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This paper reviews the findings of recent research on the formation of solid splats by the impact of
thermal spray particles on solid substrates. It discusses methods of describing the substrate, by charac-
terizing both chemical (oxide layers) and physical (surface topography, adsorbed and condensed con-
taminants) aspects. Recent experiments done to observe impact of thermal spray particle are surveyed
and techniques used to photograph particle impact and measure cooling rates described. The use of
numerical modeling to simulate impact and deformation of impacting particles is appraised. Two dif-
ferent break-up mechanisms are identified: solidification around the edges of splats; and perforations in
the interior of thin liquid films created by droplet spreading without solidification. These two modes can
be reproduced in numerical models by varying the value of thermal contact resistance between the splat
and substrate. A simple criterion to predict the final splat shape is presented.

Keywords adhesion of TS coatings, coating-substrate inter-
action, influence of spray parameters, preheating
of substrate, splats cooling, spray deposition, TS
coating process

1. Introduction

Coatings adhesion strength is a very important prop-
erty: a coating will never protect a substrate if it does not
adhere to it! Three different adhesion mechanisms are
generally considered: diffusion, chemical, and mechanical
(Ref 1). Diffusion adhesion of metals and alloys only
occurs when the temperature during coating application is
sufficiently high (diffusion coefficients vary as
expð�EA=kTÞ where EA is an activation energy, T the
absolute temperature, and k the Boltzmann constant) and
no oxide layer exists at the surface. For diffusion to occur
the oxide layer on the substrate must be destroyed with a
reverse transferred arc in a soft vacuum (Ref 2) and the
substrate kept at sufficiently high temperature. In a cold
spray process, the first particles hitting the surface do not
adhere immediately: rather, there is an induction period
during which impacting particles clean and deform the
surface and partially remove the oxide layer on the sub-
strate surface. For this to occur, particle velocities must be
higher than a critical velocity, vc (Ref 3).

Chemical adhesion requires that the impacting droplet
melt the substrate and a chemical compound of both liq-
uids exists. For example, when Mo particles impact on
steel, the melting temperature and effusivity (defined as
ef ¼

ffiffiffiffiffiffiffiffi

qcj
p

) of the Mo droplet are higher than those of the
steel substrate, which melts and reacts to form a chemical
compound, MoFe2. A chemical reaction also occurs when
an iron particle impacts on an aluminum alloy substrate
preheated to over 400 K where probably the thin alumina
layer is melted or eroded and, as has been observed
(Ref 4), a thin FeAl2O4 layer is formed between the splat
and substrate. Even if the substrate is not melted upon
impact, the high temperature induced in the substrate
oxide layer can greatly promote adhesion. For example,
Ref 5, at the interface between a YSZ splat and a 304L
stainless steel substrate a 20- to 30-nm-thick oxide layer is
found extending uniformly over the length of the splat
cross section. The whole splat is in excellent contact with
the substrate, except where cracks in the splat intersect
with the substrate. The interface oxide layer includes
elements from both the ceramic splat (Zr) and the sub-
strate (Cr, Fe), as determined by EDS using a sufficiently
small beam spot size. The relatively thick oxide layer grew
during substrate preheating to ~450 �C carried out in the
ambient atmosphere. The heat transferred from the mol-
ten ceramic droplet is sufficient to allow zirconia cations to
diffuse into the oxide layer.

Mechanical adhesion takes place when the substrate is
roughened, for example by grit blasting. Splats on the
surface shrink while cooling and adhere to the surface
because of the frictional force that develops (Ref 6, 7).
This adhesion depends both on the amplitude of rough-
ness, often characterized by the distance between the
highest peak and the deepest undercut (Rt), and on the
spacing between peaks and valleys. Bahbou and Nylen
(Ref 7) have established that a good correlation exists
between the adhesion strength of NiAl (5 wt.%) coatings
on a Ti-6Al-4V substrate, and the root mean square
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roughness value RDq of the substrate, which takes into
account both the amplitude and spacing of peaks. The
correlation is rather poor when variables such as Ra, Rt, or
the peak spacing are considered individually.

The presence of adsorbed contaminants on the sub-
strate may also affect the strength of adhesion. Upon
impact the molten particle evaporates adsorbates and
condensates on the substrate very rapidly (in a few hun-
dreds of nanoseconds) raising the pressure under the
flattening particle and decreasing its contact with the

substrate (Ref 8). Preheating the grit blasted surface
before spraying removes adsorbates and condensates and
improves coating adhesion by a factor of 2-4 (Ref 4, 9).
Thus, the adhesion and cohesion strengths of coatings, as
well as other thermomechanical properties, are strongly
linked to the quality of contact between splats and the
substrate or previously deposited coating layers.

The impact and deformation of a single thermal spray
particle, which may vary from a few microns to several
tens of microns in diameter, to form a solid splat has been

Nomenclature

Variables

Bi Biot number (dd/Rcjd)

c specific heat at constant pressure (J/kg K)

cl sound velocity in the liquid phase (m/s)

d particle diameter (m)

D splat diameter (m)

ef effusivity (=
ffiffiffiffiffiffiffiffi

qcj
p

) (J K m�2 s�1/2)

DF free energy change

h splat thickness (m)

hc convective heat transfer coefficient (W/m2 K)

h* dimensionless splat thickness (h/dp)

Hf latent heat of fusion (J/kg)

k Boltzmann�s constant (1.38 9 10�23 J/K)

K Sommerfeld parameter at impact

(K ¼We1=2Re1=4)

‘ sampling length (m)

m surface height mean value (m)

Pe Peclet number (vddd/a)

Pt Transition pressure (kPa)

qo heat flux leaving the bottom surface of the

splat (W/m2)

r1 radius of hole in splat in contact with

substrate (m)

r2 radius of hole in splat in contact with air (m)

Ra average roughness (Ra ¼ 1
‘

R ‘

0 zðxÞdx) (lm)

Rc thermal contact resistance at droplet-

substrate interface (m2 K/W)

Re Reynolds number (Re = qidividi/li)

Rt distance between the highest peak and the

deepest undercut (lm)

RDq root mean square roughness value

RDq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Rþ1
�1 ðz�mÞ2/ðxÞdx

q

� �

s thickness of droplet�s solidified layer (m)

s* dimensionless solid layer thickness (s/dp)

S surface area of liquid meniscus (m2)

SK skewness parameter

(SK ¼ 1
R3

Dq

Rþ1
�1 ðz�mÞ3/ðxÞdx)

Ste Stefan number (c(Tm � Ts,i)/Hf)

t time (s)

tL time to reach maximum spread (s)

t* dimensionless time (tvp/dp)

Tm droplet melting temperature (K)

Variables (continued)

Ts substrate surface temperature (K)

Ts,i substrate initial temperature (K)

Tt transition temperature (K)

vd droplet impact velocity (m/s)

We Weber number of droplet (qdv2
ddd=rd)

z surface height

Greek Symbols

a thermal diffusivity (a ¼ j
qc) (m2/s)

j thermal conductivity (W/m K)

l droplet viscosity (Pa s)

h contact or wetting angle (�)

ha advancing contact angle (�)

H solidification parameter

nmax maximum spread factor (D/d)

q specific mass (kg/m3)

r surface tension (J/m2)

/(z) distribution function of surface height

Subscripts

d droplet

l liquid

p particle

s substrate

Abbreviations

AFM atomic force microscope

CR cooling rate

CEMS conversion electron Mössbauer spectroscopy

EDS energy dispersive x-ray spectroscopy

ESCA electron spectroscopy for chemical analysis

PECVD plasma enhanced chemical vapor deposition

SEM scanning electron microscope

SIMS secondary-ion mass spectrometry

TEM transmission electron microscope

XPS X-ray photoelectron spectroscopy

YSZ yttrium-stabilized zirconia
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investigated in many studies, which were reviewed by
Fauchais et al. (Ref 10). That work emphasized the diffi-
culty of studying impact of particles in a molten state with
sizes between 20 and 60 lm and velocities ranging between
50 and 600 m/s. The flattening time of such molten parti-
cles is only a few microseconds, and solidification starts
before flattening is completed. Analysis is far more com-
plex than in the case of impact of liquid drops, which do not
solidify. Experimental measurements, analyzing the
very wide range of physical phenomena involved, and
development of numerical models all present challenges.
Some specific difficulties in each of these areas are given
below

1.1 Measurements

1. Development of fast pyrometers (50 ns response time)
to measure the temperature of a single molten droplet
prior to- and during flattening.

2. Photographing impacting droplets with a camera
triggered by the pyrometer signal. A thermal spray
particle takes ~1-2 ls to flatten, and in this time most
commercially available cameras can capture only one
image, with an exposure time lying between a few
hundreds of nanoseconds and a few tens of micro-
seconds, and are incapable of recording the entire
particle deformation process.

3. Scaling experimental measurements made with
millimeter-sized particles to apply them to microme-
ter-sized thermal spray particles. Large particles are
easier to observe as they have flattening times of
several milliseconds, and their impact can be photo-
graphed with high-speed video cameras that record at
speeds up to 10,000 frames per second. However,
applying these observations to thermal sprays requires
matching the values of all the dimensionless numbers
(Re, We, Pe, Ste, Bi) that control impact dynamics,
which is rarely possible.

4. Impact on curved substrates is difficult to observe
because the limited depth of field of optical systems
makes it possible to photograph thermal spray particle
impact only on perfectly flat surfaces.

1.2 Analyzing Impact Dynamics

1. The particle impact process depends on a very large
number of parameters: e.g., droplet material properties,
degree of oxidation, diameter, velocity and tempera-
ture; substrate thermophysical properties, temperature,
roughness.

2. Particle fragmentation during impact may be caused
by very different mechanisms:

– Splashing immediately after impact (within the first
100 ns) which is driven by fluid instabilities, before
any solidification can take place.

– Fragmentation that occurs late during impact, when
the particle is completely flattened, in which both
flow and solidification phenomena are involved.

3. Particles sprayed onto a substrate held at room tem-
perature form splats that are extensively fragmented;
preheating the surface above a critical temperature,
known as the transition temperature (Tt) results in
disk-shaped splats. Tt is much lower than the melting
temperatures of either the substrate or of the
impacting particle. The transition temperature has
been correlated with the vaporization of adsorbates
and condensates on the surface and also, under certain
circumstances, to the improvement of the droplet
wettability on the substrate. Though there is still
debate about the meaning of the transition tempera-
ture, all experimental studies have shown that the
cooling rate on a particle impacting on a surface
preheated above Tt is up to two orders of magnitude
higher than it is on a cold surface. A high cooling rate
corresponds to low thermal contact resistance at the
interface splat-substrate.

In spite of these new findings, which occurred in the
1990s and at the beginning of the new millennium,
mechanisms controlling splat fragmentation upon flatten-
ing are not yet clearly understood.

1.3 Modeling

Computational fluid mechanics offers a way of simu-
lating thermal spray particle impact and gaining insight
into the mechanisms that determine the shape of a splat.
However, such a simulation presents many challenges:

� Simulating thermal spray particle impact requires
solving simultaneously momentum and energy con-
servation equations, while accounting for phase
change within the solidifying droplet. A three-
dimensional (3D) model is required to simulate
droplet splashing or interactions between multiple
droplets, which places significant demands on com-
puting facilities. If gas entrapment under splats is to
be modeled a two fluid model is required, which in-
cludes flows in both the droplet and the ambient
atmosphere.

� The model must track the free surface of the particle,
which undergoes very large and rapid deformation.

� Representing boundary conditions realistically is a
challenge. We need to specify a contact angle at the
liquid-solid contact line and a thermal contact resis-
tance at the interface between the splat and the sub-
strate. Both are difficult to determine experimentally.

� Most models that have been developed assume that
thermodynamic equilibrium exists and that particles
freeze at a well-defined solidification temperature. In
reality, the rate of cooling is very high when a particle
impacts a surface and there may be significant
undercooling.

� Results from numerical models are sensitive to fluid
properties such as viscosity and surface tension,
which are often not well known for materials such as
zirconia.
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2. Chemical and Physical Description
of Substrates

Metal or alloy surfaces (except gold and platinum)
oxidize even without preheating. Since the vast majority of
substrates used in thermal spray applications are metallic,
unless oxide layers are removed (with a reversed trans-
ferred arc under soft vacuum or using laser pulses) before
spraying, particle impact typically occurs on an oxide
layer.

2.1 Oxide Layer Characterization

Many techniques exist and selection of any particular
one depends upon the information required. The complete
characterization of an oxide layer, either native or formed
during substrate preheating, requires using several com-
plementary methods, each of which has specific limitations
and domains of utilization (Ref 11-14). Usually it is most
important to determine the oxide layer thickness, its
structure and composition, and, if possible, the corre-
sponding composition gradients between the oxide layer
top surface and its interface with the substrate.

2.1.1 Oxide Layer Surface. Scanning electron micros-
copy (SEM) with, if necessary, back scattered electrons to
contrast elements (if the difference in their atomic number
is at least 3) shows the surface of the oxide layer. This
technique requires the surface to be covered with a thin
conducting film of evaporated carbon or sputtered gold.

Atomic force microscopy (AFM) allows detailed
scanning of a surface, with the resolution of the image
obtained depending on the size of probe tip and the sur-
face analyzed. The surface morphology is typically defined
with a precision of about 0.1 to 1 nm. In addition, most
AFM devices allow determination of surface roughness
parameters (e.g., Ra, Rt, RDq, SK) at the nanoscale.

2.1.2 Oxide Layer Thickness. It is measured by using
optical spectroscopy in the UV/visible/near IR wavelength
range (200-2500 nm). Interference fringes between light
beams reflected from the two interfaces (air-oxide and
oxide-metallic substrate) allow determining the oxide
layer thickness. Results depend strongly, though, on the
roughness of both interfaces and also on the refractive
index of the oxide layer, which is frequently not well
known. In principle thicknesses between 20 and 5000 nm
can be measured, with a precision of ±5 nm. Thus, for
most metals, the thickness of native oxides, for example
just after polishing, is often impossible to measure.

