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Ideally, plasma spraying of metal powders must take place within a narrow processing “window” where the
particles become fully molten before they hit the substrate, but are not overheated to the point that substan-
tial volatilization occurs. Metal evaporation in flight results in a decrease in the deposition efficiency. In
addiiton, the emission of vapors leads to the formation of metal and oxide fumes that are undesirable from the
viewpoints of both resource conservation and environmental control. This study examines the vaporization
and fume formation in the plasma spraying of iron powders of different size ranges. The experimental part
involves the determination of the population (number density) of metal atoms at different cross sections
along the trajectory of the plasma jet, and the collection of the submicronic particles resulting from vapor
condensation. The experimental results are compared with the projections of a mathematical model that
computes the gas/particle velocity and temperature fields within the jet envelope, projects the rate of heat/
mass transfer at the surface of individual particles, and determines the rate of volatilization that results in the
formation of metal and metal oxide fumes.

Keywords absorption spectroscopy, metal fumes, modeling,
plasma spraying of metals, powder volatilization

1. Introduction

The basic steps involved in any thermal spray process are
substrate preparation, masking and fixturing, coating finishing,
inspection, and stripping as necessary. Substrate preparation
usually involves scale and oil/grease removal, as well as surface
roughening. Roughening is necessary in most applications to en-
sure adequate bonding of the coating to the substrate. During the
spray process, environmental concerns, both from resource con-
servation and pollution prevention points of view, include the
generation of dust, fumes, excess overspray beyond the part to
be coated, and particles that have not penetrated into the jet at the
injection point. Emissions are contained in an exhaust hood and
the gas handling system consists of either a filter bag system or
a “water curtain” and a wet scrubber. In the latter case, a wet
sludge is obtained and the scrubber water is recirculated. In gen-
eral, residues from the thermal spraying process include dust and
fume by-products, spent exhaust filters, rejected parts, and waste
associated with the grinding and finishing phases.[1]

For metallic coatings, the deposition efficiency and the

amounts of fume and dust by-products depend principally on the
powder injection efficiency in the plasma jet, and the oxidation/
volatilization phenomena within the plasma jet cone. These phe-
nomena affect both resource utilization (i.e., the use of metal
powder) and pollution prevention (i.e., minimization of dust and
fume by-products).

The objective of this study was to investigate the vaporiza-
tion of metal powders under plasma conditions. The density
(concentration) of metal atoms in different cross sections of the
plasma jet was measured by absorption spectroscopy. The size
range of the dust resulting from vapor condensation was deter-
mined by means of an electrical low-pressure impactor to be
described later. The study included a two-dimensional (2D)
simulation of the spray process that predicts the degree of par-
ticle vaporization.

2. Experimental Procedure

2.1 Plasma Spraying

Plasma spraying in air was performed using a custom-built
plasma gun. Commercial iron powders were used with particle
size distributions of 14-55, 45-90, 80-100, and 125-160 µm.
Powders were injected through a 1.8 mm diameter port located 3
mm downstream of the nozzle exit and 6.5 mm from the gun
axis. The flow rate of the carrier gas (argon) was fixed so that the
median trajectory of the spray jet was at an angle of 3-5° to the
plasma jet centerline.

Two sets of spraying parameters were used. In the first one,
the total gas flow rate was fixed at 60 slm and the hydrogen
content of the plasma-forming gas was varied between 0% and
25% (Table 1). The specific enthalpy input to the gas was set to
5.8 MJ/kg irrespective of the hydrogen content, i.e., the arc cur-
rent was increased so as to compensate for the voltage decrease
at low hydrogen content. In the second set of spraying param-
eters, the hydrogen content of the plasma gas was fixed at 25%
and the arc current was varied from 300-600 A (Table 2).
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It should be noted that the spraying conditions combining
high arc current and hydrogen content may result in “overvapor-
ization” of the metal powders, as compared to that observed un-
der the industrial conditions generally used to spray iron-based
powders.

