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We studied the deposition of nickel particles in a plasma spray on a stainless steel surface using both experi-
ments and numerical simulations. We developed a three-dimensional computational model of free-surface
fluid flow that includes heat transfer and solidification and used it to simulate the impact of nickel particles.
In our experiments, particles landing on a polished stainless steel surface at a temperature below 300 °C
splashed and formed irregular splats, whereas those deposited on substrates heated above 400 °C formed
round disk splats. Simulations showed that formation of fingers around the periphery of a spreading drop is
caused by the presence of a solid layer. Droplets that spread completely before the onset of solidification will
not splash. To sufficiently delay the instant at which solidification started in our simulations to obtain disk
splats, we had to increase the thermal contact resistance between the droplet and the substrate by an order
of magnitude. We measured the thickness of the oxide layer on the test surfaces used in our experiments and
confirmed that heating them creates an oxide layer on the surface that increases the thermal contact resis-
tance. We demonstrated that the numerical model could be used to simulate the deposition of multiple drop-
lets on a surface to build up a coating.

Keywords 3D numerical model, droplet impact, free surface
flows, solidification, thermal spray coating

1. Introduction

Thermal spray coating is a term used to describe a family of
processes that employs a heat source (either electrical or com-
bustion based) to melt powders of metallic and nonmetallic ma-
terials and spray them with high velocity onto a substrate, form-
ing a dense deposit. This technology is commonly used to apply
protective coatings on components to shield them from wear,
corrosion, and thermal shock. Operation of industrial thermal
spray coating equipment requires considerable skill because
many of the equipment settings are user selectable, such as the
power supplied to the gun, the powder feed rate, and the distance
between the gun and the substrate. To obtain good coatings these
settings have to be chosen carefully, and because they could
differ for each substrate-coating combination, much trial and
error goes into optimizing them. In recent years a great deal
of research has been devoted to trying to understand exactly
how variations made to spray parameters changes coating prop-
erties.

Thermal spray coatings are built up by the accumulation of
splats formed by the deposition of individual molten droplets.
Coating properties such as porosity, adhesion strength, and
roughness depend on the shape of these splats and how they
bond with each other and with the substrate. The form that splats
assume after freezing is a function of process parameters such
as in-flight particle size distribution, velocity, temperature, and

degree of solidification, and substrate material and tempera-
ture.[1]

The temperature of the substrate, on which molten droplets
land, has been found to have an important effect on splat shape.
Bianchi et al.[2] took scanning electron micrographs of indi-
vidual alumina and zirconia splats deposited by plasma torches
on a stainless steel plate. They found that droplets landing on a
cold substrate (with a temperature below 100 °C) splashed ex-
tensively after impact so that the splats were irregular in shape
with fingers of material radiating out from their center. Splats
deposited on a hot surface (above 150 °C) were almost perfectly
circular, and were shaped like disks. Fukomoto et al.[3] sprayed
nickel powders on substrates of different materials, and con-
firmed that there was a “transition temperature” above which
disk splats were obtained. The transition temperature depended
on surface material properties and increased with substrate ther-
mal conductivity. They speculated that splashing is caused by
freezing of the molten droplet as it spread on the substrate fol-
lowing impact: the formation of a solid layer at the droplet-
substrate interface triggers radial jetting of the liquid and makes
it splash. Recent experiments have shown that the transition
temperature is not a material property alone, but depends on a
number of parameters, including the particle-substrate material
combination,[4] surface contamination,[5] and surface oxida-
tion.[6]

Splat morphology has been shown to have an important ef-
fect on coating qualities. Sakakibara et al.[7] plasma sprayed yt-
tria-stabilized zirconia particles on a polished stainless steel sur-
face and confirmed that the transition to disk splats occurred at a
substrate temperature of 150-200 °C. Coatings deposited on sur-
faces above this transition temperature, so that they consisted
mostly of disks splats, showed a significant increase in adhesion
strength.

