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Abstract Thermal barrier coatings (TBCs) are widely
utilized in gas turbine engines for power generation. In
recent years, the application of TBCs in automotive has
been introduced to improve engine efficiency. Low thermal
conductivity and high durability are desired coating prop-
erties for both gas turbine engines and automotive. Also,
suspension plasma spraying (SPS) permits a columnar
microstructure that combines both properties. However, it
can be challenging to deposit a uniform columnar
microstructure on a complex geometry, such as a gas tur-
bine component or piston head, and achieve similar coating
characteristics on all surfaces. This work’s objective was to
investigate the influence of spray angle on the
microstructure and lifetime of TBCs produced by SPS. For
this purpose, SPS TBCs were deposited on specimens using
different spray angles. The microstructures of the coatings
were analyzed by image analysis for thickness, porosity,
and column density. Thermal and optical properties were
evaluated on each TBC. Lifetime tests, specifically
designed for the two applications, were performed on all
investigated TBCs. The lifetime results were analyzed with
respect to the TBC microstructure and thermal and optical
properties. This investigation showed that there is a limit to
the spray angle that achieves the best compromise between
TBC microstructure, thermal properties, optical properties,
and lifetime.
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Introduction

Energy requirements are increasing worldwide, while at the
same time, concern regarding pollution is an all-time high.
Recent forecasts predict that by 2030, two billion motor
vehicles will be on the roads (Ref 1). In this context, even a
tiny fraction of increased engine efficiency can make huge
differences in emissions and fuel consumption. Similar
demands are reported in the gas turbine industry, where
efficient and environmentally friendly engines are the
highest priority (Ref 2, 3). Despite the fact that these are
different applications with specific requirements, thermal
barrier coatings (TBCs) are a promising technical solution,
as they have already demonstrated their capability to
enhance the efficiency of engines used in both automotive
and energy applications (Ref 4-10).

Thermal barrier coatings (TBCs) are multilayered
coating systems used to protect the hotter parts of an engine
against high temperature, wear, oxidation, and corrosion
(Ref 11, 12). The first layer of a TBC is the bond coat. The
bond coat is sprayed on the substrate and has specific
functions. The bond coat prevents the substrate from
undergoing corrosion and oxidation during high-tempera-
ture exposure. Another function of the bond coat is to
improve the adhesion of the top coat (Ref 13). The TBC’s
second layer is the top coat, which is sprayed over the bond
coat. The top coat primarily provides thermal protection to
the substrate. The top coat material needs to possess ther-
mal properties such as low thermal conductivity, low
specific heat, a high melting point, and phase stability (Ref
14). Top coats should also have specific properties, such as
high thermal cycling life, erosion resistance, and proper
adherence to the bond coat (Ref 13, 15).

TBCs cover a broad spectrum of products; hence,
numerous spraying techniques aim to compromise between
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the process and the coating microstructure, i.e., atmo-
spheric plasma spray (APS), high-velocity oxy fuel
(HVOF), physical vapor deposition (PVD), and chemical
vapor deposition (CVD). In this work, bond coat spraying
was produced by high-velocity air fuel (HVAF) spray, and
the top coats were deposited by suspension plasma spray
(SPS). HVAF is a thermal spray process designed to pro-
duce dense metallic coatings with high bonding strength. In
this process, air and fuel gas are injected into the com-
bustion chamber, where an electric spark plug ignites the
mixture (Ref 16, 17). This mixture is then expelled through
a nozzle, accelerating the feedstock particles to velocities
of 1200 m/s. A low flame temperature combined with a
high velocity results in dense coatings with minimal for-
mations of pores and oxides (Ref 16). In contrast, SPS is a
thermal spray technique designed to generate finely struc-
tured ceramic coatings. In this process, submicron or
nanosized powders (solute) are dispersed in a solvent, e.g.,
water or alcohol (or a mixture). This liquid feedstock
(suspension) is injected into a plasma plume, where it
undergoes atomization to form fine droplets. The solvent
evaporates due to the high temperatures, while the parti-
cles, partially or fully molten, agglomerate. The impinging
particles are deposited on the bond coat and build up the
top coat in layers (Ref 18, 19).

In SPS, the coating buildup is controlled by different
factors. The momentum and interaction of the particle with
the plasma plume are the most notable. Small droplets have
low momentum because of their low weight. Small droplets
lead to coatings deposited at shallow angles on the surface
peaks, causing a shadowing effect. Large particles with
higher momentum due to higher weight have a straight
trajectory, which impacts the substrate perpendicularly and
forms a typical lamellar coating (Ref 20). Few works have
investigated the correlation between the complex geometry
of real parts and coating properties sprayed on buttons.
Bernard et al. (Ref 21) applied an SPS coating on a turbine
blade. As a result, coating microstructural differences and
thickness discrepancies were observed along the different
areas of the blade. Caio and Moreau (Ref 22) also inves-
tigated SPS coating deposition on complex shapes, show-
ing that the coating deposited is directly proportional to the
radius of curvature. For example, the amount of coating
material deposited decreases as the radius of curvature
decreases. This condition could be associated with piston
applications. In previous work (Ref 23), the authors
investigated different microstructures produced on auto-
motive pistons and the physical properties of the coatings.
However, a systematic study with defined spray angles and
coating property evaluation has yet to be performed.

This paper’s objective is to explore the influence of
different spray angles on the microstructure, properties,
and lifetime of SPS TBCs designed for automotive and

@ Springer

energy applications. Different deposition conditions were
used for a selected TBC system on coupon specimens
under various spray angles. The microstructure and
porosity, thermal, and optical properties were character-
ized. Also, the lifetime was evaluated by flame rig testing,
thermal cyclic fatigue (TCF), and erosion testing. A
tradeoff was investigated between the spray angles of the
complex geometry part and the TBC microstructural
properties, which leads to a limitation on the spray angle.

Materials and Methods
Experimental Setup

Two sets of samples were produced and investigated, one
for energy applications and one for automotive applica-
tions, to cover the requirements for both applications. The
substrate used for the automotive application study was a
commercial medium carbon vanadium microalloyed steel
(38MnSiVS5) in the form of buttons (25.4 mm diameter x
6 mm thickness). For the energy application,
HASTELLOY® X buttons with the same dimensions as for
automotive were used, commercially acquired from Sie-
mens Energy AG, Sweden. For the thermal diffusivity
measurement using laser flash analysis, HASTELLOY® X
plates with dimensions of 25 x 25 x 1.54 mm were sprayed.

