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Review of Impact and Solidification
of Molten Thermal Spray Droplets

R.C. Dykhuizen

The unique properties of coatings created by thermal spray deposition depend on the rapid solidification
of individual splats created by impinging molten droplets. However, the impact process has been little
studied because of the difficulty of measuring or numerically simulating the process, which occurs very
quickly over a small area. Other scientific fields have investigated the impact of liquid droplets on solid
surfaces. This paper reviews these studies, along with those conducted specifically on the thermal spray
process. Modelers have almost universally ignored droplet solidification during impact; however, some
experimental evidence suggests that the solidification process plays a significant role in splat formation.
Splashing of impacting liquid dreplets, another topic that has been largely ignored, affects deposition ef-
ficiency, porosity, aad bond strength, and may alse affect the amount of oxides incorporated in the coat-
ing. The scaling of data from impacting millimeter-size droplets traveling at low velocities to thermal

spray conditions is questioned.

1. Introduction

CoATINGS produced by thermal spray deposition are used to en-
hance the wear, or corrosion, or thermal capabilities of a surface,
or to rebuild worn or damaged surfaces. The unique properties
of such coatings depend on the rapid solidification of individual
splats created by impinging molten droplets. However, the im-
pact process has been little studied because of the difficulty of
measuring or numerically simulating the process, which occurs
very quickly over a small area.

The object of this review is to determine those parameters
(i.e., impact velocity, liquid viscosity, liquid superheat) that con-
trol splat size and solidification rate. These quantities directly
influence coating properties. Droplet splashing also is of interest
because it affects deposition efficiency, porosity, and bond
strength. Splashing may also affect the amount of oxides that are
incorporated into the coating; small splashed particles may oxi-
dize quickly and can be driven back onto the surface by the gas
flow field associated with thermal spraying. The impact of lig-
uid droplets on solid surfaces is important in studying the ero-
sion of aircraft surfaces caused by flight through clouds and
rainstorms, the erosion of tusbine blades operating in wet steam,
and the erosion of terrestrial surfaces during rain. A limited num-
ber of studies have considered liquid impact during ink-jet print-
ing and in the production of fine powders via impact
atomization. This paper reviews experimental and analytical
studies of the impact phenomenon for various applications to
determine which aspects can be applied to the thermal spray
process.

A few review articles have focused specifically on the ther-
mal spray process. However, the impact and solidification proc-
ess has not been considered in detail. Apelian et al. (Ref 1)
concentrated on plasma spray particle heating rates during
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flight and cooling rates after impact. The flow during impact
was only briefly considered. Zaat (Ref 2) and Fisher (Ref 3) re-
viewed plasma spraying from arc heating to droplet solidifica-
tion. However, they only briefly considered the impact process
and provided no references for this subtopic. Safai and Herman
(Ref 4) provided another general review of plasma spraying,
concentrating on the properties and grain structure of the coat-
ings produced. The authors did state that the splat size is smaller
for rough surfaces, and this was later verified by Fantassi et al.
(Ref 5). Mash et al. (Ref 6) devoted a large portion of their re-
view of plasma spraying to the relationship between deposition
efficiency and process parameters.

Experimental data on the flattening of thermal spray droplets
are scarce due to the difficulty of obtaining accurate data on the
thermal and kinetic energy of the micrometer-size droplets prior
to impact. Experimental data are available for the flattening ratio
as a function of thermophysical properties for millimeter-size
drops traveling at low velocities. These millimeter experiments
are conducted so that nondimensional parameters defined by the
experimenters are the same as those found in thermal spray
processes. However, itis shown here that the scaling of these re-
sults over three orders of magnitude in physical size may not be
possible. Finite nucleation fimes and contact resistances, which
are of no consequence in the millimeter-size experiments, be-
come important in the thermal spray processes.

A number of analytical studies have investigated the flow of
liquid droplets during impact on a solid surface. Most do not
consider the solidification of the droplet. Experimental evidence
suggests that partial solidification upon impact influences the
flow of the molten droplet.

2, Experimental Observations of iImpact
and Solidification

Several papers offer experimental observations that relate to
the impact and solidification of droplets on a substrate. A num-
ber of papers have investigated the impact of raindrops (Ref 7-
10). Two interesting conclusions are often stated in this body of
literature. First, the liquid that makes up the portion of the drop
that first impacts the surface ends up at the periphery of the splat.
Second, drops impacting on smooth, dry surfaces do not splash.
Splashing will occur if the surface is rough or wet.

Models of thermal spray droplet impacts do not include
splashing, even though the substrate is never smooth (especially
after the initial layer of splats has formed). It is experimentally
found from the raindrop studies that the number of secondary
splash drops increases with increasing impact velocity, drop
size, and surface roughness. This seems to indicate a Reynolds
number dependence. Surface tension caused only a weak de-
pendence on the number of secondary drops (Ref 8, 11). Since
water drops often do not wet the solid surface, much has been
published on the oscillation of the sessile drops (Ref 12-14).
None of these raindrop studies considered solidification, but
instead emphasized erosion.

