JTTEES 12:377-392
© ASM International

Influence of Process Parameters on the
Deposition Footprint in Plasma-Spray Coating

K. Remesh, H.W. Ng, and S.C.M. Yu

pamainay 19ad

(Submitted 11 December 2001; in revised form 25 October 2002)

This paper presents an investigation of the influence of plasma spray process conditions on the in-flight
particle behavior and their cumulative deposition to form a coating on the substrate. Three-dimensional
computational fluid dynamics (CFD) analyses were performed to model the in-flight particle behavior in the
plasma-spray process and their deposition on the substrate. The plasma spray was modeled as a jet issuing
from the torch nozzle through the electrical heating of the arc gas. In the model, particles were injected into
the plasma jet where they acquired heat and momentum from the plasma, some got melted and droplets were
formed. By means of a droplet splatting model, the particle in-flight data generated by the CFD analyses were
further processed to build up an imaginary three-dimensional deposition profile on a flat stationary sub-
strate. It is found that the powder carrier gas flow rate influences the particle distribution on the substrate by
imparting an injection momentum to the particles that were directed radially into the plasma jet in a direc-
tion perpendicular to the plasma jet. The larger sized particles will acquire higher injection momentum
compared with the smaller sized particles. This causes particle distribution at the substrate surface that is
elliptical in shape with the major axis of ellipse parallel to the particle injection port axis as illustrated in Fig.
1. Larger particles tend to congregate at the lower part of the ellipse, due to their greater momentum. The
distribution of particle size, temperature, velocity, and count distribution at the substrate was analyzed.
Further, based on the size and the computed particle temperature, velocity histories, and the impact sites on
the substrate, the data were processed to build up a deposition profile with the Pasandideh-Fard""! model.

The shapes of deposition profiles were found to be strongly driven by the segregation effect.

Keywords coating deposition, computational modeling, plasma
spray, splat model

1. Introduction

Thermal spray is a coating process used to produce protective
coatings for a wide range of applications. The thermal spray de-
posit parameters such as thickness, porosity, and efficiency of
deposition are dependent on the process parameters, powder
feedstock, and hardware configuration. The controllable process
parameters such as torch power, arc gas flow rate, and carrier gas
flow rate influence the plasma velocity and temperature charac-
teristics. These in turn control particle velocity, temperature, and
size on depositing on the substrate. The ability of plasma-
sprayed coating to sustain service stress is closely correlated to
the microstructure.[** Improving the understanding of the rela-
tionship between microstructure as well as deposited profile of
thermally sprayed coating to the spray parameters would require
a predictive capability.

A physically based computational fluids dynamics (CFD)
process allows for the prediction of the particle temperature, ve-
locity, and size distributions, which indirectly are used to derive
the deposit, profiles on the substrate. This paper shows that par-
ticle segregation or classification based upon size occuring in the
plasma plume is due to the momentum effects. The smallest-
sized particles having lowest momentum are unable to penetrate
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the plasma plume and tend to populate near the injector side.
However, the largest of the particles with greatest momentum
went further and ended on the opposite side of the plume.
The experimental work by Cetegen and Yu'*! and other re-
searchers’® ') have shown that aerodynamic classification of
particles causes the larger particles to concentrate on the lower
part of the plasma jet. This effect is graphically illustrated in
Fig. 1.

The particle temperature, velocity, and size at various impact
locations of the substrate can vary widely. The study by Kucuk
etal.l''T have shown that particle temperature and velocity in the
same plume vary by 400 °C and 100 m/s, respectively, depend-
ing on location. As the substrate is bombarded with particles of
different sizes, velocities, and temperatures at different locations
simultaneously, it is inevitable that significant nonuniformity in
the coating thickness and microstructure will result.

This paper is an extension of an earlier paper,!'?! which re-
ported on the spatial distribution of particle parameters such as
temperature, velocity, and size in the plasma plume and their
comparison with experimental measurements. In the paper, the
authors compared their simulation predictions with a well-
documented experimental measurement of in-flight particle
temperatures, size, and velocities published by Kucuk et al.l'!!
The simulations were performed for the same operating condi-
tions as the in-flight experiments were conducted. Communica-
tion between the first author and Kucuk at the State University of
New York at Stony Brook was initiated to establish the modeling
details. A fairly close agreement obtained between the predic-
tions and experimental results offered a fair degree of confi-
dence on the validity of the simulation. The earlier paper also
investigated in detail the location of particle impact on the sub-
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strate and concentration of particles relating to their size and
location on the substrate. Using the simulation output, it is pos-
sible to simulate the splat formation and spread, deposit build up,
and hence investigate the influence of process parameters on
deposit topology. The methodology of generating the deposit
topology by simulation and results obtained are now presented
in the current paper.