2.2 Experimental Investigation of Powder
Volatilization

2.2.1 Number Density of Metal Atoms in Jet Envelope.
The species concentration was determined by means of absorp-

tion spectroscopy measurement of the light intensity, I, absorbed
through a plasma of length (thickness) L. This technique allows
the determination of the ground state population of atoms and
ions, because the spectral lines rising from the ground state are
absorbed proportionally to the number of absorbing elementary
particles.

The incident, I0, and transmitted, I, light intensities to the
absorption coefficient K and the absorption length L in the me-
dium are related as follows:

I = I0 e−KL (Eq 1)

If the frequency, �, of the incident light corresponds to a tran-
sition from the lower level (l) to the upper level (u) of atoms, the
spectral absorption coefficient can be expressed as follows:[2]

Kv = [�2 guAulNl (1 − exp (−h�/kT)]/[8�gl] (Eq 2)

where Aul is the transition probability from level u to level l, gu

and gl are the statistical weights of levels u and l, � is the wave-
length corresponding to the � frequency, T is the gas tempera-
ture, and Nl the population of level l. For the metal lines and
temperature range of this study, the exponential term is less than
0.1 and can be neglected.

The absorption coefficient for a line of sight located at a dis-
tance y from the jet centerline was determined from the follow-
ing expression:[3,4]

K(y) = ln [I0/I(y)]C��1/2(y) (Eq 3)

where C� is a shape factor that takes into consideration the line

Nomenclature

a thermal accommodation coefficient
Aul transition probability from level u to level l
B Spalding number
c concentration
CD dimensionless drag coefficient
Cp specific heat at constant pressure
C� shape factor taking into consideration line broadening

by Doppler and Lorentz effects
DAB diffusivity of species A in species B
dp diameter of particle
g acceleration due to gravity
gu, gl statistical weights of atomic level u and level l
h Planck’s constant
I transmitted light intensity
I0 incident light intensity
k Boltzmann’s constant
k thermal conductivity
� turbulent energy per unit mass of fluid
K absorption coefficient
K� spectral absorption coefficient
Kn dimensionless Knudsen number
l mixing length
L absorption length in the medium
Lv latent heat of evaporation
m mass
M molecular weight
Nl atom population of level l
Nu dimensionless Nusselt number
Pr dimensionless Prandtl number
Ps vapor pressure
R inner radius of the plasma torch nozzle
R universal gas constant
Re dimensionless Reynolds number
Sc dimensionless Schmidt number
Sh dimensionless Sherwood number
t time
TFc temperature of the anode wall
Tg temperature of the gas
Tm maximum temperature of the plasma jet on torch axis

at the nozzle exit
Tp temperature of the particle
Vg velocity of the gas
Vm maximum velocity of the plasma jet on torch axis at

the nozzle exit
Vp velocity of the particle
y distance from the jet centerline

Greek Symbols

�1/2 width of the line profile at mid-height
� ratio of heat capacity of gas at constant pressure to

that at constant volume
� rate of dissipation of turbulent kinetic energy
� wavelength
� frequency of propagation
� density
	 particle relaxation time

 angular velocity

Subscripts

f film
g gas
p particle

Table 1 Spraying Parameters Used to Study the Effect of
the Gas Hydrogen Content on Powder Vaporization

Nozzle
Diameter,
mm

Total Gas
Flow Rate
Ar + H2,

slm

H2

Content,
%

Specific
Enthalpy,

MJ/kg

7 60 0-25 5.8

Table 2 Spraying Parameters Used to Study the Effect of
Arc Current on Powder Vaporization

Nozzle
Diameter,
mm

Argon,
slm

Hydrogen,
slm

H2

Content,
%

Arc Current,
A

7 45 15 25 300-600
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broadening by the Doppler and Lorentz effects, and �1/2 is the
width of the light profile at mid-height.

The radial distribution of K in a jet cross section was estab-
lished from the calculation of K(y) and Abel’s inversion proce-
dure[2,4] assuming cylindrical symmetry. The absorption length
L was inferred from the broadening of I at mid-height in various
cross sections of the plasma jet.

