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ABSTRACT 

The formation of a thermal spray coating has been analyzed to identify methods to reduce the 
surface roughness of the coating. In developing the analysis, a new methodology was developed. 
The method uses a string of equally spaced node points to define the shape of the coating surface 
and to track the change in this shape as the thermal spray mass is deposited. The method allows for 
the calculation of arbitrary shapes for the coating surface which may be very complex. The model 
simulates the stochastic deposition of a large number of thermal spray droplets, where experimental 
data is used for the mass flux distribution on the target surface. This data shows that when the 
thermal spray mass impinges on the target surface a large fraction of it, called over-spray, splashes 
off the target and is re-deposited with a small spray angle. This component of the deposited mass 
results in a large coating roughness. The analysis was used in a parameter study to identify 
methods for reducing the coating roughness. The effect of the shape of the profile for the pre- 
roughened substrate was found to be small. Decreasing the droplet size by a factor of two 
decreased the roughness by 13%. Increasing the spray angle for the over-spray by a factor of two 
decreased the roughness by 50%, and decreasing the amount of over-spray by a factor of two 
decreased the roughness by 51%. 
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NOMENCLATURE 

A 
Ab 

D 
Dm 
DS 
f 
fS 

s 
HVOF 
i 
j 
L 
m 
m 
ND 

n 
Ra 

XS 

Y 

Amplitude of a sine wave 
Cross sectional area of a mass flux bin measured perpendicular to 
the direction of the mass flux 
Droplet size 
Droplet size in the main spray 
Droplet size in the over-spray 
Fraction of a splat located 'up-stream' of the droplet impact point 
Splash fraction (fraction of the mass deposited by the over-spray) 
Rate of accumulation of mass at a point on the coating surface per 
unit area 
Acronym for High Velocity Oxygen Fuel thermal spray process 
Unit vector in the x-direction 
Unit vector in the y-direction 
Length of a splat 
Thermal spray mass flux vector 
Thermal spray mass flux magnitude 
Droplet number density distribution at the exit of a thermal spray 
gun 
Unit vector locally perpendicular to the coating surface 
Roughness variable quantifying the dimension of the surface 
roughness elements perpendicular to the substrate 
Initial value for Ra 
Reynolds number 
Random number 
Position vector for a point on the coating surface 
Roughness variable quantifying the dimension of the surface 
roughness elements parallel to the substrate 
Initial value for Sm 
Thickness of a splat 
Time 
Volume of a droplet 
Width of a splat 
Fraction of the thermal spray mass deposited in mass flux zone, i 
Cartesian coordinate parallel to the substrate 
Constant defining a streamline 
Cartesian coordinate perpendicular to the substrate 

7 



Ym 

=s 

P 
x 
at 

Y 
9 

9s 

P 
z 

5 
5' 

Subscripts: 
b 
1 

k 

Sunerscints: 
n 

Average value of y for the coating surface 
Initial position of a droplet in the exit plane of the thermal spray gun 

Local impact angle of a droplet on the coating surface 

x-component of z 

Time interval between droplet impacts 

Inverse of the average value of 1/6t 

Average value of 6t 

y-component of 2 

Thermal spray angle 

Spray angle of the over-spray 

Density of the thermal spray material 

Unit vector locally tangent to the coating surface 

Spread coefficient for a perpendicular droplet impact 

Spread coefficient for a non-perpendicular droplet impact 

Value for the mass flux bin, b 
Value for the mass flux zone, i 
Value for the node point, k 

Value for the time step, n 
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I. INTRODUCTION 

1.1 Description of the Process 

Thermal spraying refers to a family of processes used to apply coatings on surfaces for providing 
enhanced protection from wear, corrosion, or thermal damage. In a cooperative research and 
development agreement (CRADA), GM and Sandia National Laboratories developed a thermal 
spray process, called High-Velocity Oxygen-Fuel (HVOF), for applying a wear resistant coating to 
the surfaces of aluminum engine cylinder bores [Byrnes and Kramer, 19941. Figure 1 shows a 
schematic of the process hardware. Fuel (methane), oxygen and air are supplied to the HVOF gun, 
where the fuel and oxygen react in a chamber called an air cap near the exit of the gun [Hassan, 
Oberkampf, Neiser and Roemer (19931. The combustion process creates high gas temperatures 
and pressures in the air cap. The coating material, steel, is fed into the gun in the form of wire. The 
wire travels into the air cap and is melted by the high gas temperatures. The high gas pressure in 
the air cap accelerates the gas to high velocities, which flows over the wire and strips the molten 
steel off of it [Neiser, Brockmann, O'Hern, Dykhuizen, Smith, Roemer and Teets (1995)l. The 
gas velocity atomizes the molten steel, i.e. breaks it up into small droplets, which are accelerated 
and transported to the target surface where they are deposited. As illustrated in Figure 1, the steel 
spray exits the gun and impinges on the surface of the cylinder bore with an off-normal angle. The 
HVOF gun rotates rapidly and strokes vertically along the axis of the cylinder bore to attain 
uniform deposition of the steel. 

Wire Feed 
Fuel, Oxygen and Air 7 I 

Cylinder Bore 
Wall 

Figure 1. A schematic of the HVOF process for coating engine cylinder bores. 

When the droplets strike the cylinder surface they deform into small flat disk shaped 'splats'. 
The heat in the splat rapidly conducts into the massive cylinder wall and the splat solidifies. The 
solidification process occurs over a period of micro-seconds, and each splat is well solidified 
before another droplet is deposited on top of it. The rapid solidification of the splat results in very 
small grain sizes in the solidified steel which makes it hard and gives it good wear resistant 
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properties. The surface of the cylinder bore is pre-roughened before coating to promote good 
bonding with the thermal sprayed coating. 

1.2 Motivation for the Analysis 

One problem with the process is that the coating obtained has a very rough surface. A smooth 
surface is required because the engine piston rings must slide upon this surface and maintain a 
good seal between the cylinder bore surface and ring to contain the high pressure gases created 
during engine operation. Consequently, a machining operation must be added to the overall 
production procedure to obtain a smooth coating surface. This increases the time and cost of the 
production procedure. Moreover, machining the coating is difficult due to the hardness of the 
material, which results in short lifetimes for the machine tools and increases the time and cost of 
the machining operation. 

The purpose for developing the analytical model is to help identify methods for creating 
smoother coatings during spraying. In order to be a predictive tool, the model must reproduce the 
roughness observed in the coating. This will reveal the phenomena which contribute to the 
roughness formation. Then, the model can be used to investigate the effects of modifications to the 
process on the resulting coating. This will quantify the magnitude and scope of the modifications 
required with respect to the resulting reductions in coating roughness that are obtained. 
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11. PREVIOUS WORK 

Cirolini, Harding and Jaccuci (1991) studied the formation of a plasma sprayed thermal 
bamer coating for the purpose of calculating the porosity in the coating. They calculated the coating 
shape in two-dimensions for thermal spray droplets impacting on a pre-roughened substrate 
surface at a normal angle. Experimental data were used for the thermal spray droplet size, droplet 
impact velocity and droplet temperature distributions. They simulated the stochastic nature of the 
droplet deposition process when the droplets impact on the substrate in a random order. A 
rectangular mesh was constructed in the space above the substrate where the coating formed which 
divided the space into a large number of small voids. As each droplet was deposited in the 
simulation, the location of the resulting splat was recorded in the appropriate voids. The size of a 
splat was related to the size and Reynolds number of the impacting droplet (based on work by 
Madejski, 1976). They assumed that the central portion of the splat adhered to the underlying target 
surface, but the outer portion of the splat was assumed to curl up based on calculations for the 
temperature difference across the splat and the resulting thermal stresses. They also assumed that 
curled up splats could be 'hammered' back down onto the underlying target surface if they 
experienced a direct impact from another droplet. Although the primary purpose was not to 
compute surface roughness, their results showed that the roughness of the coating surface was 
larger than the pre-roughness of the substrate. They later extended their work to study the effects 
of rastering the thermal spray gun on coating porosity (Mulheran, Harding, Kingswell and Scott, 
1992, and Harding, Mulheran, Cirolini, Marchese and Jaccuci, 1995). They did not investigate the 
effect of process parameters on the coating roughness. 

Knotek, Lugscheider, Jokiel, Schnaut and Wiemers (1994) modeled the formation of a 
chromium coating as applied with a powder fed HVOF process. They calculated the droplet 
temperatures and velocities for input to their coating formation model, where they calculated the 
two-dimensional shape of the coating. They simulated the stochastic deposition of the droplets onto 
a pre-roughened substrate with a normal angle of incidence. The size of a splat resulting from a 
droplet impact was related to the size and Reynolds number of the impacting droplet (based on the 
work of Madejski, 1976). Their results also showed that the roughness on the coating surface was 
larger than the roughness of the substrate, although they did not emphasize this aspect of their 
results. 

There appears to be very little work done in the form of modeling the formation of rough 
surfaces on thermal spray coatings. The work cited above describe models which compute the 
shape of the coating surface, and therefore its roughness, but this was not their primary purpose. 
Studies of the effects of model and process parameters on the roughness of theimal spray coatings 
were not found. 
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111. ANALYSIS 

111.1 Physical Description 

A model for the formation of a thermal spray coating has been developed for calculating the shape 
and roughness of the coating surface. The characteristics of the thermal spray mass flux are inputs 
to the model. The model assumes the process is two-dimensional, in the x-y coordinate plane as 
shown in Figure 2. The x-coordinate is parallel to the substrate surface (parallel to the axis of the 

/ 1 
Figure 2. The coordinate system used for the coating formation analysis. 

cylinder bore), and the y-coordinate is normal to the substrate surface. The effects of surface 
curvature in the azimuthal direction of the cylinder bore are ignored which is valid for coating 
thicknesses which are small compared to the radius of the cylinder bore. Only a small fraction of 
the axial length of the cylinder bore is modeled. This should be a good assumption as long as the 
length of cylinder bore included in the model is large compared to the coating thickness. 

