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Abstract A relatively small change in oxide content and
microstructure in MCrAlY coatings (M = Co, Ni) can
affect the functionality of the coating for oxidation pro-
tection or as a bond coat. The objective of this study is to
fabricate a CoNiCrAlY coating with low porosity and low
oxide content. The high velocity air-fuel (HVAF) process,
with its relatively low process temperature, is particularly
suitable for the deposition of spray materials that are sus-
ceptible to oxidation or degradation at high temperature.
A CFD simulation model of HVAF process is developed to
determine the process parameters for fabricating CoN-
iCrAlY coating. The simulation results are validated by
particle diagnostics, thereby establishing a comprehensive
understanding of the underlying process. To assess the
coating microstructure, XRD and EDS analyses as well as
observation of cross sections of the coatings are conducted.
The results highlight the influence of various factors, such
as the variation of carrier gas and particle size distribution,
on the quality of the coatings. Consequently, the utilization
of simulation-based process parameter development is well
supported by the coating fabrications, offering valuable
insights into the processes prior to implementation.

Keywords CFD simulation - coating microstructure -
CoNiCrAlY - HVAF - oxide content
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Introduction

Thermally sprayed MCrAlY coatings, where M represents
nickel, cobalt or their combination, are often used as a
single-layer coating for oxidation protection or as a bond
coat for thermal barrier coatings (TBC) on the turbine
blade. During operation, the elements of the coating oxi-
dize and form an oxide layer (thermally grown oxide,
TGO) on the surface of the MCrAlY coating or at the
interface between the MCrAlY coating and the TBC. The
functionality of the coating depends significantly on the
oxide content and the microstructure of the MCrAlY
coating (Ref 1). Various thermal spraying processes have
been investigated to examine the oxidation resistance of
CoNiCrAlY bond coat for TBC applications. These include
atmospheric plasma spraying (APS), vacuum plasma
spraying (VPS), high velocity oxygen-fuel (HVOF) and
cold gas spraying (CGS) (Ref 2), each with its own
advantages and disadvantages.
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VPS is cost intensive due to vacuum chamber usage.
High process temperatures in APS can lead to excessive
oxidation and Al loss in coatings, potentially causing pre-
mature MCrAlY failure (Ref 3). During oxidation test, Al
in the bond coat formed a protective oxide scale, and some
reacted with Ni to create small Al-rich precipitates scat-
tered throughout the bond coat (Ref 4). Coatings with low
porosity, comparable to low-pressure plasma spraying
coatings, and with oxygen content comparable to good
HVOF coatings were prepared using APS and a high
velocity nozzle (Ref 5). Coatings with low surface rough-
ness (Ra < 6 um), low porosity, and relatively high oxide
content were fabricated by supersonic plasma spraying due
to higher particle velocity and axial injection (Ref 6). The
HVOF and CGS processes also operate at atmospheric
pressure, with lower particle temperatures than APS. CGS
results in solid-state particles, leading to minimal oxide
content. However, its lower temperature can hinder
deformability upon impact, potentially causing porosity
and negatively affecting coating properties. CGS-sprayed
CoNiCrAlY coatings exhibit higher porosity compared to
HVOF coatings, resulting in faster TGO layer growth
despite the lower oxide content (Ref 7). HVOF spraying of
fine-grained materials can increase particle oxidation due
to larger specific surfaces (Ref 8). Al depletion at the TGO/
CoNiCrAlY interface in HVOF-sprayed coatings does not
cause chemical failure (Ref 9). Comparatively, as-sprayed
CGS and HVOF coatings share similar microstructures,
while APS coatings have higher porosity and oxide con-
tent. Minimal oxide growth rates are observed for HVOF
coatings, closely followed by CGS coatings (Ref 3).

The activated-combustion-high velocity air-fuel process
(AC-HVAF) offers the advantage of moderate particle
temperature and high particle velocity, enabling control
over oxidation and microstructure of the MCrAlY coating
for improved functionality. Additionally, its high efficiency
contributes to better resource utilization. However, the lack
of fundamental understanding of the flow and combustion
processes prevents the HVAF process from being widely
used. In most studies, only the observed coating qualities
are described and analyzed. The relationship between the
observed phenomena and the process is rarely investigated.

