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Abstract. Successive deposition of uniform metal droplet is a new kind of 3D printing and rapid
prototyping (RP) technology. Broad interests have been aroused in the deposition of metal droplets due
to its potential application in microstructures fabrication. In this paper, the 3D models based on a
volume of fluid (VOF) method were developed to investigate the successive deposition of molten
metal droplets on a horizontally moving aluminum substrate surface and manufactured the typical
thin-walled parts using the process of metal droplet deposition. The impinging, spreading and fusion
processes of droplets were investigated under uniform substrate velocities. The simulated final
morphology of droplets agreed well with experiments carried out under the same conditions. It was
found that the molten metal droplets solidified in a layer by layer from the outer to the inner due to the
high heat conductivity. A series of arc-shaped ridges appeared on the surface of solidified droplets,
which resulted from the integrated effects from solidification and fusion consisting of alternately
spreading and fusion of droplets. The works should be helpful for the process optimization and
non-destructive detection of drop-based rapid prototyping techniques.

1. Introduction

The 3D printing and rapid prototyping (RP) technology are applied more and more widely,
including metal deposition manufacturing technology under different parameters of impinging,
spreading and fusion which have get a wide application in modern industry [1]. The 3D printing and
rapid prototyping (RP) technology by successive deposition metal droplets are an additive process,
and the components are manufactured from molten metal materials in a single operation without the
use of a mold or other tooling. Near net shape parts are fabricated by sequentially depositing molten
droplets layer by layer [2]. Up to now, the generation of molten metal droplets has been developed into
two main modes: continuous jetting [3-8] and drop-on-demand (DOD) jetting [9, 10]. The former
mode can produce high frequency droplets with a piezoelectric ceramic actuator. However, it is
difficult to control the fall position and temperature of the droplets compared to the second one. The
second one has excellent controllability in the velocity, temperature and diameter of the droplets,
resulting in the extensive applications from the printing of electronic circuits to the fabrication of 3D
components [11]. Inthe DOD mode, the molten metal in the crucible for jetting can be ejected out from
a nozzle by heat, charge or gas pulse. Among these, gas pulse is readily to generate metal droplets.

Currently, the simulation works related to droplet deposition and fusion processes are mainly based
on 2D models, which focus on the normal impinging of single droplet onto a fixed substrate surface
[12-21]. However, 2D models could not provide comprehensive details of the deposition process.
Thus, a 3D model has been developed to study complex flows in the successive deposition process of
droplets [22—25]. Ghafouri-Azar et al. [26] investigated the inter-impinging of two tin droplets with the
diameter of millimeter scale, and simulated the fusion behaviors of droplets. Furthermore, there are
few reports on the successive droplets impinging on a substrate surface. Xu et al. [27] investigated the
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fusion process of droplets by assuming that the impinging droplets were pre-deformed into cylindrical
discs with a given thickness. The droplet morphology was considered as a disc after impacting with a
substrate and the fluid dynamics of spreading and fusion of droplets were neglected.

During the fabrication process of 3D components by DOD technique, droplets are deposited onto a
horizontally moving aluminum substrate surface and fusion each other to form a line and layer.
However, successive deposition and solidification of molten metal droplets on the horizontally moving
substrate have not been studied. In this paper, the successive deposition and solidification of molten
aluminum droplets on a horizontally moving aluminum substrate were numerically simulated by a 3D
model based on the volume of fluid (VOF) method. In order to confirm the implications of the
numerical simulations, molten metal droplets were successively generated by the DOD jetting and
deposited onto a horizontally moving substrate surface. The 3D images of morphology evolution of
droplets were also discussed.

2. Modeling and analysis

The present study aims at developing a model of successive deposition of uniform molten metal
droplets on a horizontally moving substrate. So, the model consists of droplets (the first droplet, the
second droplet, the third droplet and the fourth droplet), a substrate and air, as shown in Fig.2. Several
assumptions have been made as follows:

1000}

Droplet-controller- -

sE=E

Acquisition- card-
PMAC: | <

| Hypoxia-environment- - |

[-a0ruany. Supes)

. .98.1N0J3.1-SB3. UdB0.1)IN

Figure 1. Schematic diagram

(1) The droplets with spherical morphology are generated at a fixed velocity V.

