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An existing model has been modified to explore the deformation and solidification of a single
droplet impinging on a substrate. The modification accounts for possible solid fraction of material
at impact. Numerical results predict that the kinetic energy dominates the process at impinging
velocities greater than about 100 ms~ . In addition, the thermal diffusivity of the solidifying
material controls the process, but the temperature of the substrate relative to the melting
temperature of the material must be considered when comparing materials. It is believed that
droplets solidifying into thinner, wider discs would reduce porosity; therefore, dense materials

accelerated to high speed would solidify into masses with the highest bulk density.

Nomenclature
Properties and parameters
a, Thermal diffusivity of the liquid (cm?s~ ')
a,  Thermal diffusivity of the solid (cm?s™1)
b Thickness of the molten metal (cm)
¢, Specific heat of the liquid (Jg~*K ™)
¢, Specific heat of the solid (Jg~*K™*)
D Diameter of the droplet (D = 2R,) (cm)
E. Kinetic energy (J)
E, Potential energy (J)
L:  Work of the friction forces (W)
Ak Enthalpy of fusion Jg~1)
k,  Thermal conductivity of the liquid
(Wem 'K~
k,  Thermal conductivity of the solid (Wem "' K1)
R Radius of the solidified disc (cm)
t* Real time (s)
t*  Real time from solidification (s)
T Temperature of the molten metal (K)
Tm Melting temperature (K)
T. Temperature of the substrate (K)
V. Volume of the solid (cm?)
y Thickness of the solidified layer (cm)
¥o  Thickness of the solidified layer at impact (cm)
i Viscosity of the molten metal (mNsm™?)
X Mass fraction of the solid at impact
pi Density of the molten metal (gcm™?)
p.  Density of the solid metal (gcm™?)
o Surface tension of the molten metal (mNm™!)
®  Velocity of the liquid droplet at impact (cms™*)

Dimensionless variables
t Dimensionless time
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Dimensionless time from solidification
Dimensionless temperature of the substrate
Dimensionless temperature of the droplet
Dimensionless thickness

Dimensionless radius

Pe  Peclet number

Re Reynolds number

We Weber number

T

Constants

K Constant (Equation 13)

€ Constant (=0.5)

U  Freezing constant (Equation 1)

1. Introduction

In an effort to optimize the structure and properties of
structural materials, a variety of processing techniques
have evolved over the last two decades. Among these,
spray processes offer a unique opportunity to combine
the benefits associated with fine-particulate technolo-
gies (e.g. microstructural refinement, alloy modifica-
tions, etc.) with in situ processing and, in some cases,
near-net shape manufacturing. Spray processing gen-
erally involves highly non-equilibrium thermal and
solidification conditions, the synthesis approach of
which allows modification of the properties of existing
alloy systems and the development of novel alloy
compositions. There exists a variety of spray-based
synthesis methods currently available. These include
low-pressure plasma deposition [1, 2], modified gas-
welding techniques [3, 4], high-velocity oxyfuel ther-
mal spraying [5] and spray atomization and depos-
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ition processing {6-9]. Plasma processing, in particu-
lar, has been extensively developed as a cost-effective
method of producing metallic and refractory coatings
on bulk shapes [10, 11].

The microstructure and meehanical properties of
metals and alloys processed by spray techniques are
intimately coupled to the kinetic, thermal and so-
lidification conditions of the droplets during impact
with the target surface. In spray atomization and
deposition processes, for example, an elevated volume
fraction of solid on impact, generally leads to the
formation of a large volume fraction of porosity [12].
Similarly, extensive pre-solidification during plasma
spraying causes poor bonding between the coating
and the substrate [13, 14]. Therefore, it is not surpris-
ing that a number of investigators have utilized math-
ematical modelling techniques to provide insight into
fundamental kinetic, thermal and solidification phe-
nomena during spray processing [15-17]. Inspection
of the published literature, however, demonstrates
that despite the significant results derived from these
models, the studies have not addressed the funda-
mental problem posed by the impact, deformation and
solidification of a single droplet impinging on to a tar-
get surface. Therefore, the present study was devoted
to the numerical analysis of the deformation and so-
lidification of a single droplet impinging on a hard,
non-deformable surface without addressing the phys-
ics of the flight stage. The numerical study was con-
ducted for several pure metals at different processing
parameters. Moreover, in the present work, the effect
of a fraction of solid material within the droplet at
impingement with the substrate is investigated. This
condition is typical in plasma processing and spray
atomization and deposition where droplets may par-
tially solidify before impact due to high heat-transfer
rates during flight. However, a second mechanism,
insufficient residence time of particles in the plasma
flame resulting in incomplete melting, makes solid
fraction analysis particularly important for plasma
processes.