The thermal spray experimental setup (Fig. 1 and
Table 1) was as follows: Four sets of TBCs with the HVAF
bond coat sprayed perpendicularly on the substrate and the
top coats under various angles. One set of TBCs with the
bond coat sprayed under a different angle with the top coat
sprayed perpendicularly to the surface. The reason for
selecting only one variant of spray angle for HVAF
spraying was that, based on experience, HVAF spraying is
not expected to be very sensitive to minor variations in
spray angle.

Bond Coat Deposition

The bond coat was sprayed with an M3 supersonic spray
gun (Uniquecoat Technologies LLC, USA) using a
250-mm-long de Laval nozzle designated 4L4C with an
exit diameter of 22.5 mm. Before bond coat deposition, the
buttons were cleaned with ethanol and then mounted on a
rotating fixture fastened to a turntable. The buttons were
then hot-grit-blasted using Al,O3 particles with 180 mesh
grit to a surface roughness of Ra 3 &~ pm according to the
parameters in Table 2. The samples were then preheated to
approximately 150 °C; then, the bond coat was deposited.
The feedstock selected was a commercial, gas atomized
MCrAlY (AMDRY 386, Oerlikon Metco, Switzerland),
which is a metallic powder suitable for automotive and
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it applies to the Axial III spray gun and is not done in scale

Fig. 1 Illustrating the change in spray angle between the normal and
off-normal spray gun position where o is the change in spray angle to
the substrate plane, and A is the spray distance from the spray gun’s

Table 1 The experimental setup for the TBC deposition showing different spray angles. “T” stands for top coat and “B” for bond coat where
the followed numbering is the angle in degrees

Top coat

Bond coat

Sample nomenclature

Spray angle [deg]

Spray angle [deg]

T90 90 90

T30 30 90

T50 50 90

T70 70 90

T90B45 90 45

Table 2 Hot-grit blasting HVAF parameters

Air pressure Fuel 1 pressure Fuel 2 pressure Carrier gas [L/  Feed SoD Surface speed [m/  Step [mm/  Strokes
[MPa] [MPa] [MPa] min] [%] [mm] min] rev]

0.83 0.69 0.55 60 20 350 100 5 2

energy applications. The feedstock material composition
was Ni22Col17Cr12A10.5Hf0.5Y0.4Si [wt.%] with a par-
ticle size range of -63 + pum and had a spherical
morphology.

The HVAF bond coat process was used at a spray angle
of 45° between the spray axis and substrate plane for one
set of samples and 90° for the rest of the sets, as introduced
in Sect. “Experimental Setup”. The standoff distance was
set to 350 mm as measured perpendicularly from the
nozzle exit to the substrate plane. The target thickness for
the bond coat was 200 pm, and the spray parameters are
shown in Table 3.

Top Coat Deposition
The SPS top coats were sprayed with an Axial III spray gun

(Northwest Mettech Corp., Canada) and spray parameters
according to Table 4. The feedstock was commercial yttria-

stabilized zirconia (8YSZ) suspended in ethanol with a
solid load of 25 wt.% and particle size ds, of approximately
0.5 um (Treibacher Industrie AG, Austria). The solid YSZ
particles were fused and crushed with irregular morphol-
ogy. The substrate was preheated using two heat strokes
with a plasma gun. The target thickness for the top coat
was 300 pm.

Coating Characterization
Surface Topography

The topography of the coatings was evaluated using a
Hitachi TM3000 tabletop SEM (Hitachi Ltd, Japan). Fur-
thermore, the surface roughness was measured using a
Profilm 3D profilometer with white light interferometry
(WLI) (Filmetrics Inc., USA). A total of 10 measurements
per sample were taken at different, evenly spaced locations.
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Table 3 Spray parameters for deposition of HVAF bond coat

Air pressure Fuel 1 pressure  Fuel 2 pressure  Carrier gas [L/  Feed [g/ SoD Surface speed Step [mm/  Strokes [90°/
[MPa] [MPa] [MPa] min] min] [mm] [m/min] rev] 45°]
0.77 0.69 0.72 60 150 350 100 5 9/31
Table 4 Parameter setup for the deposition of SPS top coat

Current  Total gas flow Power Enthalpy  Ar/N,/  Atomizing gas Slurry feed Substrate Step Strokes [90°/
[A] [L/min] [kW] [kJ] H, [%] [L/min] [mL/ min] temp. [°C]  [mm/ rev] 70°/50°/30°]
200 300 124 12.5 43/28/28 105 130 35 45/45/50/85

The data were postprocessed with Filmetrics software
using a 5 x 5 Gaussian spatial filter.

Metallographic Preparation

The samples were cold mounted in a vacuum in a two-part
process, first using a low viscosity epoxy (Logitech 2-part
Epoxy Pack 301, Logitech Materials Technologists &
Engineers, UK). With this procedure, all the open porosity
would be filled with resin, preventing microstructural
changes or damage during the cutting process. In the next
step, the mounted samples were cut utilizing a Struers
Secotom 10 with an abrasive cutting disk. The sectioned
samples were cold mounted again using Buehler EpoThin 2
Epoxy for easy handling. The sample preparation for the
coatings was completed with successive grinding and
polishing steps using the Buehler Power Pro 5000 (Buehler
Ltd, USA) until achieving a final roughness of Ra =~
0.05 pm.

Microstructure Analysis

After the samples were prepared for microstructural anal-
ysis, cross-sectional micrographs were taken using a
tabletop SEM. To obtain accurate micrographs, the entire
cross section was evaluated so that the selected micro-
graphs are representative of the entire coating.

The thickness of both the bond coat and the top coat was
further measured using the method described in Ref 24.
Several micrographs were taken at 200x spread along the
cross section and analyzed with image analysis software
(ImageJ). The number of measurements for the top coat
thickness was 200, due to height variations, and there were
75 measurements for the bond coat.

The columnar density was measured using the same
tools described for the thickness measurement (Fig. 2) and
based on the method described in Ref 24. The calculation
was performed by drawing a horizontal line at the center of
the coating micrograph, and then manually assessing the
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number of interstitial gaps that cross that line, subtracting
one, and then dividing that number by the length of that
line. Five micrographs per sample at 250x were used, and
five measurements per micrograph were taken.

