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MCrAlY Bond Coats by Low-Pressure Plasma Spraying

Using a Cascaded Torch

Georg Mauer

MCrAlY bond coats (M=Ni, Co) for thermal barrier coating systems are often
manufactured by low-pressure plasma spraying (LPPS) to achieve dense coatings
with low oxygen uptake at high deposition efficiencies. Herein, the novel
SinplexPro 03C plasma spray torch (Oerlikon Metco) is characterized regarding
this application, and appropriate process parameters are developed. The mass-
specific plasma enthalpy and the hydrogen—argon plasma gas ratio prove to
be substantial factors. The best deposition efficiency and lowest porosity are
achieved at a mass-specific plasma enthalpy between 17 and 19 M) kg~ '. The
oxygen content increases degressively with the enthalpy. Already at small
hydrogen fractions in the plasma gas, a fast route is established for the
recombination of argon ions. Consequently, the thermal treatment of the feed-
stock is improved. Moreover, the porosity decreases at increasing hydrogen
content of the plasma gas, as the gun is operated in constant current mode and
thus the input power increases. However, the deposition efficiency decreases
slightly. On the other hand, the oxygen content decreases due to the reducing
effect of hydrogen. The deposition efficiency, porosity, and oxygen content are
also reasonable if no hydrogen is admixed at all, as the fluctuations of the plasma

oxide, TGO) is formed at the bond coat sur-
face. A dense TGO can prevent oxygen
from diffusing into the bond coat so that
underlying structural alloys are protected
from high-temperature oxidation and cor-
rosion attack.!"! Besides the MCrAIY com-
position (major elements Co, Ni, Al, and
Cr as well as minor additions of reactive
elements such as Y, La, Hf, Zr, Ca, Si,
etc.), atmosphere composition,”? exposure
conditions,””! and surface conditions!”
can have considerable effects on the bond
coat performance. Among manufacturing
related parameters,”! the spray process is
of particular importance!® as MCrAlY par-
ticles are prone to take up oxygen during
flight and cooling down after deposition.
Consequently, the formation of Al-rich
oxides lowers the metallic Al concentration,
which is available for diffusion and TGO
formation. This is generally assumed to

are reduced.

1. Introduction

MCrAlY-type bond coats (M=Co, Ni) are commonly used to pro-
tect metallic substrates from oxidation and to improve adhesion
of ceramic thermal barrier coatings (TBCs) for high-temperature
applications such as land-based gas turbines and aero engines.
During service, an alumina-based oxide scale (thermally grown
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affect the oxidation resistance adversely.

In contrast, if the oxygen content is too

low, only small amounts of reactive

elements (RE) like Y are tied up so that
RE overdoping may occur, increasing the TGO growth and thus
affecting TBC lifetimes negatively.”!

In Shibata et al.,”®! oxygen contents of 0.16, 0.94, and 1.8 wt%
are reported for CoNiCrAlY coatings manufactured by low-pres-
sure plasma spraying (LPPS, formerly termed vacuum plasma
spraying, VPS), high-velocity oxy-fuel spraying (HVOF), and
atmospheric plasma spraying (APS), respectively. Similar values
(0.9 wt% in CoNiCrAlY) are given in ref. [9] for HVOF spraying
and in ref. [10] (0.4-0.7 wt% in NiCoCrAlY). In ref. [11], it is
reported that even lower (<0.3wit%) oxygen content can be
achieved by HVOF spraying if coarser powder cuts are used
(—=75/+45 pm). However, this was associated with significant
higher porosities. CoNiCrAlY bond coats with similar oxygen
contents (0.4 wt%) and high oxidation resistance were obtained
by a novel high kinetic spray process termed as high-velocity
atmospheric plasma spraying (HV-APS)."? Cold gas spraying
(CGS) is another innovative kinetic process that is expected to
yield very low oxygen levels due to its low process tempera-
tures.) For MCrAlY alloys however, this turned out to be chal-
lenging, as the deposition efficiencies were poor™ so
that some researchers either used helium as process gas,!"”
which is hardly accepted in industry, or applied laser assis-
tance.'! Hence, if high deposition efficiencies are required, a
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promising option is still working under inert gas conditions at
low pressure by LPPS reaching oxygen contents in MCrAlY coat-
ings less than 0.1 wt%.!”!

