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The atmospheric-pressure plasma spray (APS) of tungsten coating was performed using tungsten carbide
(WC) powder by means of DC plasma torch equipped with a stepped anode nozzle as a potential method
of W coating on graphite plasma-facing component of fusion reactors. This nozzle configuration allows
Helmbholtz oscillation mode dominating in APS arc fluctuation, and the variation of auto-shroud effect
with Helmholtz oscillation characteristics can be investigated. Tungsten coating made from WC powder
has lower porosity and higher tungsten purity than that made from pure tungsten powder. The porosity
and chemical composition of coatings were investigated by mercury intrusion porosimetry and x-ray
photoelectron spectroscopy, respectively. The purity of tungsten coating layer is increased with the
increasing frequency of Helmholtz oscillation and the increasing arc current. The modulation of
Helmholtz oscillation frequency and magnitude may enhance the decarburization of WC to deposit
tungsten coating without W-C and W-O bond from WC powder.

Keywords atmospheric-pressure plasma spray (APS), auto-
shroud effect, Helmholtz oscillation, in-flight oxi-
dation, plasma facing component (PFC), tungsten
carbide (WC)

1. Introduction

Nuclear fusion energy is one of the leading candidates
for energy supply technologies and CO, mitigation tech-
nologies (Ref 1). In fusion power reactors, the plasma-
facing component (PFC) requires high thermal durability
under high flux over 10 MW/m? (Ref 2). Owing to high
thermal conductivity, low tritium retention, and low ero-
sion rate (Ref 3-5), high-Z materials such as tungsten are
adopted for the PFC in the international thermonuclear
experimental reactor (ITER) (Ref 6). Recently, tungsten-
based PFC has been developed to reduce the economic
burden which becomes enormous while using fully tung-
sten-armored first wall for an increased volume of reactor.

A solution for achieving tungsten-based PFC is perform-
ing tungsten coating by plasma spray method (Ref 7, 8). Al-
though the W coating prepared using atmospheric-pressure
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plasma spray (APS) has advantages such as low cost and
application with in situ repair, it showed relatively lower
thermomechanical properties than a coating prepared using
vacuum plasma spray (VPS) owing to the low oxygen con-
tent and porosity (Ref 9). The oxidation of W particles
during APS is a critical issue that hinders the achievement of
low porosity and high purity (Ref 10, 11). Thus, it is
worthwhile to investigate how to improve the oxygen con-
tent and porosity in W coating process using APS.

A plasma jet with high specific enthalpy requires
additional hydrogen gas (Ref 12, 13), which is accompa-
nied by enhanced arc-fluctuation such as that in restrike
mode and Helmholtz oscillation mode (Ref 14, 15).
According to a previous report, a stepped nozzle sup-
presses the restrike mode because an arc root is located in
enhanced turbulent region (Ref 16). Thus, arc voltage in a
pure Helmholtz oscillation mode in the plasma torch with
the stepped nozzle had a frequency of 4.5-5 kHz. The
voltage characteristic was represented as a pseudo-sinu-
soidal waveform without the FFT peak of restrike at
2-5 kHz (Ref 14, 15, 17). The pure Helmbholtz oscillation
mode enhances the entrainment of ambient air during
APS by developing turbulent eddies on the periphery of a
plasma jet, corresponding to single- and high-frequency
modes that intensify the piston motion of the plasma jet.
In order to observe the auto-shroud effect enhanced by
arc-fluctuation, the tungsten carbide (WC) is adopted
because it is able to prevent the in-flight oxidation in
atmosphere by decarburization of WC to W.

This study investigates the effect of Helmholtz oscillation
on the in-flight oxidation of WC during APS. Experiments
were carried out using a stepped nozzle torch which provides
the Helmholtz oscillation mode dominated arc fluctuation,
while frequency and magnitude of fluctuation varied with arc
current (Ref 14). Experimental setup is described in sec-
tion 2. The porosity and oxide content of the deposited layer
are investigated with respect to the degree of air entrainment
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and the frequency modulation of the pure Helmholtz oscil-
lation mode. It is discussed in section 3.

