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Abstract

A theoretical model for droplet spreading and solidi_cation has been developed which accounts for simultaneous
e}ects of surface tension\ solidi_cation and thermal contact resistance[ Based on this model\ an analytic solution for
splat ~attening ratio has been obtained as a function of Reynolds\ Weber\ Prandtl and Jakob numbers[ Two di}erent
regimes\ in terms of Reynolds and Weber numbers\ have been identi_ed where either the viscous dissipation or surface
tension dominates[ A map for splat ~attening ratio has been generated for Reynolds number in the range of 093Ð095 and
Weber number in the range of 4Ð4999[ Þ 0888 Elsevier Science Ltd[ All rights reserved[

Nomenclature

A constant
C constant
Cp speci_c heat ðJ kg−0 K−0Ł
Ek kinetic energy ðW m−2Ł
Ep potential energy ðW m−2Ł
Ja Jakob number\ Cp"Tf−Tsi#:hfs

k thermal conductivity ðW m−0 K−0Ł
Lf work due to frictional forces ðW m−2Ł
m wetting coe.cient
Pr Prandtl number\ nl:al

R droplet radius ðmŁ
Rýt\c contact resistance ðm1 K W−0Ł
r radial coordinate ðmŁ
Re Reynolds number\ 1rw9R9:m
S parameter
s thickness of the deposited layer ðmŁ
T temperature ðKŁ
t time ðsŁ
V volume ðm2Ł
w velocity ðm s−0Ł
We Weber number\ 1rw1

9R9:sl

x axial coordinate ðmŁ[

Greek symbols
a thermal di}usivity ðm1 s−0Ł
d droplet thickness ðmŁ
h liquid volume fraction
u dimensionless temperature\ "T−Tsi#:"Tf−Tsi#

l constant
m viscosity ðkg s−0 m−0Ł
j dimensionless spreading radius
jm ~attening ratio
r density ðkg m−2Ł
s surface tension ðN m−0Ł
t time at which solidi_cation started ðsŁ
f9 equilibrium contact angle ðdegŁ
v constant[

Subscripts
f fusion temperature
i interface
l melt
ls melt:solid
o initial
r radial coordinate
s deposited layer
si initial substrate temperature
sub substrate[

Superscripts
? dimensional variable
Ð average variable[

0[ Introduction

Thermal spray deposition processes begin with feed
stock materials in powder form being injected into a
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gas jet passing through a high temperature environment\
where they are heated up\ melted and accelerated towards
a substrate where a thin deposited layer is formed after
impingement\ spreading and solidi_cation[ The spreading
and solidi_cation of the molten droplet involve rapid
energy transport and microstructure formation[ Due to
the complex physical changes occurring in a very short
time "less than 0 ms#\ it has been very di.cult to develop
a good understanding of the spray deposition processes
and the associated physical phenomena ð0Ð2Ł[

During the last three decades\ several theoretical stud!
ies have been carried out to analyze the deformation of
the free surface and the evolution of the solidi_cation
front during the deposit formation ð0\ 3Ł[ These models
describe that a molten droplet when it impacts on a planar
substrate\ continuously deforms and solidi_es[ Most
prevalent is the approach based on macroscopic mech!
anical energy balance\ described mathematically as

d
dt?

"Ek¦Ep¦Lf# � 9 "0#

where Ek\ Ep and Lf are the kinetic energy\ the potential
energy and the work due to frictional forces\ respectively\
and t? is the time[ Assuming that the droplet remains as
a cylindrical disk during the deformation and the velocity
distribution obeys

wx � −Cx?1\ wr � Cx?r? "1#

Madejski ð4\ 5Ł developed a formula to calculate the splat
~attening ratio\ jm\ for di}erent Reynolds number\ Re
and Weber number\ We\ as

2j1
m

We
¦

0
Re 0

jm

0[18301
4

� 0\ "2#

for We × 099 and Re × 099

in the absence of solidi_cation[ This model has been
well supported by experiments ð5Ð09Ł[ If solidi_cation is
considered\ the splat ~attening ratio is obtained as

jm � 0[4233S−9[284\ for Re : � and We : �

"3#

where S is a parameter obtained from the Neumann
solution of the Stefan problem ð6Ł[