Regarding the LPPS process, the F4-VB torch and the 03CP
torch (Oerlikon Metco) were the workhorses for some decades.
The latter is usually used for large components as they can be
kept at a higher coating temperature to achieve good adhesion
due to the higher torch power. These noncascaded single-cathode
guns are robust and relatively simple but typically also sensitive
to aging. If operated in a constant current mode, the torch voltage
continuously drops requiring the replacement of the electrodes
in time."® Another characteristic of such single-cathode torches
is the pronounced fluctuation of the arc. Depending on the torch
power and the amount of molecular secondary plasma gas
(Ha, N3), these torches operate in the so-called restrike mode.!"”)
Here, the arc dynamics are a prime source of broadening the
distribution of the particle in-flight characteristics. This can lead
to a higher content of partially or not melted particles and thus to
an increased porosity and lower deposition efficiency.*”!

Consequently, multielectrode plasma torches were designed
to improve the operation stability and lifetime with respect to
single-cathode guns.*"! In this context, also cascaded nozzles
were introduced limiting effectively the movements of the anodic
arc attachment in axial direction.””) Such kind of design
comprises a stack of neutrodes in front of the anode, which
are electrically insulated from each other. This makes it possible
to achieve an arc length longer than the average so-called self-
setting length (controlled by the arc current, composition, and
flow rate of the plasma gas and electrode geometry).?*! As the
arc behaves more stable, the power demand is virtually constant
and the treatment of the feedstock particle is uniform in contrast

www.aem-journal.com

to legacy noncascaded torches. Figure 1 shows schematic illus-
trations of these two torch concepts.

The SinplexPro (Oerlikon Metco) is an approach to incorpo-
rate the advantages of the cascaded arc technology also into a
single-cathode spray gun.**! The SinplexPro 03C is the low
pressure-compatible variant that can be operated at chamber
pressures down to 3kPa; the maximum allowed power is
130 kW at a maximum current of 1200 A. The hydrogen—argon
ratio in the plasma gas should not exceed 0.1 up to an argon flow
of 80 slpm and 0.125 above until 130 slpm Ar; preferentially, it
should be lower (<0.05-0.06). In this work, plasma parameters
were developed for the manufacture of MCrAlY bond coats by
LPPS with this torch. Some experiments with the F4-VB gun
were carried out for comparison. Color-edited photographs
and optical emission spectroscopy (OES) were used to character-
ize the plasma jets in order to find explanations for the observed
results.

2. Results and Discussion

Two sets of experiments were performed to follow different
directions in the development of plasma parameters for the
SP-03C torch. Furthermore, some tests with the F4-VB gun were
made for comparison.

2.1. The Effect of Plasma Enthalpy

The first investigated parameter SP-1.1 for the SP-03C torch was
selected according to the tested and proven parameter F4-1 for
bond coats with the F4-VB torch (see Table 1). The electrical
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Figure 1. a) Schematic illustrations (not to scale) of a noncascaded legacy
in this work.
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plasma spray torch like the F4-VB, and b) a cascaded torch like the SP-03C used
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Table 1. Investigated process parameters for spray experiments.

Set Current Ar H, Pin  Pret h S/D  Pchamber
A [slpm]? [slpm]® [kW] [kW] [Mjkg™'] [mm] [kPa]
F4-1 640 50 9 438 25.7 17.1 275 6
SP-1.1 620 50 5 46.9 28.1 18.8 470 6
SP-1.2 500 110 11 47.0 30.6 9.3 275 6
SP-1.3 800 50 2.5 59.6 35.5 23.8 500 6
SP-2.1 810 100 5 75.5 49.6 16.6 500 4
SP-2.2 880 100 0 753 51.1 17.2 500 4
SP-2.3 780 100 10 77.5 49.1 16.4 500 4

Astandard liters per minute.

input power and mass-specific plasma enthalpy were chosen
similarly. For these parameters, the torch efficiency, i.e., the ratio
of the plasma net power and the electrical input power, turned
out to be just a little higher for the SP-03C (60%) than for the
F4-VB (58%). However, the spray distance had to be increased
from 275 mm for the F4-VB to 470 mm, as the jet was distinctly
longer. Figure 2 shows the image processing of the F4-VB
plasma jet using the parameter F4-1. Figure 3 shows an image
sequence of the plasma jet color-edited in the same way using the
SP-03C torch with parameter SP-1.1. Looking at the development
of the jet diameters near the nozzle exits and at the overall jet
structures, it is obvious that both jets are underexpanded. At
the chamber pressure of 6 kPa however, the F4-VB torch oper-
ated closer to the design pressure than the SP-03C.

