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A hybrid DC arc plasma torch, combining water and gas stabilization, offers a high flexibility in plasma
characteristics. These can be controlled in a wide range by the torch operational parameters, such as arc
current and secondary gas flow rate. In this study, their influence on plasma spraying of tungsten and
copper was investigated. To suppress the in-flight oxidation of the metals, inert gas shrouding was
applied. In-flight particle diagnostics and analysis of free-flight particles and coatings was performed for
spraying experiments in the open atmosphere and with argon shrouding. Both in-flight particle behavior
and coating properties were found to be sensitive to the torch parameters. The application of shrouding
was found to affect particle in-flight parameters, reduce the oxide content in the coatings and generally
improve their properties, such as thermal conductivity. However, a different degree of these effects was
observed for copper and tungsten.
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1. Introduction

Plasma sprayed coatings provide surface protection/
enhancement in a wide variety of applications. Properties
of the coatings depend both on the chosen feedstock
material and the structure of the sprayed coating. The
latter can be to a large extent controlled by plasma
spraying parameters, such as torch power, plasma gas type,
powder injection conditions, spraying pattern, etc. The
flexibility of the spraying parameters offers on one hand
the possibility to tailor the properties of the coatings for
the desired application; on the other hand, this also
necessitates a complex study on the influence of these
parameters on the coating structure and properties. These
can be traced by so-called �process maps� (Ref 1), linking

the spraying parameters to particle in-flight characteristics
and those in turn to the relevant properties of the deposits.

Besides undergoing phase changes (melting in the
plasma and rapid solidification upon impact), the sprayed
material may also experience chemical changes. A typical
example is oxidation, which inevitably occurs during
spraying of metals in the open atmosphere, when the hot
particles come in contact with oxygen from the air. The
presence of oxides in the coatings can have a significant
influence on their properties (Ref 2); therefore, the oxi-
dation process has been subject to extensive research,
including ways to suppress it. Among these are shrouding
of the plasma jet by inert (Ref 3) or reactive gas (Ref 4) or
spraying in a closed chamber with controlled atmosphere
or vacuum (Ref 5).

Tungsten-based coatings represent an example of
material where oxidation during spraying is important.
They can find a use in various thermal management
applications, such as thermonuclear fusion. Tungsten, with
its refractive nature, can provide a plasma facing surface in
a Tokamak, where it would be subjected to large heat and
particle fluxes, and thereby protect the underlying com-
ponents (Ref 6). Copper, with its high thermal conduc-
tivity, represents a suitable candidate material for heat
removal. Combination of these coatings (Ref 7) offers a
prospective alternative to bulk material processing, which
is particularly difficult in the case of tungsten.

Both materials have been sprayed by water stabilized
plasma, among other techniques. Relatively low thermal
conductivity, caused by the porosity and presence of oxi-
des, has been identified as the main hindrance to suc-
cessful application. Among the attempts to suppress the
in-flight oxidation were auto-shrouding by admixture of
WC to W powder and traditional shrouding of the jet by
inert or reactive gas (Ref 8). In both cases, the effect was
positive, but small. Initial experiments with a hybrid torch
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(Ref 9), which uses a mixture of water and argon as
plasma-forming media, showed promising improvements
in tungsten coating properties (Ref 8). These were
attributed to lower exit temperature of the jet with a lower
downstream gradient and more efficient particle acceler-
ation. The above mentioned factors have prompted a
more extensive study, part of which is presented in this
paper.

In this study, the influence of plasma spraying condi-
tions on the behaviour of metallic powder particles and
coating formation has been investigated. The investiga-
tions focused on two aspects: variation of the parameters
of the hybrid torch and the application of a newly
designed shrouding system.