Porosity Measurement

The porosity measurement utilized a two-magnification
image analysis procedure as presented in Ref 25. The
coarse porosity, including pores with an area >2 pm?, was
assessed with 500x magnification. While the fine porosity,
including pores with an area <2 um?®, was assessed with
5,000x magnification. To ensure the reliability of the
results, each layer was evaluated fifteen times along the
low and high magnifications at the cross section. The total
porosity was the sum of the fine and coarse porosities.

Thermal Properties

Laser flash analysis (LFA) was used to assess the thermal
properties of the coatings with the equipment Netzsch LFA
427 (Netzsch, Selb, Germany). Due to the sample holder
size, the first step was to decrease the sample size to round
buttons of 10 mm in diameter using water jet cutting. After
the samples were cut, both sides were covered with a thin
layer of graphite to improve the absorption and emission
properties. The sectioned samples were subsequently
positioned in the equipment, where a laser pulse heated the
backside of the samples. The pulse produced a heat flux
within the sample that was sensed on the sample surface
with an infrared (IR) detector. Based on the IR detector
data, the thermal diffusivity was established (Ref 26).

The thermal conductivity is determined with Eq. 1 based
on the thermal diffusivity results.

(Eq 1)

where A is the thermal conductivity (W/(mK)), o is the
thermal diffusivity (m%/s), Cp is the specific heat capacity

A=oaxCpx*xp
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Fig. 2 An example of the
measurement of the columnar
spacing of sample T90.

(J/(gK)) used from previous measurements reported in Ref
26, and p is the coating density (g/m’) assessed from Eq. 2.

(100 — total porosity(%) .
- 100
(density of the fully dense coating)

(Eq 2)

The coating density was determined based on the fully
dense YSZ value from the literature (6.1 g/cm3) (Ref 26)
and the coating porosity.

Optical Properties

The emissivity, adopted as the base for the radiation heat
transfer, was the optical property selected for this study.
The emissivity of the surface determines the efficacy of the
surface to emit radiation (Ref 27, 28). The samples utilized
in this measurement were limited to the HASTELLOY® X
substrate and were measured together with the same bond
coat. This is important because many ceramic materials are
partially transparent to thermal radiation, implying that if
this coating was standalone or if different bond coats were
used, it would affect the results (Ref 29).

Before testing, the samples were polished using a Car-
bimet Grit 360 (Buehler Ltd, USA) to avoid differences in
surface profile (roughness) that could influence the results;
in an actual application in real engines, the coatings should
be polished. Different methods were utilized for the dif-
ferent temperatures. For room temperature measurement,
the SNHRRT (spectral normal hemispherical reflectivity at
room temperature) method was used (Ref 28). While for
higher temperatures, the SNEHT (spectral normal emis-
sivity at high temperature) method was used (Ref 30).

300 um

The SNHRRT apparatus consists of a Fourier transform
infrared (FTIR) spectrometer, an integrating sphere
accessory, and a calibrated reflectivity standard (Ref 28).
This measurement method is based on radiation emitted
from the spectrometer reaching the sample placed on the
integrating sphere. Inside the integrating sphere, the
reflected radiation from the sample extends in all directions
until it reaches the detector (Ref 28).

Assuming an opaque material, it is possible to evaluate

the sample emissivity according to Kirchhoff’s law (Ref
27); see Eq. 3.

R+E =1 (Eq 3)

where R is the sample absolute reflectivity, and E is the
sample emissivity.

The emissivity uncertainty is evaluated as a combined
standard uncertainty of all uncertainties with coverage
Factor k = 2. This includes repeatability of reflectivity
measurement, calibration, and homogeneity of reference
reflectivity standard, inserting repeatability of integrating
sphere system, and atmospheric spectral absorption. The
uncertainty depends on the wavelength and measured
reflectivity values.

The SNEHT method assesses the spectral normal
emissivity independent of temperature. This apparatus
contains an FTIR spectrometer, a laboratory blackbody, a
laser system for heating samples, and a system for the
sample surface temperature measurement. For this test,
both radiation sources (black body and sample) are posi-
tioned outside the spectrometer against each other. The
radiation collection from both sources is provided by a
rotary parabolic mirror placed in between, and the
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spectrometer detects the radiation from the sources. Sub-
sequently, the emissivity of the sample is evaluated (Ref
30).

As with the measurement method at room temperature,
the emissivity at high temperature is subjected to uncer-
tainties that are also determined as a combined standard
uncertainty of all particular uncertainties with a coverage
Factor of k = 2. Uncertainty sources are the measured
sample and blackbody spectral signals, the measured
sample surface and surrounding temperatures, the black-
body temperatures, the blackbody effective emissivity, and
the surrounding emissivity (Ref 31).

Coating Testing

The coating performance as a TBC for automotive and
energy applications underwent the various tests described
in the following sections.

Flame Rig Test

To replicate similar combustion engine working condi-
tions, assessing the high heat cycle presented during
combustion and the subsequent cooling of the surfaces and
as published previously by the authors (Ref 32), a flame rig
test was employed in collaboration with Jonkoping
University, Sweden. In this apparatus, two samples were
tested simultaneously with a specific timed cycle (6 s)
between an oxyacetylene torch and a cooling nozzle. The
coating temperature was measured using a K-type ther-
mocouple mounted on the sample side and logged with a
Keyence NR-H7 W. The temperature during heating was
approximately 700 °C and approximately 600 °C during
cooling. A comprehensive report of the apparatus is pro-
vided in Ref 32, 33.

Periodic checking of the torch was necessary because of
soot formation on the torch tip, which affects the flame
shape and, therefore, the heat distribution. The imple-
mented failure criterion was an observed 10% spallation,
and to check the reliability, two samples of each parameter
were tested. After testing, the failed samples were exam-
ined with SEM in cross section and compared with previ-
ous work (Ref 32, 33).

Thermal Cyclic Fatigue (TCF) Test

For energy applications, the TCF performance of the
samples was tested in an Entech ECF 14/16 HV (Entech
Energiteknik AB, Sweden) furnace according to the
method described in Ref 34. This method is well practiced
in industry and was chosen because it replicates the heating
and cooling that the coatings would experience during
service (Ref 34). The sprayed buttons were placed with the
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coating side facing up. The samples were isothermally
heated at atmospheric pressure to 1100 °C for 1 h and then
rapidly cooled with compressed air to approximately
100 °C for 10 minutes. After 10 s of cooling, a top-view
photo was automatically taken by a webcam to distinguish
contrast differences due to coating cracks and spallation.
The failure criterion adopted was 20% coating spallation;
once this was achieved, the sample was carefully removed
and prepared for characterization. As performed in the
flame rig test, to check the consistency of the test, two
samples of each parameter were tested.

