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Molecular Dynamics Simulation of Flattening
Process of a High-Temperature, High-Speed
Droplet—Influence of Impact Parameters
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Three-dimensional molecular dynamics simulation was conducted to clarify at an atomic level the flat-
tening process of a high-temperature droplet impacting a substrate at high speed. The droplet and the
substrate were assumed to consist of pure aluminum, and the Morse potential was postulated between a
pair of aluminum atoms. In this report, the influence of the impact parameters such as the droplet
velocity and the droplet diameter on flattening behavior were analyzed. As a result, the following
representative conclusions were obtained: (a) the flattening ratio increases in proportion to the droplet
velocity and the droplet diameter; (b) the flattening ratio for nanosized droplet can be reorganized by the
same dimensionless parameters of the proper physical properties, such as the viscosity and the surface
tension, as those used in the macroscopic flattening process.

Keywords droplet, flattening, impact parameter, molecular
dynamics, solidification

1. Introduction

Deposition with high-temperature, high-speed droplets
such as by thermal spraying is widely used (Ref 1). In
particular, it is often applied to the coating of functional
materials that are difficult to machine because a compar-
atively thick coating (i.e., from a few tens to a few hun-
dreds micrometers) can be obtained in a relatively short
time.

On the other hand, the pulsed laser deposition (PLD)
technique is employed to form fine thin films (i.e., a few
tens of Angstroms to a few nanometers) using high-tem-
perature, high-speed droplets with a diameter of nano-
meter or hundred-nanometer order (Ref 2, 3). In this case,
the use of finer droplets and denser organization of the
thin film increases the strength of the thin film, making it
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advantageous for application to ultraprecise electronic,
magnetic, or optical devices.

It is important to understand the flattening behavior of
a droplet as the elementary process involved in order to
clarify the adhesion state, residual stress, and the other
physical properties. Many researchers have studied the
flattening behavior of droplets (Ref 4-18). Some
mechanical models with different assumptions have been
proposed, and thermohydrodynamic calculations and
experiments have been reported for a limited range of
materials and conditions. However, the results do not al-
ways agree with each other, and a theory that can satis-
factorily estimate the flattening behavior of a droplet has
not yet been fully developed. One reason for this is the
difficulty of theoretically analyzing the impact and flat-
tening processes of a droplet, since its change of shape is
so drastic. It is also difficult to experimentally verify the
behavior of a droplet, because the processes take place in
a time span of microseconds for a small droplet of
micrometer order.

Rather than conducting conventional continuum model-
ing, we considered an atomistic model that can flexibly deal
with drastic physical change using the molecular dynamics
method. The molecular dynamics simulation can handle the
materials phase transformation as well as nanoscopic phe-
nomena. Therefore, there have been many applications, such
as the formation process of a carbon nanotube by chemical
vapor deposition (Ref 19), the lubrication process of the lu-
bricant (Ref 20), the nanomachining process of the silicon
wafer (Ref21), and so on. However, the atomistic model also
has some limitations, such as the number of atoms that can be
treated, and the interatomic potential between different
atoms has not always been clarified. Nevertheless, we tried to
elucidate the targeted phenomenon using an atomistic model
because such an approach has not yet been made and pre-
sents a high potential.
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As the first step, we conducted molecular dynamics
analysis of the impact of a globular high-temperature, high-
speed aluminum (Al) droplet on a flat Al substrate (Ref
22). We investigated the flattening process and clarified the
processes of melting and solidification, temperature dis-
tribution, deformation velocity, and potential energy of
atoms of the droplet. In this paper, the influences of the
impact parameters, such as droplet velocity and droplet
diameter, on its flattening behavior are analyzed, and the
flattening ratio is described by dimensionless numbers.

1.1 Molecular Dynamics Simulation Model

The proposed model for three-dimensional molecular
dynamics analysis is shown in Fig. 1. The substrate surface is
Al1(001) and is assumed to have a perfectly smooth surface
at the atomic level. By considering the mass of atom i to be
m, its position vector at the time step ¢ to be r;(¢), and the
resultant force vector of all forces acting from other atoms
to be F;(¢), the following equation of motion is obtained:

dzl'l‘(t)
= Fi0 (Eq 1)
F,(¢) is calculated using:
Fi(r) = *Z grad ¢; (Eq 2)

J#i
where ¢ is the interatomic potential depending on the
distance between atoms, and the index j indicates atoms
others than atom i. The numerical integration of Eq 1 is
carried out using the leapfrog method (Ref 23) with a time
step of 3 fs.
The following Morse potential, which requires a com-
paratively short calculation time, is applied as the inter-
atomic potential to handle as many atoms as possible:

&(r) = Dlexp{—20(r — ro)} — 2 exp {—o(r — ro)}]
(Eq 3)

where r is the atomic distance between a pair of atoms, D
is the dissociation energy, o is the potential coefficient,

\ Thernaostat #
\ atoras (IVID)

i Substrate
“ Newtonian atoras (WMD)

Fig. 1 Molecular dynamics simulation model
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and r is the equilibration distance. Here, the parameters
for aluminum described in Ref 24 are applied as:
D=02703 eV, a=1.1646 A™", ry=3.253 A.

