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In Flight Properties of W Particles in an Ar-H,
Plasma
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An in-flight properties measurement performed on W particles, injected into thermal plasma generated
by an inductively coupled RF plasma torch, is presented. The measured surface properties of the par-
ticles along the centerline of the plasma plume are expressed by means of temperature and velocity
maps, within the domain formed by individual particle’s diameters and their distances from the torch
exit. The influence of some of the processing parameters (plate power, carrier gas flow rate, spray
chamber pressure) on particle properties is discussed for both individual particles and the resultant
integral spray plume characteristics. The results so obtained appear to confirm the suitability of the RF
plasma process for the deposition/production of W coatings/deposits.
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1. Introduction

During the thermal spray process, particulate feedstock
material is heated and accelerated by the hot plasma
stream and the spray plume is formed by the hot feedstock
material particles. The spray plume is projected onto a
suitable substrate, thereby forming the thermal spray de-
posit. In order to obtain deposits of the desired quality, the
particles must impinge on the substrate at certain optimal
values of velocity, temperature, and melting status. The in-
flight particle’s properties provide a useful means for the
characterization of the thermal spray process, this being
much more important than the actual values of the pro-
cess’s individual parameters. Clearly, similar spray plume
properties at the point of impact should lead to similar
deposit properties, regardless of the spray conditions or
even the actual spray technologies used (assuming similar
substrate states are employed). This paper introduces a
novel graphical representation of in-flight particle data,
which enables integrated description of velocity and
temperature development of individual particles of the
spray plume.

Numerous studies of in-flight particle behavior during
plasma forming were conducted up-to date, both numer-
ically and experimentally. Numerical simulations consist
of modeling both the plasma properties and either coupled
or uncoupled plasma-particle heat and momentum trans-
fer. The computations of properties of RF inductively
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coupled thermal plasma in local thermodynamical equi-
librium (LTE) (Ref 1) or in non-LTE conditions (Ref 2,
3), using standard or extended (Ref 4) field models, have
been published. A comparison of the simulation data with
the experimental measurement (enthalpy probe) is avail-
able in (Ref 5). Particle/plasma interaction models have
been developed from uncoupled discrete/continuous
phase models of the individual particles behavior (Ref 6,
7) to models of coupled plasma-particle interactions using
several hundred particles of different sizes and startup
velocities (Ref 8-11).

Experimental studies are based mostly on two-color
pyrometry combined with the time of flight method (Ref
12-14), the laser anemometry methods, or on image
analysis of high-speed cameras images (Ref 15). These
methods offer simultaneous measurements of a single
particle for its diameter, velocity, and temperature, and
are widely available due to the successful commercial
realization of the method in the DPV-2000 particle sensor
instrument. Comparison of measurement and model are
presented i.e., in (Ref 16, 17).

The measured or computed data are presented either in
forms of particle property histograms (Ref 12), individual
particle momentum and thermal histories for a few par-
ticle diameters (Ref 7, 10, 11, 17, 18), or as a time devel-
opment of mean values or other statistics of T and v (Ref
19, 20). Some authors have reported correlations between
particle diameter d, and particle temperature 7}, or
velocity v, (Ref 17, 18). Such a correlation is not reflected
in particle properties histograms, thus particle history with
respect of d, appear more appropriate for the description
of spray plume.

Particle history (with respect to distance z, from torch
exit) for all particle diameters can be described by a z,/d,,
map. In order to construct the z,/d, map, particles are
grouped into classes of similar particle diameter d, and
measurement position z,. The stochastic nature of the
spray plume leads to random differences between the
particle temperature 7}, and the velocity vy, for particles of
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the same class (even for the same d,, and z,). Thus, sta-
tistical description (mean value, median, 10% quantile,
etc.) must be used. The median values of T5, and vs, were
chosen for the exercise described.

The z,/d, map provides complex set of particle prop-
erty information; however for simple scalar description of
spray parameters effect, integral spray plume properties
are sometimes used throughout this paper. Volumetric
medians, Tyso, Vvso, O dysg can be computed for different
Zp. The volumetric median is a temperature (or velocity)
such that some 50% by volume of the measured particles
are warmer (or faster, or bigger) than the volumetric
median value.