Related Works

AC-HVAF process is a combination of various physical
and chemical phenomena, involving turbulent flow, com-
bustion, heat transfer, and compressible gas flow. Intro-
ducing the powders into the process initiates heat and
momentum transfer between the gas stream and the parti-
cles. Simulation, particularly computational fluid dynamics
(CFD), has proven to be a powerful tool for analyzing
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thermal spray processes, including gas dynamics and in-
flight particle behavior. Three-dimensional CFD modeling
of HVAF process is developed to simulate the flight pro-
cess of Fe-based amorphous alloy particles considering the
catalytic ceramic as inlet for the air-propane mixture. The
nitrogen flow rate and particle size were studied on their
influence on their in-flight characteristics (Ref 10). Similar
simulation was carried out taking into account the ceramic
disk and the radial inlets for the compressed air (Ref 11).
The effects of different fuel types and process parameters
on the performance of AC-HVAF were studied in two-
dimensional CFD simulations (Ref 12) followed by further
investigations on different air—propane ratios and nozzle
geometries (Ref 13). Two-dimensional CFD gas—solid
coupling model is also developed to study the flight
behavior of titanium alloy powder particles during HVAF
spraying. On this basis, the discrete phase model (DPM) of
titanium particles was carried out by the Lagrangian
method to determine the particle flight behavior (Ref 14).
With addition of process diagnostics, HVAF spray
parameters for fabricating CoNiCrAlY coatings were
developed based on detailed process analyses to charac-
terize the working gas jet and the particles in-flight and
calculate the gas velocities (Ref 15).

Numerical simulations of the AC-HVAF process that
can be found in the literature are often modeled with
simplifications, either two-dimensional or without taking
into account the technical details of the spray gun system.
The mixing process of air and propane in the mixing
chamber was not considered in most studies. In addition,
the compressed air flowing into the combustion chamber is
given by the mass flow rate in most numerical models.
However, in most AC-HVAF systems, the mass flow of
compressed air is controlled by the inlet pressure and is
distributed both for combustion and as a cooling medium
for the spray gun. This detail is not found in the existing
models. Therefore, a complete simulation model of the
AC-HVAF process is developed as part of this study. The
model includes the three-dimensional modeling of the
spray gun up to the free-jet region, the mixing process in
the mixing chamber and the distribution of compressed air
as an oxidizing agent in the combustion chamber and as a
cooling medium for the entire spray gun.

The objective of this study is to manufacture a CoN-
iCrAlY coating with reduced porosity and oxide content
using the AC-HVAF process. The process parameters are
established through CFD simulation, building upon prior
research (Ref 16). The simulation model is utilized to
investigate the influence of the process parameters on the
particle in-flight properties. Additionally, H, is introduced
into the numerical model as a secondary carrier gas to the
primary carrier gas N,. The simulation model of AC-
HVAF process is subsequently validated against the
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measured particle velocities. Finally, the microstructure of
the coatings fabricated with the process parameters deter-
mined from the simulation is analyzed. The coating
parameters include variations in coarse and fine powder
fractions, carrier gas compositions, and stand-off distances.
The experimental results complement the simulated parti-
cle in-flight properties and enhance the understanding of
AC-HVAF.

Model Description

CFD simulations of AK-07 AC-HVAF thermal spray gun
(Kermetico, Inc., Benicia, USA) were conducted using
Ansys Fluent 2021 R2 (ANSYS, Inc., Canonsburg, USA).
The simulation model allows the calculation of particle
temperature and velocity upon impact onto the substrate,
which is significant for the resulting coating
microstructure.

A three-dimensional CFD simulation model of AK-07
was developed to investigate the correlation between the
process parameters and the in-flight behavior of CoN-
iCrAlY particles, for details, refer to (Ref 16). Built upon
the previous work, the model has been modified from a
longer nozzle #4L with length of 225 mm to a shorter
nozzle #2L with length of 150 mm, which is more suit-
able for application of metallic materials. Moreover, H, as
secondary carrier gas is introduced. The flow dynamic
model is modeled with k—w—shear stress transport turbulent
model. The combustion modeling relies upon the eddy
dissipation model with following chemical combustion
reaction (Ref 17):

C3Hs +4.762 0, + 0.014 N, — 0.447 CO + 2.553 CO, + 0.009 H + 0.129 H,

+3.843 H,0 + 0.027NO + 0.002 0 + 0.047 OH + 0.026 O,

To simulate the interaction between the gas stream and
the particles, a discrete phase model with a two-way cou-
pling method is applied to account for the interaction
between the gas stream and the powders. The drag force is
the major force acting on the particles and can be described
as follows:

