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A multicomponent microstructure model is applied in ultrasmall-
angle X-ray scattering studies of two groups of plasma-sprayed
yttria-stabilized zirconia thermal barrier coatings (TBCs). One
group was sprayed from a single powder feedstock using
controlled processing conditions. The other group included three
different feedstock morphologies (obtained from different man-
ufacturing methods), each with a similar particle size distribution
and sprayed under the same average controlled processing
conditions. The microstructure is quantitatively related to the
feedstock morphology and processing conditions. Relationships
are explored among these microstructures and the coating prop-
erties (e.g., thermal conductivity, elastic modulus). The degree
of microstructural anisotropy is demonstrated to be pore-size
dependent, being more pronounced for larger pores, and more
sensitive to feedstock morphology (powder processing) than to
spray processing. The microstructure analysis indicates two
broad distributions of interlamellar pores, which combined,
account for 70%—-80% of the pore volume. The total porosity
is found to increase with decreasing particle temperature or
velocity. For all coatings, a negative linear relationship exists
between thermal conductivity and total porosity. Comparison of
the new analysis is made with earlier small-angle neutron scat-
tering results, and implications are considered for a more general
application of this metrology in TBC microstructure design.

I. Introduction

THERMAL barrier coatings (TBCs) produced by thermal
spraying (principally, plasma spraying) have been widely
used for industrial applications such as in gas turbines and diesel
engines.' The performance of these ceramic coatings in oper-
ation at high temperature, in a corrosive atmosphere, and under
mechanical loading depends largely on their microstructure, and
particularly on the distribution of both the solid/gas and solid/
solid interfaces. Furthermore, it is the anisotropic distribution
of pores, cracks, and interfaces that govern the thermal and
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mechanical properties of the coatings.* Thus, achieving a quan-
titative understanding of these complex microstructures in
plasma-sprayed TBCs is critical to developing the advanced
materials and technologies that will lead to superior high-
temperature performance. This demands a quantitative charac-
terization of microstructural parameters such as the component
volume fractions and the size, shape, and orientation distri-
butions of the void networks.

Previously, different kinds of small-angle X-ray and neutron
scattering measurements (SAXS and SANS) have demonstrated
the ability to provide the necessary quantitative microstructural
characterization.”™ These diffraction-based methods have
been used to successfully extract statistically representative mi-
crostructural information important for developing advanced
technological materials. Taking advantage of the penetrating
power of neutrons in solid materials, the SANS method first
revealed the multicomponent anisotropic microstructures in
ceramic plasma-sprayed coatings.” !> By exploiting and extend-
ing the multiple-SANS (MSANS) technique, it was possible
eventually to provide a fully quantitative analysis of the micro-
structures found in water plasma-sprayed or air plasma-sprayed
(APS) TBCs,"* ' including metallic TBCs,'® both as a function
of the feedstock/process variables'” and as required for property
prediction.'® SAXS methods have now also been applied
to TBC microstructure characterization in order to exploit
the small X-ray beam size to study thinner TBCs of greater
industrial relevance,'®! and a wider range of application®*
and type,®* including electron-beam physical vapor deposits
(EB-PVD).>>?7 A more rapid ability to characterize the micro-
structures of thin APS coatings (here 400 um, but potentially
<100 pm) over the scale range from nanometers to micro-
meters has emerged from the high spatial resolution (small-beam
size) of anisotropic ultrasmall-angle X-ray scattering (USAXS)
measurements.”®  Anisotropic USAXS measurements are
particularly well suited to quantify, in a single scan, the micro-
structure over a continuous scale range from nanometers to
micrometers for a given sample orientation. This now moti-
vates the quantitative microstructure characterization of a new
sample matrix, aimed at relating microstructure to the thermal
and mechanical properties for TBC materials of significant
current industrial interest. To this end, the present study
focuses on the USAXS microstructure characterization of two
groups of plasma-sprayed yttria-stabilized zirconia (YSZ) coat-
ings, coupled with a range of processing controls and property
measurements. Reported herein are the results of a study
based on two processing maps and three powder morphology
samples (designated PRM and POM, respectively), encom-
passing a large variation of processing conditions and the
feedstock morphology.
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Table I. Feedstock Characteristics and Deposition Parameters

Particle size (um) Substrate

Powder mean, minimum, H, N, Current Voltage Temperature Velocity temperature
Sample type Manufacturer maximum, ds," (SLPM") (SLPM)  (A) V) (°C) (m/s) (°C)
PRM-1 F&C Saint-Gobain Ceramics, 64.1, 31.4, 96.9, 64.0 1.7 319 466 65.8 2504+10 80+2 290

Worcestor, MA

PRM-2 F&C Saint-Gobain Ceramics 64.1, 31.4, 96.9, 64.0 12.0 63.1 634 79.5 2677+10 15042 290
PRM-3 F&C Saint-Gobain Ceramics 64.1, 31.4, 96.9, 64.0 6.0 31.6 634 69.2 2631+10 103+2 280
PRM-4 F&C Saint-Gobain Ceramics 64.1, 314,969,640 6.0 316 466 668 2518410 7942 280

POM-F&C F&C Saint-Gobain Ceramics 64.1, 31.4, 96.9,64.0 7.1 480 466 79.8 2663+10 125+2 NA

POM-HOSP HOSP Sulzer Metco
POM-A&S A&S H. C. Starck, Goslar,
Germany

60.8,27.4,94.7,604 69 519 513 793 2666+10 125+2 260
58.7,26.8,97.0,55.0 6.9 517 548 76.1 2664+10 12542 NA

Tdso is a value on the distribution such that 50% of the particles have a volume of this value or less. SLPM, standard liters per minute (standard flow); F&C, fused and
crushed; A&S, agglomerated and sintered; POM, powder morphology; PRM, processing maps.