111.2 Mathematical Description of the Process 

Equation (1) describes the rate of movement of a point on the coating surface due to the rate 
at which the thermal spray mass accumulates per unit area of the surface, g, divided by the density 

of the sprayed material, p. r is a position vector for the point (r=xi+yj) which specifies its x and y 
coordinates, and n is the unit vector (dimensionless) locally normal to the coating surface (see 
Figure 3). Equation (1) states that a point on the coating surface moves in the direction of n. The 
quantity, g, depends on the thermal spray mass flux characteristics, the degree of spreading that a 
droplet undergoes when it impacts on the surface, and the shading that may take place when a part 
of the coating surface shades another part of the surface thereby preventing the direct impact of 
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thermal spray mass on the surface. The thermal spray mass flux vector, m, is characterized by its 
magnitude, m, with units of mass per unit time per unit area, and its direction described in terms of 
the angle, 8, as defined in Figure 3. In addition, the droplets in the thermal spray have a diameter, 
D. When g is determined and Equation (1) is solved for each and every point on the coating 
surface, a complete description of the evolution of the shape and position of the surface is 
obtained. 

Spray Angle, e 

- Flux Magnitude, m 

Unit Vector 

.I 

Figure 3. A schematic diagram of the mass flux and coating profile. 

111.2.1 The Thermal Spray Mass Flux Distributions 

The values of m, 8 and D characterizing a thermal spray are difficult to obtain. Some 
numerical simulations have been published, but many of these did not include the target in the 
simulations, which can alter the gas flow field and droplet trajectories. Domnick, Lindenthal, 
Mundo, Ruger and Sommerfeld (1994) computed the trajectories of water droplets transported by a 
gas jet impinging on a flat plate at a normal angle. The trajectories of the water droplets were all 
very close to one another and nearly straight and parallel with the axis of the gas jet in the region 
remote from the target. As the target was approached, a significant number of the droplets smaller 
than 20 microns turned with the gas flow field and traveled parallel to the target. Lopez and 
Oberkampf (1995) computed the transport of molten metal droplets by an axi-symmetric gas jet 
impinging on a flat plate at a normal angle. They considered droplets as small as 10 microns and all 
were found to impact on the plate. Some of the smaller droplets turned a small amount as the plate 
was approached, but all were found to impact on the plate within 250 of the normal angle. In 
contrast to water droplets, the larger density of the molten metal droplets results in a large inertial 
force which prevents the metal droplets from turning and missing the target as the water droplets 
did in the calculations of Domnick et al. (1994). 

An experiment was carried out to study a thermal spray impinging on a flat plate at an angle. 
The experiment is described in Appendix A. The thermal spray gun used to coat the cylinder bore 
was used to make a deposit on a flat plate, where the plate was held parallel to the axis of the gun 
and at a distance from the gun corresponding to the radius of the engine cylinder bore. The gun did 
not stroke and it did not rotate. Figure 4 shows an infra-red video image of the thermal spray as it 
impinged on the plate. The image of the main spray coming from the gun can be seen as a narrow, 
slightly diverging cone as it approaches the plate. It remains approximately straight, i.e. there is not 
a lot of curvature in the image in agreement with the results of Lopez et al. (1995). The area over 
which the main spray impacts the target plate is approximately 15 mm long. Starting from the main 
spray impact zone, a very bright elongated region parallel to the plate can be seen which extends 
approximately 5 mm above the plate and is 70mm long. This bright region appears to be due to 
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splashing of the thermal spray droplets as they impact on the plate, where the splash product, 
called over-spray, is ejected off the plate surface and is swept downstream parallel to the plate 
(positive x-direction) by the gas flow. The location and length of this bright region corresponds to 
the location and length of the mass deposit which was later found on the plate. Thus, while the 
main thermal spray jet impacts on the plate over an area that is only 15 mm long, the mass is 
redistributed over an area that is 75 mm long, where the redistribution appears to be due to 
splashing. 

70 

60 

50 

Figure 4. An infra-red image of the HVOF thermal spray impinging on a flat plate. 

As discussed in Appendix A, the portion of the mass deposited away from the main spray 
impact zone was in the form of isolated columns of material that are separated by large spaces. This 
structure is due to a very small spray angle, 8. As discussed later in this report, small spray angles 
can result in a large coating roughness. This makes it very important to quantify the deposition 
conditions of the over-spray, and include it in the thermal spray mass flux used for the roughness 
calculations. The deposit on the flat plate was divided into six zones; over each zone the deposit 
structure was approximately uniform. One of the zones coincides with the main spray impact zone, 
and five other zones are used to span the over-spray portion of the deposit. Appendix A describes 
the calculations which were carried out to obtain estimates for the mass flux magnitude, m, the 
spray angle, 8, and droplet size, D, within each zone; i.e. mi, 8i and Di. These results provide an 
estimate for the distributions of m, 8 and D over the target surface of both the main thermal spray 
jet and the over-spray, and are shown in Figure 5. The abscissa in Figure 5, x', is a coordinate 
parallel to the target surface and measured in a reference frame which, in general, must be 
considered to move with the thermal spray gun, The mass flux magnitude is expressed in terms of 
the fraction of the total mass deposit, wi, that is deposited within each zone i, and is related to mi 
by Equation (2) (the subscript i in Equation (2) refers to the zone number specified in Figure 5). 
These distributions show that most of the mass is deposited in the main spray impact zone (zone 2) 
where 8 and D are relatively large, and that a significant amount of the mass is deposited in the 
over-spray zones (zones 1 and 3-6) where 8 and D are small. Zone 1 represents the part of the 
over-spray which is deposited 'up-stream' of the main deposit. The spray angle is measured 
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between the direction of the positive x-axis and the mass flux vector, as shown in Figure 3. The 
spray angle for zone 1, 178*, is small in the sense that the angle with the negative x-axis is just 2'. 

over-s p ray main spray 

zone # : 1  i 2 

i 3 i 3 i 2 i  1 

Mass Fraction - Y; 1 i 76.6 i14.4: 4 i 2 i 2 

125 
1 00 mass percent i 75 111--- 

50 
25 r-i;;x;iz- - - i 

0 '  
32 40 48 56 64 72 80 88 96 

x' - mm 

Figure 5. The distributions for the mass deposition rate, spray angle and droplet size in a HVOF 
thermal spray jet impinging on a flat plate. 

mi sin €IiAxi' w. = 1 6  
mi sin OiAxi' 

i=1 

A uniform coating thickness is obtained on the cylinder bore by moving the thermal spray gun with 
constant speed along the axis of the bore while the bore is held stationary. In an alternative 
reference frame, the gun may be considered to be stationary while the bore moves. In this reference 
frame, each point on the bore surface moves relative to the gun such that it is exposed, 
sequentially, to all (six) of the mass flux zones shown in Figure 5. Recall that the length of the 
target included in the analysis represents only a small fraction of the total cylinder bore. If the 
position of this small fraction of the bore relative to the gun is, X', then the relative motion 
between the model target and the gun is described as a time dependent value for X', as shown in 
Figure (6). The gun stroke speed is assumed to be constant. A specific value for time gives a 

L 
Time 

Figure 6. A schematic diagram for the position of the target relative to a moving thermal spray 
gun as a function of time. 
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specific value for X' from Figure 6, which in turn gives specific values for w, D and 8, from 
Figure 5. These time dependent values for w, D and 8 are applied uniformly over the length of the 
target included in the analysis. The spatial variations of w, D and 8 over the length of the target are 
neglected. That is, the length of target included in the analysis is typically 8 mm. A strict 
application of the data shown in Figure 5 for the case when the position of the model target 
straddles two zones, e.g. zones 3 and 4, would require the use of zone 3 values for w, D and 9 for 
one portion of the target, while zone 4 values would be used for the remaining portion of the 
target. This is not done, rather the model target is exposed to only one spray zone at any one time. 

111.2.2 Describing the Mass Flux in Terms of Droplets 

The thermal spray is assumed to consist of a large number of droplets that are randomly 
distributed within the spray. To describe the thermal spray mass flux in terms of the droplets, the 
droplet mass flux field is divided into a large number of small bins, as shown in Figure 7. 

Figure 7. A schematic diagram showing how the droplet mass flux field is divided into a large 
number of small bins. 

The bins are aligned with the direction of the droplet trajectories, 8. The mass flux, m, incident on 
the target surface may be expressed in terms of the deposition of finite sized droplets as: 

where VD (=7cD3/6) is the volume of a spherical droplet, Ab is the cross sectional area of a bin 
measured normal to the direction of the mass flux vector, and 6ta is the 'average' time interval 
between droplet impacts on the portion of the target surface within a bin. In order to simulate the 
stochastic nature of the thermal spray, where the droplets in the spray impact the target with 
variable intervening time intervals, the actual time intervals between droplet impacts within a bin 
are given random values within +50% of some mean value, 6tm. This is done with a random 
number generator and computing a particular value of the time interval, 6t, as: 

6t = 6tm(0.5+ R,) 
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Rn is a random number between 0 and 1 with a uniform probability of a value occurring anywhere 
in that range. In order to obtain the relationship between 6tm and Sta, 6t from Equation (4) is 
substituted for 6ta in Equation (3), which is then integrated over a large number of droplet impacts 
to obtain a good statistical sampling of all the potential values of 6t. Since Rn has a uniform 
probability of occurring anywhere within the interval between 0 and 1, integrating Equation (3) 
over a large number of impacts, N, is equivalent to integrating Equation (3) with respect to Rn 
(where 6t from Equation (4) has been substituted for 6ta in Equation (3)), over the interval 
O<Rn<l. This gives the relationship in Equation (3, 

tit, = 6t, ln3. 