The paper first describes the computational calculations uti-
lizing the FLUENT V5.4 (Centerra Resources Park, Lebanon,

Nomenclature
o particle surface area, m?
c species concentration, kg/m>
Cp drag coefficient, dimensionless
Ien specific heat capacity, J/kgK
d splat diameter, m
D, particle diameter, m
D;; binary diffusion coefficient, m*/s
Fp drag force experienced by particle, N
h heat transfer coefficient, W/m?K
H latent heat of melting, J/kg
K turbulent kinetic energy per unit mass, m?/s
k thermal conductivity, W/mK
my, particle mass, kg
Nu Nusselt number, dimensionless
P pressure, Pa
P, volume averaged power source term, W/m>
P, Prandtl number, dimensionless
Pe Peclet number, dimensionless
Re Particle Reynolds number, dimensionless
St Stefan number, dimensionless
t time, s
T gas temperature, K
Top particle boiling point, K
Top particle melting point, K
T, particle temperature, K
u axial velocity, m/s
u, particle axial velocity, m/s
14 plasma velocity, m/s
We Weber number, dimensionless
x mole fraction of species, dimensionless
Greek Symbols
a  thermal diffusivity, m?/s
e dissipation rate of turbulent kinetic energy, m%/s
p  dynamic viscosity, kg/ms
v kinematic viscosity, m?/s
p  fluid density, kg/m>
o surface tension, N/m
&  spread factor, dimensionless
¢ liquid fraction, dimensionless
Subscripts
1 laminar
o initial
p  particle
t  turbulent
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NH) software that provides output data such as particle in-flight
temperatures, velocities, sizes, and sites of impact at the sub-
strate. After discounting the particles that remain solid (having a
temperature below melting point), the remaining melted drop-
lets will splat on the substrate. Various splatting models, based
on either analyticall''>'®! or empirical!”'®] approach, have
been proposed. It is noted that the predictions of these models
often differ widely; however, most agree that the factors of sur-
face roughness, temperature, particle velocity, temperature,
sizes, viscosity, surface tension, and angle of impact governed
the splat spread. Furthermore, substrate geometry, liquid-solid
contact angle between the droplet and substrate, heat transfer
between the droplet and substrate, and surface thermal proper-
ties further complicated the issue.l'! Thus, due to the many un-
certainties and lack of physical properties data required to use
the model, they should be used with caution. The use of such
models to build up a deposit yields a qualitative picture of the
deposit process. However, it has sufficient merit in taking ac-
count of the most important physical mechanisms at present to
allow a comparison of how different plasma spray operational
parameters would affect the deposit profile.

The Pasandideh-Fard model!" was chosen for this study be-
cause it incorporates most of the contributing factors. A Fortran
program was written to calculate the circular splats as flat disk
diameter and thickness by the splatting model and lays the disks
down on a flat plane, locating the disk centers at the impact sites
of the particles. The program read all the particle data, carried
out calculations particle by particle, and accumulated the thick-
ness build-up on a surface mesh, representing the substrate. The
calculations produced three-dimensional deposits for stationary
as well as traversing torch spraying on a stationary substrate.
The various cases analyzed for different torch operating condi-
tions will show the effect of the different operating parameters
on the deposit topology.

The deposit efficiency is strongly linked to the number of
particles that achieve the melting temperature and significant
velocity. The amount of heat and kinetic energies of the injected
particles on reaching the substrate are indications of deposit ef-
ficiency since the deposition depends on the degree of melting
and impact velocity. To quantify the amount of heat and kinetic
energy acquired by the injected particles, mass averaged particle
temperature and velocity were calculated and analyzed for the
effect of process parameters on the above quantities. The first
part of the paper evaluated statistically useful parameters based
upon temperature and velocity to enable quick checks on the
efficiency of the process followed by the splat deposition profile.

2. Problem Definition and Modeling

As shown in the schematic diagram in Fig.1, the main plasma
spray components consist of a plasma torch and a powder injec-
tion port, in this case delivering powder external to the torch. A
high-temperature and -velocity plasma jet is created and main-
tained by a direct current arc in the torch, which ejects to the
atmosphere. Powder was fed by first mixing with a carrier gas in
apowder hopper and injected into the plasma jet radially through
the external injection port. The powder henceforth will be re-
ferred to as particles. The particles are propelled and heated by
the plasma jet and if melted are deposited on the substrate, which
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Fig. 1 (a) Schematic diagram of plasma spray process with the particle plume cross section, and (b) particle segregation at the substrate

is usually positioned at the standoff distance, typically 80-
100 mm.