The USAXS instrumentation and analysis for effective TBC
characterization differs from those used in the SANS and
MSANS approach. Previously, a maximum entropy algorithm?
has been applied to determine the apparent size distributions
of voids in TBCs from USAXS data associated with different
orientations with respect to the substrate plane.?®*® From such
analyses, information was inferred regarding the sizes and volume
fractions of the void components. Meanwhile, a more rigorous
approach has been developed, presented in a preliminary form,”
and applied to the analysis of EB-PVD TBCs.”” The plasma-
spray microstructure is somewhat different, and this paper
presents the model, for the first time, as it relates to the APS
case. The fully quantitative application of this multicomponent
anisotropic model has been implemented here for a full sample-
set of plasma-sprayed TBCs. Application of the full model has
enabled a series of coating microstructures of industrial impor-
tance to be interrogated systematically with regard to the generic
processing—microstructure—property relations in YSZ-based
plasma-sprayed coatings.

Plasma-sprayed coatings are produced by the build-up of mol-
ten droplets (splats) by successive impact, forming a complex,
layered microstructure, with the splats as the fundamental build-
ing blocks.* Owing to recent advances in process diagnostics, it
is now possible to obtain particle characteristics such as temper-
ature, velocity, and size for tens of thousands of particles actually
in flight as the coating is deposited. This is providing improved
insights into the particles’ in-flight state and hence a better
understanding of the microstructural characteristics of coatings
resulting from various feedstock morphologies and particle
size distributions. This diagnostic-integrated process approach
to coating characterization, using process maps, leads to a more
thorough understanding of the complex multivariable deposition
process. In this paper, we demonstrate how the USAXS method
can elucidate the complex processing—microstructure—property
relationships in plasma-sprayed TBCs and similar systems.

II. Experimental Procedure and Microstructure Model

(1) Coating Preparation

Two groups of YSZ (ZrO,-8% mass Y,0Os3) coatings were
sprayed using a 7 MB torch (Sulzer Metco,! Westbury, NY)
with N>—H, as the plasma forming gases and N, as the carrier
gas in ambient atmosphere. The process map or PRM group
specimens were produced using a fused-and-crushed (F&C) feed-
stock, the surface of which has angular polyhedral morphol-
ogy.?® The process space was systematically explored with
respect to various deposition conditions, with average particle
temperatures and velocities ranging from 2500° to 2680°C and
80 to 150 m/s. The powder morphology or POM specimens were

iCertain commercial materials and equipment are identified in this report only to specify
adequately the experimental procedure. In no case does such identification imply recom-
mendation by NIST nor does it imply that the material or equipment identified is necessarily
the best available for this purpose.

produced by spraying three distinctly different feedstock mo-
rphologies, namely (1) polyhedral (F&C), (2) solid spherical (ag-
glomerated and sintered, denoted A&S), and (3) hollow spherical
(plasma densified or HOSP). All three feedstock morphologies
were sprayed such that the average particle temperature and
velocity at the center of the plasma plume (averaged over 10 000
particles) were the same without varying the torch parameters
significantly. The particle diagnostics were obtained using a
in-flight particle sensor DPV-2000 (Tecnar Automation Ltd.,
St-Bruno, Quebec, Canada), and deposits were made on Al-
6061-T6511 substrates of dimension: 225 mm x 25 mm x 3 mm.
The selection of substrate type and dimension were due to a
larger investigative framework to monitor the curvature of the
specimen during and after deposition in an effort to extract lin-
ear and nonlinear elastic properties of the coatings. More details
can be found in the literature.*'

Table I provides a list of the process parameters used (feed-
stock and deposition parameters), together with the resulting
particle state for each sample sprayed. For the USAXS measure-
ments, thin coating cross sections (1 mm) were cut perpendicular
to the substrate, using an ISOMET 2000 precision diamond-saw
(Buehler, Lake Bluff, IL), and ground and polished down to
<200 pm using a Tripod Polisher device (Precision TEM Inc.,
Santa Clara, CA).

(2) USAXS Experiments

Full details of the small-angle scattering method and its appli-
cation to ceramic systems are given elsewhere.*?> When a well-
collimated, monochromatic X-ray or neutron beam passes
through a heterogeneous material such as a TBC sample, part
of the incident beam intensity is scattered out of the incident
beam direction by heterogeneities (e.g., voids) within the sample.
The scattered intensity profile is essentially a Fourier transform
of the real-space microstructure in the direction of the scattering
vector, Q, which bisects the incident and scattered beam direc-
tions. The magnitude of Q is given by Q = |Q| = (4r/A)sin 6,
where A is the X-ray (or neutron) wavelength, and 26 is the angle
of scatter. Because 0 is small, the direction of Q is approximately
in the plane of the sample and is in the azimuthal direction
corresponding to the associated scattering direction. In princi-
ple, by absolute-calibrating the small-angle scattered intensity,
I(Q), as a probability function for scattering out of the incident
beam, both the volume fraction (porosity) and the size distribu-
tion of the scattering features (voids) can be determined.
Compared with conventional small-angle scattering, where
the Q resolution is determined largely by the beam and detector
collimation geometry, the ultrasmall-angle scattering method
uses multiple crystal Bragg reflections, both before and after the
sample, to provide a Q resolution independent of the beam size
and determined solely by the inherent angular width of the
Bragg reflections. This significantly reduces the minimum acces-
sible 0, and extends the corresponding scale of measurable
structural features up into the micrometer regime. In its stan-
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dard form, the scattering data are intrinsically “slit-smeared” in
the plane perpendicular to the crystal diffractions in the scat-
tering plane. For studying anisotropic microstructures, crystal
diffractions are introduced in the transverse plane before and
after the sample, and these remove the slit-smearing effects.