(2) The initial temperature distribution within droplets is uniform.

(3) The substrate is horizontally moved at a constant velocity VS.

(4) The surrounding gas is considered as a void region, and thus the heat loss of droplets by
convection and radiation are ignored.

The initial conditions of the model are shown in Table 2. All domains above the substrate are
initialized with a void except the droplet. Both the velocity and pressure of the void region are zero.
The velocities of droplets generated by the DOD jetting are generally slow, and true velocities are
difficult to be measured or estimated. The initial velocities at every point inside droplets are assumed
to be 1 m/s according to the results of Fang et al. [39]. The initial diameters of droplets are determined
by measuring fully solidified droplets collected in DOD jetting experiments. The boundary conditions
of the computational domain are set as “continuative”, which represents a smooth continuation of the
flow through the boundary.

This article carries out process parameters of deposition experiments, as is shown in table 1.
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Figure 2. Schematic representation of the mathematical model for successive droplets deposition
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Tablel. Process parameters of deposition experiments

Parameter Value
Droplet material Aluminum
Droplet density (p/kg.m™) 2368
Droplet surface tension (6/N.m™) 0.8
Droplet melting point (T/C) 933
Droplet velocity(V/m.s™) 1
Droplet temperature(T«/K) 935
Substrate temperature(Ts/K) 300
Droplet diameter (d/mm) 0.2
Inlet pressure (Ps/MPa) 0.2
Deposition distance (Hs/mm) 10
Solidification angle (6/°) 90
Substrate material Aluminum
Substrate density (p/kg.m-3) 2700
Substrate heat capacity(CP/j.kg-1.k-1) 900
Substrate diffusivity(a/m2s-1) 9.75e-5
Substrate thermal conductivity(k/ w.m-1.k-1) 237

3. Results and discussion

3.1 Deposition of the droplets
3.1.1. Deposition of the first droplet

Fig.3 shows the morphology evolution of a single droplet during dripping and spreading onto a
moving substrate. It is observed that the droplet has been stuck to the substrate and dragged forward
after 4ps. Calculation results also show that the droplet spreads without rolling during deposition,
which is the same with experimental result [24]. In this simulation, once the droplet contacts the cold
substrate, it is simultaneously cooled by means of heat transfer to the substrate and begins to solidify.
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Figure 3. Calculated 3D images of morphology evolution of the first droplet
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3.1.2. Deposition of the second droplet
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Figure 4. Calculated 3D images of morphology evolution of the second droplet

Fig.4 shows the morphology evolution of fusion between the first droplet and the second droplet. At
the substrate velocity of 1.4 mm/s, the second one initially impinges the top right surface of the first
droplet. Meanwhile, the solidification form outer to inner of the second droplet and the first droplet,
which would result in some frozen layer at the contact area. As can be verified by the appearance of the
interface between the two droplets, this frozen layer is prejudice for metallurgical bonding between
these two droplets. But as the fusion between molten droplets, the interface between the two droplets
will gradually decrease. Due to lack of enough support from the partially remelted droplet, the second
droplet comes into contact with the substrate, increasing the area of heat dissipation for the second
droplet. Thus, the heat carried by the second droplet transfers to the conjoint droplet, which is
confirmed by the solidification of the second droplet.

3.1.3. Deposition of the third droplet
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Figure 5. Calculated 3D images of morphology evolution of the third droplet

The third droplet closely resembles the second one in both phase field and morphology evolution, as
shown in Fig5. However, the interface between the second droplet and the third droplet slightly
increases when comparing Fig.5 with Fig.4. This delay in solidification may contribute to maintain
fluidity. In this droplet deposition regime, the solidification of the melt takes place faster than the melt
spreading, leading to the non-filling of the melt into the pore under the droplet splat [20]. This problem
may be partially solved by increasing the temperature of Al melt and the substrate.