The detailed mathematical model and solution procedure is
presented in Ref. 12. For completeness, a summarized descrip-
tion of the process is given below. The arc gases are mixed Ar-
H,, the carrier gas is pure N,, and the powder is yttria partially
stabilized zirconia (METCO 204 NS), (Sulzer Metco Inc., West-
bury, NY).

2.1 Governing Equations

The governing equation for plasma flow is shown below:
Vo (pVd)=V - (Vo) + 5, (Eq 1)

with ¢ as the process variable. The diffusion coefficients Iy, for
the different conservation equations are given in Table 1 and all
other notations are provided in the nomenclature. The solution
of Eq 1 together with the associated boundary conditions gives
the spatial distributions of plasma gas temperature, velocities,
and pressures.

The particle dynamics and energy equations, which govern
the velocity and trajectory of each particle within the jet, are
shown below:

m,—>=F, (Eq2)

ie.,

%_ I8 CpRe
- 2
dr ppr 24

(u—u,) (Eq3)
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Table 1 The Process Variables, Diffusion Coefficient, and
Source Term for Governing Eq 1

Governing Variable, Diffusion Source
Equation ) Coefficient, I, Term, S,
Mass /
Momentum u, v, w v
Energy T a P
Species X; Dy .
Turbulence k e Y
pDu, —u
where Re = —>—"— (Eq4)
'8

dc e Eq5

an =a,+—+—
D 1T Re T R (Eq )

The governing equations for the heat transfer to the particles for
determination of the particle temperature are shown below:

d7T, dg
hAp(TDc - Tp) =m,C, ’n + mPHSfE (Eq 6)

where ( is the liquid fraction that takes into account the latent
heat of fusion required to melt the particle.

The heat transfer coefficient 4 was evaluated using the Ranz
and Marshall correlation:

hD,
N, = T" =2.0+0.6 Re"* Pr'7 (Eq7)

The particle heating model in Eq 6 assumes that each particle

will have a uniform temperature, neglecting the radial tempera-
ture gradient inside the particle. Based on this model, heat trans-
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Fig. 2 Schematic diagram of plasma spray process with computational domain that consisted of anode, particle/carrier gas injector, and the jet zone

fer from plasma to particle is by convection; heat gained raises
the solid particle temperature with the liquid fraction { initially
zero. As the particle temperature reaches the melting point, a
solid to liquid phase change occurs at the surface of the particles;
heat transfer then supplies heat energy for latent heat of fusion.
As the liquid fraction { approaches 1.0, the particles gradually
become fully liquid, i.e., molten, during which the particle tem-
perature remains constant at the melting point. When melting is
completed, {=1.0, the particle temperature will start to rise again
with continuing heat absorption.

The governing equations were solved using FLUENT for the
three-dimensional domain as depicted in Fig. 2. The computa-
tional domain consisted of the anode (D), the jet zone and the
powder/carrier gas port. The size of anode was ¢7.8 x 18.5 mm,
the jet zone was ¢70 x 220 mm, and the carrier gas port was 2.2
x 50 mm. The injector port was located at 7 mm away from the
nozzle exit and 9 mm above the nozzle axis. The governing
equations were solved using a grid having 14 x 24 x 27 cells for
nozzle region, 70 x 24 x 120 cells in the free jet region, and 8 x
18 x 63 cells at the powdet/ carrier gas injector.

Computations were carried out for process cases set out in
Table 2. The cases S1 to S6 refer to those operational settings of
the plasma spray used in the experimental in-flight measure-
ments by Kucuk et al.l'"-'"] Cases S1 to S4 were performed to
study the effect of carrier gas flow rate on the deposit topology.
Cases S4 and S5 enabled the effect of arc gas flow rates to be
studied while cases S5 and S6 isolated the effect of torch power
input. The substrate is imagined to be stationary at a standoff
distance of 80 mm for all cases.

2.1.1 Properties of Gases and Powder. The temperature
dependent gas transport properties for Ar, H,, and N, such as
density, viscosity, specific heat, and thermal conductivity are
based upon the work of Boulose et al.>” To allow for the de-
termination of the values of the properties at the cell temperature
during the iteration, property values were incorporated in the
FLUENT model as piece-wise linear profiles with respect to
temperature.