The accuracy of the population density measurement de-
pends on the accuracy of the estimation of the absorption length,
the temperature value used in the calculation of line broadening,
and the values of transition probabilities. It is estimated to be of
the order of 15-20%. Figure 1 shows a schematic diagram of the
experimental setup.[4,5]

The light of a hollow-cathode lamp was focused onto the
plasma jet. The image of the measurement volume was formed
at the entrance slit of a monochromator with a magnification of
3. The incident light of the lamp was modulated by using an
optical chopper and the transmitted light was processed by
means of a lock-in amplifier.

2.2.1 Size of Particles Originating from Vapor Conden-
sation. Evaporated metal is either oxidized to the correspond-
ing metal oxide or it condenses in the form of metallic fume. The
resulting ultrafine particles were collected by means of a water-
cooled probe connected to an electrical low-pressure impactor
(DEKATI 95[6], Dekati, Ltd., Tampere, Finland). The latter en-
ables real-time particle size distribution and concentration mea-
surement. It is based on the combination of the electrical detec-
tion principle with low-pressure impactor size classification.
The particles entrained in the sampling gas pass through a nozzle
under the action of a soft vacuum; the heavier particles impact
the plate and are retained, while the lighter particles are de-
flected and follow the streamlines to the next stage, and so
forth.[7,8] The electric current carried by charged particles into
each impactor stage is measured in real time by a sensitive mul-
tichannel electrometer.

The sampling tube was placed perpendicular to the plasma
flow so that only the fine particles on the periphery of the jet
were collected and not the sprayed particles within the jet cone
(Fig. 2). Two diluters were placed between the sampling probe
and the impactor. They ensured a 1/10 dilution of the sampled

gas with pressurized air and avoided overloading of the sam-
pling line. The impactor was composed of 12 stages and allowed
the classification of particle sizes between 30 nm and 20 µm.

The probe “scanned” a distance between 10 and 100 mm
downstream of the nozzle exit, in the axial direction, and be-
tween 11 and 20 mm in the radial direction.

3. Modeling of Particle Vaporization

3.1 Mathematical Model of the Plasma Jet

The evaporation of metal particles in the plasma jet was stud-
ied using the commercial computational fluid dynamics (CFD)
code FIDAP.[9] In the model, the argon-hydrogen plasma jet is-
sued from a dc plasma torch into atmospheric air at constant
pressure (105 Pa). The equations representing the mass, momen-
tum, and energy balance were solved using a finite element
method. The turbulent flow was modeled by the �-� model using
the standard parameters.[10] The Boussinesq’s eddy-viscosity
model was used to predict the primary component of shear due to
the entrained air.

The gas flow model was based on the following assumptions:
(1) the system was steady and in local thermodynamic equilib-
rium (LTE), (2) the plasma was optically thin, and (3) no chemi-
cal reaction or demixing occurred in the gas phase.

The computational domain is shown in Fig. 3. The simula-
tions were performed in 2D coordinates with a nonuniform grid.
The mesh density was higher near the torch exit and in the core
of the plasma jet, where the highest gradients were supposed to
be located. The length of the calculation domain was 105 mm
and its radius 21 mm, which is six times the nozzle radius. At the
inlet of the domain, i.e., the gun exit, the values of the different

Fig. 1 Experimental set-up for absorption spectroscopy measurement
Fig. 2 Schematic diagram of the system used to collect the micronic
particles
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variables were fixed and the following radial profiles were used
for the temperature and the axial component of the velocity:[11]

Tg�r� = �Tm − Tc��1 − � r

R�4.5� + TFc (Eq 4)

Vg�r� = Vm�1 − � r

R�2� (Eq 5)

where Tm and Vm are the temperature and velocity of the plasma
jet at the torch axis, and TFc is the temperature of the anode, set
to 550 K. Tm and Vm were computed from the enthalpy balance
and mass flow rate at the nozzle exit, with respect to process
parameters.

