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Modeling of Particles Impacting on a Rigid 
Substrate under Plasma Spraying Conditions 

M. Bertagnolli, M. Marchese, and G. Jacucci 

Finite-element methods have been applied for the spreading process of a ceramic liquid droplet impact- 
ing on a flat cold surface under plasma spraying conditions. The goals of the present investigation are to 
predict the geometrical form of the splat as a function of process parameters, such as initial temperature 
and velocity, and to follow the thermal field developing in the droplet up to solidification. A nonlinear fi- 
nite-element procedure has been extended to model the complex physical phenomena involved in the im- 
pact process. The dynamic motion of the viscous melt in the drops as constrained by elastic surface ten- 
sions and in interaction with the developing contact with the target has been coupled to transient thermal 
phenomena to account for the solidification of the material. A model is used to study the impact of spheri- 
cal particles of liquid ceramic of given temperature and velocity on a flat, cool rigid surface. The defor- 
mation of the splat geometry as well as the evolution of the thermal field within the splat are followed up 
to the final state and require adaptive discretization techniques. The proposed model can be used to cor- 
relate flattening degrees with the initial process parameters. 

1. Introduction 

INTHE thermal spray process, a coating layer is formed by the 
impingement of  small molten particles on the substrate. In 
plasma spraying, a plasma torch is used to melt the particles of 
the coating material at very high temperature (-20,000 K). The 
manufacturing process has been described in detail elsewhere 
(e.g., Ref 1). Coating quality is dependent on a large number of 
parameters, such as the design and power of the torch, its posi- 
tion relative to the substrate, the type of powder used and how it 
is introduced into the plasma, and the nature and preparation of  
the substrate. Traditionally, these parameters have been opti- 
mized empirically. 

In recent years, much progress has been made in under- 
standing the physics of plasma spraying, particularly the physics 
of the plasma and the plasma/particle interactions (e.g., Ref 2, 
3). A number of investigators (Ref 4, 5) have studied the micro- 
structures of  the resulting coatings. The objective of  such studies 
is to understand how the properties of coatings correlate with the 
process parameters used to obtain them. The present article ad- 
dresses a fundamental process that influences the final proper- 
ties of a coating: namely, the heat transfer and fluid flow 
phenomena associated with the impingement, spreading, and 
solidification of  liquid droplets on solid cool surfaces. 

In the plasma spray process, ceramic or metallic powder is 
fed into a high-temperature, high-velocity arc plasma, where the 
powder particles melt as they are propelled toward a substrate. 
The molten material then splats onto the substrate to build up the 
desired coating. A simulation of  a typical single-impact event is 
shown in Fig. 1. The final microstructure of plasma-sprayed 
coatings is a result of, and depends on, the details of  the spraying 
process. It is determined by, among other parameters, the veloc- 
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ity, temperature, size distribution, and percentage of  molten par- 
ticles as well as the conditions of  spreading and solidification of 
the impacting particles. 

The problem of investigating the in-flight and impact behav- 
ior of the melted particles is presently tackled at different levels. 
Data on heat transfer, fluid flow, and solidification processes can 
be collected using laser techniques (Ref 6-8), high-speed pho- 
tography (Ref 9), or videography (Ref 10). However, such infor- 
mation is difficult to obtain and is only available in an extensive 
form for a limited number of case studies. On the other hand, it 
is possible to construct theoretical and numerical models to in- 
vestigate impact processes. Such models, once validated experi- 
mentally, can be used to interpret transient behaviors and to 
extend experimental knowledge to different parameter space re- 

Fig. 1 Evolution of a simulated impact event at 0.05, 0.25, and 0.50 
Its for a particle with an initial diameter of 20 Itm and a final diameter 
of approximately 60 Itm 
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gions. Moreover, the output of such experimental and modeling 
studies is the foundation of discrete models for the spray deposi- 
tion process (Ref 11, 12). These models can ultimately link sin- 
gle-particle behavior to final coating microstructure and thus to 
its thermal and mechanical properties. 