Erosion Test

The erosion tests were carried out in an air-jet erosion rig,
the TR-470 (DUCOM, Netherlands). The test followed the
ASTM G76-13 standard (Ref 39). This rig facilitates test-
ing at different sets of parameters; particularly for this
work, the impingement angle was set at 90° for maximum
kinetic impact energy to the coating. The erodent used was
alumina (Al,O3) particles of irregular, angular morphology
with an average particle size of 50 £ 10 um. The distance
between the nozzle and the sample was held at 10 mm, and
the test was conducted at room temperature. The erodent
was dried in an oven at 125 °C for a minimum of 24 h to
avoid clogging. Before and after the test, the samples were
ultrasonically cleaned from excess material and erosive
debris and then weighed using a PCE AB-100 high preci-
sion scale (PCE-Instruments GmbH, Germany); five mea-
surements were taken for each sample. Two samples of
each batch were tested, and one extra T30 sample was used
as a test sample for the parameter setup when testing
exposure time. Table 5 shows the overall erosion param-
eters based on a previous study by Algenaid et al. (Ref 36);
however, the exposure time was reduced to 30 s to reduce
the risk of coating penetration for all samples. An addi-
tional 60 s was included in the test of the T90 sample for
comparison with a previous study (Ref 36). Five evenly
spaced erosion indents were performed for each sample.
The erosion rate was calculated as the ratio of mass loss of

Table 5 Air-jet erosion test parameters

Erosion test parameters Set
Air pressure (bar) 0.25
Particle velocity (m/s) 30

Flow rate (g/min) 240.25
Erodent Alumina
Grit size (um) 50 £+ 20
Angle (deg.) 90
Exposure time (s) 30 (and 60)
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200 um

Fig. 3 (Left) micrograph of AMDRY 386-HVAF at 90° spray angle and (right) micrograph of the bond coat sprayed with HVAF at 45° spray
angle. Red arrows mark the larger semi-deformed particles (Color figure online)

Fig. 4 Both micrographs show the topography of the 45° bond coat. The red arrows marked A highlight the smeared surface features. The red
arrows marked B highlight features that appears to be larger particles that had been sheared off in the coating process (Color figure online)

the material of interest to the mass of the abrasive material
(g/9).

Results and Discussion

The following sections describe the results obtained from
this study with added discussions and comparisons with
past studies.

Bond Coat Deposition and Topography

The target thickness for the bond coat was 200 pm, which

was measured using the method described in Sect. 2.4.3 at
214 pm after 9 strokes when sprayed at 90°. At a 45° spray

angle, the number of strokes increased to 31 while reaching
a thickness of 193 pm.

Figure 3 presents a comparison between the different
spray angles for the bond coat topography. The surface
roughness of the bond coat produced with 45° spraying was
measured at Sa = 3.1 £ 0.5 um, which was lower than the
bond coat produced at 90° of Sa = 6.5 & 0.5 pm, which is
itself comparable to the results shown in the literature by
Gupta et al. (Ref 37). As shown in Fig. 3, on the surface of
the coating sprayed at 45°, larger semi-deformed particles
are not present, which explains the lower Sa value. The
coating produced with 45° presented smaller semi-de-
formed particles in the range of 9-23 pum, manually coun-
ted to 2-5 per 1000 um” based on five micrographs taken
with SEM. If the deposition rate was similar to a 90° spray
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angle, these semi-deformed particles of larger size
(>55 pm) would appear more frequently on the surface, as
with their appearance in a previous study by Gupta et al.
(Ref 37). The surface also appears to have smeared splat
features in a unified direction, which means that the splats
are smeared along the surface in the spray direction
(Fig. 4).

The HVAF feedstock with larger particles is expected to
form coatings featuring semi-deformed/semi-molten parti-
cles on the surface (Ref 37, 38). Due to the relatively lower
thermal input of HVAF, larger particles may not fully melt
or not sufficiently soften upon impact. The adhesion of the
material on the substrate heavily depends on the particle’s
kinetic energy just before impact (Ref 21, 39). The formula
for kinetic energy is shown in Eq. 4:
KE = %mvz
where m is the particle mass, and v is the particle velocity.
As the particle impacts the substrate, its kinetic energy
leads to impact energy and thus plastic deformation of the
particle. Presumably, it appears that these larger particles
will not have enough impact energy to deform and adhere
to the substrate and therefore deflect upon impact. This
may have to do with the following: (i) Insufficient heating
and thus softening of these particles make them more
resistant to plastic deformation because more energy is
required to heat up larger particles. (ii) Inadequate velocity
due to larger particles needing more energy to accelerate
and thus not achieving the same speed as the smaller par-
ticles. Therefore, the impact energy will be insufficient to
mechanically interlock with the substrate/coating upon
impact. It is possible that the larger semi-deformed parti-
cles partially adhere to the surface, but the majority of the
particles are sheared off momentarily after impact. This
idea comes from observations on the larger flat smeared
features that can be seen on the top surface in Fig. 4;
however, this is difficult to confirm.

(Eq 4)

Top Coat Deposition and Topography

The top coat spraying process was evaluated through
deposition-per-pass (DP). DP is an essential parameter that
displays the coating thickness divided by the number of
spray passes needed to build up the coating and provides an
estimate of the process efficiency (Ref 40). The coatings on
samples T90, T70, TS0, and T90B45 showed a similar DP
in the interval of 3.1-3.3 pum/pass, while the T30 showed a
notable decrease to 1.7 pm/pass.

However, thickness measurements were performed
perpendicular to the substrate and did not take the coating
density into account; therefore, an evaluation of process
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Fig. 5 Area roughness values of the different top coats

efficiency that is based on thickness measurements should
be taken with caution.

Figure 5 shows the surface roughness measurements for
the top coats, and overview micrographs of the topography
can be seen in Fig. 6. A slight roughness increase was seen
along with a decrease in the top coat spray angle in samples
T90, T70, and T50, but a more drastic increase was
observed when the spray angle was reduced to 30°. With a
decrease in spray angle, the topography changed from a
cauliflower pattern (T90) to something resembling an
artichoke pattern (T30). The cauliflower pattern consisted
of each columnar top, but the top of the angular columns
was not directly visible when viewed from above, hence
the larger artichoke pattern. The surface features grew
larger with a decrease in spray angle because more of the
columnar stems were visible from above. T90B45 had
smaller cauliflower surface features than T90 and appeared
to have greater columnar density, which would lead to a
smoother top coat surface. The influence of the smoother
bond coat surface leads to thinner columns with greater
columnar density in the coating. The nanosized YSZ par-
ticles build upon the peaks of the coating surface as they
follow the impingement jet streamlines parallel to the
coating surface. The lower roughness of the T90B45 bond
indicates an increase in peak density; the mechanism
behind the high density of columns that form on smooth
surfaces is explained in detail in Ref 23, 41-43.