6ta is not equal to 6tm, because 6t appears in the denominator of Equation (3), so 6ta is not the true 
average of 6t, rather 1/6ta is the average value of 1/6t. The desired result is the relationship 
between 6tm to be used in Equation (4) for generating the time intervals between droplet impacts 
within a bin, and the specified values of m and D, and is given in Equation (6): 

The cross sectional area of a bin is evaluated as, Ab=XbWsine; Xb is the length of a bin measured 
in the x-direction, W is the width of the model target (and bin, see Figure 7) and may be chosen to 
be a unit width, but as discussed below, it is chosen to equal the diameter, d, of a typical splat. 

A special case for the mass flux is the continuous distribution which deposits mass on all 
exposed points on the coating surface simultaneously. This is different from the stochastic 
deposition of finite sized droplets where a droplet may impact one exposed point on the coating 
surface while impacts on other exposed points may not occur until some time later. The amount of 
mass deposited by the continuous mass flux distribution on each exposed point' on the coating 
surface, at each time step, is given by, m nlArl-W - At, where lhrl is the node point spacing. 
Each element of mass deposited is assumed to spread out over a distance, L, given by some 
specified value for the product, {D. 

111.2.3 Shading 

When large roughness elements, called scallops, develop on the coating surface, portions of 
the coating surface downstream of the scallops can be shaded from the thermal spray mass flux. 
This can have large effects on the subsequent development of the shape of the coating surface. 
Shaded regions on the coating surface are detected in the analysis by defining the thermal spray 
mass flux in terms of streamlines. Streamlines define the paths that thermal spray droplets follow 
to reach the surface of the coating. Shading occurs at a point on the surface when the streamline 
which intersects that point also intersects another point (or points) on the coating surface which is 
further upstream (see Figure 8). 

It is assumed that close to the coating surface (e-g. within a few hundred microns) the 
streamlines can be approximated as straight lines. Then, Equation (7) defines a streamline where 0 
is the angle of inclination of the streamline with respect to the target (horizontal), and xs is a 
constant defining one particular streamline. 
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The streamlines which intersect each point with coordinates (x,y) on the coating surface, are 
defined by their respective value of xs=x-(y/tan9). Consider a specific streamline intersecting the 
coating surface shown in Figure 8. Since the direction of a thermal spray droplet following the 
streamline is toward the coating surface, i.e. from larger values of y toward smaller values of y, 
the intersection point with the largest value of y is the (true) impact point for droplets following this 
streamline and the remaining intersection points represent shaded points. 

Y 
Intersection Point 1 

X 
Figure 8. A schematic of the use of streamlines to determine the point on the coating surface 
which is exposed to the thermal spray mass flux. 

The streamlines which intersect the coating surface are defined by computing their respective 
values of xs. Streamlines which intersect more than one point on the coating surface are noted 
along with the points that they intersect. The intersection point with the largest value of y is 
identified as the impact point for each streamline, and the remaining points are identified as shaded. 
This defines a set of unshaded, or potential impact points on the coating surface. 

111.2.4 Droplet Spreading 

When a thermal spray droplet impacts on the target surface it spreads out into a splat, which, 
for an impact that is perpendicular to a smooth surface, yields the shape of a flat circular disk. 
Perpendicular impacts on a rough surface often have 'star like' shapes [Smith, Neiser and 
Dykhuizen (1994)l. See Dykhuizen (1994) for a review of the impact phenomena of thermal spray 
droplets. Analyses for the size of a splat as a function of the Reynolds number of a thermal spray 
droplet have yielded relationships [Madejski 1976, Fukanuma 19941 of the form of Equation (8), 

c = - = c R e  E e 
D 

where 5 is a spread coefficient defined as the ratio of the diameter of the disk shaped splat, E, to 
the diameter of the impacting droplet, D. Re is the droplet Reynolds number, Re=uDp/p, where u 
is the impact velocity and p and p are the density and viscosity of the molten metal. These analyses 
show that the primary mechanism which limits the spreading of a droplet upon impact is the 
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conversion of the kinetic energy in the droplet into thermal energy by the viscous dissipation which 
occurs during the distortion and spreading of the droplet into a disk. Madejski (1976) obtained 
values for the coefficient, c, and exponent, e, in Equation (8) of 1.2941 and 0.2 respectively. 
Fukanuma (1994) obtained values for c and e of 1.06 and 1/6, respectively. For t pica1 values for 

E, obtained from the results of Madejski and Fukanuma are 8 and 5, respectively. 
the velocity and size of steel thermal spray droplets of u=230m/s and D=30 10- B m, the values of 

Experimental measurements of 5 for thermal spray droplets have been made and show much 
experimental scatter. Madejski (1976) measured 5 ~ 5 ~ 6  for the impact of plasma sprayed alumina 
droplets on (presumably) smooth surfaces. Fantassi, Vardelle, Vardelle and Fauchais (1993) 
measured 1<5<6 and Bianchi, Blein, Lucchese, Vardelle, Vardelle and Fauchais (1994) measured 
5=5 for the impact of plasma sprayed zirconia droplets on smooth surfaces. Moreau, Gougeon and 
Lamontagne (1995) studied the effect of target surface roughness on 5 for plasma sprayed 
molybdenum droplets. They measured 7<5c10 for smooth targets, 5<5<7 for fine grit blasted 
targets (Ra=l micron), and 4<5<5 for coarse grit blasted targets (Ra=7 microns). 

Impacts that are not perpendicular have also been studied experimentally by Hasui (1970), 
Madejski (1976) and Montavon, Coddet, Sampath, Herman and Berndt (1994). In general, non- 
perpendicular impacts result in an elongation of the splat in the direction of the component of the 
droplet velocity parallel to the target, such that the splat has more of an oval shape. The data by 
Madejski (1976) for the length of the splat, L, (which is different from the width of a splat for non- 
perpendicular impacts) is presented in terms of a modified spread coefficient defined as t'=L/D. 
Figure 9 shows 5'/5 as a function of the impact angle, where {'={ for a perpendicular impact. A 
quadratic polynomial function of the impact angle, 9 (9=90" is perpendicular), given in Equation 
(9), provides a good approximation to the data as shown in Figure 9. 

Figure 9. The data by 
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It is assumed that when a droplet impacts on the target surface, it spreads out to form a splat 
with a length, L, a width, W, and a uniform thickness, T. Due to the non-perpendicular impact of 
the thermal spray jet in the thermal spray process studied here, there is a predominance of non- 
perpendicular droplet impacts. Hence, the splat length is computed using Equation (9) to account 
for the elongation effect that non-perpendicular impacts have on the shape of the splats. A 
prescribed value of 5 (typically a value of 3 for rough surfaces) corresponding to a perpendicular 
impact is used along with Equation (9) for 5' to obtain the length of a splat in the model. Here, the 
impact angle, p, is the local impact angle which depends not only on the spray angle, 8, but also 
on the local angle of the coating surface, as shown in Figure 10. The length of a splat is then given 
by Equation (10). 

Y l  

L = C D  

Droplet ---b Downstream Direction a 
Coating 
Surface 

)X 

Figure 10. A schematic diagram showing the location of a splat relative to the droplet impact 
point on the coating surface. 

It is assumed that the position of the splat relative to the droplet impact point depends on the 
impact angle, p. The appearance of the splats obtained by Madejski (1976) created by non- 
perpendicular impacts indicates that the splat length is not centered about the impact point, rather 
the position of the splat center is downstream of the impact point, i.e. in the direction of the 
component of the droplet velocity locally parallel to the target surface. This is consistent with the 
analysis of Taylor (1961) for a two-dimensional fluid jet impinging on a flat surface at a non- 
perpendicular angle. From the conservation of momentum, some of the mass in the jet will flow 
upstream from the impact point (in the opposite direction of the component of the jet velocity 
parallel to the target surface), and the remaining mass in the jet will flow downstream. The fraction 
of the jet that flows upstream, f, is given by, sin2@/2), where p is the jet spray angle defined in 
Figure 10 for a droplet impact. Although a droplet impact is not the same as a jet impact, it is 
assumed that similar phenomena occur where most of the mass in the droplet flows toward the 
downstream direction of the impact point. Due to the absence of data for the relationship between f 
and p for a droplet impact, a simple linear relationship is used here for the fraction of the splat 
located upstream of the impact point, f, as given in Equation (1 1). 

f = -  P 
180 

Using Equation (1 1) for f positions the center of the splat closer to the impact point compared to 
that which would be obtained if the relationship of sin2@/2) were used for f. Equation (1 1) gives 
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the result, f=1/2, for p=90, i.e. the splat center is located at the impact point for a perpendicular 
impact, as it should based on symmetry considerations. 

The splat is assumed to have a uniform thickness. This appears to be a reasonable 
assumption, at least for normal droplet impacts, based on the measurements by Bianchi et. a1 
(1994). The splat thickness, T, is computed based on the volume of a droplet, VD, and the length 
of the splat, L, as shown in Equation (12). Note that the splat shape is assumed to be rectangular in 
this two-dimensional model. 

T=- V D  
LW 

The splat width, W, is assumed to equal the splat size for a normal impact, W=CD. There is more 
than one droplet size included in the thermal spray mass flux distributions described in section 
III.2.1 , so a direct application of this equation for W would lead to different splat widths. Since the 
model is two dimensional it is desirable to give all splats the same width. This is done by basing W 
on the size used for the main spray droplets, Dm, as shown in Equation (13), for all splats, 
regardless of the size of the droplets forming the splats. 

