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One-Dimensional Mathematical Model for 
Selecting Plasma Spray Process Parameters 

S. Das, V.K. Suri, U. Chandra, and K. Sampath 

A simple, unified, one-dimensional model has been developed to relate the effects of plasma spray pa- 
rameters on the temperature and velocity of the plasma and particles and on the void content in the coat- 
ing. The torch, spray, and substrate regions in a plasma spray process were first modeled independently 
and then coupled so that the plasma and particle characteristics calculated in one region served as inputs 
for the subsequent region. Comparison of  the model predictions with experimental data showed reason- 
able agreement. Deviations from the measured data were attributable to the simplifying assumptions 
used in modeling the different regions of the process. A parametric analysis of the unified one-dimen- 
sional model showed that, despite its simplicity, the model is well suited for optimizing process parame- 
ters in terms of particle type and size to obtain high-integrity coatings. 

1. Introduction 

THE quality of  plasma spray coatings primarily depends on 
feedstock (powder) characteristics and spray conditions. The 
spray conditions themselves are dependent on a large number of  
process parameters, and variations in these process parameters 
affect the quality of  the resultant plasma spray coating (Ref 1). 
Additionally, several complex interactions that occur among 
plasma spray process parameters preclude the use of a simpli- 
fied method to select or optimize a set of plasma spray condi- 
tions to obtain high-quality coatings. For example, although 
high particle temperature is known to produce good bond 
strength, it also results in high residual stresses. 

Experimental and analytical research conducted over the 
past three decades (Ref 2-4) shows that knowledge of  both the 
heat content of  the system and the velocities of the plasma and 
particles is essential to control several process parameters and 
thus obtain high-integrity plasma spray coatings. In this respect, 
mathematical process models offer a cost-effective and highly 
flexible means for analyzing the effects of spray process pa- 
rameters and generating quantitative relationships between in- 
put parameters and metallurgical characteristics that control 
coating quality. The models, which range from simple "closed- 
form" methods to highly rigorous, computer-intensive numeri- 
cal schemes, enable one to gain insight into the process and 
thereby optimize plasma spray conditions to produce coatings 
of acceptable quality and with desired properties. 

For the purpose of  modeling, the plasma spray process is 
often divided into three distinct regions: the torch, the spray, and 
the substrate. The governing equations for mass, momentum, 
and energy conservation are solved in each of these regions to 
obtain the properties of the plasma, the particles, and the coat- 
ing. Indeed, a number of  assumptions are made to simplify the 
mathematical representations of  complex physical-chemical 
phenomena occurring in these regions. Some of the most corn- 
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monly used assumptions include: local thermodynamic equilib- 
rium (LTE) in the torch, symmetry of flow and temperature 
fields, inviscid flow of gas, uniform gas flow and temperature 
field undisturbed by injected particles, spherical particles of uni- 
form size, and continuity of mass and momentum transfer. 

Despite these assumptions, past efforts to model the torch, 
spray, and substrate regions of the plasma spray process have 
provided significant insight into several interacting phenomena 
that occur in each of these regions. The knowledge provided by 
these isolated models can be used to improve equipment design 
and operational controls. 

2. Objectives 

The objectives of the present work were to (1) combine sev- 
eral currently available analytical and numerical methods that 
relate the effects of process parameters with the physical phe- 
nomena occurring in all three regions into a simple, unified, one- 
dimensional model, and (2) utilize this unified model to provide 
quick estimates of process parameters and their effects on se- 
lected process and coating characteristics. Specifically, this 
work was aimed at providing a basic engineering tool to 
plasma spray process users who are primarily interested in 
the selection and control of process parameters to obtain 
high-quality coatings. 

3. Background 

Pfender (Ref 5), Apelian (Ref 6), Szekely and Westhoff (Ref 
7), and Boulos (Ref 8) have provided phenomenological re- 
views of the transport phenomena occurring in the plasma spray 
process. These reviews cite a number of useful advances that 
have been made in modeling the torch region. Modeling the arc 
column itself was studied early by Pfender (Ref 5), Stine and 
Watson (Ref 9), Watson and Pegot (Ref 10), and Mazza (Ref 11). 
Several assumptions were made by these researchers with re- 
gard to the electromagnetic phenomena and the pattern of heat 
generation in the plasma torch. While many of these efforts 
treated the flow dynamics in the torch region as essentially lami- 
nar, Dilwari and Szekely (Ref 12) made significant progress in 
modeling the turbulence in gas flow. Scott et al. (Ref 13) made 
further improvements in modeling the magneto-fluid-dynamic 
phenomenon within the torch. 