This paper summarizes the axial distribution of in-flight
particle properties, of particles with trajectories close to
the plasma plume centerline, as obtained during a case
study of W deposition by RF-plasma. The data are pre-
sented for various sets of process parameters, viz., applied
plate power P, carrier gas flowrate ¢g., and chamber pres-
sure p. Variations in the spray plume data along the radial
axis were not studied in this instance.

2. Experimental

Commercial tungsten powder, grade Amperite Am
140.2, of grain size —90+45 um, was used as the spray
feedstock material (see Fig. 1a).

Spraying was performed using the Tekna PL-50
induction plasma torch (Tekna Plasma Systems Inc.,
Sherbrooke, Quebec, Canada). The torch has a 50 mm ID
and contains a seven-turn induction coil. The RF fre-
quency is 300 kHz.

The powder was injected into the plasma at the axial
position, corresponding to the lowest turn of the induction
coil, in order to avoid powder recirculation within the
plasma. The powder feeder, Tekna PF-400, was used with
He as the carrier gas. A vacuum chamber, equipped with
an automatic pressure regulator, was maintained at con-
stant pressure throughout the whole experimental period.

50 pm

Fig. 1 SEM micrographs of the ‘as-received’ powder (a) and
powder spheroidized during the spray process (b)
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Process Parameters: Two levels of each process
parameter were used in order to conduct a full factorial
experiment of three factors: the plate power P (60,
80 kW), carrier gas flow rate ¢. (6.3, 9.5 slpm), and
chamber pressure p (300, 400 torr). The factor levels were
selected based on the observations of previous works (Ref
20-23). Ar-H, plasma was used, with a central Ar flow rate
of 30 slpm, sheath Ar at 90 slpm, and sheath H, at
15 slpm. The feed rate for the W powder was fixed at 40 g/
min, to provide sufficient throughput for potential indus-
trial applications.

Particle surface temperature T,, velocity v,, and dia-
meter d, of individual particles were measured by the
DPV-2000 particle sensor (Tecnar, St. Bruno, QC, Can-
ada). The position of the sensor was at a distance z,, from
the torch exit nozzle and the centerline of the spray plume
was observed. Distances z, = {120, 140, 160, 200, 230, 260,
290, 320} mm were employed. Due to the high emissivity
and temperature of W spray particles, an aperture collar
was developed in order to reduce the infrared radiation
entering the DPV-2000 sensor. Ar gas was passed through
the collar to shield the sensor window from contamina-
tion. The sensor, and its optical fiber connection, was
contained in a water-cooled enclosure, fitted with quartz
window. An overview of the sensor-collar assembly is
shown in Fig. 2. The temperature measurement is based
on Wien approximation of Planck law (Ref 12, 24):

4

U
In (U—';;) +B
Here Up and Up; are signals from the infrared detectors.
The constants A and B were calibrated up to 2400 °C
using W filament. Above 2400 °C, the validity of the cal-
ibration is only assumed. The diameter measurement is

proportional to square root of total energy emitted by a
particle of known temperature (Ref 24).

T(K) =

Fig. 2 The aperture collar shielding the DPV-2000 sensor
window
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The constant C has to be calibrated against a known
sample. Based on previous works (Ref 19) it was expected
that in the investigated z, range, most of the particles will
be already spheroidized, and thus the particle size distri-
bution will be different to that of as-received powder.
Thus the volumetric median diameter of particles col-
lected in a special insulated container (Ref 19) was used
for calibration. The process parameters for the calibration
run were P =60 kW, p =400 torr, g.= 6.3 slpm, other
parameters as described above. The particle collector was
placed at z, = 170 mm distance from the torch exit. As it
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will be shown later, all the particle temperatures were well
inferior to the boiling point of W thus no particle evapo-
ration was considered. Image analysis of collected powder
indicates dvsg= 60 pum.