W = CD, 

This value of W is also used for the width of a mass flux bin described in section 111.2.2. 
This is consistent since the rate at which mass is deposited is affected by the time intervals between 
droplet impacts, which in turn is affected by the width of a bin as shown in Equation (6), where 
Ab=XbWsine. At the same time, the rate at which the thickness of the coating increases depends 
on the width of the splats, as shown in Equation (12). It is consistent to base the rate at which 
mass is deposited, and the rate at which the coating thickness increases, on the same width, W. 
Also, it is assumed that the splat follows the local contour of the underlying target surface. 

111.2.5 Initial Condition 

The initial condition for the shape of the target surface is the shape of the pre-roughened substrate 
profile. A simple sine wave can be used to approximate this pre-roughened surface. A more 
realistic shape is obtained by using profilometer data for the shape of an actual pre-roughened 
surface. This is obtained from a laser profilometer which is used to scan the surface of a pre- 
roughened substrate. The shape of the surface is described in terms of the coordinates of a large 
number of equally spaced points. 

111.2.6 Boundary Condition 

Recall that only a portion of the actual coating is included in the simulations. This computed 
portion can be affected by portions of the coating surface not included in the model by the shading 
which they cause, i.e. the portions of the surface not included in the model may cast shadows (and 
prevent the direct deposition of the thermal spray mass flux) on the computed portion of the coating 
surface. The computed portion of the coating surface can also be affected by droplet impacts which 
occur outside of the computed portion of the surface but spread out into splats such that mass is 
deposited on the computed portion of the surface. These effects are accounted for by using a 
periodic boundary condition where it is assumed that the computed surface repeats itself. Thus, a 
shadow cast by one end of the computed surface is assumed to fall on the other end. Similarly, the 
portion of a splat which moves off one end of the computed surface is assumed to move onto the 
other end of the computed surface. 
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IV Solution Methodology 

A numerical procedure is used to implement the analysis described above. The surface of the 
coating is defined with a set of equally spaced node points. These node points track the position 
and shape of the coating surface as they change due to the deposition of the sprayed material. 
Equation (1) is discretized as shown in Equation (14). 

where i and j are the unit vectors in the x and y directions, respectively, and x k  and n( are the x 
and y components, respectively, for the unit vector locally normal to the coating surface, and the 
subscript, k, refers to a specific node. This equation can be split into its i and j components to 
obtain equations for the change in the x and y coordinates, Axk and Ayk, respectively, which take 
place due to the mass deposition during the time step, At, for the node k. The components of the 
local normal unit vector at node k are computed using Equations (15), where k- 1 and k+l  refer to 
the neighboring nodes as shown in Figure 11, 

I 
x 

Figure 11. A schematic of the node point distribution along the coating surface. 

Equation (14) is solved for each node using an explicit first order method where current 
values of the nodal coordinates are used to determine the values for gk and for ~k and R. At the 
beginning of each time step the nodes are equally spaced along the coating surface and the mass 
flux characteristics m, 8 and D, are updated for all nodes, k, in preparation for computing values 
for & for the current time step. The extent of shading is determined to identify the set of nodes 
exposed to the current mass flux. All droplet impact events are then identified along with their 
position. A droplet impact event occurs within a bin if t<tb+&b<t+At, where tb is the time of the 
last droplet impact in bin b, and 6tb is the next time interval between droplet impacts within bin b. 
Thus, the time for the next droplet impact in bin b is tb+6tb, and if this time occurs between the 
current time, t, and the time at the next time step, t+At, then a droplet impact occurs in bin b. The 
location of the impact is the exposed node closest to the center of bin b. 
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After all droplet impact events are identified, droplet spreading is computed. For each droplet 
impact event, the local impact angle, j3, is computed using Equation (16) which is based on the 
relationship between the dot product of two unit vectors and the angle between them, cosP=- 
( d m )  *Tk- (m/m) is the unit vector parallel to the mass flux vector (given by cosei+sinej) and 
q=-Xki+nij,  which is the unit vector locally tangent to the coating surface. 

p = cos-'(sin 8 - xL - cos8 . yt)  

The length of the splat, L, is computed using Equations (9) and (lo), the position of the splat 
relative to the impact point, f, is computed using Equations (1 1) and (16), and the thickness of the 
splat, T, is computed using Equations (12) and (13). The quantity, T/At, is then added to gk for all 
nodes, k, which are within the distance fL upstream of the impact point, and to all nodes, k, which 
are within the distance (1-f)L downstream of the impact point. This is done for each droplet impact 
event. This gives the values for gk- The coordinates of the node points are then incremented using 
Equation (17), and time is incremented as tn+l=tn+At, where the superscripts, n and n+l, are 
used to denote old and new values, respectively. 

(1 7a,b) x:+' =x:+gk.Xk*At,  yk n + l  =YE+gr*Yk*At  

In general, the process of incrementing the nodal coordinates can result in the generation of 
loops in the simulated coating surface, as shown in Figure 12. This can occur when a crevasse in 

I Negative Loop Positive Loop (pore) V 

Figure 12. A schematic of erroneous loops in the computed coating surface. 

the surface forms where one part of the surface is close to, and faces another part of the surface. 
Due to mass deposition, both parts of the surface advance in their respective forward directions, 
i.e. the direction in which they advance due to mass deposition, which may result in a cross over. 
Both 'negative' and 'positive' loops may form. A 'negative' loop is one where the forward facing 
direction of the nodes, indicated by the direction of the local unit normal vectors shown in Figure 
12, is pointed outward away from the center of the loop, and a 'positive' loop is one where the 
forward facing direction is pointed inward towards the center of the loop. A 'positive' loop 
represents a void or pore which is entrapped within the coating. It is important to eliminate both 
types of loops because they can result in the generation of erroneous results. During the course of a 
simulation the surface is searched periodically for 'negative' and 'positive' loops. The 'negative' 
loops are eliminated by redistributing the nodes along the path of that portion of the coating surface 
which does not include the loop, as shown in Figure 13. 'Positive' loops are also eliminated, but 
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Figure 13. A schematic diagram of the computed coating surface after removal of a loop. 

first their size, shape and position are recorded to indicate that a pore has formed. The process of 
eliminating loops is not necessarily done every time step, e.g. it may be done every five time steps. 
It is important, however, to search the surface for loops often so that they may be eliminated before 
they become large. 

In  general, the process of incrementing the nodal coordinates also results in a non-equal 
distribution of the node points along the coating surface. If the non-uniformity in the node spacing 
becomes large, this also can result in the generation of erroneous results. Hence, the nodes are 
redistributed along the coating surface after every time step in order to maintain the uniform node 
spacing. 

This completes one time step, and at this point the calculations begin again for the next time 
step beginning with an update of the mass flux characteristics for the current time and an evaluation 
of the shading that occurs on the current shape of the coating surface. 
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V. RESULTS 

The results for the coating roughness are presented in terms of the roughness variables, Ra 
and Sm, which provide measures for the average height and spacing, respectively, of the scallops 
(i-e. roughness elements) which form on the surface of the coating. Ra is defined as: 

. Ax. 

R, =- I j'ly-y,ldx 
u t  0 

where AXt is the length of the model target, and ym is the average height of the coating surface, 
also called the coating thickness. Sm is the average distance between the peaks of the scallops on 
the coating surface as measured parallel to the x-axis, and is given by Equation (19). As shown in 

s, = AXt 
Number of Peaks 

Figure 14, the peak of a scallop is defined as the highest point on the coating surface with a height, 
y, that is above the elevation given by ym+0.5*Ra, and is separated from other peaks by points on 
the coating surface with heights that are below the elevation given by ym-0.5*Ra, called valleys. 
Note that this is the definition used here, and that other definitions for Sm are possible [Sander, 
19891. 

X 

Figure 14. A schematic diagram for the coating surface and the arrangement of peaks and 
valleys. 

Ra and Sm are used here to describe the coating surface. Note, however, that these variables 
are only average quantities and do not provide information about the deviations of the individual 
heights and spacing of the scallops from the average values. 

Results are first presented for a set of simplified conditions where the mass flux was 
assumed to be continuous, a single value is used for the angle of the mass flux, 9, and a simple 
sine wave was used to approximate the pre-roughness of the substrate. Then, results showing the 
effects of a mass flux composed of droplets which are deposited stochastically on the rough 
surface are presented. Next, results are presented for the mass flux distributions calculated by 
Lopez et. a1 (1995). Finally, results are presented for the mass flux distribution shown in Figure 5. 
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V.1. Continuous Mass Deposition on Simple Surfaces 

The results presented in this section were obtained from calculations using the continuous 
mass distribution. Each element of mass deposited is assumed to spread out over a distance, L, 
given by some specified value for the product, ED, where the spread coefficient, 5, is used which 
is independent of the local impact angle, p. In addition, a single value is used for the angle of the 
mass flux, 8, and a sine wave with a wavelength, Smo, and a roughness of, Rae, is used to 
approximate the pre-roughness. 

For the special case of RaO=O, i.e, a smooth initial substrate, the coating surface is also 
smooth for a continuous mass distribution, independent of 0 and L. While this is a desirable 
coating surface, the coating does not bond well to a smooth substrate, so pre-roughened substrates 
must be used. For RaO #O, the results for the shape of the coating surface were found to depend on 
the spray conditions, 8 and L, and on the pre-roughness characteristics, SmO and RaO. Figure 15 
shows typical results for the shape of the coating surface where the product of two sine waves was 
used for the pre-roughened substrate. One sine wave had a wavelength of 100 microns and the 
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Figure 15. The shape of the coating surface for a continuous mass flux distribution on a sine 
wave substrate for L=400 microns, 8=26O and Smo=lOOO microns (Stable Scallop Regime). 

other had a wavelength of 1000 microns. The smaller wavelength had only a small effect on the 
results, while the larger wavelength had a large effect and is the better measure for S,o. These 
results are for a splat size, L, of 400 microns, and a spray angle, 0, of 2 6 O ,  and were obtained 
from calculations which did not use the periodic boundary condition. (The results presented 
throughout most of this section were obtained during the early part of this study when the periodic 
boundary condition had not yet been implemented.) The results show that, starting from a pre- 
roughened surface with small roughness, large scallops can grow resulting in a coating surface 
with large roughness. 