For iron-based materials, conversion electron Möss-
bauer spectroscopy (CEMS) can be used. The spectra are
produced by c radiation from 57Fe (14.2 keV) obtained by
the radioactive disintegration of 57Co fitted into a non-
magnetic metallic rhodium matrix, in order to obtain
monochromatic radiation. The oxide layer thickness is
quantitatively determined by following the intensity evo-
lution of the signal due to an austenitic matrix with dif-
ferent oxide layer thicknesses. The decrease of the relative
area of the austenitic doublet (RAexperimental

c�Fe ) can be fitted
by an exponential regression. Afterward, grazing x-ray is

used to determine the relative percentages of magnetite
and hematite.

2.1.3 Oxide Layer Composition.

1. Low-incidence x-ray diffraction pattern allows deter-
mination of the oxide composition, with the penetra-
tion depth of the x-ray depending on its incidence
angle. The thickness analyzed is typically in the
micrometer, rather than the nanometer, range. For
example, with Cr2O3 an incidence angle of 2� corre-
sponds to a penetration depth of 1.1 lm, and an angle
of 7� to 3.7 lm. Thus for thin oxide layers (in the tens
of nanometers range) the information obtained is
often related to the substrate. For example, with
Ti-6A-4V the observed peaks at 2� are mainly those of
the a phase, which can be linked to oxygen diffusion in
the matrix, constituted without oxidation of a and b
phases.

2. Infrared spectroscopy can also be used to determine
oxide layer composition. The penetration depth of the
infrared wave with low-incidence angles is between a
few nanometers and a few micrometers. The spectra
relative to oxide layers are in the 250-1000 cm�1 wave
number range.

3. The atomic components of the oxide layer can be
obtained by x-ray photoelectron spectroscopy (XPS)
also called electron spectroscopy for chemical analysis
(ESCA). The XPS peaks allow both identification of
elements and also their oxidation state. XPS can be
coupled with secondary-ion mass spectrometry
(SIMS). The Xe+ ions used in SIMS have low pene-
tration depth and allow cleaning of the surface and
determination of the depth at which XPS analysis is
performed.

2.1.4 Crystallographic Structure at the Interface Splat-
Substrate. The adhesion of a coating is largely controlled
by the structure and properties of the single splat-
substrate interface. Transmission electron microscopy
(TEM) is the primary tool for characterization of the ef-
fect of varying substrate conditions on the microstructure
and adhesion properties of the interface between a splat
and the substrate. The main obstacle in using TEM for
studying samples of plasma-sprayed materials, especially
ceramics, in the past was the difficulty of preparing elec-
tron-transparent specimens free of preparation-related
artefacts. This problem has been solved by Chraska and
King (Ref 5) using a modified wedge-polishing technique
for the production of high-quality cross-sectional TEM
samples with minimum ion-induced damage and large
observable areas.

2.2 Oxide Layer Development on Metals or Alloys

2.2.1 General Remarks. When preheating a metal the
oxide layer will change in thickness, roughness, and
composition, since the metal components diffuse differ-
ently and their oxidation rates vary.

Oxide layers at substrate surface after preheating can
be classified as being either thin (<50 nm) or thick
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(>100 nm). Thin layers are, for example, observed on
titanium and its alloys: for Ti-6Al-4V, the oxide layer
thickness is about 25 nm without any heat treatment and
reaches 32 nm when preheated at 250 �C (Ref 11). It is the
same with stainless steel 316L: about 10 nm before and
25 nm after preheating at 250 �C (Ref 11). Thick layers
are observed for low carbon steels and cast irons: on a
substrate of C 0.49-Si 0.19-S 0.02-Mn 0.59-Fe balance
(compositions in wt.%) the oxide layer thickness is about
440 nm when preheated at 450 �C (Ref 12, 13)!

Increasing oxide layer thickness has two effects: a lar-
ger temperature drop across the layer and reduced resis-
tance to thermal shock. For example, on low carbon iron
or cast iron, the impact of alumina or zirconia particles
results in the fracture of the oxide layer in about 30% of
impacts (Ref 12) (see Fig. 1). However, if the impact of
stainless steel particles on 1040 steel does not induce any
fracture the coating adhesion strength is reduced by a
factor of almost 2 compared to that of coatings deposited
on stainless steel substrates preheated under the same
conditions. Rupture occurs within the thick hematite layer
at the substrate surface for both 1040 steel and low carbon
steel.

2.2.2 Effect of Preheating Conditions. Preheating the
substrate over the transition temperature modifies the
oxide layer thickness, composition, and roughness. How-
ever, as previously emphasized, the thermal history of the
substrate has a significant effect on oxide layer thickness,
composition, and morphology.

1. When the substrate is preheated in a furnace with a
controlled atmosphere, conditions (heating rate,
maximum temperature, preheating time, and oxygen
partial pressure) are well defined and oxide layers are
reproducible. When a surface is heated while exposed

to ambient air, the atmosphere in contact with the
surface contains di-atomic oxygen and varying
amounts of water vapor. Often, contact between the
substrate and the resistance heater used to raise its
temperature is not perfect, resulting in uneven heat-
ing. For all these reasons, the oxide formation is less
well controlled.

2. When a spray torch is used to preheat the surface,
even if the mean heating rate and final temperature
can be well defined, the local temperature varies with
the movement of the torch relative to the substrate.
The surrounding atmosphere is mainly air at atmo-
spheric pressure and gas temperatures of up to 5000 K
can be achieved at spray distances of 70 mm, so the
oxygen in contact with substrate surface may be par-
tially or totally atomic oxygen. The heat flux from the
plasma jet plume can be very high (for example
2 MW/m2 with an Ar-H2 (25 vol.%) 40 kW d.c. plas-
ma jet at 100 mm stand-off distance) producing a large
heating rate (between 1 and 5 K/s). Thus, the oxide
layers formed generally have compositions and mor-
phologies different from those obtained by more
conventional heating (Ref 11-14).

3. Preheating and/or modifying the substrate-surface
with a laser may also result in oxide layers different
from those obtained with a plasma or conventional
heating. Very different results can be obtained,
depending on the laser used and the substrate treated.
For the laser the parameters are:

� Energy density (J/m2), which is related to the
pulse duration and the number of pulses at the
same location.

� Position of the focal plane relative to the surface.
� Absorption coefficient of the surface at the laser

wavelength (which depends on the substrate
properties, its chemical and physical surface
properties, its surface micro-geometry: roughness)
and for semi-transparent materials (which is very
often the case for oxide layers formed on metallic
substrates, especially in the laser 1 lm wavelength
range) pores and cracks reducing the material
transmittivity.

Surface cleaning by laser (which evaporates adsorbates
and condensates) takes place with substrate irradiation as
soon as the laser energy density is over a certain threshold
(Ref 15-17). It is also possible that the laser irradiation
removes part of the oxide layer at the surface (Ref 18, 19)
if the laser energy density is sufficiently high or if the
number of pulses at the same location is increased. Oxide
layer elimination requires a much higher energy density
than that necessary to withdraw adsorbates and conden-
sates. Oxide removal is due to mismatch between the
coefficients of expansion of the oxide layer and the
underlying metal, which is heated by laser irradiation
through the transparent or semi-transparent thin oxide
layer. The effect of the laser pulse is to create craters, as
shown in Fig. 2, at the Ti-6Al-4V substrate surface.
The threshold energy is about 10 kJ/m2 and the largest

Fig. 1 Two alumina splats, plasma sprayed, collected on smooth
1040 steel covered with an oxide layer (173 nm hematite at the
top, 305 nm of magnetite beneath) and broken oxide layer
(Ref 12)

152—Volume 18(2) June 2009 Journal of Thermal Spray Technology

P
e
e
r

R
e
v
ie

w
e
d



numbers of craters are seen at about 20 kJ/m2 (Ref 16).
The surface average roughness increases, reaching a
maximum of 0.26 lm, as craters become larger; once the
energy density exceeds 20 kJ/m2 the surface becomes
smoother as craters formed earlier are eroded. Fukumoto
et al. (Ref 20) have shown that for laser power density
below 50 MW/m2 the surface roughness does not change
and its skewness remains negative or close to zero.

Reduction of oxide layer thickness by laser treatment
was demonstrated when treating Ti-4Al-6V alloy sub-
strates preheated in a furnace in air at 600 �C for 15 h,
which produced a multilayered, embrittled porous struc-
ture. The effect of the laser energy density and number of
pulses is shown in Fig. 3. When comparing Fig. 3(a) and
(b), it can be seen that when laser energy density is in-
creased, the craters formed become denser and larger due

to more material being ejected (Ref 21). With multiple
shots the irradiated surface becomes smooth, with a
periodically varying surface (Fig. 3c) attributed to laser-
induced surface melting of the upper layer (Ref 21). When
the number of laser pulses increases to about 20, a ‘‘mud-
cracked’’ morphology is formed on the smooth surface
and the surface has a yellowish color, showing the effect of
slight oxidation. If more laser pulses are applied, the
‘‘mud-cracked’’ morphology becomes more distinct with a
brighter yellow color characteristic of the thickening of
the laser-induced oxides (Fig. 3d) (Ref 20).

2.2.3 Oxide Layer Thickness and Composition. While
surfaces oxidized by conventional heating have been
carefully characterized (composition and thickness of
oxide layers), only a few studies have been devoted to
surfaces heated by d.c. plasma jet, and to the best of our
knowledge almost none have examined the effect of laser
heat treatment (except for color observation and SEM
observation of oxide layer surface). For plasma preheat-
ing, low carbon steels, stainless steel, cast iron, and tita-
nium alloy (Ti-4Al-6V) have been studied (Ref 11-14, 22).
Four examples will be presented for an Ar-H2 (25 vol.%)
d.c. plasma jet. The oxide layers were characterized as
described in ‘‘Oxide Layer Characterization’’ section.

1. Low carbon steel (C 0.49-Si 0.19-S 0.02-Mn 0.53-Fe
bal) preheated for 10 min at 500 �C with three heating
rates. The results obtained are presented in Table 1,
which shows that when the heating rate is increased
while keeping the preheating temperature the same,
both the oxide layer thickness and the weight fraction
of hematite (a-Fe2O3) decrease. The difference be-
tween XRD grazing and Mössbauer results is due to
the fact that conversion electrons emission comes
mainly from the surface and slows down rapidly with
the thickness. The oxide layer is heterogeneous, with
an upper surface largely constituted of a-Fe2O3 and an
inner one of Fe3O4 (Ref 12, 23). It thus becomes
possible to monitor the relative thickness of Fe2O3

and Fe3O4, the former having poor mechanical resis-
tance. For example, when preheating for 10 min the
same substrate at 1.4 K/s up to 520 �C the hematite
fraction measured by Mössbauer is 0.85 against 0.62
when preheating to 440 �C at 4 K/s.

2. Ti-6Al-4V preheated during 10 min, respectively, at
250 and 400 �C with a heating rate of 3 K/s. Two
phases of Ti are present in the sample, a and b, with
the latter diminishing when the temperature increases
(Ref 11). For both temperatures, the oxide thickness is
about the same: 32 and 34 nm, respectively. With
heating, Al diffuses toward the surface with a ratio Al/
Ti > 1. The oxides formed are TiO2 and Al2O3 but
the thickness of Al2O3 increases with temperature and
if TiO2 is identified at the surface TiO is observed at a
greater depth (Ref 11). It is also worth noting that
impurities at the surface can be detected: Cu coming
from the vaporization of the anode material during
plasma preheating and Si from the polishing with SiC
papers.

Fig. 2 SEM images of a Ti-4Al-6V alloy substrate surface:
(a) Initial state and (b) surface treated by a single laser shot with
an energy density of 20 kJ/m2 (Ref 19)
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3. Stainless steel 316L (Ref 11). The oxide thickness is
25 nm at 250 �C, 40 nm at 400 �C and 58 nm at
580 �C. At 400 �C, a spinel phase can be observed but
XPS analysis shows that Cr is present in a very low
concentration. At 400 �C and over, the oxides are
hematite and a spinel. The Cr has almost disappeared
and the Ni has increased (Fe/Ni = 3.8 against 6 in the
matrix) thus the spinel should be of the type NiFe2O4.
This result is contrary to that obtained using the same
preheating conditions with 304L steel, where the spi-
nel detected, mixed with hematite, was Fe2�xCrxO3

(Ref 12).

4. Figure 4 (Ref 13) presents surface topographies along
with roughness parameters of 1040 steel substrates
preheated at 723 K. Contrary to what can be observed
in Fig. 4, homogeneously distributed oxide grains
were characterized on the surfaces of 1040 steel sub-
strates preheated at 573 K. Preheating these sub-
strates at 723 K induced modification in surface
topography consisting of plateaus and valleys. The
plateaus and valleys observed on substrate surfaces, in
Fig. 4, can be considered as oxide layers on pearlite
and ferrite grains, respectively. The oxide grains in-
duce an increase in substrate roughness, but the major

Fig. 3 SEM observation of laser-irradiated area on Ti-6Al-4V substrate surfaces: (a) after a pulse at 10 kJ/m2, (b) 1 pulse of 20 kJ/m2,
(c) 10 pulses at 20 kW/m2, and (d) 120 pulses at 20 kJ/m2 (Ref 21)

Table 1 Thickness and composition of the oxide layer
formed after Ar-H2 (25 vol.%) plasma heating at 500 �C
on low carbon steel (C 0.49 wt.%) (Ref 12)

Heating
rate, K/s

Layer
thickness, nm

Wt fraction of
a-Fe2O3

Identified
phases

Grazing
XRD Mössbauer

1.6 600 0.16 0.29 a-Fe, a-Fe2O3 -Fe3O4

2.6 525 0.08 0.27 a-Fe, a-Fe2O3 -Fe3O4

4.5 515 0.04 0.14 a-Fe, a-Fe2O3 -Fe3O4

Fig. 4 Surface topographies of 1040 steel substrates preheated
at 723 K by a plasma jet in air (Ref 13)
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increase in roughness parameters is due to the for-
mation of this plateau-valley surface structure. The
average difference of height of oxide layer on pearlite
and ferrite grains was measured to be 181 ± 52 nm
and correspondingly the width of valleys was
8.2 ± 3.7 nm.

These results show the difficulties of such analyses,
which are very important for understanding variations in
coating adhesion.

