thermally cycled coatings. Individual splats were collected
on polished stainless steel substrates, and coatings (0.75 mm
thick) were deposited on mild steel using a Sulzer Metco* (Win-
terthur, Switzerland)3MB plasma gun at a 100 mm standoff dis-
tance. The spray parameters are listed in Table 1. A preliminary
microstructural evaluation of the coatings was carried out using
optical microscopy and scanning electron microscopy (SEM).
Some of the coatings (both on steel and bond-coated superal-
loy substrates) were then subjected to 10 cycles of heating at
1150 °C for 30 min, followed by cooling in air for 15 min.

Freestanding coatings, which had been removed from the
substrate, were used for porosity characterization, thermal con-
ductivity measurements, and SANS studies. The dimensions of
the samples were 5 % 10 x 0.75 mm for the porosity measure-

*Specification of the commercial apparatus is given for completeness; it
does not imply NIST endorsement, nor does it indicate that it is optimal
for the purposes for which it was used.
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Table 1 Processing parameters

Plasma gun Sulzer Metco 3MB
Current 650 A

Voltage 66-68 V

Primary gas 40 SLM Ar
Secondary gas 8 SLM H2
Carrier gas 3000 SCCM Ar
Feed rate 20-40 g/min
Standoff distance 100 mm

ments and 1.5 x 7 x 0.75 mm for SANS measurements. For the
USAXS, XMT, and modulus measurements, the coating was
measured on the substrate. The coatings were thinned (0.25 mm)
in cross section for x-ray transmission for USAXS and XMT
studies. The central goal of these studies was to gain a compre-
hensive understanding of the nature of porosity in these PSZ
coatings. Various aspects of the porosity were measured by dif-
ferent techniques. Surface-connected porosity was measured by
means of mercury intrusion porosimetry (MIP) using a Quanta-
chrome (Boynton Beach, FL) Autoscan 33* porosimeter. Even
though XMT measures both the open and the closed porosity,
the spatial resolution of our current XMT facility limits the de-
tection of the smaller-scale pores in the system. Therefore, the
most reliable determination of the total porosity content was ob-
tained using the precision density (PD) method, where mass-to-
volume ratios were obtained for a cut rectilinear specimen. This
technique yields the density as a percentage fraction of the theo-
retical density (TD), where a fully dense, pore-free sample is the
100% TD. The uncertainty in the measured density has an SD of
+0.1% TD, based on the average of 10 measured identical speci-
mens. The assumed TD was 6 g/cm®.

3. Thermal and Mechanical Property
Measurements

Thermal conductivity measurements were made on a 12.5
mm (0.5 in.) diameter disk, which was coated with carbon, using
a laser-flash thermal diffusivity instrument (Netzsch Corpora-
tion, Boston, MA). Elastic modulus measurements performed
by means of depth-sensitive indentation measurements, were
carried out with a Nanotest 600 instrument (Micromaterials Inc.,
Cambridge, UK) with a 1.59 mm (1/16 in.) WC-Co spherical
indenter with a maximum load of 10 N. Both in-plane and out-
of-plane elastic modulus measurements were carried out to ex-
amine the anisotropy in the coatings. The instrument enables a
basic load-displacement curve to be obtained, or multiple partial
load-unload cycles to be performed. This allows hardness and
elastic modulus values to be measured as a function of the load-
contact stress. The indentation procedure consisted of 10 to 15
loading-unloading cycles. The load-displacement records were
evaluated based on the Oliver and Pharr method in which the
elastic modulus was determined from the elastic recovery part of
the unloading curve.