The results shown in Figure 15 have a simple structure, where S,=Smo, i.e. there is a one- 
to-one correspondence between scallops and waves in the substrate. This is not always the case, 
where in general, the relationship between Sm and S,o depends on the ratio of Smo/L, and the 
spray angle, 0. Figure 16 shows this relationship, where there are four different regimes in Sm& 
versus 8 space, called the 'stable scallops', 'no scallops', 'merging scallops' and 'bifurcating 
scallops' regimes. As the names imply, scallops grow in three of the four regimes. 
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The 'stable scallop' regime is located at the middle of Figure 16 and is characterized by 
Sm=Smo. The result shown in Figure 15 is an example of the 'stable scallop' regime. Other results 
from this regime for L=400 microns are shown in Figure 17a and b, for 8=15' and Sm0=7OO 
microns, and for 8=45' and S,o=lOOO microns, respectively. Although the results shown in 
Figures 15 and 17 are all from the 'stable scallop' regime, where Sm=Smo, there is a large 
difference in the value of Ra for these results. Specifically, Ra=330 microns for 8=15', Ra=82 
microns for 8=26', and Ra=28 microns for 8=45'. Thus, Ra is strongly dependent on the spray 
angle, with Ra decreasing with increasing 8. 
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Figure 16. The four regimes for scallop growth in the input parameter space. 
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Figure 17a. The shape of the coating surface for a continuous mass flux distribution on a sine 
wave substrate for L=400 microns, 8=15' and S,o=700 microns (Stable Scallop Regime). 
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Figure 17b. The shape of the coating surface for a continuous mass flux distribution on a sine 
wave substrate for L=400 microns, 845 '  and SmO=lOOO microns (Stable Scallop Regime). 

In the 'bifurcating scallop' regime (cf. Figure 16) scallops begin to grow with Sm = SmO 
early in the process, but then each scallop bifurcates into two scallops such that Sm = S&2, as 
shown in Figure 18 for SmdL=3.3. Larger values of SmdL can result in each scallop dividing into 
three (or presumably more) scallops. After bifurcation, the state of the coating surface resides in 
the stable scallop regime based on S m L  = OSSmdL = 1.6. 
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Figure 18. The shape of the coating surface for a continuous mass flux distribution on a sine 
wave substrate for L=230 microns, 8=26' and Sm0=75O microns (Bifurcating Scallop Regime). 

In the 'no scallop' regime of Figure 16, as the name implies, no scallops grow for S,o < L. 
The results shown in Figure 19, for SmdL = 0.7, is an example of a coating formed in this regime. 
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Figure 19. The shape of the coating surface for a continuous mass flux distribution on a sine 
wave substrate for L=550 microns, 8=26O and Sm0=4OO microns (No Scallop Regime). 
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Here the pre-roughness on the substrate surface is quickly covered and a smooth surface prevails 
thereafter, except for the scallops which begin to form late in the process. These scallops are 
generated by the non-uniform shape near the edges of the calculated surface which result from the 
lack of a periodic boundary condition. These scallops would not appear if a periodic boundary 
condition were used. This is the same result that is obtained for a smooth substrate. Thus, in order 
for scallops to grow on the coating surface, they must be initiated. That is, a smooth coating 
surface is unstable and it remains smooth if there are no disturbances present in the substrate 
surface, such as a pre-roughness with a wavelength which is larger than the splat size. 

In the 'merging scallop' regime scallops begin to grow with Sm = Smo early in the process, 
but then each pair of scallops merge into one scallop such that Sm = 2Sm0, as shown in Figure 20 
for SmO/L=l. After merging, the state of the coating surface resides in the stable scallop regime 
based on Sm/L = 2SmdL = 2. 
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Figure 20. The shape of the coating surface for a continuous mass flux distribution on a sine 
wave substrate for L=300 microns, 8=20° and Sm0=3OO microns (Merging Scallop Regime). 

The results presented above were for fairly simple and idealized conditions of a continuous 
mass flux, a single value for the spray angle and a pre-roughness characterized by a single 
wavelength, and show that large scallops can grow on the coating surface. For these conditions, 
the scallops grow stably with a spacing, Sm, such that L<Sm<nL, where L is the splat size and n is 
a factor which increases with decreasing spray angle, 8. For 8=30", n=3. For Sm;tSmo, this 
stable value for Sm results from the processes of bifurcation or merging. After the stable value for 
Sm is established, it remains constant thereafter. 

The development of a stable constant value for Sm does not occur in real coatings. It will be 
shown later in this report that Sm becomes larger than the stable value, due to scallop merging. 
This occurs due to non-uniformities in the shape of the coating surface, which can result from non- 
uniformities in the profile of the pre-roughened substrate, or it can result from the stochastic nature 
of the deposition of the finite sized droplets which make up the thermal spray. The results shown 
in Figure 21  illustrate the effect of a simple example for a target surface with a non-uniform shape. 
(These results were obtained from calculations using a periodic boundary condition). A continuous 
mass flux was used with L=120 microns and 8=26". A sine wave with a wavelength, Smo, of 300 
microns was used as the initial condition for the target profile shape. This gives Sm&=2.5, which 
is well within the stable scallop regime where S ,  should remain constant and equal to Smo. The 
results shown in Figure 21a are for an initial condition where the heights of each wavelet in the 
pre-roughness profile are all the same. As expected, the scallops grow stably with Sm=Smo. The 
results shown in Figure 2 1 b are for an initial condition where the heights of the wavelets in the pre- 
roughness profile increase within each group of three, in a repeating pattern. Here the scallops, 
initially growing with Sm=Smo, merge with each group of three becoming one large scallop. The 
effect of the merging process is to increase the coating roughness from Ra=92 microns (Fig. 21a) 
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to Ra=133 microns (Fig. 21b). This simple example illustrates the effect of scallop merging on Ra, 
although neither result shown in Figure 21 is a desirable coating profile 
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Figure 21a. The shape of the coating surface for a continuous mass flux distribution on a sine 
wave substrate for L=120 microns, 0=26O and Sm0=30O microns (Stable Scallop Regime). 
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Figure 21b. The shape of the coating surface for a continuous mass flux distribution on a sine 
wave substrate with staggered amplitudes within each group of three wavelets for L=120 microns, 
6=26O and S,o=300 microns (Stable Scallop Regime). 

Although the relationship between scallop spacing, Sm, and the splat size, L, and spray 
angle, 8, established above based on the assumptions of continuous mass deposition and simple 
profiles for the pre-roughened surface does not strictly apply to real coatings, this relationship is 
qualitatively correct. That is, in general, Sm increases with splat size, which increases with droplet 
size. Also, Sm increases with decreasing 0. These results help in interpreting some of the results 
presented later in this report. 

V.2. Stochastic Droplet Deposition 

The results presented in this section were obtained using a simulation for the stochastic 
deposition of thermal spray droplets onto the substrate. The spray angle was assumed to have a 
single constant value of, 0=26", and a droplet size, D, of 40 microns, was used. A value of three 
was used for the spread coefficient, 5. 

Figure 22 shows the final shape of the coating surface, as well as the surface shape for 
several intermediate stages, where a smooth substrate was used for the initial condition. In contrast 
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Figure 22. The shape of the coating surface for stochastic droplet deposition on a smooth 
substrate for D=40 microns, 5=3 and 0=26*. 

to the smooth coating surface obtained using continuous mass deposition onto a smooth substrate, 
the results obtained using a simulation of the stochastic droplet deposition show that a very rough 
surface has now developed. This is due to the small roughness elements formed by the first few 
droplets which were deposited on the substrate. These small roughness elements provide the 
disturbances which initiate the growth of large scallops. This effect also occurs for stochastic 
droplet deposition on a pre-roughened substrate, regardless of the value of Smo. Thus, any attempt 
to make smooth coatings by using a substrate which does not have disturbances which can initiate 
scallop growth, e.g. by making Smo<L, will be unsuccessful because of the disturbances created 
by the discrete thermal spray droplets themselves. 

The results for Ra and Sm for a smooth substrate are shown in Figure 23 as a function of the 
coating thickness, ym, along with results for a rough substrate (profilometer data for the profile of 
a pre-roughened substrate is used as the initial condition, where Rao=9 microns and Sm0=148 
microns). Also shown are results for a rough substrate where the variable spread coefficient, t', 
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Figure 23. The results for the coating roughness as a function of the coating thickness for 
stochastic droplet deposition on smooth and rough substrates for D=40 microns and 5=3 for 
constant and variable spread coefficients. (a) Ra. (b) S,. 

given in Equation (9) as a function of the local impact angle, p, was used. All three sets of results 
show that both Ra and Sm increase throughout most of the coating process. The results for Ra and 
Sm for the smooth and rough substrates are approximately the same. Thus, the differences between 
the smooth and rough substrates do not appear to be important when the thermal spray mass is 
composed of droplets which are deposited stochastically. These results for Ra are also in close 
agreement with the results for the variable spread coefficient. In contrast, the results for Sm for the 
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variable spread coefficient are significantly larger than for the constant spread coefficient. This 
result is consistent with the results obtained using continuous mass deposition on simple surfaces 
(section V.l), where the stable scallop spacing was found to be proportional to the splat size, i.e. 
Sm =L=SD. Thus, the larger spread coefficient given by 5' results in a larger splat size and a larger 
value for Sm. 

The results for the final values of Sm for the constant spread coefficient, scaled by the splat 
size (L=120 microns for this case), are approximately 5 and 4 for the rough and smooth substrates, 
respectively. These values are in the bifurcating scallop regime for the spray angle used here 
(8=26'). These results provide an example where values of Sm occur which are larger than the 
stable values, due to scallop merging resulting from non-uniformities in the coating profile shapes. 

