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ABSTRACT

A complex study was done by the paper’s authors using some independent
models that take into account the combustion process, the particles’ dynamics, the
fluid dynamics and also the particle fluid transfer processes when they take place
during the high-speed flame thermal spraying. In order to realize this study it has
been started by a documentation of actual researches concerning the processes that
take place in the combustion chamber.

In the present paper there were studied: the fluid parameters, the
determination of the speed and fluid temperature values (the mixture formed from the
particles and the combustible fluid fuel) taking into account the characteristic points
that exist on the particle route, the particle-fluid moment transfer, the heat transfer,

the mass transfer during the thermal spraying.

Keywords: modulation, hard coatings, high-speed flame, wear resistence.

INTRODUCTION

The high-speed flame deposit technology
(HVOF) is based on utilization as powder containing
agent of the hot gases (whose flow speed is of 1.5m/s,
at a pressure a little higher than the atmospheric one)
[4, 11, 13]. The powder particles during the spraying
process suffer only just a softening, they do not melt,
thus assuring a diminished oxidation and a minimal
modification of the chemical composition in the
deposited layer.

Using this procedure, in the deposited layer,
there often appear compressive pressures that offer
the guaranty of a good adhesion and an increased
resistance to fatigue, even in the case of high
pressures [1, 2, 3].

The high-speed flame deposit process is
characterized by [11, 12, 13]: the low powder
oxidation level, high productivity, as 9 kg/h, the
thermal sprayed part does not suffer significant
distortions, a very good adhesion of the thermally
sprayed layer on the sub-layer, simple operation of
the depositing installation, the interconnection

between different elements is very easy done because
it was built in order to be almost impossible to make a

wrong connection; the deposits’ costs are reduced in
comparison to other deposits obtained by thermal
spraying procedures; the layers deposited with this
procedure have a good quality (there are dense and
have a reduced porosity); the bond between the
deposited layer and the sub-layer is strong; a high
value for the hardness of the deposited layer, thus
providing a good behavior to the wear.

THE PARAMETERS OF THE FLUID
THERMAL SPRAYED WITH HIGH-
SPEED FLAME

The thermal problem and the mechanical one
have solution by the help of the algorithms described
in [1, 2, 11]. For the mathematical simulation it will
be considered the following reaction that takes place
in the pistol combustion chamber:

C,H, +50, = 4H,0+3CO, (1)
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The combustion products properties (viscosity,
density, specific heat, thermal conductivity) used for
determining the fluid parameters are obtained as
average values. There were calculated the fluid speed
and the temperature following the points established
in the paper [12].

The spherical particles have the dimension R,
between 10 um and 60 pum. The properties of the
studied powder that takes part in the simulation are
presented in table 1. It is considered that the presence
of the carbon in the Ni-Cr metal stage does not
decisively influence the thermal and physical
properties, and thus its influence is negligible.

Table 1. Powder properties.

Properties Ni Cr Cr;C, Cr,0;4
Density, [kgm™®] 8900 7190 6600 5210

Specific heat

[Dke'K'] 471 460 300 880
Thermal conductivity

[Wm K] 83 67 95 22
Thermal diffusivity

[10°m’s'] 1.98 2.03 4.80 0.48
Latent fusion heat

[10°Tke™] 03 027 - -

Table 2. Fluids parameters in the critical points.

Fluids Point 1 Point 2 Point 3
parameters

Speed [ms™] 312 305 550
Temperature [°C] 2771 2 600 2165
Pressure [bar] 3.37 2.50 1.0

The calculated values of the fluid speed, the
temperature and the pressure in the critical points for
the projection system with high-speed flame (fig. 1)
are presented in table 2.

The fluid speeds and temperatures, in relation to
the projection distance are calculated by interpolation.
The calculus results as the particle speed in relation to
the spraying distance, spreading time and particle
diameter are presented in figures 1 and 5.