Some raindrop studies investigated impacts on surfaces that
were not flat or impact angles that were not normal (Ref 9, 14,
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15). These studies could possibly be used to help verify a nu-
merical simulation. Shi and Dear (Ref 15) reported that the ra-
dial spreading velocity of a liquid impacting a solid surface is
approximately three times the impact velocity.

Early experimental work applied to the impact of water drop-
lets on turbine blades was presented by Savic and Boult (Ref
16), who showed that a normal impact onto a smooth surface
produces no splashing. Experimental pictures of the impact of
hot wax onto a cold surface revealed significant splashing. The
authors claimed that this was due to the solidification of the low-
est part of the drop as it flowed out radially; portions of the drop
were ejected upward as it flowed over the solidified portion.
This concept is consistent with observations by Engel (Ref 10),
who showed that the lowest portion of the drop flows out to the
periphery of the splat. This portion may solidify first since it is
the first to contact the cold substrate, and then moves outward in
contact with more unheated substrate.

Droplet impact is also important in the study of ink-jet print-
ing (Ref 17) and impact atomization processes for powder pro-
duction (Ref 18-20). However, these studies did not reveal any
information applicable to thermal spraying that was not already
obtained from the water impact studies cited earlier.

Droplet impact studies conducted to investigate thermal
spray applications are demanding due to the difficulty of meas-
uring the droplet velocity, size, and molten condition just prior
to impact. Also, propesty evaluation for many high-temperature
plasma-sprayed materials is complicated. Therefore, many ex-
perimenters use large drops (on the order of millimeters) and
well-characterized materials (Ref 21-23). These millimeter ex-
periments are conducted so that the nondimensional parameters
as defined by the experimenters are the same as those found in
thermal spray processes. However, as is later shown in this pa-
per, ali of the processes that control the solidification rate are not
included in the models presented, and other nondimensional pa-
rameters are not identical. Therefore, the millimeter experimen-
tal results cannot be applied to thermal spray conditions.

Some experiments considered the thermal spray processes
directly. Moore et al. (Ref 24) observed that thermal-sprayed
droplets resulted in more breakup upon impact at higher veloci-
ties. Breakup is inferred by examining the solidified splat; data
on the splash products (splash size, angle of rebound, etc.) are
not available. These data, along with those of Savic and Boult
(Ref 16), offer the only indication of splashing of a drop on a
smooth, dry surface—in direct contrast to the water droplet stud-
ies, which did not consider solidification. Moore et al. (Ref 24)
observed that deposition efficiency improved when the sub-
strate was heated. This may indicate less splashing at a higher
substrate temperature due to a lower solidification rate. This
agrees with the observation of Savic and Boult (Ref 16) that an
increased droplet superheat reduces splashing.

Hasui et al. (Ref 25) showed that alumina splat shapes are
greatly influenced by substrate temperature. Experiments con-
ducted with smooth substrates showed that regularly shaped
disks were created for high substrate temperatures and that star-
shaped patterns were created for low substrate temperatures.
Hasui et al. stated that the star shapes result from splashing upon
impact. However, Houben (Ref 26) demonstrated splashing
from both disk and star splat shapes. A possible explanation for
splashing upon impact onto a smooth substrate is that given by
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Fig.1 Variations in aluminum splat geometries as a function of the smooth glass substrate temperature. Note how a progression from a star-shaped splat
1o aregularly shaped disk is obtained as the substrate temperature is increased. Substrate temperature: {a) 20 °C; (b) 200 °C; (¢) 400 °C

Savic and Boult (Ref 16). However, variations with temperature
in the wetting of the droplet on the substrate could also influence
the final splat shape in a similar manner (Fig. 1a) (Ref 27).

The Hasut et al. (Ref 25) experiment was repeated at Sandia
National Laboratories using different metal droplets impacting
on metal and glass substrates. In all cases, the substrate tempera-
ture greatly influenced splat geometry. Figure 1 shows how alu-
minum splat shapes varied with glass substrate temperature. A
progression from a star-shaped splat obtained at low tempera-
tures to a regularly shaped disk at 400 °C is evident. Star-shaped
splats were always obtained on rough glass substrates regardless
of substrate temperature (Ref 28).

Predecki et al. (Ref 29) observed splat cooling rates depos-
ited on an inclined substrate. However, they did not report on the
splat geometries found in sufficient detail to determine the flow
of the molten material prior to solidification.

Many papers have investigated and presented photographs
of individual thermal spray droplet splats (Ref 21, 24-26, 30-
34). These studies showed that disk shapes are not always
produced. Kudinov et al. (Ref 30) discussed how different
splats may appear, depending on the fraction of the droplet
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that is not molten. Estimates of size, velocity, and heat con-
tentof the dropletbefore impact were not available unti} recent
experiments by Fantassietal. (Ref 5, 35). Here, the intensity of
two-colorinfrared detectors wasused todetermine dropletsize,
splat size, and temperature histories. The time delay between
signalsalsoyielded velocity information. Theresults wereonly
approximate because the model used to reduce the data implic-
itly assumed that the entire splat surface was at a uniform, al-
though time varying, temperature during the transient. The
material was also assumed to behave as a gray emissive body
and the splats were disk shaped. The experimental data exhib-
itedmuchscatter. Itisunclear whetherthe scatterarose fromer-
rors in collecting the experimental quantities or from errors in
the assumptions, or whether the flattening ratio (splatdiameter
over initial droplet diameter) is a function of other parameters
not measured or controlled. Fantassietal. (Ref 35) showed that
surfaceroughnessaffects theresulting flattening of the droplet.
Madejski(Ref21)and Hasuietal. (Ref 25) showed that the an-
gle of impact of droplets can affect splat geometry and coating
properties. These observations have yet to be incorporated into
any model of droplet impact.
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3. Impact Models