The USAXS experiments were conducted using the NIST-built
USAXS instrument’** at XOR-UNI Sector 33-ID at the Ad-
vanced Photon Source, Argonne National Laboratory, Argonne,
IL, using an X-ray energy of 16.9 keV and a beam size of 0.3
mm x 0.4 mm. This instrument permits examination of the an-
isotropic microstructure for void sizes up to more than 1 pm.> In
the present USAXS experiments, the microstructural anisotropy
at a number of fixed Q values, corresponding to different length
scales, was examined by measuring the scattered intensity while
rotating the TBC cross-section sample around the incident beam
direction. Thus, the polar angle, o, between the Q direction and
the symmetry axis, i.e., the spray direction, was varied through
0°-360°. This is denoted an anisoscan. Then, the scattered inten-
sity profile was measured as a function of Q at fixed polar angles
a=0°22.5°45° 67.5°, and 90°, over the Q range from 0.0001 to
0.1 A=! (a USAXS scan). Because the microstructure is axially
symmetric about the spray direction, the three-dimensional mi-
crostructure could be obtained by analyzing the one-dimensional
scattering data measured in several azimuthal directions.

Raw data were reduced and calibrated, and parasitic back-
ground effects removed, using the data reduction software pack-
age, Indra.>> Appropriate multiple scattering corrections were
made when needed to the absolute-calibrated scattered intensities,
as implemented in the Indra package. The absolute intensity 7(Q)
data in three directions of Q were then simultaneously fitted with a
multicomponent structural model, constrained by the additional
requirement that the predicted scattering anisotropies are consis-
tent with the anisocan data measured at the various Q values.

(3) Anisotropic Model for USAXS Analysis

The complex TBC pore microstructure is divided into three types
of voids: interlamellar pores (preferentially oriented parallel
with the substrate), intralamellar cracks (preferentially oriented
perpendicular to the substrate), and globular pores. A nonlinear
least-squares fitting routine is used, which assumes separate
Gaussian size distributions of spheroidal void elements with
orthogonal radii: Ro, Ro, PRo, and aspect ratio, B, for each
void component. As in previous SANS work,"*'® reasonable
results are obtainable with B = 0.1, 0.2, and 1.0, respectively, for
intralamellar cracks, interlamellar pores, and globular pores. For
each void component, j, the scattered intensity, 7(Q), is given by

00 n/2
1(0) = /O dRo /0 dou(P; (o) (QRo, B, X) sin ) (Ro)
()

where @;(Ro) is the size distribution and Pf«) the orientation
distribution such that: [;* ®;(Ro)dRo = ®jrorar With @ the
j component total porosity and [~ P;(o) sinacdo = 1.

In the present case, it is convenient to define P(a) in the fol-
lowing analytical form, a modified March-Dollase function®®:

Pj(2) = ap({cos(ot — a1)}* +a3) 2

where a; = 0° for the interlamellar pores and a; = 90° for the
intralamellar cracks; a, determines how narrowly the preferred
orientation is associated with the o value given by a;; with the
larger values of a, defining a smaller angular width for the pre-
ferred orientation around o; a5 indicates the fraction of the jth
component with no preferred orientation, and aq is a normal-
ization parameter needed to satisfy the orientation integral
requirement given above. The parameters, a, and a3, are
adjusted to optimize the fits both to the USAXS data for
different Q orientations, and to the anisoscans obtained at differ-
ent Q values.
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Continuing
I} (QRo. B, X) = V;(Ro)|Ap"Fi(QRo, B, X)S(0) 3

where V,»(RO):4BTER%/3, |Ap|? is the scattering contrast be-
tween the solid phase and the voids, and the structure factor,
S(Q) = 1, provided that the voids are not significantly correlated
with each other. Finally

E(QR07 B7 X)

_ 9 (JW(QRO’((BX))) 2 “

2\ [QRoK (B, X))/

where J35(x) denotes a Bessel function of order 3/2 and, for an
axially symmetric microstructure:
KB, X)=(1—(1-pHx)'"?  with X = cosa )
For both sets of interlamellar pores and for the intralamellar
cracks, Egs. (1)—(5) indicate that the scattered intensity, /;(Q), is
largest when Q is perpendicular to the planes of these features,
i.e., when Q is along the BRo symmetry axis of the individual
spheroids. Thus, the small-angle scattering data are most sensi-
tive to the mean opening dimension, {OD), of the planar
voids and cracks, given by {OD ) = 4BRo/3 for the spheroidal
elements considered here. General small-angle scattering the-
ory>? indicates that when 1/Q is around half the mean dimension
in the direction of Q, the data are most indicative of the size and
volume fraction of the scattering features. At significantly larger
0 (0 > 1/<OD}), I;(Q) obeys the Porod scattering law:

2m[Ap[*SY*P
o

where S$FF is an apparent void surface area per unit sample
volume for the direction of Q measured. In fact, as has been
described in detail in previous work,”'* the orientational de-
pendence of SYFF amplifies the orientational anisotropy actually
present, and this helps distinguish the different void systems in
the high Q data. Furthermore, as also shown previously,*'* an
orientational average of Eq. (6) over all solid angles provides the
true surface area, Sy. In the present case, the anisotropic Porod
scattering is included in the model described by Eqgs. (1)—(5).

Although three types of voids are included in the multi-
component model, it has been found in USAXS studies of
plasma-sprayed TBCs that four components must be used
to obtain successful fits to the USAXS data while, simulta-
neously, predicting anisotropies that are consistent with the
measured anisoscans.>> The additional population comprises
coarse interlamellar pores, as discussed further below.