4. Small-Angle Neutron Scattering

Small-angle neutron scattering studies were carried out using
a 30 m SANS instrument at the Cold Neutron Research Facility
at the National Institute of Standards and Technology (NIST),
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Gaithersburg, MD. A monochromatic beam of cold neutrons
passes through the specimen in transmission geometry, and the
scattered neutrons are recorded on a 2D detector. The details of
the experiment have been described elsewhere (Ref 13-15). The
voids and grains within the sample have different neutron-
scattering-length densities (p), causing a small component of the
incident beam to be scattered. The SANS experiments comprise
two types of measurements, with the first being anisotropic Po-
rod scattering. In Porod scattering, the terminal slope of the
small-angle-scattering curve is used to determine the surface
area of the scatterers (voids or pores in this case) in the sample.
If the neutrons pass through a TBC section, which is cut perpen-
dicular to the surface plane so that the surface area is distributed
anisotropically around the incident beam direction, the variation
in the intensity of the terminal slope with sample and beam ori-
entation can be related to the anisotropic void surface area dis-
tribution. Upon averaging the Porod scattering over all sample
orientations, the total void surface area per unit sample volume
is obtained, independent of the void morphology. Because small
objects have a larger surface-to-volume ratio than large ones, the
smaller voids in the microstructure are the dominant contribu-
tors to the total surface area. The second type of measurement is
anisotropic multiple SANS (MSANS). In MSANS, beam broad-
ening as a function of neutron wavelength is used to determine
the size of the scatterers (again, the voids). In anisotropic
MSANS, the beam-broadened profile radius of curvature (r.)
versus wavelength is measured for two sample orientations: (a)
with the incident neutron beam in the spray direction and Q
(scattering wave-vector) in the substrate plane; and (b) with the
incident neutron beam perpendicular to the spray direction and
Q in a plane perpendicular to the substrate. These data yield in-
formation on the microstructural anisotropy. The sector-
averaged anisotropic MSANS (@ out-of-plane) data also pro-
vide microstructural orientation information, as has been
discussed elsewhere (Ref 13, 14).

In Porod scattering, the scattering intensity, /(Q), is a func-
tion of both the magnitude and the direction of the scattering
vector, Q, and its orientational average, <I(Q)> is given by:

2miApP S,
Q4
where, |Q|=[47/\]sinb, 20 is the scattering angle, A is the wave-
length, S, is the total surface area per unit sample volume, and
|Ap[? is the scattering contrast between the voids and the solid

matrix.

Additional microstructural information is obtained by com-
bining MSANS information from different sample orientations,
the anisotropic Porod surface area results, and PD measurements
of the total porosity. A three-component void model, which in-
cludes interlamellar pores, intrasplat cracks, and globular pores,
was used to obtain quantitative information regarding the po-
rosities, sizes, and orientation distributions within each compo-
nent. To interpret the anisotropic MSANS beam-broadening
data, the interlamellar pores and intrasplat cracks were modeled
by oblate spheroids, each with a fixed aspect ratio (8), while the
globular pores are assumed to be spheres. Because the cracks are
generally finer than the interlamellar pores, the aspect ratio for
the cracks is set to a smaller value (more oblate) than for the
interlamellar pores.

1(Q) = (Eq 1)
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The following four constraints are imposed in the model
analysis within the limits set by the experimental uncertainties
(Ref 13, 14):

1. The sum of the component porosities must be equal to the

total porosity obtained from PD measurements.

2. The sum of the component surface areas must be equal to
the total surface area obtained from the orientationally av-
eraged anisotropic Porod scattering.

3. The circularly averaged MSANS beam-broadening
model predictions versus the wavelength model predic-
tions must be consistent with the experimental data for
both sample orientations: with the incident beam parallel
to the spray direction, and with the incident beam in the
plane of the substrate.

4. The predicted MSANS anisotropy must be consistent
with that observed with the incident beam in the plane of
the substrate.

Making use of these constraints, one can determine the vol-
ume-weighted mean opening dimensions of the intrasplat cracks
and interlamellar pores, their approximate orientation distribu-
tions with respect to the spray direction, together with the mean
diameter of the globular pores. The component porosity and sur-
face area contributions may also be distinguished.