2.3 Physical Aspect of Substrate Surfaces

2.3.1 Substrate Surface Topography. Several authors
have pointed out that mean surface roughness Ra of
metals or alloys (except Au and Pt) increases with sub-
strate preheating. Fukumoto et al. (Ref 24) have noted
that, when a surface was polished to a particular average
roughness Ra, coating adhesion was not as strong as it was
when the same roughness was produced by preheating. To
more accurately characterize the substrate surface, they
(Ref 24) used another index of surface topology: skewness
(SK) which increases from negative values to positive ones
upon preheating a polished surface and splat shapes
changes correspondingly from fingered to disk shaped.
The surface skewness is defined by:

SK ¼
1

R3
Dq

Z þ1

�1
ðz�mÞ3/ðxÞdx ðEq 1Þ

where z is the surface height, m its mean value, /(z) the
distribution function of surface height, and RDq the root
mean square roughness. Cedelle et al. (Ref 25) have
shown that changes in surface topography in the nano-
meter range of a 304L stainless steel substrate have a large
effect on the wetting behavior of molten metal droplets
placed on the surface. The contact angle is maximum
when surface skewness is zero and decreases for larger
values of SK, both negative and positive. Hence substrate

preheating does not modify just the chemical composition
and thickness of the oxide layer on the metallic substrate,
but also its physical aspect, which plays a key role in the
behavior of impacting particles. For SK > 0 (more peaks
than undercuts) obtained for stainless steel 304L pre-
heated at 673 K by a d.c. plasma jet (Ref 24-26) or a laser
(with a power density over 50 MW/m2) (Ref 20), the
resulting zirconia splats were disk shaped. For example,
Fig. 5 represents the surface topography of 304L stainless
steel after polishing at room temperature and preheated at
673 K. The preheated surface with SK ~ 1 presents more
peaks than valleys compared to the not-preheated, pol-
ished substrate where SK ~ 0.

When the substrate surface is treated with a laser,
average roughness Ra and skewness SK vary with energy
density and number of pulses as indicated in Table 2.

2.3.2 Adsorbates and Condensates. A careful study of
adsorbates and condensates at the substrate surface has
been done by Li and Li (Ref 8). Often, water is the main
component at the surface. Its adsorption on an oxide surface
is usually the result of one of three possible mechanisms, or
combinations of them, depending on the temperature of the
measurement, intrinsic reactivity of the surface, and the
number of defect sites at the surface (Ref 27):

1. physisorption of molecular water

2. chemisorptions of molecular water

3. chemisorptions of molecular water followed by
dissociation.

Fig. 5 304L stainless steel substrate surface (1 9 1 lm2) topography. (a) As polished and (b) plasma jet preheated at 673 K (Ref 25)

Table 2 Roughness characterization of laser-irradiated
area on polished Ti-6Al-4V substrate surface (Ref 21)

Reference
10 kJ/m2,

1 P
20 kJ/m2,

1 P
20 kJ/m2,

20 P
20 kJ/m2,

100 P

Ra, lm 0.047 0.13 0.35 0.20 0.25
SK �0.09 1.24 0.902 0.096 0.445
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Physisorption corresponds to very weak interaction
between the substrate and adsorbates, while chemisorp-
tion is much stronger and may involve partial charge
transfer, which more readily leads to dissociation (Ref 27).
Stronger adsorption occurs at steps and defects and new
OHy radicals, resulting from dissociation, bond with a
surface metal ion.

When the surface is heated adsorbed water species will
be desorbed. This desorbtion of the water adsorbates is
linked to adsorption features, desorbtion products, surface
structural features, and types of surface materials. Physi-
sorbed molecular water is generally completely removed by
preheating up to 150 �C. However, with chemisorbed water,
the thermal desorbtion temperature depends on adsorbed
features and the subsequent desorbed product. For most
oxide-covered metal surface, it occurs at temperatures
ranging from about 127 to 320 �C as summarized in the table
given in (Ref 8) for several oxides and nominal metal sur-
faces. The authors (Ref 8) underline that this desorbtion
temperature range is in good agreement with the substrate
preheating temperatures reported as transition tempera-
ture up to now. Therefore, they have studied the effect on
splat formation of adsorbing and desorbing organic com-
pounds on a stainless steel surface. They brushed xylene,
glycol, and glycerol (Ref 8) on stainless steel substrates and
shown that when the preheating temperature exceeded the
boiling point of these liquids by 50 �C, impacting thermal
spray particles formed regular disk splats.

Instead of the substrate temperature change, the effect
of desorbtion of adsorbates and condensates on the par-
ticle flattening behavior was systematically investigated by
Fukumoto et al. (Ref 28) in soft vacuum plasma spraying
by reducing the chamber pressure and keeping the sub-
strate at room temperature. Indirect measurements
(determination of the pressure below which splats become
disk shaped on different materials) have shown that
desorbtion probably occurs at pressures between 92 and
26 kPa, depending on substrate material.

3. Measurements

3.1 Difficulties in Measuring Liquid Particles
at Impact

3.1.1 Micrometer-Sized Droplets. There are two major
difficulties in studying splat formation under thermal spray
conditions:

1. Time: in most cases of plasma and HVOF spray-
ing particle flattening takes a few microseconds
and solidification often starts before flattening is
completed.

2. Dimensions: a typical particle 30 lm in diameter
produces, after flattening, a splat whose diameter is
between 60 and 120 lm with thickness of at most a
few lm.

Fast two-color pyrometers (50 ns) are now used to
measure particle temperature during impact. Signals

obtained at two wavelengths, in the range 600-800 nm,
allow temperature evolution to be calculated. Tempera-
ture measurements of YSZ particles are complicated by
the fact that molten zirconia is partially transparent to
visible light; emitted radiation is not only from the surface,
but also from some depth within, which adds to mea-
surement errors. When considering the thermal radiation
at one wavelength, the splat diameter evolution and its
cooling rate can be determined. However, to correctly
interpret the thermal signal, pictures of the flattening
droplet should be taken at different times during flatten-
ing. It means that fast cameras should be used with long
distance microscopes to see the details of such small ob-
jects. As the depth of field is severely limited (about
10 lm) flat and smooth substrates must be considered
(Ra of 1 lm corresponds to peaks in the 7-8 lm range).
Ideally, to capture the entire impact process, images
should be taken with intervals of a few tenths of micro-
seconds between them, which is difficult when the fastest
video cameras currently available allow recording of 100
consecutive images at 1 million frames per second with
exposure times of 500 ns (Ref 29).

3.1.2 Millimeter-Sized Drops. Millimeter-sized drops
are easier to observe during impact since flattening times
are in the millisecond range and fast cameras up to 10,000
frames/s can be used to follow the particle flattening.
However, while metal or alloy drops are relatively easy to
produce using a furnace, ceramic materials are much more
difficult to melt.

3.2 Study of Micrometer Droplets

3.2.1 Developments in Pyrometry Measurements. All
studies before 2004 related to splat cooling were per-
formed with the impact of d.c. plasma-sprayed particles. In
2005, such measurements were developed for RF torches
with zirconia particles impacting on glass substrates
(Ref 30). The substrate was heated by radiation, and
particle velocity and temperature were measured prior to
its impact, utilizing the method of Sakuta and Boulos (Ref
31) and the temperature of the flattening particle was
recorded with a two-color pyrometer.

3.2.2 Impact Splashing Visualization. Immediately after
impact, as discussed by Armster et al. (Ref 32), the com-
pression wave emanating from the point of impact creates
an instability along the contact line between the droplet,
substrate and surrounding atmosphere, rupturing the fluid
so that tiny droplets are ejected to heights of a few milli-
meters above the substrate. Escure et al. (Ref 33) observed
these under spray conditions and their formation was cor-
related with the Sommerfeld parameter K, which charac-
terize fluid flow. This choice is valid because in the first
hundreds of nanoseconds following impact no solidification
occurs. Using the set-up already described in the review of
2004, Cedelle et al. (Ref 34) with the camera parallel to the
substrate surface have taken at impact photographs with a
multiple exposure operation (10 shots, exposure: 5 ls,
delay 5 ls) as shown in Fig. 6.

It appears that the ejected droplets (probably below
1 lm in diameter) have velocities in the range 15-20 m/s,
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which is about an order of magnitude less than the impact
velocity. The ejection angle is between 30 and 60� relative
to the substrate plane. These ejections are observed,
provided K > 30, irrespective of the substrate tempera-
ture, which was varied from room temperature to 0.7 times
its melting temperature (Ref 35).

3.2.3 Flattening Visualization. To capture particle
flattening, it is first necessary to trigger the camera at the
instant of impact, which is rather difficult. Second, only a
few particles can be allowed to land in the area under
observations (under conventional spray conditions about
108 particles/s can impact near the same location). Thus,
all measurements require: a low powder flow rate (below
100 g/h); small orifices to direct particles along a well-
defined trajectory; and either a water cooled aperture
which is opened for a few tenths of seconds or fast scan-
ning by the torch (moving it at 1 m/s). The advantage of
using an aperture is that particles with known mean
trajectory are collected, while their mean trajectory is
unknown when the torch is moved rapidly.

Using a Fast Camera: Shinoda et al. (Ref 29) have used a
high-speed video (HSV) camera (a prototype of HPV-1 of
Shimadzu Corp. Japan) capable of recording 1 million
frames per second with the set-up shown in Fig. 7.
Beneath the second orifice, 500 lm in diameter (3 in
Fig. 7) an optical detector generates a signal when a par-
ticle passes through it. A second detector is focused onto
the substrate (6 in Fig. 7). The temperature evolution of
the flattening particle is followed with the two-color
pyrometer (11 in Fig. 7) while particle impact images are
recorded with the HSV camera. The camera is triggered
with the detector (5 in Fig. 7). A typical pyrometer signal,
and its coordination with the camera triggering and
recording is shown in Fig. 8.

Fig. 6 Multiple exposure photograph to show material ejection
during the impact of a zirconia particle (~30 lm) impacting a
preheated stainless steel 304L substrate at 200 m/s (Ref 34)

Fig. 7 Schematic diagram of the in situ monitoring system for
capturing droplet impact under plasma spray conditions: (1) d.c.
plasma torch, (2) V-shape first shield, (3) boron nitride plate with
second orifice, (4) substrate and its holder with K-type thermo-
couple, (5) in-flight detector, (6) lenses, (7) digital oscilloscope,
(8) high-speed video camera, (9) long distance microscope, and
(10) digital time delay generator (Ref 29)

Fig. 8 Thermal radiation history at 1000 nm wavelength
recorded during the droplet impingement. Hatched regions cor-
respond to the exposure period of the HSV camera (Ref 29)
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High-speed video images were taken with yttria-
stabilized zirconia droplets plasma sprayed onto a cold
glass plate substrate, where flattening times are relatively
long (~5-8 ls) when the substrate is heated flattening
times are reduced (~2-3 ls) and multiple images of droplet
impact cannot be recorded.

Photographing Impact: Mehdizadeh et al. (Ref 36) have
developed a set-up to photograph one particle during its
flattening in a given time range. Thus varying the time
range for different particles, assumed identical at impact
(same diameter, temperature, and velocity) it becomes
possible to obtain photographs of the flattening at differ-
ent times. Figure 9 shows a schematic of the experimental
apparatus used.

The number of impacting droplets is limited by a V
shield followed by two diaphragms with orifices in them.
Behind the last orifice is a detector to discern the passage
of an in-flight particle. This signal is used to trigger the
flash lamp of the Nd: YAG laser, a process that requires a
minimum of 150 ls before triggering the Q switch. Thus,
the last diaphragm must be far enough from the substrate
to leave the particle enough time before landing, accord-
ing to its velocity. During particle impact on the substrate
the pyrometer (previously described in the review of
Fauchais et al., Ref 10) measures particle temperature,
both in-flight and while flattening. The image of the

flattening droplet is taken with a CCD camera coupled to
a long range microscope. The CCD camera is operated at
30 frames/s, each frame having an exposure of 33 ms. The
laser pulses (20 MJ power and 5 ± 2 ns duration emitted
by the Nd:YAG laser) allows getting an image of the
flattening particle at a given time: the 5 ns of the laser
flash are short enough, compared to the few microseconds
of the flattening time, to freeze all motion in the image.
The laser flash is triggered by the pyrometer signal level.
By varying the time delay, different stages of droplet
impact are observed. The contrast is maximized by illu-
minating particles from the front and photographing them
from behind through the glass substrate. Thus, spreading
droplets are silhouetted against a bright background. This
set-up was also used to study the impact of metal particles
(Ref 37).

Later the system was extended to photograph particles
flattening on a metal substrate (Ref 38). Figure 10 shows
the set-up developed.

Compared to the previous set-up (Fig. 9) no laser flash
was used and with the help of two mirrors the electronic
shutter of the camera (12 bit CCD camera) was triggered
to open by a signal from the D4 sensor, recording the
signal from the in-flight particle behind the last dia-
phragm. The camera shutter was opened for about 500 ls
with no added illumination. This produces single, inte-
grated images of the splats at the maximum spread

powder fooding

cathode anode

plasma

signal detection box

1 mm 
hole

Flash-lamp trigger input

Detection
Box

A/D
Converter

50% reflection mirror

ground glass

ND:YAG laser

Laser Diode

substrate

80% ND filter

mirror

Heater

splat image

Computer

microscope

CCD camera

Oscilloscope
Impact signal

Trigger from
FlashLamp

Trigger
Circuit

laser power supply
Q-switch trigger input

Delayed signal

Time delay box

In-flight particle signal
D4

0.6 mm 
hole

V-shaped shield
with 3.5 mm hole

pyrometric signals
D1 & D2

Trigger input

Fig. 9 Schematic of the experimental set-up to photography particle impacting on a glass substrate (Ref 36)
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diameter, image which can be compared with the splats
collected afterward. This system is similar to that used by
Escure et al. (Ref 33) described in the review (Ref 10) and
then optimized by Cedelle (Ref 34). The set-up of Fig. 10
has been used by Mc Donald et al. (Ref 26) to study the
effect of substrate oxidation on the flattening of plasma-
sprayed nickel particles.

