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Abstract. Plasma spraying is one of the most effective methods allowing both to restore worn surfaces of parts and create wear-
resistant coatings on new parts aiming the increase of their service life. Properties of the produced coatings depend on number
of parameters, such as a plasma temperature, a chemical and fractional composition of the sprayed mixture, a distance from
a plasma torch to the surface of a part, etc. Mathematical modeling of the process can significantly reduce the cost of processing
of technological modes and is widely used at present for a calculation of technological parameters. The paper is devoted to mat-
hematical simulation aiming to determine an effect of the injected ceramics content on the change in a temperature of a particles
flow, as well as finding the modes in which the particles of high-temperature ceramics will be in the liquid state when they are
deposited on the surface of a product. A mathematical model of particles heating in plasma has been formulated and a system of
equations has been compiled. The system of equations has been solved numerically in Mathcad by a standard procedure using the
Rkadapt function. Calculations have been carried out for a volume concentration of Al,O; ceramics in a mixture from 5 to 50 %
and for a plasma temperature at the exit from the plasma torch in the range from 6000 to 10000 K. Calculations have shown that
the concentration of ceramics does not significantly affect the temperature of a mixture. The temperature of the particles depends
to a large extent on the temperature of the plasma and the diameter of particles. It has been determined that for the entire range
of calculated values the temperature of the self-fluxing powder in contact with the substrate exceeds a melting point. Fractional
particle size has a strong effect on the temperature of particles at the moment of contact with the substrate. The dependences
of a temperature of the ceramic phase on the particle size at different concentrations and plasma temperature have been deter-
mined. Analysis of the coatings microstructures has shown a good correlation with the results of the calculation.
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ux ciryk0b1. CBONCTBA CO3/1aBaeMbIX ITOKPBITHI 3aBUCAT OT psijia TapaMeTpoB, TAKUX KaK TeMIIepaTypa IU1a3Mbl, XUMHIECKHH
U (GPaKIMOHHBIA COCTaBbl HAMBUIAEMOI CMECH, PACCTOSHUE OT IUIA3MOTPOHA 10 MOBEPXHOCTU M Jp. MaremaTnueckoe Mojie-
JMpPOBaHKE Mpolecca I03BOJSET 3HAUMTEIBHO CHH3UTH CTOMMOCTb OTPAOOTKHM TEXHOJOIMYECKHX PEKMMOB M IIHMPOKO HC-
MOJIb3yeTCs B HACTOSIEEe BpeMs IS pacueTa TeXHOJIOTMYECKHX MapaMeTpoB. B Hacrosmeil pabore Obula MOCTaBlIeHA LIENb
MIPOBEAEHHST MATEMaTHIECKOTO MOIEINPOBAHMS TS ONIPEACIICHNUS BIMSHUS COAEPKAHMS BBOAUMOI KepaMHUKU Ha M3MEHEHHE
TEMIIEpaTypbl OTOKA YACTHLL, 4 TAKKE HAXOXKACHUS PEXKHUMA, IIPU KOTOPOM YaCTHILbI BHICOKOTEMIIEPATYPHOH KepaMUKH Oy-
JYT B JKMAKOM COCTOSHMH IIPH OCaXJECHMH Ha MOBEPXHOCTb m3zaesusd. ChopMyaupoBaHa MaTeMaTHYeCKas MOJENb Harpesa
YaCTHI] B IUTa3Me M COCTaBJICHA CHCTEMa ypaBHEHHH, KOTOpas perranack gucieHHo B makere MathCad cranmapTHO# mpome-
Iypoii ¢ ucnosnbzoBanueM ¢yHkimu Rkadapt. Pacuerst npoBoauinch asst 00beMHON KOHIEHTpauuu kepamuku Al,O; B cMecn
oT 5 10 50 % u 1u1st TeMIepaTypsl IIa3Mbl Ha BBIXOJIE U3 TIa3MOTpoHa B uHTepBaie oT 6000 1o 10000 K. Beraucnenus noka-
3aJI1, 9TO KOHIIEHTpAIys KEPAMHUKH He BIHMSET 3HAYUTEIHHO Ha TeMIlepaTypy cMecH. TemmepaTypa yacTui B Oojblieil Mepe
3aBUCUT OT TeMIIepaTypsl MiasMbl. OnpeneseHo, 9To I BCETo JUana3oHa pacyeTHBIX BEIMYHH TeMIIepaTypa caMoguIIoCy-
IOILIErocst MOPOLIKA P KOHTAKTE ¢ MOAI0KKOH NPEBbILIaeT TeMIepaTypy uiapiaeHus. OpakuHOHHBIH pa3Mep 4acTHI] OKa3bl-
BaeT CHJIBHOE BIUSHHUE HA TEMIEPATypy YaCTHLl B MOMEHT COIIPMKOCHOBEHHS C MOAIOKKOH. OnpeznesieHbl 3aBUCUMOCTH TeM-
nepaTypsl KepaMH4ecKoil (ha3bl OT pa3Mepa 4acTHIl IPH PA3INYHBIX KOHIEHTPAUAX ¥ TeMIepaType IUIa3Mbl. AHAIN3 MUKDPO-
CTPYKTYP IOKPHITHII OKa3aJl XOPOUIYI0 KOPPEISLHUIO C pe3yIbTaTaMH pacdera.