2. Experimental Setup

The configuration of the plasma torch is shown in
Fig. 1. The torch consists of three main parts: a cathode
part, a water stabilized part and an anode. The cathode
part is designed in the same way as in gas torches. Argon is
supplied tangentially along the tungsten cathode and
argon plasma flows through the cathode nozzle into the
water stabilized part, where the arc column burns inside
the water channel. Here a principle of Gerdien arc is
utilized. Water is tangentially supplied at three positions
along the arc chamber under high pressure to form a
vortex. Heat released by the arc causes evaporation of
water from the inner surface of the vortex and the steam is
mixed with the argon plasma, heated and ionized. The
overpressure existing inside the arc chamber results in
the formation of a fast high-temperature plasma jet at the
torch nozzle. The anode is created by a rotating copper
disk positioned outside the torch downstream of the jet.
Both electrodes are water-cooled. The specific design of
the torch provides formation of a rather long arc, more
than 50 mm in length. The plasma torch is characterised
by rising volt-ampere characteristics and can work at arc
power up to 180 kW for arc current up to 600 A. In this
study, arc current varied between 300 and 500 A, while the
argon flow rate was varied between 12 and 36 slm. For
these conditions, the torch total power was in the range
60-135 kW and the torch thermal efficiency was 50-65 %.

Two powders were used in the present experiments:
copper powder (Stamont Metal International, Slovakia)
with granulometry between 100 and 125 lm and tungsten
powder (Alldyne Powder Technologies, USA) with gran-
ulometry between 63 and 80 lm. The powder particles
were injected transversally into the plasma jet through a
single injector under 70� angle to the torch axis at three
feeding distances (FD): 25, 60 and 90 mm from the torch
nozzle. The choice of FD was dictated by the properties of
the used materials and entrances available in the shielding
system. Refractory tungsten was injected closer to the
torch (25 and 60 mm), where the plasma jet is still very
hot. Copper, which has low melting point, was injected at
farther distances (60 and 90 mm). Argon was used as a
carrier gas, with a flow rate of 5-5.9 slm (slightly varied
depending on powder and torch parameters). The powder
feed rate was 8.5 and 17.1 kg/h for Cu and 13.5 and
27.1 kg/h for W powder, for particle in-flight character-
isation and coating deposition, respectively. Three main
parameters, expected to influence plasma-particle inter-
action, were varied in this study: arc current, feeding
distance and flow rate of argon as a secondary plasma-
forming gas.

The plasma spraying tests have been carried out under
both atmospheric and shrouding conditions. The anode
disk positioned immediately after the torch nozzle does
not allow application of the typical shrouding nozzles used
in spraying or cutting gas torches. For the shrouded plas-
ma spraying, the torch was attached to a specially designed
water-cooled shielding tube 280 mm in length, which
covered the exit region of the torch together with the
anode (Fig. 1). The shroud gas was supplied at two posi-
tions: into the anode region through a single port and
through the gas distribution ring positioned downstream
of the nozzle right after the anode. The shroud gas was
distributed with the help of a specially designed gas dis-
tribution ring through holes 1 mm in diameter and direc-
ted parallel to the torch axis. In most cases, argon was
used for shrouding, with a controlled flow rate. The
shielding system had a circular opening, through which
particles were flying towards the substrate.

In-flight particle parameters were measured by a DPV-
2000 system (Tecnar Automation Ltd., Canada) (Ref 10).
The system scanned the plane perpendicular to the par-
ticle flow at 320 mm distance from the torch nozzle, the
location of the substrate in subsequent spraying experi-
ments, to examine particle in-flight parameters just before
their impact on the substrate. The system collected data
from 60 9 60 mm grid scans at 15 mm steps to ensure
obtaining parameters of the whole particle field. The
obtained data were then statistically processed in Matlab
to obtain mean values of particle temperatures and
velocities. Only conditions with sufficient number of cap-
tured particles were considered.

Particle in-flight oxidation was also studied. The parti-
cles were sprayed into liquid nitrogen to preserve particle
in-flight state and separate the in-flight oxidation from that
of solidified deposited material. The plasma torch was
positioned vertically above a vessel filled with liquid
nitrogen in such a way that the distance between the torch

Fig. 1 Schematic diagram of the plasma torch and spraying
process
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and nitrogen surface corresponded to the spraying dis-
tance. The particles were collected during 10-20 s of
spraying. The nitrogen level changed during each run due
to evaporation. Thus, the average spraying distance was
different from the initial one. However, this difference was
largely similar across spraying conditions, thus the results
reflect general trends in the effect of spraying conditions
on particle in-flight oxidation. Oxygen content was
determined by the inert gas fusion technique using a Leco
TC 500 analyzer (Leco Corp., USA) at Unipetrol RPA.