Modi_cations were made to Madejski|s analysis ð3\ 7Ł
to include the e}ect of adhesion tension through the
equilibrium contact angle[ Also\ the solution of the Stefan
problem by Carslaw and Jaeger ð6Ł was incorporated into
this analysis to represent the evolution of the sol!
idi_cation front and account for heat transfer among the
molten droplet\ deposited layer and substrate ð0Ł[

To preserve the mass conservation and retain the free
surface shear stress free\ Markworth and Saunders ð8Ł
proposed a higher!order velocity distribution as

wx � 1
2
Ax?1"x?−2d#\ wr � Ax?r?"1d−x?#\ "4#

where A � 2"dR: dt?#:"1Rd1# is a function of time\ R is

the radius of the droplet\ and d is its thickness[ Using the
velocity distribution of equation "4# and following the
Madejski|s procedure\ Delplanque and Rangel ð00\ 01Ł
later developed an analytical solution to predict the splat
~attening ratio as

2j1
m

We
¦

0
Re 0

jm

0[05151
4

� 0\ "5#

for We × 569 and Re × 039

without solidi_cation[ Similar to Madejski\ these authors
have also neglected the e}ect of wall adhesion[ A numeri!
cal method was then used to solve the spreading problem
together with solidi_cation[

In this paper\ a model for droplet spreading and sol!
idi_cation has been developed using the velocity dis!
tribution of equation "4# and accounting for the adhesion
tension between the molten droplet and substrate[ To
examine the validity of the analytical solution\ two!
dimensional numerical models are used and compared
with the analytical solutions[ The e}ect of solidi_cation
rate that accounts for the thermal contact resistance on
spreading has also been studied[ A formula for splat
~attening ratio has been proposed as a function of Rey!
nolds\ Weber\ Prandtl and Jakob numbers[ The model
helps in identifying two deposit formation regimes\ one
in which the surface tension dominates and the other
where viscous dissipation plays a dominant role[

1[ Spreading and solidi_cation

1[0[ Effect of surface tension on droplet spreadin`

For a spherical droplet of initial radius R9\ impinging
normally on a planar substrate\ the kinetic energy can be
obtained as

Ek � 1pg
R

9

r? dr?g
d

9

dx? =
0
1

r"w1
x¦w1

r #

�
2
09

pr 0
dR
dt?1

1

dR1 00¦
00
6

d1

R11[ "6#

where it is assumed that the droplet remains as a cyl!
indrical disk during the deformation and the velocity
distribution obeys equation "4#[ As suggested by Delplan!
que and Rangel ð00Ł\ the work due to frictional forces
can be calculated from

dLf

dt?
�

pR1m

d 0
dR
dt?1

1

0
2
1

¦
61
4

d1

R11 "7#

and the potential energy\ that includes the surface tension
forces acting on the meltÐgas\ solidÐgas and meltÐsolid
interfaces\ can be written as
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Ep � sl "pR1¦1pRd#

¦"sls−ss#pR1 � sl "0−m#pR1¦sl1pRd "8#

where sl\ ss\ and sls\ are the surface tensions between the
molten droplet and gas\ the substrate and gas\ and the
molten droplet and substrate\ respectively\ and
m � cosf9 is known as the degree of wetting or wetting
coe.cient\ while ss−sls is often described as the wetting
or adhesion tension ð3\ 7\ 02Ł[ Here\ f9 is the equilibrium
contact angle between the molten droplet and substrate[
It should be noted that the cylindrical disk assumption
requires that the dynamic contact angle be equal to 89>[
During thermal spray deposition\ the drop impact at high
velocity "as high as 099 m s−0# leads to a dynamic wetting
condition at the spreading contact line ð03Ł[ Experiments
have shown that the dynamic contact angle di}ers sig!
ni_cantly from the equilibrium value ð04\ 05Ł[ Therefore\
the equilibrium contact angle can be di}erent from 89>[
In fact\ the value is signi_cantly di}erent in thermal spray
deposition[