KiroueBble cj10Ba: I1a3MEHHOE HaIblICHUE, KepaMuyeckas (a3a, MaTeMaTH4eCKOe MOJCIHPOBAHKE, TeMIIepaTypa YacTHILL,
MHKPOCTPYKTYpa

Jist nuTHpoBanusi: Pacyer TemmepaTypsl MOTOKa YacTHIl IPH IIAa3MEHHOM HAIBUICHHH CMECH CaMOQIIIOCYIOLIErocs IMo-
pomika u kepamuku / A. C. Kanunundenko [u ap.] // Hayka u mexnuka. 2018. T. 17. Ne 3. C. 177-182. https://doi.org/10.

21122/2227-1031-2018-17-3-177-182

Increasing the wear resistance of working sur-
faces is an important scientific and practical task
for surface engineering. One of the methods of the
wear resistance increase of steel surfaces is plasma
spraying of self-fluxing Nickel-chromium-based
powder [1]. From the point of view of reducing of
the coating cost while maintaining its high wear
resistance, the practical interest is the introduction
into the sprayed mixture of ceramic powder based
on aluminum oxide [2].

The properties of the coatings created depend
on several parameters such as plasma temperature,
chemical and fractional composition of the sprayed
mixture, the distance from the plasma torch to
the part’s surface etc. Experimental determination
of optimal regimes of plasma spraying process
requires big expenditures of time and money,
so mathematical modeling is widely used to save
time and money.

Mathematical simulation and computer exper-
iments can significantly reduce the cost of the pro-
cessing technological modes and determine opti-
mal spraying parameters. For example, the simula-
tion of the main parameters of plasma arc burner:
non-equilibrium thermodynamic and chemical
models of plasma formation, energy transfer dur-
ing plasma motion, boundary conditions, etc. was
performed [3].

It is known from practice that the deformation
of particles and their cooling significantly affects
the adhesion of the deposited layer to the base and
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the occurrence of stresses. The conducted compu-
ter simulation allowed determining the optimal
temperature conditions for the formation of high-
quality coatings [4].

Various programs are developed to simulate the
plasma spraying process. Thus, in the work [5] the
efficiency of the IPS Virtual Point program deve-
loped in Fraunhofer-Chalmers Centre for calcula-
ting the thickness of the plasma coating on parts
for the automotive industry is considered. The pos-
sibility of application of this program for the ana-
lysis of the thickness of the layer deposited is
shown.

A model for assessing the thickness non-uni-
formity of the layer deposited during plasma spray-
ing is presented in [6]. On the basis of the deve-
loped model a theoretical study of the influence of
process parameters on the cross-sectional character
of the layer is carried out.

To estimate the influence of the modulation
mode of the plasma torch electrical parameters on
the plasma spraying process, a mathematical model
was developed. This model allowed optimizing
parameters of the plasma torch and the deposition
process. Using the model it was possible to predict
process parameters when a strong and continuous
coating on the part surface with good adhesion was
formed [7]. The problems of mathematical mode-
ling of different stages of the plasma spraying pro-
cess are considered in [8—10], first of all, the pro-
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cess of formation of the structure and porosity
of the coating.

Despite the large number of publications, mathe-
matical simulations of plasma spraying process are
of considerable interest, especially in relation to
specific conditions, because there are no models
that completely describe this process. For example,
an important aspect is the analysis of changes in
the temperature of the particles’ flow in the pre-
sence of a ceramic phase, which is characterized
by a high melting point.

So, to determine the influence of the volume
fraction of ceramic powders in sprayed mixture on
changes in the temperature of the particle flow it
is advisable to carry out mathematical simulate-
on that allows you to choose the optimal modes of
plasma spraying without conducting a large num-
ber of experiments.