2. Formulation

Characterizing the solidification and motion of
a droplet impinging on a flat horizontal, non-deform-
able surface requires solution of the Navier-Stokes
and energy equations. However, Madejski [18] has
developed a simple model for the motion and solidi-
fication of a droplet on a surface based on an energy
balance. Madejski’s equations are solved for one-
dimensional half-space heat conduction and solidi-
fication of superheated liquid. The physics of impact
are related to the velocity and shape of the impacting
droplet. In real spray systems, a droplet may break
apart into smaller splats on impact, translating mo-
mentum to the smaller splats. However, this model
assumes that the droplet remains as one mass of liquid
that translates its momentum radially without any
initial kinetic losses to the surroundings. It is also
assumed that the droplet forms a cylinder on impact
and the liquid spreads uniformly with the solidi-
fication front growing from the substrate-liquid inter-

3314

face to the exposed surface of the droplet. These as-
sumptions imply solidification of the droplet into
a thin flat disc. Furthermore, these geometrical con-
siderations are made to limit the complexity in
generating the necessary equations to describe the
deformation and solidification of the droplet. None-
theless, sprayed droplets are typically found to form
very thin discs during solidification.

The model originally developed by Madejski does
not account for partial solidification during flight;
however, as described previously, partial or complete
solidification during flight in spray processing may be
significant. In the present study we have modified
Madejski’s model to consider the case of partial solidi-
fication before impact. Upon impact it is assumed that
the solidified material has an interface varying only
radially from a maximum at the centre of the cylinder
to zero at the initial radius of the droplet (Fig. 1). The
liquid cylinder becomes distorted due to the varying
thickness of the solidified layer, unless the solid layer is
very thin. If the solid layer thickness does not signific-
antly vary radially, the approximation b(r, t*) ~ b(t*)
becomes valid, where b is the thickness of the liquid
layer, r is the radial position, and t* is the real time.
Therefore, if the solid fraction at impact is small
(< 0.4), the volume of solidified metal is independent
of the radial position.

The Stefan problem for solidification as described
by Madejski is modified for radial positions, r, less
than the initial radius of the spherical droplet, R,,
(r < R,) such that

Y t*) = yo(r) + Ulagt*)'? (1)

where y(r, t*) is the thickness of the solidified layer at
any real time after impact (¢* > 0), yo(r} is the radial
variation of the thickness of the solidified layer at
impact (equal to zero in the Madejski model), U is the
freezing constant, and q, is the thermal diffusivity of
the solid layer (Fig. 2). The thickness of the solidified
layer for radial positions greater than the initial radius
of the spherical droplet (r > R,) remains the same in

t <0

t'=0-

Q t'=0+

Figure 1 Partial solidification of droplet before impact.
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Figure 2 The growth of the solidified disc.

the modified model as in the original Madejski model
Y t*) = yo(r) + Ulat* — )2 (2)

where t* is the time that solidification begins at some
position 7. The remainder of the model is the same as
Madejski’s original model incorporating the revised
thickness of the solidified layer (equation 1) into the
equation development.