Despite all of the research done into splat formation, there is
no consensus on the mechanism that leads to the transition from
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irregular-shaped splats to disk splats, or what combination of
impact parameters determines the transition temperature. A bet-
ter understanding of the process that causes droplet splashing
will allow us to determine the optimum temperature at which
substrates should be maintained during spraying to give the best
coating quality. Therefore, the objectives of our study were to
(1) perform controlled experiments in which particles in a
plasma spray were deposited on a surface; (2) simulate droplet
impact using a numerical model; and (3) determine conditions
under which droplets splashed during impact in both experi-
ments and simulations.

We sprayed nickel powders with a dc plasma torch (SG-100,
Miller Thermal, Appleton, WI) onto a stainless steel substrate,
the temperature of which could be accurately controlled. We
also used diagnostic instruments (DPV-2000, Tecnar Automa-
tion, Ltd., Montreal, Canada) to measure the velocity, size, and
temperature of particles prior to impact, and recorded splat
shapes using an electron microscope.

Simulating the impact and splashing of a molten droplet re-
quires the development of a fully three-dimensional (3D) free-
surface flow model that includes heat transfer and solidification.
Several numerical models of droplet impact on a surface have
been developed. However, most of these works[8-12] have fo-
cused on the axisymmetric, or two-dimensional impact of a
droplet on a surface. But a splashing droplet, which has fingers
of liquid radiating from it, is not axisymmetric and must be mod-
eled in all three spatial dimensions. Bussmann et al.[13] devel-
oped a 3D numerical model of free-surface flows and demon-
strated that it could be used to model splashing of liquid droplets.

Their model did not consider any heat transfer and all of the
cases they examined were of isothermal impact. In this study, we
have extended the fluid flow model of Bussmann et al.[13] to
include heat transfer and solidification. We used the model to
predict the shapes of splats formed during the impact of molten
nickel particles on a stainless steel substrate under various im-
pact conditions.

2. Numerical Method

2.1 Fluid Flow

Fluid flow in an impacting droplet is modeled using a finite
difference solution of the Navier-Stokes equations in a 3D Car-
tesian coordinate system. The ambient air during droplet impact
is assumed to be dynamically inactive, i.e., only the liquid phase
is considered. Other assumptions are that the liquid is incom-
pressible with a constant value of surface tension, and the fluid
flow is laminar. The flow Reynolds number (assuming radial
flow over a flat plate in the droplet after impact) was estimated to
be at most 104, which is too small to induce turbulence. The
surface profile of the deforming droplet is defined using the
“fractional volume of fluid” scheme. In this method, a scalar
function f is defined as the fraction of a cell volume occupied by
fluid. f is assumed to be unity when a cell is fully occupied by the
fluid and zero for an empty cell. Cells with values of 0 < f < 1
contain a free surface. The volume-tracking algorithm used for
advection of function f consists of two steps: an approximate
reconstruction of the interface followed by a geometric evalua-
tion of volume fluxes across cell faces. The free surface is re-
constructed by locating a plane within each free surface cell such
that the exact value of f is conserved and the unit normal to this
plane is directed into the liquid. Surface tension is modeled as a
volume force acting on fluid near the free surface; the method
used is the continuum surface force (CSF) model integrated with
smoothed values of function f in evaluating free surface curva-
ture. Tangential stresses at the free surface are neglected. Con-
tact angles are applied as a boundary condition at the contact
line.

The above methods for advection of function f and applica-
tion of surface tension on the free surface are only for rectangu-
lar mesh that necessitates employing a Cartesian coordinate sys-
tem. When a Cartesian mesh is used to simulate a radial flow, a
slight squaring effect results for a coarse grid; the reason for the
squaring is related to the difficulty in specifying velocities as a
boundary condition at a curved interface. The squaring effect
diminishes as the computational mesh becomes finer. Details of
the fluid flow model are given by Bussmann et al.[13] Liquid
density and surface tension were assumed to be constant. Liquid
viscosity and substrate thermal properties, however, were as-
sumed to vary with temperature.