In this paper, the purpose of mathematical simu-
lation was set to determine the effect of the content
of the injected ceramics on the change in the tem-
perature of the particles flow, as well as finding the
modes in which the particles of high-temperature
ceramics will be in the liquid state when deposited
on the surface of the product. Taking into account
the complexity of the mathematical description
of the real plasma spraying process, we introduce
a number of simplifications.

1. The particles are uniformly distributed over
the volume of the flow and there is no density
stratification during the flight.

2. A mixture of powders is injected into the
plasma jet at the plasma torch slice.

3. There is no change in the trajectory of the
plasma jet and powder material.

4. Plasma properties do not change when the
temperature decreases.

The mixture of the sprayed material consists of
a self-fluxing nickel-chromium powder and alumi-
num oxide powder Al,Os. The diameter of the self-
fluxing powders in the calculations adopted was
equal to 100 um and ceramic particles were in
range from 25 to 100 um. The distance from the
plasma gun to the surface of part is 100 mm.

In the flow of plasma-forming gas (nitrogen),
the speed of which is 47 m/s and the volume flow
rate is 40 I/min, particles of self-fluxing Nickel-
chromium powder are introduced with a mass flow
rate of 5 kg/h. To improve the wear resistance,
a ceramic powder based on aluminum oxide was
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injected into the self-fluxing powder. Calculations
were carried out for the volume concentration
of Al,O; ceramics in a mixture of 5 to 50 %
and for the plasma temperature at the exit from
the plasma torch in the range of 6000 to 10000 K.

Equations for the change of particles’ tempera-
ture and gas one taking into account convective
heat exchange have the following form:

meu L aF (T, - T)); (1)
dy

mzczuﬂz(xF(T3 -T); 2)
dy

drT,
Mc3ud—y3=0°F[n1(T1 ~)+m(T,-T))],  (3)

where m;, m, — masses of particles; ¢;, ¢, — speci-
fic heat capacity of materials; 7}, 7, — temperatu-
re of particles; F — surface area of the particle;
M, c3, T; — mass flow, specific heat and tempera-
ture of the gas, correspondingly; a — coefficient of
convective heat transfer; u — flow speed of gas and
particles; y — distance from the nozzle exit of the
plasma torch; n;, n, — number of particles of self-
fluxing alloy and ceramics that interact with the
gas flow; subscripts 1, 2, 3 — devoted to self-
fluxing powder, ceramic powder and gas, corre-
spondingly.

The form of equations (1) and (2) is close to the
equations given in [1]. Calculations for the particle
velocity using the expressions given in [2] showed
that the particle velocity does not differ from the
gas flow velocity. The convective heat exchange
coefficient o can be written as follows

a=—Nu,
D

where A — thermal conductivity of the gas; D —
diameter of particles; Nu — Nusselt number that
determines the convective heat exchange of the
particle surface with the gas flow around it.

In the case of a spherical particle flow by a uni-
form gas stream with constant properties it is pos-
sible, as in [2], to use known dependence of the
Ranz — Marshall

Nu=2+0,6Re” Pr®*.
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Equations (1)—(3) can be simplified by substi-
tuting the values of mass and surface area of par-
ticles:

dl,  6a
L T,-T):;
dy cl*uDl(3 l)
dT, 6a
s T.-T,):
dy c;uDz(3 2)

dT, 6am |1-—x X
3——[ ) (TI_TB.)"'D_Z(Tz_TQj|~

dy  cuM p,

The resulting system of equations was solved
numerically in the MathCad package by a standard
procedure using Rkadapt function — the solution
of a system of ordinary differential equations
by Runge — Kutt method with automatic step se-
lection.

In the case when the replacement of self-
fluxing powder with ceramic one is carried out by
volume fractions, the mass of the material intro-
duced into the flow is decreased, since the density
of the main component (self-fluxing alloy) is more
than twice the density of ceramics. It is worth to
note that the volume specific heat capacities (prod-
uct of density and specific mass heat capacity) dif-
fer slightly, as:

pc =c =4,8332 kI/(m® -K);
p,c, =c; =4,7697 kJ/(m’ -K).

That is, the difference in the products of densi-
ty and heat capacity does not exceed 1.5 %. There-
fore, the content of ceramics in the mixture, as
shown by calculations, does not significantly affect
the nature of the temperature distribution and its
values (fig. 1). By increasing the volume content of
ceramics in the mixture from 5 to 50 %, the tem-
perature of aluminum oxide particles decreases
only by 50-60 °C, that is, by 2.3-3.0 %. More sig-
nificantly the temperature of the particles depends
on the temperature of the plasma.