In addition to the mentioned starting parameter, SP-1.1, the
effect of higher plasma gas flow was investigated with parameter
SP-1.2. While the total plasma gas flow was more than doubled,
the torch input power was kept on constant level by reducing the
current. With this, the torch efficiency increased to 65%. The
same short spray distance of 275 mm could be used as with
the F4-VB torch. A further experiment with parameter SP-1.3
focused on the effect of raising the current while the hydrogen
fraction in the plasma gas was halved. Here, the jet was much
longer so that the spray distance had to be enlarged to
500 mm. The torch efficiency was the same as with SP-1.1.
Figure 4 and 5 show image sequences with edited colors of the
plasma jets with parameter SP-1.2 and SP-1.3. In the first case

_~ (Sputter electrode)

I ———

Original image

256 grey tones

Pseudo-color _
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100 mm
I
Figure 3. Sequence with pseudocolor images of the plasma jet using the
SP-03C torch with parameter SP-1.1.

with the high plasma gas flow, the net plasma power increased
slightly but due to the considerably reduced mass-specific plasma
enthalpy, the jetlength decreased distinctly. In the other case, SP-
1.3, the jet length increased and more shock diamonds could be
observed. Pronounced fluctuations were evident although the
hydrogen gas flow was halved with respect to SP-1.1.

The results of this first set of spray experiments with the pow-
der Amdry 386 and the parameters F4-1, SP-1.1, SP-1.2, and SP-
1.3 are given in Figure 6. It turned out that the best results for the
SP-03C torch were obtained with parameter SP-1.1. However, for
this setting, the deposition efficiencies were not that high and the
oxygen content was not that low as achieved with the F4-VB torch
while the porosity was the lowest. Comparing the SP-03C results,
the high porosity and somewhat lower deposition efficiency
found for parameter SP-1.2, where the gas flow was increased
at the same power as parameter SP-1.1, are associated with
the low mass-specific plasma enthalpy. The short jet length
was an indication for this. For parameter SP-1.3, where the
power was changed by raising the current and halving the hydro-
gen flow with respect to parameter SP-1.1, the strong fluctuations
due to the high mass-specific plasma enthalpy are assumed as

50 mm
I

Figure 2. Image processing of the F4-VB plasma jet using the example of parameter F4-1.
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100 mm
|

Figure 4. Sequence with pseudocolor images of the plasma jet using the
SP-03C torch with parameter SP-1.2.

100 mm

Figure 5. Sequence with pseudocolor images of the plasma jet using the
SP-03C torch with parameter SP-1.3.

reason why porosities and deposition efficiencies could not be
improved with respect to parameter SP-1.1. These two character-
istic values show a more or less well-developed optimum at a
mass-specific plasma enthalpy between 17 and 19 MJkg ™'
The oxygen content increased with the SP-03C torch degressively
as the mass-specific enthalpy was raised. The lowest value for
parameter SP-1.2 corresponds to the reference value obtained
with the F4-VB gun.
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Figure 6. Results of spray experiments with the feedstock powder Amdry
386.

Figure 7 shows cross sections of the sprayed samples with
parameters SP-1.1, SP-1.2, SP-1.3, and F4-1. The microstructures
do not show any partly or nonmolten particles. In fact, full parti-
cle melting could be expected for MCrAlY under the investigated
spray conditions. The different porosity levels are evident and the
ranking in deposition efficiency is comprehensible looking at
the porosities and coating thicknesses. There are no visible
oxides.