Substituting equations "6#Ð"8# into equation "0#\ the
energy balance equation can be written as

d
dt? $

2
09

pr 0
dR
dt?1

1

dR1 00¦
00
6

d1

R11
¦slpR1 00−m¦

1d

R1%
¦

2
1

pR1m

d 0
dR
dt?1

1

00¦
37
4

d1

R11� 9[ "09#

Using the dimensionless variables\

j � R:R9\ t � w9t?:R9\ "00#

and Reynolds and Weber numbers as

Re � 1rw9R9:m\ We � 1rw1
9R9:sl\ "01#

equation "09# can be non!dimensionalized as

d
dt $jþ1 00¦

065
52

0

j51%¦
4

We
d
dt $j1 0"0−m#¦

7
2

0

j21%
¦

34
7

0
Re

j3jþ1 00¦
145
04

0

j51� 9\ "02#

with the boundary conditions

j"9# � 0\ jþ"9# � z4:2\ "03#

where pdR1 � 3:2pR2
9 has been used to satisfy the mass

conservation[ Di}erent authors have used di}erent values
of jþ"9# ð4\ 00Ł[ Here jþ"9# is taken as z4:2 since it provides
a better agreement with the two!dimensional results[

Equation "02# can be solved numerically[ To obtain a
semi!analytic solution\ the second\ fourth\ and sixth
terms in equation "02# are neglected[ The error intro!
duced by the elimination of these terms depends on the
value of j\ and it is justi_ed to say that the error will be

small if j × 2[ The spreading velocity of the droplet can
then be derived as

jþ�X
4
2
−

8
05

j4−0
Re

\ for We : � "04#

jþ�X
4
2

−
4"0−m#"j1−0#

We
\ for Re : � "05#

and the splat ~attening ratio can be obtained as

jm ¼ 0[07Re0:4\ for We : � "06#

jm �X
We

2"0−m#
¦0\ for Re : � "07#

by setting jþ� 9[ An approximate estimate of jm for other
values of Reynolds and Weber numbers can be obtained
from equation "02# as follows]

0
Re 0

jm

0[071
4

¦
2"0−m#"j1

m−0[9#
We

� 0[9[ "08#

The discrepancy between the analytical solution of
equation "08# and the numerical solution of equation
"02# is less than 4) for Re in the range of 093Ð095 and
We in the range of 4Ð4×092[ Equation "08# is very close
to Madejski|s solution\ equation "2#\ if the wetting
coe.cient is taken as zero[ The di}erence over Madejski|s
solution is due to the velocity pro_le of equation "4#\ and
shows up in the coe.cient of the _rst term\ 0[07 instead
of 0[18 in Madejski|s model[ A slightly di}erent value\
0[05 instead of 0[07\ has been obtained by Delplanque
and Rangel ð00Ł[ The di}erence is due to the variation
in initial conditions[ Overall\ the di}erence between the
current model and Madejski|s solution is minor for the
case without adhesion tension[

To determine the deposit formation regimes in which
either viscous dissipation or surface tension e}ect domi!
nates\ it is necessary to re!examine equation "08#[ The
equation primarily constitutes of two terms]

Term I �
0
Re 0

jm

0[071
4

and

Term II �
2"0−m#"j1

m−0[9#
We

[

From the de_nition of Reynolds and Weber numbers\ it
is clear that Term I is proportional to viscosity\ m\ and
Term II to surface tension\ s[ This indicates that Terms I
and II represent the e}ects of viscous dissipation and
surface tension\ respectively[ As the summation of these
two terms equal unity\ it is reasonable to assign Term
I � Term II� 9[4\ to identify the condition where vis!
cosity dissipation and surface tension play equal roles in
droplet spreading[ Mathematically\ this assignment leads
to a relationship among Reynolds and Weber numbers
and the wetting coe.cient\
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We � 5[22"0−m#Re9[3[ "19#

It should be mentioned that a similar formulation was
also proposed by Bennett and Poulikakos ð3Ł\ that led to
the criterion of

We � 1[79Re9[346\ "10#

through the curve!_tting of numerical solutions[ Appar!
ently\ equation "10# is valid only if the wetting coe.cient
is equal to zero[

By setting Term I× 9[8\ the viscous dissipation domi!
nant regime can be determined from