5(Q) (6)

(4) Thermal Conductivity Measurements

Thermal conductivity measurements were made in air under
ambient conditions at room temperature using a laser-flash
instrument (Holometrix Micromet, Holometrix Inc., division of
Netzch Inc., Burlington, MA) on 12.7-mm-diameter disk-
shaped free-standing specimens. Coatings, typically in the
thickness range of 300400 pm were carefully separated from
the aluminum substrate by grinding away the aluminum. The
free-standing samples were then sprayed with a thin film of
spray on graphite (Balkamp Inc., Indianapolis, IN). Further
details of the procedure is reported in earlier papers.>”*® The
measurements were carried out in the out-of-plane (spray) di-
rection, normal to the coating (see Table II). The quoted stan-
dard deviation of the measurements is for nine separate
measurements for each specimen.

(5) Elastic Modulus Measurement

In order to determine how the microstructural anisotropy is
related to the elastic modulus anisotropy, both the in-plane and
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Table II. Thermal Conductivity (Out-of-Plane) and Elastic
Modulus Measurements
Thermal E(spray) E(plane)
conductivity (GPa) (GPa)
Sample W- (m-K)™h (out-of-plane) (in-plane)
PRM-1 0.97 (2)
PRM-2 1.29 (2)
PRM-3 1.13 (1)
PRM-4 1.00 (1)
POM-F&C 1.30 (1) 55.9 (17) 46.5 (13)
POM-HOSP 1.00 (3) 33.5 (12) 39.4 (16)
POM-A&S 1.18 (14) 51.5 (27) 45.6 (15)

Standard deviation uncertainties given in parentheses in least significant digits.
POM, powder morphology; PRM, processing maps.

out-of-plane elastic indentation moduli were measured for the
POM samples using an instrumented depth-sensitive micro-
indentation method with the coatings attached to the substrate
(Table II). A Fischerscope (Fischer Technology Inc., Windsor,
CT) 100°C microhardness tester using a Vickers-type indenter
(with a maximum load Fy,, = 1 N) was used, with impressions
taken at random locations. Each sample was indented at 15
different locations, and the indentation moduli measured for
each of the 15 indents. The mean value of the measurements on
each sample is presented in Table II, together with the co-
rresponding standard deviation uncertainty for 15 separate
measurements for each specimen.

III. Results and Discussion

(1) Microstructural Anisotropy in PRM and POM Coatings
Figure 1 compares scanning electron microscopy (SEM) images
with USAXS results presented in a polar plot for a typical
plasma-sprayed TBC. It shows the variation in the scattering

Spray
(a} direction

Coating on
substrate

10 micrometers

Vol. 92, No. 2

intensity versus the angle, o, at four different values of Q. The
coordinate system used throughout this paper is given in
Fig. 1(a). The polar plot shows that the maximum scattering
intensity occurs when Q is parallel to the spray direction. Here
and below, the polar plots need to be interpreted in the context
of the plasma-sprayed microstructure. All of the anisotropy
in the microstructure arises from the anisotropic orientation
distribution of features that are planar or oblate in their shape.
There are two main anisotropic distributions: interlamellar
pores preferentially aligned parallel to the substrate, and intra-
lamellar cracks preferentially aligned perpendicular to the sub-
strate plane. For a given planar pore or crack, the scattering
intensity is at a maximum when Q is perpendicular to the plane
of the pore.”!* Thus, the anisotropic scattering intensity is
expected to have a maximum along the spray direction due to
the interlamellar pore orientation distribution, and another
maximum when Q is parallel to the substrate plane due
to the intralamellar crack orientation distribution. In practice,
this second maximum is much suppressed because (i) the cracks
tend to be less prominent than the interlamellar pores, and (ii)
the orientation of Q parallel to the substrate plane is not just one
direction, but represents all directions within the substrate plane.
Nevertheless, the second maximum due to the cracks is visible
in the polar plot of Fig. 1 for the anisoscan data at the highest
Q value, corresponding to features with the smallest opening
dimension—such as the cracks.

Figure 1(b) illustrates the limited utility of micrographs for
quantitative analysis of the coating microstructures, providing
significant impetus for the USAXS studies reported here, as well
as the earlier SANS work.® From Figs. 1 and 2, all of the PRM
and POM samples exhibit a similar trend for the Q-dependent
patterns. Namely, at small Q, the anisotropic profile of the
normalized scattering intensity is an elongated ellipsoid orientated
along the 0°—180° spray direction, implying that the interlamellar
pores, which are predominantly pdl’dlle] to the substrate, are the
dominant mlcrostructural features in the large pore size regime
(Q =0.00025 A, corresponding to (OD)»~2/Q0=0.8 pm).

Spray | direction

Q=0 000254 0

Q=00014" ]
Q=0.00447 |7 - S
Q:DlDDHA' * -—-h-a—“-—éh'{:%h‘\ 315

x * 0O+

Fig.1. (a) Schematic of the sample coordinate system used throughout this paper; (b) typical cross-sectional scanning electron micrograph of a thermal

barrier coating (TBC); (c) scattering intensity as a function of polar angle, o, at Q =0.00025, 0.001, 0.004, and 0.008 A~

!, respectively, for a typical

thermal-sprayed YSZ TBC. Corresponding relationships between the scattering intensity and the microstructural features are schematically illustrated.