Madejski suggested that an energy balance for the
motion of the liquid metal after impact has three
components: Ey, the kinetic energy; E,, the potential
energy (due to surface tension); and L, the work of the
friction forces. Conservation of energy implies that the
total energy must be constant with time; therefore

d E _
@(k+EP+Lf)—O (3)
Madejski’s manipulations produce the following rela-
tions for the three energy components

n dR\? 6
E - _ R 2 i A
, 3pl(dt*> (m +5b> @

E, = o(nR? + 2nRb) (%)
“nR2u (dR\? .
Ly = JL) 5 <ﬁ> dr (6)

where p, is the density of the liquid, R(¢t*) is the radius
of the solidified disc, ¢ is the surface tension of the
liquid, and p is the viscosity of the liquid. The poten-
tial energy relation cannot be satisfied at time zero;
however, if the mnitial radius of the cylinder is assumed
to be half the diameter of the droplet, an error of only
8% occurs at time zero [18]. The relation

R(0) = R,
= €D (7)

is introduced to account for this assumption where
D is the diameter of the original spherical droplet and
g is a constant equal to one-half By introducing the
following dimensionless variables

& = R/R, (8a)
¢ = b/R, (8b)
t = ot*/R, (8¢)

and the Peclet, Reynolds, and Weber numbers

Pe = wD/a, (9a)
Re = poD/p (9b)
We = pow?D/c (9¢)

in Equations 4-7, we can rewrite Equation 3 as

dle,, , 6., 1
5[354)(& +§¢>+Weé(§+2¢)}

55
+ oRe 0 (10)
where o is the velocity of the liquid droplet at impact.
The dimensionless thickness, ¢, can be determined
from a mass balance
s
I3 P1

= p. V. + nR?bp, (11)

m =

where m is the mass of the droplet, p, is the density of
the solid, and V; is the volume of the solid. Recogniz-
ing that r = R(t*) and applying Equations 1 and 2,
the volume of the solid becomes

: dR(t*)

V., = 2nR(t*) I Vo(R)dT*

TR2U (a,t*)7* + f

0

Ulal(t* — t*)]Y2dt*
(12)

Solving for the thickness of the liquid layer from
Equation 11, applying the previously specified dimen-
sionless parameters, and introducing the parameter k,

such that 12
= 62U [ 13
K = 6¢g UE Fg ( )
1

the dimensionless thickness becomes
1 ' .
= —=|1- —Kt1/2+2j 7)E(T
¢ 682§2< X { D

x (t — r)”zdr}> (14)

where y is the mass fraction of the solid at impact.
Applying the condition ¢ = 0 the initial boundary con-
ditions for this set of equations become

o dR(t*)
2nR(t*
+ L nR(t*) -

£0) = 1
b0 = 3~ 7 (15)

£(0)

I

2]

The freezing constant, U, is determined from the
Stefan problem of solidification as described by
Madejski and has the following form

(Dl
a4 ()]
o (-22)

U =

- (16)
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where k, ¢, and a are the thermal conductivity, the heat
capacity, and the thermal diffusivity, respectively, of
the liquid or solid as denoted by the subscripts | for
liquid and s for solid. The variables 7, and T}, are the
dimensionless temperature of the substrate and the
dimensionless temperature of the droplet, respectively,
and they have the form

ks(Tmp — T5)

T, = = (17a)
_ k(T — Twp)
T, = A (17b)

where Twmp, Ts, and Ti, are the melting temperature,
the substrate temperature and the liquid temperature
respectively and Ah is the enthalpy of fusion [18]. It is
important to reiterate that Equation 16 is valid for the
isothermal case which assumes that the solidified
metal is the same temperature as the substrate.
Madejski’s experimental observations have concluded

that this approximation is satisfied regardiess of the
substrate material [18].

