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Abstract Suspension plasma spraying (SPS) is a new,
innovative plasma spray technique using a feedstock con-
sisting of fine powder particles suspended in a liquid. Using
SPS, ceramic coatings with columnar microstructures have
been produced which are used as topcoats in thermal bar-
rier coatings. The microstructure contains a wide pore size
range consisting of inter-columnar spacings, micro-pores
and nano-pores. Hence, determination of total porosity and
pore size distribution is a challenge. Here, x-ray micro-
scopy (XRM) has been applied for describing the complex
pore space of the coatings because of its capability to
image the (local) porosity within the coating in 3D at a
resolution down to 50 nm. The possibility to quantitatively
segment the analyzed volume allows analysis of both open
and closed porosity. For an yttria-stabilized zirconia coat-
ing with feathery microstructure, both open and closed
porosity were determined and it could be revealed that 11%
of the pore volumes (1.4% of the total volume) are closed
pores. The analyzed volume was reconstructed to illustrate
the distribution of open and closed pores in 3D. Moreover,
pore widths and pore volumes were determined. The results
on the complex pore space obtained by XRM are discussed
in connection with other porosimetry techniques.
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Introduction

Generally, porosity degrades the mechanical properties of
materials, and in ceramics, the strength is determined by
the largest crack-like defect present. Also thermal shock
resistance and the thermal insulation capabilities are
influenced by the presence of pores and cracks. However,
in addition to the amount of porosity, the achievable
properties are also influenced by the nature of the indi-
vidual pores, i.e., whether the porosity consists of fine or
coarse pores, their morphologies as well as their relative
proportions.

Suspension plasma spraying (SPS) is a recent develop-
ment in plasma spray technology which has emerged as a
means for depositing smaller particles. The process is
similar to the atmospheric plasma spraying (APS) process,
except that a liquid carrier is used when injecting the
powder into the plasma jet. The particles of the liquid
suspension used in SPS can be of submicron size, i.e.,
<1 pm (Ref 1), whereas 10-100 times larger particle are
used in APS (Ref 2). The smaller particles are more
influenced by the plasma jet flow as it interacts with the
substrate (Ref 3) and the difference in droplet flight path
leads to formation of a columnar structure (Ref 4, 5).
Hence, the coating build-up occurs in a different manner as
compared to conventional APS spraying. Yet, thermal
barrier coatings (TBCs) produced by SPS have already
shown superior properties in terms of thermal properties
and thermal shock resistance as compared to their APS
counterparts (Ref 6, 7). This is mainly due to the inter-
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columnar spacings which improve the strain tolerance of
the coating and the presence of pores and micro-cracks
which reduce the thermal conductivity (Ref 8). But pore
size distribution and pore geometry are not only affecting
the thermal properties. They also determine to what extent
sintering occurs when the TBC is exposed to extreme
temperatures (>1200 °C) for extended time during opera-
tion of the engine (Ref 8, 9). Again, pore size and shape
play an important role as smaller and/or non-spherical-
shaped pores have shorter diffusion paths and may there-
fore close easier when exposed to high temperatures. To
optimize the thermal properties and to maintain them
during service of the components, it is important to have
TBCs with an optimized porosity. In fact, further perfor-
mance improvements in both lifetime and thermal prop-
erties can be envisioned when tailoring the microstructure
of the TBC system. Therefore, determination of pore size,
pore size distribution, and pore geometry is an essential
part of TBC design.