YSZ, yttria-stabilized zirconia.
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Fig.2. Scattering intensity as a function of polar angle, o, for PRM coatings (top) and POM coatings (bottom) at Q = 0.001, 0.004, and 0.008 Al

However, the relative scattering intensity in the 90°-270° direction
(perpendicular to the spray direction) increases at high Q, indi-
cating that the population of intralamellar cracks, which are pref-
erentially perpendicular to the substrate, contribute more
to the porosity in the fine pore size regime. Certainly, this is
the case for QO up to ~0.004 A~' (corresponding to
{OD>~2/0 =50 nm for the fine cracks). For 0>0.004 A~",
Fig. 3 indicates that the data follow a Q~* Porod law, and the
further changes in anisotropy seen in the anisoscans at larger Q
must be attributed to the amplified anisotropy of the Porod
scattering arising from the fine intralamellar cracks.
Comparison of Figs. 1(b) and (c) suggests that, as measured
by their mean opening dimensions, the interlamellar pores have
a broad size distribution, while the intralamellar cracks have a
narrower size distribution with a finer mean size. Also, while
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significant fractions of both the interlamellar pores and intra-
lamellar cracks are randomly distributed (see Table I1I), more
interlamellar pores, overall, are aligned parallel with the sub-
strate than intralamellar cracks are aligned perpendicular to it.
This is particularly true for the coarse interlamellar pores. These
observations are consistent both with previous work'® and with
the results of anisotropic structure modeling (next section),
where two populations of interlamellar voids are needed in
order to fit the scattering data.

In order to understand the effect of the process conditions
and feedstock morphology on the structural anisotropy, scat-
tering intensities from the anisoscans were plotted for PRM and
POM specimens at three different Q values in Fig. 2, which
shows only a modest variation in the scattering anisotropy
among the PRM group specimens. This suggests that the depo-

(b)

o |@=0.00025A" Q=0001A"

0
45 315 45 315
90 270 0 270
135 225 135 225
180 180
o |a=0004i” 0
45 315 45 315
90 270 0 270
135 225 135 225
180 180

Fig.3. Results for anisotropic ultrasmall-angle X-ray scattering structure refinement, containing data from three Q orientations; lines and symbols are
the fitted and observed scattering intensities, respectively (left with inset showing detailed fits). The polar graphs (right) show the agreement between the
calculated (filled circles) and observed (dark trace line) scattering anisotropy at four specified Q values.
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Table III. Detailed Breakdown of the Void Components from Ultrasmall-Angle X-Ray Scattering (USAXS)

Intralamellar cracks Fine interlamellar pores Coarse interlamellar pores Globular pores
Volume  Angular Volume  Angular Volume  Angular Volume
{(OD) fracton FWHM Random (OD) fraction FWHM Random <OD) fraction FWHM Random Diameter fraction

Sample (num) (%) (deg.)  fraction  (um) (%) (deg.)  fraction  (um) (%) (deg.)  fraction (nm) (%)
PRM-1 0.020 0.51 (1) 120° 083 0.2 144(1) 51° 087 045 348(2) 67° 070 215 224(2)
PRM-2 0.046 094 (1) 38° 093 0.15 3.61() 26° 096 0.52 325(2) 96° 0.63 240 1.09 (2)
PRM-3 0.041 0.67(1) 30° 095 0.6 3.19(2) 40° 088 0.51 438(3) 56° 076 216 123(2)
PRM-4 0.040 0.67 (1) 30° 097 0.15 3.40(2) 35° 090 047 545@3) 59° 0.68 1.78  1.56 (3)
POM-F&C 0.041 0.88 (1) 29° 094 0.15 4092 18 097 051 3.17@3) 67° 0.73 2.38 2.07(3)
POM-HOSP 0.036 0.78 (1) 120° 086 0.14 4.53(2) 53 082 040 556(4) 73° 068 188 1.49(2)
POM-A&S 0.042 0.55(1) 75° 090 0.15 290((2) 42° 095 041 431Q3) 45° 0.89 1.81 2.56 (3)

Fractional FWHM of size distributions: 0.2 for intralamellar cracks, 0.4 for both populations of interlamellar pores, 0.6 for globular pores. Aspect ratio, B: 0.1 for

intralamellar cracks, 0.2 for both populations of interlamellar pores; 1.0 (spheres) for globular pores. Standard deviations given in parentheses in least significant digits for
volume fractions; those for (OD) and diameters are about 1% of the value. Uncertainties for the FWHM of the angular range for preferred orientation, and for the
population fraction that is randomly oriented, are discussed in the text. Uncertainty values given represent the constrained fit uncertainties. Microstructure processing and
sampling uncertainties will be significantly larger. FWHM, full-width at half-maximum; POM, powder morphology; PRM, processing maps.

sition conditions, as used here, have only subtle effects on the
microstructural anisotropy of F&C-derived coatings. However,
significant variations in the scattering anisotropy are clearly
observable among the POM group specimens. Thus, the micro-
structural anisotropy is more sensitive to feedstock morphology
than to the processing conditions for a given feedstock. The
relative increase, from HOSP to A&S to F&C, in the relative
scattering intensity for the 90°-270° direction at all three Q
values, is correlated with the microstructural anisotropy over
the entire size range for the three feedstock coatings following
the order: HOSP > A&S > F&C. Here, the scattering anisotropy
is defined as the ratio of the anisoscan intensity in the 0°—180°
azimuthal direction to that in the 90°-270° direction, and mea-
sures a mixture of the anisotropic orientation distributions of
both the interlamellar pores and the intralamellar cracks, but is
also reduced (increased) by a greater (lesser) relative prominence
in the intralamellar crack population. With a significant crack
population and discernibly different anisotropic distributions
for the cracks and interlamellar pores, the crack component of
the anisoscan is frequently distinguishable from the interlamellar
pore component, particularly at high Q, due to the amplifying
effect of the orientational anisotropy in the Porod scattering.” '3
In the present case, the anisoscans indicate an anisotropic crack
population that increases, relative to the other components, in
the following order: HOSP < A&S < F&C. However, it should
be noted that the anisoscans are self-normalized; so these trends
do not necessarily reflect those in the absolute component
volume fractions.