For the operating principle of the DPV-2000 instru-
ment, please refer to (Ref 24). The spray plume was
subject to analysis for 60 s at each chosen distance zp,
measured from the torch exit. The actual measurement
period started ~30-40 s after powder feeding had com-
menced, in order to obtain steady-state conditions inside
the reactor. Each collection of measurement data con-
sisted of approximately 400-1600 triplets, dp, T, vy, cOI-
responding to individual powder particle observations.
The data were further processed in a Matlab routine to
obtain the z,/d, maps.
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Fig. 3 The temperature T}, and velocity v, of particles for P=60 kW, p =400 torr, g.=6.3 slpm, and z, =160, 200, 260 mm. Note the
accumulation of T, between 3450 and 3650 K due to phase transformation at 160 mm. The velocity data is approximated by formula

vp=Ad,
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3. Results and Discussion

3.1 Individual Particle Properties

Experimental data collected by the DPV-2000 instru-
mentare presented in Fig. 3 for spray conditions P =60 kW,
p=400 torr, g.=6.3 slpm. The T,/d, and v,/d,, charts are
given for three selected z;, distances to represent different
cooling stages of the particles. The first set of charts
(zp=160 mm) describes the cooling of particles in liquid
state, the second set (z,=200 mm) describes the phase
transformation, and the third set (z,=260 mm) cooling in
the solid state. The experimentally measured temperature
of the phase transformation area in Fig. 3 appears to be
between 3450 and 3650 K (see Fig. 3, z, =200 mm), which
agrees well to the melting point of W (3663 K). This
agreement justifies the temperature measurement method
used. The somehow (about 4%) lower measured particle
temperature was not explained yet. One possible cause is
the undercooling of W particles. However, due to measured
fast cooling rates and expected very fast recalescence rates
(seei.e., model (Ref 25)), the probability to detect a particle
in undercooled state is very low. Moreover, the low stan-
dard deviation of particle temperature during solidification
indicates, that undercooling and following recalescence are
not detected during the measurements. In the following
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discussion, any particle with a measured surface tempera-
ture between 3450 and 3650 K is considered to undergo
phase transformation. Below 3450 K, the particles are
considered to be completely solid.

The velocity of the particle is controlled by the pro-
pulsion force of the carrier and plasma gases and by the
gravity force. Generally, a steady increase in particle
velocity was observed with increasing z, (see Fig. 4-7).
Also a strong correlation between particle diameter and
velocity was observed (see Fig. 3). The velocity of the
particles follows the formula:

vp = Adg

in which the exponent n was nearly constant for all
observed conditions (n~—0.5). The measured velocities
are similar to that of Alumina particles measured in
(Ref 12) with the same torch, but generator frequency
of 3 MHz.

It should also be mentioned, that due to the different
thermal histories of the particles of similar (x5 um)
diameter, and the measurement uncertainty, the typical
standard deviation of the particle temperature 7}, is about
200-250 °C and it drops significantly (~100 °C) during
phase transformations. For the velocity, the standard
deviation is about 4 m/s.

V50 {p=300 torr, qc=5.3 slpm, P=80 kW)

NP ERERN

120 140 160 180 200 220 240 260 280 300 320
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V50 (p=300 torr, qc=9.5 slpm, P=80 kW)

120 140 180 180 200 220 240 260 280 300 320
z m
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Fig. 4 z,/d, maps for p = 300 torr, P = 60 kW. Left: of median particle temperature T50 (isocontours in K). The white areas correspond
to solid particles, light gray to particles undertaking phase transformation (phase transformation area), and dark gray to liquid particles.
The maximum temperature line is included. Right: z,/d;, maps of median particle velocity v50 (isocontours in m/s)
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run #3 TS0 (p=300 torr, _=6.3 sipm, P=80 kW)
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Fig. 5 z,/d, maps as in Fig. 4, but for p=300 torr, P=80 kW

The processed individual particle data form zy/d,
temperature and velocity maps for each combination of
investigated process parameters (process parameters are
summarized in Table 1). The z,/d, maps are set out in
Fig. 4-7 following the order of Table 1. From the indi-
vidual maps, median particle temperature 75, and velocity
Vvso, as a function of z,, can be obtained by traversing the
map in the z,, sense (for fixed d,), whereas the influence of
d, on T5, and vsg is obtained by traversing in the dpsense
(for fixed zp).