Different techniques commonly used to characterize
APS coatings have been evaluated for their ability to
determine porosity, i.e., shape and size distribution of pores
in SPS coatings (Ref 2). For example, scanning electron
microscopy (SEM) can be used to characterize the coating
microstructure in cross section. Porosity and crack distri-
bution can be assessed with the help of image analysis from
typical images taken at sufficiently high magnification. But
images at very high magnifications lead to a loss in global
coating information, while too low magnifications are not
able to capture the small-scale features like nanometer-
sized pores. Hence, in order to be able to analyze a rep-
resentative elementary volume of the structure, the reso-
lution is in principle limited to features larger than
~ 100 nm, which is by far not sufficient to characterize
SPS coatings (Ref 2). To improve the results obtained by
SEM, 3D imaging by use of focused ion beam (FIB)
microscopy and image analysis can be applied to recon-
struct pores and cracks including their 3D network. Also
nuclear magnetic resonance (NMR) cryoporometry was
recently applied to characterize SPS coatings (Ref 10) as
the method allows determining porosity and pore size
distribution (5-500 nm) and is also capable of providing
information about the pore geometry.

Mercury intrusion porosimetry (MIP) is one of the
techniques capable of measuring a large pore size range,
theoretically from about 100 pum down to a few nanome-
ters, and has been used to quantify pore size distribution in
SPS coatings (Ref 11, 12). Also ultra-small angle x-ray
scattering (USAXS) can with very high resolution provide
information on a wide range of pore sizes for materials
with open and closed porosity (Ref 13-15). However, when
Marthe et al. (Ref 12) compared porosity measurements
obtained by MIP and USAXS, substantial differences in

pore size distribution were found. As stated by the authors,
the differences are due to the fact that the USAXS tech-
nique is suitable to measure nano-pores and does not detect
the presence of large heterogeneities, i.e., pores over a few
micrometer in size (in fact, it measures pores <2 pm) while
for MIP it is the other way around. This means USAXS is
providing deviating results when large pores are numerous
and in this case results from MIP are probably more
reliable.

Hence, there is growing interest in using other advanced
characterization techniques to describe the complex pore
space of the coatings at resolutions that allow for quanti-
tative assessment of porosity over a wider pore size range.
Here, we focus on investigating a suspension plasma-
sprayed yttria-stabilized zirconia (YSZ) topcoat by use of
X-ray microscopy to assess the fraction and size distribu-
tion of open and closed pores in the denser part of the
sample within the columnar structure. The analyzed 3D
pore space will later-on be compared with the respective
sintered material to evaluate which pores are expected to
grow/shrink at the intended operating temperature of the
engine.

Experimental
Material

The TBC system consisted of an YSZ topcoat, a CoN-
iCrAlY bondcoat and a Hastelloy X substrate. While the
bondcoat was created by high-velocity air-fuel thermal
spray process (Uniquecoat, Richmond, USA), the YSZ
topcoat was produced by axial SPS using an Axial III high-
power plasma torch (Northwest Mettech Corp., Vancouver,
Canada). The suspension used as feedstock consisted of
8 wt.% YSZ dispersed in ethanol (25 wt.% solid load), and
the YSZ powder particles had a median particle size of
500 nm, as stated by the supplier (INNOVNANO, Coim-
bra, Portugal). The spraying parameters are given in
Table 1, and further details about the spray process can be
found elsewhere (Ref 16).

Instruments

The topcoat of the TBC system was analyzed using a Leo
1550 Gemini scanning electron microscope (SEM) equip-
ped with a field emission gun. Prior to the SEM investi-
gations, the specimen was cross-sectioned, polished and
gold coated.

Nanoscale 3D x-ray microscopy (XRM) was performed
using a ZEISS Xradia 810 Ultra x-ray microscope. Details
about the theory and system configuration are provided by
Tkachuk et al. (Ref 17) while the use is described by Carl
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Table 1 Spray parameters of topcoat (Ref 16)