5. Ultra-Small-Angle X-Ray Scattering

Ultra-small-angle x-ray scattering studies were carried out on
the UNICAT beam line 33-ID at the Advanced Photon Source at
Argonne National Laboratory in Argonne, IL. This instrument
uses Bonse-Hart-type double-crystal optics (Ref 16) to extend
the range of small-angle x-ray scattering to very small scattering
vectors (@). In small-angle scattering studies (i.e., SANS and
USAXS), the structural information is always measured along
the direction of Q. This fact may be used to advantage with an-
isotropic microstructure characterization. In a modified form of
the standard USAXS experiment, an x-ray beam that has been
prepared using horizontally and vertically diffracting crystals is
incident on the specimen in transmission geometry. Use of or-
thogonal diffracting crystals removes the intrinsic slit-smeared
geometry of the standard USAXS experiment. The scattered in-
tensity is measured as the crystal analyzer is rotated, so that the
Bragg condition is met only for x-rays scattered at a given Q.
The details of the experiment have been described elsewhere
(Ref 17). The x-ray energy was 17 keV (A =0.073 nm) to ensure
adequate transmission through the highly absorbing PSZ coat-
ings. Two methods for measuring the anisotropic USAXS were
used. In the first method, the scattered intensity was measured as
a function of @ for each orientation of the azimuthal angle a. In
the second, the scattered intensity at a particular @ was measured
as a function of a by rotating the sample about the center of the
x-ray beam. The anisotropies in the scattering at different values
of @ are related to the anisotropies of the microstructure at dif-
ferent length scales, thus providing a series of anisotropy maps
as a function of the scattering feature size.

6. X-Ray Computed Microtomography

The XMT studies were carried out on the XOR 2-BM beam
line at the Advanced Photon Source. The experimental details
and setup have been described elsewhere (Ref 18, 19). In this
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Fig. 1 Influence of processing parameters on splat morphologies: (a) feedstock characteristics (particle size); (b) in-flight characteristics (particle
state); (c) substrate conditions (substrate temperature [Ts]); and (d) angle-of-impact effects

experiment, a large-area, collimated x-ray beam traverse the tervals (typically in 1/4° steps) as the sample is rotated for a total
sample, and the transmitted x-rays are recorded on an area de- of 180° about the vertical axis perpendicular to the incident X
tector. For the TBC samples, the image is an x-ray attenuation rays. In addition to the 720 2D attenuation maps, “dark-field”
map of the sample. Images are recorded at discrete angular in- images (i.e., background measurements with the x-rays off) and
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Fig. 2 Influence of processing parameters on coating microstructures: (a) feedstock (particle size); (b) particle state (particle velocity); and (c)
substrate (angle-of-impact). A coarse feedstock gives high porosity, but a high particle velocity gives thinner splats (and a large number of splat
interfaces). Some preferential orientation of macrocracks occurs toward the spray direction when the angle-of-impact is not 90°.

“white-field” images (i.e., x-rays used for measurements, with
no sample in the beam) are acquired. These images are necessary
for normalizing the 2D projection images. The normalized im-
ages are then aligned to ensure that the rotation axis is accurately
located at the center of the images. The data are reconstructed
using a filtered back-projection algorithm and are then stacked
to build 3D images of the microstructural features. While the
pixel size (image resolution for software thresholding) was 1.3
um, this does not represent 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 resolution of the
final reconstruction is limited by the resolution of the absorption
images, which is related to x-ray energy, the properties of the
scintillator screen, and visible-image optical magnification. 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 variation with thickness (Ref 20). The medial
axis transform is a dimensional reduction of an object to its skel-
etal remnant, preserving information on the extent and connec-
tivity of the original object. Intuitively, a medial axis is the skel-
eton of an object along its geometric middle (i.e., 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 (i.e., tomographic raw images)
to obtain segmented (i.e., black-and-white) images. This is fol-
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lowed by the construction of the medial axis with an iterative
erosion procedure (Ref21) to trace the fundamental geometry of
the void pathways. Information on porosity, pore size distribu-
tion, and connectivity is obtained using numerical algorithms,
the details of which have been presented elsewhere (Ref 20).

7. Results and Discussions

7.1 Microstructure Development

In this section, the spray droplet/substrate interactions are de-
scribed because these govern the microstructure development of
the coating. The intrinsic properties of the individual splats and
the intricate correlations among them are affected by the in-
flight feedstock-particle properties within the plasma (i.e., their
temperature, velocity, size, degree of melting, and extent of par-
ticle-particle interaction) as well as the substrate conditions (i.e.,
its degree of wetting, thermal contact resistance, roughness pro-
file, chemical interactions, and extent of modification by prior
deposition of splats). The governing interrelations of droplet im-
pact and subsequent solidification history of the process param-
eters and the substrate conditions are examined here.