380—Volume 12(3) September 2003

Table 2 Spray Parameters for Numerical Prediction of
Particle Performance

Cases S1 S2 S3 S4 S5 S6
Torch power input,

kW 42 42 42 42 42 33
Primary gas (Ar) flow

rate, slm 40 40 40 40 50 50
Secondary gas (H,)

flow rate, slm 12 12 12 12 11 11

Ratio of primary to
secondary gas flow

rate 33 33 33 33 4.54 4.54
Carrier gas (N,) flow
rate, slm 2.0 4.0 6.0 35 3.5 3.5

Mixing rules were used to determine the properties of the
mixture that constitutes the arc gas, the carrier gas, and the at-
mospheric air. The density of the mixture of the multicomponent
gas mixtures was calculated using the mass averaged equation as
follows:

1
pP=_ (Eq 8)

E&

i Pi

where y; is the mass fraction.
The viscosity of the mixture is computed based on a simple
mass fraction average of the pure species viscosity:

b= Ewi (Eq9)

The thermal conductivity of the mixture was computed based
on a simple mass fraction average of the pure species conduc-
tivity:

Journal of Thermal Spray Technology



(Eq 10)

k= E)Gki

The specific heat capacity of the mixture was calculated as a
mass fraction average of the pure species heat capacities:

6= Ey iCpi
i

(Eq11)

The yttria-stabilized zirconia powder physical and thermal
properties were obtained from Ref. 21 as shown in Table 3.

2.2 Data Analysis of FLUENT Output

The plane of the substrate was divided into number of cells of
dimensions 1 x 1 mm square (Fig. 3). All the particles that
landed on each cell were counted and grouped into a number of
smaller size ranges (or classes). The particle population at each
cell was statistically analyzed to find the mean values of the tem-
perature, velocity, and size using the standard statistical for-
mula. The calculations were repeated for every cell in the sub-
strate domain, giving the number averaged particle temperature,
velocity, and size for each cell.

Table 3 Physical and Thermal Properties of Yttria
Stabilized Zirconia"!

Property Value
p, kg/m? 5890
T, °C 2700
Ty °C 5000
Hg, kg 710 000
C,, JkgK (a)

k, W/mK 24

(a) C, = 1.06343 x 107077 —2.188953 x 107> T2+ 17096717+ 1.466367 x
102273 < T<873
C,=678.5 T>873

Cell

M

L..

Fig.3 Division of substrate domain into cells with cell sizes 1 x 1 mm
for contour plots and 8 x 8 um for deposition thickness calculation
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2.2.1 Number Averaged Values. The number averaged
mean value of particle parameters was calculated by the follow-
ing equation:

(Eq 12)

where Mean ¢ is the number averaged value of particle in-flight
parameters, which can represent temperature, velocity, and size;
¢ is the class mean for the size range under consideration; » is
the number of particles in a class; and N is the total number of
classes. Figure 4 shows the histogram of all the size ranges and
number of all injected particles.

2.2.2 Mass Averaged Values. The number averaging of
particle velocity and temperature as defined by Eq 8 neglected
the size (therefore their mass and inertial qualities) of the par-
ticles. The energy and momentum gained by the particles are
dependent on their size and hence the mass. A better physical
insight into the energy and momentum acquired by the particle
would be gained through the mass averaged velocity and tem-
perature, as it represents the true kinetic and thermal energy ac-
quired by the particles.

Mass averaged temperature and velocity. Particle mass
averaged temperature is defined as the total sensible heat gained
by all the injected particles divided by the total heat capacity of
the injected particles. Otherwise stated, all particles, irrespective
of size, will reach the constant mass averaged temperature with
the same amount of heat energy that is presently spread over the
whole spectrum of different particle sizes and temperatures. As-
suming a constant specific heat capacity for the particle material,
the total sensible heat gained by all the particles is

E ( Ecpmij(Tij - To)>

j=i i=1

B000G
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c
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D —
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Fig. 4 Particle count distribution of the feedstock, partially stabilized
zirconia (YSZ), each class from 10 pm diameter ranges
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The specific heat capacity is ¢, m is the mass of particle, (T —
T,) is the temperature gained, # the total number of particles in a
class, and N is the total number of classes (detailed in Section
2.2). Hence, the mass averaged particle temperature is

N n
< Zcpmij(Tij -T,) )
=1 \ i=l
N n
EECng

=1 i=1

(Eq 13)

If the sum of momentum of all the particles within the spec-
trum of sizes (masses) and velocities were to be redistributed in
a manner that all the particles have the same velocity, it will be
the momentum based mass averaged velocity as defined below.
From the momentum of a single particle of (m, V), the mass
averaged velocity may be defined as

i=1

ﬁ:imn

j=1 =1

V,

mean

(Eq 14)

The notations are as described in the earlier equation. Equa-
tions 13 and 14 were evaluated by means of a program that cal-
culated the mass averaged temperature and velocity for the en-
tire lot of injected particles.

2.2.3 Coating Thickness Distribution. The particle impact
on the substrate and the splatting of molten particles result in the
formation of coating. The spread dynamics are governed by the
interplay of parameters such as the inertial, viscous and surface
tension forces, substrate geometry, liquid-solid contact between
the droplet and substrate, heat transfer between the droplet, and
the thermal properties of the substrate.