THE MECHANICAL BEHAVIOUR OF
THE PARTICLE

In the projection with high-speed flame process,
the particles speed from the spraying jet v, is maximal
in the direction of the sub-layer projection and then it
decreases with the projection distance. The particles
speed from the spraying jet decreases with the
increase of the particles’ diameter 4, When the
diameter d, increases, the maximum speed Vv,
corresponding to the foreseen diameter will decrease
and will go towards the layer. That is why the particle
with the highest diameter d, varies the most
uniformly with the speed along the projection
distance. The v, . value when it increases, leads to
the increase of the volumetric fraction of chrome
carbide and of the volumetric fraction of chrome

oxide because these stages have smaller densities in
relation to the metal phase.

The maximal speed corresponding to the
position z, is that of going out from the spraying
pistol. A very important data for the high-speed
projection system is the projection speed v, to the
recommended projection distance L,=z—L, in this case
L~=0.3 m from the evacuating orifice of the high-
speed flame spraying pistol. Also, it is important the
spraying time of the particle, . Experimentally, there
were realized projections for recommended distances
between 0.2 m and 0.4 m from the pistol out going.
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o

Particle’s speed, ms-'

-
o
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300 02 0L 06

Spraying distance, m
Fig. 1. Variation of the projection speed of the
thermal with projection distance spraying particles.

The results are in relation to the obtained
adherence by recovering and depend on the mass
transfer that may take place during the spraying. The
obtained adherence is essentially proportional to the
existent pressure difference between the combustion
chamber and exterior. This pressure difference depends
on the particle speed, especially on the discharge to the
highest density and on the fluid speed.
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Fig. 2. Variation of the maximal speed of the thermal
spraying particle and of the distance spraying time
7z=0.4 m depending on the particle diameter.

In figure 1 it may be noticed how the maximum
of the fluid and particle speed, obtained as a result of
using the mathematical model, is met in the range
from 0.1m to 0.2 m. Figure 2 shows how the speed v,
initially increases as a result of the fluid acceleration,
reaching the maximum value when d4,=25 pm and
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then it decreases as a result of the particle dimension
increase. The spraying time increases with the particle
diameter.

Initial volumetric fraction of Cr:C
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Final volumetric fraction of Cr.Cz
Fig. 3. Variation of the particle’s speed at z=0.4 m
depending on the initial and final volumetric fractions
of chrome carbide Cr;C,.
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Fig. 4. Variation of the thermal spraying particle time
depending on the initial and final volumetric fractions
of CI'3C2.

The particle speed v, increases with the increase
of the final volumetric chrome carbide fraction (fig.
3). This speed increases with the final volumetric
chrome oxide fraction. Both tendencies take place as
a result of the fact that the oxide and the chrome
carbide have greater densities than nickel and chrome
in metallic phase. The thermal spraying time of the
particle decreases during the increase of the
volumetric chrome carbide fraction ¢ and the initial
volumetric chrome carbide fraction & (fig. 4).

THE PARTICLE THERMAL
BEHAVIOUR

Because of the heat and materials scattering
coefficients that constitute bigger particles (without
taking into account the chrome oxide which is present
in a small quantity), the temperature variation inside
the particle is in a narrow range. That is why it is
considered only the temperature of the particle
surface.

As it may be noticed in figure 5, during the
high-speed flame spraying process the powder parti-
cles reach the fusion temperature of the NiCr metallic
phase. During the fusion, the particle temperature
slowly increases as a result of the fusion latent heat
absorption. After this fusion, the particle temperature
T, rapidly increases reaching its maximal value 7}, ;.
in z=z,, and then it decreases. When it is reached the
liquid temperature from the metallic phase the
solidification starts and the particle temperature
slowly decreases, this significant decrease of the fluid
temperature taking place as a result of the latent heat
loss. Once the solidification is finished, the particle
rapidly cools. The heating of the particles with large
diameter is relatively small. When increasing the
particle diameter, the maximum temperature of the
particles 7, goes towards the sub-layer surface.