Several of the numerical efforts cited above are quite rigor- 
ous and use finite-difference or finite-element techniques to de- 
scribe plasma torch events in two- and three-dimensional 
models. In simplifying the modeling effort, several researchers 
have utilized one-dimensional closed-form solutions (Ref 14- 
16). In these latter approaches, the torch region is often assumed 
to be isentropic with LTE conditions. The approximations to the 
transport phenomena are similar to those used to study super- 
sonic gas flows. Bernoulli's law for compressible flow of gases 
is commonly employed to compute the velocity and temperature 
of the plasma and particles at the torch nozzle exit. The simplest 
approach, however, approximates the temperature of the plasma 
and particles issuing from the torch nozzle exit through empiri- 
cal expressions derived from experimental data (Ref 3, 17, 18). 

A number of one-, two-, and three-dimensional mathematical 
models have also been developed to estimate the transport of 
fluid and particles in the spray region. Szekely and coworkers 
(Ref 19, 20) utilized two-dimensional axisymmetric Navier- 
Stokes and energy equations to compute fluid flow and thermal 
characteristics of plasma spray, and addressed various issues re- 
lated to plasma-particle interactions. Attempts have also been 
made to estimate turbulence (Ref 21) and noncontinuum effects 
and swirl in the spray (Ref 22, 23) in terms of their influence on 
particle velocities. In addition to these comprehensive methods, 
a number of simple yet useful analytical models have been de- 
veloped to represent plasma-particle interactions. Scott and 
Cannell (Ref 18) used experimental data to develop analytical 
expressions for temperature and velocity of both the plasma and 
the particles. Shaw and German (Ref 24) and Vardelle et al. (Ref 
3, 25) used generally similar approaches in explicitly tracking 
the particle path and velocity by solving one-dimensional mo- 
mentum transport between the plasma and the particle, and 
treated the spray particles as a lumped mass to calculate the tem- 
perature rise of the particles. Joshi and Sivakumar (Ref 26) and 
Das and Sivakumar (Ref 27, 28) further modified th~ model by 
including the temperature variation along the droplet radiu~ 
Several of these models compared numerical estimates of 
plasma temperature, plasma velocity, and particle velocity with 
the experimental results of Vardelle and coworkers (Ref 3, 29). 

As the molten particles come in contact with the substrate, 
they lose momentum and spread into flat patches (splats), simul- 
taneously transferring heat to the substrate, which leads to the 
eventual solidification of the particulates. The local cooling rate 
of these solidified splats determines the microstructure of the 
coating. Madejski (Ref 30) has presented a simplified treatment 
of the solidification of droplets impinging on a cold substrate. 
This treatment provides an estimate of the final degree of 
spreading without addressing the transient characteristics ac- 
companying particulate solidification. Trapaga et al. (Ref 31, 
32), Moreau et al. (Ref 33), and Watanabe et al. (Ref 34) ana- 
lyzed the deposition and solidification of a single particle. These 
studies solved the fluid-flow and heat-transfer equations to de- 
termine freezing time, spreading time, final splat diameter, and 
so on. In a separate study, Gutierrez-Miravete et al (Ref 35) de- 
veloped a one-dimensional model of the spray deposition proc- 
ess in which molten metallic particles introduced in a carrier gas 
formed coatings on a substrate. For example, the governing 
equations for heat transfer between the coatings and the sub- 
strate are identical in both cases. In this particular model, layers 
of molten materials were considered rather than a single molten 
particle. The rate of deposition of these layers was related to the 
flow rate/velocity of the particles. Although this deposition 
process is different from that occurring in the plasma spray proc- 
ess, several similarities exist in the governing equations. 