For temperature maps, the influence of z, is much
stronger than the influence of d,, thus the isolines are
mostly vertical. Opposite situation takes place for velocity
maps, where the governing factor is d, which is in
agreement with the majority of numerical studies [see i.e.,
(Ref 16-19)].

The results indicate, that the used range of z, covers
mostly cooling parts of particle trajectories. It is straight-
forward, that this part of particle trajectory directly
influences the properties of final deposit. The typical fea-
tures of the zy/d, temperature maps of the investigated
area are as follows.

The maximum temperature line is formed by a set of
points where particles of given size reach their maximum
temperature. As may be expected from the particle sur-
face to volume ratio, the smaller particles will be heated
significantly faster and will reach higher temperatures
sooner than the larger particles (similar results reported in
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(Ref 6,7, 17, 18), etc.). At the same time, larger particles,
with their higher thermal inertias, should reach their
maximum temperature values at higher z, than smaller
particles and cool slower. This should cause the maximum
temperature line to have a slope of a couple of degrees
clockwise from the d,, axis. However this phenomenon was
not observed in the investigated cases, indicating that
particles reach their maximum temperature at the same z,,
regardless of particle diameter dp,. This state is caused by
the v,/d}, relation and is favorable for W deposition. In the
area above the melting point, close to the maximum
temperature line, the influence of dj, on T is significant.
In this area, the theoretical studies report significantly
different temperatures for different particle diameters (i.e.
(Ref 10, 11, 18)). On the other hand after solidification,
the influence of d,, was significantly weaker in most cases
with the exception of p = 400 torr and P = 80 kW.

When phase changes take place, the particle surface
temperature remains at the melting point (the underco-
oling and recalescence phase is considered short and is
neglected based on model in (Ref 25)) until the phase
transformation is finished (this assumption is based on
high thermal conductivity of the feedstock material and
the low particle velocity). Thus, a phase transformation
area, where the majority of particles stay close to the
melting point, is created. It is interesting to note that the
different size and position of the phase transformation
area was observed for the different applied power levels.
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run #5 TS0 (p=400 torr, q_=6.3 slpm, P=60 kW)
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Fig. 6 z,/d, maps as in Fig. 4, but for p=400 torr, P=60 kW

However, at the same time, the position of the maximum
temperature line was very similar for both power levels.
Some noise and ““artifacts” (in the form of jagged con-
tour lines) can be observed on the presented z,/d|, maps,
especially in the large particle areas. The most significant
cause of these defects is the limited number of detected
and measured particles belonging into certain classes of
map. However, increased spraying times (and thus the
number of detected particles for all classes) would require
increased amounts of expensive feedstock material.

3.2 Integral Particle Properties and Factorial
Analysis

The z,/d, maps, as presented in Fig. 4-7, clearly illus-
trate the influence of process parameters on the spray
plume. In order to provide a statistical description of this
influence, a factorial analysis (Ref 26) was performed. The
volumetric median temperature Tysy and velocity vysg
evaluated at the position of maximum temperature line
were chosen as responses of the factorial analysis. In the
following text Tyso and vyso are always linearly interpo-
lated at measurement distances closest to the maximum
temperature line. The position z,;, of maximum tempera-
ture line was not included in the analysis as the values of
Zm are very approximate. The integral particle properties
Tyso and vyso correspond to properties of particle with
d, =60 pm. The positions of maximum temperature line,
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values of response variables and levels of factors are
summarized in Table 1. The influence of sheath H, flow
rate is not included in the factorial experiment.

The data in Table 1 were approximated by the least
square method as:

TVSO,u = bg + .123 blT)(zu + AlZ} ' ; 3b£i)(i.u)</,zl
i=1... i=1..3 j=i+1...