2500

2000

1500

Particle's temperature , °C

‘Without mass transier

L 03 0 06

Projection distance, m

Fig. 5. Variation of the particle superficial
temperature depending on the projection distance.
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Fig. 6. Influence of the mass transfer process on the
particle superficial temperature depending on the
projection distance.

If it is not taken into consideration the carbide
decomposition process, the thermal diffusivity of the
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particles is bigger than in the opposite case and that is
why the particle reaches a higher temperature. Also,
the carbides and oxides proportions have a great
influence in recovering as it may be noticed in figure
6; at the increase of the carbides’ initial content, & —
the initial volumetric chrome carbide fraction, the
particle temperature increases and determines an
increase of the particle thermal diffusivity.

It is more complex the situation when the final
volumetric carbide fraction ¢ decreases. On the other
hand, the decrease of & supposes an increase of the
decomposition suffered by the carbides and that in-
volves a decrease of the particles’ thermal diffusivity
and an increase of the temperature. Also, it involves a
decrease of the particle speed as a result of the density
increase that leads to the size of the stationary time
interval where the fluid temperature is high. On the
other hand, the decrease of the particle speed
provokes, in turn, a decrease of the heat transfer
coefficient o between the particle surface and the
fluid &.

The competence between these two factors will
provoke the evolution of the particle temperature
when the carbide final volumetric fraction &
decreases. First, the particle temperature is superior to
that corresponding to the basic situation, when e=0.3.
Then, it occurs the situation opposite to the initial
one, of cooling before solidification in the final
moments. The increase of the chrome oxide final
volumetric fraction J leads to the decrease of the
particles thermal diffusivity and of their density. This
involves an increase of the particles’ speed and the
increase of the heat transfer coefficient . When this
factor is prevailing, the temperature of the particle
increases. This situation is presented in figure 6. The
temperature of the particles with large diameter,
d,=350 um, varies slowly. As important as the
mechanical behaviour for the high-speed flame
projection process, there are the knowledge of the
temperature maximal values 7,,, and the
longitudinal co-ordinate z,, where the particle arrives
and also the temperature that a particle has to this
projection distance.

In the thermal sprayings experimentally realized
at distances z=0.2 m, z=0.3 m and z=0.4 m there are
not observed significant differences among the
decomposing thermal processes. In figures 5 and 6 it
is presented how the maximal temperature 7}, ., for
the particles with diameters between 20 um and 40
pm depends on the projection distance that is
approximately from 0.2m to 0.3m from the out going
of the spraying pistol. The superheating of the small
particles that justifies an increase of the porosity for
smaller projection distances without taking into
account the main factor of the porosity increase
constitutes the decrease of the particles’ speed, the
decrease of the particles’ kinetic energy. This effect is
strictly related to the increase of the spraying
distance.

The temperature value 7}, . increases with the
initial temperature of the particle 7,y with the chrome
carbide initial volumetric fraction &, and with the
chrome oxide final volumetric fraction o. The
maximal temperature of the particle decreases when
the chrome carbide volumetric fraction increases. The
parameter zx decreases in the same time as the chrome
oxide final volumetric fraction 6 does, it increases
with the particle initial temperature 7,y and &« behaves
non-uniformly with the chrome carbide volumetric
fraction ¢, reaching its maximal value when &,~0.82.

Initial particle’s temperature

1000 1100 1200 1300
%). 1605F z=04m .
g
£ 1400
£
8
° 1385
L=l
o
13901
1 3 5 7 g

Volumetric final oxide fraction

Fig. 7. Variation of the particle temperature
at z=0.4 m depending on
the final volumetric fraction of Cr;C,.

Volumetric initial carbide fraction
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1430 .

ze04m
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1400

Particle’s temperature, °C,

1390

0.1 02 03 0.4 05
Volumetric final carbide fraction

Fig. 8. Variation of the particle’s temperature
at z=0.4 m depending on the initial and final
volumetricfractions of Cr;C,.