In the present work, one-dimensional models of the torch, 
spray, and substrate regions were first developed as stand-alone, 
independent models, based on several currently available ana- 
lytical and numerical methods that relate the effects of process 
parameters to the physical phenomena occurring in the three re- 
gions. Subsequently, these independent models were coupled 
into a unified model. To validate the unified model, the spraying 
of spherical alumina particles in Ar/H 2 and N2/H 2 plasma was 
simulated using specific input conditions. This simulation used 
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Table 1 Typical plasma spray parameters used in the 
parametric study 

Power supply 29 kW 
Plasma gas flow rate (90N2/10H 2 100 fi3/hr 
Plasma gas pressure 100 psi 
Particle type Alumina, zirconia, or WC- 12Co 
Particle diameter 10-80 ~tm 
Carder gas flow rate (Ar) 37 ft3/hr 
Spray distance 160 mm 
Substrate material Titanium 
Nozzle diameter 6 mm 
Nozzle length 5 mm 
Powder injection point 2 nun from cathode tip 

18, 23, 39, and 46 I.tm diameter alumina particles. The density of  
the plasma and the velocities and temperatures of the plasma and 
particles were computed at the torch nozzle exit. These results 
were then used to obtain the plasma and particle characteristics 
in the spray region. The simulation results were compared with 
the experimental data of Vardelle et al. (Ref 3). 

Following model validation, a comprehensive parametric 
study was performed. This study was used to obtain information 
on the effects of  variations in one parameter (e.g., particle type 
and size on torch, spray, and coating characteristics) while other 
parameters were kept constant. Table 1 shows the typical plasma 
spray process parameters used in the parametric study. A N2/H2 
plasma with alumina, zirconia, or WC- 12Co particles ranging in 
size from 10 to 80 ~tm were considered in this analysis. These 
materials were chosen because they exhibit comparatively large 
differences in density and thermal conductivity values. 

4. One-Dimensional Model Description 

In addition to those listed earlier, the present one-dimen- 
sional model incorporated the following assumptions: steady- 
state axial flow, constant inner diameter of the torch, velocity of  
the particles at the injection point equal to carder gas velocity, 
metallic particles free from surface oxides, and constant thermo- 
physical particle properties. 

4.1 Torch Region 

Based on these assumptions, the thermodynamic state of a 
plasma for a given set of input parameters was predicted at the 
torch nozzle exit by using a one-dimensional compressed flow 
analysis (Ref 36). Figure 1 shows the control volume used to cal- 
culate the initial and final gas density, final velocity, and final 
temperature at the torch nozzle exit. The particle heating 
from the point of  particle injection in the torch was calculated 
using a simple one-dimensional numerical scheme with 
spherical coordinates. 

Assuming steady flow, constant nozzle cross-sectional area, 
and uniform flow at both ends, the equation of  mass continuity 
was derived from: 

PmUm = Pout Uout (Eq 1) 

After simplifying the momentum balance, the velocity of  the 
plasma gas at the nozzle exit was calculated from: 

Cathode 

Carrier gas / 
Powder feed Plasma 

Gas Z I ~  ~ Vpi 

v~'- I1_ dn 

I I 

Plasma Gas I - ZL 
l~n Pout 

U Upo Uin out 
Tin Tout Tpo 

Fig. 1 Control volume used to model the torch region 

Pin - Pout 
Uou t = - -  + Uin (Eq 2) 

PinUin 

Using conservation of energy, the temperature of the plasma at 
the nozzle exit was estimated from: 

2 out 
Tout = Tin § ,,,';'Cp (Eq 3) 

The heat source term in the above equation included: 

where the first term on the right-hand side is the power input, 
and the second term represents the rate of  heat loss due to (1) the 
coolant flowing through n channels, (2) mass loss of  electrode, 
and (3) radiation. In the present work, an arbitrary arc power ef- 
ficiency factor of  0.75 was assumed to account for the above 
heat losses. Relevant inlet and outlet conditions were calculated 
using the equation of state relating the velocity of  sound with 
mach numbers. 