The splatting model (Pasandideh-Fard!'") presented here was
based on the assumption of fully molten particles that only those
particles having a temperature above the melting point was in-
cluded in calculating thickness distribution. However, it could
be assumed that the amount of semi-molten particles, which
would stick to the substrate, will be relatively negligible com-
pared to the fully molten and unmelted particles. The successive
deposition and splat formation of the molten particles on the sub-
strate resulted in the coating formation by layer-by-layer thick-
ness accumulation.

In the present analysis, it is assumed that the fully molten
particles of diameter D, upon impacting onto the substrate
spread into a circular disk shape of diameter d. The maximum
spread factor

: d
max Dp

was calculated as a function of Weber number,

_ Py UpzD P

¢ o

Reynolds number,
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_Pp Up,D,
e ll,p
Stefan number,
' H sf

and Peclet number,

YD,

¢ «

We + 12
Enax = (Eq 15)

W
4 \/Ie;+ We\/ (3St/4Pe)

and the thickness of the splat % is given by

3
_ 2D,
3d?

(Eq 16)

For the spread calculations a grid, shown in Fig. 3, was used
with a cell size of 8 x 8 um. For sufficient roundness of the splat,
the size of the cell has to be much less than the smallest diameter
splat. This is judged by ensuring that the difference between the
circular area of the splat disc and the total approximated accu-
mulated cell area is less than 2% of the latter area.

3. Results and Discussion

In the following sections, the state of the particle, namely
temperature, velocity, size, and deposition thickness on the sub-
strate, will be discussed. The cause and effect of process param-
eters on the distribution of particles on the substrate are of interest.
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=35 | —&— 30 micron
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E 30 | —x—70mcron | //
S —%— 90 micron ’
% 25 | —e—110micron ’,/ /
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Fig.5 Computed injection velocity of a range of particle diameters for

various carrier gas flow rates at the inboard end of the powder injection
port
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Fig. 6 Contour plots of computed particle diameters at the substrate for cases S1 to S6

Journal of Thermal Spray Technology

Particle Injection Direction Particle Size, micron

=80

L

x {(mm)

Particle Injection Direction g v sioe niicron

{110
=100
{40
{80

— 10

- - s
. I 50
— I 30
= I 10
| a0
20

ra -
[
i

3 -2 -1 0 1
X {mm}

Particle Injection Direction o yq, Sizs, micron

L L0

L pLoo

L 30

L 00

— K

S

ai

i

20

(f)

Volume 12(3) September 2003—383

&
o
=
X
1)
S
S
®
Q




Particle Injsction Direction Particle Injection Direction

o] Particle Temperature, °G Paiticle Temperature, 9C
[ 4 1 i i i i | — 14 | 1 i I | | =
S —{3300
o [} C
— 3 L Wl +
> N 1
s B o 4 3000 5 1100
- ~ L = a1 R il L
s 2 v % i . SEn
qk) %QQ 0\\ 2 J/I =1
4 n - — r |
o Hl— ~—— [ 20 & / i 2 {2500
\ 5 =
a “é" i A / L [ — - lf,' Irl/ 3 |
E /. = . i1 s {2700
e \__) \ Iy 2500 s1 E -4 5 - 84
& E &
= d 9,
_2] i =] f/f—\\_\\”"\ L Ezenn
o — 2400 T 5 I
5 -5
¥ 2300
iy 2200 2 §
2100
_& L -84 r
—e— ; —_—— 2000 -3 —_— 1900
=4 =3 =& o=l 0 1 2 3 g =4 =3 =2 =l 0 2 3
(4) X (mm) d) ¥ (mm)
Particle Injec'tion Direstion b il Temperature, °C Particle Injection Direction  pige Temperature, °C
0o L 1 1 1 Il L —_— I I 1 1 I Lo
; 3300 il
A S L 4 e L "
. - . 2300
/ g/ 2 | g ~
-2 AE BN o ERLE) =1 i * [
g i ;/f -\\ \._\ 4 || ; ¢ \:I " —{27010
=3 /, N WlI L ) F i) /' L
1 ann
. \\ i KR \ J gaan
= - \ Fo = =31 Y o r
E P £ BT S m
E Tt {2700 £ L {ns N
5 = — 3 B 52 TR - A 85
e | I—i
e o .
=51 == %0 S -5
P s,
Jile L =64 =
2300
- = |
2n00
kS + e -8 -
-10 T T T r T T Lacn -4 T T T T
4 -3 -2 -1 0 1 2 3 4 S8 =3 =2 S10D 2 3 4
(b) x (mm) (©) X (mm)
Particle Injection Dirsction  p_ s Temperature, °C Farticle Injection Direction  payicle Temperature, 9C
_3 L ; \ N ot '; i 1 1 —_—
§ \ f L i
-a- I = b sano 01 T e - 2900
/ b :J || s — s ! —
@
=5 = [ \| = T 3200 “H = 3 T {2700
™ || b /! S
—5 t \ "l ] 0 : -7 | -
— 3000 } —12500
g | ’ L. . B
£ i " .
£ — 2000 £ —2300
= 8 o | E-¢ o $6
2600 83 = S Pl
-9 L -5 o
2400 1500
-104 r -6 -
2200 1
- 11 A | {1700
174 2000 g 1500
13 e e 1600 o : , ! 1300
4 -3 -2 -1 0 1 2 3 = -4 -3 -2 -1 o 1 2 3 4
(«) x (mm) (f % (mm)