In-flight particle behaviour was examined for a wide
range of parameters, while only a limited number of
conditions were selected to produce coatings, to see the
main correlations between particle state and coating
properties. During the spraying tests, the torch was fixed
at a stationary position, while the substrate holder was
moved with linear velocity of 300 mm/s. Inert gas shield-
ing was also applied on the substrates to suppress oxida-
tion of the coating surface during the deposition and
cooling down phase. The substrates made of grit-blasted
copper and carbon steel 2.5 9 25 9 100 mm in dimen-
sions were first preheated to ~100 �C and this temperature
was roughly maintained during the deposition, with the
help of water flow through the substrate holder. Coatings
typically 1 mm thick were deposited during several cycles
of a rectangular raster pattern of the torch.

Afterwards, morphological and structural observations
of the free-flight particles and coatings were performed in
an EVO MA15 scanning electron microscope (Carl Zeiss,
Germany) in the backscattered and/or secondary electron
mode. Thermal diffusivity and conductivity were deter-
mined by the xenon flash method on free standing coating
samples, using an FL-3000 instrument (Anter Corp.,
USA).

3. Results and Discussion

3.1 Effect of Plasma Torch Parameters
on Particles in Flight

Modification of the plasma torch parameters results in
strong changes of properties of the generated plasma.
Change of the arc current and secondary gas flow rate
affects plasma composition, power of the generated plas-
ma, plasma jet temperature, velocity and enthalpy. The
plasma gas composition varies from almost argon plasma
for low arc current and high Ar flow rates to almost water
plasma for low Ar flow rate and high arc currents. The
effect of plasma torch parameters on plasma enthalpy is
shown in Fig. 2. The generated plasma exhibits the highest
enthalpy values for low Ar flow rates and high arc cur-
rents. Both the increase of argon flow rate and decrease of
arc current result in enthalpy reduction. The plasma jet
temperature and velocity are also influenced by these
parameters: an increase of arc current results in higher
plasma temperatures and velocities, while an increase of
Ar flow rate affects only plasma velocity. More detailed
analysis of the properties of the generated plasma is given
in Ref 11.

The effect of plasma torch parameters on particle
in-flight behaviour was studied in a wide range of
parameters. Mean values of particle temperature and
velocity for different conditions and for both studied
powders are shown in Fig. 3. It is obvious that an increase
in either arc current or argon flow rate results in an
increase of the particle velocity; the current effect is more
pronounced. This effect corresponds to changes in the
properties of the generated plasma. Indeed, an increase of
the arc current leads to an increase of the plasma jet
velocity. Argon flow rate has the same effect, which is also
accompanied by modification of the plasma jet composi-
tion. A higher amount of argon results in an increase of

Fig. 2 Plasma enthalpy as a function of plasma torch
parameters

Fig. 3 Effect of plasma torch parameters on particle in-flight
behaviour at 320 mm from the nozzle: mean particle velocity and
mean particle temperature
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the plasma viscosity, which improves the momentum
transfer between the plasma jet and particles. For the
same plasma spraying conditions (FD = 90 mm, I = 500 A)
copper showed a little higher velocity values. It is con-
nected to a different particle density and size distribution.
The ratio of the drag force (proportional to the cross-
sectional area) to the particle inertia (proportional to the
particle volume and density) at the same flow conditions is
somewhat higher for copper particles. The effect of the
spraying parameters on particle temperature was less
pronounced. An increase of arc current always resulted in
an increase of the measured temperatures. An increase of
the argon flow rate almost did not affect temperatures for
the shorter FD. However, for longer feeding distances
(FD = 90 mm) there was a temperature decrease observed
for both materials. In general, temperatures measured
during W spraying were much higher than for Cu owing to
its higher melting point. The measured temperatures of
Cu may be overestimated for low current conditions, as a
much smaller amount of particles was evaluated by the
system in comparison to the high current conditions.
These low-luminosity low-temperature particles were not
recognized by the system and thus were not considered.
For both materials there was a noticeable evaporation
observed during the spraying, which was likely connected
to oxidation of the metallic particles due to their reaction
with oxygen from the surrounding atmosphere. Indeed,
the temperature of boiling for oxides of both materials is
much lower than for the pure material (Tb(Cu) = 2500 �C,
Tb(W) = 5,700 �C, Tb(CuO) = 2000 �C, Tb(CuO2) = 1800 �C,
Tb(WO2) = 1730 �C, Tb(WO3) = 1837 �C) (Ref 12). The
measured particle temperatures have also been affected
by the evaporation process. The temperatures measured
for Cu were much above its melting point (Tm(Cu) =
1085 �C), but varied in the range of values of the boiling
point of the copper oxides. It may be caused by a forma-
tion of the oxide layer on the molten particle surface,
which is continuously evaporated. On the other hand,
according to measurements, only a few tungsten particles
reached their melting temperature. The average particle
temperatures for W were significantly below its melting
point (Tm(W) = 3410 �C). However, coatings were pro-
duced at these conditions, which indicates that particles
had higher temperatures. A similar phenomenon was also
observed by Niu et al.13 The temperature measurement
might have been affected by the existence of the cloud of
oxide vapor, which was formed at much lower tempera-
tures than those measured. More detailed study is neces-
sary to explain the observed phenomena.