4 .2  Spray Region 

The mathematical model for the spray region was developed 
to quantitatively determine in-flight characteristics of the coat- 
ing particle. These characteristics included particle velocity, 
temperature, size, and fraction of  liquid (level of  melting). As in- 
itial conditions, the model used the calculated values of  tem- 
perature and velocities of  the plasma stream and the coating 
particles at the torch nozzle exit. 

The equations of  momentum and heat transfer were solved to 
calculate the velocity and temperature of  the particles traveling 
in the plasma. Velocity and trajectory of  the particle in the 
plasma are influenced by viscous drag. Assuming spherical par- 
ticles, the momentum transfer equation was expressed as: 
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dUp C D 3 0_ 
- :-~-- (U - Up) l U g -  Up l (Eq5)  

dt 4 dp pp g 

The drag coefficient, C D, was expressed in terms of  the particle 
Reynolds number (Ref 13). The Knudsen (noncontinuum) ef- 
fects on the thermal and momentum transfer between the plasma 
and the particles were approximated using a correction factor for 
Co (Ref 22). 

Heating of a spherical particle injected into a plasma jet was 
described by the following transient heat conduction equation: 

71T 1 7t kp ~ r  (Eq 6) 
ppCp 3t - r 2 71r 

The initial and boundary conditions of  the particle were ex- 
pressed as: 

T(r,0) = T n r < dp (Eq 7) 
- 2  

=~ 
(k 71r] 

P 71-rLd/2  = h(Tg - Tps ) 
p 

(Eq8) 

The heat-transfer coefficient (h) used to estimate the heat trans- 
fer between the plasma and the particle was calculated from the 
following relationships: 

Nukg 
h = (Eq 9) 

Nu = 2.0 + 0.6Pr~176 (Eq 10) 

Due to continuous heat transfer from the plasma to the parti- 
cle, the surface of  the particle may reach temperatures greater 
than the melting point of  the particle. To incorporate the ef- 
fects of  phase changes occurring at the melting and boiling 
points, the latent heats of fusion and vaporization were in- 
cluded in the heat-balance equation through a moving two- 
phase interface (Ref 27). 

Computation of  particle temperature and velocity using the 
above set of  equations requires a knowledge of the velocity and 
temperature profiles of the plasma jet downstream of the torch 
nozzle exit. Experimental data along with the techniques of 
curve-fitting were used to obtain empirical relations to describe 
the variation of plasma velocity and temperature along the axial 
distance. Although Joshi and Sivakumar (Ref 26) have derived 
representative equations to describe the variation of plasma ve- 
locity and temperature in the spray region and validated them 
using the experimental data of Vardelle et al. (Ref 3), these equa- 
tions are relevant to a particular experiment and cannot be di- 
rectly applied to other plasma spraying conditions. Therefore, in 
the present work, sufficiently general models were developed 
for the distribution of  plasma temperature and velocity inside 
and outside the core, using the relationships provided by Scott 

and Cannell (Ref 18). The core is defined as the length over 
which the temperature falls linearly with respect to axial dis- 
tance. The length of the core is calculated following Scott and 
Cannell's work. 

The present model used the following equations to estimate 
the variation of  temperature within and outside the plasma core: 

T(x) = T(0) - 3.85 T(O)x (within the core) (Eq 11) 

t. Jt.) 
(outside the core) 

(Eq 12) 

where x is the axial distance measured from the torch nozzle 
exit. 

The plasma velocity calculations used a modified version of  
the Scott and Cannell model (Ref 18), which provided a good fit 
with the experimental data of  Vardelle et al. (Ref 3). This model 
for plasma jet velocity in the spray was expressed as: 

U(x) = u(o) o <_ x <_ 4d.  

U(x)= U(0)(~--~/0"7 x > 4 d  n (Eq 13) 

where dn is the nozzle diameter. The experimental results of 
Vardelle et al. (Ref 3) were used to validate and modify these 
models. 