Madejski (Ref 13) investigated the impingement and solidi- 
fication of liquid droplets both theoretically and numerically. He 
made four main assumptions: (1) that the kinetic energy of  the 
particle goes into viscous dissipation and changes in surface ten- 
sion due to the change of shape, (2) that the particle forms a thin 
disk, (3) that heat flow is everywhere normal to the surface, and 
(4) that the simplest velocity distribution satisfies the continuity 
equation. The model predicts asymptotic values for the flatten- 
ing degree, ~ (i.e., the ratio of  the final disk diameter, D, to that 
of  the original particle, d), of  the impacting particles for different 
cases (degree of solidification, Reynolds number, and Weber 
number). If  it is further assumed that solidification can be ig- 
nored, a simple equation for the flattening degree, ~, can be ob- 
tained: 

1 (Eq 1) 

provided that the Reynolds number, R, is greater than 100; W is 
the Weber number. McPherson (Ref 5) has pointed out that for 
plasma spraying the term 3~2/Wis negligible. Thus, 

D R0.2 (p_~)0.2 
= ~- = 1.2941 = 1.2941 (Eq2) 

where p, V, and 11, respectively, are the density, velocity, and vis- 
cosity of  the particle. For Reynolds numbers below 100, R 
should be replaced by R + 0.9517. This formula has been inves- 
tigated both experimentally and numerically; results indicate 
that it tends to overestimate the measured final diameter (Ref 10, 
14-17). 

A different approach has been developed by Houben (Ref 17, 
18) using shock theory, and the morphological characteristics of 
the final splat shape have been deduced. In this regard it is not 
clear whether a shock-wave approach is fully legitimate in treat- 
ing impacts in thermal spraying because the Mach numbers in- 
volved are low (0.05 or less), as pointed out by Trapaga and 
Szekely (Ref 14). Moreover, the approach does not provide an 
explicit relationship between initial conditions and final geome- 
t r y - t h e  relevant information needed in models of the deposi- 
tion process. 

A completely numerical approach has been followed by Tra- 
paga et al. (Ref 10, 14) that considers both fluid flow and thermal 
phenomena. The fluid flow and thermal governing equations are 
then solved within a finite-difference formulation and imple- 
mentation. 

This article presents a similar model based on a finite-ele- 
ment formulation. A nonlinear finite-element procedure has 
been extended to model the complete physical phenomena in- 
volved. The dynamic motion of the viscous melt in the drops, as 
constrained by elastic surface tension in interaction with the de- 
veloping contact with the substrate, is ultimately coupled to 
transient thermal phenomena. Friction and thermal phenomena, 

accounting for the solidification of the material, are easily im- 
plemented in the finite-element approach. 

A brief description of  the mathematical and numerical for- 
mulation of the problem is presented in Section 2. A more de- 
tailed description can be found in Bertagnolli et al. (Ref 19). 
Section 3 discusses the relevant input parameters and boundary 
conditions of the model. Results for complete simulations of im- 
pact processes and sensitivity studies on the variation of  process 
parameters are reported in detail in Section 4. Use of the pro- 
posed model in correlating flattening degrees with the initial 
process parameters is addressed. 

2. Numerical Formulation 

2.1 Impact Motion 

For a numerical analysis of  the impact problem, the imping- 
ing particle is represented by a finite-element mesh and the ma- 
terial is described as a viscous isochoric medium. The equations 
of  motion for the discretized system in the matrix form can be 
written, following Argyris et al. (Ref 20) as: 

M V + N [ V - W ]  + S = R  (Exl 3) 

where M denotes the mass matrix of the system and N the con- 
vective matrix. The vector array, W, comprises the velocities of 
the nodal points, which can be moved independently of the ma- 
terial particles (of velocity V) temporarily occupying the same 
locations. Note that the convective term vanishes in a La- 
grangean description of the problem in which the reference sys- 
tem moves together with the material (W - V). The vector S col- 
lects the resultants of  the internal stresses at the mesh nodal 
points, the vector R the discretized external forces. The applied 
forces may depend on time and on the actual geometry of  the de- 
forming solid. 