The USAXS anisotropy data are consistent with an earlier
theoretical calculation that HOSP coatings exhibit the largest
difference in thermal conductivity between the out-of-plane and
in-plane directions.'® This is not surprising because the HOSP
feedstock produces a higher degree of flattening than other
feedstocks. The fact that there are not larger differences in the
thermal conductivities of most plasma-sprayed coatings in
the two directions'® indicates that the overall void population
in the fine-scale regime (as measured with USAXS), which is less
anisotropic than the coarse features (Fig. 1(c)) according to our
definition above, has a greater impact than previously thought
on the thermal conductivity of the coatings. Similarly, the
microstructural anisotropy can be quantitatively related to
the elastic modulus anisotropy, particularly for the POM
samples where the variation of anisotropy is expected to be
significant.

(2) Porosity of the PRM and POM Coatings

Small-angle scattering can arise from a variety of possible features
such as, grain boundaries, second phases, pores, and interfaces.
However, as the scattering contrast of the voids with respect to
the solid splats is the largest among all of the microstructural
features present, the scattering from pores dominates the overall

scattering from porous glasma—sprayed YSZ coatings. The X-ray
scattering contrast, |Ap|~, is therefore determined by the square of
the difference in the X-ray scattering-length (form-factor) density
in the voids (p=0) and in the YSZ ceramic, determined from
the YSZ composition and mass density, together with standard
X-ray form-factor data®® (p = 45.9 x 10" m~2). In order to quan-
tify the microstructural characteristics, it was assumed? that each
population of scatterers follows a Gaussian volume fraction size
distribution with a fixed full-width at half-maximum (FWHM)
and specific orientation distribution functions. The following as-
sumptions were found to provide acceptable fits to the USAXS
data for different Q orientations and also acceptable predictions
of the anisoscan data: the FWHM of the intralamellar crack di-
ameter distribution was set to 20% of the mean diameter, while
that for each of the two interlamellar pore populations was set
to 40% of their respective mean diameter, and the FWHM of
the globular pore size distribution was set to 60% of the mean
globular pore diameter. The orientation distribution functions
assumed were as defined previously, with the parameter, a;, set to
0° for the two populations of interlamellar pores, and to 90° for
the intralamellar cracks. The parameters, a, and a3, were adjusted
to predict the observed anisoscan variations, and sometimes fitted
to improve the model fits to the USAXS scan data. For both
populations of interlamellar pores, and for the intralamellar
cracks, only a relatively small fraction of each component
is found to have the preferred orientation, while the rest is ran-
domly oriented. However, the fraction of nonrandom oriented
interlamellar pores is greater than for the intralamellar cracks,
particularly for the coarse interlamellar pore population.
Furthermore, the nonrandom distribution of interlamellar pores
is more tightly aligned than it is for the intralamellar cracks.
Results for the fitted and derived parameters for each sample,
using the anisotropic microstructure model described, are pre-
sented in Table III. For convenience, each anisotropic orienta-
tion distribution is given in terms of the randomly oriented
fraction of the population, and the angular FWHM of the pre-
ferred orientation for the anisotropic part. Table III reveals a
complex variation in the individual parameters for each pore
population, but these combine to provide the trends described
previously with respect to Figs. 1, 2, and 3. There is some
covariance between the two orientation parameters presented in
Table III for each population, making estimation of their indi-
vidual uncertainties difficult to assess, but uncertainties in the
pore dimensions and volume fractions are given in Table III.
Typically, the interlamellar pores are distributed equitably be-
tween the fine and coarse populations with mean diameters
(2Ro) of =1 and =3 pm, respectively. With § = 0.2, this implies
corresponding mean {OD) values of 0.14 and 0.4 pm (smaller
than the largest values discussed earlier). For the intralamellar
cracks, typical mean diameters are obtained of ~0.6 pum, im-
plying that, with = 0.1, the mean <{OD ) ~40 nm. Meanwhile
the mean globular void diameter was typically found to be ~2
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Fig.4. Ultrasmall-angle X-ray scattering (USAXS)-derived total
porosity and void component porosities for PRM and POM coatings
obtained by anisotropic USAXS microstructural modeling.

um. A typical outcome of the fitting is shown in Fig. 3. The three
main components of the void structure and the total porosity for
the PRM and POM specimens are then plotted in Fig. 4, where
the two interlamellar pore populations, which define the TBC
solid splat morphology, are summed together.

For all samples in this study, it was found that the interlam-
ellar pores account for a major fraction of the total porosity
(70%-80%). Previously, SANS, and specifically multiple small-
angle neutron scattering (MSANS) has been used to quantify
the three main void components in YSZ TBCs sprayed with
different powder morphologies.!>?? A lower fraction of inter-
lamellar pores (30%—40%) was observed, although a similar
level of total porosity was found compared with the current
USAXS results. Table III indicates a possible explanation for
this difference: the SANS/MSANS method may categorize
much of the randomly oriented parts of the intralamellar crack
and the two interlamellar pore populations as globular voids.
Indeed, SANS smears out some of the anisotropic features in the
coatings due to the larger sample volumes measured, and also
the significant averaging over the angular width of the azimuthal
sectors used. However, SEM studies indicate that the large-scale
voids are mainly globular, and these may not be fully detected
within the minimum Q limit for USAXS due to their size. It
should be noted that there are few studies in the literature on the
relationships among powder morphology, coating microstruc-
ture, and properties. It is indeed difficult to compare these re-
sults directly with other studies, as they have their own signature
with respect to sources of feedstock and particle state. Based on
a comparison of the porosity obtained from the USAXS struc-
tural model and from other measurements (precision density
combined with SANS and MSANS) for a similar YSZ coating,
Iavsky et al.?® found that the two approaches gave very close
values for the sum of interlamellar pores and intralamellar
cracks: however, USAXS gave less globular porosity (about
1% for USAXS versus 5.9% for SANS/MSANS) because the
USAXS technique is mainly limited to sizes <1 pm. Conversely,
the MSANS method does not have sufficient sensitivity to
distinguish between the two populations of interlamellar pores
and, as a result, may count some of the coarser population in
with the globular pores.