The dimensions of the substrate analysis area in the x,
y, and z directions are 100a x 100a x 5a, respectively,
where, a is the lattice constant of aluminum and equals
0.4 nm. The uppermost part of the analysis area of the
substrate is assumed to be a free surface. Outside the
analysis area except for the free surface, atoms are arrayed
in a lattice of constant length as the temperature control
layer. Energy can dissipate from this layer when
mechanical energy is generated inside the analysis area.
The area outside the temperature control layer is assumed
to be a perfect rigid body. The simulations were per-
formed in a perfect vacuum without considering the
ambient air or gas to purely examine the effect of droplet
speed and size in the splat formation process. Here, the
axisymmetric model was not used to prevent the genera-
tion of extra dislocation in the boundary, although the
number of atoms to handle is limited.

Considering the principle of minimum potential energy,
atomic arrays of Al were obtained at absolute zero tem-
perature, then atomic arrays at 1500 and 300 K for the
droplet and substrate, respectively, were arranged con-
sidering thermal expansion, and mean-velocity vectors at
corresponding temperatures were randomly assigned to all
atoms. Next, Newton’s motion equations were solved and
velocity scaling was implemented sequentially until the
system became stable. As a result, an atomic array model
with a surface was constructed. It was also confirmed that
the velocity of the atoms followed Maxwell distributions
(Ref 25). These results confirmed the validity of the initial
array models constructed, respectively, for the substrate
and the droplet.

All the simulations were calculated using a self-made
code written in Fortran77 and operated on computers
equipped with Pentium IV 3 GHz CPU and 1 GB mem-
ory. The calculation time for a simulation in a period of 60
ps (20,000 steps) was about 200 h, average duration.

2. Simulation Results and Discussions

The parameters of the molecular dynamics simulation
discussed in this paper are listed in Table 1. The influ-
ences of the impact parameters, such as droplet velocity
and droplet diameter, on its flattening behavior and
flattening ratio were analyzed. The flattening ratio is
defined as £=D/d, where D is the maximum diameter of
the droplet during or after flattening. Then the impact
and deformation processes of a droplet with a tempera-
ture of 1500 K (which is about 550 K higher than the
melting point of aluminum), diameters of d=3.1 to
12.4 nm, and velocities of Vp=500 to 2500 m/s were
considered. A very large range of velocities are necessary
to analyze the sufficient splat formation as observed in
the practical thermal spray processes, because the inertia
of the droplet is extremely small in the case of nanosized
droplet flattening.
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2.1 Influence of Droplet Velocity

The influence of the droplet velocity on the flattening
behavior is discussed here using a droplet with a diameter
of 12.4 nm. The parallel-to-substrate traveling distance
and the behavior of the atoms in the droplet and substrate
are shown in Fig. 2 for Vp in the range of 500 to 2500 m/s.
The gray scale displays the horizontal traveling distance of
the droplet atom. The time when the droplet contacts the
substrate surface is set at t=0. The snapshots in Fig. 2
display the cross section at the center line of the droplet.

Table 1 Simulation parameters

Droplet
Substrate
Analyzed area of substrate

Aluminum (Al)
Aluminum (Al, a=0.4 nm)
100a x 100a x 5a

(40 nm x 40 nm x 2 nm)

Inter-atomic potential Morse
Initial temperature, K

Droplet temperature (7y) 1500
Substrate temperature (7) 300
Droplet diameter (d), nm 3.1-12.4
Droplet velocity (Vp), m/s 500-2500

(a) Vp= 500 ms

(b) V= 1000 m/s

(d) V5= 2000 m/s

(e) V= 2500 m/s

[ ]|

0 8 nm

Fig. 2 Deformation process of droplet and traveling distance of
atoms in horizontal direction (d =12.4 nm). Vp =(a) 500 m/s, (b)
1000 m/s, (c) 1500 m/s, (d) 2000 m/s, and (e) 2500 m/s
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From this figure, it can be understood that the deforma-
tion in the parallel-to-substrate direction becomes larger
in proportion to the droplet velocity.