Numerous two-dimensional models have been presented
that analyze the impact of a nonsolidifying liquid droplet on a
smooth plane. These models consider either a spherical droplet
or a cylindrical droplet (with the axis of the cylinder parallel to
the impact plane). An axisymmetric assumption, used in the
spherical droplet models, Iimits the investigation to an initial
droplet velocity normal to a flat surface, or onto an axisymmet-
ric surface, The use of a cylindrical droplet allows use of geome-
tries that can-be represented in two-dimensional Cartesian
coordinates; however, extension of these results to the actual
spherical drop is difficult. Instabilities that may yield breakup
upon impact (e.g., the classical crown splash geometries in Ref
27) cannot be resolved in any two-dimensional model. This sec-
tion discusses incompressible and compressible models. The
compressible models resolve very early time periods when the
compression wave generated by the impact has not yet traveled
throughout the droplet. Studies that consider solidification are
reviewed in the next section.

3.1 Incompressible Models

Incompressible models of the impact process offer a simpli-
fied examination of the radial flow of the liquid droplet during
impact. A simple scaling argument shows that the results from
this model cannot be correct for early times on the order of:

d

tc—’:;

(Eq1)

where c is the speed of sound (m/s) in the liquid. Trapaga and
Szekely (Ref 36) have shown that the time scale of the impact
process can be given as:

_2dp 02
4= 3“Re Eq2)

This is found to be at least an order of magnitude longer than the
compressible flow time (7o), and thus an incompressible as-
sumption should yield reasonable results. Peak pressures at
early times will, of course, not be resolved. :

Savic and Boult (Ref 16) made an early analytical study o
spherical droplets impacting onto a solid surface. They posed
the problem as one of potential flow in an approximate geome-
try. Their predicted drop spreading during the early portion of
low-velocity impacts agreed fairly well with their experi-
mental data.

Harlow and Shannon (Ref 37) presented numerical calcula-
tions of a spherical drop impacting upon a flat surface. Impact
into a liquid pool was also considered, however, these calcula-
tions are of no concern to thermal spraying because the previous
droplets are solidified before new molten droplets impact the
substrate. Harlow and Shannon (Ref 37) neglected surface ten-
sion, viscosity, and compressibility. Their two-dimensional (ax-
isymmetric) calculations showed that the liquid film created
travels radially at 1.6 times the drop initial velocity (independent
of all other parameters). No splashing was resolved. Limited
data comparisons at early times were good. However, be-
cause all the mechanisms that would limit the growth of the
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splat were ignored, the numerical simulation did not yield a fi-
nal splat diameter.

Trapaga and Szekely (Ref 36) presented an improved model
of droplet impingement. Their model is similar to that of Harlow
and Shannon (Ref 37) except that viscosity and surface tension
are included. They predicted that the liquid film radial velocity
is about three times the initial drop velocity (which agrees with
the experimental data of Shi and Dear [Ref 15]). The final drop-
let size is not sensitive to the liquid surface tension for parame-
ters representing plasma spray applications. This is especially
true for cases where the liquid wets the substrate (wetting was
simulated with a contact angle of 10°). Trapaga and Szekely
(Ref 36) reported breakup of the splat for a nonwetting liquid;
however, their results were not independent of the mesh size
used. Their results have the same trends as found numerically by
Madejski (Ref 21), but show a slightly smaller splat diameter.
Watanabe et al. (Ref 38) provided an analysis using very similar
techniques and obtained results very similar to those of Trapaga
and Szekely (Ref 36).

Liu et al. (Ref 39) presented numerical calculations of a
spherical droplet impacting upon a flat surface. Their model as-
sumptions were similar to those of Trapaga and Szekely (Ref
36). They predicted that the liquid film travels radially at twice
the droplet initial velocity. No splashing was resolved. Limited
data comparisons at early times were good. However, the cal-
culations were not carried out long enough to show the final
(or maximum) splat size as was done by Trapaga and Szekely
(Ref 36).

3.2 Compressible Models

Due to their complexity, compressible models have only
been used to study the initial impact of a droplet upon a solid
substrate. Results on final splat sizes have not been obtained.