(3) Relationship Between Processing, Microstructure, and
Thermal Properties

As well as affecting the microstructural anisotropies among the
PRM and POM samples, the feedstock morphology, together
with the particle deposition temperature and velocity, plays an
important role in determining the amounts of void component
porosity in the resulting microstructure. A higher thermal or
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kinetic energy of the spray droplets usually results in stronger
splat-splat interaction, consequently less porosity and an
increased thermal conductivity. Indeed, Table I and Fig. 4
indicate that the total porosity increases from 8.9% to 11.1%
with decreasing particle temperature and velocity (two param-
eters that are strongly correlated) for three PRM specimens
(PRM-2, 3, and 4). Coatings PRM-1 and PRM-4 have similar
particle deposition temperatures and velocities (Table I), but,
based on the USAXS results (Table III and Fig. 4), they are
dramatically different in both their component and total poros-
ities. The one clear processing-related factor that distinguishes
these two coatings is the H, flow rate in the plasma-forming gas
(Table I), which was much less for PRM-1 than for PRM-4, and
this could give rise to a change in the deposit morphology. When
these data are evaluated together with the thermal conductivity
data for all four PRM coatings, PRM-1 shows an anomaly in
that PRM-1 and PRM-4 exhibit similar thermal conductivities,
despite the differences in porosity and morphology. Based
on the pore morphology PRM-1 would be expected to have a
significantly greater thermal conductivity.

Two plausible explanations can address this issue:

Even though PRM-1 has similar average particle temperature
and velocities, the effective melt content of PRM-1 can be
substantially lower than that of PRM-4. The diagnostics only
provide surface temperatures and not the melt content. In fact,
PRM-1 has a lower melting index* than PRM-4. The conse-
quence of this parametric difference is a significantly increased
level of globular porosity within the coating (of PRM-1) as
a result of entrapped unmelted particles and lack of adequate
flattening. The USAXS results provide evidence of this, with
almost 30% of the total porosity being globular for PRM-1
while this ratio is 12%-14% for the other three PRM samples.
Note too that the total porosity as detected by USAXS is lowest
for PRM-1. Therefore, it is possible that the diminished thermal
conductivity of PRM-1 arises from its enhanced large-scale
(globular) porosity.

Another possible explanation for the PRM-1 results may lie
in a combination of a low gas pressure for H, (or possibly Nj)
entrapped within the closed voids, arising from the low H,
(or N») flow rates used in the spray-process for PRM-1, and
the small {OD) values found for the PRM-1 microstructure
(Table III). The literature has shown how the thermal conduc-
tivity, Kgas, of a low pressure gas confined within a fine pore
(a Knudsen gas) can be significantly reduced from the thermal
conductivity, Ko gas, of the same gas not so confined, and is
of the form*”:  ~

Ko_cas

Kgas = (1 N $> N

where T is the absolute temperature, P is the pressure, and Bis a
constant. Recently, the applicability of this relation to TBCs has
been demonstrated.*! For the PRM-1 coating, the <OD ) value,
particularly for the intralamellar cracks, is small, and the flow
rates for both the H, and N, spray gases are also small. Con-
sequently, if the pressure, P, of any entrapped H, or N, gas is
reduced, then Kgas could be significantly reduced from Ko gas-
A large number of fine cracks could act as a significant barrier to
the heat flow, thus reducing the thermal conductivity measured.
(Note that even though the conductivity was measured in the
out-of-plane direction and the cracks are preferentially aligned
perpendicular to the substrate, Table III indicates that some
83% of them are randomly aligned and will act as a barrier to
heat transfer in any direction.)

The POM group specimens show similar porosities (10.2%
and 10.3%, respectively) for coatings from the F&C and A&S
feedstock, and higher porosity (12.7%) for coatings from the
HOSP feedstock (Fig. 4), consistent with the lowest thermal
conductivity being found for the HOSP coating (Fig. 5). The
higher volume ratios of interlamellar pores to intralamellar
cracks, combined with the low globular porosity found in the
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HOSP coatings, result in the strong structural anisotropy of the
POM-HOSP specimen, as defined with respect to the anisoscan
plots, discussed earlier.

