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We present a three-dimensional, stochastic model of thermal spray coating. It is capable of predicting coating
porosity, thickness, roughness, and the variation of these properties with spray parameters. The model as-
signs impact properties to molten droplets landing on the substrate by generating random values of process
parameters, assuming that these properties follow normal distributions with user-specified means and stan-
dard deviations. We prescribed rules to calculate splat sizes after droplet impact and their interaction with
each other. Porosity is assumed to be solely due to the curl-up of the splats as a result of thermal stresses. We
use a Cartesian grid to define the computational domain and to track the shape and position of the deposited
coating. The surface of the coating and the location of pores within it are specified using a variable known as
the “volume fraction,” defined as the fraction of the volume of a computational cell occupied by coating
material. Results are given for the variation of coating porosity, thickness and roughness with varying par-
ticle speed, size, and spraying gun speed. Predicted trends agree with experimental observation.

Keywords coating formation, deposition, microstructure, simula-
tion, stochastic

1. Introduction

Thermal spray coating is a relatively mature technology
widely used in industry. But, despite the extensive literature
published on processes such as plasma spraying or high-velocity
oxyfuel (HVOF) spraying, thermal spray coating still remains as
much an art as a science. The user has to select suitable values
for a large number of variables, including the power of the torch,
gas flow rates, substrate standoff distance, powder feed rate, and
speed of torch movement. Coating quality depends a great deal
on the skill of the operator in selecting these parameters, which
differ for each coating material. Typically a lengthy process of
trial-and-error goes into optimizing thermal spray operations for
any given application.[1] Since the equipment is expensive to
operate, the cost of developing new coatings can be very high.

A computer model capable of predicting coating properties
as a function of process parameters could, in principle, greatly
reduce development time. However, the physical mechanism by
which a thermal spray coating is formed is so complex that few
attempts have been made to simulate it. Figure 1 shows a sche-
matic view of the thermal spray coating process. Fine particles
are fed into a hot carrier gas where they melt while being pro-
pelled at high velocity onto the surface to be coated. Molten
droplets land on the solid surface where they spread, solidify,
and agglomerate to form a thin layer.

Inspection of a cross section through a thermal spray coating
(see Fig. 2) shows that it is built up of thin lamellae formed by

flattened droplets that land on each other and fuse together.
Closer examination shows that the coating is not fully dense:
pores are found at the interface between splats.[2-4] The presence
of these pores may or may not be desirable, depending on the
purpose of the coating. Porosity is detrimental to the perfor-
mance of wear resistant coatings since it reduces their structural
integrity and adhesion strength. But closed pores are useful in
thermal barrier coatings since they reduce thermal conductivity
and enhance insulation. In either case it is important to be able to
produce the desired level of porosity by controlling the coating
deposition process.

Knotek and Elsing[5] developed a model of thermal spray de-
position that they used to predict the size and distribution of in-
terlamellar cracks and pores in the coating. Their simulation
used the Monte Carlo method in which particles with randomly
varying diameter and velocity were deposited on a surface. The
size of lamellae and pores formed by impacting droplets were
determined according to simple guidelines, and the overall coat-
ing structure was determined. The model was two-dimensional,
so that it predicted only the structure of a single cross section
through the deposited layer.

Cirolini et al.[6,7] also simulated coating deposition with a
two-dimensional stochastic model and postulated a much more
complex set of rules to represent interactions between splats
landing on each other. Kanouff et al.[8] modeled coating by a
thermal spray inclined at an angle to the substrate and calculated
the surface roughness of the coating. Hansbo and Nylen[9] de-
veloped a model to simulate layer build-up and robot motion
without any attention to the internal coating microstructure.