Figure 1 shows the role of the processing parameters on the
splat (single-particle) morphology. The figure displays the dif-
ferent splat morphologies observed for the three different par-
ticle sizes. It is evident that the morphology of the splats changes
from a disk-like shape to a fragmented shape with increasing
particle size. The shapes shown are representative of typical
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Fig. 3 Association of the pore features with single-splat morphologies observed in a plasma-sprayed PSZ coating

splats for each size distribution. The splats were quantified using
a dimensionless parameter called the fragmentation index (F).
This parameter was calculated as the ratio of the total area of the
fragmented (splashed) splat divided by the area of its contiguous
part:

FI= Atotal/Asplat = (Rtoial/Rsplat)2 (Eq 2)

where R is a dimension such as the radius. For a circular (non-
fragmented) splat, the value of the FI equals one. The fragmen-
tation indexes deduced from the optical images of the splats in
Fig. 1 were 2.50, 2.80, and 9.10, respectively, for the fine, me-
dium, and coarse powders.

Also shown in Fig. 1 is the influence of in-flight particle char-
acteristics on the splat morphology. In-flight particle size and
temperature were monitored using a Tecnar DPV2000* ther-
mal-spray-diagnostic instrument. Vaidya et al. (Ref 22) pro-
posed using a coupled parameter, called the melting index (MI),
to describe the particle state that is defined by the particle tem-
perature, velocity, size, and dwell time. Another parameter that
describes the particle kinetic state is the Reynolds number (Re),
which is defined as the ratio [D,vp to u], where D, v, p, and p
are, respectively, the molten particle diameter, velocity, density,
and viscosity. The splat morphologies show that the condition
combining a high MI with a low Re describes highly molten
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particles traveling with low velocity, resulting in less particle
fragmentation upon impact, producing disk-shaped splats. How-
ever with, increasing Re, the splats fragment, and the morpholo-
gies depend on the molten state of the particles. It is observed
that the condition with low MI and high Re produces splats with
a missing core. Another parameter that has significant influence
on the splat morphology is substrate temperature. A higher sub-
strate temperature results in better wetting and adhesion, and
disk-shaped splats form rather than the fragmented splats that
form with a low substrate temperature. Finally, the angle-of-
impact effects are shown, in which the splats are disk-shaped for
normal incidence and elongated for the 45° impact angle. These
distinct morphologies certainly influence microstructure devel-
opment.

The microstructures of coatings, as a function of feedstock
particle size, particle velocity, and angle of impact are presented
in Fig. 2. The coating prepared from the fine powder shows well-
adhered splats, with a few interlamellar pores. The coating pre-
pared from the coarse powder, on the other hand, shows poorly
adhered splats and a significant number of large pores. This is
due to the existence of fragmented splats with poor splat-to-splat
contact, larger interlamellar pores, and larger areas of polishing
pullouts. The figure also compares microstructural features re-
sulting from low and high particle velocities. The coating
sprayed at low velocity shows well-adhered splats, compared

Journal of Thermal Spray Technology
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Fig. 4 Back-scattered SEM images showing microstructures for (a) an as-sprayed coating with (b) a high-magnification image, and (c) a thermally
cycled coating with (d) a high-magnification image. I, interlamellar pores; C, intrasplat cracks

Table 2 Property measurements of as-sprayed and thermally cycled coatings (10 cycles at 1150 °C/30 min heating + 15 min

cooling)
Out-of-plane
MIP Thermal conductivity, elastic modulus, In-plane elastic

Coating porosity, % W/M £ K) GPa modulus, GPa
Steel

As-sprayed 10.5+0.3 1.2£0.1 3001 414+1

Thermally cycled 9.0+0.5 1.8+0.3 344+4 355+2
Superalloy

As-sprayed 6.0+0.3 1.7+£0.3 29.0+1 37.4+2

Thermally cycled 54+0.3 474+2 47.0+4

Note: Values given as mean + SD.
(a) Sample broke; hence, it could not be measured.

with that sprayed at high velocity. Also, the thickness of the
splats is different; the low-velocity condition results in thicker
splats than the high-velocity condition, and thus there are fewer
interfaces in the former case than in the latter case. The micro-
structures for the angle-of-impact studies show segmented crack
networks due to the biaxial stress developed during deposition at
high power and particle flux. Earlier work on the effect of spray
angle on gray alumina coatings showed the tendency for cracks
to orient preferentially with the spray direction (Ref 23). This
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surprising effect is seen for PSZ coatings (tougher than alu-
mina), showing cracks tilted by 70° to 80° to the substrate plane
for the substrate inclined 45° from the spray angle. A detailed
study of porosity-property correlations for these conditions has
been presented elsewhere (Ref 24).