Spray distance, mm Surface speed, cm/s

Power, kW

Total gas flow, L/min Suspension feed rate, mL/min

100 216 116

200 45

Zeiss x-ray Microscopy Inc. (Ref 18) and by Merkle and
Gelb (Ref 19). Briefly, the Zeiss Xradia Ultra uses an
architecture which is conceptually equivalent to that of an
optical or transmission electron microscope. The XRM
images the specimen at high magnification using x-ray
optics, while rotating the specimen in the x-ray beam. The
characteristic Ko x-rays (5.4 keV) from a Cr rotating anode
source are focused onto the specimen using a reflective
capillary condenser optic. X-rays transmitted by the spec-
imen are imaged using a Fresnel zone plate objective lens
and a high-efficiency x-ray detector. An additional phase
ring can be placed into the beam path to achieve Zernike
phase contrast (Ref 18). The enhanced contrast at edges
and boundaries provided by Zernike phase contrast facili-
tates imaging of internal pores and cracks contained within
the specimen.

Data Collection
Sample Preparation

Specimens were prepared for nanoscale x-ray imaging by
isolating the central portion of a smaller piece of the YSZ
topcoat using a ZEISS Auriga focused ion beam (FIB)
instrument. The small piece of the topcoat was epoxied
onto the end of a steel dowel, and the mounted specimen
was loaded into the FIB instrument. By removing the
surrounding material using FIB, a pillar of ~80 pm in
height and ~ 18 pm in diameter was prepared (Fig. 1a).
High-resolution (HRES) imaging and large field of view
(LFOV) x-ray imaging were performed on the same
specimen, without further sample trimming or manipula-
tion. In the 2D x-ray projection image in Fig. 1(b), the sub-
volumes for the LFOV and HRES scans are illustrated with
dashed black and dashed white lines, respectively. More-
over, gold spheres of 1.5-3 um in diameter (Alfa Aesar,
USA) were placed on the specimen surface prior to high-
resolution imaging to serve as fiducial markers during
tomographic imaging and aid in image alignment.

Scans and Acquisition Parameters
Tomographic imaging of each specimen was carried out in

both the LFOV and HRES magnification levels. Data were
acquired in both absorption contrast and Zernike phase
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contrast mode for each magnification level. Scan times
ranged from 5 to 24 h, depending on the magnification and
imaging mode used. An overview of the scan and acqui-
sition parameters is provided in Table 2.

Reconstruction

Following acquisition of the tomographic data, the 2D
radiographs were aligned and reconstructed into 3D data
sets. The resulting 3D data contained voxel sizes of 64 nm
in the LFOV mode and 32 nm in HRES mode (Table 2).

Interpretation

In the Zernike phase contrast images, dark to bright
intensity fringes highlight the edges and boundaries of the
YSZ microstructure. Because of the different refractive
indexes between the YSZ and the pore space, the interior of
the pores becomes highlighted with a darker outline. On
small pores, this creates an effect of darkening the overall
intensity of the pore. All renderings and measurements of
the 3D nanoscale x-ray microscopy data were done with
the Visual SI Advanced software package (Object Research
Systems, Canada).

Results
Imaging

The SEM micrographs in Fig. 2 show the investigated YSZ
topcoat in cross section. As can be seen, the coating has a
columnar, feathery structure. The pores contained in the
microstructure are in a wide size range, and inter-columnar
spacings/pores are up to several micrometers in diameter
(Fig. 2a). At higher magnification, round YSZ particles of
various sizes (300 nm up to 1.5 um) can be observed in the
microstructure, especially in the vicinity of larger pores in
the inter-columnar regions (Fig. 2b).

XRM measurements were performed on the denser part
of the YSZ topcoat sample close to the top of the columnar
structure. Figure 3 shows 2D slices obtained from the
LFOV Zernike phase contrast scan of the YSZ pillar
sample. In Fig. 3(a), a virtual slice is taken perpendicular
to the long-axis of the pillar, while Fig. 3(b) and (c) shows
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50 ym
(b)

Fig. 1 (a) SEM micrograph of the pillar sample as prepared by FIB; (b) 2D x-ray projection image of the YSZ sample with the sub-volumes
illustrated for LFOV (dashed black line) and HRES (dashed white line) scans