_Vg| : (Vg _Vp)/z

In this study, the relationship between the drag coeffi-
cient Cp and particle Reynolds number Re,, is calculated
using the approach of Vardelle et al. (Ref 18):

Fp=Cp-Ap-pg- |vp

24/Re, Re, <0.2
24+ (1401 -Re™)Re, 0.2<Re, <2
Co={ 24 (1+0.11-ReY* )Re,  2<Rep<2l

21 <Re, < 500
500 <Re,,

24+ (140189 -Re) Re,
0.44

The convective heat transfer between the gas mixture
and the particles is written as follows:

h =k, -Nup/d,

The particle Nusselt number is based on the Hughmark
correlation as follows (Ref 19):

0<Re, <776.06 und 0 < Pry, <250

Nu. — 24 0.60 - Reg‘5 . Prg‘33
b= 776.06 <Re, und 0 < Pr, <250

2+40.27 - Rep® - Prd?

The simulation domain is depicted in Fig. 1, and the
material properties of CoNiCrAlY are taken from the
previous work (Ref 16). The investigated process param-
eters are listed in Table 1| in the next section.

Following a thorough mesh convergence study, the
current mesh setup for the simulation model employs ele-
ment sizes of 1.6 mm for the combustion chamber, 1.6 mm
for the nozzle, and 0.8 mm for the core region of the free-
jet with a total of 4,143,856 cells.

Experimental Procedure

The experiments were conducted using an AC-HVAF-
System AK-07 equipped with combustion chamber #3 with
an internal diameter of 70 mm and a de Laval nozzle with a
length of 150 mm and expansion diameter of 17.2 mm.
Commercially available CoNiCrAlY powders (Oerlikon
Metco Europe GmbH, Kelsterbach, Germany) Amdry 9954
with powder fraction of — 63 + 11 pum in the manuscript
will be referred as coarse powder, and Amdry 9951 with
powder fraction of — 38 4+ 5.5 pum, as fine powder, were
deposited on mild steel substrate. The Morphologi G2
optical particle analyzer (Malvern Instruments GmbH,
Herrenberg, Germany) is used to determine the actual
particle size distribution. Figure 2 shows the images of the
powders, the volumetric frequency distribution of the
measured particles with dsg = 17 um for the fine powder
and dso = 28 um for the coarse powder, and the applied
Rosin—Rammler distribution of the particles in the
simulation.

The simulation model is employed to study the influence
of carrier gas compositions and stand-off distances on the
particle in-flight properties. The parameters for the spray
gun, such as the pressure of the compressed air and propane
as well as the volume flow rate of the primary carrier gas
N,, are listed in Table 1. Based on the simulation results of
the particle velocities and the flow field, which are dis-
cussed in the next section, a suitable parameter window for
coarse and fine powder can be identified. The investigated
coating parameters are listed in Table 1. For validating the
simulation results, particle in-flight properties such as
particle temperatures and velocities were measured using
SprayWatch 4S (Oseir Ltd., Tampere, Finland).
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Fig. 1 Simulation domain of

Propane inlet

Powder and

the AC-HVAF process . . 250 mm
carrier gas inlet < >
e Nozzle L . Free-jet
=/
Air inlet Ambient pressure 50 mm
Table 1 Process parameters for fabrication of the coatings VK-X200 (Keyence Deutschland GmbH, Neu-Isenburg,
Process parameters Unit Value Germany).
Spray gun parameter
Compressed air MPa 0.62 Results and Discussion
Propane MPa 0.55
Nitrogen SLPM 25 Simulation Results
Powder feed rate of coarse powder rpm 2.5 = 39 g/min
Powder feed rate of fine powder rpm 25 = 24 g/min ~ The simulation model was set up in two phases: initially
Parameter Powder  Hydrogen  Stand-off reprf.:senting only the gas flow without powder injecti.on,
fraction, distance d, crucial for understanding HVAF process flow properties.
pm mm Figure 3 displays the simulated temperature and velocity
o ] flow field in a steady state. The asymmetric temperature
Variation of powder sizes, e . o . . .
carrier gas mixtures and distribution within the combustion chamber is likely
stand-off distances attributed to minor differences in the mass fraction of the
C-N-200 — 63411 - 200 propane—air—gas mixtures exiting the mixing chamber.
C-H-200 — 63+ 11 29 SLPM 200 Despite the use of a shorter nozzle in the AK-07 AC-HVAF
C-N-250 —634+11 - 250 system, a relatively high flame jet velocity is observed,
C-H-250 —_ 63+ 11 29SLPM 250 reaching just under 1500 m/s, indicating a supersonic state
F-N-200 _384+55 - 200 with Ma > 2. The core region of the flame jet dissipates
F-H-200 — 38455 29SLPM 200 after approximately 165 mm, followed by a rapid decrease
E-N-250 _ 38455 - 250 in gas flow velocity and temperature.
F-H-250 38455 29 SLPM 250 Subsequently, the simulation involved injecting powder