Microstructure Analysis
Bond Coat Microstructure

One benefit of synthesizing bond coats using high-velocity
thermal spray processes such as HVAF is the dense coat-
ing. If the flattening of the droplets or particles is high, then
small voids between the lamellar splat structure of the
coating will have little to no occurrence. It is known that an
off-normal spray angle can cause a higher degree of
porosity in the coating due to a phenomenon called
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500 um

Fig. 6 Topography view for the different top coats

200 um

200 um

Fig. 7 Microstructure of the bond coats. Left: Amdry 386 sprayed at 90°. Right: Amdry 386 sprayed at 45°

“shadowing” (Ref 39). As droplets hit the surface, the splat
formation is uneven in all directions. The droplets may
form splats that solidify closer to oval shapes rather than
circular when viewed from above (Ref 40). These splats
may also have an uneven thickness when viewed from a
side profile where the thickness gradually increases in the
positive horizontal directional component of the jet stream
or impact. The thicker side of the splat may leave a
shadowing area, which is a line-of-sight void that subse-
quent splat formation does not fill up, resulting in a pore.

Porosity formation due to shadowing occurs with APS and
other thermal spray methods of similar jet velocities.
However, high-velocity thermal spray processes such as
HVOF do not form porosities at an off-normal angle (at
least not up to 45°) (Ref 39). This is because of the high
pressure upon droplet impact. Capillary pressure occurs at
the interface between the droplet and the shadowing void
(gas) and is significantly greater than the atmospheric
pressure. The greater pressure developed by HVOF (and
HVAF) would cause the shadowing voids to be filled in by
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Fig. 8 (a) and (b) Micrographs of cross sections for different spray angles

the subsequently sprayed material. Liquid droplets may not  off-normal angle may cause a pressure drop where the
occur during impact using the HVAF system; therefore,  particle pressure reduces by a factor of cos o, where a is
sufficient pressure and plastic deformation are needed to  the spray angle. This reduction in pressure may lead to
form a dense coating at a 45° spray angle, which could be =~ weaker splat bonding and higher levels of porosity (Ref
partially achieved with a higher velocity. Furthermore, an 40, 44).
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Comparing the microstructure of the bond coat sprayed
at 45° to that sprayed at 90° in Fig. 7, notably fewer
interlamellar cracks and pores can be observed in the off-
normal sprayed coating. The lack of larger semi-deformed
particles led to fewer instances of interlamellar cracks and
pores since these particles cause line-of-sight shadow areas
and adhere poorly to the substrate/coating. The HVAF
system apparently provided sufficient high temperature and
velocity to plastically deform the particles upon impact
while filling in most shadowing pores that may otherwise
occur.

Top Coat Microstructure

The different cross sections in Fig. 8(a) and (b) show the
classic SPS microstructure features, such as columns, col-
umn gaps, and pores. The columns are tilted at roughly the
same angle to the surface plane as the spray angle. This
behavior was also observed by Caio and Moreau (Ref 22)
and agrees with previous work performed by the authors
(Ref 23). Taking a closer look at the off-normal sprayed
coatings, we can see that the columns are longer than the
standard normal sprayed coating, and the column length for
the T30 coating is almost twice the length of the T90.

When decreasing the spray angle, fewer columns are
formed, and larger columnar separation zones are present.
The columnar separation zones refer to the area between
the columns that are not completely gaps but are mostly
built up by YSZ particles with a higher degree of porosity,
as indicated by the white arrows in Fig. 8. These zones are
present on all coatings. However, at greater angles, actual
gaps are clearly visible from the coating top to a certain
distance below.

The porous regions between columns can be viewed
more prominently on the T30 sample. The width of the
porous regions on T30 varied significantly, and some
regions had the same width as one column. This could be
due to the SPS being sensitive to spray distance, and more
particles of lower momentum and thermal gradient are
potentially presented if their travel path increases. As
previously discussed, the off-normal spray angle causes a
line-of-sight shadowing area. This area grows larger with
the spray angle, and excessive particles that do not directly
hit a column may travel in the impinging jet streamlines for
a while longer and therefore experience lower velocities
while remaining molten/semi-molten before adhering. This
results in particles that may not form splats but remain
globular in shape, resulting in a significantly more porous
microstructure in regions between the YSZ columns.

Figure 9 presents the column density of the different top
coats. It was observed that with the increase in off-normal
spray angle, the number of columns per unit length
decreases with larger column gaps. The column density for
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Fig. 9 Overview of the column density

the T90 sample top coat was approximately 14 columns/
mm, which was similar to that of a previous study (Ref 36).
An increase in the column density was seen on the top coat
on sample T90B45, which can be related to the lower
surface roughness in the bond coat sprayed at 45°. As
discussed previously in Sect. “Top coat deposition and
topography”, the increased column formation is due to the
SPS coating mechanism with the small particles building
upon the peaks of the bond coat; these peaks or column
initiation points are increased in number with a lower
surface roughness (Ref 23, 41-43). The increased column
density for sample T90B45 is also shown in Fig. 9, together
with an outline of the different spray angles.

Figures 10 and 11 shows micrographs of the
microstructure of top coats sprayed with the same param-
eters on buttons and pistons from a light-duty diesel engine
(Region Cc-L and Cx-M) previously studied by the authors
(Ref 26). Similar microstructures were identified, but some
differences were observed because of the piston shape’s
influence on the plasma streamlines (Ref 23, 40, 45).

Based on Figure 10(a) and (b), a correlation was
observed between the piston microstructure sprayed with a
92° spray angle (Region Cc-L) and that of Sample T90.
The link was due to observing a typical SPS microstructure
composed of columns, porosity, and column gaps (Ref 42).
A difference between the two microstructures was the
higher number of columns in the coating sprayed on the
piston region, which can be related to the lower roughness
of the bond coat in the piston. The higher number of col-
umns can improve the strain tolerance of the coating when
it is exposed to temperature variations inside the diesel
engine, leading to a higher lifetime for the part (Ref 46).