2.2 Heat Transfer

Heat transfer in the droplet was modeled by solving the en-
ergy equation, neglecting viscous dissipation; densities of liquid
and solid were assumed to be constant and equal to each other:

�h

�t
+ � V

➝
� �

➝
�h =

1

�
�
➝

� �k �
➝

T� (Eq 1)

Nomenclature

C specific heat
f volume of fluid fraction
➝Fb body force
h enthalpy
Hf latent heat of fusion
k thermal conductivity
p pressure
q heat flux
Rc thermal contact resistance at droplet/substract interface
t time
T temperature
Tm droplet melting point
➝V velocity

Greek Symbols

� k/C
� liquid volume fraction
� kinematic viscosity
� density
� source term in energy equation (Hf kl/Cl)

Subscripts

l liquid
s solid
w substrate
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where
→
V represents the velocity vector, T is the temperature, h is

the enthalpy, � is the density, and k is the thermal conductivity of
the droplet. Because the energy equation has two dependent
variables—temperature T and enthalpy h—we used the enthalpy
transforming model[14] to convert the energy equation to an
equation with only one dependent variable: the enthalpy. The
main advantage of this method is that it solves energy equation
for both phases simultaneously. The final form, given by Pasan-
dideh-Fard,[15] is

�h

�t
+ � V

➝
� �

➝
�h =

1

�
�2 ��h� +

1

�
�2� (Eq 2)

where in the solid phase,

h 	 0; � =
ks

Cs

, � = 0 (Eq 3a)

at the liquid-solid interface,

0 
 h 
 Hf ; � = 0, � = 0 (Eq 3b)

and in the liquid phase,

h � Hf; � =
kl

Cl

, � = −
Hf kl

Cl
(Eq 3c)

where C is the specific heat, Hf is the latent heat of fusion, and �
is a new source term. The energy equation now has only one
dependent variable, the enthalpy h. The relationship between
temperature and enthalpy is given by

T = Tm +
1

k
��h + �� (Eq 4)

where Tm is the melting point of the droplet. Heat transfer within
the substrate is by conduction only; the governing equation is

Fig. 1 Schematic of the experimental apparatus

Fig. 2 Nickel splat deposited on a stainless steel surface initially at 290
°C. The splats are irregular, showing evidence of splashing as they
spread.
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➝
Tw� (Eq 5)

At the free surface of the droplet, we imposed an adiabatic
boundary condition. This condition must be supplemented with
the specification of enthalpy h and functions � and � immedi-
ately outside the surface, where these values are needed in the
finite-difference approximations for points located at the free
surface. This condition can easily be modified to a convective or
radiative boundary condition. For the cases under consideration,
the dominant heat transfer was due to conduction to the substrate
at the initial stages of impact, and conduction and convection
within the droplet at the later stages of impact. Estimates of heat
loss by convection from the droplet surface to the surrounding
gas showed them to be three orders of magnitude lower than that
to the substrate. Therefore, the adiabatic condition at the free
surface was reasonable. Thermal contact resistance between the
droplet and substrate (Rc) is defined by

Rc =
�T − Tw�substrate

q
(Eq 6)

where q is the heat flux from the droplet to substrate. Values of
Rc were provided as an input to the model. Although in principle,
Rc could vary with both time and position on the interface, we
used a constant value in the simulations.

2.3 Solidification

In the presence of a solid phase, computations of the velocity
field have to account for the presence of a moving, irregularly

shaped solidification front on which the relevant boundary con-
ditions have to be applied. We treat the solidified regions of the
domain using a modified version of the fixed velocity method. In
this approach, a liquid volume fraction � is defined such that �
= 1 for a cell containing only liquid, � = 0 for a cell containing
only solid, and 0 < � < 1 for a cell containing a portion of the
solidification front. Normal and tangential velocities on the
faces of cells containing only solidified material are set to zero.
On the basis of this method, the final modified continuity and
momentum equations are[15]

�
➝

� �� V
➝

� = 0 (Eq 7)
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�f

�t
+ �� V

➝
� �

➝
�f = 0 (Eq 9)

where p is the pressure, � is the kinematic viscosity, and Fb is any
body forces acting on the fluid.

2.4 Numerical Procedure

The modified Navier-Stokes equations were solved on a Eu-
lerian, rectangular, staggered mesh in a 3D Cartesian coordinate

Fig. 3 Nickel splat deposited on a stainless steel surface initially at
340 °C. The splats are less irregular than they were on a surface at
290 °C.