To enhance understanding of how particle in-flight
properties affect the deposited coatings, the microstructures
of the coatings were analyzed. All coatings are fabricated
over 20 passes. Scanning electron microscopy (SEM)
Phenom XL (Thermo Fisher Scientific Inc., Massachusetts,
USA) with energy dispersed spectroscopy (EDS) was uti-
lized for this analysis. The phases in the coatings were
examined using x-ray diffraction (XRD) by XRD 3000 (GE
Energy Germany, Ratingen, Germany) in a range from
20° < 29 < 80°, employing a Cu-Ko radiation source with
a step size of 0.02° and step time of 5 s. Additionally,
surface topology and surface roughness of the coatings
were assessed using a confocal laser scanning microscope
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particles to analyze their in-flight properties. The influence
of the carrier gas composition on these properties was
examined both numerically and experimentally. To vali-
date the simulation results, the particle in-flight properties
were measured at stand-off distances of d, = 100 mm, d.
=200 mm, and ds = 250 mm using SprayWatch 4S. Fig-
ure 4 illustrates the calculated and measured particle
properties for coarse powder at given stand-off distances.
The din, dso, and dp,ax of the coarse powder are 11, 28, and
63 pum, respectively. The measured particle velocity cor-
responds to the calculated particle velocity for the particle
diameter d,,;,. The addition of H, as a secondary carrier gas
had no significant impact on particle velocity, as confirmed
by experimental measurements. However, there was a
noticeable decrease of approximately AT ~ 100 K in
particle temperature due to the presence of H,. The mea-
sured particle temperature refers to the surface
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Fig. 2 Characterization of
CoNiCrAlY powders: (a) SEM
images, (b) particle size
distribution, and ¢ Rosin—
Rammler distribution adopted
for the simulations

Fig. 3 Simulated temperature
and velocity flow field of AK-07
AC-HVAF system
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temperature. The diagnostic system tends to detect finer
particles due to the short exposure time and the incandes-
cent particles. In the simulation, the powder particle is
defined as a point mass with the resulting calculated

particle temperature representing the bulk temperature due
to the implemented lumped capacitance method. In addi-
tion, the SprayWatch 4S particle diagnostic system’s lim-
itation in detecting particle temperatures above
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Fig. 5 Calculated and measured
particle velocity and

Fine powder fraction

temperature of fine CoNiCrAlY 1,000 d_. e p 2,000 I . )
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T > 1000 °C prevented the measurement of coarser parti-
cle temperatures. The coating microstructure further sup-
ported this difference, showing semi-molten particles and
indicating that the measured temperature was the surface
temperature of the finer particles.

Figure 5 displays the calculated and measured particle
in-flight properties of fine powder at various stand-off
distances of d; =100 mm, d;=200mm, and d,.
= 250 mm. The d,in, dso, and dp,ax of the fine powder are
5.5, 17, and 38 pm, respectively. The measured particle
velocity is within the range of the calculated particle
velocities of the particle diameters d;, and dso. As for the
particle temperature, finer particles cool down faster
compared to coarser particles due to their higher Reynolds
numbers. This phenomenon can be captured in the simu-
lation. The use of N,—H, as a carrier gas results in a lower
particle surface temperature, similar to the coarse powder
behavior.