Fig. 7 Contour plots of particle temperature at the substrate for cases S1 to S6
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Fig. 8 Contour plots of particle axial velocity at the substrate for cases S1 to S6
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Fig. 9 Particle count (irrespective of size) distribution at the substrate for cases S1 to S6
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3.1 Particle Injection Velocity

The most important factor that affects the particle tempera-
ture and velocity inside the plasma plume is its trajectory. This
depends on whether the particle trajectory mainly resides within
the plasma core or outside it. The particle injection velocity de-
termines the particle trajectory that in turn is dependent on the
carrier gas flow rate. Particle injection velocity is the particle
exit velocity from the inboard end of the particle injection port
just before it enters the plasma plume.

Figure 5 shows the variation of average particle injection ve-
locity against the carrier gas flow rate for various particle sizes.
It is noted that injection velocity varies linearly with the carrier
gas flow rate for a particle of fixed size. The injection velocity
also decreases with increasing particle size. Despite their lower
velocity, larger particles possess greater momentum enabling
them to penetrate plasma jet. Although larger particles are sub-
jected to a relatively greater drag force, due to higher inertia,
they will accelerate slower than smaller particles. Thus, smaller
particles have higher overall in-flight velocities than larger par-
ticles.

3.2 Particle Parameters at Various Positions in
the Plume Cross Section

Computation of particle mean temperature and velocity were
carried out case-by-case based upon the process parameters
shown in Table 2. The temperature, velocity, particle size, and
particle number count contours were plotted for cases Sl
through S6. The x-y plots (Fig. 6-9) with torch axis as the origin
(0,0) of the plots with data cells as shown in Fig. 3. The plane
shown in contour plots is the plane perpendicular to the torch
axis at the standoff distance as shown in Fig. 1. The contour plots
of mean particle size, temperature, and velocity on reaching the
substrate have been plotted in Fig. 6, 7, and 8 respectively. Also,
the contour plot of particle count irrespective of its size at the
substrate is plotted in Fig. 9.

3.2.1 Particle Size Distribution at Substrate. From the
plot of injection velocity in Fig. 5, it was seen that smaller par-
ticles attain higher injection velocity and vice versa. Although
the velocities are higher for smaller particles, larger particles
penetrate further into the plasma jet compared with the smaller
particles due to the higher momentum, as is evident from the
particle size contour plot shown in Fig. 6. It can be observed that
as the carrier gas flow rate increases, there is a tendency of
smoothing out the particle distribution (S1 — S4 — S2 — S3 in
increasing order), with an even distribution for the highest car-
rier gas flow rate (S3). This is due to the high carrier gas flow
rate, which increases particle spread (detailed in Section 3.5),
hence resulting in the even distribution of particles. A similar
trend can be observed for low power level (S6). This is due to the
fact that as the arc power is decreased, plasma velocity de-
creases. When the carrier gas flow rate remains the same, lower
plasma velocity results in increased spreading of the deposit pro-
file.

3.2.2 Particle Temperature Distribution at Substrate.
The temperature of the larger sized particles tends to be lower,
and they tend to congregate at the lower half of the centerline as
shown in Fig. 7. Conversely, smaller particles tend to impact
near the upper half of the substrate and also with higher tempera-
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tures. This could be understood by comparing the particle size
distribution at the substrate in Fig. 6 along with particle tempera-
ture distribution in Fig. 7. From the particle size distribution, it is
seen that smaller sized particles populate the upper half of the
substrate and larger sized particles populate the lower half of the
substrate. This is due to the fact that the larger sized particles
with their higher momentum penetrate well inside the plasma jet
and get deposited on the lower half of the plume.

The distribution is more even as the carrier gas flow rate is
increased (cases S1 — S4 — S2 — S3 in increasing order). This
implies that the increase of carrier gas flow rate results in a wider
spread of particles inside the plasma plume along the injection
direction.