Fig. 4 Nickel splat deposited on a stainless steel surface initially at 400
°C. Most of the splats are disk shaped, with little sign of splashing dur-
ing impact.
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system. The computational procedure for advancing the solution
through one time step is as follows:

1) From time level n values, the velocity and pressure fields
as well as f are calculated at time level n + 1 in accordance
with the 3D model of Bussmann et al.[13]

2) Given the droplet enthalpy and substrate temperature
fields at time level n, Eq 2 and 5 are solved implicitly to
obtain the new enthalpy field in the droplet and the new
temperature field in the substrate. Temperatures in the
droplet can then be calculated from Eq 4.

3) New values of the liquid volume fraction � are calculated
from the enthalpy field in the droplet by using Eq 3(a-c) in
conjunction with an algorithm described by Voller and
Cross.[16] In this algorithm, while a change of phase is
occurring in the subregion of a computational cell, the
rate of change in the cell enthalpy equals the velocity of
the phase change front across the subregion multiplied by
the latent heat of fusion.

4) Flow and thermal boundary conditions are imposed on the
free surface, at the solidification front, and at the bound-

aries of the computational domain. In particular, the ther-
mal contact resistance at the droplet-substrate interface is
applied using Eq 6 to calculate the heat flux from the
droplet. This value of q is then used to update temperature
boundary conditions along the bottom surface of the drop-
let and the upper plane of the substrate.

Repetition of these steps allowed advancing the solution
through an arbitrary time interval. The droplet was discretized
with a grid spacing equal to 1/15 of the droplet radius. The sub-
strate mesh had the same resolution and was extended far
enough that its boundaries could be assumed at constant tem-
perature. Numerical computations were performed on a Sun Ul-
tra Enterprise 450 workstation (Sun Microsystems, Inc., Palo
Alto, CA). A typical central processing unit (CPU) time was 40 h.

3. Experimental Method

To validate our numerical model, we carried out experiments
in which nickel powder was plasma-sprayed onto a stainless

Fig. 5 Simulations showing the impact of a 60 µm diameter molten nickel particle at 1600 °C landing with a velocity of 73 m/s on a stainless steel
plate initially at a temperature of 290 °C. The contact resistance at the substrate surface was assumed to be 10−7 m2K/W.
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steel substrate. Spraying was done with a model SG-100 (Miller
Thermal, Appleton, WI) plasma torch operated at a power of
20.5 kW and an argon flow rate of 1 g/s. The nickel powder (SF
200 × 325, Westaim Corp., Edmonton, Canada) was sieved to a
particle size distribution of +53 to −63 µm, i.e., particles are big-
ger than 53 µm and smaller than 63 µm.

A steel shielding plate was placed 100 mm in front of the
plasma gun nozzle, with its center along the same axis as the gun
(Fig. 1). A 4 mm diameter hole was drilled in the center of the
plate through which spray particles could pass and reach the test

plate that was being coated. Because all of the particles that
passed through the hole were near the centerline of the plasma
spray, they possessed a relatively narrow temperature and veloc-
ity distribution.

In-flight particle conditions were measured at the spraying
distance with a commercially available monitoring system, the
DPV-2000 (Tecnar Automation, Ltd., Montreal, Canada),
which measures the amount of radiation emitted by each hot
particle that enters its field of view. It then simultaneously
calculates the diameter, velocity, and temperature of the parti-

Fig. 6 A cross-sectional view of the images in Fig. 5. Black shows the solidified portion of the droplet and white represents liquid.

Fig. 7 Nickel splat shapes on a steel plate initially at 400 °C from (a) experiments, (b) numerical model assuming a contact resistance of 10−7 m2K/W,
and (c) numerical model assuming a contact resistance of 10−6 m2K/W.
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cle. In our experiments the particles arrived at the substrate with
a mean temperature of 1600 ± 220 °C and a velocity of 73 ± 9
m/s.