Engel (Ref 10) identified the need for compressible model-
ing to obtain the peak pressures during droplet impact. She was
the first to identify all of the physics associated with a compress-
ible sphere of fluid impinging upon a planar surface. As shown
inFig. 2, the undisturbed fluid continues at adownward velocity
of u. The contact ring location, y, can be expressed as a function
of the angle defined in Fig. 2:

y="5sing Eq3)

undisturbed liquid at initial velocity

compressed liquid

h=d-ut

ring of contact

Fig. 2 Subcritical flow regime during liquid droplet impact onto a
solid substrate
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undisturbed liquid at initial velocity

Fig. 3 Posicritical flow regime during liquid droplet impact onto a
solid substrate

When Eq 3 is differentiated with respect to time, the outward ve-
locity of the contact ring can be determined. As long as this ring
velacity is greater than the sonic speed in the liquid droplet, the
shock wave separating the compressed liquid from the undis-
turbed liquid will be attached to the contact ring and the shape of
the droplet is a truncated sphere (as shown in Fig. 2). Thus, Eq 4
can be used to determine at what angle ¢ this flow period ends
and radial spreading of the liquid droplet can start. Later authors
identified this initial period as the subcritical flow period.

_dy_ u
=4 " m? ®Ea4)

Heymann (Ref 40) presented an analysis of the compressible
stage of the impact of a liquid droplet and showed that the maxi-
mum impact pressure of a spherical droplet is larger than the
classical water hammer pressure {pcu). This fact was later con-
firmed experimentally by Rochester and Brunton (Ref41) and is
due to the spherical geometry of the droplet. The contact area be-
tween the droplet and the substrate in the subcritical regime can
be calculated from the initial droplet shape and the initial droplet
velocity (see Fig. 2). The postcritical flow stage (Fig. 3) resulis
in radial spreading of the droplet driven by the high pressures in
the compressed liquid. Heymann’s analysis assumes that the ax-
isymmetric droplet can be represented by a two-dimensional
Cartesian cylinder of liquid, the cross section of which is shown
in Fig. 2. Heymann (Ref 40) and Trapaga and Szekely (Ref 36)
discuss how the assumption of a cylindrical droplet (with its axis
paraliel to the substrate) may be extended to the actual case of
spherical droplets.

Huang et al. (Ref 42) presented numerical results for the im-
pact of a spherical droplet on a rigid plane, Their results spanned
both subcritical and posteritical flow. Since the model ignores
viscosity and surface tension, final splat diameters were not ob-
tained. The results are not likely to be very accurate due 1o the
approximations involved in the finite differences used. The
pressures reported were less than those obtained by Heymann
(Ref 40).

At the Sixth International Conference on Erosion by Liquid
and Solid Impact, a series of papers discussed the compressible
flow during impact of a liquid droplet on a flat surface (Ref 43-
45). The initial jet of liquid, after the shock wave detaches from
the substrate, is directed toward the substrate. There is some evi-
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dence that this liquid may sebound from the substrate and create
a mist. It is unclear how much of this is applicable to thermal
spray droplets since the rebounding spray will likely be inter-
cepted by the downward flowing drops when the ratio of the
droplet impact velocity to the speed of sound in the liquid is
so jow.

4. Phenomenological Impact Models for
Thermal Spray Applications

A few models have been developed for analyzing dropletim-
pact for thermal spray applications, Some of these models are
quite complex and require computer solutions. However, phe-
nomenological models have been proposed to describe the im-
pact and solidification process. These models do not attempt to
capture the entire process in detail, but rather to determine the
proper dimensionless parameters that describe the process. All
the models assume a normal impact upon a smooth substrate.

Jones (Ref 46) provided one of the earliest models for deter-
mining the flattening ratio of a liquid drop impinging upon a
solid substrate. He ignored surface tension and solidification ef-
fects based on the resufts of a scaling analysis. His result for final
splat size is as follows:

=116 Re)™1P (Eq5)

Most recent authors prefer the later work by Madejski (Ref
21). Madejski does not consider compressibility of the liquid,
but does include surface tension, viscosity, and solidification.
His result is splat size as a function of three dimensionless pa-
rameters that determine the relative importance of these three
processes. The Reynolds number (Re) is used to scale the vis-
cous dissipation of the inertial forces, the Weber number (We) is
used to scale transformation of the kinetic energy to surface en-
ergy, and a modified Peclet number (Pe) is used to scale solidifi-
cation rates.

Madejski’s full model includes all three of these dimension-
less numbers and results in a complex integral-differential equa-
tion that does not have an analytic solution. Therefore, Madejski
presents results in the form of numerical fits. For example, his
most quoted result is for the case where the dominant mecha-
nism during impact is the decay of kinetic energy via viscous
dissipation. This is referred to in this paper as the Madejski
flow model:

€ = 1.2941 (Re + 0.9517)°2 (Eq6)

Fiedier and Naber (Ref 47) presented an analysis very similar
to that derived by Madejski, except that the solidification proc-
ess is not included. Their result is almost identical. They also
showed that the splat diameter for large Weber numbers is de-
pendent only on the Reynolds number.

