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Modeling of Motion and Heating of
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Mathematical models for simulation of motion and heating of fine ceramic particles in plasma and laser
spraying, as well as under conditions of a new technological process, that is, hybrid laser plasma spraying, are
proposed. Trajectories, velocities, and temperature fields of fine SiO, particles being sprayed using the argon
plasma jet, CO, laser beam, and their combination have been calculated. It is shown that the space-time
distribution of temperature in spray particles greatly depends on the spraying method.
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1. Introduction

The processes of surface modification and deposition of coat-
ings using laser radiation are now receiving an increasingly wide
acceptance. One such process is laser spraying. The main point
of this process is that powder particles are fed into the laser
beam, heated, and melted by the laser radiation, accelerated with
a gas flow and then deposited on the workpiece surface (Ref 1).
This process can be implemented using laser radiation of differ-
ent wavelengths (CO, or Nd:YAG lasers), various methods and
systems for beam focusing, as well as methods for feeding pow-
der to the heating zone (Ref 2, 3). In particular, CO, lasers are
mostly demonstrated for laser spraying of coatings of ceramic
materials (Al,05, ZrO,), as these materials absorb radiation with
a wavelength of A = 10.6 um much better than the short-wave
radiation (A = 1.06 um) of the Nd:YAG lasers (Ref 4).

The process under consideration has a number of advantages,
compared with the well-known technologies of plasma spraying
of ceramic coatings. First of all, it should be noted that CO, laser
radiation is characterized by a high efficiency of heating of
finely dispersed ceramic materials (Ref 5). In addition, unlike
plasma heating, where the heat source in a particle is of the sur-
face type, in the case of laser heating of dielectric particles, the
size of which is commensurable with the radiation wavelength,
absorption of the energy takes place within the entire volume of
aparticle (Ref'5, 6). This provides volume heating and complete
melting of the spray particles, thus improving quality of a result-
ing coating.
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The aforementioned peculiarities of laser heating of ceramic
particles are of special interest for development and realization
of'the efficient process of deposition of SiO, coatings by thermal
spraying. This material has a number of important service prop-
erties (mechanical, physical-chemical, electric), but due to a pe-
culiar crystalline frame structure, this oxide is characterized by a
delayed transition from the solid to fully molten state, and the
viscosity of the cellular melt at the initial melting stage being
very high, that is, 2.9 x 10° kg/(m - s) at 1993 K (Ref 7). This
hampers deformation of the spray particles at their collision with
the substrate and prevents formation of a coating layer (Ref 8).

Drawbacks of the laser spraying process include the fact that
its practical realization requires high-power laser units, the price
of which is very high but the efficiency is no more than 10%,
which makes this process much more expensive than plasma
spraying. In addition, in laser spraying with a coaxial feed of
powder to the focused laser beam (Ref2), the presence of a small
size zone of a high radiation intensity (beam waist zone) makes
it very difficult to ensure high process productivity and powder
utilization.

One of the ways of addressing the aforementioned problems
can be the use of a new technological process—hybrid laser
plasma spraying. This process consists of combining the laser
beam and plasma jet to exert a joint thermal effect on spray par-
ticles (this process should not be confused with the known
method of laser treatment of coatings that were deposited first,
for example, by plasma spraying, Ref 1). An important feature of
the hybrid process implemented using the CO, laser is a direct
interaction of laser radiation with the arc plasma, which may
change the characteristics of both the plasma jet and the laser
beam (Ref9). In this case, their effect on the spray materials can
be of a synergic character.

The combination offered makes it possible to combine ad-
vantages and overcome drawbacks of the existing spraying
methods (laser and plasma) taken separately. In particular, an
additional use of the plasma jet will allow a substantial decrease
in laser power required for the spraying process to occur and will
eventually raise the process productivity and material utiliza-
tion.

On the other hand, a combination of the plasma (surface) and
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Fig. 1 Flow diagrams of (a) plasma, (b) laser, and (c) hybrid laser-plasma spraying processes. 1, plasma torch nozzle; 2, powder injector; 3, work-
piece; 4, path of a spray particle; 5, plasma jet; 6, laser beam; 7, cold gas flow

laser (volume) methods for heating ceramic particles will pro-
vide complete melting of the particles when reaching the work-
piece surface, which is required for the formation of high-quality
coatings.

Figure 1 illustrates the plasma and laser spraying processes
considered in this study, as well as the hybrid process imple-
mented by coaxial joining of the plasma jet and laser beam using
an integrated (laser + nontransferred arc) plasma torch (Ref 9).
In the first case (Fig. 1a), the spray particles are accelerated and
heated with the plasma jet, and in the second case (Fig. 1b), they
are accelerated with a cold gas flow and heated by laser radia-
tion. In the third case (Fig. 1c¢), the particles are accelerated with
the plasma flow and heated both by the plasma jet and the laser
radiation.