Thermal Contact Resistance Determination: Bianchi
et al. (Ref 39) adjusted the thermal contact resistance
values in a numerical model so as to match the exper-
imental cooling rate of zirconia (similar to that pre-
sented in Fig. 8) with that of the numerical simulation.
More recently, an analytical, one-dimensional (1D) heat
conduction model was developed to determine the
thermal contact resistance, in which the liquid splat at
its maximum extent was assumed to be a disk transfer-
ring heat to the substrate (Ref 40). Charts were pre-
sented showing variation of the nondimensional cooling
rate with inverse Biot number. As previously shown by
Bianchi et al. (Ref 39) thermal contact resistance
between heated surfaces and splats was more than an
order of magnitude smaller than that between unheated
surface and splats. However, such measurements only
give a mean value of a parameter characterizing the
heat transfer splat-substrate. The thermal contact resis-
tance probably varies with pressure during flattening,
as demonstrated by Cedelle et al. (Ref 35) when

considering copper millimeter-sized droplets impacting
on a 304L stainless steel substrate.

3.3 Study of Millimeter-Sized Particles

Fauchais et al. (Ref 10) described the experimental set-
ups used to observe impact of millimeter-sized droplets;
the only new one, since that review, was presented by
Cedelle et al. (Ref 25). It consists of an inductively cou-
pled RF argon plasma used to melt the tip of either metal
or ceramic rods to produce millimeter-sized drops (see
Fig. 11).

The surface temperature of the flattening drop is fol-
lowed by a fast (50 ns) two-color pyrometer and the
temperature of the substrate surface is measured with a
thermocouple according to the method of Heichal and
Chandra (Ref 41). The thermocouple system consists, as
shown in Fig. 12, of two thermoelectric wires connected by
a graphite film, providing an electrical contact between the
constantan wire and the metallic substrates. The response
time of the thermocouple is in the microsecond range and
it is calibrated in a furnace. The voltage generated by the
thermocouple is recorded with a data acquisition card and
analyzed in a computer.

This set-up, assuming that the flattening particle
temperature is uniform, allows calculating the evolution
of the thermal contact resistance between the flattening
particle and substrate provided that the variation of

In-flight particle signal
D4

pyrometric signals
D1 & D2

1 mm
hole

0.6 mm
hole

powder feeding

cathode anode

plasma

signal detection box

mirror

mirror

heater

particle light

splat image

Computer

Camera

diaphragm

extension tube

Impact signal
Oscilloscope

opaque
substrate

Trigger
Circuit

V-shaped shield
with 3.5 mm hole

Fig. 10 Schematic of the experimental set-up to photograph particles impacting on a metal substrate (Ref 38)
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contact area with time is known. This can be measured
by recording droplet flattening with a fast camera (5000
frames/s), if we assume that contact is uniform every-
where under the splat.

4. Experimental Results About Splat
Formation

Studies of splats have been done mainly on flat and
smooth (Ra < 0.05 lm for polished metals or alloys and
Ra < 0.2 for ceramics) substrates. Spraying was usually
performed in an air atmosphere with, in most cases,
impacts normal to the substrate. Most of the following
discussion will focus on these results, and our present
knowledge of impact on rough substrates will be presented
only briefly in the last section.

4.1 General Remarks

It must be emphasized that all results presented below
are related to particles fully molten at impact (Ref 42),
which is generally true for plasma (Ref 38) or wire arc
(Ref 43) sprays, but not always for HVOF sprays, where
the tendency is to develop experimental set-ups where the
particles achieve larger velocities but temperatures below
the melting point (Ref 44). During the impact of unmelted
particles, as occurs in Cold Spray, HVAF or high power
HVOF spraying, the phenomena controlling particle flat-
tening (Ref 45, 46) are quite different from those dis-
cussed here.

No discussion will be devoted to impact splashing
occurring during the first few hundreds of nanoseconds
following impact. This splashing depends on the Som-
merfeld number (K) at impact (Ref 25, 33, 35) and results
in the ejection of tiny (some tenths of micrometers)
droplets which rise a few millimeters above the substrate,
outside the dynamic boundary layer, and are mostly
entrained into the plasma flow.

The physical parameters that influence the spreading of
a droplet hitting a solid surface include: initial droplet
diameter d, impact velocity vd, liquid mass density q,
liquid viscosity l, liquid-gas surface tension r, and liquid-
solid contact angle h. Combining these into nondimen-
sional groups reduces yields three variables: contact angle
(h), Reynolds number (Re), and Weber numbers (We),
defined as:

Re ¼ qvdd

l
; We ¼ qv2

dd

r

Re is a measure of the droplet inertia to viscous force and
We is a measure of inertia to the surface tension force.
Typical values at impact during plasma spraying for both
Re and We are between 104 and 105. The Reynolds num-
ber depends indirectly on droplet temperature since
droplet viscosity is sensitive to temperature.

The earliest attempts to derive an analytical expres-
sions for the extent of maximum splat spread (D) was by
Madejski (Ref 47) and Jones (Ref 48); several other
models (Ref 49) have been proposed since. All follow a
similar energy conservation approach, equating the sur-
face and kinetic energy of the droplet before impact, to
the surface energy after impact, while deducting the
energy dissipated during impact due to work done in
deforming the droplet against viscosity. Droplet impact
models predict the spread factor after impact (n = D/d,
also known as the flattening ratio), which is in general a
function of We, Re, and h. Under typical thermal spray
conditions, surface energy is negligible in comparison to
kinetic energy, and the spread factor becomes a function
of Re alone, and

n ¼ aReb

where a and b are constants, with a varying from 0.5 to
1.2941 and b typically 0.125 to 0.25. Analytical and
numerical investigations by different groups are summa-
rized in the papers of Kang and Ng (Ref 49) and Vardelle
et al. (Ref 50). Works in this field have also been

metal wire

Oscilloscope

Argon

Fe

Thermocouple

Cst

Inductive plasma

water cooled
system

Acquisition
Tsubstrate = f(t)

Fig. 11 Free-falling millimeter-sized drop set-up comprising RF
argon plasma at atmospheric pressure to melt the tip of metal or
ceramic rods, a two-color pyrometer and a thermocouple at the
substrate surface (Ref 25)

Fig. 12 Substrate surface temperature measurement set-up for
the impact of millimeter-sized drops (Ref 25)
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performed by Amada et al. (Ref 51, 52) and Liao et al.
(Ref 53).

If the droplet is freezing as it spreads, the maximum
spread diameter may be reduced. The effect of solidifica-
tion in restricting droplet spread is modeled by assuming
that all the kinetic energy stored in the solidified layer is
lost. If s* is the dimensionless solid layer thickness when
the droplet has spread to its maximum extent (s* = s/d,
where s is the solid layer thickness) the maximum spread
factor is (Ref 54):

n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Weþ 12
3
8 Wes� þ 3ð1� cos hÞ þ 4 We

ffiffiffiffiffi

Re
p

s

The growth in thickness of the solidified layer can be
calculated using an approximate analytical solution that
assumes that heat transfer is by 1D conduction and the
substrate is semi-infinite in extent. With these assumptions
the dimensionless solidification thickness can be expressed
as a function of the Stefan number (Ste = c(Tm � Ts,i)/Hf),
Peclet number (Pe = vdd/a), the thermal properties of the
substrate and droplet, and the thermal contact resistance
between the droplet and substrate (Ref 54).

The larger the spread factor (n), the thinner is the
resulting splat. As freezing time varies roughly with the
reverse of the square of the thickness (Ref 10), thinner
splats start solidifying before thicker ones, assuming
thermal contact resistance is the same. n increases when
the particle impact velocity and/or temperatures are
larger.

Particle oxidation in-flight can modify particle behavior
at impact. For fully molten particles at impact, Sobolev
and Guilemany (Ref 55) have listed phenomena that
likely influence upon flattening and solidification:

– Flattening of oxidized droplets impinging onto the
substrate surface is similar to that of composite powder
particles except that, due to splat oxidation, the volume
fraction of oxides varies with time.

– Oxides developed during particle flight play an impor-
tant role in droplet flattening and splat-substrate inter-
action. Oxidation also occurs at the upper liquid surface
of the solidifying splat.

– Oxidation decreases the pressure developed during
droplet impact which is detrimental to obtaining good
contact between the substrate and splat.

– A decrease in the liquid-solid contact angle, which
improves wetting of the substrate by the splat, leads to a
decrease in splat thickness and an increase in splat
radius that reinforces splat-substrate adhesive bonding.
Influence of wetting on the flattening process decreases
with an increase in the velocity of the droplet
impingement onto the substrate surface and a decrease
in the substrate initial temperature.

Deshpande et al. (Ref 56) have also studied the effect
of in-flight oxidation of Ni-5Al coatings sprayed by dif-
ferent techniques and proposed schematic models for
describing the various probable mechanisms occurring.

They showed that in-flight oxidation can lead to an oxide
shell at the periphery of the particle, which splashes upon
impact and results in a coating microstructure with distrib-
uted chunks of oxide and splats separated by oxide bands. It
is thus very important to control in-flight oxidation, for
example by using gas shrouds (Ref 13, 57). Of course, the
best solution is to spray in a controlled atmosphere.

In spite of the large number of parameters discussed in
the studies reviewed above, several important variables
have not been considered, including substrate oxide layer
thickness, composition, roughness, and degree of particle
oxidation (both surface and internal).

4.2 Examples of New Results Obtained at Impact

1. Photographs of molybdenum (Ref 37) and zirconia
(Ref 40) particles plasma sprayed on cold glass sub-
strates, taken with the set-up shown in Fig. 9, have
shown very interesting behavior. Splats spread to their
maximum extent within 1-2 ls after impact, forming a
thin sheet with a diameter up to 10 times that of the
initial droplet and a thickness of only about 0.5 lm.
The liquid sheet then began to rupture, initially around
the solidified central core and later at other sites. At
the end the splats disintegrated almost completely and
only a central solidified core remained on the surface.

2. On glass substrates preheated over the transition
temperature, molybdenum (Ref 37) and zirconia
(Ref 40) particles were photographed as they formed
disk-shaped splats. The maximum splat diameter was
only about one-third of that obtained on a cold glass
substrate. On stainless steel preheated slightly over
the transition temperature, the maximum diameter of
splats photographed by a camera with long exposure
time (a few tens of microseconds) was close to that of
splats collected Cedelle et al. (Ref 25). Similar results
were obtained for nickel (Ref 26) or amorphous steel
(Ref 37) particles sprayed on stainless steel.

3. Millimeter-sized tin particles impacting on cold stain-
less steel substrates (Ref 42) disintegrated upon impact
in a cloud of tiny particles shed from their edges. A
similar result (extensively fingered splats) was
obtained when spraying by wire arc aluminum parti-
cles (micrometer-sized) on cold stainless steel (Ref 43).
Pictures taken during the flattening of millimeter-sized
drops of copper or nickel on cold stainless steel showed
the development of fingers (Ref 35).

4. When the stainless steel substrate is preheated to
200 �C, the solidification of low melting temperature
millimeter-sized drops is delayed: tin (Ref 42), alu-
minum (Ref 43), nickel, and copper (Ref 25) droplets
form disk-shaped splats.

5. The velocity at which flattening occurs has been
measured for millimeter- and micrometer-sized
metallic and ceramic particles. With plasma preheat-
ing, the flattening time of micrometer-sized zirconia
droplet on stainless steel was between 1 and 2 ls
against 2 to 5 ls for a cold substrate (Ref 25).
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The spread times for molybdenum and amorphous
steel particles on hot glass were about half those ob-
tained on cold glass (Ref 37). Similar results were
obtained with millimeter-sized drops of Ni and Cu
impacting on a stainless steel substrate where the
flattening time was between 1 and 2 ms on the pre-
heated 304L against 3-5 ms on the cold one (Ref 25).

6. In all cases, the cooling rates of particles sprayed onto
substrates preheated over the transition temperature
is always higher (sometimes more than one order of
magnitude) than that obtained on cold substrates.

4.3 Transition Temperatures, Pressures,
and Laser Treatment

4.3.1 Transition Temperature. Several previous stud-
ies (Ref 10, 28, 58) have pointed out that, of all the dif-
ferent particle/substrate interface parameters, substrate
temperature, and ambient pressure most significantly
affect the flattening behavior of sprayed particles. Exper-
iments have shown that when the substrate temperature is
increased, the splat shapes of most materials sprayed onto
flat substrates undergoes a transition from a distorted
shape with splashes to a disk shape. This change occurs
over a narrow temperature range, and Fukumoto et al.
(Ref 59) have defined the transition temperature, Tt, as a
critical substrate temperature over which more than 50%
of splats are disk shaped. Figure 13 shows how the fraction
of disk splats varies with substrate temperature for Ni
particles sprayed on a AISI304 stainless steel substrate,
and how the transition temperature is defined.

Fukumoto et al. (Ref 28) present transition tempera-
tures for various metals (Ni, Mo, Cu, Cr, Cu-Zn) and

oxides (Al2O3, TiO2, and YSZ) on AISI304 stainless steel
between 318 and 610 K. These temperatures are much less
than particle and substrate melting temperatures. Similar
results have been obtained for different sprayed materials
(cast iron, low carbon iron, amorphous steel, nickel,
nickel-based alloys (Ni-Cr, Ni-Al), aluminum, tin, copper,
lead, molybdenum, titanium alloy (TA6V), alumina, tita-
nia, alumina-titania, and YSZ hydroxyapatite) and sub-
strates (AISI304 stainless steel, gold, Al-Si-Cu, 1040 low
carbon steel, copper, titanium alloy (TA6V), inconel,
glass, YSZ) (Ref 4, 5, 13, 25, 26, 28, 30, 37, 40, 43, 52, 56,
60-66).

In most studies, splat morphologies were determined
after their formation, though fast pyrometry was used in
some experiments. The interpretation of the time evolu-
tion of the pyrometer signal, especially during the flat-
tening phase, was far from straightforward (see the review,
Ref 10) without photographing the particle at different
times, as is now possible (Ref 37, 38). Even if pictures are
recorded at different times for different particles, while
the pyrometer signal is obtained for the same particle (see
‘‘Photographing Impact’’ section), the trends observed
allow interpretation of the pyrometer signals. Pyrometry,
combined with photography, has shown that on cold
substrates, below the transition temperature, Mo, Ni,
YSZ, and amorphous steel particles sprayed on glass and
stainless steel substrates spread to maximum diameters
that were much larger than those obtained on preheated
surfaces maintained over the transition temperature
(Ref 26, 37, 38). Then, the liquid film breaks up, finally
leaving a central solidified core and splashes at the
periphery. However in other cases, below the transition
temperature, the splat is extensively fingered, but, without
photos taken at different times, the way these fingers were
produced is difficult to determine.

