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Abstract

Optical coherence tomography (OCT) is evaluated as a
promising technique for microstructure characterization of
plasma-sprayed ceramic coatings. OCT combines the
principles of low coherence interferometry and optical
heterodyne detection to obtain both a high sensitivity to
weakly backscattered light and a high axial resolution, It can
be used to accurately locate interfaces where the refractive
index changes abruptly within translucent materials. In the
present work, OCT cross-sectional images of thin yttria-
stabilized zirconia (YSZ) coatings are considered. The
interferograms forming the images are analyzed individually
to successfully gather information related to light penetration
depth inside coatings. The interferogram analysis allows the
evaluation of the refractive index of the YSZ non-
transformable tetragonal phase.

Introduction

It is now well established that plasma-sprayed ceramic
coatings are appreciably contributing to the reduction of
premature material degradation in harsh environment [1]. For
example, they act as thermal barrier and protective coatings
against wear and corrosion in the aeronautical [2] and
automotive [3] industries. As well, they are used as
biocompatible coatings deposited on biomedical implants [4].
In many of these applications currently in development, the
quality of plasma-sprayed ceramic coatings is critical not only
to protect the coated part, but also to ensure its proper and safe
use to avoid catastrophic failure. However, plasma spraying is
a stochastic process through which the feedstock ceramic
particles are melted and accelerated to impinge the substrate
where they rapidly solidify and form splats. The resulting
microstructure  of this random coating build-up s
characterized by the existence of interlamellar pores, globular
pores and splat interfaces which are known to significantly

influence coatings thermal conductivity and mechanical
properties [5}. Therefore, a close control of the coating
microstructure is sought to meet the requirements of the
coated part application. It thus becomes imperative to develop
a non-destructive evaluation (NDE) technique to observe and
characterize the microstructure (and especially the porosity) of
plasma-sprayed ceramic coatings.

In this regard, optical coherence tomography (OCT), a NDE
technology that was predominantly developed for cross-
sectional imaging of biological systems microstructure [6], has
some promising features. In fact, OCT presents an axial
resolution compatible with large splats optical thickness as
well as a good sensitivity to ceramic/air interfaces. In
particular, OCT is expected to be sensitive to interlamellar
contact and to globular porosity. Although briefly discuss by
Moreau (7], the use of OCT to characterize plasma-sprayed
thermal barrier coatings has not been extensively explored.
However, some interesting studies illustrate OCT inspection
performances by describing its capability to detect subsurface
defects in Si;N, ceramic balls [8] and to image polymer matrix
composites [9].

In the present work, OCT interferograms of four different
yttria-stabilized zirconia (YSZ) coatings are collected and
analyzed to evaluate an average light penetration depth inside
the coatings. Some preliminary results show that this average
penetration depth varies with overall porosity percentage and
with feedstock powder distribution. In an other set of
experiments, the interferogram analysis also allows the
evaluation of the refractive index of YSZ non-transformable
tetragonal phase.

Principles of OCT

As shown in Fig. 1, an OCT system is actually based on a
Michelson interferometer. The light emitted by a broadband



source {superluminescent diode — SLD) is divided at a beam
splitter (BS) into two distinct optical paths that are
respectively oriented towards the reference mirror and the
sample. When the light returns, if the optical path length
mismatch between reference and sample arms is shorter than
the light coherence length, both the sample backscattered field
and the reference field will combine to produce an interference
signal (or interferogram) collected by the photodetector,
amplified and digitally processed (filtered and demodulated).
By recording this interference signal as the reference mirror is
synchronously translated, the axial profile of the sample
backscattering properties can be obtained. The axial resolution
in this profile depends on the coherence length of the light
source, Consequently, a high resolution can be achieved
independently of the beam focusing conditions, thus of the
sample arm optics. In fact, for a light source with a Gaussian
spectral distribution, it can be shown [10] that the axial
resolution Az of the OCT system is inversely proportional to
the bandwidth AZ of the power spectrum centered at a

wavelength A
2
Az = [ 2In2 11_ . (1
4 AA

Experimental Procedure

Plasma Spraying
Four different YSZ coatings were sprayed on grit-blasted steel

substrate using a Sulzer Metco F4-MB plasma torch, which
uses external radial powder injection and swirl flow gas
injection. Argon (primary gas flow rate of 35.0 slm) and
hydrogen (secondary gas flow rate of 12.0 slm) were used as
the plasma gas mixture. The power input was held to 28 or 35
kW, with power variations being obtained through current
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Figure I: Schematic representation of the OCT system based
on a Michelson interferometer used in the present work.