In particular, for the viscous isochoric medium considered 
here, the deviatoric part of the element stress is related to the rate 
of  deformation by the viscosity coefficient B: 

o D = 21.t~ D (F_,q 4) 

Also, a relaxed isochoric condition is used that relates the hydro- 
static stress to a negligible volumetric rate of  deformation: 

o H = 3~B v (Eq 5) 

via the numerical penalty factor ~. 
Therefore, the total element stresses, o, in the viscous solid 

appear as a function of the velocities of the nodal points in the fi- 
nite-element mesh collected in the vector array V. This depend- 
ence transfers to the stress resultant S in the equation of motion 
(Eq 3) and can be indicated as: 

S = D V  (Eq 6) 

where D represents the viscosity matrix of the discretized sys- 
tem in terms of the above penalty approach to the isochoric con- 
dition. 

Returning to the finite-element equation of  motion (Eq 3), a 
fully algebraic equation can be obtained by linking velocity and 
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acceleration via an approximate integration within a time incre- 
ment of  x = bt-a t .  The following implicit approximation 
scheme is based on the acceleration bv at the end of the time in- 
crement under consideration. It furnishes the velocity 

b V = a V + X[cl av + c2 b~/] (F_,q 7) 

Also, the nodal point positions, collected in the vector array X, 

b x = a x + .ca V + 1;2[c 3 av~/+ c4 by ]  (EqS)  

at time instant bt at the end of  the increment are necessary to ob- 
tain the geometry of the discretization mesh if this is chosen to 
follow the motion of the material. The parameters Cl, c2, c3, and 
c4 in Eq 7 and 8 control the numerical performance of the inte- 
gration procedure and may be adapted to particular time-step- 
ping schemes known in the literature. 

The system (Eq 3) which may be nonlinear in the velocity is 
solved for V = bV at time instant t = bt via the recurrence for- 
mula: 

Vi+ 1 = V 1 + H M R -  S - N[V - W] -MVI, i (Eq9) 

and furnishes the result of iteration i + 1 using the data obtained 
in the ith iteration cycle. The best choice for the iteration matrix 
I t  M is based on the inverse of  the gradient of the residuum within 
the brackets in Eq 9 with respect to V. For convenience, the latter 
is approximated by: 

which considers the inertia term and accounts for a linear de- 
pendence of the stress resultants on velocity; in this way, the 
nonsymmetric contribution from the convective term is 
avoided, as is a possible dependence of the applied forces on 
kinematics. 

When points on the surface of the medium contact the target, 
contact forces Fn normal to the surface and friction forces F t tan- 
gential to the surface are accounted for via (Ref 21): 

F n = --knv n (Eq ll) 

and 

F t = -ktv t (Eq 12) 

Because the material velocity Vn normal to the surface of the tar- 
get must be suppressed upon contact, kn ---> ~ represents a pen- 
alty factor associated with a relaxed contact condition. The fac- 
tor 

k t = IFtl /Ivtl < kma x (Eq 13) 

in the above kinematic formulation of the friction force opposed 
to the tangential velocity, vt, does not restrict the friction law for 
IFtl. The limitation by kmax corresponds to a penalty approach to 
the condition of striking. 

The contact reactions act on the medium in addition to the ap- 
plied forces. The complete kinematic description of the contact 
forces by Eq 11 and 12, in conformity with the viscous nature of  

J 

the deformation problem, suggests a modification of the stress 
resultants in the system by: 

S - F = [O + KlV (Eq 14) 

and accordingly of the system matrix in Eq 10. 
In Eq 14, K denotes a diagonal hypermatrix accounting for 

the joint action of Fn and Ft at the nodal points currently in con- 
tact with the target. Therefore, the structure of  the system matrix 
is not affected by the variation of the boundary conditions dur- 
ing the course of the impact. 