Cooling rates on surfaces kept at temperatures over Tt

are much larger than those measured (Ref 10, 25, 26, 37,
38) on substrates maintained below Tt, which indicates
better splat-substrate contact. This is confirmed by
examining the bottom surface of splats, as Fukumoto was
the first to do (see Ref 28, 60) and the review, Ref 10).
With preheating over Tt, the bottom surface of the splat in
good contact with substrate is by far larger than the one
obtained when preheating below Tt.

Even when a substrate is maintained above Tt, splash-
ing may be observed if Reynolds and Weber numbers are
sufficiently high. For example, Li et al. (Ref 18) have
shown that even when the stainless steel substrate was
preheated over the transition temperature, splashing of Cu
particles was observed for Re > 50,000.

Some studies have demonstrated the importance, when
preheating, of controlling heating rate, time and temper-
ature to obtain oxide layers on metal surfaces with a well-
defined composition, thickness, and roughness. For
example McDonald et al. (Ref 26) showed that when
stainless steel is preheated to 650 �C splat splashing is
promoted, while when it is only preheated to 350 �C disk-
shaped splats are collected. Their measurements showed
that the surface morphology obtained at 650 �C is quite
different from that at 350 �C and measurements of Haure

Fig. 13 Dependence of fraction of disk splat and coating
adhesion strength on substrate temperature: Ni particles on
AISI304 stainless steel (Ref 28)
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(Ref 11) show that the oxide composition at 650 �C is
hematite and a nickel spinel.

4.3.2 Laser Treatment. As described in ‘‘Effect of
Preheating Conditions (iii)’’ section, depending on the
energy density, laser treatment first removes adsorbates
and condensates and, if energy density is increased fur-
ther, rapid melting and cooling of the surface may occur
with corresponding oxidation (Ref 17) and roughness (Ra,
SK) modifications (Ref 20). Li et al. (Ref 17) studied laser
cleaning (PROTAL process) of polluted surfaces by
plasma spraying Ni-Al particles onto TA6V mirror pol-
ished surfaces on which oil and carbon particles had been
applied. As expected, no adhesion occurred if the sub-
strate was dirty. The PROTAL process allowed cleaning
of the pollutants and resulted in acceptable bond strength
when laser parameters were set to remove surface con-
taminations. Tensile strengths obtained by this on-line
laser treatment reached almost 80% of those obtained by
traditional grit blasting. With no surface pollution (except
that from the atmosphere) and larger energy density,
which modified the substrate skewness (SK > 0), splats
were disk shaped (Cu on 304L stainless steel, Ref 20 and
Ni-Al on TA6V, Ref 17).

4.3.3 Transition Pressure. Fukumoto et al. (Ref 28)
systematically investigated the effect of desorbtion of
adsorbates on particle flattening behavior in low-pressure
plasma spraying by reducing the ambient pressure, the
substrate temperature being kept at room temperature (so
that there was no modification of native oxide at the
surface). Splat morphologies of metallic particles (Ni, Al,
Ti, Cu, Ni-Al, NiCrAlY) sprayed onto stainless steel
substrates, obtained below a critical pressure called the
transition pressure, Pt, were typical of those usually seen
on substrates preheated over Tt, Pt was defined as the
pressure below which the fraction of disk splat exceeded
50%. The reduction in ambient pressure diminished the
vapor pressure of the adsorbates and probably accelerated
vaporization/desorbtion of adsorbates from the surface.
The transition pressure distribution for each sprayed
material is summarized in Fig. 14. Fukumoto et al. (Ref 28)
note that ordering of substrate materials corresponds well
to their placement in the periodic table, that is, Ti, Cr, Ni,
and Cu. Future research will clarify this material order.

The dependence of the transition temperature on the
sprayed material is also shown in Fig. 14, for comparison.
The dependence of Tt and Pt on the particle material is
quite similar, indicating that Tt and Pt have an equivalent
effect for desorbtion of adsorbates. Fukumoto et al.
(Ref 28) observed that the microstructure of the bottom
splat surface change in much the same way when either
pressure is reduced or the substrate is heated.

Morks et al. (Ref 67) have studied the effect of cham-
ber pressure on the microstructure of cast iron splats,
including oxides and graphite. The microstructure of cast
iron splats greatly depends on spray parameters such as
substrate temperature, chamber pressure, and spray dis-
tance. At low chamber pressures (below 20 kPa), most
splats exhibit a disk shape with high flattening ratios,
whereas star-shaped splats appear when increasing the
chamber pressure. Spraying at high chamber pressures

(between 40 and 100 kPa) causes the formation of pores
and thick oxide zones at the splat/substrate interface,
mainly due to atmospheric gases, which are responsible
for a decrease in splat adhesion. Spraying in an argon
atmosphere reduces splat oxidation due to a decrease in
oxygen partial pressure and also increases the quantity of
disk-shaped splats at pressures larger than that corre-
sponding to Pt in air.

4.3.4 Three-Dimensional Transition Curve in Thermal
Spray Process. The dependence of the fraction of disk-
shaped splats both on the substrate temperature and
ambient pressure is summarized schematically (Ref 28) in
Fig. 15, as a 3D transition curve. Selecting the optimum
operating conditions in the combination of both factors in
the thermal spray process should allow controlling the
coating microstructure, and thus, any other properties,
such as porosity, density, thermal conductivity, of the
coating. Fukumoto et al. (Ref 28) present 3D transition
curves, based on experimental data, for several different
powder materials.
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4.4 Effect of Transition Temperatures
and Pressures

4.4.1 General Remarks. Single particle flattening is
very complex because fluid flow and solidification must be
considered simultaneously: solidification starts before
flattening is completed and can induce splashing. Before
discussing the different phenomena that may influence
transition temperature and pressure, the main parameters
controlling flattening and solidification will be reviewed
(Ref 10):

� The impact pressure can be very high (few thousands
of MPa): larger than the classic water hammer pres-
sure qp Æ cl Æ vd, where cl is the sound velocity in the
liquid phase, qp the mass density of the impacting
droplet, and vd the droplet velocity at impact. The
high pressure region extends over a radius rm much
smaller than the final splat radius. The contact pres-
sure spreads out and dissipates quickly with droplet
flattening. At the periphery, the impact pressure may
not be enough to overcome the capillary pressure
required to force liquid into the crevices between
asperities on the surface and contact between the
flattening particle and the substrate can become very
poor in this zone. Around the impact point, over an
area of radius rm, the impact pressure will always be
enough to force liquid into surface crevices and thus
the adhesion in this zone will be good.

� When a molten droplet contacts a rough, solid surface,
air is trapped in crevices at the liquid-solid interface,
creating a temperature difference between the molten
metal and the substrate, whose value depends on
surface finish, contact pressure, and material proper-
ties. To quantify the magnitude of this effect, the
thermal contact resistance (Rc) is defined as the
temperature difference between the droplet (Td) and
substrate (Ts) divided by the heat flux (q00) between
the two.

Rc ¼
Td � Ts

q00

Although in general Rc can vary with both time and
location, it is usually assumed to be constant for simplicity.
Thermal contact resistance values have been measured
directly under millimeter-sized droplets of molten metal
impacting on flat surfaces by measuring either the splat
surface temperature variation using an optical pyrometer
(Ref 35), or transient substrate temperature with ther-
mocouples (Ref 41). Contact resistance was determined
by selecting values that gave best agreement between
predictions from numerical or analytical models and
experimentally measured temperature variations.

McDonald et al. (Ref 40) plasma-sprayed molybdenum
and yttria-stabilized zirconia particles onto glass and
Inconel 625 substrates held at either room temperature or
400 �C. Samples of Inconel 625 were also preheated for
3 h, and then air-cooled to room temperature before
spraying. A rapid two-color pyrometer was used to collect
thermal radiation from the particles during flight and

spreading and determine the cooling rate of spreading
particles. An analytical heat conduction model was
developed to calculate the thermal contact resistance at
the interface of the plasma-sprayed particles and the
substrates. The analysis showed that thermal contact
resistance between the heated or preheated surfaces and
the splats was more than an order of magnitude smaller
than that on nonheated surfaces held at room tempera-
ture. As seen in Table 3, particles impacting on the heated
or preheated surfaces had cooling rates that were signifi-
cantly larger than those on surfaces held at room tem-
perature, which was attributed to smaller thermal contact
resistance.

� Due to the very high cooling rates during particle
flattening (more than 108 K/s at the very beginning
of the cooling process when contact between the
droplet and substrate is good), the droplet undergoes
hypercooling, generally resulting in heterogeneous
nucleation starting at contact with the underlying
material.

Fukumoto et al. (Ref 28) have raised the question ��why
and how the splashing occurs on the cold substrate sur-
face?’’ Possible reasons that have been proposed include
rapid solidification at the bottom surface of the splat, the
presence of adsorbates and condensates on the substrate
surface and poor substrate surface wettability.

4.4.2 Desorbtion of Adsorbates and Condensates. When
a hot particle lands on a cold surface, adsorbates and con-
densates vaporize rapidly, creating high pressure under the
spreading liquid and preventing good contact, except in the
area at the center of the particle, where the impact pressure
is very high. Thus, the liquid spreads to its maximum extent
(see ‘‘Examples of New Results Obtained at Impact’’ sec-
tion), forming a very thin lamella. Then, the liquid portion
of the flattened droplet begins to disintegrate, initially from
the solidified central core and later, from sites within the
liquid film sometimes small holes are observed even in the
central part of the splat, where contact between the splat
and substrate is good, which are caused by vaporized
adsorbates bursting through the liquid and escaping (Ref 4,
60, 62, 67, 68).

To ensure that the pretreatment used to remove
adsorbates from the substrate surface does not modify it
(by changing in oxide layer thickness, composition, or
roughness) one can either lower the pressure, or clean the

Table 3 Values of thermal contact resistance under
impacting plasma sprayed particles (Ref 40)

Material/Substrate
Substrate

temperature, �C Rc, m2 K/W (3107)

Mo/Glass 27 490 ± 55
400 6.5 ± 1.0

Mo/Inconel 27 190 ± 15
400 12 ± 2.0
Preheated; 27 55 ± 10

Zirconia/Glass 27 220 ± 30
400 10 ± 3.0
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surface with a laser set at an energy density level low
enough to not that affect the oxide layer, or by preheating
a surface if it cannot be oxidized (when it is made of gold
or platinum or oxide).

1. The transition pressure, as studied by Fukumoto et al.
(Ref 28), is characteristic of the surface: no chemical
modification of the surface occurs when pressure is
lowered, and desorbtion is the only possible physical
change taking place. However, transition pressures for
different materials do not follow the same classifica-
tion as that obtained for transition temperatures
(compare Fig. 14 and the table presented in Ref 8).
The differences are probably linked to the native
oxide layers of the different substrates, which also
depend on surface preparation.

2. When preheating gold substrates (Ref 58) or YSZ
substrates (Ref 25) beyond the transition tempera-
tures (723 and 553 K, respectively) or over, reaching
temperatures as high as half the melting point, splats
were disk shaped. Preheating a gold surface increased
its Ra, but did not affect the roughness of YSZ sub-
strate; in both cases, the SK value did not change and
remained negative. To ascertain the influence of sub-
strate roughness on splat shape an AISI304 stainless
steel that had been polished (producing SK < 0) was
heated to 673 K (changing SK = 0.895) and then gold
coated (Ref 20). Splashing occurred on both heated
and nonheated surfaces, demonstrating that in this
case the SK modification is not the dominant factor.

McDonald et al. (Ref 40) have studied the impact of
Mo or YSZ droplets upon preheated glass substrates at
673 K. Preheating gave splats that had larger cooling
rates, smaller maximum spread diameters, with signifi-
cantly reduced fragmentation and about one order of
magnitude smaller contact resistance compared to drop-
lets impacting cold glass surfaces. Here again the only
modification is the desorbtion of adsorbates.

Fukumoto et al. (Ref 58) measured the fraction disk
splats obtained when copper was sprayed on AISI 304
stainless steel substrate once preheated to 723 K (SK =
1.93) and then kept in an air atmosphere at room tem-
perature for 24, 48, 72, 96, and 120 h, respectively. The
result is shown in Fig. 16. Twenty-fours after heating, a
high fraction of disk splats was obtained. After 50 h or
more the fraction of disk splats began to decrease. Finally,
the fraction of disk splats decreased to <50% over 72 h
and more. As expected, Ra and SK did not change,
regardless of the elapsed time. However, Cedelle et al.
(Ref 25) have shown that on the same substrates, Ni and
YSZ particles still produced disk-shaped splats after 1 h
had elapsed between preheating and cooling and their
cooling rate was reduced by about 40%.

To check the effect of delaying solidification, alumina
particles were sprayed on a polished alumina substrate
preheated at 1800 K. Splats sprayed at 100 m/s with a
mean temperature of 3000 K were almost disk shaped but
their diameter was about twice that obtained when pre-
heating the alumina substrate over the transition

temperature (Ref 33). In this case, particle flattening is
probably completed before solidification occurred, but
unlike the case of a cold substrate, the contact between the
liquid and substrate is good. However, when the impact
velocity was increased up to 300 m/s the splat was fin-
gered. This was probably due to solidification starting
before flattening is completed.

3. The laser treatment effect shows that, when laser en-
ergy density is limited to that necessary to just remove
adsorbates and condensates on TA6V substrates, the
copper splats are mostly disk shaped.

4.4.3 Substrate Surface Modifications. When metal sur-
faces are preheated over the transition temperature (Ref 4,
5, 10, 13, 25, 26, 30, 37, 38, 40, 43, 52, 56, 60-66) or treated
with laser energy densities high enough to modify the oxide
layer (Ref 17, 20, 58), the surface is changed. In addition to
desorbtion of adsorbates, the oxide layer composition,
thickness and roughness is modified. The net result is gen-
erally the formation of disk-shaped splats with higher
cooling rates (or lower thermal contact resistance) and
higher spreading velocity (better wetting of the substrate by
the flattening droplet) than those collected on cold sub-
strates (see ‘‘Examples of New Results Obtained at Im-
pact’’ section). The question is, which of these parameters is
most influential in determining splat shape?