We × 39[9"0−m#Re9[3[ "11#

Similarly\ by setting Term II× 9[8\ the surface tension
dominant regime can be determined from

We ³ 0[74"0−m#Re9[3[ "12#

The implication here is that when the criterion in equa!
tion "11# is satis_ed\ the surface tension e}ects can be
neglected[ Similarly\ when equation "12# is valid\ the vis!
cous dissipation e}ects are negligible[

Since both Reynolds and Weber numbers are directly
proportional to the initial diameter of the droplet\ the
spreading of a large droplet is controlled by the viscous
dissipation e}ects\ and the spreading of a small droplet
is usually in the surface tension dominated regime[ As a
consequence\ the experimental results obtained for large
droplets may not be applicable to thermal spray depo!
sition where molten droplets are much smaller\ generally
less than a few hundred microns[

1[1[ Effect of solidi_cation on droplet spreadin`

Solidi_cation has been included in the Madejski|s
model through the mass loss from the molten state lead!
ing to an energy balance equation for spreading ð4\ 5Ł[
Following a similar procedure\ we can obtain the fol!
lowing equation by replacing d by hd in equation "09#\

d
dt? $

2
09

pr 0
dR
dt?1

1

hdR1 00¦
00
6

"hd#1

R1 1
¦slpR1 00−m¦

1hd

R 1% "13#

¦
2
1

pR1m

hd 0
dR
dt?1

1

00¦
37
4

"hd#1

R1 1� 9[

where h � 0−V?s:"3pR2
9:2# is the liquid volume fraction\

and d � 3R9:"2j1# is the thickness of the droplet without
solidi_cation[ According to Madejski\ the volume of the
solidi_ed layer can be expressed as follows]

V?s � pR1
9l?z"ast?#

¦g
t?

9

1pR"t?#
dR"t?#

dt?
l?zðas "t?−t?#Ł dt? � pR1s¹?\ "14#

where as is the thermal di}usivity of the deposited layer\
l? is a constant related to Jakob number\ and s¹? is the
average thickness of the deposited layer[ Equation "13#
can be non!dimensionalized as

d
dt $hjþ1 00¦

065
52

h1

j51%¦
4

We
d
dt $j1 0"0−m#¦

7
2

h

j21%
¦

34
7

0
hRe

j3jþ1 00¦
145
04

h1

j51� 9 "15#

where h � 0−s¹?pR1:"3pR2
9:2# � 0−2

3
j1s¹ and s¹ � s¹?:R9[

An accurate prediction of s¹ depends on integration of
equation "14# which requires a detailed two!dimensional
simulation[ If we assume that the deposited layer remains
a circular conical shape\ the volume of the deposited layer
can be expressed as 9[4p"R1

9¦R1#s?\ where s? is the thick!
ness at the center[ The average thickness\ therefore\ can
be written as s¹? �"9[4¦9[4:j1#s?[ From two!dimensional
simulations ð06\ 07Ł\ the shape of the deposited layer is
somewhere between the cylindrical shape and the circular
conical shape\ which leads us to conclude that
9[4s? ³ s¹? ³ s?[ Assuming s¹? �vs? and v ¼ 9[5−0[9\ a
one!dimensional Stefan solution can be used to predict
the dimensionless average thickness\ s � s?:R9 ð6Ł]

s¹ � vs �vlzast:w9R9 � vSzt\ "16#

where l and S are constants related to the thermophysical
properties of the molten droplet\ deposited layer\ and
substrate ð6Ł[ Equation "15# can be solved using a numeri!
cal method[ A semi!analytical solution can be generated
by considering the individual contributions of the
viscous\ surface tension and solidi_cation e}ects as fol!
lows

0
Re 0

jm

0[071
4

¦
2"0−m#"j1

m−0[9#
We

¦vS 0
jm

0[041
1[4

� 0[9[

"17#

The error is less than 7) between the numerical results
of equation "15# and the analytical solutions of equation
"17# for Re in the range of 093Ð095 and We in the range
of 4−4×092[ It is evident from equation "17# that the
splat ~attening ratio decreases as the solidi_cation rate
increases[