Trapaga and Szekely (Ref 36) provided a fit to their numeri-
cal results of droplet flow after impact. This yields a similar
form, but a smaller coefficient:

E~1.0(Re)? (EqT)

Asecond mechanism that can limit the growth of a splatis the
conversion of kinetic energy to surface energy. When this
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mechanism dominates, Madejski presents the following fit to
his numerical results, which is limited to large Weber values (but
which are still sufficiently small so that solidification and vis-
cous effects are negligible):

g\ (Eq®)

Using Madejski’s differential equations for this case, it is possi-
ble to obtain an analytical expression that is not limited to large
values of the Weber number:

We=3§2+§—11 (Eq9)

However, the modeling assumptions proposed by Madejski
for surface energy are questionable. Madejski ignores the sur-
face energy associated with the liquid/solid and gas/solid inter-
faces, and considers only the liquid/gas interface. This results in
a model that is independent of the liquid contact angle. The de-
pendence of droplet motion on the contact angle for low Weber
number flows is well known (Ref 48). Therefore, Madejski’s re-
sult is valid only for the special case of a 90° contact angle,
where the two ignored surface energies will cancel.

From a different model, Cheng (Ref 13) investigated the
growth of a nonsolidifying splat that does not wet the sub-
strate. He derived a significantly different expression for the
maximum size when surface tension is the only retarding force
to splat growth:

& = 0.816 (We)? (Eq 10)
From scaling analysis (Ref 21, 46, 47), the surface tension forces
are shown to be unimportant to the thermal spray application.
Therefore, surface tension will not be considered further in
this review.

Madejski’s third mechanism concemns the solidification of
the splat. The formulation of this model in Madejski’s paper is
very complex. The solidification model can be derived in a more
approximate manner that allows easier interpretation of the re-
sult. First consider that the thickness of the splat can be deter-
mined from the time since impact via Eq 11, which assumes that
the trailing end of the droplet continues at the initial velocity to-
ward the substrate (see Fig. 2 and 3):

h=d—ut (Eq11)

Madejski’s model calculated a solidified thickness that var-
ied as a function of radial position in the splat. This variation, al-
though real, will be ignored here. Equation 12 determines the
single solidified layer thickness in the present simplified model.
As was done by Madejski, a nondimensional constant, U, is in-
troduced to determine the conduction-limited growth of the so-
lidified layer. Its value will be determined later and wili be on the
order of unity:

h=UNogt (Eq12)

where oy is the thermal diffusivity of the solidified layer. By set-
ting Eq 11 and 12 equal, the time that the solidified layer
equals the splat thickness (and thus flow stops) can be deter-
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mined. Usingthistime, the final thickness of the solidified splat
can be obtained:

V%o
he—S (V124 (Bq13)
2u (xS 2
By assuming that the following group
44,
- (Eq 14)
o U~
is large compared to unity, the solution becomes:
h % U
=V VT e Eal)

Next, using the following identity (assuming a disk-shaped splat
of diameter D),

2
h 2(d
2 ( DJ (Eq16)
the flattening parameter is estimated:
pe ¥
£E=082 [F] (Eq17)

Equation 17 compares well with what was numerically deter-
mined by Madejski from a much more complex model:

0.395

E=149 (BLW [E@. }0.1975

Ps) LU

The dimensionless constant U remains to be determined.
Madejski first tried to use the constant as derived from the Stefan
problem (Ref 49):

—Un%
Kb\/ase (

(Eq18)

KSVab + Kb\las erf(U/ZT
N —o U4
B KL aS(zpo =T e € U/,
KT, — To Vo erfc (Uagr, 2)
__unm Eq19)
2CS(Tmelt - Tbo)

Equation 19 determines the dimensionless constant U for the
one-dimensional case of a molten layer at initial temperature
Tpo» that comes in contact with a substrate at initial temperature
Ty

Madejski determined that the use of Eq 19 resulted in the flat-
tening of the splat becoming a function of the substrate thermal
properties, which was in direct conflict with his data. Therefore,
it was assumed that the substrate remained isothermal during the
cooling process, a phenomenon for which two explanations are
possible. One might be that the heat was drawn out of the sub-
strate from an area much larger than the splat interface. There-
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fore, the one-dimensional assumption in the Stefan problem was
incorrect. A multidimensional conduction solution would make
the interface closer to isothermal. Another possible explanation
is that the largest thermal resistance retarding heat removal from
the splat is a contact resistance between the splat and substrate
(the Madejski model does not include a contact resistance). If
this resistance does not vary much with the substrate material, a
model that does not depend on substrate properties is more cor-
rect. Either physical explanation would result in the heat-trans-
fer rate being less dependent on the properties of the substrate,
but not as high as the heat-transfer rate calculated by Madejski
from the isothermal assumption.

The isothermal assumption required that the constant U be
found from Eq 20 (which can be obtained in the limit of infinite
conductivity of the substrate in Eq 19):

CS(TB‘E‘( - TbO) U U (U/Z)Z
Ll Sl \/;(—Z—Jerf (7}; (Bq20)

Madejski concluded that the solidification mechanism was the
controlling parameter. He had low-speed data from molten lead
impacts and high-speed data from plasma spray alumina im-
pacts. However, he stated that “the accuracy of the experiments
left much to be desired....”