Figure 11(a) and (b) reveals similarities of the two
microstructures sprayed at approximately a 30° spray angle
on pistons (Ref 42) and buttons, respectively. The columns
presented an inclination of approximately 30° and similar
porosity as well as larger column gaps. Marked with white
arrows in Fig. 11(a) and (b), the presence of porous regions
between the columns was also detected in both coatings.
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300 um

Fig. 10 SEM cross section images of piston region concave with a large spray distance (Cc-L) (a) and sample T90 (b)

Fig. 11 SEM cross section images of piston region complex with a medium spray distance (Cx-M) (a) and sample T30 (b)

Porosity

The two different groups of porosity, i.e., coarse (>2 um?)
and fine (<2 pm?), were measured as described in Sect.
“Porosity measurement” using image analysis. The results
for the as-sprayed top coats are summarized in Fig. 12,
including total porosity as well as coarse and fine porosity.
The T30 top coat had the highest total porosity (x~ 50%),
followed by T50 (~ 45%), T70 (~ 37%), T90B45 (=~
31%), and T90, which had the lowest porosity (x 29%).
A different contribution of each group of porosities was
also observed over the different samples. The top coats
produced with a 90° spray angle displayed porosity values
similar to those found in previous research, which also had
a slightly higher contribution from the fine porosity (Ref
10, 11). The off-normal sprayed coatings exhibited a higher
degree of coarse porosity with a proportional increase
along with the spray angle decrease. This can be related to
the microstructural variations shown in Sect. “Top coat
deposition and topography” and “Microstructure
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analysis”. The porous zones between the columns are
counted as coarse porosity in the image analysis technique,
and therefore, coarse porosity becomes noticeably higher
with a decrease in spray angle.

Thermal Properties

Figure 13 presents the thermal conductivity (TC) of the
coatings based on the thermal diffusivity values and the
porosity obtained by image analysis. The study of the
thermal properties was limited to coatings T90, T70, T50,
and T30, focusing on the variation in the top coat spraying
angle. TC was observed to proportionally decrease with
increasing porosity, as previously seen (Ref 23, 47-50).
This lower TC is associated with the porosity influence due
to the lower TC of air inside the pores when compared with
bulk YSZ. Porosity can influence the thermal properties in
another way, which is the connection between porosity
boundaries and phonon scattering. A higher phonon scat-
tering is due to the pore boundaries that increase the travel
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Fig. 12 Porosity of the coatings
within the different samples
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Fig. 13 Thermal conductivity of the coatings within the different
spray angles

path and blockage for phonon waves, which can lead to
lower thermal conductivity. Similar behavior has been
shown in previous studies (Ref 23, 51, 52).

The porous region between the columns influenced the
thermal conductivity. The increase in these porous regions
with decreasing spray angle lowered the TC. With the
increased columnar spacing, more coarse porosity is pre-
sent in the microstructure. This higher degree of porosity
combined with the column inclination leads to changes in
the heat flux path within the coating to a higher resistance
for the heat flux, and thus, a lower thermal conductivity is
found (Ref 47-50, 53). For automotive applications,
enhancements in engine efficiency are achieved with
coatings with a lower TC, as shown previously (Ref
10, 11). For functional energy application coatings, a low
thermal conductivity to shield the component from heat is
crucial for operation in hot sections of turbine engines (Ref
54).

Optical Properties
The emissivity results for the coatings produced with dif-

ferent spray angles are presented in Fig. 14 for three dif-
ferent temperatures. The chosen spectral range was
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Fig. 14 Emissivity of the coatings sprayed with different spray
angles in three different temperatures: A-25 °C, B-500 °C, and
C-1000 °C

2-10 pm because it combines the thermal radiation emitted
in a turbine engine, i.e., 2-10 um (Ref 55, 56) with the
thermal radiation that is generated in the combustion
chamber of a diesel engine, i.e., 2-6 um (Ref 29, 57). Over
the different temperatures in the spectral range from 2 to
7 um, different emissivities were observed for different
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coatings. Above a wavelength of 7 pm, all coatings showed
similar emissivity values. For wavelengths of 2-7 pm, there
is a marginally lower emissivity observed for the T30
coatings over the different temperatures. Since all samples
were polished before the testing of the optical properties,
differences in surface roughness can be omitted from the
assessment. Based on the lack of difference in roughness,
the difference in emissivity can be related to porosity dif-
ferences. In other words, the higher porosity of T30 led to
slightly lower emissivity. Vassen et al. (Ref 58) showed an
increase in the reflectivity with higher porosity of APS and
SPS YSZ coatings. As shown previously in Sect. “Optical
properties” and Eq. 3, the reflectivity is inversely propor-
tional to the emissivity; with this, the results agree with the
literature, presenting a high porosity leading to low emis-
sivity coating.

At room temperature, the emissivity uncertainty is less
than 3% in the whole spectral range but increases with
sample temperature to 6% at 500 °C and 10% at 1000 °C
for short wavelengths. For wavelengths above 7 pm, the
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Fig. 15 Flame rig test results
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emissivity uncertainty is less than 4%. High values of
emissivity uncertainty at short wavelengths are due to the
low emissivity of measured materials. The emissivity
results are affected by atmospheric absorption in the
spectral bands of 2.5-3 um, 4.2-4.5 um, and 5-8 pm.
Absorption is characterized by peaks and higher emissivity
uncertainty (Ref 28, 30).

To maximize the radiation inside a diesel engine or a gas
turbine, the TBC should possess a high emissivity in the
range of wavelengths at the operating temperature of diesel
engines and gas turbines. According to the Planck’s law
and Wien’s displacement law, the maximum radiation
intensity is at approximately 3 pm at 700 °C (assumed to
be the diesel engine operating temperature), whereas the
maximum radiation intensity is at approximately 2.3 um at
1000 °C (for a gas turbine) (Ref 27).

Coating Testing

In the following sections, the functional property tests
performed to evaluate the coatings’ capability to work in
specific environments for automotive and energy applica-
tions are presented.