1[2[ Effect of contact resistance on thermal spray depo!
sition

Microstructures of the deposit depend on the sol!
idi_cation rate and heat ~ux direction of many individual
molten droplets[ Droplet spreading and solidi_cation are
therefore key to microstructures and properties of the
deposit[ Phase content\ grain size\ degree of solute super!
saturation\ interlamellar bond strength\ thermal con!
ductivity and many other features of the deposit are inti!
mately a}ected by the spreading and solidi_cation[ To
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introduce contact resistance\ consider two semi!in_nite
solids of di}erent materials with uniform temperatures
Tm and Tsub\ brought together at time t � 9[ In this case\
the interface temperature Ti will be a constant\ given by ð08Ł

Ti �
klTl:zal¦ksubTsub:zasub

kl:zal¦ksub:zasub

"18#

The substrate can be considered as a semi!in_nite solid\
whereas the droplet can be considered as a semi!in_nite
solid only at the beginning of the contact[ If the contact
interface temperature is lower than the nucleation tem!
perature "undercooling level can be more than 399 K
during the thermal spray deposition#\ the solidi_cation
will start[ If the interface temperature is larger than the
nucleation temperature\ it will remain unchanged until
the temperature boundary layer reaches to the top surface
of the molten droplet whose thickness is decreased with
time[ The contact surface temperature will then decrease\
and the solidi_cation will start as soon as it reaches the
nucleation temperature[ Almost all of the theoretical
studies reported in the literature assume that the sol!
idi_cation starts immediately after the molten droplet
touches the substrate[ At this current stage\ we will use
the same assumption and will not consider the non!equi!
librium e}ects on solidi_cation\ and write the sol!
idi_cation interface velocity in two!dimensional form as

ds
dt

�
Ja

RePr $0¦0
1s
1r1

1

% $
ks

kl

1us

1x
−

1ul

1x%\ "29#

Fig[ 0[ The dimensionless spreading radius predicted by the two!dimensional model compared with the analytical solutions for
Re � 0[5×093\ We � 3[9×092\ and the wetting coe.cient of m � 9[874[

where Pr � nl:al is the Prandtl number\ and
Ja � Cp"Tf−Tsi#:hfs is the Jakob number[ Here\ the
dimensionless temperature\ u is de_ned as "T−Tsi#:
"Tf−Tsi#\ and the densities and speci_c heats of the solid
and liquid phases are assumed to be equal[ If the cur!
vature e}ect is neglected or "1s:1r#1 ð 0\ the interface
velocity can be expressed in one!dimensional form[ Fur!
ther assume that "a# the heat loss through the molten
droplet can be neglected and the temperature at the sol!
idi_cation interface remains at the fusion temperature\
"b# the temperature at the substrate surface remains con!
stant at the substrate temperature\ "c# the temperature
pro_le is linear in the deposited layer "Ja is small# ð08Ł\
and "d# the molten droplet has a perfect contact with the
substrate "Rýt\c � 9#[ Equation "29# can then be simpli_ed
as

ds
dt

�
Ja

RePr
ks

kl

0
s

"20#

which has a straight!forward solution as

s �X1t 0
Ja

RePr
ks

kl1� Szt "21#

where S �z"1Ja:RePr#"ks:kl#[
However\ the assumption "b# is not applicable in many

applications[ For example\ is heat conduction in the sub!
strate is appreciable\ the temperature distribution in the
substrate must be considered through an error function
solution that will modify equation "20# to yield ð08Ł\
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ds
dt

�
Ja

RePr
ks

kl 0
0

s¦z"1pt:RePr#"asub:al#"ks:ksub#1[ "22#

Similarly\ if the thermal contact resistance\ Rýt\c\
between the droplet and the substrate is important\ equa!
tion "20# can be modi_ed to yield

ds
dt

�
Ja

RePr
ks

kl

0
s¦"ksRýt\c:R9#

[ "23#

The interface position is then taken as

s � −"ksRýt\c:R9#¦z"ksRýt\c:R9#1¦S1t "24#

and the solidi_cation rate\

ds
dt

�"S1:1#:z"ksRýt\c:R9#1¦S1t[ "25#

It is evident that the solidi_cation rate is reduced when
the thermal contact resistance is included[ However\ the
thermal contact resistance is important at the beginning
of the solidi_cation process[ As time increases\ the e}ect
of thermal conductivity becomes important and the ~at!
tening ratio will be less a}ected by the contact resistance[
As a result\ equation "17#\ may remain valid for most of
the solidi_cation process[

2[ Results and discussion

To examine the accuracy of the current model\ the
present results have been compared with Madejski|s solu!