2 .2  Thermal  Phenomena  

During impact, intense thermal phenomena occur that sig- 
nificantly influence the formation of the microstructure and the 
deformation of  the impacting liquid through a temperature-de- 
pendent viscosity coefficient and the process of solidification. 
The temperature field is governed by the energy balance, which 
in the finite-element formulation of the thermal problem can be 
expressed by a matrix equation following Argyris et al. (Ref 20): 

CT + KT + LT = Q (Eq 15) 

where T and I" are vector arrays comprising the temperatures 
and their time rates at the nodes of  the finite-element mesh, and 
Q represents the heat fluxes at the nodal points. The latter reflect 
the rate of mechanical dissipation and part of  the heat transfer 
through the surface. The matrices C, K, and L represent the heat 
capacity, convection, and conductivity of  the system, respec- 
tively. The convection matrix K refers to the expression for the 
time rate of the particle temperature and vanishes in a La- 
grangean description of  the problem in which the reference sys- 
tem moves together with the material (W - V). The conductiv- 
ity matrix L comprises, in addition, that part of  the heat transfer 
through the surface which depends on the actual temperature. To 
account for solidification, the associated latent heat effect is 
modeled by a suitable modification of  the specific heat capacity 
in the matrix C within the temperature interval specifying the 
change from the liquid to the solid phase. 

A fully algebraic equation for the thermal problem is ob- 
tained by linking the temperature and its time rate within a time 
increment z = b t -  at by the approximation scheme: 

bT = aT+ (1 - ~)'C aT + ~,~ bT (Eq 16) 

where 

0 < ~ <  1 (Eq 17) 

is a collocation parameter. At a fixed state of  motion, the solution 
of  the system (Eq 15) in conj unction with Eq 16 may then be per- 
formed for the time rate T = bT of the temperature at time instant 
t = btin analogy to Eq 9 by the iteration: 

'i?i+ 1 -- 'i~i + Hir[Q - c'i" - KT - LT] i (F_x t 18) 

The iteration matrix is taken as: 

H T =-[GT] -I (Eq 19) 

and 
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G T ~-- -C  - ~'c[K + LI (F_x t 20) 

is a convenient approximation to the gradient of  the residuum in 
the brackets in Eq 18 with respect to the iteration variable T. 

Since the thermal equation (Eq 15) and the mechanical equa- 
tion (Eq 3) interact via temperature and deformation, they repre- 
sent a coupled system. The fully algebraic version of this system 
implies the approximate time integration schemes of  Eq 7, 8, 
and 16 and can be symbolized as: 

FM(V,'i ") = O, FT('r,v) = 0 (Eq 21) 

In the numerical computation, the solutions of  the above 
physical subsystems are coupled iteratively. Thereby, the me- 
chanical equations of motion are solved for the velocity at a 
fixed distribution of  temperature and the thermal equations for 
the temperature rate at a fixed velocity field. The partial solu- 
tions can be performed in parallel or in sequence, and the results 
are exchanged accordingly before a new iteration cycle starts for 
the coupled problem following Doltsinis (Ref 22, 23). 

2 .3  Modifications of the Finite-Element Mesh 

In the following simulations, a Lagrangean approach to the 
motion of  the material has been applied; therefore, the computa- 
tional mesh follows the material motion. In order to control the 
severe distortions of the computational mesh inherent in the pre- 
sent approach, a partial or complete regeneration of  the discret- 
ized mesh has been applied whenever the monitored element 
shapes exceed a prescribed limit. For quadrangular elements, an 
aspect ratio of  about 2.0 has been found to be a critical threshold 
value over which remeshing is necessary. 

To this end, an automatic mesh generation algorithm (Ref 24) 
has been modified for activation during the course of the nu- 
merical simulation (Ref 25). The original algorithm performs an 
automatic generation of the finite-element mesh on the basis of 
geometrical blocks and mean element sizes defined by the user. 
Its utilization for mesh regeneration during computation is 
straightforward; the transfer of  the numerical solution to the new 
mesh follows an appropriate interpolation procedure within the 
finite-element approximation from the previous solution nodal 
values. 

3. Process Parameters and Boundary 
Conditions 

The relevant process parameters for plasma spray are well 
known; nevertheless, the detailed information needed in our nu- 
merical study (for example, particle temperature and velocity 
inside the flame and particle material properties) are not gener- 
ally available. This work has used a single set of  process pa- 
rameters, investigated and discussed by Vardelle et al. (Ref 26) 
for the case of thermal spraying of  yttria-stabilized zirconia (8 
wt% Y203). In particular, the following simulations have relied 
on the measurements of Vardelle et al. on particle size, impact 
velocity, and in-flight particle surface temperature distributions. 