The nickel particles were sprayed onto a polished stain-
less steel plate. The average roughness of this substrate was
measured with a Surfometer 400 stylus profilometer (Precision
Devices Inc., Milan, MI) and found to be Ra = 0.04 µm. The
stainless steel substrate was positioned 50 mm behind the shield-
ing plate, giving a total spraying distance of 150 mm. The
substrate was mounted on a copper block in which was inserted
a 500 W cartridge heater. The temperature of the surface was
measured with a J-type thermocouple and regulated by switch-
ing on and off power to the heater using a temperature controller.
The temperature of the substrate could be varied from 25-
640 °C.

The substrates were heated until they achieved the desired
temperature; typically it took approximately 10 min to heat a
substrate to 400 °C. This heating was done in air, so the surfaces
had time to oxidize. The composition of substrates was tested
after they were heated to detect the presence of oxide using
an x-ray photoelectron spectrometer (XPS) (MAX-200, Ley-
bold, Cologne, Germany). These results will be discussed be-
low.

A test was started by switching on the plasma gun and intro-
ducing the nickel powder into it. Once spray particles were seen
passing through the hole in the shielding plate, the heated sub-
strate was rapidly passed through the spray, exposing it to the
stream of particles for only a few seconds, which was enough
time to collect a few splats. The plate was then examined under
a scanning electron and optical microscopes and images of splats
were recorded.

4. Results and Discussion

4.1. Effect of Substrate Temperature on Splat
Shape

Figure 2 shows a scanning electron microscope (SEM) mi-
crograph of three nickel splats deposited on a stainless steel
surface at a temperature of 290 °C. There is clear evidence
of splashing of the droplets. Fingers of solidified materials,
which appear to have been created by liquid being thrown
out during impact, radiate away from the center. The splats also
appear to have ruptured during impact, leaving holes in the
middle.

Increasing the substrate temperature significantly reduced
splashing. Figure 3 shows nickel splats deposited on a surface at
340 °C. The splats are disk shaped, with only a few fingers pro-
jecting out radially. Increasing the temperature even further
eliminated most of these fingers. Figure 4 shows splats depos-
ited on a surface at 400 °C, and almost all of them appear to be
disk splats, with very little sign of splashing. These results agree
well with the previous study of Fukomoto et al.,[3] who also ob-
served a sharp transition from splashing to disk splats when
nickel particles were sprayed on stainless steel. They measured a
transition temperature of approximately 280 °C, somewhat
lower than what we observed. However, because they did not
report any measurements of particle temperature and velocity, it
is difficult to directly compare their data with ours.

4.2. Splashing Mechanism

We simulated impact of a molten nickel droplet using our
numerical model to determine the mechanism that triggers

Fig. 8 Simulations showing the impact of a 60 µm diameter molten nickel particle at 1600 °C landing with a velocity of 73 m/s on a stainless steel
plate initially at a temperature of 400 °C. The contact resistance at the droplet-substrate interface was assumed to be 10−6 m2K/W.
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splashing. Figure 5 is a sequence of computer-generated images
showing successive stages of the impact of a 60 µm diameter
nickel particle on a stainless steel substrate initially at 290 °C.
The droplet was assumed to be at a uniform temperature of 1600
°C prior to impact, which is 150 °C above the melting point of
nickel. The same images are shown in cross section in Fig. 6,

with the solid portions of the drop shown in black and the liquid
portions shown in white. The time (t) measured from the mo-
ment of impact is indicated next to each frame. Calculations
were done assuming low thermal contact resistance between the
droplet and the substrate, equal to 10−7 m2K/W.

Immediately after impact, liquid jetted out from under the

Fig. 9 XPS spectra of stainless steel substrates that were heated to (a) 320 °C and (b) 640 °C, respectively. The oxide layer on the surface heated to
320 °C was removed after 1 min of etching with an argon-ion beam, whereas it took 10-15 min of etching to remove the oxide on the surface heated to
640 °C.
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drop and spread in the radial direction, but solidification was fast
enough that all the portions of the droplet in contact with the
substrate had frozen by t = 0.5 µs (Fig. 6). When the bottom layer
of liquid solidified, the remaining liquid jetted out over the pe-
riphery of the solid splat (Fig. 5 and 6 after 0.8 µs). Because of
small variations in the liquid velocity around the periphery of
the drop, a fluid instability was created, leading to the forma-
tions of fingers of liquid around the drop (Fig. 5, t = 1.4 µs).
These fingers grew larger and finally detached to form small
satellite droplets. When these droplets touched the substrate
they were smeared out as they solidified. The result was forma-
tion of solidified fingers around the bulk of the splat as seen 10
µs after impact (Fig. 5, t = 10 µs). The final shape of the simu-
lated splat in Fig. 5 resembles the appearance of those we had
observed in our experiments when we sprayed a surface at 290
°C (Fig. 2).