The effect of torch net power on particle in-flight
temperature and velocity for a whole set of studied
parameters is shown in Fig. 4. The feeding distance was
60 mm for copper powder and 25 mm for tungsten. In fact
the pictures represent the first order process maps of the
hybrid torch. The results illustrate the crucial role of the
torch net power on particle characteristics: an increase of
the power led to an increase of both particle temperature
and velocity. The effect of argon flow rate on particle
temperature is negligible. Thus, this reflects a possibility to
fix the particle temperature at a desired level by varying

the torch net power and then to modify particle velocity
and thus the time of particle flight through the plasma by
changing the argon flow rate.

Dependence of particle mean temperature on particle
mean velocity for two FD for both studied powders is
shown in Fig. 5. The data were collected from the whole
range of studied settings. Overall, higher particle velocity
corresponded to higher temperature. Moreover, slopes of
the fitting curves also coincide for both powders despite
their different size distribution and material properties for
different FD. It seems to be a specific feature of the hybrid
torch.

Fig. 4 Effect of torch net power on in-flight particle tempera-
ture and velocity at 320 mm from the nozzle: pooled data from all
settings

Fig. 5 Correlation between particle in-flight temperature and
velocity: pooled data from all settings
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3.2 Effect of Shrouding

As mentioned earlier, during plasma spraying of
metallic materials in open atmosphere, their oxidation
usually takes place. Molten material interacts with oxygen
coming into the jet from the surrounding atmosphere due
to entrainment of the ambient air. The spectroscopic
measurements have shown that air is present at the plasma
jet centerline already at the distance of several centimetres
from the nozzle. At the region of the substrate position, the
plasma jet consists of mostly air (Ref 14). The presence of
oxides may change the properties of the sprayed material
and thereby affect the properties of the resultant coatings.
To suppress the strong oxidation effects taking place dur-
ing the particle in-flight phase, a shielding system with a
shrouding gas was tested. The particle parameters were
measured at 320 mm distance from the torch nozzle at the
end of the shielding tube. Argon was used as a shroud gas
with a flow rate of 100 slm. The amount of the recorded
particles was roughly equal for both conditions. The
average particle temperature and velocity and their stan-
dard deviations with and without shrouding are shown in
Fig. 6 for selected conditions for both materials. The
spraying parameters are indicated in the following way: arc
current-argon flow rate-feeding distance. The effect of
shrouding was different for the illustrated cases. For all the
studied conditions, shrouding had a positive effect on
velocity distribution as it became narrower. However,
there was no obvious effect on mean velocities of Cu
particles, and mean velocities of W particles even

decreased. The effect of shrouding on the temperature of
W particles is not pronounced, while for Cu, the average
temperature as well as its deviation increased for shrouding
conditions. In general, scattering of measured values was
higher for W for all studied conditions.