Based on the results of the numerically and experi-
mentally determined particle velocities, and the gas
dynamic flow field, a suitable parameter window for the
fabrication of the coatings could be identified. While the
particles have a high velocity at d; < 200 mm, the core
region of the flame is at a high temperature up to approx.
165 mm after the nozzle outlet. Therefore, the stand-off
distances d; = 200 mm and d; = 250 mm were selected to
manufacture the coatings with both powder fractions. In
addition, the variation of the carrier gas composition due to
the observed particle temperature differences is included in
the parameter variation.

Examination of Coating Microstructure
Coating microstructure analysis is crucial for assessing the
quality of fabricated coatings, particularly regarding

porosity and oxide content in MCrAlY. The percentage
area porosity was automatically calculated by digital image
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analysis using Image] software (National Institutes of
Health, USA) by determining the black areas in the SEM
microstructure images of 3 images for each coating
parameter. The oxide content in wt. % was qualitatively
measured by EDS elemental mapping analysis.

Figure 6 displays cross sections of CoNiCrAlY coating
microstructure with coarse powder. Coating thickness for
parameters C-N-200, C-H-200, C-N-250, and C-H-250 is
158, 233, 198, and 162 pm, respectively. The coating with
N,-H, as carrier gas at a stand-off distance of d;.
=200 mm, C-H-200, shows the highest deposition rate
within the investigated parameters. The cross sections
reveal nearly spherical semi-molten particles. All coatings
with coarse powder have a low porosity of & < 0.6% and
relatively low oxide content ranging from 2.1 to 2.7 wt.%.

Figure 7 illustrates cross sections of CoNiCrAlY coating
microstructure with fine powder. Coating thickness for
parameters F-N-200, F-H-200, F-N-250, and F-H-250 is
182, 220, 203, and 204 pm, respectively. Similar to the
coatings with coarse powder, the coating with N,—H, as
carrier gas at a stand-off distance of di = 200 mm, F-H-
200, shows the highest deposition rate within the investi-
gated parameters. Coatings with fine powder exhibit fewer
semi-molten particles, resulting in a very low porosity of
® < 0.4%. However, they exhibit higher oxide content
compared to coatings with coarse powder, with oxides,
which are shown as darker areas in the cross sections,
distributed homogeneously throughout the coatings. The
oxide content is ranging from 2.7 to 3.0 wt.%.

Figure 8 shows SEM images of CoNiCrAlY coating
with parameter C-H-200 and F-H-200, captured using
backscattered electron detector and topography mode to
depict coating density. The observed microstructure
appears very dense with minimal porosities. Topography
mode images reveal oxides characterized by emerging
surfaces. In the EDS elemental mapping analysis, the
observed element O overlaps with the element Al, as
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Stand-off distance d; = 200 mm

Stand-off distance d, = 250 mm

Fig. 8 SEM cross section image of CoNiCrAlY coatings with BSE
and topography modes

shown in Fig. 9. The comparison of the porosity and the
oxide content of the investigated parameters is displayed in
Fig. 10.

XRD Analysis

Figure 11 shows the XRD patterns of the CoNiCrAlY
feedstock powders and as-sprayed coatings. The feedstock
powder contains y-matrix and B-(Co,Ni)Al phases, while
the as-sprayed coatings show indistinct B-phase peaks.
Broadening of fy-matrix phase peaks indicates grain
refinement and micro-stress from severe plastic deforma-
tion during deposition, which also found in as-sprayed cold
gas CoNiCrAlY coatings (Ref 20). XRD analysis was not
able to detect obvious oxide phases in coatings with fine
powder.

Evaluation of Surface Roughness and Coating
Surface Topology

Bond coats for TBC systems require a specific threshold of
surface roughness to ensure proper coating adherence. The
surface roughness depends on the manufacturing process,
particle size, and stand-off distance. The cross section
analysis of coatings provides insights into microstructure,
porosity, and oxides. On the other hand, coating topology
reveals the impact behavior of coarse and fine powder
particles, which is relevant for the surface roughness of the
coatings. Coarse particles appear partially molten with
some spherical shapes, as shown in Fig. 12. In contrast,
fine particles, which are mostly molten upon impact,
resulting in disk-shaped splats with splashes.

By means of confocal laser scanning microscopy it is
possible to determine surface topology of coatings over a
greater area. Three-dimensional surface images in Fig. 13
highlight the distinct roughness of coarse and fine coating
samples. Coarse particles are evident as denser gold-col-
ored regions with elevated contours in the topology con-
tour, displaying larger diameters. It is also observable that
with increasing stand-off distance and finer particles, the
gold-colored regions become less due to the molten splats,
resulting in lower surface roughness.

