Simulation of coating profile under plasma spraying conditions
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Abstract. One of the key aspects of particle behaviour in the plasma jet is a stochastic nature of the injection process.
Particles, which are characterized by size distribution, are injected into the plasma jet within a certain range of initial
velocities. The velocity and size distribution determine the shape of the coating and the melting fraction. The aim of the
present work is to study the influence of the spraying initial parameters on the main particle characteristics such as
temperature, velocity, melt degree etc. at its impact to the surface. The one-dimensional heat-conduction equation involving
phase transformations is solved numerically under the assumption of a particle spherical shape employing coordinate-
transformation. Melting, evaporation and solidification interfaces are tracked continuously. The particle dynamic problem is
solved as well. An integral criterion for coating modelling is obtained. All the above models are integrated into a self-

consistent program complex.
1. Introduction

Plasma spraying represents a high-performance
process of surface modification. It allows to produce coating
layers on the surface of metals and alloys, which resist to
corrosion, wear, fatigue, and other forms of surface
degradation [1,2]. Thermal spraying has a wide range of
application and offers possibility to make the coatings from
relatively thin films and up to macroscopic structures.

A schematic overview of a thermal spray process is
illustrated in fig.1. The particle is injected in the plasma jet
with a carrier gas having diameter and velocity distribution.
The injection of the particle is characterized by initial
temperature and position of injection. After its injection, the
particle are heated and accelerated by plasma jet. Particle

Fig.1 Process scheme

flying is characterized by duration of 10 — 10™ s for typical
particle sizes, considerable temperature gradients in the
particle at the beginning of the flaying (between 0.5%*10°
K/m for metals and 50*10° K/m for ceramics). On this stage
several problems take place. The first one is to solve
transient non-linear heat conduction equation taking into
account melting and solidification. The properties of the
particle material can change during the heating because of a
wide range of temperature. Therefore numerical integration
of the heat conduction equation is carried out with allowance
for thermal conductivity and specific heat capacity as

functions of the temperature. The second one is to take
into account the evaporation law that can strongly
influence convective particle heating

2. Mathematical model

The modelling of particle heating and
acceleration in the plasma jet involves the following
conjugated problems: particle dynamic heating, melting
and evaporation. The particle is assumed to have a
spherical shape. The mathematical model uses
temperature and velocity fields, calculated or measured
for an unloaded plasma jet. Therefore we neglect the
particle influence on the plasma jet parameters.

2.1 Dynamic problem

Following forces affect a particle flying in a plasma
jet: thermophoresis force, Magnus’s force, drag force
and gravity force. In the present work only gravity and
drag forces are taken into account because
thermophoresis and Magnus’s forces are negligible
compared to these ones [1]. In this case the dynamic
equation for the particle can be written as follows:
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where \7p is the particle velocity, § is the gravity

acceleration, \7g is the gas velocity, p, is the particle
mass density, dp is the particle diameter, Cp is the drag
coefficient. The gravity acceleration is parallel-oriented
Y-axis. The function \7g (X,Y) is assumed to be known
(it may be taken from experimental measurements or
calculations of unloaded plasma jet). The problem of Cp
calculation is well studied in a number of works

[5,6,9,10]. The expression for Cp calculation depends on
the Reynolds number and is given as follows:
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the dynamic viscosity of the plasma forming gas. The first
equation is based on the Stocks solution for the flow around
a sphere under assumption of a small Re; the second
equation is based on the Oseen approximation; the third and
forth ones are based on the experimental data by Beard and
Pruppacher [6]. Equations (1) and (2) may be solved
numerically by a forth order Runge-Kutta method.

2.2 Particle-gas energy transfer

There are two ways of heat transfer from the plasma
to the particle surface: by radiation and by convection.
Convection can be represented as follows:
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where Nu is the Nusselt number; 7»9 is the gas thermal

conductivity; Ty is the particle surface temperature; Ty (X,Y)
is the ambient gas temperature. The function is considered to

be known like \79(X,Y) in equation (1). There are several

approximations of the Nusselt number in different Re
ranges:
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where Pr is the Prandtl number. Equation (4) is the well-
known Ranz-Marshal expression. Equation (5) is an
experimental approximation for turbulent flow condition
discussed in detail in [4,10].

The expression for calculating the radiation flux is
written down assuming that the radiation energy flux acts
directly to the particle surface (transparency is neglected). In
this case, the radiation energy flux is:

Qr = O-ng (Tg4 _Tpi) (6)
where ¢, is the normalized emissivity factor; o is the

Stefan-Boltzmann constant. The total energy flux, which
represents the sum of the convective and radiation ones:

Q=0Q +Q, (7)
2.3 Heat conduction problem

There are two general ways to solve the heat conduction
equation with phase transformations. The first method is
based on the enthalpy formulation approach for the solution
of the phase change problem [11]. The interface position

does not appear explicitly in the calculation. The
enthalpy function is used to account for phase change.
The main advantage of this method is simplicity. It is
possible to determine the interface position within the
accuracy of one calculation cell. It corresponds to the
first accuracy degree only.