3. Computational method

The system of equations developed above is numer-
ically solved as shown in Fig. 3a and b. The dimen-
sionless parameters (Re, We, Pe, T;, T,) were deter-
mined by substituting the properties of the pure solid
and liquid metals at the chosen temperatures and the
chosen parameters (velocity, droplet size, etc.) into
Equations 9 and 17. Initially, a value for the freezing
constant was assumed and the error functions in
Equation 16 were interpolated at steps of 0.05. A new
value for the freezing constant can be found by substi-
tuting these values and the appropriate properties into
the right side of Equation 16. Comparing the cal-
culated value of the freezing constant with the as-
sumed value, a new value of the freezing constant was

Determine £
n
from previous values
Determine approximate ¢ p,
from previous values
Determine Re, Determine approximate § "
We, To, 7p ) from previous values
Determined
by half-step =
integration Determine new @p
based on approximate
Assume (* i §n
Determine new Eln
based on new Qp
Determine U —
from Eq. 16 i
d Determined Determine final values of
by full-step — .
Choose new U* Integration AL ‘in
Does \\NO T
y=y* NO
Check for convergence Reduce time
YES of final and new ?p step
YES
Determine NO
Check for convergence
of final and new f;n
YES
Input Re, We

x and X into scheme

{a)

{b)

Go to next step n+l

Figure 3 (a) Determination of the dimensionless parameter x. (b) Schematic of steps taken to solve Equations 10 and 14.
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approximated. This process was repeated until the
assumed value of the freezing constant matched the
value of the freezing constant determined from Equa-
tion 16 as shown in Fig. 3a. Determining the dimen-
sionless parameter, x, Equation 13, is trivial once the
freezing constant has been determined.

The dimensionless parameters (specifically Re, We,
k, and y) are used to evaluate a scheme designed to
solve Equations 10 and 14 simultaneously. The form
of the dimensionless thickness of the liquid, Equation
14, is an integro-differential equation that depends on
the dimensionless radius and its first time derivative (§
and ). A predicted value of &, determined from a stand-
ard Runge-Kutta scheme, is used to find the value of
the corrected dimensionless thickness, ¢, and sub-
sequently a corrected value of E, Using the above
outlined procedure, the system of equations can be
solved at the new time step, producing values for the
dimensionless radius and its derivative and the dimen-
sionless thickness (Fig. 3b). Therefore, the equations
can be solved by stepping through time.

We should reiterate that this model breaks down for
large solid fractions, typically above 40%—-50% solid.
From Equation 14 it is obvious that the solid fraction
will reach a critical value that causes ¢ to be negative
which is physically impossible. The profile of the solid
fraction at impact has no effect on the equations if, as
described previously, y,(r) is assumed to be thin such
that b(r, t*) = b(¢*). Thus the present model is numer-
ically valid for solid fractions less than about 0.40.

4. Results and discussion

The deformation and solidification history of a single
droplet of nickel, titanium, and tungsten was numer-
ically determined. The processing parameters were
varied for each metal, namely temperature of the mol-
ten metal, and the substrate, velocity, size of the initial
droplet, and solid fraction at impact. The processing
parameters for investigation were chosen to be charac-
teristic of typical low-pressure plasma spray (LPPS)
processing conditions, because of the recent interest in
this processing technique. For example, LPPS oper-
ates at velocities on the order of a few hundred metres

per second; therefore, we chose to concentrate on
a velocity range from 100-900 ms~!. Similarly, the
droplet size was varied from 25-100 pum, again typical
powder sizes for powder spraying techniques. The
temperature of the substrate was arbitrarily chosen at
high temperatures (750, 1000, 1250 K, etc.) because
typical LPPS procedures use the plasma torch to
clean the substrate before deposition, thus signific-
antly heating the substrate. Superheat temperatures
were chosen to be 100 and 250 K above the melting
temperature, strictly for convenience. The properties
of these materials at various temperatures are listed in
Tables T and II [19-21]. The results are summarized
in Figs 4-9.

Droplet flattening (the formation of a solidifying
disc with a large radius) is significantly dependent on
its velocity, especially at low velocities (<100 ms™*).
Fig. 4 shows the dimensionless radius as a function of
the velocity over a large velocity range, 1-2000 ms™*
for tungsten. Above 500 ms™! the solidified droplet
size begins to level off and approaches some asymp-
totic value at very large velocities (> 5000 ms™1).
However, this model is not adequate to describe the
physics at such large velocities, because during actual
processing, molten droplets with large velocities will
break up into smaller splats at impact.