V.3. Computed Mass Flux Distribution 

The results presented above are for a single value of the spray angle, 8. The results of Lopez 
et. a1 (1995) for droplet trajectories in an axi-symmetric thermal spray jet impinging on a target 
substrate at a normal angle shows that the droplets do not all strike the target at the same angle. Her 
results for three different droplet sizes and for droplets with different initial positions in the exit 
plane of a thermal spray gun, zg (measured from the center of the exit plane), are shown in Table 
1. The results show that droplets with initial positions near the center of the gun exit plane (zg=O) 

Table 1. The droplet impact angle and number density for a droplet flux distribution (the 
distribution is symmetric about zg=O; only one half is shown). 

strike the target at a more perpendicular angle than droplets with initial positions mear the edge of 
the gun exit plane (zg=l). Also shown in Table 1 are experimental results for the droplet number 
density distribution, ND, along the exit plane of a thermal spray gun [Roemer, 19941. These 
results show that there are more droplets near the center of the gun exit plane than near its edge. 
The measured results for the droplet number density are used to weight the computed results for 
the droplet impact angles to obtain a droplet mass flux distribution which was used to calculate 
coating roughness. This distribution was assumed to be symmetric about zg=O. (Only one half of 
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the distribution used in the calculations is shown in Table 1 .) This flux distribution was swept over 
the target (Le. to simulate gun stroking) for 40 cycles. 

Figure 24 shows the shape of the coating surfaces for D=10,40 and 80 microns. The results 
for Ra are 8, 14 and 30 microns, for D= 10,40 and 80 microns, respectively. Although the impact 
angles for D=10 microns are smaller (more off-normal) than for D= 40 and 80 microns, Ra is the 
smallest for D=10 microns. The impact angles shown in Table 1 are very large for all the values for 
D, and this appears to have reduced the effect that the small differences between the angles for 
D=10 microns and 40 microns (or 80 microns) might have otherwise had on the coating 
roughness. The primary parameter affecting the roughness results appears to be the droplet size, 
where Ra increases with increasing D. 

500- ' 
Ra=7.93 microns D = 10pm 

0- - - 

500 

Lvlrrrrv Sub- 
L R,=l4.0 microns D = 40pm 

0- 
0 

*E - 
>r 500- 
' 

0 Ra=30.5 microns D = 80pm Substrate 

0 1000 2000 3000 4000 5000 6000 7000 8000 
x - micron 

Figure 24. The shapes of the coating surfaces for stochastic droplet deposition onto a rough 
substrate for calculated droplet trajectories transported by an axi-symmetric gas jet for D = 10,40 
and 80 microns. 
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V.4. Empirical Mass Flux Distribution 

The mass flux shown in Figure 5, which is based on experimental data, is composed of two 
basic parts, the main spray and the over-spray. The spray angles in the over-spray portion are very 
small, a characteristic that was not considered in the calculations presented above. This mass flux 
distribution, which specifies not only the spray angles, but also the fraction of the mass deposited 
for each spray angle and the droplet size for each spray angle, was used to obtain the results 
presented in this section. The number of gun strokes over the target was assumed to be 55. 
Profilometer data for the profile of a pre-roughened substrate were used as the initial condition. 

Figure 25a shows the results for the shape of the coating surface. Although most of the 
thermal spray mass (77%) is deposited at a relatively large spray angle (8=51°) the small spray 
angles for the over-spray is important and results in the development of some large scallops and a 
very rough surface. The results from the calculations are compared to experimental data for the 
profile of a coating, shown in Figure 25b. A laser profilometer was used to measure this profile, 
which scans the coating surface vertically from above; consequently, it is not capable of resolving 
'over-hanging' features of the scallops, as obtained in the calculations. There is, however, good 
agreement between the computed and measured coating profiles for the general size and shape of 
the scallops. 
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Figure 2%. The calculated shape of the coating surface for the empirical mass flux distribution. 
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Figure 25b. The measured shape of the coating surface. 

Results for Ra and Sm are presented as a function of the coating thickness, Ym, in Figure 26. 
Figure 26a shows ym as a function of time. The growth rate of ym is approximately constant, 
although this growth rate does vary; e.g. the growth rate is larger during times when the target is 
exposed to the main spray which has a larger mass flux than that of the over-spray. This is difficult 
to see in the figure due to the high frequency with which the flux changes hack and forth between 
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the main spray and the over-spray portions due to the large stroking velocity of the gun. Figures 
26b and c show the results for Ra and Sm, both of which increase throughout the coating process. 
Figure 26d shows the ratio, Ra/Sm, which is interpreted as an average value for the scallop aspect 
ratio. Unlike Ra and Sm, Ra/Sm comes to a near steady value following an initial development 
period. The initial values for Ra and Sm, i.e. the values for the pre-roughened substrate, are 9 
microns and 148 microns, respectively, giving Ra/Sm=0.061. During the deposition of the first 
few microns of material Ra increases by a small amount while Sm rapidly increases to 258 microns, 
resulting in a decrease in Ra/Sm to a value of 0.04. Ra/Sm then increases to a value of about 0.06 
when the coating thickness is 100 microns and varies about that value for the remainder of the 
coating process. Thus, it appears that if a sufficient amount of material is deposited Ra/Sm will 
vary about a constant value, which is 0.06 for the mass flux distribution used here. This condition 
is referred to here as a 'fully developed' condition. 

0 0.5 1 1.5 2 0 100 200 300 400 500 
time - s y, - micron 

(c) 
" " ~ " " ~ " " ~ " ~ ' " " ' ~  

0 100 200 300 400 500 
y, - micron 

0.07 

0.06 

0.05 

0.04 

0.03 

E 

K 

0 100 200 300 400 50 
y, - micron 

Figure 26. Calculated results for the coating roughness for the empirical mass flux distribution. 
(a) Coating thickness, ym. (b) Ra, (c) Sm and (d) Ra/Sm. 

The rate of change of Ra with coating thickness decreases when Ra/Sm is close to the value 
of 0.06, i.e. near a coating thickness of 100 microns. Thus, the rate of increase of Ra with coating 
thickness appears to depend on Ra/Sm and is larger when Ra/Sm is less than its fully developed 
value. Recall that the initial value for R$Sm (0.061) was close to its fully developed value, but that 
it rapidly decreases to a smaller value (0.04) due to the rapid increase in Sm for O<ym<lO microns 
(see Figure 26c). This rapid increase in Sm occurs when the first few droplets are deposited which 
cover the pre-roughened surface with relatively large splats. It is also possible that numerical 
diffusion contributes to this increase in Sm This numerical diffusion results from the redistribution 
of the node points which is done at every time step to obtain equal spacing between the node 
points. 
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V.4.1. Comparison with experimental data 

A set of experiments was done where coatings of various thicknesses were made on pre- 
roughened cylinders. A laser profilometer measured the profiles of the coatings along lines one 
inch in length (parallel to the cylinder axis) at several locations on each coating. The roughness of 
the coatings was determined from the profile data. Figure 27a shows the experimental results for 
Ra. As discussed in Appendix A, the droplet sizes in the mass flux distribution used in the 
calculations were adjusted to fit the experimental data shown in Figure 27; hence the close 
agreement between the calculated and measured results. The experimental results do confirm that 
both Ra and Sm increase throughout the coating process, and that Ra/S, attains a 'fully developed 
condition'. They also show what appears to be a change in the growth rate of Ra near ym=170 
microns. However, the experimental data does not show the large decrease in Ra/S, at the 
beiinning of the coating process which was seen in the calculated results. The reason for this 
discrepancy is not clear. 

80 
70 
60 
50 

'E 40 
I 30 

20 
10 
0 

c 

0 100 200 300 400 500 
y, - micron 

400 
200 
000 
800 
600 
400 
200 

'0 100 200 300 400 500 
y, - micron 

100 200 300 400 500 
y, - micron 

Figure 27. Comparison of calculated and measured results for the coating roughness as a 
function of the coating thickness, ym. (a) Ra. (b) Sm(c) Ra/Sm. 

V.4.2 Parameter study 

The calculations were used in a parameter study to determine the sensitivity of the coating 
surface roughness to the parameters. The parameters considered were the shape of the pre- 
roughened substrate profile, the droplet size, the splash fraction (the fraction of the mass deposited 
by the over-spray portion of the mass flux distribution) and the spray angle for the over-spray. For 
each parameter varied, the results are compared to the results shown above, which are referred to 
as the 'standard' results and the values used to obtain the standard results are referred to as the 
standard parameter values. The standard parameter values are the mass flux distribution parameter 
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standard and smooth pre-roughened surfaces (ARa=49 and 54 microns, respectively). The slower 
growth rate for Ra is due to the larger values for Ra/Sm (see Figure 28c) for the sine wave pre- 
roughness profile for small Ym than it is for the other cases. Unfortunately, the benefit of this 
smaller growth rate is partially off set by the larger initial value for Ra for the sine wave pre- 
roughness profile. The results for Sm, shown in Figure 28b, are all approximately the same. 
Figure 28d shows the final results for Ra (normalized b y  the standard result) as a function of the 
initial value for Ra. Note that the smallest final value for Ra was obtained for the largest initial 
value for Ra. 

The effect of droplet size on Ra is shown in Figure 29a. As shown in Figure 5, the thermal 
spray mass flux is composed of six zones with different droplet sizes. The results presented in 
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Figure 29. The effect of the droplet size on the coating roughness. (a) Ra. (b) Sm. (c) Ra/Sm. 