The turbulence boundary conditions involved the calculation
of � and � at the torch exit. These calculations consisted of esti-
mating the inflow profile of �(r), using the gas velocity profile at
the torch exit Vg(r) and turbulence intensity I set to 0.005. The
dissipation rate profile �(r) was then deduced from the profile of
�(r) and a mixing length model was applied to the interior of the
nozzle. The turbulent kinetic energy and its dissipation rate at
the inlet were specified by:[9]

��r� = 0.0005Vg
2�r� (Eq 6)

��r� = k�r�3�2�l (Eq 7)

The mixing length was calculated from l = 0.075�/Cµ
3/4, where

Cµ is the turbulent constant and � is the radial distance at which
the gas velocity is equal to 1/10 of the maximum inflow velocity,
i.e.,

Vg,�/2 = 0.1 Vg,max (Eq 8)

The exit plane of the domain had an initial fixed temperature at
550 K. The other boundaries were free, that is, the only condition
applying to them was an imposed pressure, set equal to atmo-
spheric pressure; the flow at these open boundaries was calcu-
lated and could be either inward or outward depending on the
location. The gas flow was assumed to be made up of two gases:
the plasma-forming gas and the ambient gas. The thermody-
namic and transport properties of the gas mixture were calcu-

lated using the laws of mixtures and the data of pure gases. The
latter were obtained from Boulos et al.[12]

3.2 Heat Transfer and Vaporization of Metal
Particles

Models of the in-flight behavior of particles in plasma spray-
ing usually take into account the steep variations of the fluid
temperature in the boundary layer surrounding particles, the
Knudsen effect, plasma-particle interactions, heat transfer
within the particle, vaporization of the particle material, and
other factors. However, these calculations often neglect the ef-
fect of the evaporation on the particle motion and heating. This is
a reasonable assumption when the mass loss due to evaporation
is fractionally small. However, under certain conditions, the par-
ticle mass loss by evaporation and the vapor cloud around the
particles affect the dynamics characteristics appreciably.

In the present study, the effects of plasma-particle interac-
tions and particle mass loss were incorporated in the model of
particle heating and acceleration by means of simple analytical
forms. The Lagrangian technique was used to couple the fluid
dynamics of the gas flow to that of the particles.

The following assumptions were made in the analysis of
plasma-particle interactions: (1) particles were spherical, (2)
there was no temperature gradient within the particles, (3) the
forces of gravity, thermophoresis, Basset history, and the effect
of particle electric charging[13] were negligible, (4) local ther-
modynamic equilibrium existed in the boundary layer surround-
ing particles, and (5), the particle turbulent dispersion was taken
into account.

The most important factor for the motion of a powder particle
in a plasma jet is the viscous drag force. Other forces, such as
those due to pressure gradient, the Basset force, the thermopho-
retic force, etc., are very small in comparison. On the basis of the
above considerations, the equation of motion of a powder par-
ticle was expressed as follows:[9]

dVp

dt
=

�Vg − Vp�

	
+

��p − �g�

�p
g − 
 × �
 × r� − 2
 × Vp (Eq 9)

where 
 is the angular velocity and 	 is the particle relaxation
time defined by

	 =
4�pdp

3
gCDRe
(Eq 10)

The temperature of the particle along its trajectory was deduced
from a heat balance in the boundary layer surrounding the par-
ticle. The heat transferred to the particle by conduction and con-
vection form the plasma gas is equal to the increase of sensible
heat plus the latent heat of evaporation Lv:

h�dp
2 �Tg − Tp� = mpCp,p

dTp

dt
+ Lv

dmp

dt
(Eq 11)

where h is the plasma-particle heat transfer coefficient.
The rate of mass loss from the particle is equal to the mass

transfer of vapor by convection away from the surface

Fig. 3 Calculation domain
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dmp

dt
= kd�g�dp

2 �cFe,g − cFe,p� (Eq 12)

where kd is the mass transfer coefficient, cFe,g is the concentra-
tion of metal in the bulk fluid, and cFe,p is the concentration of
metal at the surface of the particle. The latter is defined as

cFe,p =
ps M

�gRT
(Eq 13)

where M is the molecular weight of metal, R is the universal gas
constant, �g and T are the density and temperature of the fluid at
the particle wall temperature, respectively, and ps is the corre-
sponding saturation vapor pressure as determined from the Clau-
sius-Clapeyron relationship:

ps = pref exp�−
Lv M

RTref
�Tref

T
− 1�� (Eq 14)

where pref and Tref are a pair of values corresponding to one point
on the Clausius-Clapeyron curve.