Fig. 5 compares the velocity dependence of the flat-
tening of nickel, titanium, and tungsten droplets at
substrate temperatures of 1000 and 1500 K. The velo-
city dependence curves at different temperatures have
identical shapes for all the materials converging at low
velocities (<50 ms~1). At higher velocities, the flat-
tening of each material approaches an asymptotic
value that is characteristic of that material and de-
pends slightly (typically 1%-5% over a temperature
range of 500 K) on the substrate temperature. How-
ever, as the melting point is approached the substrate
temperature becomes increasingly important to the
final size of the solidified disc as shown in Fig. 5 for
tungsten and Fig. 6 for nickel. Tungsten forms flatter,
wider discs than the other materials as shown by its
large characteristic dimensionless radius, >12 at
900 ms !, while titanium forms significantly smaller
discs at 900 m s~ *, dimensionless radius of ~ 10. The
characteristic radius of each material is unique and

TABLE I Properties of solid nickel, titanium, and tungsten at several temperatures

Temperature (K)

1000 1250 1500 2900 3400
Nickel Thermal diffusivity (cm?s™?!) 0.150 0.155 0.160
Thermal conductivity (Wem ™ * K1) 0.718 0.772 0.825
Heat capacity (Jg~' K1) 0.557 0.588 0.620
Titanium Thermal diffusivity (cm?s™!) 0.069 0.080 0.082
Thermal conductivity (Wem ™K ™1) 0.207 0.224 0.245
Heat capacity (Jg"!K ™) 0.695 0.618 0.660
Tungsten Thermal diffusivity (cm?s™1) 0417 0.381 0.353 0.266 0251
Thermal conductivity (Wem ™ 1K ™1) 1.208 1.137 1.087 0.915 0.898
Heat capacity Jg ! K™") 0.150 0.156 0.162 0.200 0.215
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TABLE II Properties of liquid nickel, titanium, and tungsten at 7, and T,,, + 100 K

Property Temperature = T, Temperature = T, + 100K
Nickel Titanium Tungsten Nickel Titanium Tungsten
Thermal diffusivity (cm?s™1) 0.t16 0.070 0.174 0.117 0.071- 0.178
Thermal conductivity (Wem ™ K1) 0.600 0.200 0.706 0.600 0.200 0.713
Capacity heat Jg~'K™1) 0.656 0.700 0.230 0.656 0.700 0.230
Density (gem™2) 7.905 4.110 17.60 7.789 4,040 1745
Viscosity (mN s m™?2) 5.486 5.200 3.000 4.530 5.200 3.000
Surface tension (mMNm™1!) 1778 1650 2500 1740 1624 2471
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Figure 4 The velocity dependence of the droplet size of tungsten
over a wide range of velocities. 7, =2000K, 7,=3650K,

R, = 50 pm.

15 T v T v T v T
<13t i
<}
]
5 | -
2
g
c 9t i
s} 1
€
a8 7t J

J
5 — 1 a N R T | 1
0 200 400 600 800 1000

Velocity (ms™ 1)

Figure 5 Flattening sensitivity to velocity and substrate tempera-
tures. R, =350 pm, T, = T, T, = 1000 K: (@) W, (M) Ni, (#) Ti.
T,=1500K: (O) W, (O) Ni, (©) Ti. T,=2900K: (A) W.
T, = 3400 K: (A) W.