Though the literature on modeling deposition of entire sprays
is relatively sparse, a great deal more has been published on the
impact and solidification of a single molten droplet on a solid
surface. Madejski[10] developed a simple analytical model to es-
timate the maximum spreading diameter of alumina splats. Zhao
et al.[11,12] used both experiments and a two-dimensional nu-
merical model to study fluid dynamics and heat transfer during
the impact of liquid droplets on a solid substrate. Pasandideh-
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Fard et al.[13] simulated the axisymmetric impact and solidifica-
tion of tin droplets on a steel plate and validated the model with
experiments. Bussmann et al.[14] developed a three-dimensional
model of liquid droplet impact that could be used to simulate
droplets impinging on a surface of arbitrary shape. Pasandideh-
Fard et al.[15] extended Bussmann et al.’s code by including so-
lidification. A number of experimental investigations[16-20] into
the impact of individual molten droplets on a solid surface have
examined the effect of varying parameters such as impact veloc-
ity, substrate temperature, and droplet size on droplet spreading
and splashing.

Two-dimensional models of thermal spray coating are of
only limited use in predicting thermal spray coating structures,
since the process is inherently three-dimensional. Pores and
cracks form a network within the deposited layer, and a single
cross section through it gives incomplete information. If the sub-
strate has a complex shape, rather than being flat, the coating
structure may change significantly with location.

The objective of the study described in this paper was to de-
velop a three-dimensional stochastic model of thermal spray
coating capable of predicting coating porosity, thickness and
roughness, and the variation of these properties with spray pa-
rameters. The model dispersed molten droplets on the substrate
by generating random values of process parameters, assuming

that these properties follow appropriate distributions with user-
specified means and standard deviations. Splat sizes after drop-
let impact were calculated from an analytical model.[19] We used
a deliberately simple set of rules to describe coalescence of
splats. Porosity was assumed to be solely due to the curl-up of
the splats as a result of thermal stresses. We will demonstrate
that even such an idealized description of interactions between
splats can be used to generate fairly realistic coating properties.
In the future, we plan to use a three-dimensional model of drop-
let impact and splashing[15] to generate more sophisticated rules
for predicting splat shapes, and to determine what is the least
level of complexity required for these rules to predict values of
porosity and thickness that agree well with experimental results.

2. Numerical Method

2.1 Process Parameters

Physical properties of coatings produced by thermal spray
have been found to be sensitive to a large number of process
parameters such as droplet size distribution, velocity, tempera-
ture, and substrate properties at the point of impact. Measure-
ment of these parameters for every particle in a spray is prohibi-
tively difficult, but their statistical distributions can be easily

Nomenclature

C specific heat
d diameter of splat
D diameter of droplet
f volume fraction
F cumulative probability
g probability density function
h thickness
Hf latent heat of fusion
l distance between center point of splats
L substrate length
N number of cells
P porosity
p(x,y) splat boundary profile
Ra average surface roughness
S random variant
t time
tc time of spreading
t temperature
U gun speed
V particle speed
W substrate width
X cell location with respect to splat center point
Z gun distance from substrate

Subscripts, Superscripts

c coating
cell cell
g gap
gun gun
i discretized x-direction
j discretized y-direction
k discretized z-direction

l log-population
m average amount of values
mat material
max maximum
n number of splat
q previously deposited splat counter (q = 1,…,n-1)
sub substrate
sp splat
x x direction
y y direction

Greek Symbols

� curl up angle of splat
� liquid-solid contact angle
� process parameter
� surface tension
� dummy variable
� thermal diffusivity
µ mean value of probability density function
� kinematic viscosity
� azimuthal angle
	 density

 standard deviation of probability density function
� spread factor
� disperse angle