Fig[ 1[ Free surface evolution and temperature distribution of a 099 mm diameter nickel droplet impinging at a velocity of 099 m
s−0[ Two!dimensional numerical solution using 051×51 non!uniform grids "Re � 0[5×093\ We � 3[9×092\ m � 9\ Pr � 9[90\ and
S � 9[990#[

tion as well as that obtained by numerical computations[
To perform the numerical simulations of coupled spread!
ing and solidi_cation processes\ a two!dimensional model
has been developed that uses SOLA!VOF ð06\ 19\ 10Ł as
a ~uid solver for the deformation of free surface and a
local 0D solution "Szt−t# where the solid front
advances in the direction normal to the solid:liquid inter!
face ð09Ł[ Figure 0 shows the dimensionless spreading
radius predicted for Re � 0[5×093\ We � 3[9×092 and
m � 9[874 "equilibrium contact angle is equal to 09>#
without solidi_cation[ The parameters used in Fig[ 0 cor!
respond to the impingement of a nickel droplet of 099
mm diameter with an impacting velocity of 099 m s−0[ A
small discrepancy between the current model and the two!
dimensional result is observed in the predictions of splat
~attening ratio[

The evolutions of the free surface and temperature
distributions during spreading and solidi_cation are
shown in Fig[ 1[ Two!dimensional results demonstrate
that the droplet forms a thin _lm sheet spreading radially
at a high speed[ The maximum velocity of the radial wall
sheet jet at the earlier stages of impingement in Fig[ 0 is
about three times that of the initial impact velocity\ which
agrees with the results of Trapaga and Szekely ð06Ł[ The
spreading rates predicted by the analytical model are\
however\ much lower than that obtained from the two!
dimensional simulations and experiments[ It is evident
that the analytical solutions fail to correctly predict the
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spreading rate of the wall sheet jet[ The under!prediction
of the wall sheet jet velocity is due to the unrealistic
assumption of the cylindrical disk shape during the defor!
mation[ Although it may be possible to develop an
improved model based on the shape deformation from a
spherical to a cylindrical disk\ that has not been con!
sidered either by the present work nor by others[ They

Fig[ 2[ Map of the splat ~attening ratio in the range of Re � 093−095 and We:"0−m# � 4−4999[

Fig[ 3[ The dimensionless spreading radius predicted by various models for Re � 0[5×093\ We � 2[9×091\ and the wetting coe.cient
of m � 9[874[

have focused only on the e}ects of the surface tension
and solidi_cation on the splat ~attening ratio[

A number of experimental studies ð2\ 11Ł has shown
that the substrate temperature plays an important role in
determining whether the plasma sprayed droplets retain
their coherence and spread out in the form of ideal disks
or splatter into several interconnected fragments[ This
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Fig[ 4[ Free surface break!up during the spreading\ for
Re � 0[5×093\ We � 0[9×092\ and the wetting coe.cient of
m � 9[

phenomenon has been attributed to some physico!chemi!
cal changes which occur when the substrate temperature
is higher than the so!called {transition temperature| ð2Ł
and allows the liquid to {wet| the substrate\ spread evenly
and adhere well on the substrate[ The model developed
here assumes an ideal disk shape\ and\ therefore\ cannot
be used to predict the splash phenomenon[ However\ it
can consider the {wettability| through the wetting
coe.cient[

A splat ~attening ratio map for various applications is
shown in Fig[ 2 which has been obtained by solving
equation "09#[ Equation "08# has been used to examine

the results[ The di}erence between the predictions by
equation "09# and equation "08# is less than 4) in the
range of Re and We considered in Fig[ 2[ Information
on accurate values of the wetting coe.cient at di}erent
substrate temperatures is therefore important because it
controls the droplet spreading[ In the case of small Weber
number\ the ~attening ratio obtained from the two!
dimensional simulations is smaller than that predicted
analytically\ as shown in Fig[ 3[ As the Weber number
decreases\ a wavy pattern develops on the free surface
due to Rayleigh instability[ This feature has not been
included in any analytical model[ A wavy free surface has
been observed in the case of We � 299\ Re � 0[5×093\
and the wetting coe.cient of 9[874[ In addition to wavy!
ness\ the free surface may also break[ Figures 4 and 5
show the free surface deformation and the droplet detach!