Comparison of surface roughness of CoNiCrAlY coat-
ings with various process parameters is shown in Fig. 14. It
shows that coatings with coarse powder led to a higher
surface roughness due to the semi-molten particles previ-
ously mentioned. When coating with fine and coarse
powders, increasing the stand-off distance results in lower
surface roughness, as the higher kinetic energy of the
coarse fraction of the powders used during particle depo-
sition provides deformation of the particles. Nevertheless,
the average surface roughness of the coated samples with
coarse CoNiCrAlY powder is in the desired range of
6-9 um for a bond coat. For the coatings with fine CoN-
iCrAlY powder, the surface roughness is between 5 and
7 pm.
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Fig. 9 Exemplary EDS
elemental analysis of
CoNiCrAlY coating with coarse
powder

Fig. 10 Comparison of the eC-N ¢C-H ¢F-N «F-H oC-N eC-H oF-N oF-H
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and combustion processes hinders its wide application.

Numerical models such as CFD simulations are often used

The AC-HVAF process, which is characterized by a
moderate particle temperature and high particle velocity,
enables the production of coatings with low oxidation and
porosity. However, the limited understanding of the flow
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to solve this challenge. However, modeling of the AC-
HVAF process often involves simplifications, either two-
dimensional or without considering the technical details of
the spray gun system. Therefore, a complete simulation
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Fig. 12 Surface morphology of
CoNiCrAlY coatings with
coarse and fine powder

Fig. 13 Three-dimensional
surface topology of CoNiCrAlY
coatings fabricated by HVAF

spraying

Fig. 14 Comparison of the
surface roughness of various
process parameters
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model including the mixing chamber and the distribution of
compressed air as oxidizing agent and cooling medium was
developed and utilized within the present investigation to
predict suitable parameters for both investigated powder
fractions. The predicted process parameters were supported
with experiments that provide valuable insights into vari-
ous aspects that influence the microstructure of CoN-
iCrAlY coatings, such as porosity and oxide content. In
particular, observations have been made on the effects of
modifying carrier gases by introducing H, as a secondary
carrier gas on particle temperature and velocity, as well as
on variations in coating thickness. These parameters,
together with the powder particle size, contribute to the
understanding of the coating roughness and surface topol-
ogy. The following significant results can be derived from
the study:

1. The simulation model can determine a suitable process
parameter window for commercially available powder
fractions for fabricating low porosity and low oxide
CoNiCrAlY coatings by HVAF spraying.

2. The carrier gas composition N,—H, affects the tem-
peratures of the particles in-flight, with H, leading to
lower particle temperatures. The particle velocity
remains unaffected by the variation of the carrier gas
composition.

3. H, as an additional carrier gas leads to higher coating
thickness when spraying at stand-off distance of
d, = 200 mm. However, the effect is not noticeable
at greater stand-off distance.

4. CoNiCrAlY coatings with low porosity could be
achieved with commercially available coarse and fine
powder by HVAF spraying. Coatings with coarse
powder have lower oxide content, which determined
qualitatively by EDS elemental analysis.

5. Surface roughness is affected by stand-off distance and
particle size. Lower stand-off distance in combination
with coarse particles increases the surface roughness
due to the higher kinetic energy and semi-molten
particles, respectively.

Overall, very dense coatings with low oxide content and
suitable roughness value for a bond coat were successfully
manufactured using the process parameters predicted from
the simulation. The analysis of the coating microstructure
complements the findings from the simulation on the par-
ticle in-flight properties. In future work, the simulation
model needs to be developed further to enable the predic-
tion of the particle surface temperature by discretizing the
powder particles. This allows the degree of oxidation of the
particles in-flight to be determined. Consequently, the
process parameters can be optimized to reduce oxidation.
In addition, free-standing CoNiCrAlY coatings with the
studied parameters will be fabricated and a precise

@ Springer

quantification of the oxygen content of these coatings will
be performed by means of carrier gas hot extraction.
Moreover, CoNiCrAlY coatings with the currently studied
parameters will be coated on Inconel 718 samples and
subjected to oxidation tests. The oxide growth rates of the
sprayed and vacuum annealed coatings will be
investigated.
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