Oxidation of the particles during their flight through the
plasma jet under different conditions was also studied. The
results of oxygen content analysis for Cu powder are shown
in Fig. 7. The oxygen content in feedstock material was
0.41 wt.%. Modification of the argon flow rate had a large
effect on the oxide content: its increase from 12 to 36 slm
resulted in a decrease of oxygen content of almost four
times. Besides the changed plasma composition, the effect
is related to time of particle flight through the flame.
According to DPV measurements, particles are faster for
higher flow rates and stay a shorter time in the flame.
Slower particles are heated to higher temperatures and
increased temperatures promote the oxidation process.
Despite a higher particle velocity, the oxide level increased
with arc current. It may be connected to higher particle
temperatures as well as to stronger air entrainment.
Indeed, for higher arc currents the entrainment rate is
higher (Ref 15). Moreover, the particles injected into
hotter regions of the plasma jet (FD = 60 mm) reach
higher temperatures and they stay longer in the flame
before impact. Thus, they are more oxidized. Application
of the shrouding gas (250 slm of argon) resulted in reduc-
tion of the oxygen content, which was most pronounced for
low argon flow rate conditions. Argon shrouding replaced
air from the jet surroundings, thus protecting the particle
flow and reducing the amount of oxygen available for
oxidation. It should be noted that the oxygen level in
particles sprayed with the shrouding was even below the
level found in the feedstock material. It may be caused by
evaporation of the copper oxides contained in the powder
during particle flight through the plasma jet.

For W powder, the original feedstock contained
0.0146 wt.% of oxide. The oxide content after flight
through the plasma was around 0.06 wt.% for all studied
conditions. It is obvious that the majority of the formed
oxides evaporated during particle flight, which was con-
firmed by a presence of vapor clouds observed during the
spraying tests. Thus, application of the shroud gas may

Fig. 6 Effect of gas shrouding on particle in-flight mean velocity
and temperature at 320 mm from the nozzle

Fig. 7 Oxygen level in Cu particles after their flight through the
plasma jet under different conditions
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affect the deposition efficiency, but not chemistry of the
deposition process. However, it was not in the scope of the
present study.

3.3 Splats

At selected parameter settings, isolated splats were
collected on polished stainless steel substrates, preheated

to ~100 �C, and observed by SEM. They were classified
according to their shape and melting degree. The influence
of torch parameters on Cu splat shapes was described in
Ref 11. Representative W splat shapes and overall splat
characteristics are shown in Fig. 8 and Table 1, respec-
tively. The splat types are classified as follows (a letter in
brackets corresponds to the micrograph labeling in Fig. 8):
A = unmelted or nearly-unmelted (a, left splat in c),

Fig. 8 Typical W splat shapes for various spraying conditions (labeled in the following order: feeding distance – torch current – Ar flow
rate). Fine particles around the splats are likely deposits of tungsten oxide evaporated during the flight (Ref 16)
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B = partially molten, hemispherical (b), C = semi-molten,
moderately flattened (right splat in c), D = semi-molten,
well flattened (i), E = well molten, contiguous (e, f, h),
F = well molten, fragmented (d, g). Splat types D and E
are expected to form the densest coatings. The samples
often contained a mixture of various splat types; their
relative occurrence and morphology is summarized in
Table 1. The number of asterisks corresponding to a
particular type of a splat symbolizes their relative number
observed at a given condition. The last three columns
summarize qualitatively the splat morphology. The

number of asterisks in this case reflects the overall degree
of melting, flattening and fragmentation. Contrary to
copper, where full melting of the particles took place for
all conditions, tungsten particles were completely molten
only for conditions with high plasma enthalpy, i.e. high
torch current and short feeding distance. At medium
current (400 A), the degree of melting was slightly
reduced with increased Ar flow, as could be expected from
Fig. 2. For splats formed from completely molten parti-
cles, fragmentation upon impact was frequently observed,
leading to flower-like splats (Fig. 9). This is thought to be

Table 1 Relative occurrence of different types of W splats and overall splat characteristics in dependence on spraying
conditions

Spraying parameters Relative numbers of splats Splat morphology

Injector
(mm)

Arc
current (A)

Argon
flow (slm)