2.2. The Effect of Hydrogen—Argon Ratio

The effect of the hydrogen—argon ratio in the plasma gas was
investigated in the next set of experiments with the powder
Amdry 9954 and parameters F4-1, SP-2.2, SP-2.2, and SP-2.3
(see Table 1). For all cases, the mass-specific plasma enthalpy
was maintained on a virtually constant level at approximately
17 MJ kg™". For the SP-03C torch, this was achieved by adjusting
the current while the hydrogen flow was varied between 0 and
10 slpm and the argon flow was constant. Compared to the start-
ing parameter SP-1.1, argon was increased to 100 slpm with the

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 7. Microstructures of the sprayed samples with the powder Amdry 386 and parameters SP-1.1, SP-1.2, SP-1.3, and F4-1 (backscattered electron
images); arrows indicate alumina grits left behind from blasting; threshold graphs for porosity determination of the images in the left column are given in

the middle.

intention to obtain denser coatings with better deposition effi-
ciencies. Thus, the currents generally had to be chosen higher
as for parameter SP-1.1 as well. The chamber pressure was
reduced to 4 kPa to lower the oxygen partial pressure.
Compared to the first set of experiments, the overall torch effi-
ciency of the SP-03C gun improved to 63—68% in this second set.
The results are given in Figure 8. The porosities were found to be
slightly increased which may be related to the somewhat larger
particles of the Amdry 9954 feedstock. Unexpectedly, the depo-
sition efficiencies were generally lower. Compared to parameter
SP-2.1, in the case of the pure argon parameter SP-2.2, the low
plasma fluctuation is assumed to improve the deposition effi-
ciency and to a small extent the porosity. In the case of the high-
est content of hydrogen at parameter SP-2.3, the increased
thermal conductivity and thus better particle treatment are
suggested to be the reason for the lower porosities than for
parameter SP-2.1. Thus, the mass-specific plasma enthalpy
(see Section 2.1), which was kept virtually constant in this set
of experiments, is not the only significant parameter, but second-
arily, also the hydrogen content has an impact, namely, on the

Adv. Eng. Mater. 2022, 24, 2200856 2200856 (5 of 10)

porosity. The porosity obtained for the reference sample F4-1
sprayed was on a similar level as for the SP-03C samples, while
the high deposition efficiency and the low oxygen content of the
F4-1 sample were not reached. This turned out also in the first
experiment set.

Compared to the first set of spray series, the oxygen contents
in the coatings were consistently slightly lower because the
Amdry 9954 feedstock is less prone for oxygen uptake than
Amdry 386 due to the different chemical compositions.
Another reason may be the slightly lower chamber pressure.
The lowest oxygen content in this set of experiments at virtually
constant plasma enthalpy is achieved for the highest hydrogen
fraction, parameter SP-2.3. It corresponds to the value of the ref-
erence sample sprayed with the F4-VB torch. A reducing effect is
assumed as reason for this. On the other hand, the pure argon
parameter SP-2.2 without any hydrogen also had a little lower
oxygen content as result than parameter SP-2.1 which might
be due to the smaller jet fluctuation and length. Thus, besides
the plasma enthalpy (see Section 2.1), the hydrogen content
affects the oxygen content as well.

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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Figure 8. Results of spray experiments with the feedstock powder Amdry
9954.

Figure 9 shows cross sections of the sprayed samples
with parameters SP-2.1, SP-2.2, SP-2.3, and F4-1. Again, the
different porosity levels are evident and the ranking in
deposition efficiency is comprehensible looking at the porosi-
ties and coating thicknesses. There are also no visible oxides as
before.

OES was performed to shed some light on the role of hydro-
gen in the plasma gas. To improve the measurement conditions,
the lower chamber pressure of 4kPa was selected in all cases.
The current was reduced to 500 A for the SP-03C torch and
set to 650 A for the F4-VB-torch. This gave virtually the same
torch input powers if both guns were operated with 5 slpm hydro-
gen. The plasma gas compositions were the same as for param-
eters SP-2.1, SP-2.2, and SP-2.3, but as hydrogen spectral lines
were evaluated, the hydrogen flow could not be reduced to
0slpm; instead, 1slpm was set. Comparing the results for the
SP-03C torch with different hydrogen flows at constant argon
flow and current, it must be noted that the hydrogen addition
results in an increase of the torch input power; for 1, 5, and
10 slpm hydrogen, 36.7, 41.7, and 45.8 kW were obtained, respec-
tively. In the F4 reference case, it was 41.3 kW, which is in the
mid of that range.
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Figure 10 gives radial profiles of the excitation temperature at
340 mm downstream from the nozzle for the plasma parameters
SP-3.1, SP-3.2, and SP-3.3, and for the reference case F4-2. They
can be equated with the electron temperatures and with the heavy
species’ temperatures of atoms and ions if local thermal equilib-
rium (LTE) presumes. The electron densities are shown in
Figure 11, and Figure 12 gives the concentration ratios of hydro-
gen and neutral argon species.