Figures 7 and 8 show how the temperature 7« at
a projection distance of 0.3 m from the out going of
the spraying pistol increases with the parameters 7)),
0, &9 and decreases with &x.

From the experimental point of view, the
variation 7,« that depends on the particles’ diameter
d, is very important and it may be observed how the
temperature 7, decreases when the chrome carbide
dissolution takes place and when the projection
distance increases. For the already described
experimental results it seems obvious that the
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projection conditions are better when the spraying
distance decreases considering the thermal point of
view when the difference between the temperatures
T, that correspond to different diameters of the
particles in a particles’ dimensions distribution
interval is not very stressed there may obtained
recovering better layers, then a better superheating
and a better porosity.

1900

z=0.4m

Withou! mass fransfer

1800 |

1700}

With mass fransfer

1600

1500

Particle’s temperature, °C,

1400

10 30 50 70
Particle’s diameter, pm

Fig. 9. Variation of the particle’s temperature
depending on its diameter (z=0.4 m).
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z=05m
Without mass transfer
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GB; With mass transier
s 1500
2
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1200 . :
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Particle’s diameter, pm

Fig. 10. Variation of the particle’s temperature
depending on its diameter (z=0.5 m).

If there are analyzed figures 10 and 11 from this
final criterion, there will be obtained well spraying
conditions when the distance from the out going of
the pistol nozzle to the biggest layer. It may be also
mentioned the fact that the projection distances’ size
from the mechanical point of view will substantially
decrease the particles’ speeds, provoking a sharp
increase of the porosity if the mechanical factor
prevails on the thermal factor, for this case.

Considering the same figures 9 and 10, it may
be noticed that in the processes of mass transfer
among the powder particles it results a difference of a
much better temperature 7,+ and the range of the
particle optimal diameters is small. It results that for
any distances there are taken into account the optimal
thermal conditions and the distribution of particles’

dimensions. For example, for L;=0.4 m, the spraying
optimal conditions include:

d,=11...12 um to d,=34...44 um;

&=0.7...0.9; &=0.10...0.45;

0=0.02...0.08 and 7,=1320...1360°C.

CONCLUSIONS

e There was realized a mathematical
simulation in order to describe the dynamic processes
that take place during the thermal spraying of the
powder particles composed of metal matrix and
phases with high point to fusion (in this case, the
chrome carbide). In this model there are taken into
consideration the combustion processes, the particles’
dynamics and the fluid (inside and outside the
spraying jet) and also the mass and heat transfer
processes.

e At the increase of the chrome carbide and
chrome oxide volumetric fraction, the maximal
speeds that particles reach and the position in which
these speeds are obtained go towards the out going of
the thermal spraying pistol.

e The speed of the particles at recommended
projection distance (L,=0.3 m) varies depending on
the size function and the powder particles’ diameters.
First, it increases till reaching its maximal value v,,,.
for d,>25 pm and then it decreases. Also, this speed
increases when the chrome carbide final volumetric
fraction decreases and the chrome oxide final
volumetric fraction increases. The particles’ spraying
time increases with the diameter and decreases with
the initial and final chrome carbide volumetric
fractions.

e The particle temperature increases, reaching
its maximal value and decreases with the size of the
spraying/projection distance. During metallic phase
fusion and solidification the temperature slowly
varies, as a result of latent heat absorption and
desorption. The carbide decomposition causes the
decrease of the particle temperature.

e The particle temperature increases with the
chrome carbide initial volumetric fraction and chrome
oxide final volumetric fraction. The decrease of the
chrome carbide final volumetric fraction leads to the
decrease of the particle temperature in the total fusion
region, while in the anterior and posterior regions it
increases.