5. Applications of the Thermal Spray
Phenomenological Models

5.3 Madejski Model

For most thermal spray applications, the Madejski solidifica-
tion model results in a smaller splat than use of the flow (viscous
dissipation) and surface tension models proposed by Madejski.
One might therefore conclude that the solidification process is
the dominant mechanism in limiting growth of the splat. How-
ever, most investigators have ignored Madejski’s suggestion
that the solidification model is dominant. This is typically based
on estimates of solidification times from experimental data.
Also, the fact that Madejski was forced to give up the Stefan
model (Eq 19) for determination of the solidification parameter
made some investigators less confident of the solidification
model (Ref 1).

Which process is dominant in determining the splat size fora
particular thermal spray application: flow or solidification?
Both mechanisms have a velocity dependence to the 0.2 power
{Eq 6 and 18); thus, this parameter alone does not distinguish
which mechanism is controlling. The other terms in the correla-
tion must be considered.

Property evaluation for these mechanisms is difficult. Many
properties are not available (e.g., the viscosity of molten tung-
sten, the thermal conductivity of molten titanium). Other prop-
erties vary significantly between the substrate and melting
temperature (e.g., the thermal conductivity of solid zirconia},
and the model assumes a constant value.

For tests that use large, miflimeter-size drops and well-char-
acterized materials (e.g., lead), application of the Madejski
model determines that the solidification mechanism is control-
ling. Final splat sizes predicted when only solidification is con-
sidered are smaller than when only viscous dissipation is
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molten layer

Fig. 4 Heat path from substrate to solid-liquid interface

considered. Therefore, solidification will limit the growth of the
splat. The millimeter data (Ref 21, 22) are well represented by
the Madejski solidification model (Eq 18).

The thermal spray experiments, with small particles and
large velocities, result in magnitudes for the three nondimen-
sional parameters proposed by Madejski that are similar to those
obtained by the millimeter droplet experiments. Therefore, the
Madejski models again predict that the solidification process
acts faster than the viscous dissipation process. However, one
might question how well the model applies to the thermal spray
case. If the impact time is scaled by the droplet diameter divided
by the droplet velocity (as implied by Eq 12 and 15 for the solidi-
fication process, and derived by Trapaga and Szekely [Ref 36}
for the flow dissipation process), then the millimeter experi-
ments have an impact time of 0.3 ms. This can be compared to a
typical impact time of 0.1 s for thermal spray applications. The
three-orders-of-magnitude difference raises questions about the
stmilarity of the two experiment sets despite their similar nondi-
mensional parameters. It is felt that the three nondimensional
parameters proposed by Madejski do not completely describe
the relevant processes. The following section discusses how the
splat flattening process varies from the Madejski model.

5.2 Contact Resistance and Nucleation Delays

The scaling argument by Jones (Ref 46) is often quoted to
dismiss the solidification mechanism in favor of viscous dissi-
pation for thermal spray conditions. Jones predicts that the so-
lidification is significantly slower than later predicted by the
Madejski model due to a thermal contact resistance between the
splat and the substrate. In fact, Jones determines that the solidi-
fication process is so slow that it need not be considered when
determining final splat sizes. The Madejski model ignores any
contact resistance and thus reaches a different conclusion. That
a significant thermal contact resistance exists has been proved
experimentally. Safai and Herman (Ref 4) and Wood and Sare
(Ref 50) suggest that the contact resistance is large over a sig-
nificant portion of the interfacial area. Experimental data from
Moreau et al. (Ref 31) also suggest that the contact resistance
varies significantly over the splat/substrate interface.

The existence of a contact resistance is much more important
in thermal spray applications than in the millimeter-size droplet
experiments (Fig. 4). The resistance to heat flow away from the
solid/liquid interface includes two resistors in series: the wransfer
of heat across the solidified layer (of thickness 8) and across the
contact resistance (R). Equation 21 shows that the contact resis-
tance is much more dominant in limiting the heat flux (Q) for
smaller-size droplets (which would have smaller solidified
thicknesses d):
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Furthermore, the Madejski solidification theory fails to ac-
count for any time delay for nucleation of the solid phase due to
undercooling of the liquid phase (Ref 1). Again, this phenome-
non may be more important for the smaller particles where the
thermal transient is orders of magnitude shorter in duration.
Clyne (Ref 51) has shown that a 5 tm aluminum splat on a cop-
per substrate can result in a delay of 6 ms before a significant
(0.5 um) solidified layer can form. This delay is due to the inclu-
sion of both a contact resistance and undercooling in Clyne’s
model. As stated by Clyne, his result is of “dubious accuracy”
but serves an “illustrative purpose.” Lack of accurate property
data prevents accurate prediction of rapid solidification rates,
However, Clyne’s nucleation delay is an order of magnitude
longer than the impact time.

This suggests that an additional dimensionless number
should be used to determine when contact resistances and nu-
cleation delays are important. A number that is the ratio of the
nucleation time to the impact time is proposed. The nucleation
time can be estimated from the temperature change between the
initial splat temperature to the nucleation temperature divided
by the droplet cooling rate:

T, -T,
L N
By == (Eq22)

The nucleation temperature (Ty) can be calculated from the non-
dimensional homogeneous solidification temperature (8):

6L
Ty =Ty — =
melt CL

(Bq23)

Use of the homogeneous solidification temperature as the nu-
cleation temperature should yield the maximum possible nu-
cleation time delay. Clyne (Ref 51) estimated that 8 is approxi-
mately 0.5 for metals. Thus, the ratio of the nucleation time to
the impact time can be expressed as the following dimension)ess
number (assuming that the initial droplet temperature is near the
melting temperature):

_05Lu

N==
TC d

(Eq24)

When N is small, delays in nucleation need not be considered. N
is indeed small for the millimeter-size droplet experiments, but
it is five orders of magnitude larger for thermal spray applica-
tions (which have smaller droplets at higher speeds). Therefore,
extrapolation of the millimeter-size results to thermal spray ap-
plications is not justified.