Table ! Variations of experimental spraying conditions,
thickness and porosity of the four samples. In the sample ID
column, H and L stand respectively for high and low power.

Sample C.o ating P i
le Powder l::v‘;f)r 'h‘(ﬁ? T:;:;ty
825.1-H 825.1 35 1156 46107
825.1-L 825.1 28 1579 7.8+06
825.0-H 825.0 35 100+7 53205
825.0-L. 825.0 28 1527 8.6+006

increases from 425 to 550 A. The YSZ feedstock powders
selected, H.C. Starck Amperit 825.0 (22/5 um) and 825.1
(45122 pm), were injected at a feed rate of 25 g/min with
argon as carrier gas (3 slm). Table 1 shows in details the
varying spray conditions for the four YSZ coatings deposited.
In each case, plasma torch stand off distance was kept constant
at 120 mm. Finally, during spraying, the samples were
continuously cooled down with an air jet to maintain the
surface temperature between 175°C and 225°C.

Coating thickness and porosity were both determined by
image analysis of the SEM micrographies (JEOL JSM-6100)
shown in Fig. 2. The values given in Table 1 correspond to an
average of ten measurements for which an uncertainty of one
standard deviation is also given. A field-emission gun SEM
{Hitachi 5-4700) was used to characterize coating splat
microstructure. An example is shown in Fig. 3 for a fracture of
samples 825.1-H and 825.0-H.

As expected, the coatings built under higher plasma torch
power present a lower porosity level (4.6% and 5.3% vs 7.8%
and 8.6%). Moreover, the larger powder produces thicker
splats as it can be seen in Fig. 3. In fact, splats of 8 um are
observed in Fig. 3a whereas splats in Fig. 3b have a maximum
thickness of 5 pm. These differences are expected to
significantly affect the interferograms collected by OCT. In
particular, different interlamellar pores and splat interfaces
should influence light attenuation.

Optical Coherence Tomography

The coatings were then imaged with the OCT system shown in
Fig. 1. Unless otherwise stated, YSZ coatings were observed
as sprayed, without any special preparation. The optical source
coupled into the interferometer was a Covega SLED emitting
over a 70 nm wide bandwidth centered at a wavelength of
1320 nm. Thus, the system axial resolution (calculated from
Eq. 1) is 11 gm. The maximum emitted power was 17 mW
from which only 10% was actually coupled into the
interferometer to avoid saturation of the photodetector. In the
sample arm, a 2.4-mm wide collimated beam was focused
onto the sample coating surface using a lens with a focal
length of 25 mm. Therefore, the resulting transverse resolution
of the system is 18 pm.




Figure 2: SEM micrographies showing the different levels of
porosity for the coating samples a) 825.1-H, b) 825.1-L,
¢) 825.0-H and d) 825.0-L.

Figure 3: SEM fractographies showing splat microstructure of
samples a) 825.1-H and b) 825.0-H.

For each coating sample, 250 interferograms were collected to
form a single cross-sectional image and the procedure was
repeated 10 times. The step size between two successive
interferograms was 25 um, and the separation between two
cross-sectional images was 25 pum. Thus, 10 cross-sectional
images with dimensions of 6.25 mm wide and 2.35 mm deep
were collected for each sample.

Results and Discussion

Light Penetration Depth
Cross-sectional imaging of YSZ coatings was performed and

images are shown in Fig. 4. Even if the coatings are relatively
thin, the coating/substrate interface cannot be identified. Peaks
coming from this interface are most probably lost among
multiple scattering events. Some areas (especially for samples
825.0-H and 825.0-L) show higher light attenuation (blueish
columns), possibly revealing the presence of defects (porosity,
inclusion, etc.). On-going experiments are led to explain this
attenuation phenomenon. Besides these observations, light
penetration (which can be observed by the transition from red
to blue) seems quite similar for the four coatings. However,
statistically significant differences exist between samples, as
discussed below.