Flame Rig Test

Figure 15 presents the flame rig test results. It was observed
that Sample T90 showed the highest lifetime, which agrees
with the authors’ previous work (Ref 32). All top coats
sprayed with a lower spray angle had a reduced lifetime.
This behavior can be associated with the microstructural
variations, as discussed in Sect. “Top coat deposition and
topography” and “Microstructure analysis”, in column
inclination and increased porosity. Samples T30 and T50

Cracks

T90 B45 Oxides

500 um

Fig. 16 SEM cross section image after flame rig test of samples T90 (a) and T90B45 (b)
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Fig. 17 SEM cross section image after flame rig test of samples T30 (a), TS0 (b) and T70 (c)

had an inferior performance with a lower lifetime than the
other samples produced with different top coat spray
angles. This performance can be related to the extreme
column inclination combined with the higher porosity.
These differences affected the coating performance
because the typical columnar microstructure is altered.
With these changes, the major advantage of the SPS
coatings to provide high strain tolerance was lowered (Ref
59, 60).

Next, the second-highest lifetime was observed in
Sample T70; as shown in Sect. “Microstructure analysis”,
the microstructural changes (column inclination and
increased porosity) are not as extensive as in Samples T30
and T50, which can explain the higher lifetime. The lowest
performance within all the sprayed coatings was observed
for Sample T90B45. This performance can be related to the
microstructural changes due to the influence of the bond

coat roughness on SPS top coating formation. With the
lower bond coat roughness and the SPS coating building
mechanism explained in Sect. “Top coat deposition and
topograph”, a high number of columns was observed.

After the flame rig test, the investigated samples were
cut on cross section and prepared using the standard
preparation procedure for microstructural observation of
TBC coatings. The failure was seen as horizontal cracks
propagating along the interface between the bond coat and
the top coat. In addition to horizontal cracking, the porous
area between the column gaps represents a low-energy
pathway for crack propagation. The micrographs shown in
Fig. 16(a) and (b) are for the T90 and T90B45
microstructures, respectively.

In Fig. 16(a), the presence of oxides at the bond
coat/substrate interface on Sample T90 was observed.
These oxides might occur because of the exposure of the
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substrate to the bond coat and top coat delamination. These
oxides can also result from substrate oxidation due to the
substrate material being automotive steel. The oxides are
generated by the combination of the high heat from the
flame (accentuated after top coat delamination) and air
from existing pores (internal oxidation) or crack develop-
ment (after the first oxides grow) through the bond coat.
After the formation of oxides, delamination occurs due to
the stresses introduced by the oxides combined with the
stresses arising from the disparity in thermal expansion
between the top coat and the bond coat (Ref 32). In
Fig. 16(b), the short lifetime for Sample T90B45 was
elucidated by observing a large amount of oxides in the
bond coat/substrate interface. These oxides led to higher

2500
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T90 T70 T50 T30 T90B45

Fig. 18 TCF lifetime of the TBC’s

stresses within the coatings. These stresses resulted in
several cracks along the top coat, and as an outcome, the
lifespan of this coating was shortened. The microstructures
after the testing for Samples T30, T50, and T70 are shown
in Figure 17(a), (b), and (c), respectively.

Figure 17(a) shows that for Sample T30, there is
delamination of the top coat with cracks along the top coat/
bond coat interface. These cracks can be due to stresses
produced by oxides on the bond coat/substrate interface, as
shown previously for Samples T90 and T90B45. These
oxides, combined with the inclination of the columns and
increased porosity of the SPS coating due to the top coat
spray angle, lowered this coating’s lifespan. Fig-
ure 17(b) with Sample T50 and Fig. 17(c) with Sample T70
exhibited the same features, with cracks on the top coat and
oxides along with the bond coat/substrate interface. This
oxidation can be, as previously correlated, part of the
failure mechanism for these coatings, together with the
impact of the inclination of the columns and increased
porosity on the general high strain tolerance of the SPS
coatings.

Thermal Cyclic Fatigue Test
Figure 18 presents the TCF test results for the coatings.

Considering the top coat, TCF lifetime does not seem to
notably change with an increase in column inclination.

200 um

T30

200 um

200 um 200 um

ot -

200 um

T90B45

Fig. 19 Cross section images of the coatings after TCF testing; (a) alumina oxide growth. (b) opening of columns. (c) larger column openings on

the T90B45 coating. (d) Oxide growth
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Fig. 20 A closer view of the TGO after the TCF test. Thickness measurements at specific locations are marked in the figure

i — ‘ b 80.0 um | - : TEdy ] ; \:
[-4 s 88.0 pm I s & : 100.9 pm

TN e
S PR
S e

’ ! por e T g e i b
e e i ; i N g
T90 T70 T50 | C

. — — e
200 um 200 um 200 um

VL G S

$ ) bl 7 '.‘. . .-‘;‘w";:_'g‘-.”.:’__
T30 T TO0 BAS g

et .
200 um 200 um

Fig. 21 The coatings after TCF test where the bond coat and TGO are in focus. (a) semi-deformed particles surrounded by the TGO, separated
from the bond coat. (b) The B Ni-Al phase band. (¢c) Alumina remnants from grit blasting. (d) Oxide growth

However, Sample T90B45 had an almost three times  impact in a TCF test than it does in a flame rig test.
higher lifetime than the other coatings. Micrographs of the failed coatings (Fig. 19) show that the

Because the samples were uniformly heated and there  failure was due to excessive thermally grown oxide (TGO)
were relatively long thermal cycles between cooling, the  formation, which would impose significant stresses in the
top coat microstructure is believed to have less of an  bond coat/top coat interface (Ref 69). Thermal mismatches
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Fig. 22 Cross section view of the T30 coating after the TCF test. The white arrows on the image indicate the vertical cracking with the
intercolumnar gaps and a closeup on the porous spherical particle formation compared to the denser splat formation

between the coating layers and TGO contribute to TGO
cracking and ultimately coating failure. The micrographs in
Fig. 20 show a similar TGO thickness of 8-10 pum in all
coatings, where Sample T90B45 only had a slightly thicker
TGO at places between 10 and 13 pm. The TGO thickness
for the T90 to T30 coatings coincides well with previous
studies (Ref 38, 61).