depends on the density of the material. Denser mater-
ials have a greater kinetic energy (for the same size or
volume) than less-dense materials. Recall that the po-
tential energy is independent of density; it is based on
the surface tension of the droplet, representing the
resistance of the molten metal to spreading or flatten-
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Figure 6 Comparison of the sensitivity of the solidification time and
droplet flattening to velocity and substrate temperature for nickel.
Ty = Tps Ro = 50 pm. (O, 00, A, &) Time, (@, W, A, ®)R/R,. T.:
(O, @) 750K, (O, W) 1000 K, (A, A) 1250 K, (<, 4) 1500 K.
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Figure 7 Flattening sensitivity to velocity and superheating.
R, =50 um, T, = 2000 K for W, 2900 K for W*, and 1000 K for Ni
and Ti. W: 7, =(@) 3650K = T,,, (O) Tp,+ 100K; WH:
T)=(A) 3650K =T, (&) Tup+100K; Nii 7,=(N)
1727K = Tpp, ((1) T + 100K; Ti: (#) 1958K = T, (O)
Ty + 100 K. .

ing. Therefore, the increased kinetic energy of denser
materials overcomes the potential energy, forming
wider, thinner solidified discs. As a result, dense ma-
terials such as tungsten are expected to flatten into
wider discs relative to low-density materials such as
titanium.
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Furthermore, as shown in Fig. 5, the sensitivity of
solidification to the substrate temperature varies for
these materials. For example, the flattening of a tita-
nium droplet increases less than 1% when the temper-
ature is raised from 1000 K to 1500 K at 900 ms™".
The flattening of nickel and tungsten is slightly more
sensitive to temperature than titanium; the size of
a tungsten droplet increases 2.5%-3.5% and the size
of a nickel droplet increases 3%—4% for the same
temperature change (1000 K to 1500 K) over the range
of velocities investigated (100-900 ms™1!). Although
the solidification process is a complex combination of
the properties of the liquid and solid material, in
general, the thermal diffusivity seems to govern the
temperature sensitivity of these materials. Titanium
has a small thermal diffusivity and, therefore, a small
temperature dependence. On the other hand, nickel
has a significantly greater thermal diffusivity, ac-
counting for its much larger temperature sensitivity.

Tungsten would then be expected to have a greater
sensitivity to temperature than nickel, although Fig.
5 shows otherwise in the same temperature range
(10001500 K). This observation may be attributed to
the fact that this temperature range is near the melting
point of nickel (1727 K) and titanium (1958 K), while
the melting point of tungsten is some 2000 K greater
than this range (3650 K). Fig. 5 also shows the velocity
dependence of tungsten in a temperature range that is
250-750 K less than its melting point (2900-3400 K);
this temperature range is similar to the temperature
range relative to the melting temperature for nickel
and titanium. In this temperature range tungsten be-
haves according to our previous observation; tungsten
has a larger sensitivity to substrate temperature due to
its larger thermal diffusivity. These observations em-
phasize the importance of considering the temperature
relative to the melting point of a material in addition
to absolute temperature considerations, especially
when comparing low melting materials and high
melting materials.

In Fig. 7 we observe a perturbation of the trends
illustrated by varying the substrate temperature. The
sensitivity of the materials to superheating is qualitat-
ively similar to the sensitivity of the materials to sub-
strate temperature described above, except that des-
pite its larger thermal diffusivity tungsten is less sens-
itive to superheat. For example, titanium is relatively
insensitive to superheating. However, by comparison,
nickel is extremely sensitive to superheat temper-
atures, for a superheat of 100 K the flattening in-
creases by 4%-5% in the velocity range of interest
(with a substrate temperature of 1000 K and an initial
droplet size of 50 um). Tungsten is only moderately
affected by superheat, increasing its solidified droplet
size by 2%-3% for the same conditions except with
a substrate temperature of 2000 and 2900 K. This can
be explained by the properties used for the analysis.
Superheating nickel reduces its viscosity allowing it to
spread with less resistance; therefore, the flattening of
the droplet is enhanced by superheating. There are no
data available for the viscosity of tungsten liquid as
a function of temperature, thus we assumed that the
viscosity was constant. Although the viscosity of tung-
sten probably decreases with superheat, our results do
not reflect the enhanced flattening due to this phe-
nomenon.