The mean light penetration depth inside coatings is evaluated
to provide an approximative indication of light attenuation.
This attenuation results from scattering and absorption events
that occur along the optical path and therefore depends on
coating microstructure. Since YSZ absorption at A = 1.32 um
is relatively small (when compared to scattering) and because
forward scattering is important, the general Beer-Lambert law
of attenuation could not be directly applied to retrieve light
penetration depth. Moreover, it requires a time consuming
algorithm to identify interferogram peaks that are needed to fit
a straight line (on a logarithmic scale) and to determine its
slope from which light penetration depth can be evaluated. For
these reasons, a different approach was chosen to estimate
light attenuation.

As a simple statistical measure of light penetration depth
mmside coatings, an average value of the interferogram
amplitude center position or centroid (by analogy to a mass
center) was calculated by taking the mean amplitude center
position over 250 interferograms:

Z Position ; x Ampl;

Average centroid = i ! 5 (2
250 i z Ampl;;
i

In the equation, the subscript i refers to the i interferogram of
the cross-sectional image, while j stands for the jlh position in
this interferogram. This average centroid is taken as an
effective and reliable estimate of light penetration depth. In
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Figure 4: OCT cross-sectional images of the four samples
showing normalized logarithmic amplitude as a function of
optical depth for 250 interferograms separated by a step size
of 25 pm.

fact, fluctuations in individual centroid of the interferograms
along a cross-sectional image are relatively small (results not
shown). Furthermore, variations of this parameter between
cross-sectional images taken from one sample are small, as
shown in Fig. 5a.

Figure 5b shows the significant differences between average
centroid for the four YSZ coatings. The following two
observations can be drawn. First, without considering
porosity, light penetration depth is larger for the larger powder
(Amperit 825.1). Second, with same powder size, light
penetration depth is larger in coatings produced at lower torch
power (L). Both factors can be justified by the number of
air/ceramic interfaces crossed by the sample beam along its
optical path. In fact, since each crossed interface scatters light,
the higher their number the lower the penetration depth.
Therefore, knowing that the number of interfaces per unit
length is larger for the coating made with the smaller powder
(Amperit 825.0), one can justify its higher attenuation when
compared to coatings made with Amperit 825.1. On the other
hand, coatings produced at lower torch power are more porous
(as determined by SEM image analysis) and have fewer
interfaces from which light can be scattered. In fact, when the
light beam penetrates a globular or an interlamellar pore, no
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Figure 5: a) Limited variations of the average centroid
position for [0 cross-sectional images of the four YSZ
coatings. b) Comparison of the average centroid position
(calculated from Fig. 5a) for the coating samples.



scattering occurs until it reaches the splat located at the bottom
of the pore. In addition, fewer interfaces are found in 825.0-L
and 825.1-L since average lamella thickness is larger (owing
to uncompletely melted particles) when the torch power is
decreased. Further work will involved a larger number of
samples (4 powder distributions and 4 porosity levels) to
corroborate these arguments.

Absorption is another factor that should contribute to light
attenuation inside YSZ coatings. As shown by Debout et al.
[11], the oxygen loss that occurs in YSZ during the deposition
process (which results in darker coatings) increases
significantly light absorption in the near IR range. In our
analysis, YSZ absorption was neglected in a first
approximation, but an evaluation of its impact on OCT
interferograms will be performed by annealing the coatings in
further experiments.

YSZ Refractive Index

The evaluation of the index of refraction requires a few extra
steps for sample preparation, which are described here. A YSZ
coating was deposited under the spraying conditions depicted
earlier, but with a slightly increased overspray cooling to
maintain the surface temperature around 125°C. The powder
and power chosen were respectively Amperit 825.1 and 28
kW. The resulting coating, identified 825.1-L2, has a
thickness of 235 + 11 pm and a porosity of 10.0 + 2.0 %. The
coating was detached from its steel substrate by acid
dissolution and polished on both sides to form a wedge.
Afterward, it was placed over a silicon wafer (Fig. 6) which
provides two parallel reference surfaces for subsequent OCT
cross-sectional imaging. Silicon was chosen for its high
refractive index and its very low attenuation at the selected
wavelength. The OCT scanning parameters were slightly
changed as compared to those of the previous images: a single
cross-sectional image of dimensions 10 mm wide and 3 mm
deep, formed by 1000 interferograms (step size of 10 pum),
was collected.