Figure 29 were obtained from calculations where the set of droplet sizes were all scaled by the 
same factor indicated in the figure. As shown in Figure 29a, Ra increases with the droplet size. 
Figure 29b shows that the effect of droplet size on Sm is small. This is contrary to the results for 
continuous mass deposition (section V. l), which showed that Sm was proportional to the spliat size 
(which is proportional to the droplet size). Those results were for a constant spray angle, while the 
results here are for a variable spray angle, including very small angles. It appears that the small 
spray angles used here are the dominating factor in determining Sm. The decrease in Ra may be 
due to a mass deposition which is more spatially uniform which occurs when D is decreased, i.e. 
as D decreases the number of droplets deposited increases for a given coating thickness. The larger 
number of droplets are likely to have a more uniform distribution of impact points . 

Note that the spread coefficient, splash fraction and all other characteristics of the mass flux 
were kept constant for the different droplet sizes considered. In reality, any method of altering the 
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droplet size would probably also alter some of the other mass flux characteristics, such as the 
splash fraction. Due to the lack of knowledge of the specific relationship between droplet size and 
splash fraction for molten metal droplets, this effect was not included in the calculations. 

The effect of the splash fraction, f,, is shown in Figure 30. As shown in Figure 5, the mass 
flux distribution is composed of six zones, where one of these represents the main spray portion of 
the mass flux, and the remaining five zones represent the over-spray portion of the mass flux. In 
the standard case described earlier, the sum of the deposit mass fractions for the five zones making 
up the over-spray portion of the mass flux is 23.4%, Le. the splash fraction is 0.234 for the 
standard case. The result labeled '0.75"std.' is for a mass flux distribution similar to the standard 
case except that the individual mass flux magnitudes for each of the zones making up the over- 
spray portion of the mass flux were all reduced by a factor of 0.75 such that their sum was 0.175 
(Le. fs=0.175), and the mass flux magnitude of the main spray was increased to 0.825. Similarly 
for the result labeled '0.5*std.'. The droplet sizes and spray angles of each of the zones in the 
mass flux distribution were not changed. Figure 30a shows that as the splash fraction decreases, 
Ra decreases. Figure 30b shows that Sm also decreases with decreasing fs. Figure 30c shows that 
Ra/Sm is much slower to attain its 'fully developed' value as fs decreases. 
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Figure 30. The effect of the splash fraction on the coating roughness. (a) Ra. (b) Sm. (e) Ra/Sm. 

The effect of the spray angles for the over-spray portion of the mass flux distribution, Os, is shown 
in Figure 31. The curve labeled '1.5*std.' is for a mass flux similar to the standard flux except the 
spray angles for the five zones making up the over-spray portion of the mass flux are all increased 
by a factor of 1.5. The splash fraction and droplet sizes for the over-spray are all unchanged. 
Similarly, for the curve labeled '2*std.'. The results show (Figure 31a) that Ra is very sensitive to 
€Is. Figure 31b shows that Sm decreases with increasing €Is. This is consistent with the results 
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presented in section V.l for continuous mass deposition on simple surfaces, where it was found 
that the 'stable' value of Sm decreases with increasing spray angle. Similar to the effect of fs, 
Ra/S, is much slower to attain its 'fully developed' value for increasing Os (see Figure 31c). 
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Figure 31. The effect of the spray angle for the over-spray on the coating roughness. (a) Ra. (b) 
S,. (c) Ra/Sm. 

V.4.3 Porosity 

The analysis provides a prediction for the formation of pores in the coating based on purely 
geometrical considerations; i.e. when the shape of the coating surface is such that two parts of the 
surface come into contact with one another it can close off a void, or pore, which cannot be filled 
in by additional mass deposition. This is not the only mechanism possible for pore formation in 
thermal spray coatings. Cirolini et. a1 (1991) (see also Harding et. al, 1995) proposed that pores 
form when a splat on the coating surface curls up creating a void beneath the edge of the splat. 
Fukanuma (1994) proposed that pores form when an impacting droplet traps gas between it and the 
coating surface such that the resulting splat does not completely follow the underlying surface 
contour. These mechanisms for pore formation are not accounted for here. 

One of the factors which has been observed to contribute to large pore formation in the 
coating is open porosity in the substrate (Campbell, 1996), i.e. existing porosity in the substrate 
which is partially exposed by the pre-roughening process such that a large hole in the substrate 
surface is created. The coating process is often unable to fill such holes, and simply seals them off 
leaving a large open pore buried in the coating. The photo-micrograph shown in Figure 32a is an 
example of two such pores. 
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Calculations were done in an attempt to reproduce the large pores in the photo-micrograph 
shown in Figure 32a. The portion of the substrate profile visible in the photo-micrograph was 
digitized and used as the initial condition for the calculations. The results, shown in Figures 32b 
and c, predict the formation of one of the large pores in the photo-micrograph. The other large pore 
did not form in the calculations. Figure 32c shows the coating surface evolving in the calculation; 
note that the two parts of the coating surface on either side of the large hole in the substrate first 
approach one another, then come into contact and seal off the pore. 

C 

0 
,O 500 .- 
f o  

d 

1 " " 1 " " i " " 1 " " 1 " " 1 ' " ' 1 ' " '  

view shown in Fig. 32a and c 

0 1000 2000 3000 

S 

0 
e 
E 
.- 

I 

400 

200 

0 

-200 

-400 

J . : ,  , . , I . .  . . I .  I \ , -  I - 4  
4000 5000 6000 7000 8000 

x - micron 

(c) : 
l . , , , l . ,  . .  1 . . , . l . . . . 1  

3000 3500 4000 4500 5000 
x - micron 

Figure 32. The shape of the coating surface and the shape of a large pore whish forms in a hole 
in the substrate. (a) Photo-micrograph after final machining of the sprayed surface. (b) Calculated 
result. (c) Enlarged view of the calculated result. 

The photo-micrograph shown in Figure 33a is a second example of a large pore forming in a 
coating on a substrate with a large hole in it. The calculated results are shown in Figure 33b, which 
also show the formation of a large pore. This example and the one shown in Figure 32 confirm that 
the analysis can explain the formation of large pores in the coating due to large holes in the 
substrate. 
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Figure 33. The shape of the coating surface and the shape of a large pore which forms in a hole 
in the substrate. (a) Photo-micrograph. (b) Calculated result. 

Porosity has also been observed in the coatings, even in the absence of large holes in the 
substrate, although the pores in this case are much smaller than those shown above. Calculations 
were carried out to appraise the ability to predict the formation of such pores. The calculations used 
the standard profile for a pre-roughened substrate (without any large holes) as the initial condition, 
and the thermal spray gun was assumed to traverse over the target for a total of 40 cycles. The 
computed coating surface was searched for 'positive-loops' after every time step. The results, 
shown in Figure 34, confirm that the analysis predicts the formation of small pores within the 
coating. In this case, a total of 36 pores formed. The overall porosity, defined here as the total 
cross sectional area of all the pores divided by the cross sectional area of the coating, was 0.23%. 
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Figure 34. Results for the distribution of porosity in a coating. 
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VI. SUMMARY 

The formation of a thermal spray coating has been analyzed to identify methods to reduce the 
surface roughness of the coating. In developing the analysis, a new methodology was developed. 
The method uses a string of equally spaced node points to define the shape of the coating surface 
and tracks the change in this shape as the thermal spray mass is deposited. The method allows for 
the calculation of arbitrary shapes for the coating surface which may be very complex. 

The analysis accounts for the shading which occurs when large roughness elements, called 
scallops, form 02 the coating surface. These scallops block the thermal spray from directly 
depositing on regions of the coating surface adjacent to the scallops. Also included is the spreading 
that occurs when a thermal spray droplet impacts with the coating surface and spread out over 
distances that are large relative to the droplet itself. 

One of the thermal spray mass flux distributions used for the droplet size, spray angle and 
mass flux magnitude was based on experimental data. The data show that there are two basic parts 
to the thermal spray mass flux, the main spray part and the over-spray part. The main spray part of 
the mass flux is that portion of the mass deposited directly by the thermal spray jet coming from the 
thermal spray gun. The conditions of this portion of the mass flux include large values for the 
droplet size and the spray angle. The over-spray part of the mass flux is that portion of the main 
thermal spray droplets which splashes on impact with the target surface, and is ejected off of the 
target surface and back into the gas flow field next to the target. The splashed droplets are then 
transported to other regions of the target surface where they are re-deposited. The deposition 
conditions of the over-spray include small values for the droplet size and the spray angle. The 
spatial distributions of the thermal spray droplets in both portions of the spray are random, which 
results in a stochastic deposition of the droplets onto the target. This stochastic deposition of the 
droplets is accounted for in the model. 

The results from this study have shown that there are two causes of the formation of scallops 
on the coating surface, both of which must be present. These are 1). a small spray angle (i.e. less 
than 300), and 2), geometrical features on the target surface which initiate the growth of the 
scallops; that is, a smooth coating surface is unstable and it remains smooth only if there are no 
disturbances present in the target surface. Geometrical features in the target surface with a spacing 
larger than the splat size initiate the growth of scallops. These features may be in the profile of the 
pre-roughened substrate or they can be created by the thermal spray itself. 

The growth of scallops was found to be a complex phenomena. The average height, Ra, and 
spacing, Sm, of the scallops increases with increasing coating thickness. The increase in scallop 
spacing can be caused by scallop merging, where two or more scallops merge to become one large 
scallop. Merging results from either a scallop spacing which is approximately equal to the splat 
size, or from a non-uniformity in the scallop heights. Small spray angles can also result in an 
increase in scallop spacing. Following an initial development period of the coating, the ratio of 
Ra/S, was found to come to a steady, 'fully developed' value. The growth rate of Ra was found 
to be larger for values of Ra/S, which were less than the fully developed value than when Ra/S, 
was equal to its fully developed value. 