The most important indicators of all these processes are char-
acteristics of the motion and heating of the spray particles. As
experimental investigation of these characteristics can be diffi-
cult, it is therefore the purpose of this study to provide theoreti-
cal description and mathematical modeling of the motion and
heating of ceramic particles when using different spraying meth-
ods.

2. Model of Particle Motion

The velocity and trajectory of a spray particle can be calcu-
lated using equations of motion:

dVF Eql
mdt_ (Eq 1)

Here m is the mass of a particle, v(f) = (v,, v,, v.) is the current
value of the velocity vector of the particle at time # in the coor-
dinate system shown in Fig. 1 with the y-axis pointing out of the
paper, and F is the force acting on the particle located in the flow
of plasma or the cold gas. Equation 1 can be integrated under the
initial conditions:
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o =20
Wl =0 (Fa2)
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where X, and Z, are the coordinates of the point at which the
particle leaves the powder injector (Fig. 1), and v, is the initial
velocity the particle acquires in the carrier gas flow.

To analyze the motion of a spray particle, the particle is con-
sidered to be spherical and having radius a, and it is assumed that
the particle in the plasma jet (a cold gas flow) is affected only by
the viscous drag force (Ref 10):

pp(u —V)ju—v|

F=CS 5

(Eq3)
Here Cy is the viscous drag coefficient, S = wa’ is the cross-
sectional area of the particle, and p, and u are the density and
velocity of the undisturbed flow of plasma or cold gas at the
location of the particle. To determine the particle aerodynamic
drag coefficient, the criterial dependencies are used (Ref 11):

Cy=24 Re™" at Re < 0.2
Cy=24Re' +3.6Re™ at0.2 <Re < 4 (Eq 4)
C,=24Re™" +4 Re ¥ at 4 < Re < 400

where Re = (p,|u —v|2a)/,, is the Reynolds number, and u,, is the
coefficient of dynamic viscosity of undisturbed plasma or gas
flow at the location of the particle. To take into account the
variations of plasma properties within the thermal boundary
layer near the particle one can use factor (ppp,/pat,) ** as the
correction coefficient for C4 (Ref 10) (index s designates the
corresponding properties of plasma at a temperature on the par-
ticle surface).

3. Model of Particle Heating

The temperature field of a spherical particle heated by the
laser beam, plasma jet, or their combination is calculated in gen-
eral using the nonstationary heat conduction equation with a dis-
tributed heat source. Assuming a spherical symmetry of the tem-
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perature field of the particle, and allowing for the temperature
dependence of properties of its material, this equation can be
written in the form:

_JdT 10 , 0T
pCE=;5 FXE +D (Eq5)

Here T(r, ?) is the space-time distribution of temperature in the
particle (r is the distance from the particle center and 7 is the
time), p(7) is the density, x(7) is the thermal conductivity, and
C(T) is the effective heat capacity of the particle material calcu-
lated with allowance for latent melting heat W), and vapor for-
mation Wy:

C=c+ Wyd(T-Ty) + Wed(T - Tp) (Eq 6)

where ¢(7) is the specific heat of the material, 7, and T} are the
melting and boiling temperatures, respectively, and 8(x) is the
delta function.

In the case of laser and combined heating, the D(r, ) value of
Eq 5 describing the energy source in the bulk of a particle due to
absorption of laser radiation is determined by (Ref 5):

_ SRS WP E0 W 30 70)
D= g(zmﬂ);m{w”a +2Re[d"d"" H"]
(Eq7)
+1d\1G)}

Here S™ is the local value of the intensity of laser radiation at
the location of the particle, k= 27/\ is its wave vector, &” is the
imaginary part of the complex dielectric permittivity of the par-
ticle material, while functions (1’)2 r),H (1/)2 (r), G(ll)2 (r), as well
as values d'",, d{’, are determined in Ref 5. In modeling of
plasma heating of the particle, the volume heat source in the heat
conduction equation is assumed to be zero.
Initial and boundary conditions for Eq 5 can be written as:

(o =T"
aT)
(x5

where 7° is the initial temperature of the particle, and ¢(7) is the
current value of a heat flux through its surface. In the case of
plasma and combined heating, this value can be calculated from
the formula (Ref 12):

A~ Eq8
ar (Eq 8)

r=0

=q

r=a

q=hT,-T)+Eo|(Ty—T?) (Eq9)

Here T, is the temperature of undisturbed plasma flow at the
particle location point, 7,(¢) is the current value of the particle
surface temperature, % is the heat exchange coefficient, £ is the
reduced emissivity factor for the plasma-particle surface system,
and o, is the Stefan-Boltzmann constant.