With increasing hydrogen content, the plasma conditions
become strongly recombining.””! On the basis of experimen-
tal®® and modeling®®”! results, it was suggested that soon after
onset of jet expansion an associative charge exchange of Ar"
and H, occurs

Art + H, — ArH* + H (1)

This is followed by the dissociative recombination of the pro-
duced ArH™

ArH' + e~ — Ar+ H* (2)

Consequently, a strong decrease of Ar* line intensities and
dominant H* lines are observed in the spectra (* indicates
the excited states). Besides Ar*, also the Ar* line intensities
decrease significantly when hydrogen is added to the plasma
gas. This confirms the proposed recombination route, which
is very effective.l*®!

The excitation temperatures were increased due to the pres-
ence of hydrogen as this fast recombination route emerged; in
contrast, the reactive part of the thermal conductivity was
enhanced by hydrogen, resulting in a more effective radial heat
dissipation. Thus, comparing hydrogen additions of 1, 5, and
10slpm with the SP-03C torch (parameters SP-3.1, SP-3.2,
and SP-3.3), the highest temperatures were observed at the
medium H, admixture of 5 slpm (SP-3.2) (Figure 10). The tem-
perature distribution for the F4-VB torch is more concentrated
toward the jet axis than for the SP-03C gun. This could be an
indication that the recombination is less effective; furthermore,
the different nozzle diameters may be another reason for this.

As hydrogen is added, the ionization degree and thus the elec-
tron density are reduced via recombination.”” On the other
hand, the torch input power and consequently the ionization
degree increased because the current was kept constant as men-
tioned above. Obviously, both effects on the electron density can-
cel each other (Figure 11). For the F4-VB torch (parameter F4-2),
slightly higher values are obtained which might be an indication
again that the recombination does not progress as effectively as
with the SP-03C torch (parameters SP-3.1, SP-3.2, and SP-3.3).

The local composition of the expanding plasma jet varied con-
siderably (Figure 12). It is trivial that the hydrogen concentra-
tions generally increased if more hydrogen was added (SP-3.1
to SP-3.3). Comparing the SP-03C and the F4-VB torch both with
10% hydrogen addition (SP-3.3 and F4-2), the hydrogen concen-
tration is lower in the latter case. As only excited hydrogen spe-
cies H* contribute to the evaluated emission peak, it can be
assumed again that the mentioned recombination reactions pro-
ducing excited hydrogen species H* were less efficient than with
the SP-03C torch. The radial distributions of the concentrations
show that hydrogen atoms obviously escaped from the jet core in
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Figure 9. Microstructures of the sprayed samples with the powder Amdry 9954 and parameters SP-2.1, SP-2.2, SP-2.3, and F4-1 (backscattered electron
images); arrows indicate alumina particles left behind from blasting; threshold graphs for porosity determination of the images in the left column are

given in the middle.
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Figure 10. Radial profiles of the excitation temperature at 340 mm
downstream from the nozzle for the plasma parameters SP-3.1, SP-3.2,
and SP-3.3, and for the reference case F4-2; the error bars represent
the uncertainties of the areas under the fit function that were used to
represent the emission line intensities.
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radial direction as already observed in a previous work.”! On the
one hand, a mass focusing effect (segregation effect) is reported
for supersonic expansions so that the heavier species could be
concentrated in the center of the jet.*” On the other hand, it
was observed that for hydrogen, there is no discontinuity (or
jump) in the axial density profile through stationary shock fronts
in supersonic jets, which is in contrast to argon. Due to the
resulting nonconservation of atomic hydrogen forward flux, H
radicals are supposed to escape radially the core of the jet.’"]