Dimensionless Numbers

Pe Peclet number (Pe = VD/�)
Re Reynolds number (Re = VD/�)
Ste Stefan number (Ste = C(T−Tsub)/Hf)
We Weber number (We = 	V2D/�)
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determined experimentally using commercially available instru-
ments. For example, the DPV-2000 monitoring system from
Tecnar Ltd. (Montreal, Canada) simultaneously measures diam-
eter, velocity, and temperature of particles in a thermal spray and
calculates their statistical distribution. In our stochastic model of
coating formation, we assumed that the particle speed V, diam-
eter D, temperature T, and impact point (defined by � and �, the
two angles shown in Fig. 1) have random, continuously varying
values. Measurements of particle properties in thermal sprays
performed by DPV-2000[21,22] have shown that the variation of
velocity and temperature can be represented reasonably well by
a normal probability distribution (Fig. 3) denoted by N(µ,
2)
with probability density function (PDF) given by:

g�x� =
1


�2
exp�−

1

2
2�x − ��2� (Eq 1)

where g represents any distributed variable, µ the mean value,
and 
 the standard deviation.

Particle size distributions are better described[23] by a lognor-
mal PDF (LN(µ,
2)) defined as:

gl�x� =
1

x
l�2
exp�−

1

2
l
2�lnx − �l�

2� (Eq 2)

where µl is the log-population mean and 
l is the log-population
standard deviation. Figure 3 shows measurements of size, veloc-
ity, and temperature of nickel particles in a plasma spray made
by using a DPV 2000 system. Next to the experimental measure-
ments are distributions of the same properties generated by the
model using experimentally measured mean values and standard
deviations.

We used a spherical coordinates system to define the landing
positions of particles, characterized by the distance of the gun
from the substrate (Z), disperse angle (�), and azimuthal angle
(�). For each particle, � was assumed to follow a normal distri-
bution, with its mean along the axis of the spray gun, while all

Fig. 2 Scanning electron microscope (SEM) micrograph of thermal
spray coating microstructure (a) nickel plasma sprayed on stainless
steel with V = 62 m/s, T = 1570 °C, D = 43µm, porosity = 7.7%;
(b) closer view of cross section through coating, showing lamellar mi-
crostructure

Fig. 1 Schematic diagram of a thermal spray process
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values of � were considered equally probable. The impact coor-
dinates were calculated from:

�xc = Z tan��� cos���
yc = Z tan��� sin��� (Eq 3)

The procedure for calculating random values of process param-
eters with a normal distribution was as follows[24]:

1) Guess a uniformly distributed random number U between
(0,1).

2) Calculate the random variate S that has the cumulative
probability distribution function F(x) by
S = F−1(U).

3) Evaluate the required parameter � using specified values
of the mean and standard deviation and the calculated
S: � = µ� + S
�.

To generate values of particle diameters, which followed a
log-normal distribution, we calculated �l using the proce-
dure described above, and then took � = e�l as the value to be
used.

Fig. 3 (a) Typical measurements of particle size, velocity, and temperature distributions of nickel particles in a plasma spray made with
a DPV-2000 monitoring system from Tecnar (Montreal, Canada); (b) distributions of particle size, velocity, and temperature generated by the
model
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2.2 Splat Shapes

Having assigned a velocity, size, and temperature to each
droplet in the spray, we can calculate the size of the splat formed
by it after impacting on a solid surface using a simple analytical
expression proposed by Aziz and Chandra.[19] The model as-
sumes that the spherical droplet spreads to form a cylindrical
disc of diameter dmax and thickness hs, and neglects the effects of
any droplet splashing and break-up. The maximum splat diam-
eter (dmax) is nondimensionalized by the initial droplet diameter
(D) to give the maximum spread factor (�max = dmax/D). An en-
ergy balance[19] shows that �max is a function of the Weber num-
ber (We = 	V2/�), Reynolds number (Re = VD/�), Stefan num-
ber (Ste = C(T−Tsub )/Hf), Peclet number (Pe = VD/�), and
liquid-solid contact angle �:

�max = �
We + 12

3�1 − cos�� + 4
We

�Re
+ We��3St���4Pe�

(Eq 4)