Obtaining models for accurate predictions of contact resis-
tances and rapid solidification parameters is difficult, and thus
$0 too is numerical prediction of flattening ratios of thermal
spray droplets. Experimentally derived parameter values need
to be developed. However, the preceding discussion suggests
that scaling of millimeter-size droplet results to thermal spray
conditions is not possible.
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5.3 Experimental Flattening Results for Thermal Spray
Conditions

Relying only on experimental results at thermal spray condi-
tions to determine flattening ratios is also difficult. Data for the
flattening ratio taken under thermal spray conditions are sparse
and display a large amount of scatter. Also, the techniques often
used to measure initial droplet parameters are not very accurate.
The following review of experimental data taken at thermal spray
conditions will illustrate that the results are not conclusive.

In examining the Madejski plasma-sprayed alumina results,
this author was unable to obtain the same nondimensional pa-
rameter values as Madejski. Madejski claimed that the left-hand
side of Eq 20 was equal to 3.1 in his experiments. Using data for
the heat of fusion of alumina (1 x 100 J/kg [Ref 52]) and the heat
capacitance of alumina (1000 J/kg - °C {Ref 53)), this author cal-
culated that the substrate had to be approximately 3100 K below
the melting point of alumina (2318 K [Ref 52] or 2316 K [Ref
531). This is not possible. Obviously, Madejski was using other
property estimates in his analysis. Calculations using the prop-
erty data given here (and assuming a reasonable substrate tem-
perature) determined that the Madejski flow model resulted in a
flattening ratio of 4.9 and the Madejski solidification model re-
sulted in a flattening ratio of 4.6. Due to the similarity in the re-
sults, plasma-sprayed alumina cannot be used to distinguish
between the two madels. Experimentally, Madejski found a flat-
tening ratio between 5 and 6, which is in agreement with both of
the models.

Vardelle et al. (Ref 54) claimed that their results were in “ex-
cellent agreement” with the Madejski flow model. The condi-
tions of these experiments are almost identical to the conditions
of the Madejski thermal spray experiments reported in the pre-
ceding paragraph. Vardelle et al. claimed that the Madejski flow
mode] results in a flattening ratio of about 4 for their average
condition, which is in “excellent agreement” with their experi-
mental result of 2.5 to 3.5. Again, the properties Vardelle et al.
used must be slightly different, for this author predicted a flat-
tening ratio of 4.9 using the Madejski flow model.

Plasma spray data from Fantassi et al. (Ref 5) were claimed
to be in agreement with the Yoshida model. The Yoshida model
is similar in form to Madejski’s flow model:

{=083Re?? (Eq25)

Equation 25 yields results 35% below the Madejski flow model
(Eq 6). Fantassi et al. (Ref 5) presented detailed experimental
conditions for a single data point. When the present author ex-
amined this case, flattening ratios of 5.0 with the Madejski flow
model and 5.6 with the Madejski solidification model were ob-
tained. This is the only thermal spray application found where
the solidification model resulted in a larger flattening ratio than
the flow model (due to the low thermal conductivity of the zir-
conia used in this experiment)—which compares poorly with
the flattening ratio of 2 that was reported for this experiment.
However, examination of the cumulative results shows that the
flattening ratio found displayed considerable scatter, varying
from 1.5 to 5.5 for conditions nominally similar to the experi-
ment presented in detail. This high degree of variability is likely
due to the inaccurate technique that was used to measure both
droplet and splat size in this experiment.

Journal of Thermal Spray Technology



Hasui et al.(Ref 25) present no flattening ratios, but do dem-
onstrate that the coating properties and splat shapes are signifi-
cantly altered by relatively modest changes in substrate
temperature. Star-shaped patterns result when alumina droplets
impact a cold substrate (300 K), and regularly shaped disks form
when the droplets impact a heated surface (650 K). This result
was verified by Sandia National Laboratories (Fig. 1). To deter-
mine whether the difference was due to an oxide coating created
by heating of the stee] substrate, Hasui et al. (Ref 25) observed
splats on cold oxidized and cold polished steel substrates. These
experiments resulted in identical star-shaped splats, which indi-
cates that the surface finish was not a factor. It was therefore con-
cluded that surface temperature and not surface finish, must
influence the droplet flow after impact.

The two subsirate temperatures examined by Hasui et al.
(Ref 25) are both low compared to the molten temperature of
alumina, and thus the cooling heat flux as modeled by Eq 21
would not significantly change. Therefore, if the solidification
rate is to be influenced by the relatively small change in sub-
strate temperature, the contact resistance or nucleation time de-
lays must vary with substrate temperature.