The resulting cross-sectional image is shown in Fig. 7a. As in
previous images, the coating/Si interface cannot be identified,
possibly due to multiple scattering events. However, the Si
back surface with an amplitude decreasing with coating
thickness can be clearly observed. Since the Si wafer has very
low attenuation, the back surface detection limit depends on
the coating only. Also, this OCT image was used to identify

Sample YSZ coating
beam

Silicon wafer

Figure 6 : Schematic representation of the YSZ coating wedge
placed over a silicon wafer.

;

two representative interferograms to evaluate the index of
refraction of the coating. The first one was selected from a
zone where the sample beam impinges only on the reference
Si wafer, and the second one was extracted at a location where
the sample beam gets through both the YSZ coating and the Si
wafer (e.g. at the Si back surface detection limit). The
corresponding interferograms are shown in Fig. 7b and Fig.
7c. Dashed lines are plotted to appreciate the peak position
shifts in optical depth at the coating top surface and at the Si
wafer bottom surface. Therefore, the geometric coating
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Figure 7: a) OCT cross-sectional image of a YSZ coating
placed over a silicon wafer. b) Silicon wafer reference
interfaces (interferogram #5 in Fig. 7a). c) Surface shifts
observed when the beam crosses both the YSZ coating and the
Si wafer (interferogram #4435 in Fig. 7a).



thickness is given by the simple profilometry difference z; — z3
and the back surface shift (involving the coating refractive
index and thickness) is given by z, — z,. Obviously, there
should be an equivalent back shift for the Si wafer top surface
peak position when light gets through the coating, but this
peak is undetectable. Knowing that the coating contains about
10% porosity, the index of refraction nyz of YSZ non-
transformable tetragonal phase (which refers to a stable form
of the tetragonal phase resulting from plasma spraying [12])
can be extracted from:

[(0.97,5 +0.1n,, )-1]e=d . 3)

where ng;, is the air refractive index, e = z; — z; is the coating
thickness and d = z, — z» is the Si wafer back surface shift.
Thus, measuring in Fig. 7 a coating thickness e = 96 + 5 ym
and a back surface shift = 55 £ § ym, the index of refraction
of YSZ non-transformable tetragonal phase is evaluated as
nysz = 1.64 £ 0.1. To the authors’ knowledge, this is the first
evaluation of the refractive index of YSZ non-transformable
tetragonal phase. In comparison to the reported refractive
index of about 2.1 for YSZ cubic phase [13], the value found
seems quite small. However, the phase transition from cubic to
tetragonal of pure evaporated zirconia (which comes with a
few percent increase in volume) has been found to influence
significantly the refractive index, bringing it down to a value
close to 1.7 [14]. The same behavior apparently affects
plasma-sprayed YSZ.

Conclusion

Different plasma spraying conditions were applied to deposit
YSZ coatings. Their thickness and porosity were evaluated by
SEM image analysis and OCT cross-sectional imaging was
performed. An estimate of light penetration depth was
calculated by an average amplitude center or centroid for each
sample. It was found that powder size and porosity affect light
penetration depth. In fact, light penetrates deeper in the
coating made with larger powder and having a higher porosity
level. These observations can be explained by a reduced
number of air/ceramic interfaces (which represent scattering
sites for light) in such a coating, In further work, additional
YSZ samples (with larger variations in porosity level and
powder size distribution) will be plasma-sprayed and imaged
by OCT to corroborate these arguments, Other OCT
experiments, processing and analysis of the interferograms
will also be investigated. For example, one experiment will try
to correlate high attenuation zone in a cross-section with the
presence of real defects inside the coating. Furthermore,
deconveolution  algorithms (Wiener filtering, CLEAN
algorithm) will be applied to improve axial resolution and thus
hopefully resolve splat interfaces.

In another experiment, a plasma-sprayed YSZ coating wedge
was placed onto a reference silicon wafer and its OCT cross-

sectional image was used to evaluate the refractive index of
the YSZ non-transformable tetragonal phase. From the
observed peak shifts, an index of refraction of 1.64 £ 0.1 was
found.
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