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In present work, molecular dynamics (MD) simulation was employed to model the impact of single and double
molten aluminum drops onto to an aluminum substrate. The study was related to the pileup process in metal

Pileup deposition manufacture. Most previous investigations used the continuum scale Volume-of-Fluid (VOF) method

Metal deposition
Atomistic modeling

to model this phenomenon. Here, the underlying mechanism of pileup process was examined in more details.
The effect of impact speed on the height and width of the solidified drops was studied. The penetration depth of

molten drops into the solid substrate was also investigated. The present model would be useful for future in-
vestigations as the process could now be studied at the atomic scale and the final solidified structure could also
be assessed in terms of its defect and crystallinity.

Introduction

Metal microdroplet deposition has been exploited in the inject
printing technology using molten metal to generate metallic three-di-
mensional (3D) parts. Such an additive manufacturing process has been
desirable due to its relatively low cost and has attracted much interests
in the past two decades [1-6]. However, problems were identified in
the metal microdroplet deposition equipment due to poor metallurgical
properties of the final structure as a result of bonding between the
molten droplet and the substrate. To tackle these such problems, ap-
propriate adjustment of parameters in the molten drop pileup process
would be critical [7], which would in turn rely on understanding of the
underlying mechanism. However, Wang et al. [8] commented that not
much was known about the physical phenomena related to the pileup
process such as molten drop spreading and generated shapes of solidi-
fied pileups, despite extensive studies on inkjet printing. Experimental
studies on the pileup process in more details included those from Tsai
et al. [9] and Son et al. [10]. On the other hand, computer simulations
of the behavior pileup process employed the Volume-of-Fluid (VOF)
method. For example, based on the VOF method, Du et al. [7] employed
a continuum scale model to study a number of important parameters
such as the capillary effect, as well as the bulk liquid and solidification
mechanisms. Tian et al. [11] also made use of the continuum scale
model to examine the impact of solder drops on a substrate. In relation,
Li et al. [12] used the VOF technique to model the deposition of suc-
cessive aluminum drops on a substrate and found that the aluminum
drops solidified simultaneously as a result of heat transfer to the sub-
strate. Notwithstanding the theoretical studies with continuum scale
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simulations, detailed studies on the pileup process at the atomic scale
would further reveal the underlying mechanism. In present work, mo-
lecular dynamics simulation was deployed to model the pileup process
at the atomic scale.

Materials and methods

Molecular dynamics simulation was deployed to model the pileup
process of molten aluminum drops on a flat solid aluminum substrate.
In present work, three different potentials, namely embedded atom
model (EAM) [13], modified embedded atom model (MEAM) [14] and
charge-optimized many-body force field (Comb3FF) [15,16] for alu-
minum were adopted to describe the interaction between the aluminum
atoms. The results from these three different interatomic potentials
were compared.

As inspired by the previous work of Du et al. [7] using the con-
tinuum scale VOF model, two configurations were considered here,
namely, (1) single and (2) double drop impact. The 3D modeled setup
with dimensions is shown in Fig. 1. Here, a periodic simulation box was
considered. The aluminum lattice was face centered cubic (FCC) with a
lattice constant of 4.04. The diameter of the molten aluminum drop was
assumed as 30 A while the dimensions of the solid aluminum plate were
taken as 100 x 100 x 30 A%. The total number of atoms in the single
(see Fig. 1a) and double drop (see Fig. 1b) cases were 1,288,670 and
1,345,113, respectively. The temperatures of the molten drop and the
aluminum plate were set as 960 and 300 K, respectively. Initially, the
system was relaxed under the constant number, volume and energy
(NVE) ensemble for 10 ps, and the molten drop and aluminum plate
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Fig. 1. Modeled configurations for (a) single and (b) double drop impact on a solid aluminum plate. (Grey color represents molten aluminum drop and green color
represents the solid aluminum plate). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

were allowed to relax at their respective temperatures. Three different
speeds at which the molten drop impacted onto the aluminum plate
were studied, namely, 0.5, 1.0 and 2.0 A/ps, under the constant
number, volume and temperature (NVT) ensemble. The NVT ensemble
performed time integration on Nose-Hoover thermostat [17] style non-
Hamiltonian equations of motion which were designed to generate
positions and velocities sampled from the canonical (i.e., NVT). This
updated the position and velocity for atoms in the group in each time
step. The time step was set to be 0.01 ps/step. After the molten drop
impacted the surface of the aluminum plate, the system was allowed to
relax at 300K, the NVT ensemble was replaced by an NVE ensemble
that updated the positions and velocities of the atoms. These settings
enabled the atoms to interact more closely. During this process, energy
was allowed to be transferred among atoms leading to conservation of
the overall system energy. (Note: we employed similar technique and
setting as used in the previous work of Shen et al. [18], where a molten
nanosized gold droplet impacted the solid surface). At this stage, the
temperatures of molten drop and plate were allowed to vary. This final
relaxation stage lasted 200 ps for both cases of single and double molten
drop.