The heat absorbed by a particle is volume multiplied by spe-
cific heat. Thus a particle requires eight times (d°) the heat for
attaining the same temperature rise as compared with another
particle with half the diameter of larger particle. At the same
time, the surface area of the larger particle through which the
heat transfers increased by four times (%) compared with a par-
ticle with half the diameter. Hence, the heat absorbed per unit
volume is the inverse of the particle diameter (//d). When sur-
rounded by the same plasma temperature field, the smaller par-
ticle will attain a higher temperature the larger particle, because
the smaller particle has a larger heat absorbed per unit volume.

3.2.3 Particle Velocity Distribution at Substrate. A
trend similar to the temperature distribution can also be seen in
the velocity distribution shown in Fig. 8. The particle velocities
are higher at the top of the particle plume and lower at the bot-
tom. From the contour plot of particle size in Fig. 6, it can be
observed that the particles have been segregated into bands with
smaller sized particles banding near the centerline and larger
particles near the bottom. This is expected as the higher sized
particles having higher injection momentum will penetrate well
into the plasma plume and deposit near the bottom of the cen-
terline.

In the plasma jet, a particle is propelled by the drag force
acting on its surface. Due to drag force being proportional to
surface area (d?), a larger particle will be accelerated by a force
approximately four times greater than a smaller particle with
half the diameter of the larger particle under the same velocity
field. From a particle dynamics viewpoint, smaller particles can
accelerate or decelerate much faster than larger particles because
the larger particle is propelled by four times (d%) more force, but
it now has eight times (d°) more inertia that needs to be accel-
erated. Therefore, due to the higher mass, larger sized particles
will accelerate or decelerate much slower compared with the
smaller sized particles under the same flow field.

3.2.4 Particle Count Distribution at Substrate. In the
particle count distribution or particle concentration in Fig. 9, it is
observed that the particle plume centerline shifts downward as
the carrier gas flow rate is increased. The particle plume center-
line is the locus of the points with maximum particle flow in the
particle plume. It is observed that the centerline is deviated be-
low the torch centerline by 2.5, 4.2, 4.5, and 6 mm in the y axis
for carrier gas flow rates of 2, 3.5, 4, and 6 slm (cases S1, S4, S2,
and S3), respectively. This observation shows that in case S1,
the centerline has shifted only 2.5 mm below the torch axis on
reaching the substrate. Therefore, the particle flight was con-
fined in the upper part of the plasma jet core where the plasma
temperature is low. In case S3, the centerline has shifted by 6
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mm below the torch axis showing that it overpenetrated the
plasma plume and resulted in the lower particle temperature
again. However, in cases S2 and S4 the centerline shifted by
approximately 4 mm, showing the particle in-flight was better
confined within the jet core, resulting in higher velocity and tem-
perature of the particles.

3.3 Particle Deposition Profiles

The 3D plot of coating profile for a stationary torch for case
S3 is as shown in Fig.10. This shows that there is an elongation
for the deposition profiles in a direction parallel to the particle
injection compared with the lateral direction. The coating thick-
ness profile gives an indication of surface deposit at the substrate
in terms of maximum thickness and width of spread. In thermal
spray process, the deposition thickness formed account for the
particles that have melted and have physically adhered to the
substrate. The true deposition thickness will be lower than that
predicted in the calculation due to particle evaporation, bounc-
ing of partially melted particles from the substrate and other
losses which were not accounted in the simulation. However, the
3D view is sufficiently realistic when compared with experi-
mentally obtained profiles.

Figure 11(a) and (b) shows the simulated deposit sections
obtained when the torch is traversed at a speed of 30 cm/s and
particle feed rate of 2 g/min. The traverse direction is along the
x axis of Fig. 10, which results in a stripe of deposit in the x
direction. The section plotted in Fig. 11(a) and (b) is cut in the y-z
plane. Wider particle spreading over the substrate with increased
carrier gas flow rate is noted in the case S3. This was observed in
the experimental spraying done by Kucuk et al.['* Figure 11(a)
shows that the carrier gas flow rate alters the deposition thick-
ness by influencing the dispersion of particles and by the degree
of particle melt. Cases S1 and S3 have a lower deposition thick-
ness in comparison to cases S2 and S4; this is due to two reasons.
First, in case S1, the amount of melted particles was less, as can
be seen in Fig. 11(a), due to the nonoptimized carrier gas flow
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rate and hence trajectory. Secondly, in case S3, it is due to the
larger particle dispersion rendered by a higher rate of carrier gas
flow.

In Fig. 11(b), it can be seen that the increase in the primary to
secondary gas volume fraction of 3.3 in case S4— to 4.54 in
case S5— resulted in lowering in deposition thickness. Subse-
quently, the decrease in power from S5 to S6 further decreased
deposition thickness. The increase in primary gas flow rate in
case S5 resulted in lower plasma flame temperatures and hence
the heat transferred to the particles. The decrease in power in
case S6 resulted in lowering of particle temperature and hence
the amount of melted particles. It can be observed that the
peak deposition thickness occurred at the same radial distance
(approximately 5 mm away from the torch axis) for cases S5
and S6.