4.3 Substrate Region 

Based on an overall material balance, the instantaneous 
thickness of the coating was obtained from (Ref 33): 

- lrhPt/ (Eq 14) x-tppa ) 
Temperature distributions in the coating and the substrate 

were calculated by solving the following energy equation in one 
dimension for the variable domain (i.e., substrate and a con- 
stantly increasing thickness of spray): 

71,, G71T] 
~  71'<t 71xj 15) 

where H represents the overall enthalpy of the system, including 
the latent heat of  fusion liberated during particle solidification. 
While the flux continuity at the deposit/substrate interface was 
maintained, the flux at the top surface of the coating (which 
changes continually) was expressed in terms of  heat deposited 
and heat dissipated into the atmosphere (Ref 33). 

4.4 Void Prediction 

Defects occurring at the boundaries between the substrate 
and splats and at intersplat boundaries are known to affect the 
physical characteristics of  coatings. In particular, substrate sur- 
face roughness plays a significant role in the formation of  voids 
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Initial Void Volume V i Final Void Volume, V 

Fig. 2 Schematic diagram illustrating the formation of voids in the 
valleys between substrate asperity peaks 

(porosity) (Ref 37). Considering common surface preparation 
techniques and spraying conditions that use particle sizes in ex- 
cess of  20 I.tm in diameter, the volume of single particles is likely 
to be larger than the volume enclosed by two adjacent asperity 
peaks in the surface (Fig. 2). A simple treatment of  pore forma- 
tion is considered in the present model; pores are assumed to re- 
sult only when the valleys formed by asperity peaks are 
incompletely filled. 

If  Vi is the initial volume of  the valleys per unit surface area 
of the substrate, and if the gas contained in this volume is com- 
pressed to Vafter impact by a molten particle (V << Vi), then, ac- 
cording to Fukanuma (Ref 37): 

~ i i )  1-r (F-1)k2PpU2 
= 2p i (Eq 16) 

where k 2 is a constant and Vi and Pi represent initial volume and 
pressure, respectively. Equation 16 implies that for a given in- 
itial surface condition, the volume of  pores in the coating is pri- 
marily dependent on particle density and particle velocity. The 
present model used this relationship to obtain an estimate of  the 
pore volume for a given spraying condition (represented by sub- 
script 1) relative to a standard spraying condition (represented 
by subscript 2) at constant surface roughness and initial gas 
pressure: 

�9 2.1/(I-F) 
v, 

5. Model Validation 

5.1 Torch Region 

In plasma spraying, arc current controls the plasma tempera- 
ture, with an increase in arc current increasing the plasma tem- 
perature. However, the torch nozzle diameter also affects the 
plasma temperature. Simulations performed using the unified 
model showed that for a constant plasma gas velocity at the inlet, 
a progressive decrease in the plasma temperature occurred with 
an increase in the nozzle diameter (Fig. 3) as a result of  faster re- 
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Fig. 3 Computed variation in N2/H 2 plasma temperature as a func- 
tion of nozzle diameter, at three levels of are current 

moval of the heat content from the torch. Also consistent with 
known observations (Ref 29), a progressive reduction in the dif- 
ference in temperatures of  the plasma generated using three dif- 
ferent arc currents occurred with increasing nozzle diameter. 

5.2 Spray Region 
Figures 4(a) and (b) show model predictions of  particle ve- 

locities for both Ar/H 2 and N2/H 2 plasma together with the re- 
spective experimental data. Both show a reduction in the 
maximum particle velocity and the final particle velocity (i.e., at 
the point of  striking the surface) with increasing particle size. 
Comparison of  Fig. 4(a) and (b) also shows that, similar to the 
experimental observations, the model predicts higher particle 
velocities for the N2/H 2 plasma than the Ar/H 2 plasma for each 
particle size. However, unlike the experimental observations, 
the model results in both cases showed only marginal decelera- 
tion of finer particles as they approach the substrate. These dif- 
ferences appear to result from the large number of simplifying 
assumptions used at each stage of  the present unified model. A 
more rigorous treatment of  the particle and plasma dynamics in 
this region is necessary to minimize these differences. 

Figure 5 shows the variations in the surface and core tem- 
peratures of  25 and 50 lam diameter zirconia particles sprayed in 
N J H  2 plasma as a function of  time. For a given time of  flight, the 
surface and core temperatures of the 25 lain particles were higher 
than those of  the 50 [tm particles. These results indicate that con- 
trol of  particle size and use of  coarser particles are critical to 
achieving desirable thermal conditions in the spray, which is in 
agreement with the literature (Ref 26, 28). 