Uvsou = bi + Z bf)(zu + Z Z szAXi,uAXj,u

i=1..3 i=1...3 j=i+1..3

in which u is the run number from Table 1, b,-,]-T and b;;"
are regression coefficients for Tyso and vysg respectively,
X, 1s the value of ith factor for run u. The regression was
performed for coded factor levels (-1,1) of X;, and ob-
tained coefficients are in Table 2. The coefficients byo3”
and by,3" are negligible (see Table 2) compared to other
regression coefficients, thus insignificant effect of 3-way
interaction of P, q., and p is assumed. The significance of

other coefficients is assessed by comparing the ratios of
Bon B MM B
h;237h‘1‘23"..’h;23 b1T237b1TZ37...’b1T23
(student distribution with 1 degree of freedom at signifi-
cance level 0.95). All factors with coefficients resulting in
ratios smaller than fy9s; are assumed insignificant

(Table 2).

to the ty951 value
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Fig. 7 z,/d, maps as in Fig. 4, but for p=400 torr, P=80 kW
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Table 1 The influence of integral spray plume properties on process parameters

s (b)
Run pXy) (o), torr P(X;), kW q(X3), slpm zp, (a), mm Vyso, M/S Tvs0,K 110 mm, % 170 mm, %
#1 300(-1) 60(-1) 6.3(-1) 150 31 4003 84.00 90.00
#2 300 60 9.5(1) 160 35 3756 66.00 80.00
#3 300 80(1) 6.3 150 34 4340
#4 300 80 9.5 160 38 4068
#5 400(1) 60 6.3 120 25 3979 94.00 91.00
#6 400 60 9.5 120 26 3744 84.00 88.00
#6 400 80 6.3 120 29 4365
#8 400 80 9.5 120 29 4124

(a) Position of maximum temperature line. (b) See (Ref 12). (c) Number in brackets is coded level for factorial analysis, X7, X,, X3 are factors.

Taking only significant coefficients the regression
functions for p in torr, g. in slpm and P in kW,
become:

vyso = 0.0139 p+0.1625 P+ 4.531 g. — 0.01094 p- g +9
(Eq 1)

Tyso = 17.69 P — 77.73 gc + 3423 (Eq 2)

The corresponding regressions in coded factor levels
(-1,1) are:

Journal of Thermal Spray Technology

vyso = —3.63 p+1.63 P+ 1.13 gc — 0.88 p - gc + 30.9
(Eq 3)

Tyso = 176.8 P — 124.3 g, + 4047 (Eq 4)

Based on formulas 3 and 4, the effects of different process
parameters can be discussed:

Plate power: Increasing the plate power, P from 60 to
80 kW, leads to higher specific enthalpies and larger dis-
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Table 2 The coefficients of regression equation for T'ysg
and Yvso

Factor Vyso, M/S Tvs0, K
by 30.9 4047

Principal effects 1 biv biv/b123 biT biT/b123
p 1 -3.63 29.00 5.63 2.37
P 2 1.63 -13.00 176.88 74.47
qec 3 1.13 -9.00 -124.38 -52.37

Interactions ij by’ b;"/bi23 b,-jT b,-jT/b 123
Pp 12 0.13 -1.00 14.63 6.16
P 4qc 13 —-0.88 7.00 5.38 2.26
Pq. 23 -0.13 1.00 -3.88 -1.63
Ppq. b3 —0.13 1.00 2.38 1.00

charge volumes of the plasma, both effects leading to-
wards higher heat transfers from the plasma to the parti-
cles. The result of increasing P is higher particle
temperatures and velocities. The increase in velocity vysg,
at the maximum temperature line, is about 3 m/s. The
temperature Tvysp, at the maximum temperature line in-
creases by ~350 K.

Carrier gas flow rate: The increase of carrier gas flow
rate from 6.3 to 9.5 slpm increases particle to plasma
injection velocity, cools the central region of the plasma
discharge and, at the same time, increases the plasma gas
velocity in the center of the discharge (an in-depth study
of this phenomenon is presented in (Ref 5) and further
experimental evidence given in (Ref 27)). The effect is
further amplified by the fact that most of the particle
trajectory is inside the volume influenced by the carrier
gas. The resulting reductions in the heat transfer to par-
ticles cause the decrease particle temperature Tyso by
~250 K. The effect on particle velocity vyso is coupled
with chamber pressure. Particle velocity vvyso increased by
~4 m/s for p =300 torr, for p =400 torr, the influence was
negligible (~0.5 m/s). A simple explanation is that at
higher chamber pressure the carrier gas balances its
velocity with the plasma gas faster and so the particle
velocity is more controlled by the plasma gas velocity.