Material data for fused and sprayed zirconia are extremely 
variable, and only reasonable average values can be usefully de- 
duced from the literature. Viscosity is perhaps the most critical 

material parameter to assess. The following temperature de- 
pendence, deduced by a scaling procedure (Ref 27) based on the 
experimental measurements of the viscosity of a structurally 
similar oxide (namely, UO2) (Ref 28), has been used: 

rl = A exp ( ~ - ~ )  (Eq 22) 

where Tis temperature (K), 1"1 is viscosity (Pa. s), andA is a co- 
efficient that remains to be determined for the zirconia material. 
Table 1 presents the range of  process parameters and material 
data that have been investigated in the following numerical stud- 
ies. 

Another important physical property that depends strongly 
on spraying conditions is the temperature field inside the parti- 
cle at impact. Torch characteristics, gas velocity and composi- 
tion, and particle size and trajectory inside the flame influence 
heat flows to and from the particle (see, for example, Ref 2). 
During flight the particle experiences rapid, violent initial heat- 
ing, followed by cooling at the surface as it exits the flame (Ref 
29). Thus, depending on the particular spraying/conditions, the 
final temperature field can be very uniform or unmelted zones 
can be present inside the particle, with temperature variations on 
the order of hundreds of degrees. As a first approximation, only 
completely melted particles with a unitbrm internal tempera- 
ture, equal to the average surface temperature measured experi- 
mentally (Ref 16), have been considered. 

Thermal and mechanical boundary conditions are illustrated 
in Fig. 2. Thermal boundary conditions comprise heat flow from 
the droplet to the substrate and to the surrounding gas. The latter 
is controlled by the emissivity of  the material and is a minor con- 
tributor to the dissipation of heat during the fast spreading and 
cooling process. The heat flow to the substrate is the fundamen- 
tal thermal parameter, as will be confirmed in the present study. 
It is determined essentially by the interface properties; that is, 
the thermal conductivity of zirconia and of the substrate material 

~ tmpact velocity 

gas ~ 

~ t h  .. . .  1 resistance fr,chon 
substrate temperature and nature 

Fig. 2 Thermal and mechanical boundary conditions 

Table 1 Process parameters and material data 

Process Reference 
parameters Unit Range value 

Particle diameter om 20 - 40 20 
Particle velocity at impact m/s 120 - 180 180 

Material data 
Density kg/m 3 5.55 • 103 5.55 • 103 
Specific heat J/kg �9 K 500 - 1000 500 
Thermal conductivity W/m. K 2 2 
Latent heat ofsolidificafion J/K 6.1 x 105 6.1 x 105 
Viscosity at 3200 K kg/ms 4.2 - 42 42 
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plays a minor role compared to the thermal resistance at the in- 
terface. 

Mechanical boundary conditions imposed in the model are 
surface tension and the friction taw with the substrate. Surface 
tension has a negligible effect in retarding the splashing process, 
compared to viscous dissipation. Friction with the substrate 
causes the first layers of the particle material either to stick to the 
substrate or to flow. However, simulations have shown that vari- 
ation to the friction law only influences deformation of  elements 
close to the contact surface, without influencing the final splat 
shape. Table 2 presents the range of thermal and mechanical 
boundary condition parameters investigated in the following 
numerical studies. 

4. Applications 

4.1 Description of the Simulation 

The computational method outlined in Section 2 is available 
in a nonlinear software program developed at the Institute for 
Computer Applications (Ref 30). The basic program system has 
been extended here to comply with the requirements of the im- 
pact problem. 

A reference simulation run will be presented in detail. It de- 
scribes a thermomechanical computation of the impact at nor- 
mal direction of  a completely molten spherical particle on a flat, 
rigid surface. The simulation is followed until the motion of  the 
splat on the surface stops. The thermal calculation is continued 
to investigate the cooling process until complete solidification 
of the splat is attained. Axial  symmetry is used to decrease the 
size of the problem. 