Furthermore, the narrow and straight columns with a
tight intercolumn gap seen in Sample T90B45 made the
coating structure more compliant with thermal stresses
during cyclic heating and forced cooling. Although good
for coating anchoring, a rougher bond coat with greater
peaks and valleys causes further stresses (e.g., tension in
peaks and compression in valleys) in the formed TGO as
the samples expand and contract during the thermal cycles.
These stresses, in turn, lead to earlier cracking in the TGO,
where heat and oxygen in the atmosphere can pass through
(Ref 38, 63, 64). The smoother off-normal sprayed bond
coat leads to delayed crack formation in the coating
because of lesser stresses in TGO and thus a longer TCF
lifetime. It is important that Al can diffuse to the bond coat/
TGO interface so that it can continuously form/repair the
TGO consisting mainly of slow-growing o-alumina that
protects the bond coat from other harmful oxide growth
(Ref 65, 66). Another possibility behind the longer lifetime
of T90B45 is its microstructure. If the number of oxide
stringers is larger or their thickness greater then it could
further make it difficult for Al to diffuse to the bond coat/
TGO interface. By visually comparing the microstructure
between the bond coats sprayed at 90° and 45°, it can be
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seen that the coating sprayed at 45° had significantly
thinner oxide stringers and almost no interlamellar cracks.

Furthermore, when analyzing the  Ni-Al phase layer
marked with white lines in Figure 21 for the TBCs, similar
thicknesses of this layer between the coatings were
observed. Since the chemistry was the same and the life-
time was similar, it can be said that an increased spray
angle of the top coat does not have a significant impact on
the TCF lifetime. However, since the [B-phase layer is
relatively thick, the coatings had the potential to last longer
during the TCF test (Ref 67). As shown in the micrographs
presented in Fig. 21, no B Ni-Al phase band could be seen
in the T90B45 bond coat, suggesting that the Al reservoir
had been depleted. It is believed that a denser bond coat
and a more thermally compliant columnar top coat are the
main reasons behind the T90B45 long TCF lifetime.
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Fig. 24 Cross section image of the tested coatings
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Fig. 25 Overview of the craters after the erosion test
The porous areas between the columns are weak, and  substrate is uniformly heated and expanded. As the region
cracks can be observed along the columns (Fig. 22), which ~ consists of loosely bonded spherical-shaped particles, it

may be related to the substrate thermal expansion. The  serves as an easy pathway for crack propagation coinciding
porous area between the columns is torn apart as the  with a similar observation from a previous study (Ref 63).
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Erosion Test

Figure 23 presents the results from the erosion test. Sam-
ples T90 and T70 were similar and showed the highest
erosive resistance of all the coatings, possibly due to their
similar microstructural characteristics, as shown previously
in Sect. 3.3. The erosive resistance was lowered with a
further decrease in the top coat spray angle. These results
are consistent with those of Wellman and Nicholls (Ref
68), which concluded that an inclination of 15° off-normal
(90°-75°) would be the maximal angle before the erosion
rate becomes substantial.

Previous studies have shown that cracks progress along
the weakest points of the microstructure, such as coarse
porosity regions, microcracks, and around inclusions (Ref
11, 36, 63). Considering the porosity measurements pre-
sented in Fig. 12, a correlation was seen between the
porosity and the erosion test results. The coating on Sample
T90B45 presented a considerable difference from the other
coatings when looking at the relationship between porosity
and erosion test results. The coating has similar porosity
levels as T90 and T70; however, the coating on Sample
T90B45 showed a lower erosion resistance. This lower
erosion resistance could be due to the narrower columns
that may break off more easily during impact. If the path of
the crack from its initiation point is shortened, i.e., if the
column diameter is small, then the crack may progress
through the cross section of the column and break off a
section.

In previous studies (Ref 36, 69, 70), the typical crack
paths for brittle, porous YSZ coatings progress laterally
and conically near the impact of the erodent. Sections of
columns would subsequently break off from top to bottom.
In Samples T30 and TS50, cracks were seen in the mid-
section of the column where the erosion particles directly
hit the coating, as indicated by the white arrows in Fig. 24.
This would break off larger sections during the impact of
the erodent, which could explain their higher erosion rates.
Lateral cracks or cracks along the cross sections of the
columns and conical-shaped cracks can be seen on all
coatings (Fig. 24). An overview of the erosion craters can
be seen in Fig. 25, where the surface features become
larger toward the crater center of T50 and T30 because of
the columnar tilt.

The exposure time was set for 60 seconds for a T90
sample to compare with a previous study (Ref 36); there-
fore, one extra test was performed with this parameter.
According to weight measurements, the 60 s sample
underwent more than twice the weight reduction, which
was slightly more than that of the equivalent 30 s test (2.3
times higher), which meant the erosion rate was higher for
the 60 s sample. The difference between erosion rates may
be due to a nonlinear erosion rate for the coatings where the
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upper columnar width is greater than the lower, which
means that the erosion rate progressively increases as the
columnar structure narrows down to the base.

Conclusions

YSZ-based TBCs under different spray angles were made
and investigated to determine the best compromise
between the SPS columnar microstructure that would be
produced in a substrate of complex geometry and the
properties of the coatings. The top coats were manufac-
tured with SPS at 30°, 50°, and 70° spray angles, which
were then compared with that produced at a 90° spray
angle. Additionally, a metallic MCrAlY bond coat was
deposited using HVAF at a 45° spray angle for one batch
with a standard 90° top coat.

The different bond coat spray angles revealed a lower
surface roughness and discrepancies in the unmolten par-
ticles presented in the bond coat topography. The top coat
sprayed with a lower spray angle displayed a decreased
deposition efficiency, together with a higher surface
roughness.

Distinct microstructural features were observed in the
top coat sprayed with different angles, such as a higher
porosity and angular columns with a lower spray angle.
However, the typical SPS microstructure was observed
with columns, porosity, and column gaps. Due to the higher
porosity combined with the inclination of the columns, the
thermal properties showed a decreased thermal conduc-
tivity with a decrease in the top coat spray angle, and the
optical properties presented a marginal decrease in the
emissivity with a decreased top coat spray angle.

Significant impacts on the lifetime were noticed in the
different tests with variations in spray angle of below 70°
(Sample T70). This was seen due to the higher porosity
combined with the column inclination change impacting
the usual high strain tolerance of SPS coatings. Mainly, the
lower spray angle led to a lower lifetime; the exception was
the thermal cyclic fatigue test, where the lower spray angle
did not lead to a significant drop in the lifetime.

Based on the results, both HVAF and SPS can be used to
spray with an angle between 70° and 90°, which is helpful
for complex geometries such as turbine blades employed in
energy applications or piston heads used in automotive
applications, but the optimal coating was sprayed with a
spray angle of 90° top coat and spray of 90° bond coat.
This outcome indicates a need for iterations with spraying
on complex geometry applications until a spray angle
between 70° and 90° is attained; otherwise, the
microstructural changes can lead to deterioration in prop-
erties and lifetime.
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