Figure 3 offers some insights into microstructure develop-
ment by showing the three types of void systems that have been
identified in these ceramic coatings. The intrasplat cracks result
from the relaxation of residual stresses that developed due to

Volume 14(2) June 2005—245

&
o
o
)
S,
g
®
Q




g Spray
() ’ 7
S dircction
2 :
N Free-standing
é’ coating Scattered data on the
5 2D position-sensitive
R —_———
o . detector
Q Monochromatic Scattered
neutrons neutrons
>
SANS setup Contribution from features Contribution from features
Incident beam for i
erpendicular to substrate
circularly-symmetric Spray perp ~ paralld to substrate
sample orientation direction ™, e
o Y, T Tk
7 = ’;’ Coating ————®| I'\ P ;
% - Z p - Globular
Incillent beam for -~ -« Substrale '\_) L o ; /( pores
:misr.ltr(lpic sample oricntation A v i . S
' “ el W .
. R wd d e
Two sample orientations Y R / Interlamellar
ateasplat | - o | | pores
cracks e e
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constrained shrinkage of a solidifying splat. The interlamellar
pores result from particle fragmentation that causes poor wet-
ting/adhesion between the splats. The globular pores result from
a lack of filling around the undulation of the splats as well as
from the existence of missing core due to incomplete melting of
the particle in the flame.

Porosity (%)

7.2 Porosity Characterization and Thermal
Cycling Effects

This section presents a case study in which quantitative mi-

As sprayed Th. cyeled crostructural characterization is carried out on initial and aged
M Porosity M Interlamellar pores OIntrasplat cracks O Globular pores coatings to trace the changes that take place upon thermal cy-
cling. The coatings were deposited either onto mild steel or onto

Fig. 6 Quantitative separation of the coating porosity into the micro- bond-coated superalloy substrates. Upon high-temperature ex-
structural components posure at 1150 °C, the coating on the steel substrate abruptly

Table 3 Quantitative multiple small-angle neutron scattering results with orientation information

Component porosity, %

Opening
Interlamellar Intrasplat Globular dimensions, Globular pore

Coating Porosity, % pores pores pores nm diameter, pm Cracks, % Pores, %
As-sprayed 9.0+0.3 3.1+0.5 1.3+£0.5 45+0.2 0.047 +0.005 0.30+0.03

0°-30° 0.8 92.6

30°-60° 17.9 6.9

60°-90° 81.3 0.5
Thermally cycled 11.1+£04 46+0.6 08+09 55+05 0.051 +0.006 0.30 £ 0.04

0°-30° 3.8 99.0

30°-60° 25.8 0.73

60°-90° 70.4 0.27

Note: Values given as mean + SD, unless otherwise indicated.
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debonded, while that on the superalloy substrate remained in-
tact. This difference was attributable to the different coefficient
of thermal expansion (CTE) mismatches in the two cases as well
as poor oxidation resistance of steel at 1150 °C.

Cross-sectional SEM micrographs of the as-sprayed and
thermally cycled coatings are presented in Fig. 4, in which 4(a)
shows a typical plasma-sprayed coating with a layered structure.
The interlamellar porosity, resulting from poor adhesion be-
tween the splats, is evident. The inset of Fig. 4b (the high-
magnification image) reveals the presence of microcracks. Fig-
ure 4(c) shows a dense coating microstructure after thermal
cycling, and Fig. 4(d) (the high-magnification image) shows that
the microcracks have sintered upon heating.