4.3. Effect of Splat-Substrate Thermal Contact
Resistance

We attempted to model the transition to disk splats by in-
creasing the initial substrate temperature to 400 °C in our simu-
lations. Figure 7(a) shows two images of disk splats that we col-

lected after spraying a stainless steel surface initially at 400 °C.
Figure 7(b) shows the final shape of our simulated splat, calcu-
lated assuming an initial surface temperature of 400 °C and a
thermal contact resistance Rc = 10−7 m2K/W. The droplet
showed less splashing than it did in the previous simulation of
impact on a surface at 290 °C (Fig. 5), but there were still a
significant number of fingers around it. The reason splashing
diminishes on a hotter surface is that solidification is delayed
and therefore the fluid flow is not disturbed as much by a frozen
layer.

Splashing could be eliminated completely in our simulations
if the droplet did not start solidifying until it had finished spread-
ing. The onset of solidification could be delayed if we increased
the value of the thermal contact resistance between the drop and
the substrate, thereby reducing heat transfer. Figure 7(c) shows
the final splat shape on a surface at a temperature of 400 °C,
assuming a thermal contact resistance Rc = 10−6 m2K/W, which
was an order of magnitude larger than that used previously. The
splat was disk shaped, with no splashing, looking much like
those observed experimentally (Fig. 7a).

Extensive trials with the numerical model confirmed that so-
lidification is necessary to trigger splashing in a nickel droplet of
the size found in thermal spray applications (<100 µm diameter).

Fig. 10 Simulation images of the impact of two nickel particles (60 µm diameter; 48 m/s impact velocity; initial temperature 2050 °C) on a stainless
steel substrate initially at a temperature of 194 °C. The contact resistance below the droplets was assumed to be 5 × 10−7 m2K/W.
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Figure 8 shows the impact of a 60 µm diameter nickel droplet
landing on a stainless steel substrate at a temperature of 400 °C
with thermal contact resistance Rc = 10−6 m2K/W. Heat transfer
from the droplet was so low that it spread without solidifying and
formed a disk splat. Solidification was delayed until droplet
spreading was almost complete. We tried to induce splashing in
the simulated droplet by artificially perturbing the velocity field,
but were unable to do so; surface tension forces were so strong
that they damped out the perturbations and prevented the growth
of fingers in the spreading liquid. Changing the liquid-solid con-
tact angle also had little effect on splashing, because inertial
forces drive liquid flow after impact and capillary forces have
little effect.

Our simulations showed that splashing could not be sup-
pressed by increasing the substrate temperature alone, but also
required an increase in contact resistance. We conjectured that
heating the substrate creates an oxide layer on the surface that
increases the contact resistance. To confirm this hypothesis we
analyzed the oxide scale on the test surfaces using an XPS in
combination with Ar-ion sputtering of the substrate. The spec-
trometer monitors surface composition (in particular, iron, chro-
mium, and oxygen), whereas the ion etching gradually removes
oxide from the steel surface. The time taken to etch away the
oxide layer and expose a bare iron surface is therefore an indi-
cation of the thickness of the oxide layer.

We measured the oxide layers on stainless steel surfaces that
were heated in air and then allowed to cool. Figure 9 shows typi-
cal XPS spectra for two substrates, one heated to a maximum
temperature of 320 °C and the other heated to 640 °C. The initial
scan of the surface preheated to 320 °C (Fig. 9a) shows the pres-
ence of Fe2O3 (which has a binding energy of 711 eV) on the
surface. It took approximately 1-1.5 min of etching to remove
this oxide layer and detect the presence of Fe, which is shown by
a peak on the spectrum at 707 eV.[17] The surface heated to 640
°C had a much thicker oxide layer: it took on average of 10-15

min of etching to remove the oxide and reach bare metal. There-
fore, preheating the surface to 640 °C creates an oxide layer an
order of magnitude greater than that on a surface at 320 °C. We
would expect a corresponding increase in thermal contact resis-
tance.