3.4 Melted Particle Fraction

The melted particle fraction is defined as the percentage by
mass of all particles that attained temperatures above the melting
point to the total mass of injected particles. This fraction gives an
indication of the quantity of particles that has attained the melt-
ing point that will adhere and splat on impact to the substrate.
However, care should be taken in analyzing this data, as a higher
value of melt fraction does not necessarily indicate better depo-
sition efficiency. For smaller-sized particles, the temperature
may be well above the melting point, and this would lead to the
evaporation of the particles and hence lower the mass deposi-
tion.

For the purpose of comparison, an increase in carrier gas as
seen in Fig. 12(a) resulted in a higher melt fraction indicating
that more heat was acquired by the particles for cases S1 to S4. In
cases S4 and S5, as seen in Fig. 12(b), an increase in total arc gas
flow rate as well as primary to secondary gas ratio reduced the
melt fraction to a low value. This indicates that increases in total
arc gas flow rate resulted in lowering the enthalpy density of
plasma gas and hence low melt fraction. Comparing cases S5
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Fig. 11 Particle deposition profile along the symmetric y axis (x = 0) for cases S1 to S6

and S6, it can be seen that lowering torch power input from 42 to
33 kW resulted in lowering the melt fraction. The low power
input resulted in low enthalpy density of the plasma and hence
lowering the melt fraction.

3.5 Particle Residence Time

Particle residence time is defined as the time of flight by the
particles from the exit of the particle injection port to impact on
the substrate. The longer residence time will increase the heat
transferred to the particles. Considering cases S1 to S4 in Fig.
13, itis noted that the particle residence time generally increases
with particle size for all cases since the larger particles have
lower velocity. Additionally, the increase of carrier gas flow rate
generally shortened the residence time.
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3.6 Differences Between Number and Mass
Averaged Quantities for Temperature and
Velocity

In Sections 2.2.1 and 2.2.2, the calculations for number and
mass averaged values for temperature and velocity were per-
formed. The mass average is a new quantitative measure that
takes into account the mass of the particle. This is a better physi-
cal basis since the particle mass has a significant impact on tem-
perature and velocity as shown in this work. In a population of
particles with both widely varying sizes and count for each size,
the mass average would give a better indication of the overall be-
havior of the population than the number average. In the limit, if all
the particles were of the same size, the two averages would be
equal.
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It is therefore interesting to compare the two averages for
temperature (Fig. 14a,b) and velocity (Fig. 15 a,b), calculated
accordingly. For temperature, the number average is consis-
tently between 14 and 18% higher than mass average in all cases.
When considering the melting point of zirconia at 2700 °C, the
number averaged temperature for cases S1 to S4 are above the
melting point. However, the mass averaged temperatures are be-
low the melting point for cases S1, S4, and S2. For the velocity
comparisons, the number average values were also higher. Since
the velocities do not have a critical value, it can be said that the
number average is, in fact, higher by approximately 35-46% in
all cases.

The above referenced phenomena of higher recorded values
for number average compared with mass average is due to the
faster heating and acceleration of smaller particles compared
with larger particles. Additionally, in the particle size distri-
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bution, smaller particles were higher in number compared
with larger particles. From the above, it could be concluded that
the mass averaging would provide a better basis for comparison
for process efficiency in terms of particle velocity and tempera-
ture.

4. Conclusions

The paper presented two major aspects: a study of the distri-
bution of particle in-flight properties and deposition profiles on
the substrate for various operating conditions. The plotted re-
sults were able to establish some trend relationships between
operating parameters and particle behavior.

It is found that carrier gas flow rate influences the particle
temperature and velocity as well as the coating distribution on
the substrate. Increase in carrier gas resulted in increased disper-
sion of the particles, but reduced deposition thickness. Carrier
gas flow rate altered the particle trajectory by changing the in-
jection velocity, and this resulted in the varied behavior of par-
ticles inside the plasma jet. The particle size segregation as re-
ported by experimentst was confirmed in this study. Therefore,
nonuniformity in the coating quality would result from single-
port injection mode. The plotting of the 3D thickness profile
yielded a means to compare with the experimentally obtained
coating, thus allowing for improvement on the process param-
eter and operating conditions. Experiments are currently being
conducted to correlate actual coating profiles against numerical
results. Results of these comparisons will be presented in the
future.

The new measurands, i.e., the mass averaged particle tem-
perature and velocity, provide a physically sound basis for pro-
cess condition monitoring.
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