The mechanical simulation proceeds in steps. The first phase 
for every impact event always starts with an initial mesh repre- 
senting a sphere of given radius, velocity, and temperature dis- 
tribution at the instant of impact with the substrate. Each 
subsequent simulation phase ends when the element deforma- 
tion due to mechanical evolution becomes too high to guarantee 
the quality of the solution The aspect ratio of the quadrangular 
elements is monitored automatically during the simulation. 
When it exceeds a prescribed value, the mesh is automatically 
regenerated following the procedures described in Section 2.3. 
The calculation is then restarted. 

To define the reference case study of the impact, average val- 
ues of  the parameters have been selected from available sets of  
measurements. These have been performed under controlled 
conditions on single splatting events of  plasma-sprayed zirconia 
particles at the University of  Limoges (Ref 26, 31, 32) (see also 
Tables 1 and 2). 

A typical splat evolution is shown in Fig. 1, which presents a 
three-dimensional surface rendering of the axisymmetric two- 
dimensional computation. The remeshing procedure, coupled to 
an automatic time-step control, allowed complete ther- 
momechanical calculations of  the splash in about 10,000 steps, 
using an axisymmetric mesh of  approximately 600 to 1000 ele- 
ments. Normally, 30 to 45 mesh regenerations were needed, and 
the necessary processing time on a VAXstation 4000 (Digital 
Equipment Corporation, Maynard, MA, USA) computer was 
between 30 and 40 h. The thermal and mechanical evolution is 
independent of  the size of the initial mesh and of the subsequent 

Table 2 Thermal and mechanical boundary conditions 

Reference 
Parameter Unit Range value 
Initial particle temperature K 3200 - 3400 3400 
Surrounding gas temperature K 1200 - 1800 1800 
Substrate temperature K 400 - 1200 1200 
Solidus temperature K 2680 - 2880 2880 
Liquidus temperature K 2700 - 2980 2980 
Emissivity ... 0.2 - 0.6 0.4 
Convection coefficient W/m 2 �9 K 1 + 5 • 10 6 1 • 10 6 
Surface tension J/m 2 0.5 0.5 
Coulomb friction coefficient ... 0.0 + 0.4 0.2 

refinement if a sufficient number of  elements is used (>500). 
The motion of  the splashing was considered to be completed 
when the kinetic energy of the splat fell below 10 -4 times the in- 
itial value. One configuration was followed further and con- 
firmed the validity of the assumption. 

4 .2  Results and Sensitivity Studies 

Table 3 summarizes initial data (particle diameter and veloc- 
ity, and related Reynolds number) and output results (total splat 
time, time of first appearance of  solidification, time of  solidifi- 
cation completion, theoretical Madejski 's  model flattening de- 
gree, and computed flattening degree) for nine of  the 
simulations performed. Simulation numbers 7 to 9 refer to re- 
suits obtained for the same Reynolds number but for different 
thermal parameters. 

The values of ~ obtained from our model are always less than 
the theoretical previsions of  Madejski 's  model, but are higher 
than available experimental measurements from Vardelle et al. 
(Ref 26) (droplets impacting on cold, smooth substrates) and nu- 
merical estimates from Yoshida et al. (Ref 15) (data in this case 
refer to a different material, A1203). The different data are com- 
pared in Fig. 3. In our model, as in the Yoshida calculations, flat- 
tening data are reasonably fitted by a relation of Madejski 's  type 
(see Ref 2) by using a modified coefficient: 

= 0.925 R ~ (Eq 23) 

The experimental curve in Fig. 3 (from Ref 26) is the best fit 
to numerous data, but the scatter of data (not indicated here) is 
relevant and encompasses the simulation estimates. The dis- 
crepancy between experimental and model values is therefore 
statistical, in the sense that on average the experimental flatten- 
ing degrees are lower. This could be interpreted by the assump- 
tion that some particles are partially unmelted, whereas the 
model considers only completely melted particles. Investiga- 
tions on this matter are under way both experimentally and nu- 
merically. 