Fig. 11 Micrograph of two nickel particles deposited on a stainless
steel surface at 400 °C

Fig. 12 Simulation of the impact of nine consecutive nickel particles
on a 500 × 500 µm steel plate initially at 20 °C. Particle diameters range
from 40-80 µm and their impact velocities from 40-80 m/s. The particles
were at temperatures from 1600-2000 °C, well above their melting
point. Contact resistance between the particles and substrate was as-
sumed to be 10−7 m2K/W.
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4.4. Splat Shape from Multiple Impact

Solidification inside a spreading droplet can trigger splash-
ing. However, other protrusions on the surface can also make a
droplet splash, such as scratches on the surface.[3] The presence
of an already solid splat under an impacting droplet can also
create an instability that causes droplet splashing. Figure 10
shows simulations of the sequential impact of two nickel
droplets, both 60 µm in diameter and with impact velocities
of 48 m/s, landing on a stainless steel surface at 194 °C. The
second droplet landed 5 µs after the first, with its center off-
set by 140 µm from that of the first droplet. Contact resistance
under both drops was assumed to be 5 × 10−7 m2K/W. The
first droplet landed and spread without any significant splash-
ing, forming a disk splat (Fig. 10, t = 2.2 µs). The second droplet
was introduced after the first was completely solidified, and it
landed near the edge of the first splat. The spreading sheet of
liquid hit the solidified splat and was in part directed sideways,
as seen in Fig. 10 after t = 5.5 µs. The remainder of the liquid
sheet jetted upward over the solidified splat (Fig 10, t = 6.5 µs)
and began to fragment (Fig. 10, t = 7.5 µs). The effect of liquid
breakup could be seen as small droplets flying on top of the
splats (Fig. 10, t = 10 µs). We saw evidence of this type of be-
havior in our experiments: Fig. 11 shows two splats deposited
next to each other on a surface at 400 °C. The first splat is disk-
like, but the second splashed after hitting the edge of the first.
Streaks of splashed material are visible on the surface of the first
splat.

Predicting the shapes of splats in a thermal spray coating is a
complex problem, because their final shape is determined by
their interactions with each other and with the solid substrate.
We simulated coating deposition using our numerical model.
Figure 12 shows the result of a simulation in which nine nickel
particles were deposited sequentially in random locations on a
500 × 500 µm stainless steel substrate initially at 20 °C. Particle
diameter ranged from 40 to 80 µm and impact velocities ranged
from 40 to 80 m/s. Particles were initially superheated, with tem-
peratures varying from 1600 to 2000 °C, and landed at time in-
tervals of 3 µs. Contact resistance was assumed to be 10−7 m2K/
W. Four successive stages during deposition are shown in Fig.
12. A variety of splat shapes can be seen in the simulated images,
including disk splats, splashing where splats contacted each
other, and the formation of annular rings around splats that broke
up during impact.

5. Conclusions

Nickel particles sprayed onto a stainless steel plate splash if
the substrate temperature is below 300 °C, but form round disk
splats on substrates heated above 400 °C. Simulations showed
that solidification in the spreading droplet triggers the formation
of fingers: a droplet that spreads completely before it starts to
freeze will not splash. Increasing the substrate temperature to
400 °C in our simulations did not sufficiently reduce heat trans-
fer from the droplet to the substrate to eliminate splashing. How-
ever, increasing the thermal contact resistance by an order of
magnitude delayed the onset of splashing and gave disk splats.
We measured the thickness of the oxide layer on the test surfaces
used in our experiments and confirmed that heating them creates

an oxide layer on the surface that increases the thermal contact
resistance.

Splashing of droplets can also be triggered by other protru-
sions on the test surface, such as previously deposited splats. We
modeled the interaction of two or more droplets deposited se-
quentially on a surface and observed a variety of splat shapes
formed as droplets spread and solidified.
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