We estimated the diameter of a splat formed by the impact
and solidification of a molten droplet from the above equation.
For thermal spray conditions, the magnitude of the term contain-
ing � is very small compared with the other terms in the denomi-
nator,[19] and it was neglected. The thickness of the splat was
calculated by equating the volume of a droplet of diameter D to

a cylinder of diameter dmax and thickness hs, so that hs = (2D)/
(3�2

max).
When a superheated droplet lands on a previously deposited

splat, material at the interface between them melts and the two
fuse together. The shape of the combined splat depends on the
distance between the centers of the two splats. Shakeri[25] did a
series of experiments in which 2.2 mm molten tin droplets were
dropped sequentially onto a stainless steel plate, with the second
droplet deposited at a small offset from the center of the first.
Figure 4 shows the different splat shapes that were obtained for
different offset distances. The splat shapes closely resembled
those observed in experiments where a steel substrate was rap-
idly passed through a plasma jet in which nickel particles were
being sprayed, so that a few splats collected on the surface. Fig-
ure 5(a) shows two nickel droplets, each approximately 70 µm in
diameter, deposited such that their edges overlap. Their shape
closely resembles that of the 2.2 mm tin droplets (Fig. 5b).

Based on these experimental results, and some simulations of
sequential droplet impact using a three-dimensional model,[26]

we developed four possible scenarios as to the splat shape
formed by droplet interactions (Fig. 6). To select one of these
splat shapes after a particle was deposited, the distances between
the droplet impact point and the center point of all previously
deposited splats was evaluated. The smallest value of these dis-
tances gave the distance (l) to the closest deposited splat, that is:

l = Min� ln �, n�1,2,3, . . . . . (Eq 5)

Fig. 4 Splats formed by deposition of two 2.2 mm diameter tin droplets with an impact speed of 2.5 m/s on a stainless steel plate, with the center of
the second drop offset from the first
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where

ln = �xc,n − xc,q�î + �yc,n − yc,q�ĵ q = 1,2,3. . . n − 1 (Eq 6)

xc,n and yc,n in the equation indicate the coordinates of the center
of the impacting droplet. Splat shapes were selected using the
following set of rules:

�
0 � l �

7Dm

8
Splat No. 1

7Dm

8
� l � Dm Splat No. 2

Dm � l �
9Dm

8
Splat No. 3

9Dm

8
� l �

Dn + Dm

2
Splat No. 4

(Eq 7)

For the case where l > (Dn + Dm )/2, there is no overlap between
splats. Here, Dn is the diameter of the splat formed by the droplet
under consideration, and Dm is the diameter of the nearest pre-
viously deposited splat. For circular disc-shaped splats, the ana-
lytical spread factor relation (Eq 4) was applied to calculate the
splat diameter. In the case of noncircular splats, the shape was
selected using Eq 7, and the splat area An was assumed to be the
same as that given for a circular splat by Eq 4.

2.3 Formation of Pores

A coating consists of both solid material with volume Vm and
voids with volume Vg. Porosity (p) is defined as the fraction of
the total coating volume (Vg + Vm) occupied by voids so that:

p =
Vg

Vg + Vm
(Eq 8)

Several possible sources of porosity in a coating have been
identified including: curling up of splats due to thermal
stresses[6,7]; incomplete filling of interstices during deposi-
tion[3,27]; presence of unmelted particles in the spray[4]; satellite
droplets formed by splat break-up at the time of impact; over-
shooting of liquid over solidified splats during droplet spread-
ing; entrapment of gas between splats[3,28]; and the presence of
oxide layer on the spray particles.[4] Figures 7 and 8 show mi-
crographs of nickel splats deposited on a stainless steel surface
using a plasma torch. The various phenomena listed above are
visible in these images, including splashing of droplets and un-
melted particles (Fig. 7). A cross section through a splat (Fig. 8)
clearly shows the curvature of the splat due to thermal stresses:
pores form under the elevated edges of the splat. In this study, we
assumed that this last effect, splat curvature, was the only
mechanism creating porosity. Based on experimental evidence,
splats were assumed to detach from the substrate starting at a
distance 0.6R from the center,[28] where R is the splat radius (Fig.
9). The angle of detachment was defined as � = tan−1(hg,R/
(0.4R)), where hg,R was the gap thickness at the edge of the splat
(Fig. 9). � was assumed to be randomly distributed along a nor-
mal distribution (Eq 1), whose mean and standard deviation
were supplied as inputs to the model.