The second method, which is applied in the
present work, is based on explicit definition of the
interfaces positions [14]. This method is more precise,
but it requires interfaces tracking. Several phase
combinations take place during particle heating in the
plasma jet that is followed by cooling: solid, solid-liquid
(with melting and evaporation interfaces), liquid
(evaporation interface), solid-liquid-solid (melting and
resolidification interfaces), liquid-solid (resolidification
interface). Each phase state requires its own
mathematical problem definition and solution. In the
present work only the general solid-liquid case is
described in details. Equations for solid-liquid case can
be written as follows:
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where t is the time; r is the radius; T(r,t), T,(r,t) are the
temperature distributions in the solid and the liquid
phase, respectively; Ly, is the latent heat of melting; L, is
the latent heat of evaporation; Ts is the particle surface
temperature; Ty, is the melting point; h(T) is the specific
enthalpy of the particle material; A4;(T), Ax(T) are the
known thermal conductivities for the solid and liquid
phase, respectively; ts g iS the initial time of solid-
liquid scheme calculation; T, . is the initial temperature

init
distribution in the particle. The problem is characterised
by the two mobile bounds: evaporation interface &(t)

and solid-liquid interface y(t). These bounds divide the
calculation domain into two parts [0;7 ] and [y;&],

respectively. Expressions (8) and (9) are the heat
conduction equations in solid and liquid phases written
in spherical geometry (the particle is assumed to have a
spherical shape). The temperature at the solid-liquid
interface is always constant and equal to T, (10).
Equation (11) represents the Stefan boundary condition
at the solid-liquid interface. Equation (12) is the



boundary condition at the particle surface, which involves
energy flux Q through the surface of the particle (7).
Equation (13) represents an evaporation rate depending on
the particle surface temperature. Condition (14) ensues from
the particle symmetry. Expressions (15) represent the initial
conditions for equations (9)-(10).

2.4 Evaporation law

Particle evaporation influences particle heating and
melting. Moreover, particle diameter decrease due to
evaporation causes trajectory changing and influences
particle acceleration. In the present work the model of rapid
surface  evaporation with backpressure has been
implemented. The model is based on conservation of mass,
momentum and energy through a thin Knudsen layer [12].
Knight shows that in this case jump condition for the
Knudsen layer can be written as follows:
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where y is the ratio of specific heats (y = 5/3 for
monatomic gases); P is the gas pressure; Ps is the saturated
vapour pressure (it can be measured or calculated by
Clausius-Clapeyron equation[13]); [ is the dimensionless

velocity of vaporisation M = u/,/;/ RT = 4/2/y ; M is the
Mach number; u is the local flow velocity outside the
Knudsen layer. Equation (16) is adequate only if the flow
outside the Knudsen layer is subsonic. The Mach number
can not be greater than 1.

For the spherical particle, the radius decreases due to
evaporation that can be written as:
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where T and [ are taken from the solution of (16);
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Py is the mass density of the particle material; u is the

molecular mass of the particle.
2.5 Coating profile

To simulate coating profile obtained by the plasma
spraying technique a detailed study of the initial condition of
the particles injection is required. Stochastic behavior of
particle entry defines coating thickness and its profile. The
particles have two distributed variables: initial particle
diameter and initial injection velocity (r, and Vg
respectively). These two parameters cause particles
trajectory distribution. If the V, and r, were constant, the
particles would have the same trajectory. The first variable

depends on the way of particle fabrication and in the
present work it is accepted the Gauss’s distribution for
it. The initial velocity depends on the way of the
particles entering to the plasma jet, and will be
considered in details below. There is an extra factor,
which determines the profile of the coating. This is a
non-stationary behavior of velocities field. This factor is
not taken into account in the present work.

In reality, the particles are introduced into the
plasma jet through an injector pipe by a particle-carrier
gas. Velocity and density distributions at the outlet are
determined by the injector pipe configuration. In the
developed model we assume that the initial particle
velocity distribution is equal to the gas velocity
distribution and the particle mass flow at the outlet is
constant. The above assumptions correspond to long
injector pipes, where the particles have time to reach
stationary mode. Long injector pipes are used in most of
industrial plasma torches [1,2].

Gas flow at the outlet obeys the parabolic Poiseuille
law [3]. Therefore we can assume that particle velocity
is distributed according to the Poiseuille law as well.

The thickness of the coating, obtained by plasma
spraying technology, depends on spraying time, powder
flow rate, etc. For real application purposes it is
sufficient to obtain a function, which is in proportion to
coating thickness distribution on the substrate without
having its absolute quantity, e.g. coating profile.

There is a set of particle trajectories lying in the
same plane «, which is perpendicular to the substrate
plane (see fig 2). The plane « forms a straight line at
intersection with the substrate plane. To deposit a
coating on the substrate, a nozzle moves along X-axis,
like it is shown in fig.2. For this case coating thickness
distribution will be uniform along X-axis. Therefore
calculating coating thickness distribution only along Y-
axis is required.