5.5 Substrate Region 
Figure 6 shows the predicted temperature change of  a parti- 

cle located at the substrate/coating interface as a function of  
time. Initially, a sharp drop in the temperature of  the particle oc- 
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Fig. 5 Computed variations in the temperature of 25 and 50 [am zir- 
conia particles in N2/H 2 plasma as a function of time 
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Fig. 6 Computed temperatures of (a) a deposited particle located at 
the coating/substrate interface and (b) the top surface of the coating as 
the coating builds up 

curs from the quenching action of  the substrate. Also shown is 
the predicted variation of the temperature of  the top surface of  
the coating as the coating builds up over time. The temperature 
of  the coating drops rapidly when the first layer is deposited and 
gradually decreases as additional layers are deposited over the 
initial layer. Figure 7 shows the increase in the temperature of  a 
point in the substrate located 1 mm below the substrate/coating 
interface due to the deposition of  the particle. The temperature 
of  this point increases rapidly during the initial stages, sub- 
sequently levels off, and later begins to decrease with time. 
These temperature predictions were consistent with work re- 
ported by Gutierrez-Miravete et al. (Ref 35). 

6. Parametric Study 

6.1 Torch Region 

The particle velocity at the torch nozzle exit depends on proc- 
ess parameters and feedstock material characteristics. Figure 8 
shows the effect of  particle diameter on the velocity of  zirconia 
particles at the torch nozzle exit. Particle velocity is influenced 
by the distance of the point of injection of the carrier gas from 
the cathode (Zp). Although carrier gas injection outside the torch 
nozzle exit is common practice, Fig. 8 shows that higher particle 
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velocities are obtained with longer travel distance of  the parti- 
cles inside the torch. However, larger particles (greater than 40 
lxm diameter), which accelerate slowly, show only marginal dif- 
ferences in torch exit velocities. 

Figure 9 highlights the effects of  Zp on the velocity of  three 
different types of  particles. For a given Zp, the lighter alumina 
particles show a rapid acceleration compared to the heavier WC- 
12Co and zirconia particles. These results indicate that it is pref- 
erable to i~ec t  coarse, high-density particles inside the torch to 
attain higher particle velocities, whereas injection of  fine, low- 
density particles outside the torch nozzle exit may not adversely 

affect the final particle velocity at the substrate. In fact, this prac- 
tice will eliminate the occurrence of  "choking" when fine parti- 
cles are injected within the torch nozzle. 

Particle temperature can be controlled by varying the arc cur- 
rent. For a given zirconia particle diameter, as shown in Fig. 10, 
the particle temperature increases steadily with arc current until 
the solidus temperature is reached, after which the rate of  tem- 
perature increase suddenly decreases due to phase change. It is 
evident that, for ceramic powders such as zirconia, sufficient 
softening of  particles can be accomplished at current levels in 
the range of  400 to 500 A. If  the particles impinge on the sub- 
strate in a softened state with high velocities, it may be possible 
to obtain sound coatings (Ref 38), the rationale being that par- 
tially molten or softened particles produce minimal voids and 
minimize residual stresses more than completely melted or su- 
perheated particles. 

6 .2  Spray Region 
Particles exiting from the torch are further accelerated and 

heated by the plasma jet  in the spray region. The velocity and 
temperature at which particles strike the substrate are crucial 
factors in final coating quality. Figure 11 shows a comparison of 
velocities of zirconia and WC-12Co particles of  the same size as 
they travel in the spray. The WC- 12Co particles are approximately 
two and a half times heavier than the zirconia particles and thus do 
not accelerate to the same extent as the zirconia particles. 

In the spray region, particle size also plays an important role 
in determining the coating quality. It is clear from Fig. 12 that 
particles finer than 25 ~tm in diameter attain very high tempera- 
tures (close to the boiling point) when they reach the substrate, 
leading to mass loss due to evaporation. In contrast, particles 
larger than 80 Ilm may not reach a temperature sufficiently high 
to spread when they strike the substrate. This analysis indicates 
that 50 to 65 ~tm particles would soften and spread since they are 
close to the melting point. 
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Fig. 10 Computed surface temperatures of zirconia particles at the 
torch nozzle exit as a function of arc current in N2/H 2 plasma 

200 

150 

O 
100 

_o 
ed 

t .  

