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Abstract Successive deposition of uniform metal droplet

is a new kind of 3D printing and rapid prototyping tech-

nology. This paper presents a systematic numerical inves-

tigation of the transient transport phenomenon during the

fusion of successive droplets impinging onto a substrate

surface. The physical mechanisms of the fusion process,

including the bulk liquid, capillarity effects at the liquid–

solid interface, heat transfer, and solidification, are identi-

fied and quantified numerically. The 3D models based on a

volume of fluid method were developed to investigate the

successive deposition of molten metal droplets on a

horizontally aluminum substrate surface. The numerical

models are validated with experiments. The comparison

between numerical simulations and experimental findings

shows a good agreement. The effects of relative distances

between two successive molten droplets on the end-shapes

of impact regime are examined. This investigation is

essential to implement effective process control in metal

micro-droplet deposition manufacture.

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 got a wide

application in modern industry [1]. The 3D printing and

rapid prototyping (RP) technology by successive deposi-

tion metal droplets are an additive process, and the com-

ponents are manufactured from molten metal materials in a

single operation without using any mold or other tooling.

Near net shape parts are fabricated by sequentially de-

positing 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 ce-

ramic actuator. However, it is difficult to control the fall

position and temperature of the droplets compared with 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]. In the 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 readily generates metal

droplets.

Currently, the simulation works related to droplet de-

position and fusion processes were 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 suc-

cessive droplets impinging on a substrate surface. Xu et al.

[27] investigated the fusion process of droplets by assum-

ing that the impinging droplets were pre-deformed into
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cylindrical discs with a given thickness. The droplet mor-

phology 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 fuse with each

other to form a line and layer. However, successive de-

position 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 alu-

minum substrate were numerically simulated by the 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 3D model of suc-

cessive 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. 1. Several assumptions have been made as

follows:

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 is ignored.

A typical calculation mesh consists of approximately two

million rectangular cells. The mesh has uniform grid

spacing in x, y, and z directions, equal to 30 cells per di-

ameter of the droplets [18].

2.1 Theoretical model

The successive droplet deposition processes are nu-

merically simulated by solving 3D Navier–Stokes, conti-

nuity, and energy equations. The VOF technique is coupled

with Navier–Stokes and energy equations to track the

surface of the droplet on a fixed structured mesh [30, 31].

The fluid flow during the droplet spreading onto the

substrate is modeled by using the Navier–Stokes equations

for incompressible flows (Eqs. 1, 2):

q
oV

ot
þ qðV � rÞV ¼ �rPþr � lðrV þ ðrVÞTÞ þ qg

þ FTS þ F

ð1Þ
r � V ¼ 0 ð2Þ

where V is the velocity, P is the pressure, q is the density

and l is the kinematic viscosity, and g is the gravitational

acceleration. F is the term source corresponding to the

occurrence of the droplet solidification, and FTS represents

the capillary forces given by (Eq. 3):

FTS ¼ rm
:
d
:

k
:

ð3Þ

where r, d, and m are the surface tension coefficient, the

Dirac function, and the average local slop of the curve at

the liquid–gas interface, respectively. k is the normal at the

liquid–gas interface. Both fluids are assumed incompress-

ible and Newtonian, and the surrounding air has no effect

on the deposition process. Other assumptions are that the

liquid is incompressible and the fluid flow is laminar.

2.2 Advection on the interface

To track and follow the evolution of the interface between

the two fluids (metal droplet, and air), we have used the

level set method [18], which has been proven popular in

recent years for tracking, modeling, and simulating the

motion of moving interfaces or boundaries. In this method,

the interface is represented by a certain level set or iso-

contour of a globally defined function, i.e., the level set

function h. This function h is a smoothed step function that

equals 0 in a domain and 1 in its complementary part.

Across the interface, there is a smooth transition from 0 to

1 and the interface is represented implicitly by the 0.5 iso-
Fig. 1 Schematic representation of the mathematical model for

successive droplet deposition
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contour (Fig. 2). The interface moves with the fluid ve-

locity v. This is described by the following equation:

oh
ot

þ vrh ¼ gr erh� hð1 � hÞ rh
rhj j

� �
ð4Þ

The terms of Eq. 4 give the correct motion of the interface.

The parameters e and g determine the thickness of the re-

gion and the amount of re-initialization or stabilization of

the level set function, respectively. Any property a of the

two fluids at the interface such as density, viscosity, or

thermal conductivity may be expressed as:

a ¼ agas þ hðaliquid � agasÞ ð5Þ

The process of spreading and solidification of a molten

droplet impinging onto a solid surface involves fluid flow,

heat transfer, and phase change. Complex phenomena in-

volved are not thoroughly understood yet. For example, the

interface between the droplet and the surrounding gas and

between the liquid and solid phases remains a challenging

problem to deal with for scientists and engineers.