In addition, the effect of surface roughness on the penetration depth
of a single molten drop on the aluminum plate was investigated. Surface
roughness was an important factor, as it was always present in alu-
minum plates in real experiments, at least on the nanoscale. To simplify
the present task, we generated uniform sinusoidal roughness on top of
the simulated aluminum plate. We used three different roughness va-
luesof 1, 3 and 6 10\, measured from the surface of the aluminum plate to
the peak of the sinusoidally shaped surface roughness. The surface to-
pology of aluminum plates with three different roughness values are
shown in Fig. 2.

Results and discussion
Validation

To validate our model, we simulated a similar setup employed in the
previous work of Shen et al. [18], where a molten gold drop impacted
the surface of a gold substrate at an impact speed of 1 A/ps and com-
pared the results in Fig. 3(a), and the agreement was found to be good.
In addition, we determined the temperature-dependent density of alu-
minum using our code and compared the results with those obtained
experimentally that are being widely used in the material library of the
commercial finite element method (FEM) codes. The data for the tem-
perature-dependent material library was taken from the COMSOL
Multiphysics commercial code. In our MD code, we modelled an alu-
minum block with 4 x 10° atoms. The system was allowed to relax
under the constant number, pressure and temperature (NPT) ensemble
for 50 ps at a desired temperature. The results of the temperature-
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dependent density shown in Fig. 3(b) are in a good agreement with
each other.

Simulated cases

The snapshots of the single molten drop impact onto the aluminum
plate for three different impact speeds are shown in Fig. 4. Similarly,
the successive impacts of two molten aluminum drops are shown in
Fig. 5.

From the results in Figs. 4 and 5, the height and width of the fully
solidified drop on the substrate decreased and increased, respectively,
as the impact speed increased.

The variations of the height and width are shown in Fig. 6(a) and (b)
for the single and double solidified drops, respectively. The results from
EAM, MEAM and Comb3FF potentials were also compared. As the im-
pact speed increases, the height of the fully solidified drop on the
substrate decreases. For example, when the impact speed was doubled
from 0.5 to 1.0 A/ps, the heights of the fully solidified single and double
drops decreased by factors of 1.14 and 1.16, respectively predicted
using the EAM potential. For the same increase in the impact speed (0.5
to 1.0 A/ps), the widths of the fully solidified single and double drops
increased by factors of 1.10 and 1.11, respectively predicted using the
EAM potential. It is well-known that predictions from classical MD si-
mulations strongly depend on the appropriate choice of interatomic
potential in describing the atomic interactions. From the obtained re-
sults shown in Fig. 6(a) and (b), the heights for single and double drop
cases predicted using three different potentials showed some devia-
tions. The results predicted using MEAM and Comb3FF were closer to
each other when compared to EAM results, though the differences were
not very significant. Since MEAM and Comb3FF potentials were more
elaborated compared to EAM, such deviations could be expected. For
example, the Comb3FF potential was a variable charge potential and
the electronegativity equalization method was used to calculate the
equilibrium change on each atom in the system, which was rather
different from a less elaborated potential such as EAM. However, dif-
ferences in the predicted widths of single and double drop cases using
the three different potentials were insignificant.

The depth to which the molten drop penetrated the substrate (pe-
netration depth) during the initial impact of the single drop was ob-
tained for three different impact speeds as shown in Fig. 7(a), using
three different potentials (EAM, MEAM and Comb3FF). Interestingly,
the results and the trends obtained using these three different potentials
were very close to one another. Considering the results from using the
EAM potential, the penetration depth increased by factors of 1.40 and
1.43 when the impact speed increased from 0.5 to 1.0 A/ps and from
1.0 to 2.0A/ps, respectively. The penetration depth for the double
molten drop case was obtained when the first drop fully solidified on
the substrate (see Fig. 7b). Similarly, the results obtained using the
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Fig. 2. Three-dimensional snapshots showing the surface topology of aluminum plates with three different roughness values.
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Fig. 3. (a) Comparisons between variations in temperature of gold molten drop upon impact onto a gold substrate from Shen et al. [18] and from our code. The inset
shows snapshots of impact and solidification the molten drop and (b) variations in the temperature-dependent density of aluminum from our code and those obtained