As the hydrogen content increases, the conditions in the
plasma deviate from LTE while the electron temperatures are
increased via recombination. In contrast, the heavy species tem-
peratures are reduced via an increase in the radial thermal
conductivity.?”) The error bars in Figure 12 representing the
uncertainties of the emission line intensities and of the temper-
atures are indications for such bias to nonequilibrium. This
tendency was more pronounced if more hydrogen was added
(SP-3.2 and SP-3.3), and always at the jet rims where the electron
density was low and thus critical to maintain LTE.
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Figure 11. Radial profiles of the electron densities at 340 mm downstream
from the nozzle for the plasma parameters SP-3.1, SP-3.2, and SP-3.3, and
for the reference case F4-2; the error bars represent the uncertainties of the
emission line intensities and the temperatures.
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Figure 12. Radial profiles of the hydrogen-argon concentration ratios
340 mm downstream from the nozzle for the plasma parameters SP-3.1,
SP-3.2, and SP-3.3, and for the reference case F4-2; the error bars repre-
sent the uncertainties of the emission line intensities and the
temperatures.

3. Conclusion

In this work, plasma parameters were developed to spray
MCTrALY bond coats for high-temperature applications with the
novel cascaded single-cathode SinplexPro 03C plasma torch at
low pressure. It should be noted that meanwhile, this gun is
offered with a 364 W-type nozzle, which is somewhat shorter
and has a slightly smaller plasma gas swirl (11° vs 13°) compared
to the 301 W-type nozzle used in this work. Besides high depo-
sition efficiencies, dense coatings and low oxygen contents were
the main targets. Reference trials were made with the well-
established F4-VB gun.

Two parameters turned out to be substantial, the mass-specific
plasma enthalpy and the hydrogen-argon plasma gas ratio.
Regarding a high deposition efficiency and a low porosity, best
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results were achieved at an enthalpy between 17 and 19 MJ kg™
The oxygen content increased with the enthalpy, however at a
degressive tendency.

Already at small hydrogen fractions in the plasma gas, a fast
route is established for the recombination of argon ions.
Consequently, ionization energy is released and the reactive part
of the thermal conductivity is enhanced. This results in an
improved thermal treatment of the feedstock. Moreover, the
torch input power principally rises if the gun is operated in con-
stant current mode. The oxygen uptake is lowered due to the
reducing effect of hydrogen. The highest investigated hydrogen—
argon ratio of 0.1 appears advantageous in this regard.
Furthermore, the lowest porosity was observed for this parame-
ter. The deposition efficiency did not vary too much by changing
the hydrogen content. These results were all obtained at a mass-
specific plasma enthalpy of 17 MJ kg™ '. The comparison of the
coating results obtained with the SP-03C torch with those of
the F4-VB gun showed good capabilities of the latter one. In par-
ticular, the deposition efficiencies were relatively high and the
oxygen contents low. It is assumed that the higher laminarity
and the more focused profile of the jet are the reasons for that.

For the SP-03C torch, the deposition efficiency, porosity, and
oxygen content were also reasonable if no hydrogen was admixed
at all, as the fluctuations of the plasma were effectively reduced.
Thus, the perspective opens up to use only argon as plasma gas
because this torch can be operated with high currents to reach
sufficiently high power even under such conditions. This might
be attractive for users who want to avoid the usage of hydrogen
and could not have been achieved with the F4-VB gun due to the
limitations of the torch power. Further advantages of the cas-
caded SP-03C torch like an improved long-term stability can
be expected, in particular with the Ar-only parameter.

4. Experimental Section

Spray experiments were carried out on a Multicoat LPPS/PS-PVD sys-
tem (Oerlikon Metco, Wohlen, Switzerland) as mentioned using a
SinplexPro 03C torch (SP-03C) with a 301 W-type nozzle (throat diameter
of 4", powder injection in 20° upstream direction, plasma gas inlet with
13° swirl). For comparison, a F4-VB torch (Oerlikon Metco) with a nozzle
throat diameter of 7 mm was used. The process parameters are summa-
rized in Table 1. More details on the selection of the plasma parameters
are mentioned below in context with the results. Generally, the spray dis-
tances (S/D) were adjusted to the different jet lengths. The torch travel
velocity was 440 mm s~ and the raster step was 4 mm.