e The maximal temperature of the particle
increases with the initial particle temperature, with
the chrome carbide initial volumetric fraction and
with the chrome oxide final volumetric one. This
maximal temperature decreases when the chrome
carbide final volumetric fraction increases. The
chrome carbide final volumetric maximal position
increases with the initial temperature of the particle
and with the chrome oxide final volumetric fraction.

e The particle temperature for the distance
(L=0.3 m) in the sub-layer increases with the initial
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temperature of the particle, with the chrome carbide
initial volumetric fraction and the chrome oxide final
volumetric one and decreases with the chrome
carbide final volumetric fraction. If the thermal
spraying distance modifies from L=0.3 m to L~=0.4
m, the particle temperature decreases.

e The process of heat transfer among powder
particles allows the increase of the diameters interval
for particles. This situation is only possible when the
spraying distance changes from z=0.4 m to z=0.5 m.
Thus, when z=0.4 m the preferred diameters interval
is from d,=11...12 um to d,=34...44 pum, while for
z=0.5m the preferred diameters interval is from
d,=14...19 um to d,=26...46 um.

REFERENCES

1. Petrescu D., Antonescu N.N., Neacsu M., 2006, The
modulation of the dynamic processes at the thermal spraying with
high-speed flame, Buletinul Universitatii Petrol-Gaze din Ploiesti,
vol. LVIII(3), Seria tehnica, Ploiesti, pp. 49-56.

2. Sobolev V.V., Guilemanz J.M. et al., 1996, University of
Barcelona, Barcelona, Comunicacion Privada, Surf. Coat.
Technology.

3. Petrescu, D., 2002, Cercetari teoretico-experimentale privind
depunerile superficiale prin pulverizare termica, Report for PhD
Thesis, Universitatea Petrol-Gaze, Ploiesti, June.

4. Thorpe, M.L., Richter, H.J., 1992, A Pragmatic Analysis and
Comparison of. HVOF Processes, Journal Thermal Spray
Technology, vol. 1(2), pp. 161-170.

5. Sobolev V.V., Guilemanz J.M. et al., 1994, Modeling of
particle movement and thermal behaviour during high velocity
oxy-fuel spraying Surf. Coat. Technology, vol. 63, pp. 181-187.

6. Parker, D.W., Kutner G.L., 1994, HVOF moves into the
industrial mainstream. Adv. Mater. Proc. 7, pp. 31-35.

7. *** Introduction to the CDS Technology, Plasma Technique
AG, Wohlen, pp.12, 1990.

8. Guilemany, J.M., Calero, J.A., 1995,
Barcelona, Barcelona, Communication Privada.

9. Han K.S., Chung M.K., Sung H.J., Application of Lumley's
Drad Reduction Model to Two-Phase Gas-Particle Flow in a Pipe,
Transactions of ASME, Journal Fluid Engineering, vol. 113,
pp.130-136, 1991.

10. Sobolev, V.V. Guilemany J.M., Calero, J.A., 1995,
Prediction of powder particle behavior during high-velocity
oxyfuel spraying, University of Barcelona, Barcelona, Thermal
Spray Technology, 4(3), pp. 276-287.

11. Petrescu, D., Antonescu N.N., Neacsu, M., 2000, The
simulation of the dynamic processes at the thermal spraying of the
Cr;C,-NiCr powder particles with high-speed flame, Buletinul
Universitatii Petrol-Gaze din Ploiesti LVIII(4), Seria tehnicd,
Ploiesti.

12. Swank, W.D., Fincke J.R. et al., 1994, Thermal Spray
Industrial Application, ASM International, Materials Park, Ohio,
pp. 313-318.

13. Guilemany, J.M., Nutting J., Lorca-Isern, N., 1994, Powder
Metallurgy, vol. 37, 4, pp.6-16.

14. Petrescu D., 2002, Cercetari teoretico-experimentale privind
depunerile superficiale prin pulverizare termica, Report for PhD
Thesis, Universitatea Petrol-Gaze, Ploiesti, June.

University of


Administrator
Polygon


	CONCLUSIONS