To clarify the transfer or flow of the atoms in the
droplet, the atomic trajectories in representative positions
in the droplet are shown in Fig. 3 for V=500, 1500, and

Positionz nm

Sub s{rat:e surface
200 2 4 6 8 10 12 14
Position x nm

(a) v, = 500 m/s

(o]

Position z nm
(=N

4
2t
0 >
¢ 't Substrate surface
203 4 ¢ 3% 1017 14
Position x nm
(b) Vp=1500 m/s
12 -
Shape before impact
10p---f--4-----6-\A--- ,:. cealeeearaead
g8 f---t--{-1---\--- SRR SR TR
= :
g 3 Rl "R i R Sl e AR,
=
&
2 3
0 = .v——"‘ ¥ *
oo Subdiraie surface
220 2 4 6 & 10 1z 14
Position x nm
(c) Vp = 2500 m/s

Fig. 3 Trajectory of some atoms in droplet (d=12.4 nm). Vp=
(a) 500 m/s, (b) 1500 m/s, and (c) 2500 m/s
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2500 m/s, respectively. These results demonstrate that the
transfer of atoms in the droplet to the parallel-to-substrate
direction increases in proportion to the horizontal distance
from the central axis of the droplet, independent of
droplet velocity.

The instantaneous potential energy of each atom is
examined next to clarify the relationship between the
droplet velocity and the resolidification process. Figure 4
shows the potential energy of each atom in the resolidifi-
cation process for V=500, 1500, and 2500 m/s, respec-
tively. The potential energy corresponds to the strain
energy and increases in a position where the perfect
crystallinity is disturbed by generation of defects, such as
the dislocations or in the vicinity of the surface. The po-
tential energy is assumed to be zero when the inside of the
material is in thermal equilibrium at 300 K. In Fig. 4, the
regions are divided by a solid line according to the
arrangement and potential energy of the atoms, so that it
can be roughly understood whether or not recrystalliza-
tion has yet occurred. Here, the right side of the droplet
from the center axis has been enlarged to clearly observe
the crystal arrays, on the assumption that the deformation
process occurs axisymmetrically.

e i1 d s J:
s_;,.“‘.‘.‘ Sty ?;{ SRR _;_uu'cl'?l.l =
SEDA BRSO 2 nm
(a) VD=500 m/s

%
: e

S ity Y
D TR S S T S AR I)
(b) Vp= 1500 mvs
"i‘:‘: '1; P gy
e e
X IS et et et o 41 St Te
(©) V= 2500 m/s
[ |
-0.5 eV 0 0.5eV

Fig. 4 Relationship between deformation and solidification
process of droplet and potential energy of atoms (d=12.4 nm).
Vp=(a) 500 m/s, (b) 1500 m/s, and (c) 2500 m/s
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The resolidification starts from the center portion of
the droplet when the droplet velocity is relatively low as
shown in Fig. 4(a). On the contrary, the resolidification
starts from the outside edge of the droplet when the
droplet velocity is relatively high as shown in Fig. 4(c).

2.2 Influence of Droplet Diameter

The influence of the droplet diameter on the flattening
behavior is discussed here for a droplet velocity of 2500 m/s.
The horizontal traveling distance and the behavior of the
atoms in the droplet and substrate are shown in Fig. 5
when d=3.1 to 12.4 nm. It can be understood that the
deformation in the horizontal direction becomes larger in
proportion to the droplet diameter.

The atomic trajectories in representative positions in
the droplet and the potential energy of each atom in the
resolidification process are shown in Fig. 6 and 7 when
d=6.3 nm and Vp=2500 m/s, respectively. From Fig. 6
and 7, it can be also understood that both the atomistic
flow and the resolidification show similar trends as those
shown in Fig. 3(c) and 4(c), respectively.

2.3 Influence of Impact Parameters

The effect of the impact parameters on the flattening
ratio is discussed in this section. Figure 8 shows the rela-
tionship between the flattening ratio and the droplet
velocity at various droplet diameters. The flattening ratio
increases in proportion to the droplet velocity, and the
gradient increases in proportion to the droplet diameter. It
can be also understood that the flattening ratio when
d < 10 nm does not approach 1 even when Vp=0. This
should be one of the unique characteristics in such a
nanoscopic flattening process due to a nanoparticle.