2. Experimental Setup

2.1 Plasma Spray System and Voltage Diagnostic

An APS system was prepared consisting of non-trans-
ferred DC plasma torch, DC power supply (Praxair, PS-100),
torch transfer system, powder feeder (Sultzer Metco, Twin
10-C), and MFC gas supply for argon and hydrogen. The APS
system was constructed with focus on promoting the high-
frequency pure Helmholtz oscillation mode by means of a
stepped nozzle. A non-transferred DC plasma torch equipped
with the stepped nozzle prevents an arc-lengthening and a
reattachment of arc root because an arc root is fixed by
intensified turbulent stream line of an arc plasma jet existing
in the torch interior region (Ref 16). It results in the restrike
mode being stabilized in the stepped nozzle type of non-
transferred DC plasma torch. A schematic of stepped nozzle
and conventional cylindrical nozzle are shown in Fig. 1, which
include tungsten cathode and copper anode. For clarity, based
on Fig. 1, arc movement in the restrike mode is defined as a
reattachment process along L, of cylindrical nozzle with
oscillation while an arc behaviour in pure Helmholtz oscilla-
tion mode is characterized as oscillating hanging on periphery
of L5 exit without reattachment. L, and L3 are defined as
plasma oscillating chamber lengths in plasma region for
cylindrical and stepped nozzle, respectively.

A frequency-diagnostic tool for an arc instability
included a parallel resistance circuit composed of 50
and 5 kQ for voltage division of 10:1, a voltage probe
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(Tektronix, 3Z80), and an oscilloscope (Tektronix, TDS
3032). An external resistance was chosen because of its
sufficiently high enough value of resistance rather than for
its load to detect arc voltage without current backflow to the
oscilloscope. A sampling rate for FFT analysis was 5 Gs/s.

The spray distance from the torch exit to the substrate
was 110 mm. Arc current had a wide range from 600 to
800 A for modulating a frequency of the pure Helmholtz
oscillation mode based on the proportional relationship
between the arc current (or enthalpy) and the character-
istic oscillation frequency.

General governing equation for time transient pressure
displacement as acoustic pressure wave is represented as
follows (Ref 18):

2
m % + (R, +Ry) % + s¢& = SPe'"
where P, and o(2nfy) are amplitude and frequency,
respectively; &, S, and s are the pressure displacement, the
neck of area of torch, and the effective stiffness, respec-
tively. Therefore, the o(2nfy) and SP are representative
factors of the Helmholtz oscillation frequency and the
effective amplitude, respectively.

An acoustic resonance model was accepted for the
Helmholtz oscillation frequency of fy in nozzles of DC
plasma torch (Ref 14). An equation can be defined as follows:

(Eq 1)
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According to the equation, Helmholtz oscillation fre-
quency of fy has proportional relationship with isentropic

(Eq 2)

Stepped nozzle

Plasma region

Fig. 1 Schematic of a conventional cylindrical nozzle (left) and a stepped anode nozzle (right) is represented. Nozzles are composed of
tungsten cathode and copper anode. Cold gas injection port is near cathode region. Sy, S,, and S5 are the cross-sectional areas of nozzle

while L, L,, and L3 are the length of nozzles for each diameter part
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Fig. 2 The relationship between the Helmholtz frequency and
specific enthalpy that is proportional to arc current. The solid line
is obtained from the acoustic resonance model, while the reverse
triangles represent the experimental results. The experimental
result is well fitted to analytic model between 10 and 20 M/kg of
plasma specific enthalpy range

exponent vy, which is linearly increased with specific
enthalpy in Ar/H, plasma jet of 10-20 MJ/kg. This trend is
well illustrated in Fig. 2, which expresses the relationship
between the specific enthalpy of plasma and the frequency
of Helmholtz oscillation. Because the specific enthalpy is
proportional to arc current, frequency modulation of
Helmbholtz oscillation is achievable with arc current con-
trol. In addition, the frequency could be changed with
geometrical effects such as each cross-sectional areas of
anode nozzles as S, S, and S5 and each length as Ly, L,,
and L3 as shown in the Fig. 1. P, and p,, are the cold gas
pressure and the plasma density, respectively; R, and Ry,
are the acoustic radiation reactance and resistance,
respectively. According to the definition of pressure
amplification factor, Q is described by the following
equation (Ref 18):

wom wom const
= = ") [0'¢
Re+Ry kS LR po

0 x SP (Eq 3)

where Q represents the effective amplitude of Helmholtz
oscillation, which is inversely proportional to gas density
and input torch power. At the same pressure, density
decreases with the increasing power (Ref 14). Thus, the
torch input power increases both Helmholtz frequency
and Helmbholtz amplitude, which was implied in Eq 1.