The coefficient of convective heat exchange for a spherical
particle can be calculated based on the criterial dependence for a
flow about a sphere (Ref 11):

ppl‘l‘p ) 0.2

Eq 10
Pk (Eq 10)

Nu=2 Xs +0.5 R"® P (
Xp
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where Nu = (a2a)/x,, is the Nusselt number, Pr=(C,u,)/X, is the
Prandtl number, and x,, and C, are the thermal conductivity co-
efficient and specific heat of undisturbed plasma flow at the par-
ticle location point (index s designates the corresponding prop-
erties of plasma at a temperature on the particle surface). In the
simulation of laser heating, it is assumed that a particle being
heated moves in a jet of cold gas at temperature T°. In this case,
the heat flux from its surface can also be described by relation-
ships Eq 9 and 10 by assuming 7, = T°.

To close the above models describing the processes of mo-
tion and heating of spray particles, it is necessary to determine
the spatial distributions of temperature and velocity of the
plasma jet (in the case of plasma and hybrid spraying), the ve-
locity of a cold gas flow (in the case of laser spraying), and the
intensity of the laser radiation (in the case of laser and hybrid
spraying). Calculation of the distribution of temperature 7, and
velocity u of plasma in a jet generated by the nontransferred arc
plasma torch was made using the CASPSP software (Ref 13).
This computer model of the plasma jet is based on a mathemati-
cal model of gas dynamics and heat transfer for the turbulent
flow of the arc plasma, described by a system of magnetic-gas-
dynamic (MGD) equations.

The spatial distribution of the velocity of a cold gas flow is
determined from a condition that the gas jet is emitted from a
cylindrical nozzle with diameter d into a quiescent environment
(submerged turbulent jet). Distribution of an axial component of
the gas velocity in such a jet can be set in the form (Ref 14):

o+ yz)]

Eq 11
7 (Eq L1)

U, = Uy eXp |:—4.33
Here u,=4.19 G z/rf- d is the axial gas velocity at the jet axis, G
is the volume gas flow rate, r/(z) = d/2 + ztgf3 is the current radius
of the jet, and 3 = 12.5° is its divergence angle (Ref 14). When
determining the spatial distribution of the radiation intensity in
the laser beam, it is assumed that the beam is Gaussian (TEM,,
mode), having a minimal transverse size in plane z = F (Fig. 1).
In this case, the S value can be determined from the relation-
ship:

5 (Eq 12)
Iy

‘ 20 +y°
s = 5% exp [——( y)]

where S° = 20Q°%mr{ is the intensity of radiation at the beam axis,
0° is the total power of the laser beam, and r,(z) is its radius:

(z-F)
r§=r§|:1 + Z
F

where 7y. is the radius of the beam in a focal plane, and zy. = kr5/2
(Ref 15).

(Eq 13)

4. Simulation of Particle Motion and
Heating

Numerical analysis of the motion and heating of particles un-
der conditions of plasma, laser, and hybrid spraying was con-
ducted using the approximation of a low-dusted jet; that is, it was
assumed that loading of'the jet with a powder was low and hardly
affected the distribution of the thermal and dynamic character-
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istics of the flow. It was also assumed that the spray particles had
a small effect on the characteristics of the laser beam (approxi-
mation of weak absorption). Furthermore, it is assumed in this
study that under the hybrid process conditions, no allowance
was made for the direct interaction of the focused laser radiation
with the plasma jet; that is, the spatial distributions of their char-
acteristics were assumed to be the same as in the case of inde-
pendent heat sources. The latter approximation is well justifi-
able, unless the temperature of the plasma jet at the laser beam
axis is higher than 11 x 10° K (for the atmospheric pressure
argon plasma) (Ref 9).

Figure 2 shows the calculation results of the trajectory and
axial velocity of a SiO, particle of 30 um radius, moving in an
argon plasma jet generated by a plasma torch with a smooth an-
ode nozzle of 5 mm in diameter and 8 mm long, arc current / =
200 A and plasma gas flow rate G = 30 L/min (arc voltage 30.9
V, plasma torch efficiency 67%). Figure 2 also shows the corre-
sponding results for a particle moving in a jet of cold gas (argon
at temperature T° = 300 K) emitted from the nozzle with diam-
eter d = 6 mm at G =70 L/min. Coordinates of the point of exit
of the particle from the powder injector in both cases were iden-
tical: X, = Z, =5 mm, initial velocity of the particle was v, = 7.4
m/s at the entrance to the plasma jet and v, = 3.6 m/s at entrance
to the cold gas flow (the values of v, were selected so that par-
ticles intersected the jet axis at distance z = F'= 6 cm from the exit
section of the nozzle and had close values of the axial velocity in
reaching the substrate). It should be noted that, as the effect of
laser radiation on the thermal and dynamic characteristics of the
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Fig. 2 (a) Trajectories and (b) velocities of SiO, particles 60 um in
diameter in a jet of argon plasma (curve 1) and flow of cold gas (curve
2) along the z-axis
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plasma jet are ignored, in a case of the hybrid process the calcu-
lated path and velocity of a particle will be the same as in the case
of plasma spraying. As to the approximations of the low-dusted
jet and weak absorption of the laser beam used at the selected
values of the particle radius and gas flow rate under consider-
ation, these approximations are well justifiable at a powder feed
rate of not more than 1 kg/h (volume fraction of dispersed phase
k is about 1 x 107*, which is lower than k., = 4 x 10™* for the
low-dusted flows, Ref 16).