®  d=6zmm

() T d9.3nm

d d=12.4

0 8 nm

Fig. 5 Deformation process of droplet and traveling distance of
atoms in horizontal direction (VD =2500 m/s). d =(a) 3.1 nm, (b)
6.2 nm, (c) 9.3 nm, and (d) 12.4 nm
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8 10 12 14

Position z nm

- -

Position x nm

Fig. 6 Trajectory of some atoms in droplet (VD =2500 m/s,
d=6.2 nm)

Fig. 7 Relationship between deformation and solidification
process of droplet and potential energy of atoms (VD =2500 m/s,
d=6.2 nm)

25 - .
d=31nm :
Ed 2 O S NS S e
2 :
2 ;
o8 d=62nm
= - .
g : :
§ :
RN S =
d=93nm :
Ny 1240m
. ; i
0 1000 2000 3000

Droplet velocity ¥ mfs

Fig. 8 Relationship between flattening ratio and droplet veloc-
ity at various droplet diameters

Figure 9 and 10 show the relationship between the
flattening ratio and Reynold’s number Re = pdVp/n (p is
specific mass; m is viscosity), and the Weber number
We=pdV3/y (v is surface tension), respectively, as used
by Madejski (Ref 4). From these figures, it also turned out
that the variation form of the flattening ratio is affected by
the droplet diameters.
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2.5

N

Flattening ratio
o

Reynold's number Re

Fig. 9 Relationship between flattening ratio and Reynold’s
number at various droplet diameters

2.5

Flattening ratio ¢
no

—
w

0 50 100 150 200 250
Weber number Wz

Fig. 10 Relationship between flattening ratio and Weber num-
ber at various droplet diameters

So, we assume that both the viscosity and the surface
tension can be expressed as functions of the droplet
diameter to consider the effect of nanoparticle (Ref 26) on
such physical parameters, because these parameters
should approach 0 when d=0 and should also approach
their macroscopic values when d > 10 nm. Figure 11 and
12 show the viscosity and the surface tension that were
proposed here as functions of the droplet diameter. The
functions proposed for the viscosity and surface tension of
nanosized droplet are 1 =0.5602 x 107> {1 — exp (=0.28 d)}
Pa s and y=0.7156 {1 — exp (-0.28d)} N/m, respectively.

Figure 13 and 14 show the improved data of the rela-
tionship between the flattening ratio and Reynold’s num-
ber, and the Weber number, respectively, by using the
parameters shown in Fig. 11 and 12. In Fig. 13, the flat-
tening ratio increases in proportion to the Reynold’s
number with the same gradient independent from the
droplet diameter. Especially, the flattening ratio shows
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Fig. 11 Viscosity as a function of droplet diameter
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Fig. 12 Surface tension as a function of droplet diameter
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Fig. 13 Relationship between flattening ratio and Reynold’s
number, which is improved by viscosity in Fig. 11

£=0.012 Re+1 (correlation factor is 0.997) by a least
squares calculation when d=12.4 nm. In Fig. 14, the flat-
tening ratio increases in proportion to the square root
of the Weber number and the difference due to the
droplet diameter becomes smaller with increase of the
Weber number. Especially, the flattening ratio shows
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Fig. 14 Relationship between flattening ratio and Weber num-
ber, which is improved by surface tension in Fig. 12

£=0.078 We'?+1 (correlation factor is 0.989) by a least
squares calculation when d=12.4 nm.

These results show that the flattening ratio for nano-
sized droplet can be reorganized by the same dimension-
less parameters of the proper physical properties, such as
the viscosity and the surface tension, as those used in the
macroscopic flattening process (Ref 4). A comparison of
the results with that of the references aforementioned
(Ref 4-19) is difficult at this stage, because the target
materials, the range of the velocity and size, and so on, are
very different each other. So, this is an issue for the future.

3. Conclusions

Several three-dimensional molecular dynamics simula-
tions were conducted to clarify at an atomic level the
influences of the impact parameters, such as the droplet
velocity and the droplet diameter, on the flattening
behavior and the flattening ratio. In this study, we exam-
ined the impact on an Al substrate of an Al droplet with
an initial temperature approximately 550 K higher than
the melting point. In particular, the influences of impact
velocity and droplet diameter on flattening behavior were
evaluated. As a result, the following conclusions were
obtained:

o The flattening ratio increases in proportion to the
droplet velocity and the droplet diameter.

o The resolidification starts from the center portion of
the droplet when the droplet velocity is relatively low.
On the contrary, it starts from the outside edge of the
droplet when the droplet velocity is relatively high.

o The flattening ratio when the droplet diameter is less
than 10 nm does not approach 1 even when the droplet
velocity approaches 0. This should be one of the unique
characteristics in such a nanoscopic flattening process
due to a nanoparticle.
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The flattening ratio for nanosized droplet can be
reorganized by the same dimensionless parameters of
the proper physical properties, such as the viscosity and
the surface tension, as those used in the macroscopic
flattening process.
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