2.4 Coating Build-Up

We used a three-dimensional Cartesian grid to define the
computational domain and to track the shape and position of the
coating surface. The x and y coordinates lay in the plane of the
substrate and the z axis was perpendicular to it. The structure of
the coating was defined using a variable known as the “volume

Fig. 5 Splats formed by deposition of (a) two nickel droplets sprayed
from a plasma torch onto a stainless steel surface; (b) two 2.2. mm di-
ameter tin droplets dropped with an impact speed of 2.5 m/s on a stain-
less steel plate, with the center of the second drop offset by 44 mm from
the first
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fraction” (f ), defined as the fraction of the cell volume Vcell, oc-
cupied by coating material (Vmat), so that:

fi,j,k =
Vmat

Vcell
(Eq 9)

or

fi,j,k =
1

�xi�yj�zk
�

�xi
�

�yj
�

�zk
fs dzdydx (Eq 10)

where

fs = �1 inside the splat
0 outside of splat (Eq 11)

Hence, fi,j,k equals unity when the cell is filled with material and
zero when the cell is empty. For a partially filled cell,
0 < fi,j,k < 1, as may be the case when the cell is at the coating
boundary or contains a pore. Figure 10 illustrates partially filled
cells near the edge of a splat.

Fig. 6 Assumed splat shapes for the deposition of one nickel droplet on top of the other, for varying center offset distances

Fig. 7 Nickel particles deposited by plasma spray on a glass substrate
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A splat was generated in the model from a droplet whose
volume, temperature, and location were specified by the sto-
chastic model. Knowing the impact conditions, the splat area
and shape were calculated from Eq 4 and 7. The splat area was
defined in the computational grid by computing the fraction of
splat area occupying the cell at coordinates (i,j) using

fi, j =
1

�xi�yj
�

�xi
�

�yj
fs dydx (Eq 12)

Figure 11 illustrates how two different splat shapes were dis-
cretized. Along boundary cells, the computational mesh was fur-
ther subdivided to improve resolution of the splat edges. A
three-dimensional splat was created by projecting the splat
area in a direction perpendicular to the substrate through a dis-
tance sufficient to make the splat volume equal to that of the
droplet before impact. The splat thickness was assumed to be
uniform.

Figure 9 illustrates how a splat was transformed when it was
deposited onto the irregular surface of the coating. The shape of
the splat was modified to conform to the surface under it, while
keeping its thickness the same, and the splat material was added
to that of the existing coating. It was assumed that the splat com-
pletely filled all cavities under it in the region 0 � Xi,j < 0.6R,
where there was no curl-up. Under the curled up edges of the
splat (for 0.6R � Xi,j � R), the voids under the deposited splat
were preserved intact, by keeping hg constant, when the splat
was deposited on the existing coating.

Coating build-up is a result of splat agglomeration with
pores, if any, being trapped between impacting splats and the
pre-existing coating. Therefore, the increase in coating thickness
(hc(x,y)) during a given time interval (�t) is the sum of the splat
thickness (hsp(x,y)) and the gap between splats (hg(x,y)), so that:

�hc �x,y�

� t �n−1→n =
hc

n �x,y� − hc
n−1 �x,y�

�t

=�hsp
n �x,y� + hg

n �x,y� 0 � fi,j �1

0 fi,j = 0 (Eq 13)

The superscripts n and n-1 refer to the current and previous time
levels, respectively. The void fraction f throughout the coating

Fig. 9 Curl-up of splats after impact. Splats were assumed to detach
from the substrate, starting at a distance 0.6R from the center, with an
angle �.