The feedstocks were the commercially available gas-atomized MCrAlY
powders Amdry 386 and Amdry 9954 (Oerlikon Metco, Westbury, NY) with
a spherical morphology (Table 2). Both powders are used as a standard for
TBCs manufactured in the Jilich Thermal Spray Center and processed with
the same spray parameters. Using the F4-VB torch, the carrier gas flow was
1.7 slpm argon through each of the two powder injectors; for the SP-03C
torch, this was 3slpm argon. The powder mass feed rates were
36.6 gmin~" for Amdry 386 and 40.1 g min~" for the Amdry 9954 powder.
The characteristic particle diameters were determined by laser diffraction
(Horiba LA 950 V2, Retsch Technology, Germany) and the oxygen contents
by heating in a helium flow and infrared absorption spectroscopy (TCH
600, LECO Corp., St. Joseph, MI, USA). The deposition efficiencies
(DE) were calculated based on the powder mass feed rate, sample area,
gun motion, and coating weight considering only the spray time when the
gun is over the sample and thus excluding overspraying.

Scanning electron microscope investigations (SEM) of the coating
microstructures were carried out by means of an Ultra55 system (Carl
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Table 2. MCrAlY feedstock powders.

Amdry 9954 Amdry 386

Nominal composition Co 32Ni 21Cr 8AI0.5Y Ni 22Co 17Cr 12Al

[by wt%] 0.5Hf 0.5Y 0.4Si

dho [Hm] 18 16

dso [um] 28 24

dso [m] 43 36

Oxygen content [wt%]  0.044340.0014 (n=3)  0.040040.0015 (n=4)?
Feed rate [gmin~] 40.1 36.6

INumber of measurements.

Zeiss NTS GmbH, Oberkochen, Germany). For these examinations, the
samples were coated with approximately 2 nm platinum. Porosimetry
was then accomplished by digital image analysis using the public
Image] software.*? Four to six images per sample were analyzed to vali-
date the results statistically.

Photographs of the plasma jets without powder injection were taken
through a borosilicate glass window in the process chamber using a
Nikon D300S camera equipped with a 38 mm lens (corresponds to 57
in 35 mm film); the exposure time was 0.125 ms and the aperture was
F 22. The images were converted to pseudocolors for better resolution
of the jet structure with expansion and compression cells (shock dia-
monds) being typical for supersonic jets (GNU image manipulation pro-
gram GIMP 2.10.30).

The spectrometer applied for OES was the ARYELLE 200 model (Laser
Technik Berlin [LTB], Berlin, Germany) scanning a wavelength range of
381-786 nm. Plasma radiation was detected through a second borosilicate
glass window in the process chamber. The collected radiation was trans-
ferred through an achromatic lens and an optical fiber to the 50 ym
entrance slit of the spectrometer, and then detected by a 1024 x 1024
CCD array. The system is equipped with an Echelle grating and the spectral
resolution capability is 22 000 (17.3-35.7 pm). Calibration was carried out
using a spectral Hg lamp. The plasma properties were characterized by
intensity and broadening analyses of specific argon and hydrogen

Table 3. Process parameters for OES experiments.

Set Current [A]  Ar [slpm]?  Hy [slpm]? Py [kW]  Poee kW] h [M) kg™ ]

F4-2 650 50 5 413 23.6 15.8
SP-3.1 500 100 1 36.7 25.5 8.6
SP-3.2 500 100 5 41.7 28.8 9.7
SP-3.3 500 100 10 45.8 29.6 9.9

AStandard liters per minute.

Table 4. Results of spray experiments with the feedstock powder
Amdry 386.

Parameter Porosity [%)] Deposition efficiency [%] Oxygen content [wt%]
F4-1 2.454+0.13 72.4 0.117 £ 0.000
SP-1.1 0.86 +0.23 62.1 0.176 £0.012
SP-1.2 3.39+0.60 52.4 0.114 £ 0.004
SP-1.3 136 £0.14 53.8 0.183 £ 0.004
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Table 5. Results of spray experiments with the feedstock powder Amdry
9954.

Parameter Porosity [%] Deposition efficiency [%)] Oxygen content [wt%]
F4-1 2.824+0.18 68.1 0.105 £ 0.001
SP-2.1 3.134+0.49 39.3 0.133 £ 0.005
SP-2.2 2.994+0.29 50.0 0.128 +0.013
SP-2.3 1.98 £0.69 28.2 0.104 +0.011

emission lines. The details of this methodology can be found in a previous
publication.**!

The measurement position for OES was 340 mm from the nozzle
exit on various radial distances from the torch axis. Table 3 gives the
process parameters for these experiments. More details on the
selection of the plasma parameters are mentioned below in context with
the results. Table 4 and 5 give the numerical results of the spray
experiments.
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