Table 2 Overview of scan and acquisition parameters

Scan Voxel size, nm Field of view (FOV), pm Imaging mode Total scan time, h
Large field of view (LFOV) 64 65 Absorption contrast 5
Large field of view (LFOV) 64 65 Zernike phase contrast 5
High resolution (HRES) 32 16 Absorption contrast 16
High resolution (HRES) 32 16 Zernike phase contrast 24

Fig. 2 SEM micrographs of the YSZ topcoat microstructure: (a) overview showing the columnar, feathery microstructure; (b) image at higher
magnification showing round YSZ particles in the vicinity of large pores

virtual slices taken orthogonal to the one shown in
Fig. 3(a) (horizontal and vertical cuts as illustrated by the
dashed lines and indicated with help of markers, i.e., dots,
squares and triangles). Figure 3(d) shows the reconstruction
with help of the virtual slices. The markers are included for
easier recognition of the virtual slices given in Fig. 3(a), (b),
and (c). As can be seen, the pore distribution in the analyzed

volume is clearly visible and when using LFOV scan mode
and Zernike phase contrast, features/pores with a resolution
of down to 150 nm can be measured. In Fig. 4, the 3D ren-
derings of the HRES and LFOV absorption contrast data sets
are given overlaid onto each other. The (faint) boxes show
the extent of the two data sets, with the LFOV data clipped
away to reveal the HRES data. Figure 4(a) shows the full
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(c)

Fig. 3 (a)-(c) 2D virtual slices obtained from the LFOV Zernike phase contrast scan of the YSZ pillar sample; (d) reconstruction with help of the

2D virtual slices in (a)-(c)

18 ym
(a) (b)

Fig. 4 3D rendering of LFOV and HRES absorption data sets
overlaid onto each other (Gold spheres at the top are used as marker):
(a) overview and (b) zoomed-in of the HRES data set

18 um

volume analyzed (notice the gold spheres at the top of the
LFOV data set), whereas Fig. 4(b) provides a zoomed-in
view of the HRES data set.

@ Springer

In Fig. 5(a), the reconstructed sample volume imaged in
HRES Zernike phase contrast is provided. The 3D sub-
volume in ultra-HRES Zernike phase contrast shown in
Fig. 5(b) was used for detailed analysis, i.e., determination
of pore volume and pore widths in the YSZ coating. In the
2D HRES absorption contrast image in Fig. 6, the sizes of
different pores and internal features are measured. The
smallest pore diameter measured in this case is 60 nm.
However, features and pore widths of down to 50 nm can
be resolved in the HRES scan mode.

Fraction of Open and Closed Porosity

With help of the Visual SI Advanced software by Object
Research Systems, Canada, the fraction of open and closed
porosity has been determined. Figure 7 shows illustrations
of the porosity present in the analyzed volume given in
Fig. 5(b). In Fig. 7(a), the 3D ultra-HRES Zernike phase
contrast image is partly clipped away to reveal the overlay
of the open and closed porosity data (connected open
porosity is given in blue and the closed porosity is visu-
alized in red). While Fig. 7(b) presents an overlay of both
closed and connected porosity in the analyzed volume,
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Fig. 5 (a) 3D reconstruction of
the sample volume imaged in
HRES Zernike phase contrast.
(Notice the gold sphere at the
top used as marker.) (b) 3D sub-
volume in ultra-HRES Zernike
phase contrast which has been
used for detailed analysis
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Fig. 6 Ultra-HRES absorption contrast virtual slice image showing
measurements on some pores and features

Fig. 7(c) shows only the fraction of closed porosity.
Analysis reveals that the analyzed volume contains
99.0 um® open porosity, which is 89% of the measured
pore volume and 11.6% of the total volume. In comparison,
the closed pores have a volume of 12.1 pm?>. This amounts
to 11% of the pore volume and 1.4% of the total volume.
Hence, the analyzed volume has a total porosity of 13%.