3.1.4. Deposition of the fourth droplet
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Figure 6. Calculated 3D images of morphology evolution of the fourth droplet
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The fourth droplet closely resembles the second one and the third one in both phase field and
morphology evolution, as shown in Figs.6. However, the interface between the third droplet and the
fourth droplet slightly increases when comparing Fig.6 with Fig.5. This delay in solidification may
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contribute to maintain fluidity and decrease the pore. But the pore is difficult to completely eliminate.
In this droplet deposition regime, the solidification of the melt takes place faster than the melt
spreading, leading to the non-filling of the melt into the pore under the droplet splat. This problem may
be partially solved by increasing the temperature of Al melt and the substrate.

3.2 The fusions between molten metal droplets

Figure 7 shows the time evolution of the change of droplets spreading diameter and height. As can
be seen that it is divided into four areas respectively: (1) the first metal molten droplet is dripping and
spreading; (2) the second metal molten droplet is dripping and fusing with the first droplets; (3) the
third metal molten droplet is dripping and fusing with the second droplets; (4) the fourth metal molten
droplet is dripping and fusing with the third droplets.

Before 4ps, the first droplet was dripping at a constant speed, and the spreading height h declined
with linear, because the droplet was no contacting with the substrate, the spreading diameter D has
been unchanged; After 4ps, the first droplet began to contact with the substrate and spread out, the
spreading diameter D showed a trend of increasing, due to the resistance of the substrate, the
increasing velocity of spreading height h reduced; The spreading diameter D and spreading height h of
the first droplet are all unchanged after 15us; this is shown that the droplet has been completely frozen.
At this time, the spreading height h is 0.18 mm, and spreading diameter D is 0.255 mm.
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Figure 7. Time evolution of the droplets height h and the diameter D

From the point of spreading diameter D, it increases a certain value when spreading out a single
droplet. The value basic equals to the droplet diameter, this is associated with the moving velocity of
substrate.
3.3 Model validation

In order to validate our model and simulation, experiments were done with molten Al droplets
having diameter of 1.5 mm and initial temperature of 1073 K. The droplets were generated at a rate of
1 Hz and successively deposited onto a horizontally moving substrate.
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Figure 8. Fusion situation of more than two droplets (S<D)

The figure 8 shows the fusion situation of more than two droplets. We can see that it has the better
fusion between metal droplet, and the fusion rate is high. This method can avoid clearance and fusion
line in the fusion area, but also inhibit the formation of crack defects in the area, and significantly
higher droplet forming morphology. When jet frequency and thermal physical properties of molten
droplets to determine, adjusting the nozzle temperature, distance and substrate speed, it can obtain the
appropriate droplet distance and temperature of molten droplets, reasonable fusion rate between the
droplets, thus eliminating the pores between the droplets.
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4. Conclusion

A 3D model for successive deposition of molten Al droplets onto a horizontally moving substrate
was developed based on a VOF method. The simulations with this model could agree well with the
experimental results and provide an insight into the spreading and fusion of molten Al droplets during
successively deposition, and yielded following specific results.

(1) In this DOD jetting, both simulated and experimental results demonstrate that deposited droplets
have high-profile shape, which would be useful for the improvement of the efficiency and accuracy of
UDJ technology.

(2) Through the successive four droplets spreading and fusing one and another, it can be seen that
the eventually spreading height h after solidification of the four droplets is essentially the same. This
explains that the forming process is good, providing favorable conditions for forming the next floor.

(3) In metal micro-droplet deposition, the internal defect can be eliminated or suppressed through
adjusting process parameters such as the nozzle temperature, nozzle distance and substrate preheating
temperature, improving the accuracy of formed parts.

(4) In the process of deposition, the carrying heat of later deposition molten droplets makes partial
remelt of the solidified surface, in order to realize the metallurgical combination between each other,
which make the whole parts get some of the surface of the forming quality and precision. Therefore,
the existences of the fusion line is the primary cause of crack formation and extend continuously, by
adjusting the parameters such as nozzle temperature, nozzle distance and substrate temperature and so
on can eliminate the metal fusion defect.
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