Kudinov et al. (Ref 30) stated that star-shaped splats similar
to those observed by Hasui et al. (Ref 25) result from higher
droplet temperatures, higher droplet velocities, smaller droplet
size, and reduced wetting. No mention was made of a colder
substrate, which was found to be the controlling parameter by
Hasui et al. (Ref 25), Savic and Boult (Ref 16), and the data
shown in Fig. 1. Moreau et al. (Ref 31) stated that splat shapes
vary depending on the wettability of the substrate and that a
combination that wets easily exhibits a lower thermal contactre-
sistance. The faster cooldown due to the lower contact resistance
in this experiment did not result in the star-shaped splats associ-
ated with colder substrates. The flow in the time period between
the point when the splat is spread out to its maximum size and
the end of solidification is dominated by surface tension forces.
The variation in the length of this time period, and the variation
in the surface-tension-induced movements (which vary with the
contact angle), complicate comparisons between experiments.

Data from Moreau et al. (Ref 31) show that the solidification
of plasma-sprayed molybdenum requires approximately 10 ms.
This is in agreement with data from Fantassi et al. (Ref 53, which
show that the sotidification of plasma-sprayed zirconia also re-
quires 10 ms. These times are orders-of-magnitude longer than
the impact times. Moreau et al. (Ref 31) calculated contact resis-
tances between plasma- sprayed mo]ybdenum and vartous sub-
strates (on the order of | X 10°K - m /W) This is in general
agreement with what was assumed by Clyne (Ref 51) {1 >< 107
©01x10°K -m !W) and Jones (Ref 46) 2 x 10° K - m !W)
and what was measured by Fantassi et al. (Ref 5) (2 x 10%K
m /W) Moreau et al. (Ref 31) showed that the contact resistance
is lower as the coating builds, indicating that the molybdenum
wets itself better than the various substrates used.

6. More Complex Models of Thermal
Spray Droplet impact

Numerical simulation of the impact and solidification proc-
ess is presented by Solonenko (Ref 22) and Trapaga et al. (Ref
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23). These models are compared to their own experimental data
for millimeter-size droplet impacts. As mentioned earlier, scal-
ing of these results to the plasma spray application of micron-
size droplets is questionable. Trapaga et al. (Ref 23) showed that
the existence of a contact resistance does not greatly influence
final splat size. However, this conclusion is not likely to be valid
for thermal spray applications.

Liu et al. (Ref 55) added the effects of solidification to their
earlier reported 1sothermal impact calcelations (Ref 39). Their
model does not include contact resistance, and thus they con-
clude that the solidification process greatly limits the growth of
the splat. The calculated splat diameters seem small and are not
compared to experimental data. However, this paper provides a
good starting point for modeling impact with solidification. As
solidification models become more accurate, incorporating con-
tact resistances and nucleation time delays, more accurate pre-
dictions of impact dynamics may be possible.

7. Conclusions

This review has determined that splashing has been largely
ignored by studies of the impact of molten thermal spray drop-
lets. However, experimental studies in other fields suggest that
this process may be important. Droplet splashing affects deposi-
tion efficiency and may also affect the amount of oxides that are
incorporated in the coating; the small splashed particles oxidize
quickly and can be driven back onto the surface by the gas flow
field associated with thermal spraying. Porosity and bond
strength may also depend on the amount of splashing.

Splashing has received considerable attention in rain erosion
studies. It has been found that splashing of a liquid (that does not
change phase} will not occur during normal impact upon
smooth, dry surfaces. As surface roughness increases, the
amount of material that splashes increases. None of the studies
presents a nondimensional roughness parameter that would al-
low extension of the rainwater results to thermal spray applica-
tions. There is some indication that if the liquid droplet
undergoes a phase change during the impact process, splashing
will accur even during normal impact on a smooth surface.

Studies of thermal spray particle impact generally have ig-
nored the effect of solidification because scaling arguments and
experimental evidence have indicated that the solidification
time is typically two orders of magnitude longer than the flow
time. However, experimental evidence has shown that colder
substrates can significantly change the final splat shape from a
disk to a star. It is unclear whether the star-shaped splats are are-
sultof surface-tension-induced flows after the impact event is
over, or whether they are caused by splashing. Work needs to
focus on splashing during thermal spraying and to examine
the effects of surface roughness and simultaneous solidifica-
tion of the splat.

Millimeter-size droplet experiments do not scale easily ta
thermal spray conditions. Nucleation time delays become in-
creasingly important as the physical size of the droplet decreases
and the impact velocity increases. These time delays are caused
both by contact resistances and undercooling of the droplet, fac-
tors which are often ignored in models of thermal spray droplet
solidification.
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Experimental observations of droplet impact under condi-
tions typical of thermal spray applications are difficult due to the
inability to accurately determine droplet size, velocity, and en-
ergy state just prior to impact. When flattening data are avail-
able, two other factors limit its usefulness in determining the
proper scaling. First, high-temperature properties may not be
available to reduce the data. Second, data using alumina are in-
conclusive, because the flow and solidification models pro-
posed by Madejski yield similar results.
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