The work of Cedelle et al. (Ref 25) has shown that
having positive SK on a preheated AISI 304 substrate
improves the static wetting of copper. When Ni and YSZ
particles are sprayed on such a substrate their flattening
time is reduced and their cooling rate is faster compared
to a substrate that has not been preheated. Thus, SK

modification, together with desorbtion of adsorbates,
probably controls these phenomena. Such a conclusion is

100

F
ra

ct
io

n 
of

 d
is

k 
sp

la
t 

(%
)

time (hr)

80

60

40

20

0
0 50 100

Fig. 16 Relationship between elapsed time after heating to
723 K and fraction of disk splat (Ref 58)

Journal of Thermal Spray Technology Volume 18(2) June 2009—165

P
e
e
r

R
e
v
ie

w
e
d



backed by the observations of Fukumoto et al. (Ref 58) on
copper splats formed on AISI 304 substrates that had been
laser treated with power densities varying from 0 to
90 MW/m2. The Ra value remained almost unchanged,
staying the same as that of the polished substrate surface
at laser power densities up to 50 W/mm2. However, Ra

increases significantly when laser power density is raised
above 50 W/mm2. SK also increases with laser power
density over 50 W/mm2, and changes from negative to
positive; the percentage of disk-shaped splats increased
almost linearly with SK.

In spite of several experimental investigations, ques-
tions about splat formation remain, because most experi-
mental results are incomplete: often the substrate oxide
analysis is not given, or cooling rate and/or flattening
velocity or time are missing and so on.

Another observation, which has to be explained, is that
droplets splash on substrates preheated over Tt when
impact Reynolds number is very high. The resulting splats
being thinner than those obtained with lower Re, such
splashing may be explained by solidification starting
around the periphery of the spreading droplet before
flattening is complete, so that the outward flowing liquid
jets over the top of the solid layer, becomes unstable and
breaks-up. With lower impact velocities, the liquid will not
have enough kinetic energy to jet over the solid barrier
and will not splash.

4.4.4 Contact Between Splat and Substrate. Several
questions must now be addressed: how does the splat
adhere onto the substrate? How can there be continuity
between materials (splat and oxide layer at substrate
surface, for example) with different crystallographic
structures? Does good wetting and high pressure allow
liquid to filling all the crevices in the surface at the
nanoscale, creating mechanical adhesion? Can diffusion
occur in such short times (a few microseconds)? Is a
chemical reaction possible between the impacting droplet
and substrate? Unfortunately, only a very few answers
exist and much more research is still necessary, requiring
careful studies of interfaces.

Alumina particles were sprayed onto alumina polished
(Ra � 0.4 lm) plasma-sprayed coatings (Ref 69). The
latter were either as-sprayed (with more than 99 wt.% of c
phase) or preheated at 1373 K at a rate of 5 K/min,
annealed for 6 h and cooled at a rate of 5 K/min resulting in
a 100% a-columnar structure. Some were also preheated to
1873 K with a temperature ramp of 5 K/min, annealed for
3 h, and cooled at a rate of 5 K/min resulting in a-granular
structure with grains between 3 and 5 lm. On the c-alu-
mina substrate alumina splats (c phase) exhibited columnar
and regular structure ~100-150 nm; the adhesion of the
alumina coating (300 lm thick) obtained on this smooth
substrate was 35 ± 3 MPa! On the columnar a-alumina
substrate splats (c phase) got columnar and irregular
structure ~150-300 nm; the adhesion of the coating was
only 3 ± 1 MPa. On the a-alumina substrate with a gran-
ular structure splats (c phase) achieved a very irregular
structure ~100-400 nm, and splats had the tendency to peel
off so that it was impossible to achieve any coating.

It has been shown that the preoxidation of smooth
(Ra < 0.05 lm) low carbon steel substrates in a furnace
under a CO2 rich atmosphere at atmospheric pressure
allows the formation of a wüstite (Fe1�xO) layer which
improves significantly the adhesion (>55 MPa) of alu-
mina coatings in spite of the rather low roughness
(0.10 lm < Ra < 1.00 lm) of the oxidized surface
(Ref 70). It appears that plasma preheating of steel sam-
ples did not modify the morphology of the preoxidized
wüstite layer formed (Ra � 0.2 lm). In spite of main-
taining the surface condition, part of the wüstite scale,
very probably the most superficial one, is oxidized into
magnetite (Ref 71). This has already been observed on
wüstite and it corresponds to a topotactic phase transfor-
mation. This change of composition is liable to occur even
inside a grain, so that it may have no harmful consequence
on the cohesion of the iron oxide scale. The presence of
metastable c-Al2O3 together with a-Al2O3 was somewhat
surprising, because the former phase is generally the only
one observed under the spraying conditions used. It is
possible that the c alumina phase was localized in direct
contact with magnetite, as far as they have the same
crystallographic structure (spinel) with lattice parameters
rather close to 0.793 nm for alumina instead of 0.839 nm
for magnetite 0.834 nm for lacunars magnetite. If such an
assumption could be verified, it could explain the good
adherence of the coating. Indeed, in these conditions, a
steel substrate and the wüstite phase, then between the
latter and magnetite (topotactic transformation), and
finally between the magnetite and c alumina (epitaxial
relationship). This might justify a physical adhesion, and
perhaps also a chemical one if a chemical reaction occurs
between both spinel phases, which in principle could form
mixed oxides.

For example, with a polished Ti-6Al-4V substrate, the
presence of alumina diffusing to the substrate surface
upon preheating at 400 �C produces excellent adhesion
(48 ± 12 MPa) of the sprayed alumina coating. This is
probably due to the chemical continuity at the interface
substrate-coating with the presence of alumina at the
surface of Ti-6Al-4V substrate (Ref 5).

Plasma enhanced chemical vapor deposition (PECVD)
has been used to deposit thin (2 lm) alumina coatings on
Ti-6Al-4V substrates (Ref 11, 69, 72). Coatings were
achieved by introducing a mixture of 6 vol.% TMA (tri-
methyl-aluminum) in argon in the afterglow of an oxygen
microwave discharge (P = 1600 W). When spraying alu-
mina on the PECVD coated surface, preheated at 300 �C,
splats exhibited porous morphology, as shown in Fig. 17.
In spite of that, adhesion of the APS coating on a polished
Ti-6Al-4V substrate covered by a 2-lm thick PECVD
coating is excellent: more than 60 MPa. When decreasing
the PECVD film thickness from 2 lm to 200 nm, a ‘‘nor-
mal’’ dense morphology was found. This effect can per-
haps be linked to the thermal conductivity of the alumina
film and the presence of gases coming from the PECVD
process, which have not been completely eliminated upon
preheating. They can induce out-gassing during the
impact. The poor thermal conductivity of the alumina film
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decreases the rate of solidification and the splat remains
liquid.

The 20- to 30-nm thick TGO layer developed during
preheating of hot stainless steel substrates is assumed to
improve both the YSZ liquid wetting and the formation of
chemical bonds between the splat and the substrate
(Ref 5). The interface oxide layer is composed of elements
from both the ceramic splat (Zr) and the substrate (Cr,
Fe), as determined by EDS using a sufficiently small beam
spot size. When thicker oxide layers are formed with
preheating at higher temperatures, the adhesion dimin-
ishes. The oxide layer on the surface of a cold substrate is
probably only a couple of atomic layers thick, and is
therefore far less significant than that of the hot substrate.

4.4.5 Impact on Inclined Substrates. On stainless steel,
copper and a few other polished substrates (Ra < 0.1 lm)
preheated over the transition temperature, when the spray
angle increases from 0� to 75�, splats have an elliptical
shape, the ratio of the major to the minor axes increasing
when the spray angle increases (Ref 49, 67, 73-76). For
different materials (alumina, zirconia, titania, Al, Ni,
Astroloy, and Cu), the relationship between the major and
minor axes shows a strong linearity over a wide range of
splat sizes. This observation implies that the elongation
factor (EF) does not depend on particle diameter and
impact velocity but only on spray angle. The splat thick-
ness increases slightly along the inclined surface and it
becomes progressively thicker in the direction of the
inclined surface when the spray angle increases. This
probably explains why, when the spray angle exceeds a
critical value that depends on the sprayed and substrate
materials, splashing occurs in the inclination direction. On
cold substrates splats are extensively fingered, especially
in the substrate inclination direction.

4.5 Substrate Melting During Impact

Molybdenum particles impinging on stainless steel melt
the substrate locally, because the effusivity of the particles

is larger than that of substrate (Ref 68, 77). Melting occurs
on both cold and hot substrates. The melted crater on the
substrate surface alters the flow direction of the droplet
fluid and tends to form a free liquid detaching from the
substrate surface (see Fig. 18a). Splats have a central part
surrounded by other fragments as shown in Fig. 19 for
substrates heated to (a) 200 �C and (b) 400 �C. The pieces
along the outer periphery are produced by jetting, while
those close to the center result from cracking of the cen-
tral part with the detached pieces floating on a pool of
liquid stainless steel (see Fig. 18b).

When spraying cast iron particles onto an aluminum
alloy substrate preheated at 473 K, the temperature at
impact exceeds the melting point of the substrate material.
It leads to partial surface melting upon impact (Ref 67),
and mutual diffusion occurs at the interface, which pro-
motes the thin oxide layer formation of FeAl2O4. The
interface formation can be considered to be a kind of
mechanical bond, which also improves the adhesion
property of splats. This observation demonstrates the
importance of the first deposited layer in the adhesion
property of coatings.

4.6 Impact on Rough Substrates

Most phenomena occurring when particles impact on
rough surfaces normal to their trajectory have been
described in the review of Fauchais et al. (Ref 10):

� Surface roughness promotes adhesion. As emphasized
by Mehdizadeh et al. (Ref 78), a droplet mainly
adheres to a rough substrate due to mechanical
interlocking between the surface and the bottom of
the splat.

� The spreading of the droplet is limited by surface
irregularities, resulting in smaller and thicker splats
(slower cooling), as well as an important flattening
splashing behavior and a poorer contact than on
smooth substrates. It is also much more difficult to

Fig. 17 Two alumina splats collected on a 2-lm-thick alumina
coating deposited by PECVD on Ti-6Al-4V mirror polished
substrate: left splat where all material is concentrated in its rim,
center splat with lace aspect (Ref 69)

Fig. 18 (a) Schematic diagram of a Mo particle impacting on a
stainless steel substrate with molten steel below it within the
crater formed. (b) Pieces of Mo detached from the central part of
the impacting particle floating on molten steel
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analyze the oxide layer thickness and composition
formed at the rough substrate surface.

� The roughness size must be adapted to the sprayed
particle mean size.

� Preheating the substrate over the transition tempera-
ture usually improves the coating adhesion by a factor
between 2 and 4. The most probable reason is the
desorbtion of adsorbates and condensates.

However, it must be underlined that in all these works
substrate roughness was achieved by grit blasting and
characterized only by the average value Ra which gives no
information about the spacing between peaks and valleys.

Shinoda et al. (Ref 79) conducted an experimental
study in which the surface roughness was artificially cre-
ated and could be well characterized. Micropatterns were
fabricated on quartz glass substrates by photolithography
followed by wet etching. Four micropatterns were used as
substrates: (a) a line-and-space pattern (L/S), (b) a pillar
pattern in a tetragonal array (grid), (c) a pole pattern in a
triangular array representative of a convex pattern

(obstacle), and (d) a dimple pattern in a triangular array
representative of a concave pattern (dimple). While the
characteristic depths/heights of these patterns, z, were
kept at ~1 lm, the areas of concavity and convexity of
each pattern were designed to be identical except for the
grid pattern. The arithmetic mean roughness of these
patterns hence corresponded to Ra = 0.5 lm. The spacing
of these patterns, x, was varied from 4 to 20 lm. The
anisotropic deformation of molten alumina droplets
(sieved through a 35- to 65-lm mesh), sprayed with hybrid
plasma, was observed on these substrates preheated at
700 K. Splats elongated in the direction perpendicular to
the lines on the L/S pattern, and the degree of elongation
tended to increase with the increase in the normalized
pattern spacing ranging from 0.1 to 0.3. In addition, air
was entrapped in each splat off-center by 1.5 times the
radius of the droplet, regardless of the type, size, and
pattern layout. This indicates that the air entrapment in
the outer region of a splat on a rough substrate is inevi-
table under plasma spray conditions. Droplet spread, as
already indicated in the review (Ref 10), can be affected
by a roughness as small as Ra = 0.5 lm, indicating the
importance of controlling the surface roughness of a sub-
strate on the micrometer scale in plasma spraying. These
interesting findings led the authors to make the following
recommendations:

� The size of the surface pattern with a normalized
pattern spacing of less than 0.1 would be a favorable
pattern for preventing the fingering of splats.

� Second, convex patterns such as the grid pattern
should be preferred to concave patterns.

� Last, the heights of obstacles also influence the fin-
gering of splats. In the case of grid pattern, the heights
of pillars less than half the splat thickness will be best
to reduce fingering. The critical height of the obstacle
for splashing depends not only on spreading lamella
thickness, but also on the velocity along a horizontal
surface, and the threshold of the height will be smaller
under d.c. plasma spraying conditions, whose impact
velocities are higher than in hybrid plasmas.

4.7 Splat Morphologies

Splat/coating formation is a highly nonequilibrium
process resulting in fine microstructure, generally different
from those of conventional materials. The fine micro-
structure, often columnar at the nanoscale (few hundreds
of nanometers), results from the fundamental physical
principles governing under-cooling, nucleation, nonequi-
librium solidification, and microstructure formation. The
large under-cooling rates (10�6-10�9 K/s), achieved during
splat formation, control nucleation, which is mostly het-
erogeneous and starts on the substrate surface. For
example, Robert et al. (Ref 80) and Zhang et al. (Ref 81)
have developed 1D models to study the under-cooling,
heterogeneous nucleation, nonequilibrium solidification,
and microstructure formation during splat cooling in
plasma spraying conditions. The first splats formed on the

Fig. 19 Morphology of Mo splats deposited on the stainless
steel surface preheated, at (a) 200 �C and (b) 400 �C, respectively
(Ref 68)
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substrate undergo a significant degree of under-cooling
prior to nucleation and the nucleation temperature and
grain size distribution strongly depend on contact angle.
Moreover, when the liquid can solidify in different phases,
the contact angle between substrate and nucleus deter-
mines which one is actually obtained.