50 

Zirconia 

WC-12%Co 

0 . f s I , I s 

0.00 0.05 0.10 0.15 0.20 

Axial  Distance (m) 

Fig. l l  Computed velocity of 50 ~tm diameter particles in a N2/H 2 
plasma stream 

~ 4000 

t .  
- t  

30OO 
g~ 

[- 

2OOO 

25 pan Boiling Point 

50 larn Melting Point 

1 0 0 0  , I ~ I , I , I , 

0 10 20 30 40 50 

Radial Distance (~tm) 

Fig. 12 Computed temperature distribution in zirconia particles of 
various diameters in a N2/H 2 plasma jet for a spray distance of/40 mm 

3000 

t .  

~ 2000 

E [,,. 

Melting Point 

1000 
0 50 

~ D i s t a n c e  

80mm 
40mm 

i I , I , I i I , 

10 20 30 40 

Radial Distance (I.tm) 

Fig. 13 Effect of spray distance on the computed temperature of zir- 
conia particles as a function of particle size 

Figure 13 shows the effects of spray distance and particle size 
on particle temperature distribution for plasma spraying of  zir- 
conia particles. At a 40 mm spray distance, a substantial tem- 
perature gradient is observed across the radius of the particles. In 
contrast, the particle temperature profile is flatter at an 80 mm 
spray distance, which appeared to result from the longer resi- 
dence time of the particle in the spray. In fact, at an 80 mm spray 
distance, the 50 lam diameter particles appear to undergo com- 
plete melting. 

6 .3  Substrate Region 
Table 2 shows a relative estimate of porosity as a function of 

particle size and type. For the sake of  convenience, the void vol- 

ume for plasma spraying 10 [am particles was used as a refer- 
ence. Table 2 indicates that on a relative scale, larger particles 
would result in a higher porosity than smaller particles. In the 
present analysis, this behavior is attributed to lower particle ve- 
locity of  larger-size particles compared to fine particles. For the 
same reason, the WC-12Co particles show higher levels of  po- 
rosity than the zirconia particles for heavier (denser) coating 
materials, use of  fine powder particles is likely to reduce the 
void content in the resultant coating. 

The results of this parametric study indicate that the unified 
one-dimensional model for the plasma spray process will enable 
evaluation of  effects of a given set of input process parameters 
and the selection of an optimal set of  parameters. A statistical de- 
sign of experiments based on this optimal set of  parameters 
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Table 2 Estimates of  void vo lume obtained with different 
particle sizes 

Particle Relative void volume 
diameter, pm Zirconia WC-12Co 

25 1.24 1.42 
50 1.59 1.88 
60 1.71 2.01 
80 1.92 2.27 

would c o m p l e m e n t  the mode l  predic t ions  and thereby enable  
the user to select  an opera t ional  window for  p roduc ing  high-  
quali ty p lasma spray coat ings.  

7. Summary 

A simple,  unif ied,  one -d imens iona l  p lasma spray process  
model  has  been  deve loped  to re la te  the effects of  p lasma spray 
parameters  on  the the rmokine t i c  proper t ies  of  the p lasma  and  
particles and  on  the void content .  A paramet r ic  analysis  o f  the 
model  indica ted  that  p l a sma  gas  type, arc current,  locat ion of  
particle in jec t ion port,  part icle type, and part icle size affect  the 
final t empera ture  and  veloci ty  o f  the particles.  An  analysis  based  
on  the model  resul ts  will enab le  a user  to select  and op t imize  
p lasma spray process  pa ramete r s  in order  to obtain h igh- in teg-  
rity coatings.  The  s t ructure  o f  the  cur ren t  unif ied one -d imen-  
sional p lasma spray process  mode l  is modula r  in nature  and is 
suitable for  address ing  o ther  spray ing  processes  (e.g., the high-  
velocity oxyfuel  process) .  
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