Pore Volume

Closed pores larger than 3 x 3 x 3 voxels (Fig. 7c) were
analyzed for volume with help of the Visual SI Advanced
software by Object Research Systems, Canada. Figure 8
displays the distribution of these pores, with volumes
corresponding to the color legend below (between 0 and

(b)

0.7607 um® with a step size of 0.0951 um?). As can be
seen, the analyzed volume contains a large amount of small
closed pores (<0.09 um® given in blue in Fig. 8). This is
also visible in the pore volume histogram of the closed
pores (Fig. 9) which has an average pore volume of
0.012 pm?.

Discussion

XRM allows nondestructive analysis of samples, and with
help of common reconstruction software, it is possible to
obtain a three-dimensional view of the analyzed sample
area and perform virtual cuts through the analyzed volume
at desired locations. Using the ZEISS Xradia 810 Ultra, the
pore space of a columnar feathery YSZ topcoat was
investigated and open and closed pore sets were isolated
and separately analyzed. This analysis revealed a total
porosity of 13% of which 89% were open connected pores
and 11% closed pores. Using virtual slices of the analyzed
volume, the width of pores was measured down to a res-
olution of 50 nm. The volume of the closed pores was also
analyzed, and an average pore volume of 0.012 pm® was
obtained. Hence, XRM has shown to be a suitable tech-
nique for determining porosity in coatings produced by
SPS.

In comparison with other porosimetry techniques like
MIP which is suitable for measuring porosity over a wide
pore size range down to nanometers, XRM has the
advantage of being an imaging technique which allows to
reconstruct the analyzed volume. Hence, a 3D reconstruc-
tion of the pore space is achievable which, in addition to
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Fig. 7 Illustrations of the porosity present in the analyzed volume: (a) hybrid of analyzed volume and closed and connected porosity; (b) overlay
of closed and connected porosity; (c) fraction of closed porosity present in the analyzed volume

Volume pm?

T

0.000 0.1902 0.3804 0.5706 0.7607

Fig. 8 Distribution of the pore volumes of the closed pores larger
than 3 x 3 x 3 voxels in the 3D sub-volume in HRES Zernike phase
contrast (the volumes correspond to the color legend which ranges
between 0 and 0.7607 pm> with a step size of 0.0951 pm?)
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Fig. 9 Pore volume histogram of the closed pores larger than
3 x 3 x 3 voxels in the 3D sub-volume in HRES Zernike phase
contrast (Fig. 8)

dedicated analysis, enables a visual impression of the

complex pore shapes. Furthermore, the XRM technique is
nondestructive (the sample remains intact following the

@ Springer

measurement), allowing further analysis after subjecting
the sample to processing steps such as thermal cycling and
opening the door for evolutionary studies of sample
microstructure. FIB milling in combination with SEM
imaging also allows for reconstruction of similar volumes
at similar or higher resolution (open and closed pores could
be analyzed at submicron to nanometer resolution Ref 20);
however, the technique is destructive and problems with
charging of the non-conductive sample may occur during
the measurements (Ref 21). As for scattering techniques,
the capability of USAXS in measuring very small pore
sizes is unprecedented, but the technique reveals no
information about the spatial distribution of the pore space
within the material and the technique is not readily avail-
able for routine/in-house measurements. It needs to be
mentioned that the volume analyzed by use of XRM is
limited and only local information on open and closed
pores in form of size and shape is obtained (in 3D and at
high resolution). Total porosity of the coating which would
include nanometer-sized pores and the large inter-columnar
spacings is not accessible in this way. Hence, far from
replacing the earlier methods (even though the use of MIP
is more and more restricted out of environmental reasons),
newer approaches/techniques such as XRM provide com-
plementary data that extend our ability to quantitatively
describe the pore space in SPS coatings. To be able to
optimize the thermal properties and to maintain them
during service of the components, it will be important to
make readily use of such advanced characterization tech-
niques in TBC design.
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