Calculating particle trajectories within a range of

Fig.2 Particle flying scheme

initial velocities and with an initial particle radius makes
it possible to obtain the mesh function Y,=G(Vyry),
where Y, is the coordinate of the impact with the
substrate.

Based on the above assumptions and distribution
laws, the expression for coating profiles calculating is
obtained:
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where r, is the mean radius; o is the standard deviation

of the Gauss’s distribution. The same technique was used to
obtain melting and evaporation fraction distributions.

3.Results and discussion

The simulation results of Al,O; spraying are shown in
figures 3,4. Temperature and velocity distribution of
unloaded plasma jet are taken from [6]. All the other input
data are given in Table 1.

The influence of diameter (left column) and velocity
(right column) dispersions on a single particle heating and
dynamics is shown in fig. 3. Deviation of the trajectory from
the X-axis is determined by the radial velocity component of
the ambient gas and the initial particle velocity, which is
usually oriented along the Y-axis. The radial velocity
component always is abaxial. The trajectory for the particles
with greater diameter and, consequently, with greater inertia
is determined essentially by initial velocity. The influence of
the inertia for the smaller ones is much less, therefore in this
case the radial velocity component of the ambient gas is a
decisive factor (see fig. 3.a, see fig. 3.b).

The velocity of the particle decreases with radius
decreasing (see fig. 3c¢) because its mass is proportional to
the third power of the particle diameter, and the drag force is
proportional to the square power only. For the particles with
the different initial velocities and the same size (see fig. 3d)
the particle velocity is determined by the velocity of the
ambient gas. To better understand particle behaviour for the
case at hand considering trajectories is required (fig. 3b). As
a rule, the velocity of ambient gas decreases with the
distance increasing from the jet axis. Therefore the
trajectories with higher deviations from the jet axis
correspond to smaller particle velocities.

In the present work only the influence of the injection
velocity and the particle size dispersion were analysed. Two
major factors directly influence the particle heating: particle
trajectory and particle diameter. The particle temperature
decreases along with the diameter because the particle mass
is proportional to the third power of the particle diameter,
and the surface area and the energy flux are proportional to
the square power only. On the other hand a greater particle
diameter causes a smaller velocity and a longer flight-time.
Moreover, the particle diameter determines the particle
trajectory and, consequently, the ambient gas temperature
and energy flux to the surface of the particle. A strong
dependence of the above mentioned parameters on the
particle diameter is analysed in fig. 3. A general tendency
revealed in our calculations showed up the particle
temperature decreasing with the radius increasing. The
second factor, e.g. particle trajectory, depends on the initial
velocity and the particle diameter. The trajectories with a
greater deviation from the jet axis correspond to smaller
particle temperatures (see fig. 3f, fig.3b).

The temperature in the centre of the particle (see fig. 3g,
fig. 3h) depends on thermophysical properties of the particle
material and the temperature at the surface of the particle.

Calculations carried out for different flight-times
showed up considerable temperature gradients at the
beginning of the particle heating and their practical
absence at the impact to the substrate.

Coating profiles for radius dispersion of 4 [Im
(uninterrupted line) and 6 [Jm (dashed line) are shown in
fig.4a. The profiles have Gaussian distribution shape and
they are in qualitative agreement with experimental
results, which is shown in Fig.4.c. [Technical report of
INODCOT project].

The powder with a wider size distribution gives a
wider coating profile but only in a certain extend. The
main limiting factor for the coating width is the plasma
jet geometry, mainly its diameter because the flying off
particles cannot take part in coating formation.

A wider diameter distribution causes smoothing of
the maxima. This tendency can be observed not only for
the coating profile, but also for the entire distributed
parameters (see fig.4.b).

Coating profile has a fringe, which is obtained
during the simulation and can be observed in the
experimental results as well. The radial velocity
component of the plasma velocity distribution influences
the light particle fraction and, probably, causes this
fringe.

The evaporation fraction distribution has two
marked maxima that correspond to two competitive
factors. The first one is caused by a light fraction which
is deposited lower (see fig.3a). The second one is caused
by the long duration of the flying and corresponds to the
heavier particles.

The melt fraction distribution (see fig.3.d) shows
that the particles are well melted.
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Table 1. Conditions for the simulation

Plasma forming gas Ar

Particle material Al O,

Initial particle velocity 15 m/s (for fig.3 only)

Initial particle | 300 K

temperature

Particle injection | X¢=0; Y¢=-2mm (relatively
position plasma nozzle, see fig.1)
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Fig. 3. Single particle behaviour along the plasma jet (distance X is counted from the plasma nozzle):
trajectory Y=f(X); velocity Vp = f(X); particle surface temperature Ts = f(X); particle centre temperature
Te =f(X)
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Fig. 4. Coating profile : (a) simulation, (c) experiment (8 consecutive passages of plasma torch along X-axis).
Distributions of the coating melted (d) - and vapour fractions (b) at the substrate.
Orientation of X,Y-axes is shown in Fig. 2
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