At present we are not interested in the time for
complete solidification, although we briefly describe it
here because the time can become important to phase
formation in droplets especially in alloy systems. The
time (dimensionless) for solidification varies more
than the size with changes in the parameters for all the
materials investigated; Fig. 6 compares the dimension-
less time with the dimensionless radius for nickel. For
example, as described previously, the size of a nickel
droplet increases as much as 5% when the substrate
temperature is increased from 1000 K to 1500 K, but
the dimensionless time increases by as much as 12%
for the same step in temperature. The actual time
for solidification is of the order of microseconds,
0.1-10 ps. However, it must be kept in mind that the
dimensionless time depends directly on the velocity
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TABLE III Dimensionless and actual time for solidification of nickel®

Velocity Substrate temperature = 1000 K Substrate temperature = 1500 K

(ms™")
Dimensionless Actual time, t* Dimensionless Actual time, t*
time, ¢ (1s) time, ¢ (us)

100 7.38 3.69 8.26 4.13

300 11.19 1.86 12.45 2.08

500 13.38 1.34 14.85 1.48

700 14.96 1.07 16.60 1.19

900 16.21 0.90 17.98 1.00

* The molten metal temperature was the appropriate melting temperature, and the initial droplet size was 50 yum.

(see Equation 8). Therefore, the actual time decreases
as the velocity is increased, even though the dimen-
sionless time increases. For example, for nickel the
actual time decreases by approximately a factor of
four over the velocity range of 100-900 ms™!, while
the dimensionless time increases by a factor of two
(T, = 1500 K, T} = Ty, = 1727K, and R, = 50 pm).
Table III summarizes this phenomenon for nickel.
Conceptually the droplet is expected to freeze faster at
higher velocities because the droplet has more energy
to spread faster and expose more surface area to the
cooler substrate.

The sensitivity of droplet flattening to velocity can
be more important than the temperature dependence,
especially for materials at temperatures much lower
than the melting temperature and for materials with
low thermal diffusivity such as titanium. To quantify
and compare the velocity dependence of the various
materials, Table IV lists the ratio of the change in size

TABLE IV Change in solidifed droplet size for changes in velo-
city?

A Velocity (% AL)/(%Aw)
fms™1)
Nickel  Titanium Tungsten
1500K  3400K

100-300 0.138 0.140 0.156 0.139
300-500 0.172 0.172 0.177 0.172
500-700 0.183 0.182 0.195 0.183
700-900 0.188 0.187 0.200 0.188

* For all materials the substrate temperature was 1500 K (except
where noted), the molten metal temperature was the appropriate
melting temperature, and the initial droplet size was 50 um.

of the solidified droplet as a percentage to the change
in velocity also as a percentage (A&/E/Aw/w). For tita-
nium and nickel the ratio of percent change in size to
percent change in velocity ranges from 0.14-0.19 as
the velocity is varied from 100-900 ms™*, while for
tungsten this parameter changes from 0.16 to 0.20 at
the same temperature (1500 K). However, adjusting
the tungsten temperature to represent an equivalent
temperature relative to the melting temperature
(3400 K) as nickel, this parameter has similar values
for tungsten as nickel and titanium. These numbers
show that the velocity dependence of solidification is
virtually independent of the specific material. This
phenomenon occurs because the properties of the ma-
terial are independent of the velocity, thus all mater-
ials behave similarly with respect to the velocity. How-
ever, the properties of the material are dependent on
temperature and can greatly influence the solidifi-
cation; thus, as we have demonstrated, materials be-
have differently based on temperature, but similarly
based on velocity.