When the measured thermal conductivities are plotted against
each void component, as well as the total porosity obtained
from the USAXS data analysis for corresponding specimens, a
correlation is found only for the interlamellar pores and the total
porosity, except for the PRM-1 specimen (Fig. 5). The relation-
ship between porosity and thermal conductivity is similar for the
PRM and POM coatings (excluding PRM-1). Although all
types of pores can play specific roles in impeding heat flow, it
is usually the interlamellar pores that contribute most effectively
to impeding the heat flow through the thickness. Linear fits of
the thermal conductivity versus the total porosity for the data
found for six of the coatings give an extrapolation to a thermal
conductivity of 2.0 W-(m-K)~! at zero porosity, acceptably
close to the ideal value of 2.2-2.9 W - (m - K) ! reported for fully
dense tetragonal YSZ ceramics.*? The difference can be justified
by additional coarse porosity (mostly in the form of globular
pores) that are present, but not identified by USAXS, or by the
possible presence of a minor secondary phase (i.e., monoclinic,
cubic YSZ) in the coatings, as suggested in the literature.*’

(4) Relationship Between USAXS-Derived Microstructure
and Elastic Modulus in POM Coatings

Table II presents results for the elastic modulus measured by the
indentation method for both the in-plane and out-of-plane
(spray) directions. The different values for the two directions,
exhibited in the plasma-sprayed POM coatings, imply a
mechanical anisotropy associated with that of the underlying
porosity in the microstructure, as reported for similar coatings
by other authors.***> We define the indentation elastic modulus
anisotropy coefficient as: E(plane)/E(spray). Compared with an
elastic modulus of about 200 GPa for dense zirconia, the reduc-
tion in elastic modulus is attributable to the pore and crack
morphology. As noted in Table II, E(spray) can be less than
or greater than E(plane). Typically E(plane)/E(spray)>1 is
expected, as plasma-sprayed coatings normally have their inter-
lamellar pores, oriented predominantly parallel to the sub-
strates, giving the most significant reduction in elastic modulus
in the spray direction. That is the case for the HOSP coating.
However, it is not unusual to find inverse anisotropy [E(plane)/
E(spray) < 1], as exhibited by the F&C and A&S coatings.
The small-angle scattering intensities at oo=0° and 90°
(denoted I(0) and 1(90)) are related to the surface area and
volume fraction of the voids within the YSZ matrix that are
predominantly parallel or perpendicular, respectively, to the
substrate. Indeed, the ratio, 7(0)/1(90), may be used as a form
of microstructural anisotropy coefficient. Figure 6 is a plot
of the elastic modulus anisotropy versus this microstructure
anisotropy coefficient. The elastic modulus anisotropy of the
coatings depends not only on the interlamellar void and intra-
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responding to a state where the two ratios are equal.

lamellar crack porosities, but also on their orientation distribu-
tions.***” The strong correlation between the two anisotropy
ratios (Fig. 6) at three different Q values indicates that it is when
the plane of the interlamellar pores or intralamellar cracks is
perpendicular to the elastic modulus measurement direction
(Fig. 6, inset) that the coatings have the greatest compliance,
and hence the greatest reduction in elastic modulus. Here, the
largest value of E(plane)/E(spray) was found for the HOSP
coating, consistent with a significant large volume fraction of
interlamellar pores (Table III and Fig. 4). The F&C and A&S
coatings showed a reverse elastic modulus anisotropy, underlin-
ing the fact that the multicomponent model must be used to
interpret the USAXS intensity anisotropy in terms of the relative
prominence, size, and orientation distributions of the two
population of interlamellar pores and the intralamellar crack
population (this two population distribution was necessitated
from the mathematical model used here). Overall, the results
presented here, aimed at correlating the TBC microstructure
with the elastic modulus anisotropy, are broadly consistent with
those of a previous MSANS study. ' In principle, USAXS stud-
ies can go further than can analysis of the copious multiple
scattering in MSANS. This is because (after modest multiple
scattering correction of the USAXS data) single scattering
theory can be applied to the whole scale range of interest from
a few tens of nanometers up to more than a micrometer.

Elastic moduli were not measured for the PRM series. Inas-
much as the particle temperature and velocity are not mutually
independent, an interpretation of the results would have been of
doubtful significance. In fact, it is likely that other process vari-
ables such as carrier gas pressure and type should be considered
in developing a process map defined by totally independent
variables. Therefore, we defer further discussion of elastic mod-
uli until additional experiments and analysis have verified the
mutual independence of the map variables.

IV. Conclusions

USAXS studies have enabled the complex, anisotropic, multi-
component microstructures of TBCs to be characterized and
quantified to an unprecedented degree, and have revealed that
two populations of interlamellar pores, as well as a population
of intralamellar cracks and a coarse globular pore population,
are required to describe the TBC splat/void morphology. For
a set of samples that have been sprayed and fabricated under a
well-instrumented level of process control, the USAXS studies
have yielded the following conclusions:

(1) The complex pore network components within TBC
materials can be quantified to a new level of detail by USAXS
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analysis using a multicomponent anisotropic model using
Gaussian size distributions that can be implemented for a range
of TBC microstructures.

(2) The elastic modulus anisotropy for coatings with differ-
ent powder morphologies correlates well with the corresponding
microstructural anisotropy determined by USAXS. More im-
portantly, USAXS can relate property anisotropy, quantita-
tively, to the underlying void component anisotropies.

(3) An exception to the processing—microstructure—property
relationships and trends, more universally observed, can occur
when a combination of the processing conditions results in a
particularly fine pore or crack network together with a presumed
low entrapped gas pressure. Under these circumstances, Knudsen
gas transport conditions can apply, resulting in a significant
lowering of the thermal conductivity. Because this is frequently
a desired TBC property, investigation of the circumstances that
bring this situation about should be a subject of future research.
Measurements of the thermal conductivity in different atmo-
spheres (and perhaps at elevated temperatures) could identify the
entrapped gas species, quantify the fraction of fine voids that are
closed, and determine to what extent the “Knudsen gas” case
could be exploited to lower TBC thermal conductivity.

More broadly, this study illustrates how TBC microstructure
information is particularly valuable when it can be related to
well-characterized and controlled processing conditions and
feedstock morphologies, as well as to variations in the physical
properties of the coatings. This will lead to new perspectives
on the development of advanced TBCs, particularly when
combined with the process maps currently being developed for
plasma-sprayed TBCs.*
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