2.2 Auto-shroud Effect of Tungsten Carbide

To evaluate the enhanced auto-shroud effect with the
pure Helmholtz mode, tungsten carbide (Sultzer Metco,
WOKA 3102 WC-12Co) powder that is 99.99 at.% of W-C
compound with a diameter of 22 um on average was used,
and a tungsten (Sultzer Metco, 1061F) powder that was
99.99 at.% of tungsten with the same average diameter as
WC powder was used for the reference coating to fabri-
cate a tungsten-coated tile as PFC of high Z material.
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Fig. 3 The mole fractions of the chemical compounds that are
calculated based on the thermodynamic database and minimum
Gibbs free energy theorem for tungsten carbide. Expressed
species are WC, W,C, and CO,. The mole fraction of WC
decreased with proportional relationship with CO, concentration
while W,C increased proportional to CO, concentration for the
whole temperature range of the gas. The variation of W,C and
CO, results from decarburization of WC as auto-shroud effect

Figure 3 is a mole fraction of WC which is dependent
on oxygen concentration with variation along ambient gas
temperature under the assumption of a local thermody-
namic equilibrium (LTE) (Ref 19) state of thermal plasma
jet. Based on LTE assumption, neutral gas temperature in
the plasma jet could be considered as corresponding to
plasma ion temperature, thus uniform temperature con-
dition could be introduced except near the cold-gas
boundary layer.

The mole fraction of each chemical state and com-
pound was calculated using the thermodynamic database,
which is based on the minimum Gibbs free energy and
included the main reaction species such as WC(s),
WO2.72(S)7 W(S)’ WZC(S)v C(g)v W(g)’ CO(g), WO?(g)7 etc.
For clarity, just WC(s), W,C(s), and CO, (g) are depicted
because the other compounds occupied very low concen-
trations. Thus, the chemical reaction chain mainly includes
a decarburization of WC as an auto-shroud effect
described by Eq 4 with variation of oxygen concentration.
Thus, we can consider that main reactions of the plasma
spraying of WC can be summarized as follows:

(1) 2WC(s) + 40,(g) — 2W(s) + 2CO(g) + 30,(g) :
Decarburization(Auto - shroud)

(Eq 4)
(i) 2W(s) + 30,(g) — 2WO;(S) : Oxidation (Eq 5)
(iii) W(s) — W(1) : Melting (Eq 6)
(iv) W(1) — W(g) : Sublimation (Eq 7)

The resultant chemical species of reaction (i) as auto-
shroud effect are W and CO. According to the same, the
reaction of auto-shroud effect precedes oxidation by pro-
tective CO atmosphere (Ref 20)and so auto-shroud effect
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contributes to suppressing oxidation of tungsten, which
accompanies the low reaction rate of sublimation. Based
on Fig. 3, the rate of decarburization from WC to W,C is
proportional to dioxide concentration, implying a phe-
nomenon induced by oxygen concentration, because the
WC concentration is reduced with increment of oxygen
concentration. Because the auto-shroud effect works in
the whole range of temperature from 0 to 8000 K, the
phenomenon is critical to decide the composition of WC
powder during travelling the plasma jet.

A WC is a more sensitive material in the view of
reaction range than that of tungsten in a temperature
range for thermal plasma (1000-10,000 K) since decarbu-
rization was included in the total chemical reaction. In
addition, the melting point of tungsten carbide (3143 K)
was lower than that of tungsten (3695 K), while the oxi-
dation temperature of tungsten carbide (~873 K) was
higher than that of tungsten (~773 K) due to decarburi-
zation. Thus, the WC is more difficult to oxidize compared
to tungsten due to the auto-shroud effect. Therefore, the
degree of auto-shroud effect could be decided by
entrained oxygen concentration from ambient air. In
addition, the auto-shroud effect induces difference in the
coating properties.

3. Results and Discussion

3.1 Arc Operating Mode of the DC Plasma Torch

An improvement of APS with WC powder was carried
out in the view of modification of plasma jet interaction
with ambient air, especially oxygen gas. Because WC is
affected by auto-shroud effect, so it depends on CO gas
generation from oxygen concentration as mentioned pre-
viously with Fig. 3, dependency of WC coating properties
on the arc operating mode, which affects the degree of
entrained ambient air during plasma spray, was investi-
gated.

The arc operating mode was characterized from char-
acteristic frequency spectrum for the plasma spray con-
dition with an arc current at 600-800 A and gas flow rate
of the argon/hydrogen was 45 and 5 (L/min). The char-
acteristic frequency configuration of each mode was esti-
mated from the FFT analysis.