Fig. 8 Top view and cross section through nickel particles deposited by plasma spray on a stainless steel substrate. Curvature of splats due to thermal
stresses can be seen.
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was updated after each droplet was deposited, to keep track of
the position of the coating surface and the location of pores.

Properties of coatings that are usually important in applica-
tions, and can be easily measured, include porosity (p), average
thickness (hc,m), and average surface roughness (Ra). We calcu-
lated each of these properties for the simulated coatings gener-
ated by the computer model. Porosity was calculated using:

p = 1 −
�i,j,k	fi,j,k�xi�yj�zk

�i,j,k�xi�yj�zk

(Eq 14)

The average thickness of coating was defined as:

Fig. 10 Discretization of the edge of a splat

Fig. 11 Discretization of two different splat shapes in the computational mesh
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hc,m =
1

NLNW
�i,jhc�xi, yj� (Eq 15)

where NL and NW represent the number of grid points along the
length and width of the substrate, respectively. The average
coating roughness over a length l was estimated from:

Ra =
1

l �0

l
| hc − hc,m | dx (Eq 16)

2.5 Gun Movement

In a typical thermal spray process, the spray gun moves con-
tinuously. To account for this in the model, the position of a
droplet (xc) was defined in a frame of reference that moved with
the gun. The position of a droplet (x) relative to the substrate was
given by:

x = xgun + xc (Eq 17)

where xgun denoted the gun position and was a function of time.
The spray gun could be programmed to have any arbitrary user-
defined velocity. For gun movement with constant velocity, the
x-component of gun position over a substrate with dimensions of
L × W were described by:

xgun =

�Ux �t − 2k
L

Ux
� 2k

L

Ux
� t � �2k + 1�

L

Ux

L − Ux�t − �2k + 1�
L

Ux
� �2k + 1�

L

Ux
� t � �2k + 2�

L

Ux

k = 0, 1, 2, . . . (Eq 18)

Here, t indicates the time measured from the start of spraying, U
the gun velocity, and k an index indicating the number of passes
(where a pass consists of both the forward and backward tra-
verse) that the gun made over the substrate. Similarly, equations
were written for the y-coordinate. The profile of a gun moving
with sinusoidally varying velocity over the substrate, with maxi-
mum speed U0, was given by

xgun =
L

2 �1 − cos�2 U0x

L
t�� î

+
W

2 �1 − cos�2 Uoy

W �t −
k L

2U0x
��� ĵ (Eq 19)

The time taken tc for each droplet to spread to its maximum ex-
tent is approximately[14]:

tc =
8D

3V
(Eq 20)

We calculated the average time (�t) between deposition of two
particles by dividing the average mass of a droplet by the mass
flow rate of powder through the gun (ṁgun):

�t =
	D3

6ṁgun

(Eq 21)

Since the time required for a droplet to spread and solidify is
much less than the average time between deposition of two
particles, it was assumed that they impact on the substrate se-
quentially and that no two land at the same time.

3. Results of Simulations

We present results from simulations of the deposition of
nickel particles on a stainless steel surface with both stationary
and moving guns. Simulations were carried out using a mesh
that had uniform grid spacing in the x and y directions (parallel
to the substrate). The grid size in the z-direction was different
in each case, selected as being half the average thickness of a
splat (�zk = h/2). Boundary cells along the edges of splats were
further subdivided by a factor of 50 to improve resolution.

Mean values and standard deviations of particle velocities,
temperatures, and diameters were based on typical measure-
ments made from nickel particles in a plasma spray (Fig. 3).
Based on experimental data, we selected values for the distri-
butions of the angles � and � that defined the landing position
of particles, and of �, the curl-up angle of the splat edges. The
values of input parameters to the model are summarized in
Table 1. Figure 12 illustrates typical random distributions of
these parameters generated by the model.

The first set of results is from a simulation in which a gun
was held stationary at a distance of 150 mm from the substrate,
with a powder mass flow rate of 0.126 g/s; all other parameters
are listed in Table 1. To keep the size of the computational data
stored at a manageable level, only the coating deposited on a 1
mm × 1 mm area centered along the gun axis was modeled.