A parameter study was carried out to identify methods for reducing the coating roughness. The 
parameters considered were the shape of the profile for the pre-roughened substrate, the droplet 
size, the spray angle for the over-spray and the splash fraction (the fraction of the thermal spray 
mass composing the over-spray). Figure 35 summarizes the results from this parameter study, 
where the results have been normalized by the value of the coating roughness representative of the 
current process (the standard value). The effect of the form of the profile for the pre-roughness 
was found to be small. The largest reduction in coating roughness obtained by modifying this 
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profile was 9% and was obtained from a profile in the shape of a sine wave with a wavelength of 
300 microns. Decreasing the droplet size by a factor of two decreased the roughness by 13%. 
Increasing the spray angle for the over-spray by a factor of two decreased the roughness by 50%, 
and decreasing the splash fraction decreased the roughness by 5 1 %. 
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Angle by a Factor of Two 

Reduce Splash Fraction 
by a Factor of Two 
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by a Factor of Two 
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0 0.2 0.4 0.6 0.8 1 
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Figure 35. The effect of modifications to the model parameters on the results for coating 
roughness. 

The fraction of a droplet which splashes is determined by the droplet size, impact velocity 
and angle, the target surface roughness, droplet viscosity, etc.. Thus, reducing the droplet splash 
fraction requires first, some knowledge of the relationship between these quantities and the splash 
fraction, and second, a means for controlling these quantities. The spray angle for the over-spray is 
determined by the gas flow field adjacent to the target surface. This gas flow field may be altered 
by developing a thermal spray gun which includes a second gas jet as shown in Figure 36. This 
conceptual design shows the second gas jet impinging on the over-spray plume containing the 
splashed droplets, and driving them down onto the target and increasing their spray angle. 
Alternatively, a second gas jet could be used to blow the over-spray beyond the target surface such 
that it does not re-deposit, in effect, reducing the splash fraction. 

Main Thermal S 

Gas 

Figure 36. A conceptual design for a new thermal spray gun for increasing the spray angle of the 
over-spray. 
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APPENDIX A. THE THERMAL SPRAY MASS FLUX DISTRIBUTION 
EXPERIMENT 

Figure A1 shows a schematic of the experiment used to study the distribution of mass 
deposited on a flat plate by a thermal spray gun with an angled air cap. A Metco DJ thermal spray 
gun with an M2 air cap was used to make the deposit on the plate. The gun was operated in the low 
BTU condition and steel wire (1/8 inch diameter) was fed at 44 in/min. After gun start-up, the gun 
traversed across the plate (normal to the plane of Figure Al)  at 100 in/min. A total of 15 passes 
were used to make the deposit. A grit blasted aluminum plate with dimensions 2in by 8in by 
0.125in was used as the target. 

I Thermal Spray Gun 

Thermal Spray Jet 

over-sprav 

Flat Plate 

Figure Al .  A sketch of the experimental arrangement used to make a thermal spray deposit on a 
flat plate. The thermal spray gun traversed across the plate (normal to the plane of the figure). 

As discussed in section 111.2.1, an infra-red picture (shown in Figure 4) of the experiment 
showed a long bright image above the plate starting from a location near the impact area of the main 
thermal spray jet. This image, shown schematically in Figure Al, was formed by the light emitted 
from the thermal spray mass which had splashed due to the impact of the droplets in the main jet 
with the plate, where the splashed mass, called over-spray was ejected off the plate and swept 
downstream (parallel to the plate) by the gas flow. The location and length of this image correlated 
with the location and length of the deposited mass which was later found on the plate. 

The deposit was cut and polished to create a metallurgical sample of the cross section (in the plane 
of Figure Al)  of the deposit which was then photographed. The photograph of the deposit cross 
section was digitized giving geometric definition of its boundaries. This digitized data, shown in 
Figure A2, was used to make an estimate of the distribution of mass (i.e. volume of mass) 
deposited along the plate. The deposit was divided into six zones that could be characterized as 
locally uniform in terms of the shape and thickness of the deposit. One of the zones covers that 
portion of the deposit made by the fraction of the mass in the main thermal spray jet which did not 
splash, and the other five zones in combination cover the over-spray portion of the deposit. The 
over-spray portion of the deposit was easily distinguished from the main spray deposit because it 
consisted of isolated columns of material with large gaps in between them. Calculations were done 
to determine the droplet size and spray angle in each of the over-spray deposit zones by assuming 
these quantities to be locally uniform and by using a trial and enor procedure to identify the values 
of these input parameters which gave results for the shape of the deposit which compared with the 
results from the experiment. The calculated results for the width of the columns and the distances 
between them were found to be sensitive to the droplet size and the spray angle used. 

Figures 2b through 2e show calculated results for the shape of the deposit in comparison to the 
experimental results for the different zones along the plate. The comparison is good for the overall 

(zone 2) is 51°, which is based on video images of the main spray (see Fig. 4). The droplet size 
for the main spray deposit is 40 microns, which is based on the measurements by Neiser, 1996. 

I width of the columns and the distances between them. The spray angle for the main spray deposit 
I 
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Figure A2. Comparison of numerical and experimental results for the shape of the deposit 
formed on a flat plate. The digitized experimental data of the deposit cross section (a), and both 
numerical and experimental results for zone 3 (b), zone 4 (c), zone 5 (d) and zone 6 (e). 
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The final results for the distribution of the flux magnitude, the droplet size and the spray 
angle are shown in Figure 5 in section 111.2.1. This experiment showed that the thermal spray 
mass is deposited over a large length of the target and that the deposition conditions (spray angle 
and droplet size) vary by large amounts over this length of target. 

The distributions for the mass flux magnitude, droplet size and spray angle found by the 
procedure described above, were used to calculate the roughness of a coating as a function of the 
coating thickness. The results from these calculations are shown in Figure A3 (labeled, 'Original 
Di),  along with experimental data for the coating roughness on cylinders. The calculated results 
for the average scallop spacing, Sm, were in good agreement with the data, but the calculated 
results for the coating roughness, Ra, and the ratio, Ra/Sm, were significantly larger than the 
experimental results. The conditions for the gas flow rates and exhaust vent used in the flat plate 
experiments used to determine the mass flux distribution were different than those used in the 
cylinder experiments used to determine the coating roughness. It is possible that these differences 
resulted in different mass flux distributions. Since the conditions used in the cylinder experiments 
are more representative of the conditions used by GM to coat engine cylinder bores, it was decided 
that it is more important to match the cylinder experiment data, Le. the data for the coating 
roughness, than the flat plate experiment data. Good agreement was obtained between the 
calculated and measured results for the coating roughness, by reducing the droplet sizes in the 
over-spray found in the procedure described above by a factor of 0.2 (shown in Figure A3, 
labeled, 'Reduced Ds'). The mass flux magnitudes and spray angles were not changed. The mass 
ff ux distributions shown in Figure 5 of section III.2.1 include the reduced droplet size for the over- 
spray. 
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Figure A3. Comparison of calculated and measured results for the coating roughness as a 
function of the coating thickness. Two sets of calculated results are shown, the 'Original Ds' 
results and the 'Reduced Ds' results, where the latter used smaller values for the droplet sizes in 
the over-spray portion of the mass flux than did the former. 
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APPENDIX B. CONVERGENCE OF THE SOLUTIONS 

The calculations were tested for convergence with respect to the numerical parameters. The 
numerical parameters are the number of node points used to define the coating surface, the time 
step, the random number sequence and the number of time steps taken between the process of 
searching and removing loops from the calculated coating surface. The effect of doubling the 
number of node points used to define the coating surface relative to the number used (3200) in 
most of the calculations carried out for this study is shown in Figure B 1. There is good agreement 
between the two sets of results for the first half of the simulations, but some differences develop 
during the latter half of the simulations. The maximum difference is 16%. Both sets of results 
show the characteristic change in slope at ym=120 microns. Overall, there is a fair agreement for 
the magnitude and basic structure of the results for Ra as a function of ym 
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Figure B1. The effect of the number of node points on the results for Ra. 

The effect of the time step used to integrate Equation (1) is shown in Figure B2. The nominal 
value for the time step used for most of the calculations carried out for this study is 0.0002s. 
Results for the nominal value of the time step as well as a time step equal to 0.0001s are shown in 
the figure. The two sets of results are in very close agreement indicating the results using the 
nominal time step are well converged. 
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Figure B2. The effect of the time step used to integrate the governing equations on the results for 
Ra- 
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The effect of the random number sequence used in Equation (4) for determining the droplet 
impact times is shown in Figure B3. The random number sequence affects the order of the droplets 
deposited on the target. This order will not be important if the number of droplets deposited in the 
simulations is large enough such that a good statistical average effect of the stochastic deposition of 
droplets on the coating roughness is obtained. That is, if the number of droplets deposited is 
sufficiently large, the differences created by altering the order of their deposition will cancel out 
and the end results will be independent of the order of deposition. Typically, 22 million droplets 
are deposited in the simulations. Two sets of results are shown in Figure B3 which were obtained 
using different random number sequences. The close agreement between the two sets of results 
shows that the results represent a good statistical average, and are well converged with respect to 
the random number sequence. 
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Figure B3. The effect of the random number sequence used to determine the order of the 
droplets deposited on the target. 

The effect of the number of time steps taken, NL, for each execution of the process where 
loops in the coating surface are searched for and removed is shown in Figure B4. Loops in the 
computed coating surface can occur due to the explicit integration scheme used to perform the 
calculations. These loops can degrade the accuracy of the calculations so it is important that they be 
removed while they are still small relative to the overall size of the computed coating surface. 
However, this process increases the CPU time for completing the calculations, so it is done as 
seldom as possible without compromising the accuracy of the calculations. The nominal value used 
for NL is five. Results using the nominal value as well as a value of one for NL are shown in 
Figure B4. The close agreement between the two sets of results shows that the results are well 
converged with respect to NL. 
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Figure B4. The effect of the number of time steps taken, NL, for each execution of the process 
where loops in the coating surface are searched for and removed. 
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