Splat type Degree of

A B C D E F Melting Flattening Fragmentation

60 300 12 ** * * * *
60 300 24 *
60 300 36 *
60 400 12 * *** * * *
60 400 24 *** * * *
60 400 36 *** * *
60 500 12 ** * ** *** *** *
60 500 24 ** *** ** ** ** *
60 500 36 ** ** * ** * * *
25 300 12 *** ** * * *
25 300 24 ** * ** ** ** **
25 300 36 ** * ** ** ** **
25 400 12 * * *** *** *** ***
25 400 24 * ** * ** ** *** **
25 400 36 * * ** ** ** *** **
25 500 12 * ** *** *** *** ***
25 500 24 *** ** *** *** **
25 500 36 * ** *** * * *** *** *

The number of asterisks shown in column 2 indicates the relative number of splats of a particular type: *** dominant (majority of the splats were
of this type), ** frequent (significant number, but minority), * present (occasional occurrence), 0 absent. In column 3, the asterisks indicate the
relative degree of a particular phenomenon/characteristic: *** high (i.e., the splats were completely molten, highly flattened or highly fragmented),
** medium, * low, 0 extremely low or none (i.e., the deposited particles were unmelted, equiaxial, contiguous)

Fig. 9 Detail of a fragmented splat on polished stainless steel substrate, (a) SE image, (b) BE image, and (c) contiguous splat on coating
surface
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connected with substrate melting, evidence of which is
seen in Fig. 9(b)), between the W splat fragments. These
appear to have glided on a thin layer of liquid steel, whose
melting point is much lower than that of tungsten. This
phenomenon did not occur in splats impacting on previ-
ously deposited tungsten layers—splats observed on the
coating surface (Fig. 9(c)) were contiguous. Therefore, is
it not expected to have a significant influence on overall
coating properties. Increased argon flow has reduced this
phenomenon slightly. Only well molten and well flattened
splats are expected to form dense coatings (see below).
The corresponding torch conditions (towards the bottom
of Table 1 and Fig. 8) also led to higher deposition
efficiencies.

3.4 Coatings

Figure 10 shows representative Cu coating structures
obtained at selected spraying conditions (shown in top
right corners), where the effects of different parameters

can be illustrated. Figure 10(a) shows a Cu coating
sprayed at FD = 90 mm, I = 300 A, Ar = 36 slm, with a
typical lamellar structure, small amount of porosity, small
degree of oxidation and a few unmelted particles. The
coating shown in Fig. 10b, sprayed with higher torch cur-
rent, exhibits a higher degree of oxidation and better
bonding between individual splat layers, both as a result of
higher particle temperature. Comparison of Fig. 10(a) and
(c) illustrates the effect of argon flow rate. The coating in
Fig. 10(c), sprayed with lower argon flow rate, exhibits
poorly bonded splats, visible intersplat porosity and higher
oxide content than its counterpart in Fig. 10(a). The
coating shown in Fig. 10(d) was sprayed at the same torch
settings, but with the application of Ar shrouding. Its po-
sitive effect is clearly reflected in better intersplat bonding,
lower porosity and lower oxide content. All of these fac-
tors have a direct influence on the coating properties, such
as thermal conductivity, as will be discussed below.

Representative W coating structures are shown in
Fig. 11. Because of its refractory nature, tungsten powder

Fig. 10 Typical Cu coating structures in dependence on spraying conditions (labelling: feeding distance – torch current – Ar flow rate,
S - shrouding)
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had to be sprayed at higher plasma temperatures (i.e.
higher current and shorter feeding distance) than copper,
in order to obtain reasonable quality coatings. As dis-
cussed above, oxidation takes place during the flight as
well, but is accompanied by rapid evaporation of the
oxides. As a result, the amount of oxides in the coatings
is very small and cannot be discerned as a separate
phase. The porosity is generally higher and the layered
structure is less distinct than in the case of copper
coatings. The use of low current (300 A, Fig. 11(b))
resulted in porous coatings with a noticeable portion of
unmelted particles, indicating insufficient plasma
enthalpy to properly melt the tungsten powder. Com-
parison of coatings sprayed at higher current (500 A,
Fig. 11a and c) shows again a positive effect of the argon
flow rate, where denser coatings were obtained with
higher flow rate. Contrary to copper, the application of
argon shrouding did not have a pronounced effect on
tungsten coatings, as the structures shown in Fig. 11(c)
and (d) are very similar.