Figure 3 shows the time variations along the z-axis in the
calculated values of the temperature at the center, 7, and on the
surface, T, of the SiO, particle in the plasma, laser, and hybrid

Tx1073, K

8 10 z, cM

Tx1079, K

2,0+
Tmr

0 2 4 6 8 10 Z, M
(b)
Tx1073, K
2,0
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0 2 ’i h B 1{I] 2, CM

Fig. 3 Temperature at the center (solid curves) and on the surface
(dashed curves) of SiO, particle 60 um in diameter heated by the
(a) argon plasma jet, (b) 0.5 kW CO, laser beam, and (c) their combi-
nation along the z-axis
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spraying. Parameters of the plasma jet and the cold gas jet were
selected as noted previously, while parameters of the laser beam
were: 0°=0.5 kW, 7. = 0.25 mm and F = 6 cm.

As proved by the calculation data shown in Fig. 3(a), the val-
ues of 7 in plasma (surface) heating of the considered particle
are higher than the values of T, whereas in the case of laser
heating the situation is reversed (Fig. 3b), which is caused by the
volume character of heat generated in the particle (Ref 5, 6).

In addition, heating of a particle occurs slower and begins
later (comparing Fig. 3a and b). This is associated with the fact
that, due to the small transverse sizes of the laser beam, the par-
ticle gets to the heating zone later than in plasma spraying. It
should be noted at this point that in both cases (with the selected
values of the plasma and laser beam parameters) the particle
temperature does not reach the melting temperature of SiO,.

As far as hybrid spraying is concerned, the particle heating
process can be conditionally subdivided into two stages (Fig.
3c). At the first stage, when getting into the plasma jet, the par-
ticle is preliminarily heated by the plasma (7 > T,). Then, get-
ting into the laser beam, it experiences an extra laser heating, so
that 7, becomes a bit higher than 7. Finally, when reaching the
substrate, the particle is uniformly heated and fully melted as the
particle temperature exceeds the melting temperature of SiO,.

Similar results can be achieved in the case of laser spraying of
particles, but using the laser beam with power twice as high
(comparing Fig. 3c, and Fig. 4a). Therefore, using additional

T%1073, K

2,0+
Tul

0 2 4 6 8 10 z, cM

0 2 4 6 zZ, M

Fig. 4 Temperature at the center (solid curves) and on the surface
(dashed curves) of SiO, particle 60 pm in diameter heated by the (a) 1.0
and (b) 2.5 kW CO, laser beam along the z-axis; X denotes thermal
explosion of the particle

Journal of Thermal Spray Technology

é

plasma jet allows the power of the laser radiation required for the
spraying process to be substantially decreased.

An interesting peculiarity of the process of laser heating of
fine ceramic particles in the case of using higher-power laser
beams is the earlier noted effect of thermal explosion of the par-
ticles (Ref 5). Thus, getting to the area of high values of the
radiation intensity, a SiO, particle with a diameter of 60 pm is
heated to temperatures close to the boiling point of the material
(Fig. 4b).

Besides, due to a more intensive heating of the central re-
gions of the particle (Ref 5, 6), the evaporation conditions are
realized at the distance 4.5 um from the particle center; that is,
thermal explosion of the particle takes place. This allows split-
ting of particles near the workpiece surface by properly selecting
the power and conditions of focusing of the laser beam, as well
as conditions of introduction of powder into the heating zone,
which may have a positive effect on the quality of the resulting
coating.

5. Summary and Conclusions

In general, the results of numerical modeling of the charac-
teristics of heating of powder particles in plasma, laser, and hy-
brid spraying of coatings are indicative of a promising future of
development and practical application of the latter method.
These results can also be used for the design of specialized
equipment (e.g., integrated laser arc plasma torches) and elabo-
ration of technological principles for hybrid laser plasma spray-
ing.
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