Table 2 presents coating property results for an as-sprayed
coating on steel, a thermally cycled coating on steel, an as-
sprayed coating on a superalloy, and a thermally cycled coating
on a superalloy. The porosity, measured using MIP, thermal
conductivity, and elastic modulus values, is given for the PSZ
coating in each case, together with the estimated SDs. The table
shows that the thermal conductivity of the as-sprayed coatings is
significantly different for the coatings sprayed on different sub-
strates. In-plane and out-of-plane measurements indicate the de-
gree of anisotropy in each coating. The out-of-plane elastic
modulus values (made in the through-thickness direction) are
not significantly different between the coatings, but the in-plane
values (made on the cut cross section) are some 15% different.
Upon thermal cycling, the thermal conductivity increases for the
one coating that was measured (the free-standing form of the
coating off the bond-coated superalloy substrate broke). The in-
fluence of CTE mismatch between the coating and the substrate
is evident in the modulus values. The out-of-plane modulus
(measured on the top surface) increases for both coatings, due to
sintering of the interlamellar pores. The in-plane modulus,
which is sensitive to the crack networks, exhibits a different be-
havior. Due to CTE mismatch between steel and zirconia, and
the severe oxidation of the steel substrate, cracks open on heat-
ing, and the modulus decreases. However, with the superalloy
substrate, the lower CTE mismatch between the bond coat and
the top coat leads to crack sintering and, hence, to an increase in
the elastic modulus. Further insight into the porosity-property
relationship is sought using scattering techniques.

7.3 Small-Angle Neutron Scattering Results

This section presents SANS results for the coatings deposited
on the superalloy substrates in their as-sprayed and thermally
cycled conditions. Figure 5 recalls the experimental beam ge-
ometry, and indicates how the different anisotropic distributions
of'intrasplat cracks and interlamellar pores contribute to the (Po-
rod) scattering for the anisotropic sample orientation. The re-
sults from a quantitative separation of microstructural features
into their components, which was obtained from the MSANS
model analysis, are presented in Fig. 6 and Table 3. Information
on the component porosities, their mean opening dimensions,
and the approximate orientation distributions of the three void
populations, which were obtained by satisfying all of the con-
straints in the MSANS model, are listed in Table 3 with their
estimated standard uncertainties. Approximate anisotropic ori-
entation distributions of the intrasplat cracks and the interlamel-
lar pores, which were derived from the MSANS model, are also
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shown in Table 3. The orientation distributions for the inter-
lamellar-pore spheroidal elements with 1-to-5-aspect ratio and
the intrasplat-crack elements with 1-to-10 aspect ratio are sepa-
rately parameterized, such that the intrasplat cracks are found to
be predominantly perpendicular to the substrate (spheroidal-
elements normal cracks 60° to 90° from the spray direction), and
the interlamellar pores are found to be predominantly parallel to
the substrate (spheroidal-elements normal cracks 0° to 30° from
the spray direction).

The results in Table 3 indicate that the total porosity mea-
sured by the PD method increases upon thermal cycling. Table 3,
however, shows the component porosity of intrasplat cracks de-
creasing for the thermally cycled case, owing to sintering.

7.4 Ultra-Small-Angle X-Ray Scattering Results

The USAXS studies of the as-sprayed and the thermally
cycled coatings are presented in Fig. 7, which shows the quan-
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Fig.7 MAXENT void volume fraction size distributions, V(<0O.D.>),
for given directions of Q with respect to the spray direction: (a) as-
sprayed coating; and (b) thermally cycled coating
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titative volume distributions of the intrasplat cracks and the in-
terlamellar pores for the two coatings. The crack and pore vol-
ume size distributions were derived from the USAXS intensity
versus Q curves using the maximum entropy-fitting routine,
MAXENT (Ref 25). The calculated size distributions assume
random orientation distributions of the cracks and interlamellar
pores. However, despite the anisotropy observed, the basic
trends are still apparent. The results indicate that both intrasplat
cracks and interlamellar pores are present in the as-sprayed coat-
ing (Fig. 7a), whereas the interlamellar pores dominate the mi-
crostructure in the thermally cycled coating (Fig. 7b). These re-
sults are consistent with the microscopy data. The size ranges of
the intrasplat cracks and interlamellar pores are marginally dif-
ferent for both systems. The analysis shows the opening dimen-
sion for interlamellar pores to be between 116 and 150 nm, and
that for the intrasplat cracks to be between 22 and 43 nm. The
aspect ratio was assumed to be 1 to 10 for both cases. Upon
thermal cycling, the opening dimension for interlamellar pores
decreases to between 91 and 145 nm, and that for the intrasplat
cracks increases to between 43 and 68 nm. This increase in size
can be attributed to CTE mismatch between the coating and sub-
strate upon heating. However, it should be noted that the Q reso-
lution of the USAXS instrument limits the detection of void
sizes to those below 1.5 um in radial diameter.