Fig[ 5[ Droplet detachment at the end of the process\ for
Re � 0[5×093\ We � 0[9×092\ and the wetting coe.cient of
m � 9[874[
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ment at the outer edge during the impingement\ for
Re � 0[5×093 and We � 0[9×092 with two di}erent wet!
ting coe.cients of 9 and 9[874 "without solidi_cation#\
respectively[ The analytical solution reveals that
We:"0−m# is an important parameter in determining the
splat ~attening ratio[ The wetting coe.cient changing
from 9 to 9[874 results in the value of We:"0−m#
changing from 0[9×092 to 5[47×093\ further dem!
onstrating the importance of the wetting coe.cient[

The above discussions are limited to forward spread!
ing[ Experimental observations indicate that the droplet
can not only expand\ but can also contract after it reaches
its maximum lateral position[ The backward movement
can\ sometimes\ lead to the droplet bouncing o} the sub!
strate ð03Ł[ Figure 6 shows the e}ects of backward wetting
coe.cient and solidi_cation rate on the deposition thick!
ness[ In Fig[ 6\ the splat ~attening ratio decreases as the
solidi_cation rate increases[ For the backward wetting
coe.cient of 9[874\ the backward velocity is very small\

Fig[ 6[ Thickness of the deposited layer "bottom curve# and the droplet "upper curve# and dimensionless spreading radius for
Re � 0[5×093\ We � 0[9×092 \ v � 0 with the forward wetting coe.cient of zero\ and the backward wetting coe.cient of 9[874 "a\ b#
and 9[71 "c\ d#[

and the droplet remains at the maximum spreading
position[ Solidi_cation takes place under almost station!
ary droplet conditions[ On the other hand\ the result of
m � 9[71 shows that the backward movement is much
faster than that of m � 9[874[ For a high solidi_cation
rate of S � 9[994\ the droplet is able to solidify before it
moves back to the spherical shape[ For a low sol!
idi_cation rate of S � 9[990\ the backward velocity is
faster than the solidi_cation rate\ and the droplet may
bounce o} the substrate[ These simulations clearly indi!
cate the importance of the solidi_cation rate and back!
ward wetting coe.cient[

3[ Conclusion

An improved model has been developed that accounts
for the surface tension e}ects at the meltÐgas\ solidÐgas
and solidÐmelt interfaces\ as well as solidi_cation[ An
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analytic solution for the splat ~attening ratio has been
obtained as follows]

0
Re 0

jm

0[071
4

¦
2"0−m#"j1

m−0[9#
We

¦vS 0
jm

0[041
1[4

� 0[9[

"26#

The deposition thickness is estimated by

s � −"ksRýt\c:R9#¦z"ksRýt\c:R9#1¦S1t[ "27#

The model reveals that the thermal contact resistance
delays solidi_cation and decreases the solidi_cation rate[

A map of the splat ~attening ratio has been generated
for Re in the range of 093Ð095 and We:"0−m# in the range
of 4Ð4×092[ Two regimes\ in terms of Reynolds and
Weber numbers\ have been identi_ed where either the
viscous dissipation or surface tension dominates[

We ³ 0[74"0−m#Re9[3\

surface tension dominant regime

We × 39[9"0−m#Re9[3\

viscous dissipation dominant regime[

The numerical studies show that both the backward
wetting coe.cient and solidi_cation rate play important
roles in determining the splat ~attening ratio and depo!
sition thickness[ The possibility that the droplet can
bounce o} the substrate is increased as the backward
wetting coe.cient decreases and the solidi_cation rate
decreases[
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