Unfortunately from a practical point of view, the con-
tact angle is generally unknown. One way to determine it
is to vary it in the nucleation model and compare the
column size distributions calculated to that measured on
the splats experimentally obtained. This has been done for
alumina splats collected on stainless steel (preheated over
the transition temperature to get rid of adsorbates and
condensates) and alumina (preheated sufficiently to
obtain a alumina splats). For c columnar alumina splats
matching between calculated and measured size distribu-
tions was obtained for h > 48�, while for a columnar
alumina splats matching was found for h < 40� (Ref 82).

The substrate crystallographic structure seems also to
play a role (see ‘‘Three-Dimensional Transition Curve in
Thermal Spray Process’’ section and (Ref 83) devoted to
alumina splats sprayed on alumina substrates with differ-
ent phases: c columnar, a columnar, and a granular).

The importance of the continuity of the crystalline
structure between splats and substrate seems to be con-
firmed by results of Valette et al. (Ref 71, 84) (see section
‘‘Three-Dimensional Transition Curve in Thermal Spray
Process’’).

5. Modeling

5.1 First Instant of Impact: Wave Propagation
and Impact Splashing

A liquid droplet, not subjected to external forces,
remains spherical so as to minimize the surface area, and
thereby its surface energy. As it approaches a solid sur-
face, the pressure in the air separating the droplet and
substrate increases, deforming the bottom of the droplet
and creating a small depression in which an air bubble
may be trapped (Ref 85). Once the drop hits the surface,
the pressure in the liquid near the substrate rises very
rapidly as it is compressed by a shock wave originating
from the point of impact. If the liquid is considered to be
compressible, an estimate of the impact pressure is given
by the water hammer pressure, qclvd. For typical thermal
spray particles, the Mach number (Ma = vd/cl) is much less
than 1, since impact speeds are much less than the speed of
sound in solids (c ~ 3000 m/s), and compressibility effects
are not significant (Ref 32). Impact models generally
assume the liquid to be incompressible.

5.2 Particle Impact and Deformation

To relieve the heightened pressure at the point of im-
pact the liquid begins to jet out in the form of a thin sheet.
The tip of the sheet emerges from under the droplet with
very high radial velocity, which decreases with time,
varying as t1/2 (Ref 86). If the droplet remains intact

during spreading, it flattens and forms a splat shaped like a
thin circular disk. Several models have been developed to
predict the maximum size of such a splat (Ref 10).

5.3 Splashing

The edge of the sheet is rapidly decelerating and
becomes unstable, possibly due to Rayleigh-Taylor insta-
bility (Ref 87). Periodically undulating waves begin to
grow around the periphery of the spreading liquid lamella
that grow into longer fingers and finally detach in the form
of small satellite droplets. This detachment may com-
mence very early during impact, while the lamella is still
spreading when it is referred to as ‘‘prompt splashing’’
(Ref 88). More satellite drops may detach much later
during droplet impact, when the droplet has fully flattened
into a thin liquid sheet, or when it has already started to
recoil. Only a small fraction of the material in the droplets
initially is lost in the satellite droplets.

The first experimental study of droplet fingering and
splashing—in the absence of solidification—was published
over a century ago by Worthington (Ref 89). Worthington
observed that the number of fingers increased with droplet
size and impact speed; observed merging of the fingers at
or soon after the maximum spread; and found fingering to
be more pronounced for fluids that did not wet the sub-
strate. Many researchers have since contributed to the
understanding of the fingering and splashing in the
absence of solidification. A review of their findings may be
found in the works of Bussmann et al. (Ref 90, 91).
Attempts have been made (Ref 50) to correlate the onset
of splashing in thermal spray splats to the value of the
‘‘Sommerfeld parameter,’’ defined as K = We1/2Re1/4.
Earlier experiments with water and ethanol droplets
impacting on a solid surface (Ref 92) had shown that
droplet splashing when K > 57.7. Calculations of K for
plasma spray particles (Ref 33) showed that the detach-
ment of satellite droplets depends on a number of factors
besides We and Re, including particle temperature, sub-
strate temperature, and angle of impact. Fukumoto et al.
(Ref 93) proposed a modified impact parameter, which
include information about substrate temperature and
particle velocity, to predict when splashing would occur.

5.4 Numerical Modeling

Since it is very difficult to observe directly particle
impact, spread, and solidification, numerical models have
been used to simulate impact dynamics. Most of the initial
models were two-dimensional (2D), modeling normal
impact on a flat surface, assuming axial symmetry. Zhao
et al. (Ref 94, 95) studied, both experimentally and
numerically, heat transfer and fluid flow of an impacting
droplet but did not include the effect of solidification.
Further improvements to modeling techniques were made
by Liu et al. (Ref 96), Bertagnolli et al. (Ref 97), Trapaga
et al. (Ref 98), who used finite-difference techniques to
study simultaneous solidification and spreading of
impacting drops, while assuming the substrate to be iso-
thermal and the spreading drop in perfect contact with it.
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Pasandideh-Fard and Mostaghimi (Ref 99) incorporated
the effect of thermal contact resistance between the
droplet and the substrate and showed that its magnitude
could have a significant effect on droplet spreading and
solidification. Solidification and heat transfer within the
substrate was modeled assuming 1D heat conduction. The
model was later extended and a fully 2D axisymmetric
model of droplet impact was developed (Ref 54) with
which impact and solidification of millimeter-sized tin
droplets were studied both numerically and experimen-
tally. Thermal contact resistance was treated as an
experimental parameter, whose value was estimated by
fitting numerical predictions of substrate temperature with
experimental measurements. Though thermal contact
resistance can, and does, vary with both position under the
splat and time from the instant of impact, it was shown
that reasonably accurate simulations of the impact could
be done using a constant value. Impact dynamics were
found to be sensitive to the value of thermal contact
resistance.

Two-dimensional models are adequate for simulating
axisymmetric impact of droplets landing normally on a flat
surface. In reality, few impacts meet this description.
Droplets may land at an incline to the substrate, interact
with previously deposited splats, or the liquid-solid con-
tact may become unstable and wavy. Bussmann et al.
(Ref 90, 91) developed a 3D model for the isothermal
impact of a droplet on a solid surface, by extending of the
2D RIPPLE (Ref 100) algorithm to three dimensions.
They used a fixed-grid Eulerian finite-difference method
to solve the complete momentum and energy conservation
equations, a volume-of-fluid (VOF) algorithm to track the
droplet free surface. A fixed-grid technique proved rela-
tively simple to implement, robust in modeling large
deformations of the droplet surface, and computationally
efficient.

Pasandideh-Fard et al. (Ref 54) added heat transfer
and solidification to the 3D model of Bussmann et al. (Ref
90, 91). The influence of the surrounding gas was
neglected in the model, the liquid assumed incompressible
and fluid flow modeled as being Newtonian and laminar.
At the liquid free surface, Laplace�s equation specifies the
surface tension-induced jump in the normal stress across
the interface, while tangential stresses were neglected. The
fluid in contact with the solid substrate was subject to
no-slip and no-penetration boundary conditions. At the
contact line, where solid, liquid and gas phases meet, the
wettability of the solid surface is described by specifying
the contact angle liquid-solid, h, whose value may be a
function of the contact line speed. Solidification is
assumed to occur at the melting temperature and viscous
dissipation is neglected. Densities of liquid and solid are
assumed constant and equal to each other. Momentum
and energy conservation equations are discretized
according to typical finite volume conventions on a recti-
linear grid and solved using a two-step projection method,
in which a time discretization of the momentum equation
is broken up into two steps. To track the location of the
free liquid surface, the first-order accurate 3D volume
tracking method of Youngs (Ref 101). The method of

Cao et al. (Ref 102) is employed to transform the energy
equation in terms of enthalpy alone. The free surface is
assumed to be adiabatic. The value of the thermal contact
resistance (Rc) was provided as an input to the model and
found to strongly influence the final splat shape (Ref 103).

Wang et al. (Ref 104) carried out a parametric study to
examine the effects of droplet size, impact velocity,
superheating of droplets, substrate temperature, thermal
contact resistance, and wetting angle on spreading of the
splat. Wan et al. (Ref 105) incorporated the effect of
nonequilibrium solidification in the model. Numerical
models have also been used to simulate impact of polymer
particles (Ref 106).

The pressure under the flattening droplet is important
in determining the strength with which the splat adheres to
the substrate. Numerical models have been used (Ref 107)
to calculate the pressure under the impacting droplet and
to thereby calculate the size of pores under the splat
caused by incomplete filling of crevices on the surface
(Ref 108) and the degree of curl-up around the edges of
splats (Ref 109).

The effect of varying surface roughness on droplet
impact has proved difficult to model, since the scale of
surface protrusions is typically much smaller than the
resolution of the computational grid. As an idealization,
the impact of a thermal spray particle onto a substrate on
which micron sized, regularly spaced arrays of posts were
present (Ref 110). Comparison with experiments (Ref
111) showed that impact dynamics could be accurately
simulated. Surface roughness was found to have little
effect if there was no solidification during impact—the
principal effect of increasing roughness was to increase
thermal contact resistance between the substrate and
droplet, and thereby to reduce the solidification rate.

5.5 Numerical Simulations of Thermal Spray
Particle Impact

Numerical codes can simulate fluid flow and heat
transfer during particle impact quite accurately. The big-
gest obstacle in applying such simulations to real spray
processes arises from the difficulty in quantitatively
describing the interface between the splat and substrate.
Contaminants on the surface, oxide layers and variations
in roughness and microstructure can all affect heat trans-
fer and wettability in ways that cannot be predicted a pri-
ori. The interface is defined in models only by specifying
values of the thermal contact resistance (Rc) and liquid-
solid contact angle (h). The value of the contact does not
strongly affect impact dynamics while the droplet is
spreading outwards, since flow is very strongly driven by
fluid inertia. However, once the droplet has reached its
maximum extent, and if it is still liquid, fluid motion
during droplet retraction or break-up is sensitive to con-
tact angle. The value of thermal contact resistance is very
important, since changes to the surface produced by
heating during thermal spraying can change Rc by orders
of magnitude (Ref 38).

Numerical models were used by Pasandideh-Fard
et al. (Ref 103) to model the splashing of an impacting
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nickel particle. Figure 20 shows a sequence of computer
generated images showing successive stages of the impact
of a 60-lm diameter nickel particle, at a temperature of
1600 �C (150 �C above the melting point of nickel) on a
stainless steel substrate initially at 290 �C. Thermal con-
tact resistance between the droplet and the substrate was
assumed to be low, equal to 10�7 m2 K/W. Immediately
after impact liquid jetted out from under the drop and
spread in the radial direction, but solidification was fast
enough that all the portion of the droplet in contact with
the substrate had frozen by t = 0.5 ls. When the bottom
layer of liquid solidified, the remaining liquid jetted out
over the periphery of the solid layer (Fig. 20 after 0.8 ls).
Because of small variations in the liquid velocity around
the periphery of the drop a fluid instability was created,
leading to the formations of fingers of liquid around the
drop that grew larger and detached to form small satellite
droplets.

Simulations in which substrate temperature was
increased from 290 to 400 �C produced little change in the
impact process, since the droplet temperature was so high
that this relatively small change in substrate temperature
did not reduce heat transfer significantly. However,
increasing thermal contact resistance delayed the onset of
solidification until the droplet had finished spreading.
Figure 21 shows simulations with all parameters the same
as those in Fig. 20, except that substrate temperature was
raised to 400 �C and thermal contact resistance was in-
creased by an order of magnitude, to Rc = 10�6 m2 K/W.
In this case, the droplet spread completely before a sig-
nificant amount of solidification occurred, and the flow
was not destabilized by the solid layer, leaving a disk-
shaped splat, looking much like those observed experi-
mentally on surfaces above the transition temperature.

Fauchais et al. (Ref 10) pointed out that these
results from models appear to contradict experimental

Fig. 20 Simulations showing the impact of a 60-lm 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 m2 K/W
(Ref 103)
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observation, where splashing occurs when the contact
resistance was high, not when it was low, as in these
simulations. McDonald et al. (Ref 37) photographed the
impact of plasma-sprayed molybdenum particles on a glass
slide held either at room temperature or at 400 �C. On
nonheated glass thermal contact resistance was very high
(Rc = 5.0 ± 0.5 9 10�5 m2 K/W) and particles spread into
thin sheets that disintegrated, with perforations starting at
random sites within the sheet. On glass held at 400 �C, Rc

was much lower (6.5 ± 1.0 9 10�7 m2 K/W) and there
was no break-up so that a small, disk-like splat remained
on the surface. It was suggested that a gas barrier sepa-
rated the splat from the nonheated glass, reducing contact
and reducing the splat cooling rate so that the splat remain
a liquid longer.

To simulate these results McDonald et al. (Ref 112)
specified a spatially varying thermal contact resistance
between the molybdenum splat and glass held at room
temperature in a 3D numerical model. Figure 22 shows
the images generated by the numerical model for a par-
ticle with a 50-lm diameter, in-flight temperature of
2950 �C, and impact velocity of 130 m/s. The figure also
shows photographs of different splats captured at specific
times after impact (Ref 110). A thermal contact resistance
of 1.0 9 10�7 m2 K/W was specified for the splat central
core in contact with the glass. The diameter of the central
core was measured from images of the splat after
spreading, fragmentation, and solidification. Under the
rest of the splat, a thermal contact resistance of

5.0 9 10�5 m2 K/W was specified, based on the result of
the 1D heat conduction model (Ref 40) for this particle.

The results from the numerical simulation (Fig. 22b)
show that as the splat spreads, it fragments from the
solidified central core. Since the thermal contact resistance
in the central core is small (1.0 9 10�7 m2 K/W) com-
pared to the rest of the splat, it solidifies faster and
remains attached to the substrate. The rest of the splat, in
liquid form, continues to spread and disintegrate. Finally,
a central solidified core is left on the substrate, surrounded
by a ring of debris. The numerical simulations agree
qualitatively with experimental observations (Fig. 22a).