The microstructural variations, resulting from different
spraying conditions, were also reflected in coating prop-
erties. Figure 12 shows the effect of argon flow rate on
thermal diffusivity and conductivity of copper and tung-
sten coatings sprayed in the open air. A higher argon flow
rate results in more conductive coatings, which could be
attributed to lower porosity as well as less oxidation.

The oxygen content in copper coatings is shown in
Fig. 13. Reduction in oxygen content with increasing argon
flow rate is clearly seen. Similar to free-flight particles,
higher particle temperatures (achieved by higher arc cur-
rent or shorter feeding distance, at the same argon flow
rate) resulted in a higher degree of oxidation. Application
of shrouding markedly reduced the oxygen content at
lower argon flow rates, but both shrouded and unshrouded
curves converged at the highest flow rate. The oxygen
content in coatings is about 1-1.5% higher than in free-
flight particles captured in liquid nitrogen, indicating that
the post-deposition oxidation phase is about as significant
as the in-flight phase despite usage of the protecting gas.

Fig. 11 Typical W coating structures in dependence on spraying conditions (labelling: feeding distance – torch current – Ar flow rate, S -
shrouding)
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Figure 14 illustrates the effect of different shrouding
regimes on the oxygen content and thermal conductivity
of copper coatings. The regimes included no shrouding,
two levels of shroud gas (Ar) flow rate, and an Ar + H2

mixture, expected to have an added reducing effect. For
pure argon, there is a clear trend of increasing thermal
conductivity with shroud gas flow rate. The use of an
Ar + H2 mixture resulted in the lowest oxygen content, but
the conductivity was similar to the unshrouded case. The
graph in Fig. 14 and comparison of Fig. 12 and 13 suggest

a correlation between these two quantities (lower oxygen
content—higher thermal conductivity), but it does not
hold universally for all coatings. Other factors, such as
volume, size and shape of the voids and degree of inter-
splat bonding play a role here. A statistically more sig-
nificant pool of data would be necessary to properly assess
these relationships.

Porosity volume and Young�s modulus of these coat-
ings were also evaluated (using the same techniques as in
Ref 11), but the trends were generally less distinct than for
the oxygen content and thermal conductivity presented
above. The latter is considered the most relevant charac-
teristics for the prospective applications.

4. Conclusions

Copper and tungsten powders were sprayed by a hybrid
torch with combined water-argon stabilization. All three
studied parameters, i.e. torch power, argon flow rate and
location of particle injection, were found to have a sig-
nificant influence on the in-flight particle behavior. Their
effects on particle velocity were generally more pro-
nounced than effects on particle temperature. The in-flight
particle temperature measurement might have been
influenced by evaporation of the newly formed oxides on
the particle surfaces due to reaction of the molten material
with free oxygen entrained from the surrounding atmo-
sphere. Evaluation of collected splats showed that for
copper full melting of the particles took place for all
studied conditions, while tungsten particles were com-
pletely molten only for conditions with high plasma
enthalpy. The changes in particle state were reflected in
properties of the resultant coatings, particularly their
oxide content and thermal conductivity. Application of
inert gas shrouding generally led to reduction in oxide
content and improvement in thermal conductivity. This
effect was more pronounced for copper than for tungsten.
Further investigations are underway.
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Plasma Sprayed Tungsten-Based Coatings and their Usage in
Edge Plasma Region of Tokamaks, Acta Technica CSAV, 2006,
51(2), p 179-191
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M. Lamontagne, The Influence of Spraying Parameters on In-
Flight Characteristics of Tungsten Particles and the Resulting
Splats Sprayed by Hybrid Water-Gas Stabilized Plasma Torch,
Thermal Spray Connects: Explore Its Surfacing Potential, E.
Lugscheider, Ed., May 2–4, 2005 (Basel, Switzerland), DVS, 2005,
p 594-599

Journal of Thermal Spray Technology Volume 21(3-4) June 2012—705

P
e
e
r-R

e
v
ie

w
e
d

http://www.webelements.com/

	Spraying of Metallic Powders by Hybrid Gas/Water Torch and the Effects of Inert Gas Shrouding
	Abstract
	Introduction
	Experimental Setup
	Results and Discussion
	Effect of Plasma Torch Parameters on Particles in Flight
	Effect of Shrouding
	Coatings

	Conclusions
	Acknowledgments
	References