The following equation was used for the drag coefficient
CD:[14]

CD = 23.707Re−1 �1 + 0.165Re2�3 − 0.5Re−0.1� f1 f2 (Eq 15)

This equation is valid for Reynolds number ranging between
0.15 and 500. The particle Reynolds number is defined by

Re =
dp|Vp − Vg|�g


g
(Eq 16)

The correction fractors f1 and f2 account for the temperature
gradient within the particle boundary layer and the Knudsen ef-
fect, respectively. These factors were expressed by the following
equations:[13-15]

f1 = �1 + �2 − a

a �� �

1 + ��� 4

Prp
� Kn�−0.45

(Eq 17)

f2 = ��p
g

�g
p
�0.15

(Eq 18)

where a is the thermal accommodation coefficient, � is the spe-
cific heat ratio, Prp is the Prandtl number at the surface tempera-
ture of the particle, Kn is the Knudsen number, which was as-
sumed to be constant at 0.1.[20]

Considering the effect of mass loss along the trajectory, the
drag coefficient CD is modified to CDV = CD/(1 + B)[16] where B
is the Spalding number,

B =
Cvap�Tg − Tp�

Kv
(Eq 19)

where Cvap is the specific heat of metal vapor, and Lv is the latent
heat of vaporization.

The Nusselt number was expressed by the modified Ranz-
Marshall equation:

Nu = f3 f2�2 + 0.6Re0.5Pr1�3���1 + Bm� (Eq 20)

where

f3 = �1 + �2 − a

a �� �

1 + ��� 4

Prp
�Kn�−1

(Eq 21)

The Spalding number for mass transfer Bm is equal to (cs − cg)/(c
− cs).

[16] In the present case, the concentration in the particle c is
equal to 1; cg and cs are the concentrations in the plasma gas and
at the particle surface, respectively. The Sherwood number is
expressed by the following form:

Sh = (2 + 0.6Re0.5Sc1/3)/(1 + Bm) (Eq 22)

In the simulation of the acceleration and heating of the
sprayed particles, the thermophysical properties of iron were ob-
tained from Ref. 17.

4. Results and Discussion

4.1 Iron Atom Concentration in Various Cross
Sections of the Plasma Jet

Spectroscopic measurements were performed at a distance
from 60-120 mm from the nozzle exit. At less than 60 mm, the
plasma emission light is higher than that emitted by the metal
vapor and measurements would require a higher-power light
source than that used in this study.

Figure 4 shows the results of measurements for the 14-55 µm
iron powder injected in the plasma jet at a feed rate of 200 g/h.
The iron atom concentration is of the order of 3 × 1021 atoms/m3

on the jet axis at 60 mm, and decreases further downstream. In-
deed, the decrease in plasma flow temperature results in a less-
ening of particle evaporation but also favors the condensation of
vapor to submicronic particles. The temperature of the

Fig. 4 Iron atom concentration in different cross sections of the
plasma jet. Particle size range: 14-55 µm; powder feed rate: 200 g/h
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gas flow is about 6500 K at the jet centerline at 60 mm, and 3000
K at 120 mm. At the latter distance, the detected atoms originate
mostly from the vapor formed upstream and entrained with the
flow. In addition, the condensation of vapor to submicronic par-
ticles lowers the vapor pressure and facilitates further evapora-
tion downstream.

Experiments carried out with powder feed rates ranging from
50-500 g/h showed that the iron vapor concentration in the flow
was proportional to the powder feed rate.

4.2 Effect of the Hydrogen Content of the
Plasma-Forming Gas

Hydrogen is often used in plasma spraying as a secondary gas
to improve the melting of particles because of its high conduc-
tivity (5.4 W/m � K at 12,000 K) as compared to that of argon
(1.5 W/m � K at 12,000 K). Moreover, the arc voltage and the

enthalpy input to the gas are increased by a factor 1.4 to 2 by
adding a small fraction of hydrogen. The effect of hydrogen con-
centration in the plasma gas on the degree of vaporization is
illustrated in Fig. 5.