Analysis of calculation results (fig. 1) indica-
tes that when the plasma temperature increases
from 7000 to 10000 K, the temperature of the ce-
ramic particles increases by about 800 degrees.
At the size of ceramic particles of 100 microns,
they reach a melting point for plasma temperature
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not lower than 7400 K at a concentration of 5 %
and 7700 K — for a concentration of 50 %.
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10000 Tpiaemas K

Fig. 1. Effect of plasma temperature
on temperature of A1203 particles at the time
of their contact with a sample surface for different volume
content of ceramics in the mixture: 1 — 5 % of ceramics;
2 — 25 % of ceramics; 3 — 50 % of ceramics;
particle diameter — 100 pm

Analysis of temperature change calculations at
different distances from the plasma gun shows that
a noticeable difference in the temperature of metal-
lic and ceramic particles is observed at a distance
of more than 5 cm from the outlet, when the tem-
perature of the heated particles is higher by 10 de-
grees than the less heated ones. Temperature de-
pendence of ceramic and self-flux particles is ex-
ponential (fig. 2). Moreover, for the entire range
of calculated values, the temperature of the self-
fluxing powder in contact with the substrate ex-
ceeds the melting point.

2000
T,K
1600 %
1400 —
1200
1000
800
600
400

1 2 3 4 5 6 7 8lLemijp

Fig. 2. Calculated temperature change in mixture components
from the moment of entering into plasma to the contact
with the substrate for particles of 100 microns
in size and plasma temperature of 6500 K

Analysis of the calculation results shows that
the average volumetric flow temperature decreases
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by about 15 degrees with an increase in the pro-
portion of ceramic particles from 5 to 25 vol. %.
The consequence of the decrease in the flow tem-
perature can be deterioration in the adhesion of the
developed layer to the substrate, as well as a wea-
ker relationship between the particles of Nickel-
chromium alloy and aluminum oxide.

Particle size has a strong effect on the tempera-
ture of the particles at the moment of contact with
the substrate (fig. 3). For Tuma = 7000 K and the
content of ceramics in the mixture is equal
to 25 % the melting temperature is reached by only
particles with size less than 40 microns. When the
plasma temperature rises to 9000 K, the melting
point is reached by particles with a diameter equal
to or less than 63 microns. Moreover, when the
plasma temperature rises, the dependence curve
has a flatter character (fig. 3).

4000
T,K
3000 \

) I X\\-\l\k """"
2000 —
1000 T T T T

0 25 50 75 d,um 120

Fig. 3. Influence of ceramic particles size on their temperature
at the moment of contact with the surface for volumetric
content of ceramics 25 %; 1 — Tpjasma = 9000 K;

2 — Tyiasma = 7000 K (dashed line shows the temperature
of ceramics melting point)

To check the adequacy of the calculation re-
sults some experiments were carried out on the
coating formation made of Nickel-based alloy (sys-
tem Ni—Fe—Cr—Si—B—C) containing oxide ceramics
using the plasma spray installation UPU-3D with
the plasma torch PP-25. The plasma temperature
was 7500 K.

Optical and electron microscopy were used
for microstructure analysis. The microstructure
of the coating with the volume content of cera-
mics 20 and 33 % is shown in fig. 4.

Analysis of microstructures shows that at such
plasma temperature not all ceramic particles have
melted (fig. 4a), that confirms the calculation re-
sults. From fig. 3 it follows that at such plasma
temperature the size of the ceramic particles for
complete melting should not exceed 50 microns,
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and in experiments the ceramics particles had di-
ameter up to 63 microns. The increase in the vol-
ume content of ceramics leads to a decrease in the
average temperature of the particle flow and, as a
consequence, the presence of larger number of un-
melted particles can be seen (fig. 4b).

a b

Fig. 4. Microstructure of plasma coatings
with different content of ceramics: a — 20 %; b — 33 % (x500)

This is confirmed by SEM-microscopy as well.
With the increase in ceramics concentration one
can observe not only more non-uniform structure
but also marks of tungsten particles (light particles
in fig. 5b) confirmed by spectral analysis.

Fig. 5. SEM-microstructure of plasma coatings
with different ceramics content: a— 15 %; b —33 %

So, microstructural studies of deposited coa-
tings are in good correlation with predicted tem-
perature of particles establishing relations between
some process parameters and particles temperature
during deposition. Based on these results it is pos-
sible to estimate a formed coating structure which
depends on temperature.

CONCLUSION

In the present work the mathematical simula-
tions of temperature of the particles flow consis-
ting of self-fluxing powder and oxide ceramics
in plasma spraying process have been considered.
It is determined that the plasma temperature and
granulometric composition of ceramics are main
factors for the formation of a high-quality coating.
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