Figure 13(a) shows the predicted coating shape after 2 mg
of powder was fed into the gun, which required 0.016 s of
spraying time. Only 38.7% of the total mass sprayed from the
gun landed on the 1 mm × 1 mm area considered in the com-
putation. The simulation was performed on a grid with 252
points in both x and y directions (�x = �y = 4 µm) and 220
points in the z direction (�z = 2.5 µm). As expected, the surface
of the deposit follows a Gaussian distribution, with its thick-
ness maximum at the center of the deposit and decreasing with
distance from this point (see Fig. 13a). The shape is very simi-
lar to those observed in the experiments: Fig. 13(b) shows a
nickel deposit formed by plasma spraying with the gun held

Table 1 Mean Values and Standard Deviations of
Process Parameters

Particles Parameters
Mean

Value, µ
Standard

Deviation, �

Velocity V [m/s] 60 5.7
Disperse angle � [degrees] 0 0.5
Azimuthal angle � [degrees]

(uniform distribution) 0 0
Particle diameter D [µm]

(log-normal) 58 (4.014) 18 (0.303)
Particle temperature T [K] 1609 219
Edge curl-up angle � [radians] 5h/(2d) 5h/(12d)
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Fig. 12 Typical distributions of spray parameters generated by the model
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stationary. Though the size of the deposit is much larger than our
simulation, the resemblance in shape is striking.

A three-dimension simulation of coating structure allows us
to take cross sections through the coating at any desired plane.

Figure 14 shows horizontal cross-section views through the de-
posit shown in Fig. 13(a), at heights of 3.4 µm (Fig. 14a), 64 µm
(Fig. 14b), and 154 µm (Fig. 14c) above the substrate. The sur-
faces were taken to follow a contour corresponding to f = 0.5.

Fig. 13 Deposition of nickel particles in plasma spray by a spray gun held stationary over the substrate: (a) model and (b) micrograph
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Figure 15 shows a simulated coating produced by a gun that
moved with constant velocity. The substrate in this case was also
1 mm × 1 mm in size. The gun moved along its length (the x
direction) at a speed of 1 m/s; once it reached the end it moved a
distance of 12.8 µm in the y direction at a speed of 2 m/s, and then
made another pass back along the length, repeating this motion
for 0.072 s. All other parameters are those listed in Table 1.
Movement of the gun produced a much more uniform coating
than holding it stationary (Fig. 15).

Figure 16(a) shows a cross section through a coating made
with a gun traveling with constant velocity 1 m/s, moving back
and forth in the x direction only, on a substrate 1 mm × 1 mm in
size. The total mass deposited was 5 mg, which took 0.039 s to
spray. The cross section shown was made through the center-
plane of the coating at y = 0.05 mm. We calculated the porosity
p = 11.1%, average thickness hc,m = 0.422 mm, and average sur-
face roughness Ra = 52 µm. The to-and-fro motion of the gun
means that it spends twice the time at the center of the substrate
that it does at its edges, so that the coating was thickest at the
center.

A more uniform coating can be obtained by varying the gun
velocity in a sinusoidal fashion, as given by Eq 19. This ensures
that gun speed is lowest near the ends of the substrate (increasing
the mass deposited) and maximum at its middle. Figure 16(b)
shows the cross section through a coating deposited with a gun
moving sinusoidally with a maximum velocity U0 = 1 m/s. The
total mass deposited and all other parameters were the same as
that in Fig. 16(a). The porosity did not change significantly (p =
10.6%), but both average thickness (hc,m = 0.373 mm) and sur-
face roughness (Ra = 41 µm) were reduced, reflecting the more
even coating distribution. Note that during the spray process, in
both cases, a portion of the propelled droplets from the spray gun
landed out of the computational domain. For the case of the si-
nusoidal process, the gun spent more time at two edges of the
substrate; therefore, the possibility that the droplets would fall
outside the domain was greater. Therefore, the total coating ma-
terial landing on the substrate was smaller compared with the
constant speed case.