Figure 4 shows the frequency spectrum of the pure
Helmholtz mode at 4-5 kHz and the restrike mode at
2-3 kHz and 4-5 kHz, respectively. Obviously, a fluctua-
tion of the arc voltage of the dc plasma torch during
plasma spray distinguishes the pure Helmholtz mode from
the restrike mode based on that the pure Helmholtz mode
just has the Helmholtz oscillation frequency at 4-5 kHz
and its harmonics. The Helmholtz oscillation dominant
operation as pure Helmholtz mode is obtained from the
stepped nozzle torch so hereafter it is named ‘pure
Helmbholtz oscillation mode’.

The pure Helmholtz oscillation mode enhanced the
entrainment of the ambient air into the plasma jet because
the induced piston motion of plasma jet resulted in turbulent
eddies on the periphery of the plasma jet. Consequently, an
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Fig. 4 The frequency spectrum of the restrike mode and pure
Helmholtz mode was evaluated by FFT analysis for different
spraying conditions of arc current 600, 700, and 800 A from the
arc voltage signal during APS. Top plot is obtained from cylin-
drical nozzle torch and the bottom is from the stepped nozzle
torch

enhancement of CO gas generation from oxygen concen-
tration was proportional to the value of Helmholtz oscillation
frequency, which increases with arc current increase.

The chemical composition of coating prepared by APS
with WC powder is expected to depend on degree of auto-
shroud effect rather than impact velocity of travelling
particles. Thus, the dependency between chemical com-
position of the coating layer and frequency of Helmholtz
oscillation was investigated in next section.

3.2 Chemical Composition of WC Coating Layer

WC coating layer was deposited by pure Helmholtz
oscillation mode of DC plasma torch with frequency
modulation. An assessment of the chemical uniformity
was performed by x-ray photoelectron spectroscopy
(Thermo VG, sigma probe) and XPS depth profile, by
analyzing the atomic composition and chemical bonding.
XPS has been extensively used to characterize the surface
chemical features of various carbonaceous materials
(Ref 21). The target was WC coating layer that was
deposited with an arc current of 600, 700, and 800 A for
APS in the pure Helmholtz oscillation mode.

Figure 5 shows the XPS spectra for the XPS depth
profile from the surface to 120-nm depth and the curve-
fitted bonding spectra for each spraying condition of arc
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Fig. 5 XPS Spectra of the depth from surface to 120 nm (left) and surface (right) for the tungsten coating from tungsten carbide powder.
Considered bonds are W-C (32.1, 34.3 eV), W-O (36.8 eV), and W-W (31.4, 33.6 eV)

current. 120 nm of depth is considered sufficient to
detect the bulk properties of uniform coating layer. The
curve-fitted spectra clearly show various bonding in the
WC-coated layer. Nevertheless, even though the auto-
shroud effect of the WC was attributed to decarburiza-
tion, W-C (32.1, 34.3 eV) bonding still existed in the
coated layer. It implies that a ratio between W-W
bonding and W-C bonding can be used to evaluate the
degree of auto-shroud effect during APS in the pure
Helmholtz mode. The XPS spectra included W-O
(36.8 eV) bonding as an evidence of oxidation of W. As a
result of attribution of W-C and W-O bonding, the full
width at half maximum (FWHM) values of the inte-
grated curve-fits at 31.4 and 33.6 eV of bonding energy
increased from 600 to 800 A, corresponding to greater
amount of compound W-W.
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A quantitative difference of the atomic composition
between the tungsten coating and WC coating was evalu-
ated with the XPS spectra, shown in Fig. 6. It appears that
W4£7 indicates pure tungsten as a W-W bonding state.
W4£7 means the most probable bond of W due to valance
electron on orbital. In addition, the Cls means the carbon
atom in the bulk coating layer and the Ols indicates the
oxygen in the W-O state. The result demonstrates that the
tungsten fraction (W4{7) increases from 70 to 95% with an
arc current (600-800 A), while the carbon and oxygen
fractions decrease depending on the arc current down to a
minimum of 2%, implying that the auto-shroud effect of
the WC is enhanced by the increases in the Helmholtz
oscillation frequency from the pure Helmholtz mode.