These numerical simulations demonstrate that there
are two, entirely different, mechanisms by which a particle
can fragment during impact. If the thermal contact resis-
tance under the splat is very low, and cooling is very rapid,
it begins to solidify as it spreads. The solid layer obstructs
and destabilizes the flow of liquid, leading to fingers being
formed around its edges (Fig. 20). At the other extreme, if
contact resistance is very high, the particle remains liquid
and spreads into a very tin film that ruptures internally
(Fig. 22). In this case the splat is also fragmented, but its
shape is different, appearing as a small central core sur-
rounded by a ring. Disk-shaped splats are formed if the
value of thermal contact resistance lies between these two
extremes, so solidification starts after the particle has
already flattened out and does not obstruct the liquid
flowing outwards, but is still sufficiently rapid to prevent
the splat from spreading so thin that it ruptures internally.

Fig. 21 Simulations showing the impact of a 60-lm 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 m2 K/W (Ref 103)
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Fig. 22 (a) Experimental photographs and (b) numerical simulation images of molybdenum particle spreading on nonheated glass. A
thermal contact resistance of 1.0 9 10�7 m2 K/W was specified for the central core of the splat and 5.0 9 10�5 m2 K/W under the rest of
it (Ref 112)
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6. Understanding Splat Formation

6.1 Different Splat Break-up Modes

Molten thermal spray particles impacting on a solid
surface may either fragment, which has been referred to as
‘‘splashing,’’ or remain intact and form a disk-shaped
splat. The use of the term ‘‘splashing’’ may be misleading,
since break-up may be due to one of two entirely different
mechanisms, neither of which is similar to the splashing of
a droplet landing on a thin sheet of liquid, which is the
scenario for which the splash parameter was developed
(Ref 92). The two ways in which fragmented splats may be
produced are as follows.

6.1.1 Splat Fragmentation. Any adsorbates or con-
densates on the substrate vaporize as soon as a hot ther-
mal spray particle lands on the surface. The vapor film
prevents both good physical and thermal contact between
the splat and substrate, so that thermal contact resistance
is high and the particle is not strongly restrained by fric-
tional forces as it spreads out into a thin sheet. The center
of the splat, where the particle first impacted on the sur-
face and contact was good because of the high impact
pressure, is the only portion that remains strongly bonded
to the substrate. The images of Fig. 22 show a molten
molybdenum particle landing on a glass surface at room
temperature. The droplet flattens out, spreading to a
maximum extent within ~1 ls after impact. After this
time, the liquid portion of the splats begins to disintegrate,
initially from the solidified central core and later from
sites within the liquid sheet. The darker portions of the
splats represent the intact fluid; the lighter areas represent
holes within the liquid sheet, exposing the glass surface.
After ~4 ls, the splats are almost totally disintegrated and
only a central solidified core remains on the surface.
McDonald et al. (Ref 40) estimated the thermal contact
resistance to be of the order of 10�5 m2 K/W, supporting
the hypothesis of poor splat-substrate contact due to a thin
gas barrier under the splat created by the vaporization of
adsorbed matter on the substrate surface.

Thin liquid sheets on a solid surface may rupture in
one of two ways: through formation and growth of
internal holes or by wave-like disturbances along their
edges (Ref 113). High surface tension and high-density
liquids, such as molten metals or ceramics, are most likely
to rupture due to the creation of holes in the liquid by
solid particles or protrusions on the substrate, or due to
air bubbles in the liquid; any protuberance or bubble
greater than the sheet thickness (~0.5 lm) would be suf-
ficient to puncture it. Figure 22 shows that after the splat
has reached its maximum extent it begins to rupture
internally, rather than at its edges. In fact, the edge
remained intact until fairly late. Finally, only the central
portion of the splat, which impacted the substrate with
high velocity, remained attached while the remaining
material, which made poor contact with the glass surface,
flew off. On metal substrates the edge of the splat, which
solidifies first, remains attached, producing the charac-
teristic splat shapes seen on cold surfaces with a central
core surrounded by a ring.

A thin liquid film on a surface will not rupture spon-
taneously: a hole has to be initiated in it. Once a hole is
created it may either grow or close again, depending on
the values of the film thickness, liquid-solid contact angle,
and the initial hole diameter (Ref 114). The greater the
impact Reynolds number, the larger the spread diameter
of the particle and the thinner the splat formed. The
tendency of a hole to expand increases as the film thick-
ness decreases, as the liquid-solid contact angle increases,
and as the initial hole formed becomes larger (Ref 115).

Sharma and Ruckenstein (Ref 115) developed a sta-
bility analysis to predict the stability of a thin liquid layer
on a solid surface. If the film is punctured with a hole that
has radius r1 at the lower surface in contact with the solid
substrate and r2 on the upper surface in contact with air, so
that a meniscus with surface area S is created, the free
energy change is:

DF ¼ clgðS� pr2
2 þ pr2

1 cos hÞ

The stability of the film depends on the magnitude of
DF: if DF < 0, the hole reduces the energy of the film and
will grow; if DF > 0, the hole will spontaneously close and
the film will remain intact. Therefore, for film stability we
require S to be larger than the other terms on the right
hand of the equation. Sharma and Ruckenstein (Ref 115)
derived an expression for the surface area S of the liquid
meniscus by solving the Young-Laplace equation of cap-
illarity and found an explicit expression for DF. In general,
S is large when h approaches either 0� or 180�. Both high
and low contact angles produce a meniscus with large
surface area when a hole is created in the liquid film. The
large surface energy associated with this exposed area will
inhibit further expansion of the hole, making it close. In
contrast, intermediate contact angles (h ~ 90�) produce a
meniscus with small surface area, rendering such a hole
energetically favorable and making it grow. Very large
values of h also result in large S, and such holes will not
grow.

The greater the impact Reynolds number, the larger
the spread diameter of the particle and the thinner the
splat formed. Dhiman (Ref 116) calculated the thickness
of the splat as a function of droplet impact Reynolds
number, using a simple energy conservation model
(Ref 86) of droplet spreading. Combining predictions of
splat thickness with the liquid film stability model (Ref
115), he calculated critical Reynolds numbers (Rec) above
which a splat would rupture, if a hole of a given diameter
were initiated in it. The tendency of a hole to expand
increases as the film thickness decreases, as the liquid-
solid contact angle increases, and as the initial hole formed
becomes larger. Figure 23 shows the variation of critical
Reynolds number with liquid-solid contact angle for an
initial hole of diameter 0.1 times that of the droplet. Most
metals have liquid-solid contact angles ~90�; impacting
with Re > 104, which is typically true in plasma spraying,
would result in the splat rupturing.

6.1.2 Freezing-Induced Breakup. If heat transfer from
the spreading droplet to the substrate is rapid, the rate of
solidification in the droplet becomes sufficiently fast that
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its edges begin to freeze and form a solid ring while liquid
is still flowing radially outwards. If the liquid has enough
momentum it jets over the solid layer, becomes unstable
and breaks into small fragments, a mechanism that has
been termed freezing-induced splashing (Ref 42). The rate
of solidification depends on many parameters, including
thermal contact resistance, substrate temperature, and
droplet melting temperature. Figure 20 shows an example
of a simulation of such a break-up.

Splats resulting from freezing-induced splashing are
different in appearance from those that fragmented during
impact. The former are surrounded by long, radially pro-
jecting fingers whereas the latter consist of a central core
surrounded by a ring of fragments.

6.1.3 Disk Splat Formation. Particle fragmentation
(resulting from low solidification rate) and freezing-
induced splashing (high solidification rate) represent the
two limiting conditions of very high and very low contact
resistance. In between these two extreme cases, there is a
range of impact conditions that will produce disk splats.
When solidification of the splat is sufficiently fast to pre-
vent it from spreading into a thin sheet and rupturing
internally (as in Fig. 22), but not so rapid that the outward
liquid flow jets over the solid layer and becomes unstable
(as in Fig. 20), it will form a circular disk-shaped splat, as
shown in the simulations of Fig. 21.

6.2 Predicting Splat Shape

Dhiman et al. (Ref 117) proposed a single parameter to
estimate the importance of freezing during solidification
and predict the likelihood of splat break-up. When a

molten droplet lands on a solid surface it spreads into a
thin splat of uniform thickness h. If the substrate is at
a temperature lower than the melting point of the droplet
a solid layer of thickness s grows in it during the time it
takes to reach its maximum spread. The solidification
parameter (H) is defined as the ratio of the solid layer
thickness to splat thickness.

Dhiman et al. (Ref 117) developed an analytical
expression to calculate the value of H as a function of the
dimensionless parameters Re, We, Ste, Pe, and Bi. The
magnitude of H can be used to predict what the final shape
of the splat will be, and what the mechanism of break-up,
if it occurs, is. Three outcomes are possible during
spreading:

1. If the solid layer is very thin (s << h, or H << 1), it
will have no effect on spreading. The splat will spread
into a thin sheet liquid and rupture internally. This
will lead to extensive fragmentation, producing a
small central splat surrounded by a ring of debris.

2. If the solid layer grows by a significant amount during
spreading (s ~ 0.1h to 0.3h, or H ~ 0.1-0.3), it will
restrain the splat from spreading too far and becoming
thin enough to rupture. In this case, a disk-type shape
will be produced.

3. If solidification is very rapid (s ~ h, or H ~ 1), the
solid layer will obstruct the outward spreading liquid.
A splat with fingers radiating out from its periphery
will be produced.

Comparison with experimental photographs (Ref 117)
showed the value of the solidification parameter gave a
reasonably accurate method of predicting the shape of the
final splat. Figure 24 shows photographs of splats taken
both during and after impact, illustrating the three dif-
ferent modes of splat impact. In Fig. 24(a), for molybde-
num and nickel particles landing on substrates at room
temperature, thermal contact resistance was high
(~10�5 m2 K/W) and H ~ 0.01. The splats spread into a
thin film that ruptured internally and fragmented. The
final splats all showed a central portion at the point of
impact that adhered strongly to the substrate, surrounded
by a ring.

Raising the substrate temperature reduced the thermal
contact resistance by an order of magnitude, since it
evaporated adsorbed contaminants on the surface.
Figure 24(b) shows impact of zirconia and nickel particles
on surfaces heated to 400 �C which had Rc ~ 10�6 m2 K/
W and correspondingly H ~ 0.1. Solidification occurred
near the end of droplet flattening, when the spreading li-
quid did not have enough momentum to jet over the solid
rim and instead came to rest forming a circular splat with
smooth edges.

If H was increased further (H ~ 0.4, see Fig. 24c), solid
layer growth was sufficiently rapid to obstruct flow of
liquid early during spreading. The liquid had enough
momentum that it jetted outward, producing fingers
radiating out from the central splat. For nickel particles
spreading on a steel substrate oxidized by heating to
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Fig. 23 Critical Reynolds number above which a thin film cre-
ated by droplet impact will rupture as a function of receding
liquid-solid contact angle. The initial hole is assumed have a
diameter 0.1 times that of the droplet (Ref 116)
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640 �C (Fig. 24c) the splat was intact, and smooth at the
center, where solidification was slow. The edges, which
solidified very rapidly, have a rough surface since surface
tension did not have time to level irregularities before
solidification occurred. Molybdenum splats on a glass
surface heated to 400 �C also have fingers radiating out.

7. Conclusions

The shape of a splat formed by the impact of a molten
thermal spray particle on a solid substrate depends on
fluid flow and heat transfer during droplet deformation.
The condition of the substrate surface determines the rate
of heat transfer and the motion of the liquid-solid contact
line. The parameters used to describe the splat-substrate
interface are the thermal contact resistance and the liquid-
solid contact angle. The contact resistance quantifies
changes in the area across which heat transfer occurs,
which may be due to changes in surface roughness and
chemistry, or the presence of contaminants on the surface.

The contact angle describes the wettability of the sub-
strate, which determines whether ruptures initiated in the
thin liquid film formed by the flattened droplet will
expand or close.

Preheating or laser treatment of glass or ceramic sub-
strates results in desorption of adsorbates and condensates
if a sufficiently high temperature is reached, but it does not
modify surface chemistry and roughness. Conversely,
preheating or laser treatment of metal or cermet sub-
strates, in addition to desorption of contaminants, modi-
fies the oxide layer thickness, composition and roughness,
parameters which may play a key role in altering liquid
droplet-substrate wettability, thermal contact, and
mechanical resistance. Unfortunately, these important
phenomena are very seldom taken into account to explain
and/or model splat formation. Moreover, in most cases, all
calculations are performed assuming thermodynamic
equilibrium (that is, solidification takes place at the
melting temperature) while nucleation phenomena should
be introduced. Even more, to better represent reality, the
crystallographic state of the substrate or previously
deposited layers should be considered. Of course these

Fig. 24 Photographs during and after impact for splats. (a) Fragmenting during impact, (b) forming disk splats, and (c) undergoing
freezing-induced break-up (Ref 117)
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phenomena add a lot of complexity to calculations that are
already rather difficult and require simplifying assump-
tions.

A splat may fragment during impact or may remain
intact, solidifying in the shape of a disk. There are two
entirely different mechanisms that lead to splat break-up,
which may occur when solidification is either very slow or
very rapid. If splats do not freeze during impact they
disintegrate when the liquid sheet formed by the
spreading droplet ruptures internally, producing splats
with a small central core surrounded by an annular ring.
If solidification is very rapid the solid layer formed
around the edges of splats obstructs liquid flow and trig-
gers splashing. The splats formed have fingers radiating
out from a larger central portion. In between these two
extremes, we obtain round disk splats with no evidence of
splashing.

To predict what splat shape is likely for a given set of
impact conditions, a dimensionless parameter (H) is
defined as the ratio of the solid layer thickness formed
during droplet spreading to the splat thickness. If solidi-
fication is negligible (H � 1), the splat spreads into a thin
sheet liquid and fragments. If the solid layer grows by a
significant amount during spreading (H ~ 0.1-0.3), it
restrains the splat from spreading and becoming thin en-
ough to rupture, and produces a disk-type splat. If solidi-
fication is very rapid (H > 0.3), a solid ring forms around
the edges of the spreading droplet that obstructs the out-
ward flowing liquid and destabilizes it, resulting in a splat
with fingers radiating out from its periphery.
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