We ran simulations to evaluate the effect of varying process
parameters such as particle speed and particle size on coating
porosity, thickness, and roughness. In these simulations, all
spraying parameters were the same as those in the previous case
(on a 1 mm × 0.1 mm substrate) except that the gun speed was
0.1 m/s. Figure 17 shows the effect of varying particle speed on
coating properties. The coating properties shown in the graphs
were estimated along the plane passing through y = 0.05 mm, not
for the whole 0.1 mm width of substrate. The standard deviation
of the particle speed was chosen as 10% of the mean value, in-
dicated by error bars in Fig. 17. Porosity decreased slightly, and
coating thickness and roughness decreased by a larger amount
when particle velocity increased. Splats flatten out more and be-
come thinner at high impact velocity, making the coating thinner
and smoother.

The effect of average particle size on coating properties is
shown in Fig. 18. Average particle diameters were varied from
40-120 µm, with a standard deviation of 30%. Since the total
coating mass sprayed was fixed, increasing particle size meant
spraying fewer droplets. The coating porosity therefore de-
creased (Fig. 18a), because fewer voids were formed. Also,
greater density of the coating meant that its thickness was much

Fig. 14 Cross-sectional view of a coating structure produced by the
model at elevation: (a) 3.4 µm, (b) 64 µm, and (c) 154 µm
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less (Fig. 18b). Larger particles, however, produced greater sur-
face roughness (Fig. 18c).

We simulated the deposition of particles using different gun
travel speeds from 0.05-0.5 m/s, while keeping the powder feed
rate constant at 0.126 g/s. Figure 19 shows that gun speed had
little effect on porosity and coating thickness. Interestingly, sur-
face roughness was minimized at a gun speed of 0.3 m/s (Fig.
19c). We have no experimental evidence of this phenomenon,
but it requires further investigation.

4. Summary and Conclusion

A three-dimensional stochastic model based on the Monte
Carlo method has been developed to simulate microstructure of
thermal spray coatings as a function of process parameters. In
the model, the coating was assumed to consist of splats depos-
ited on each other, with voids between them leading to porosity.
It was assumed that porosity is formed solely by the curl-up at
the edges of individual splats due to thermal stresses. The model
predicts the variation of coating porosity, thickness and rough-
ness with particle impact velocity, and gun movement. Gun
movement produced a much more uniform coating than holding
it stationary. For the stationary gun, the surface of the deposit
follows a Gaussian distribution, with its maximum thickness at
the center of the deposit and decreasing with distance from this
point. For a constant deposition mass, the numerical study of
coating properties showed that when particle velocity increases,
porosity decreases slightly, and coating thickness and roughness
decrease by a larger amount. With the increasing particle aver-
age size, the coating porosity decreases. Larger particles, how-
ever, result in greater surface roughness. The predicted trends
are in agreement with those observed experimentally.

Fig. 15 Deposit formed by a spray gun moving with constant velocity over the substrate

Fig. 16 Cross-sectional view of a coating made with (a) a gun with
moving constant speed Vx = 1.0 m/s; the coating has the properties p =
11.1%, hc,m = 422.4 µm, Ra = 51.9 µm. (b) A gun moving with sinusoi-
dally varying velocity with Vnmax = 1.0 m/s; the coating has the proper-
ties p = 10.6%, hc,m = 373.0 µm, Ra = 40.8 µm
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Fig. 17 Variations of (a) coating porosity, (b) average thickness, (c)
average roughness with particle average speed. The substrate size is
1 mm.

Fig. 18 Variations of (a) coating porosity, (b) average thickness, (c)
average roughness with particle average diameter. The substrate size is
1 mm × 0. 1 mm, and the total coating mass deposited is 5 mg in all
cases.
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