The tungsten purity as chemical fraction of
tungsten (W1f) shows proportional correlation with both
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Fig. 6 Atomic composition of tungsten-coated layers with
tungsten carbide powder was evaluated by XPS depth profile and
curve-fit. The coating for 600 A (upper), 700 A (middle), and
800 A (bottom) are composed of W4f7, Cls, and Ols

Helmholtz magnitude and Helmholtz frequency as shown
in FFT plot of Fig. 7, which represents proportional rela-
tionship between Helmholtz frequency and magnitude. As
Helmbholtz frequency is increased, XPS chemical compo-
sition of carbon (Cls) and oxygen (Ols) contents in the
coating surface are decreased, implying the generation of
CO gas as auto-shroud effect during in-flight time of WC.
The plasma’s specific enthalpy values of both conventional
cylindrical torch and stepped nozzle were almost the same
as shown in Fig. 8 so that the result shows a strict
dependency of Helmholtz frequency in stepped nozzle
torch, but not the specific enthalpy itself.

When considering this observation in conjunction with
the result for the tungsten coating for 800 A case, for the
comparison of the highest auto-shroud effect case of WC,
the W4f7 approached 70% with the W4{7 (Oxide) in the
bulk of the tungsten coating, whereas the W4f7 in the bulk
of the WC was nearly 98%. In addition, the oxygen con-
tents were about 5%, which was higher than the WC case
(~2%). In fact, the pure Helmholtz mode enhanced the
oxidation of the tungsten powder because there were no
W-C bonds for decarburization. Therefore, the tungsten
coating process with no WC but with tungsten has to be
avoided when using plasma spray in the pure Helmholtz
oscillation mode.
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3.3 Coating Microstructures and Porosity of WC
Coating

In this study, a comparison of the macro and micro-
structures of the tungsten coating produced with tungsten
powder and WC powder was performed. The field-
enhanced-secondary electron spectroscopy (Carl Zeiss,
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Fig. 9 The cross-sectional views of the tungsten coatings and tungsten carbide coatings captured by FE-SEM with various torch powers
of 800, 700, and 600 A which are from top to bottom, respectively. (a)-(c) show the cross-sectionalviews of the tungsten coatings while
(d)-(f) show the cross-sectional views of the tungsten carbide coatings. In addition, tungsten coatings which were deposited by con-
ventional cylindrical nozzle torch are also shown. Coated part on the substrate is labelled by tungsten

SUPRA 55VP) image of a cross section of the coating on a
stainless steel (SS 304S) substrate is shown in Fig. 9. The
cross-sectional views of a tungsten coating made with
tungsten powder are (a)-(c) and the tungsten coatings
made with WC powder are (d)-(f). According to Fig. 9, it
is clearly shown that the coated material is dense with an
average coating thickness of about 200 um for all cases
(a)-(c) and (d)-(f).

Porosity of coating layers were measured by mercury
intrusion porosimetry (Micromeritics, AutoPore IV 9500),
being shown in Fig. 10. The error bar was calculated from
the standard deviation of average value. The porosities of
the coating layers were distinguishable between two
materials in Fig. 10. The minimum porosity of the tung-
sten coating from WC powder is about 2%, which is lower
than the porosity of the tungsten coating with tungsten
powder (7%). In addition, an inverse proportion of the
porosity on the torch input power is observed and a con-
sistent trend of lower porosity of tungsten coatings from
WC than tungsten powder is observed. Consequently, it
represents that the tungsten carbide using stepped nozzle
torch achieved the high-purity tungsten coating rather
than tungsten powder.
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Porosity (%)

Input power of plasma torch (kW)

Fig. 10 The porosity of the coating layers fabricated using
tungsten (W) and tungsten carbide (WC) powders with torch
power ranging from 33 to 44 kW. The porosity was evaluated by
automated porosimetry. Tungsten coating with tungsten carbide
powder has lower porosities than tungsten coating with tungsten
powder for the whole power range
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4. Conclusions

An atmospheric plasma spray in the pure Helmholtz
oscillation mode tends to facilitate deposits of high-purity
and low oxidized tungsten coatings by enhancing the auto-
shroud effect of the WC from WC powder because the
auto-shroud effect of WC limits the in-flight oxidation of
the carbon-detached tungsten powder by CO gas genera-
tion. In addition, the degree of the auto-shroud effect is
proportional to the entrained oxygen concentration from
the ambient air. The entrainment of the ambient air can be
controlled in the pure Helmholtz mode operation as the
intrinsic Helmholtz frequency and magnitude are con-
trolled by torch input power. Therefore, the auto-shroud
effect of WC could be enhanced by the plasma spray in the
high-frequency pure Helmholtz mode using stepped noz-
zle with high input power.
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