The vaporized mass fraction increased from 2-14% when
the hydrogen content was raised from 0-25% (spraying con-
ditions of Table 1). The fraction of powder lost at the injection
point was taken into account to determine the quantity of powder
occluded in the plasma jet. The powder fraction that did not pen-
etrate the jet was estimated from a 2D laser imaging technique.[4]

This technique makes it possible to determine the amount of
“hot” and “cold” particles in the flow from the thermal radiation
emitted by particles and the light scattered by particles passing
through a laser sheet.

This study was conducted with metal powders, but similar
experimental observations have been made with low-
conductivity and high-melting temperature particles such as ce-
ramic powders. In that case, the heat flux transferred from the
plasma is high relative to the amount of energy that particles can
absorb. This induces a rapid increase in particle surface tempera-
ture and, consequently, in vaporization rate.

The overall deposition efficiency, in plasma spraying, de-
pends on powder injection efficiency, degree of particle vapor-
ization, and molten state of particles at impact with the substrate.
In this study, the observed loss of powder by vaporization was
always lower than the loss at the injection point (Fig. 6). The
powder mass loss at the entry of the feed in the jet varied be-
tween 45% and 30%, as the hydrogen content of the plasma gas
was increased from 0-25%. As the argon flow rate and the arc
current were decreased, in order to compensate for the arc volt-
age increase from the higher fraction of hydrogen, the momen-
tum of the constant mass flow at the nozzle exit diminished.
Therefore, it was easier for finer particles to penetrate the jet.

4.3 Effect of Arc Current

The arc current was increased from 300-600 A at a total gas
flow rate of 60 slm and H2 concentration of 25%. This resulted in
an increase in gas specific enthalpy and increased the vaporized
mass fraction from 8% to 25% (Fig. 7).

Fig. 5 Effect of the hydrogen content of the plasma-forming gas on the
vaporized mass fraction. Particle size range: 14-55 µm. Powder feed
rate: 500 g/h

Fig. 6 Variation of the powder mass loss with the hydrogen content of
the plasma forming. Particle size range: 14-55 µm; powder feed rate:
500 g/h

Fig. 7 Effect of arc current on the vaporized mass fraction. Particle
size range: 14-55 µm. Powder feed rate: 200 g/h
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4.4 Effect of Particle Size

Figure 8 shows the radial distribution of vapor concentration
at an axial distance of 100 mm from the nozzle exit. As expected,
evaporation was higher for the finer-size particle powder. The
predictions of the model show that particles of diameters
higher than 90 µm do not undergo any evaporation (Fig. 9).
Therefore, the vapor detected in the spraying of the 80-100 µm
and 125-160 µm powders must be due to the small fraction of
finer particles in these powders.

For the spraying conditions of Table 1 (600 A and 25% vol-
ume of hydrogen), the computed fraction of vaporized mass was
about 23% for the 14-55 µm powder (Fig. 10). This result was in
good agreement with the experimental results for the same par-
ticle size and operating conditions. They showed a vaporized
mass fraction of about 25% (Fig. 9). However, it should be noted
that the experimental vaporized mass is related to the powder
that has actually penetrated in the jet flow, whereas the compu-
tation is based on the total amount of powder fed in the jet.

When the powder loss at the injection (about 30% for the
spraying conditions of the study) is taken into account, a calcu-
lated vaporized mass fraction of about 20% results.

4.5 Collection of Submicronic Particles

Figure 11 shows the increase in concentration of submicronic
particles, collected using the impactor device, with distance
from the plasma nozzle. Measurements were performed at axial
distances between 20 and 110 mm from the nozzle exit and 15
mm off the jet centerline.

The concentration of submicronic particles ranges from 2.5 ×
108 at 20 mm to 5 × 109 at 110 mm and exhibits a rapid increase
at 40 mm. This corresponds to the end of particle vaporization,
except for the finest particles (Fig. 9). In addition, the mixing of
the plasma jet with the surrounding air results in a rapid decrease
in flow temperature and, therefore, in an increase in vapor con-
densation.