7.5 X-Ray Microtomography Results

The raw data collected as cross-sectional maps are recon-
structed using the fast-Fourier transform algorithm, based on the
so-called Fourier slice theorem, which is used to generate indi-
vidual 2D slices. These slices were normalized and centered to
generate sinograms (grayscale density maps). Figure 8 shows

three such images, revealing the variation of porosity with thick-
ness. These grayscale images depict bimodal peaks in the histo-
gram of the linear attenuation coefficient; one is due to the voids,
and the other is due to the solid material. This histogram allows
threshold attenuation values to be selected for porosity calcula-
tions. Figure 9 shows reconstructed 3D images of the coating
microstructures, in which the void space is displayed as trans-
parent. Void features are evident in both the as-sprayed coatings
and in the thermally cycled condition. The reconstructed images
show a predominantly globular porosity due to the resolution
limit of the XMT facility.

The procedure to obtain the results of the 3D medial axis
analysis carried out on these images was as follows. First, the 2D
images were converted from grayscale density to “black-and-
white” images by a process of segmentation, involving popula-
tion assignment (material and pores) for each voxel in the image.
Because the pore-grain boundary in the image is “fuzzy” due to
the finite voxel resolution and the image-collection noise, a lo-
calized thresholding procedure, based on the indicator-kriging
algorithm (Ref21), was used. These segmented images are then
treated using a mathematical erosion algorithm, for example, to
construct the medial axis (skeleton) of the void space, and to
obtain geometric information on the specific surface area and the
distribution of volumes of disconnected components. The po-
rosities, which are measured by a straight voxel-voxel count of
black-and-white regions in the segmented images, are presented
in Fig. 10. Each individual point in Fig. 10 is a volumetric aver-
age of 10 slices in the coating. Also the SD for each point is
about 1% to 2%, which is unnoticeable on the graph. Thus, the
variation in porosity with depth, which was observed in the as-
sprayed case, reflects changes in the splat-void microstructure
that occurred as different layers were deposited. Much of this

FOH pm.*

Spatial resolution limits visualization
of interlamellar pores and intrasplat cracks.

Cross-section of plasma sprayed coating

showing globular pores along with
interlamellar porosity

Fig. 8 Raw XMT images showing the variation in coating porosity through the thickness
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Fig. 9 Three-dimensional XMT image reconstruction of TBC microstructures showing globular porosity at 1.3 um resolution. Some sintering is

observed in the thermally cycled coating.
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Fig. 10 The effect of thermal cycling on the porosity variation through

the coating thickness. The fluctuation in the as-sprayed coating reflects spatial

variation in the layered splat structure. After thermal cycling, much of the variation has been sintered out.

variation has disappeared upon thermal cycling. Some degree of
sintering of the globular pores is evident in the XMT images;
however, the SANS and USAXS results indicate significant sin-
tering of the other voids present, which were not resolved by
XMT.
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8. Conclusions

Through extension of existing SANS (i.e., MSANS) and
USAXS experimental methods, together with a corresponding
extension in the interpretation of their data using anisotropic mi-
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crostructural models, significant advances have been success-
fully demonstrated in the microstructural characterization of in-
dustrially relevant TBCs.

The distributions of various void defects have been delin-
eated and are related to specific process controls:

*  Microstructure and processing parameters have been corre-
lated with coating properties, such as thermal conductivity
and elastic modulus.

*  Thiskind of integrated approach, combined with tracing the
evolution of microstructural and property changes upon ser-
vice-encountered heating, is now available to help establish
rigorous processing-microstructure-property relationships
in future TBC designs.
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