The temporal evolution of  ~ and its dependence on mechani- 
cal and thermal parameters are shown in Fig. 4. Mechanical pa- 
rameters such as viscosity, initial velocity, and particle diameter 
(top of  Fig. 4) significantly influence the splashing process. 
Thermal parameters such as substrate temperature (Tsubs), initial 
droplet temperature (Ti), and interface convection coefficient 
(~c) (bottom of  Fig. 4) are important in the subsequent cooling 
and solidification phenomena, but have a minor influence on the 
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Table 3 Resul ts  o f  s imulat ions  

d, v, ts(a), tss(b), tcs(c), 
n ~tm m/s R ps tts Its ~M(d) ~(e) 

1 20 120 317 0.67 0.51 6.50 4.09 3.01 
2 20 180 476 0.49 0.50 5.90 4.44 3.24 
3 30 150 595 0.45 0.35 12.70 4.64 3.35 
4 40 135 714 0.62 0.16 21.00 4.82 3.36 
5 40 170 899 0.94 0.18 20.00 5.04 3.50 
6 40 180 951 1.08 0.38 13.20 5.10 3.69 
7 20 180 476 0.47 0.17 4.30 4.44 3.22 
8 30 150 595 0.27 0.27 8.57 4.64 3.25 
9 40 170 899 0.14 0.14 13.50 5.04 3.32 

(a) t s, flattening time. (b) tss. start of solidification. (c) tes, end of solidification. (d) ~M, Madejski flattening degree. (e) ~, model flattening degree 
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Fig.3 Flattening degree as a function of Reynolds number. The black 
points are the results from the current work 

spreading process. In fact, for almost  all the parameters consid- 
ered, temporal  scales for splashing and solidification are very 
different (see Table 3); therefore, the two phenomena  are in fact 
decoupled.  

The  influence o f  viscosity on the splashing process is rele- 
vant. A low viscosity, as expressed in Eq 22 with A = 0.97, cor- 
responds to splats that evolve  like a liquid rather than a viscous 
solid. Figure 5 compares a snapshot of  the low-viscosi ty case (A 
= 0.97) with a high-viscosity (A = 9.70) model  at the same in- 
stant. The calculations for the low-viscosi ty case (curve c in Fig. 
4) were interrupted due to the appearance o f  extensive deforma- 
tions at the contact surface and high turbulence in the melt  (see 
Fig. 5). For  this range of  low viscosity, a Eulerian f low approach 
to the material motion seems more appropriate. In the fol lowing 
simulations, only higher values for the viscosity have been used 
since the present model  is best suited for these cases. 

The  influence of  thermal parameters on flattening degree is 
moderate,  i f  they are kept within the experimental  range for the 
specific process. Curves a and e in Fig. 4, obtained by varying 
the substrate temperature f rom 1200 to 400 K, are essentially su- 
perimposed.  A change of  as much  as five t imes in the interface 
convect ion coefficient,  ct c (e.g., between curves f and g), causes 
a variation o f  only about 7% in ~. A visual assessment  of  the in- 
f luence of  thermal parameters on ~ can be made directly in Fig. 
3, which plots results for the same Reynolds  number  but for dif- 
ferent thermal parameters. 
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Fig. 4 Flattening degree as a function of time for different cases. 
Curves a and e follow each other closely. (a) Reference (see Tables 1 
and 2); (b) v = 120 m/s; (c) 11 = 0.97 exp (4620/T) mPa. s; (d) d = 40 
I.tm; (e) Tsu b = 400 K; (f) d = 40 lam, v = 170 m/s; T i = 3200, Tgas = 
1200; (g) like (f), but o~ c = 5 x 106 W/m 2. K 

On the other hand, the same variation o f  thermal parameters 
produces overlapping between mechanical  evolut ion and solidi- 
fication processes. For  example,  Fig. 6 shows the development  
of  the solidification front inside the splat for cases f and g of  Fig. 
4. The time instants at which elements undergo solidification is 
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Fig .  5 Deformed mesh after  0.11 Its. (a) rl = 0.97 exp (4620/T). (b) rl = 9.7 exp (4620/7") 