Chamber pressure: Increasing the chamber pressure p
from 300 to 400 torr leads to decreased plasma volumes
and plasma gas velocities. As a result of the combined
action, the maximum temperature line is always at lower
distance z,, from the torch nozzle. The effect on particle
velocity vysg is coupled with carrier gas flow rate g. par-
ticle velocity as discussed above. The value of vysy de-
creased by ~5.5 m/s at g.=6.3 slpm and by ~9 m/s for
q. = 9.6 slpm regardless the plate power P. The value of
Tvso was not significantly influenced by chamber pressure.
These results obtained for generator frequency of 300 kHz
are in contrast with previous results for 3 MHz (Ref 12,
22). For 3 MHz, the mean particle temperature is reaching
maximum at lower z,, when increasing pressure. At the
same time, the mean temperature at z,,, is decreasing.

Particle spheroidization: Particle spheroidization effi-
ciency n; is defined as the ratio of spheroidized particles to
the total number particles in collected sample. The

236—Volume 16(2) June 2007
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Fig. 8 Plasma-treated particles: (a) well-spheroidized particle
and (b) nonspherical particle

spheroidization efficiency was measured for z,=110 and
170 mm, p =300 and 400 torr and P=60 kW in previous
experiments (Ref 20). The particles were collected at the
centerline of the plasma plume, through a aperture of
7 mm diameter. For most cases, the particles were col-
lected after the maximum temperature line and after
cooling in liquid phase. Thus no effect of particle size on
particle spheroidization was detected. The spheroidization
ratio was n ~ 80-90% (see Table 1). The only exception is
run #2 with a lower value of ng=66% for z,= 110 mm.
Indeed the z/d, map in Fig. 6, indicates, that the particles
collected at z,=110 mm were probably collected during
melting phase. For the same process conditions, but for
Zp =170 mm the particles were collected in liquid cooling
phase after passing the maximum temperature line and n;
increased to 81%.

An interesting phenomena, commonly observed for
refractory metals is that the nonspherical particles are
often smaller than already spheroidized particles (see
Fig. 8 and (Ref 28)). The possible explanation is the effect
of turbulence on particle trajectory as described in (Ref 8).
Small particles with low inertia are easily deflected from
the spray plume central line and their trajectory passes
through turbulent low temperature regions. Thus limited
heat is transferred to the particles and incomplete melting
occurs.

4. Conclusion

The characterization of the centerline of the spray
plume was performed for some eight sets of processing
parameters. The data obtained during the spray plume
characterization tests included: particle velocities, tem-
peratures, particle size histograms, 7,/d,, plots, v/d,, plots,
and z/d, maps; these were all subsequently organized in a
computer database. Thus, the experimental results so ob-
tained can be used to make a selection of the most suitable
spray parameters for the plasma spray deposition of W.

The influence of varying levels of plate power, carrier
gas flow rate and chamber pressure on integral properties
of the spray plume at position with maximum particle

Journal of Thermal Spray Technology



temperature were all investigated in a full-factorial
experiment. It was found that

(i) The volumetric median particle temperature was
influenced by plate power and carrier gas flow rate.

(i1) Volumetric median particle velocity was influenced by
plate power, carrier gas flow rate and chamber pres-
sure and by the mixed effect of chamber pressure and
carrier gas flow rate.

The results obtained from this experimental spray
program indicate that the RF plasma system can be suc-
cessfully used for the complete melting and thus successful
deposition of tungsten powders of the commercially
available particle sizes. Also, the present research has
commenced and progressed the establishment of the link
between the integral properties of the spray plume and the
resultant deposit properties.
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