2.3 Heat transfer and solidification

The heat exchange between the droplet, air, and substrate is

modeled by using the energy equation (Eq. 6):

Fig. 2 Comparison of SEM photo and simulation results of a 1-mm-

diameter aluminum alloy droplet impacting on an aluminum

substrate: a left simulated morphology and temperature of the first

droplet at 0 s; a right SEM photo of morphology of the first droplet at

0 s; b left simulated morphology and temperature of the first droplet

at 0.03007 s; b right SEM photo of morphology of the first droplet at

0.03007 s; c left simulated morphology and temperature of the first

droplet at 0.06002 s; c right SEM photo of morphology of the first

droplet at 0.06002 s

The fusion process of successive droplets impinging onto a substrate surface 37

123



qCp

oT

ot
þr � ð�krTÞ ¼ �qCPu � rT ð6Þ

where T, q, and Cp denote the droplet temperature, density,

and specific heat, respectively. The thermal contact resis-

tance is introduced to take into account the discontinuity of

temperature at the interface due to the non-perfect contact

between the droplet and the substrate. The thermal contact

resistance (TCR) is modeled by defining a thin layer of

arbitrary thickness L0. The effective thermal conductivity

KL for the splat is related to the TCR by Eq. 7:

KL ¼ L0

TCR
ð7Þ

As the hot droplet spreads on the cold substrate, it cools

down and solidifies. Many approaches have been used for

modeling solid/liquid transitions. The enthalpy porosity

method shows a good ability for modeling some complex

problems involving phase change as crystal grows from the

melt [19–21]. The specific heat Cp in the energy equation

Eq. 6 is replaced by:

Cp ¼ CPsolide þ
DH
Tm

þ DH � d ð8Þ

where f is a smooth Dirac delta function with nonzero

values in a range of temperature equal to DT and its inte-

gration over temperature is equal to unity, DH the latent

heat of the transition, and Tm the melting temperature. DT
is the temperature gap between liquidus temperature

(Tm ? DT) and solidus one (Tm - DT), and d is a Gaussian

curve given by Eq. 9:

d ¼
exp ð � ðT � TmÞ2Þ

.
ðDTÞ2

DT
ffiffiffiffi
P

p ð9Þ

The source term in Eq. 1 is defined in Eq. 10 and serves to

slow down the velocity of the fluid at the phase-change

interface and eventually arrest its motion as the droplet

cools down [22].

F ¼ ð1 � bÞ2

b3 þ g
� C � u ð10Þ

where b is the volume fraction of the liquid phase, given by

Eq. 11:

b ¼
0 T\Tm � DT
T � Tm þ DT

2DT
Tm � Dt� T � Tm þ DT

1 T [ Tm þ DT

8><
>: ð11Þ

In Eq. 10, C is the mushy zone constant (should have high

value to produce a proper damping), g arbitrary constant

(should have small value to prevent division by zero), and

u is the spreading velocity of the splat [28, 29].

Through comparing the calculated spread factor from

present model with the experimental value, a mushy zone

constant of 104–107 was found to be more appropriate for

simulation on the solidification problem occurring in low-

speed impact and fusion process, instead of the range of

108–109 recommended [30, 31].

3 Experimental validation of the numerical model

To validate the numerical model, experimental observation

of the end-shapes of successive droplets was performed to

compare and validate the numerical results. Aluminum

alloy droplets having a diameter of 1 mm and an initial

temperature of 935 K were generated with the DOD jetting

and successively deposited onto an aluminum substrate; the

relevant thermo-physical parameters of the molten droplet

and the substrate material are listed in Table 1. Argon gas

pulse was used as the driving force. A mass of 150 g

aluminum alloy billet was placed in a graphite crucible. A

spray nozzle with 0.5 mm diameter was located at the

bottom of the crucible, which was built in a resistance

furnace.

The initial conditions of the model in this study are

listed in Tables 1, respectively. In this study, the substrate

melting and solidification are not modeled. The contact

angle, defined as the angle at which a droplet interface

meets a solid surface, is assumed to be 90�. As reported by

Pasandideh-Fard and Mostaghimi [17], the contact angle

Table 1 Process parameters of deposition experiments

Parameter Value

Droplet material Aluminum

Droplet density (q/kg m-3) 2368

Droplet surface tension (r/N m-1) 0.8

Droplet melting point (T/K) 933

Droplet velocity (V/m s-1) 1

Droplet temperature (Td/K) 935

Substrate temperature (TS/K) 300

Droplet diameter (d/mm) 1

Inlet pressure (Ps/MPa) 0.2

Deposition distance (Hs/mm) 10

Solidification angle (h/�) 90

Substrate material Aluminum

Substrate density (q/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
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does not affect the splat spreading if the impact velocity is

higher than 1 m/s.

Figure 2 shows the evolution of morphology and tem-

perature of a 1-mm droplet impacting a substrate surface

with a velocity of V = 1 m/s at different times (Fig. 2 left).

It is observed that the droplet has been stuck to the substrate

and dragged forward. The spreading diameter D showed a

trend of increasing, the spreading height h showed a trend of

reducing, and they are all unchanged after 0.2 s; this shows

that the droplet has been completely frozen.