from the FEM material library.
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Fig. 4. Impact of single molten aluminum drop onto a solid aluminum plate at (a) 0.5, (b) 1.0 and (c) 2.0 ;\/ps speed. (t;: the initial position of molten drop, t,: molten
drop before impact, t3: solidification of half of the molten drop and t,: full solidification). (Grey color represents molten aluminum drop and green color represents the
solid aluminum plate). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

three different potentials were not significantly different from one an-
other. The penetration depth increased by a factor of 1.57 when the
impact speed increased from 0.5 to 1.0 A/ps. However, this factor de-
creased to 1.36 when the impact speed further increased from 1.0 to
2.0 A/ps, which was attributed to the reduction in the local penetration
efficiency as a result of the impact of the more flattened molten drop on
the curved surface of the previous already fully solidified drop. Similar
to the findings by Li et al. [12], we noted the simultaneous
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solidification of the molten aluminum drops as a result of heat transfer
to the substrate.

The depths to which the molten drop penetrated the substrate (pe-
netration depth) during the initial impact of the single drop were ob-
tained for three different impact speeds as shown in Fig. 8, using three
different surface roughness values. The penetration depth was mea-
sured as the molten depth in the aluminum substrate which was located
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Fig. 5. Impact of double molten aluminum drops onto a solid aluminum plate at (a) 0.5, (b) 1.0 and (c) 2.0 A/ps speed. (;: the initial position of molten drops, t:
impact and solidification of first molten drop, t3: impact of second molten drop, and t,: full solidification). (Grey color represents molten aluminum drop and green
color represents the solid aluminum plate). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Variation of the height and width of the solidified (a) single and (b) double drops on the substrate using three different potentials.

below the generated surface roughness. For the case with larger
roughness peaks, the penetration depth in the substrate was found to be
lower when compared to the case with finer roughness. The large
roughness peaks acted as impediment to the path of the molten drop to
interact with the substrate underneath and therefore the penetration
depth during the initial impact of the single drop in the substrate would
be reduced. On the contrary, the molten drop that impacted a flat
surface (or a surface with finer roughness) could transfer its energy
directly to the atoms of the substrate and thus created a larger pene-
tration depth in the substrate.

The variations of the maximum molten height versus time were
determined for the two different cases shown in this paper (i.e., single
and double drop cases). For the single drop case, the molten height was
determined from the time when the molten drop touched the surface of
the aluminum plate; for the double drop case, it was measured when the

1663

second molten drop touched the curved surface of the first fully soli-
dified drop. The results are shown in Fig. 9(a) and (b) for single and
double drop cases, respectively.

The molten height decreased with time for both cases, due to heat
transfer from the molten drop to the underneath surface at a tem-
perature lower than that of the molten drop. Moreover, the molten
height for the single drop case decreased more quickly upon impacting
the aluminum plate (see Fig. 9a), when compared to the height for the
double drop case upon the molten drop impacting the curved surface of
the first fully solidified drop (see Fig. 9b). The flat surface of the alu-
minum plate was more efficient in cooling the molten drop due to the
larger surface area taken up by the molten drop upon its impact. The
maximum molten height decreased at a faster rate for higher impact
speeds due to the more effective flattening of the molten drop and thus
taking up a larger surface area upon impact, and in turn the further
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Fig. 7. Penetration depth of the molten drop on (a) substrate and (b) first fully solidified drop using three different potentials.
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Fig. 9. Maximum molten drop height versus time for (a) single and (b) double drop cases for different impact speeds.

enhanced heat transfer. Similar observations were made in the previous
work of Shen et al. [18] who showed that the temperature of a single
gold molten drop on the substrate decreased at a faster rate for higher
impact speeds. Lastly, for metallic systems, there are known order
parameters that enable the specification of local order in the system
[19,20]. For the present metallic system, the finally impacted droplet
on the aluminum plate that was allowed to fully solidify was found to
have an FCC structure. Similar observation was made in the previous
work of Shen et al. [18].

Conclusions

The present work focused on modeling the pileup process at the
atomic scale using molecular dynamics. We considered two different
setups, namely, (1) single and (2) double molten aluminum drop impact
onto a solid aluminum substrate. Most previous investigations em-
ployed the widely used continuum scale Volume-of-Fluid (VOF) method
to model the pileup phenomena. The underlying mechanism of the
pileup process could be studied in more details through modeling at the
atomic scale. The final solidified structure could also be assessed in
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terms of defect and crystallinity. The present model would be a useful
tool for future investigators, hopefully to tackle issues related to poor
metallurgical properties of the final structure. Nevertheless, it is re-
marked that the MD method requires large computational resources
since atomistic models are known to be computationally expensive.
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