The sensitivity of droplet flattening to initial droplet
size is similar to the velocity sensitivity, because the
material properties are independent of the droplet
size. The data shown in Fig. 8 for superheated mater-
ials support our conclusions previously drawn from
the velocity data at various substrate temperatures.
However, we should note that doubling the initial
radius of the droplet does not simply double the final
size of the droplet. For example, when the initial size
of a titanium droplet is doubled from 25 um to 50 pm,
the dimensionless radius increases 15.6%, but the ac-
tual droplet size increases 131% (at a velocity of
500 ms~'). These values are very similar for all three
materials as shown in Table V and are independent of
the material. In addition, just as the materials behave

TABLE V The actual change in the solidified droplet size for changes in the initial droplet size®

AR, Nickel Titanium Tungsten 75 = 1500 K Tungsten T = 3400 K
(im)

Y%AE %AR Y%AE %AR %Ag %AR %AE %AR
25-50 15.7 131 15.6 131 17.2 134 15.7 131
50-75 8.82 63.2 8.77 63.2 9.46 64.2 8.83 63.2
50-100 15.5 131 154 131 19.1 138 15.5 131
75-100 6.15 41.5 6.11 41.5 8.76 450 6.16 41.5

* For all materials the substrate temperature was 1500 K (except where noted), the molten metal temperature was the appropriate melting

temperature, and the velocity was 500 ms ™!,
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identically at low velocities, at small droplet sizes
(<10 pm) the materials behave identically.

The effect of the solid fraction, as presented in Fig. 9,
is interesting because it does not affect the solidifi-
cation as much as might be expected. It might be for
example, 10% solid at impact results in a reduction in
size of less than 4%. However, the trend that we can
observe numerically is not unexpected, i.e. reducing
the amount of liquid reduces the extent that the drop-
let spreads. This supports our earlier observations that
the kinetic energy governs the process. Solidification
of the droplet during flight reduces the kinetic energy
of the remaining liquid through reducing the volume
of liquid. Therefore, with increasing solid fraction, the
kinetic energy of liquid decreases leading to a decrease
in the spreading extent. It is also interesting to note
that the effect of the solid fraction on the decrease in
the spreading extent is nearly the same for different
materials (the same slopes of lines in Fig. 9). This
behaviour further proves that solidification influences
the droplet spreading primarily through reducing the
liquid volume or mass.

5. Conclusions

Modelling the deformation and solidification of drop-
lets with solid fractions by modifying Madejski’s
model was successful. We determined that the de-
formation and solidification depend on the processing
conditions, namely the velocity and droplet size, in
some fundamental ways. Both the velocity and the
droplet size (which determines the mass) contribute
directly to the kinetic energy and under LPPS pro-
cessing conditions the kinetic energy is most import-
ant to the deformation and solidification process. The
dependence of deformation and solidification on tem-
perature is difficult to define except in general terms
relative to the melting point of the material. Further-
more, partial solidification during flight does not effect
the deformation and solidification as much as might
be expected because of the importance of the kinetic
energy.

The properties of the material determine the charac-
ter of the final dimensions of the solidified droplet.
However, the relationship of the properties to the
deformation and solidification processes is complex
and is influenced by the temperature, making general-
izations difficult. Generally, high-density materials
flatten substantially more than low-density materials
and the temperature sensitivity is determined by the
thermal diffusivity. Relatively large thermal diffusivi-
ties cause the material to be more sensitive to temper-
ature, especially near the melting temperature. We
should also-note that the difficulty in determining the
properties of the materials can cause perturbations in
expected results as demonstrated by the assumptions
about the viscosity of tungsten.

Deformation and solidification of a single droplet is
not realistically useful except for understanding the
processes at work. In real systems involving the accu-
mulation of many solidifying droplets, porosity is an
inherent problem. Porosity typically reduces useful
properties such as strength and corrosion resistance,

degrading the bulk material. Further study is required
to gain a firm grasp on how porosity develops in
multi-droplet solidification, but we speculate that
dense materials accelerated to velocities in the high
range (> 500 ms~ ') will reduce porosity for two gen-
eral reasons. Dense materials, such as tungsten, form
wider, thinner discs that when stacked have smaller
pores or free space; therefore, denser alternatives may
produce less porous materials. Higher velocities give
liquid droplets more energy to penetrate the pores
produced by the stacking of droplets before solid-
ifying; therefore, porosity in less-dense materials may
be reduced by accelerating the droplets.
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