The results show good qualitative agreement with ex-

perimental photographs in the corresponding period (Fig. 2

right). The deposition experiment was performed in a glove

box under an inert atmosphere with low oxygen content (no

more than 150 ppm). Thus, the uniform molten droplets

were ejected out of the nozzle. The distance from the

nozzle to the substrate was 10 mm, where the morphology

and dynamic behavior of the molten droplets tend to be

stable. Once the droplet contacts the cold substrate, it is

simultaneously cooled by means of heat transfer to the

Fig. 3 Simulation results of

two 1-mm-diameter aluminum

alloy droplets impacting on an

aluminum substrate: a simulated

morphology and temperature of

the second droplet at 0.02012 s;

b simulated morphology and

temperature of the second

droplet at 0.05006 s;

c simulated morphology and

temperature of the second

droplet at 0.08003 s
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substrate and begins to solidify. That is, the base of the

droplet initially solidifies and is stuck to the substrate.

4 Results and discussion

4.1 Deposition of the successive droplet

Figure 3 shows the morphology and temperature evolution

of fusion between the first droplet and the second droplet.

At the substrate velocity of 1 mm/s, the second one ini-

tially impinges the top right surface of the first droplet. Due

to the non heating of the substrate, the solidification forms

bottom to top of the second droplet and the first droplet,

which would result in some frozen layer at the contact area.

This frozen layer is prejudice for metallurgical bonding

between these two droplets. Because of 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 dis-

sipation 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.

Fig. 4 Simulation results of

three 1-mm-diameter aluminum

alloy droplets impacting on an

aluminum substrate: a simulated

morphology and temperature of

the third droplet at 0.04009 s;

b simulated morphology and

temperature of the third droplet

at 0.07006 s; c simulated

morphology and temperature of

third droplet at 0.10003 s
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The third droplet closely resembles the second one in

morphology and temperature evolution, as shown in Fig. 4.

When the next droplet and the previous droplet began to

fuse, its spreading diameter D increased rapidly, and

spreading height h was still falling, because the second

droplet was still not fully in contact with the substrate,

which was still spreading and fusing. After the second

droplet contacts with the substrate completely, the

spreading diameter D and spreading height h are not

changed.

Figure 5a–c shows 3D images of morphology and

temperature evolution of the fourth droplet impinging onto

a substrate with impact velocity of 1 m/s. In the pileup

process, surface tension forces resist and viscous forces

damp the spreading process. Concurrently, solidification

influences the spreading process as well. The results show

good qualitative agreement with experimental photographs

at 0.12001 s (Fig. 5d).

When the next droplet comes in contact with the pre-

vious one (Figs. 3, 4, 5), if the previous droplet is incom-

pletely solidified at this moment, then the melt of the

previous one will merge with that of the next droplet; the

melt after coalescence will continually spread under the

action of the initial momentum of the next one. Therefore,

it can be seen that the next droplet spreads more than the

previous one at the initial contact stage. There are many

ripples in the upper part of the solidified droplet. The rip-

ples were the direct results of layered solidification

consisting of the alternate spreading and recoiling of the

droplet. However, the whole pileup process was retained

until the droplets completely solidified (Figs. 3, 4, 5). In

metal droplet deposition manufacture, forming accuracy

and quality can be directly reflected in the morphological

characteristics and metallurgical defects (such as micro-

void and cold lap) of the pileups, respectively. To obtain

better quantitative results, four series of numerical ex-

periments were performed to investigate the interactions

between impacting droplets and the previous droplets (to-

tally solidified or not), and the influence of the impact

velocity, droplet size, and substrate temperature on the end-

shapes of the pileup was analyzed.

4.2 The fusions between molten metal droplets

Figure 6 shows the time evolution of the change of droplets

spreading diameter and height. It 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.

Through the successive four droplets spreading and

fusing with one and another, it can be seen that the even-

tually spreading height h after solidification of the four

droplets is essentially the same. This explains that the

Fig. 5 Comparison of SEM photo and simulation results of four

1-mm-diameter aluminum alloy droplets impacting on an aluminum

substrate: a simulated morphology and temperature of the fourth

droplet at 0.06007 s; b simulated morphology and temperature of the

fourth droplet at 0.09004 s; c simulated morphology and temperature

of the fourth droplet at 0.12001 s; d SEM photo of morphology of the

fourth droplet at 0.12001 s
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forming process is good, providing favorable conditions for

forming the next floor. From the point of spreading di-

ameter D, it increases a certain value when spreading out a

single droplet. The basic value equals to the droplet di-

ameter; this is associated with the moving velocity of

substrate.

5 Conclusions

A 3D model for successive deposition of molten Al dro-

plets 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 successive deposition and yield 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 improve-

ment in the efficiency and accuracy of UDJ

technology.

2. Through the successive droplets spreading and fusing

with 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 condi-

tions for forming the next floor.

3. 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 are 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 and can eliminate

the metal fusion defect.
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