F ig .  6 Sol id i f ica t ion  inside the sDlat ( t ime in us). Note that the sr, lat shades have  been scaled in height  (scale 1:2.5) to improve  data  readabil i ty.  (a) ot c 
6 2 - - 6 2 - - - = 1 x 10 W/m �9 K (curve f i n  Fig. 4). (b) ~t c = 5 x 10 W/m . K (curve g in Fig. 4) 
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shown in the contour plot (note that splat shapes have been ex- 
aggerated in height to improve data readability). In the case of  a 
high interface convection coefficient (case g), almost half the 
splat is solid within 1 I ts-- the typical time for the splashing mo- 
tion. However, as noted earlier, this does not significantly affect 
the flattening degree. 

Final evidence of the small influence of  material thermal 
properties in the time range of interest for the spreading process 
is presented in Fig. 7, where the evolution of  average surface 
temperature is computed for three different substrate model ma- 
terials for the same substrate temperature, 1200 K. In the first 
two cases, a cylindrical mesh is used to simulate two substrates 
(zirconia and steel), while a layer of  interface elements is used to 
impose the same contact thermal resistance (1 x 10 -6 m 2. K/W). 
In the third case, only a simple convection boundary condition is 
imposed on the contact area; the value ofct c is set equal to the in- 
verse of  the above contact thermal resistance, while the refer- 
ence temperature for convection is constant and equal to the 
selected substrate temperature, 1200 K. No differences in cool- 
ing behavior are present for about the first 8 Its. This observation 
indicates that splashing and cooling until solidification are little 
affected by the nature of the substrate, but rather by the interface 
thermal resistance. The variation of splat emissivity and thermal 
conductivity inside the particle had no practical effect on cool- 
ing curves and splashing behavior. These observations enforce 
the assumption that the cooling of the particle is essentially 
driven by the interface properties. 

5. Conclusion 

Flow of liquid material, heat transfer, and solidification phe- 
nomena associated with the impingement, spreading, and cool- 
ing of high-temperature droplets on solid substrates have been 
investigated numerically within a finite-element approach. The 
deformation of the splat geometry as well as the evolution of the 
thermal field within the splat have been followed up to the final 
state. 

The developed numerical technique requires automatic mesh 
generation procedures. It is appropriate for the range of process 
parameters investigated and is capable of reproducing the main 
features of  experimental findings. 

The simple case of  impact at normal direction of  a com- 
pletely molten spherical particle on a fiat, rigid surface has been 
studied in detail. The main results of  the investigations are here 
summarized: 

�9 For the range of  process parameters investigated relative to 
typical plasma spraying conditions for zirconia powders, 
two different time scales for mechanical and thermal evolu- 
tion exist. First the liquid droplet spreads in a very short 
time (typically 0.5 to 1.0 ITS), then it continues to cool and 
solidifies within 10 to 20 ITs from the beginning of impact. 

�9 The thermal evolution in the splat during and after splash- 
ing is in all cases driven by the thermal properties of the in- 
terface. Thermal exchanges with the gas and splat material 
properties play only a minor role in the cooling process. 

�9 The computed flattening degrees are well below the theo- 
retical previsions of a previous model (Ref 13). The results 
of  the simulations are reasonably fitted for small particles 
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Fig. 7 Temporal evolution of average surface temperature. (a) Splat 
on zirconia substrate. (b) Splat on steel substrate. (c) Simple convec- 
tion boundary condition at interface 

/ 

by a relation of Madejski 's  type (see Ref 2), but using a 
modified coefficient equal to 0.925. 

More experimental validation is necessary to further improve 
the model. Work is in progress to obtain such information. 

With regard to the modeling effort, extensions of  the present 
study will consider partially melted particles. Implementation of 
a mixed Lagrangean-Eulerian approach is being considered to 
extend the model for lower-viscosity materials. This extension 
will complete the present model and allow its possible applica- 
tion within the wide range of process parameters and material 
properties found in the plasma spray manufacturing process. 
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