Fig. 8 Iron atom concentration at 100 mm from the nozzle exit for
various particle size ranges. Powder feed rate: 50 g/h

Fig. 9 Evolution of particle vaporized mass fraction with distance to
nozzle exit

Fig. 10 Computed distribution of vaporized mass fraction for various
particle size ranges

Fig. 11 Iron submicronic particle concentration at a radial distance of
15 mm from the jet centerline
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The size distribution of the fume at 50 mm is shown in Fig.
12. Most of the particles have a diameter less than 0.05 µm. Fur-
ther downstream, the concentration of larger diameter particles
increases as the gas flow cools.

If we assume that the average submicronic particle diameter
is 0.05 µm, the particulate content in the atmosphere is in the
order of 40 mg/m3 close to the plasma jet. This value decreases
to an average value ranging between 0.1 and 8 mg/m3 in the
spray booth, corresponding to a particle concentration between
105 and 107/cm3 (Fig. 13). Figure 13 indicates that there is a
relationship between mass concentration and particulate number
concentration for iron particles of diameters ranging between
0.025 and 0.5 µm; it also shows the maximum allowable limits
(24-h average) set by the National Ambient Air Quality Stan-
dards (NAAQS) of U.S. Environmental Protection Agency
(EPA)[1] for particulates of diameter less than 2.5 µm (PM-2.5)

and 10 µm (PM-10). They are 0.065 mg/m and 0.150 mg/m3,
respectively.

Similar experiments were conducted to analyze the atmo-
sphere of the spray booth during the spraying of NiCrAlY with a
high-power PlazJet plasma gun and a twin-wire arc spray system
operated under industrial conditions.[18] They showed that the
dust concentration, at a height of 1 m from the floor, was in the
order of 75 mg/m3 for plasma spraying and ranged between 100
and 130 mg/m3 for arc spraying. The latter is generally associ-
ated with a high degree of vaporization of the sprayed droplets,
because the tips of the wires are overheated by the arc prior to
gas atomization. For both spraying systems, the size of the col-
lected submicronic particles was less than 0.4 µm.

The particulate emission in the spray booths is usually higher
than the EPA limits. However, because the exhaust gas generally
undergoes a cleaning operation, either by means of bag filter or
wet scrubbing, the gas emission from thermal spray processes
meet the air quality standards. Nevertheless, the larger particles
that fall on the booth floor because they do not penetrate the jet
or do not stick on the part must be carefully recovered, especially
when working with hazardous materials as chromium, nickel,
copper, cobalt, aluminum, and zinc.[1,19]

5. Conclusions

An experimental study of iron powder vaporization in the
plasma-spraying of iron powders was carried out using (1) ab-
sorption spectroscopy to determine the concentration of metal
atoms in the flow and (2) collection and analysis of the dust
formed by the condensation of vapor to submicronic particles, to
evaluate the mass concentration and size distribution of these
particles in the atmosphere of the spray booth.

The degree of vaporization and size evolution of the droplets
were also derived from the simulation of the plasma jet and
plasma particle interactions with the CFD code FIDAP. There
was good agreement between computed and experimentally ob-
served degrees of vaporization of iron particles.

The experimental observations showed that, under the con-
ditions of the study, the dust concentration in the atmosphere of
the plasma spray booth ranged between 40 and 0.1 mg/m3, and
that particle sizes in the collected fume samples were less than
0.5 µm. Similar observations during the spraying of NiCrAlY
alloy with a PlazJet plasma gun and a twin-wire arc spray system
resulted in a dust concentration of 75 mg/m3 for the plasma sys-
tem and between 100 and 130 mg/m3 for the arc spray device. In
both cases, the dust particle diameter was less than 0.4 µm. The
degree of vaporization of powders was found to depend on the
specific enthalpy and thermal conductivity of the plasma gas.

It was also found that, under the conditions of this study, most
of the powder loss occurred at the injection point. This effect
was more pronounced for the finest particles (<15 µm) because
of their lower momentum at the injector exit.
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Fig. 12 Iron submicronic particle concentration at an axial distance of
50 mm and a radial distance of 15 mm from the jet center line

Fig. 13 Particulate mass concentration versus particulate number con-
centration for iron particles. NAAQS: National Ambient Air Quality
Standards. PM-2.5: particle concentration of diameter less than 2.5 µm;
PM-10: particle concentration of diameter less than 10 µm.
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