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Abstract

In order to investigate forming directly complex parts without support materials or structures

by uniform micro droplets deposition technique, the present work focus on fabricating the

unsupported inclined aluminum pillars through offset deposition. An experimental system is

developed to produce and deposit uniform molten aluminum droplets. A model is introduced

to describe the inclined angle of the droplet deposition at different offset ratios. A one

dimensional heat transfer model is proposed to help select the initial temperature parameters

of the impinging droplet and the previous solidified droplet to ensure that the fusion occurs.

No melting, partial melting and excessive melting region at different offset ratios are

determined. The correspondence between offset ratio and inclined angle is considered to be a

simple cosine function, and the hypothesis is verified by experiments. The influence of

deposition error on an inclined angle of pillars is studied. Internal microstructure of droplet

fusion is observed in order to ensure good metallurgical bonding. All of these studies show the

feasibility of fabricating directly unsupported inclined aluminum pillars in the limited angle

range by using uniform micro droplets.
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1.1. Introduction

Uniform molten metal droplets technique draws more and more attention due to its potential

of fabricating rapidly metallic components [1-3]. In this technique, 3D object can be fabricated

through a highly flexible "digital fabrication" process [4, 5]. At present, these parts are mostly

two-dimensional structure [6, 7]. Complex parts are formed mainly by the powder [8] or using

removable structure [9] as supports in additive manufacturing. However, when a part has micro
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slender pipe [10, 11] or porous features [12], it will be difficult to clear the support materials

or structures. Therefore, it is necessary to develop a new direct forming method to fabricate

complex structure. Characteristics of offset deposition between micro droplets can be to

provide a potential method without support [2, 13, 14]. It provides a possibility for fabricating

directly micro complicated metal structures, because the metal droplet diameter can be

controlled in the range of 100~1000 μm [2, 6, 7, 14].  

The key problem is to control spreading and fusion shape of deposited droplets at different

offset ratios. Droplet fusion is a complicated fluid and thermal behavior, which includes

impacting [15], spreading [16], re-melting [17], oscillation [18] and solidification [19] of metal

droplets. Low Weber number deposition is a prerequisite to maintain the droplet spreading

controllable [18]. Impinging velocities as an important parameter of Weber number strongly

affect the final shapes of the pileup [20]. More complex inclined impact of a molten droplet

deposited onto a substrate is predicted usually by numerical model [21, 22]. The impact fluid

dynamics, cooling and subsequent solidification of the impinging droplet in the pile-up is

strongly influenced by the geometry of the previous solidified droplet [20]. In addition, the

final spreading shape depends mainly on spreading time and solidification time. A necessary

condition, though not sufficient, for a droplet to take on a final spherical cap shape is that the

liquid comes to rest before significant solidification takes place [18]. Good fusion is important

for forming quality. To ensure good fusion, droplet temperature and substrate temperature need

to be selected properly [14, 23]. Re-melting between impinging droplet and previous droplet

could be considered as an one-dimensional Stefan problem with phase change [14, 19, 24],

where the thermal and dynamic behaviors of molten metal droplets belong to non-isothermal

deposition [25]. Less re-melting and poor metallurgical bonding under inappropriate droplet

temperature or substrate temperature will result in micro-void and cold lap [5, 26].

The aim of the present work is to investigate fabricating directly unsupported inclined

aluminum pillars by molten aluminum droplets under different fusion ratios and offset ratios.

An experimental system of ejecting and depositing uniform molten aluminum alloy droplets is

developed. A model is introduced to describe the inclined angle of the droplet deposition at

different offset ratios. A one dimensional heat transfer model is proposed to select the initial

temperature parameters of impinging droplet and previous solidified droplet to ensure that

fusion occurs. The correspondence between offset ratio and inclined angle is verified by

experiments. Internal microstructure of droplet fusion is observed in order to ensure good
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metallurgical bonding. The potential feasibility of producing complex 3D metal parts deposited

by molten metal droplets has been demonstrated.

1.2. Experimental system and method

Schematic diagram of the experimental apparatus is shown in Fig. 1a, which consists mainly

of a three-dimensional platform, a metal melting crucible, a protective gas system, a pulse

generation system, a temperature detection system, and a substrate heating system. Numerical

Control (NC) code generated by host computer is downloaded into Programmable Multi Axis

Controller (PMAC), which controls three-dimensional platform to the corresponding positions,

then triggers piezoelectric ceramic. The stress wave is produced by micro vibration of the bar

in the metal liquid. At the peak of the stress wave, a little liquid is squeezed out of the nozzle.

At the trough of the stress wave, the liquid near the nozzle is retracted and separated from the

liquid out of the nozzle. Micro metal droplets are ejected onto the substrate by the micro-sized

nozzle. At the moment of colliding with substrate, a hemispherical droplet is formed, the

diameter of which is slightly larger than the diameter of the original one. An infrared radiation

thermometer is used to measure temperature of the deposited droplets. Then three-dimensional

platform is located to the next point position and next metal droplet is ejected. Subsequently, a

part is piled up droplet by droplet.
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Fig. 1 Uniform micro metal droplet deposition technique. (a) Schematic of the experimental

apparatus; (b) Schematic of depositing inclined pillar.

Droplets with initial radius r, initial speed U and trigger frequency f are ejected to the moving

flat substrate. The droplet center-to-center distance w is adjusted by the moving speed vs of the

substrate, which can be expressed as follows:

w fvs (1)
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After the impinging droplet is deposited to the substrate, droplet temperature is gradually

reducing to substrate temperature. Then next impinging droplet is non-vertically deposited to

the pre-solidified droplet. An inclined pillar with inclined angle θ is piled up droplet by droplet. 

Increased height h is the fusion height. The process is shown in Fig. 1b.

Aluminum alloy is used as deposition material. The relevant parameters in the experiment are

shown in Table 1. Back pressure of the crucible is 3.0~5.0 kPa. Trigger pulse width of the

piezoelectric ceramic is 0.5~1 ms. Distance between the nozzle and the substrate is 5 mm.

Oxygen content of the environment in the experimental apparatus is 50~60 PPM (parts per

million). Inner diameter of the nozzle is 400, 800 and 1000 μm. Trigger frequency is 2~5 Hz. 

Table 1 The process parameters in the experiment

Parameter Value

Material aluminum alloy

Back pressure (kPa) 3.0~5.0

Pulse width (ms) 0.5~1

Deposition distance (mm) 5

Oxygen content of environment(PPM) 50~60

Nozzle diameter (μm) 400, 800, 1000

Trigger frequency (Hz) 2~5

1.3. Results and Discussion

Capillarity force and viscous force are hampering the droplet spreading. At low Weber numbers

We, the Ohnesorge number can be instead of the Reynolds number, because at low We the

spreading process is driven by capillarity forces and is almost unaffected by the impact velocity

[18]. We can be calculated by equation (2).

2U r
We




 (2)

where ρ is droplet density, U is impinging speed, r is the droplet radius and σ is surface tension. 

The Ohnesorge number Oh can be calculated by equation (3)
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Table 2 Physical properties of aluminum alloy

parameter value

Density (kg/m3) ρ = 2368

Viscosity (Pa s) μ = 1.257×10-3

Surface tension (N/m) σ = 0.868

Thermal conductivity (W/(m K)) ks = 220, kl = 96.4

Specific heat (J/(kg K)) Cps = 1135, Cpl = 1086

Latent heat of fusion (J/kg K) L = 397 500

The impinging speed U is one of the important parameters determining directly the droplet

spreading and final shape. A CCD camera system was used to shoot the ejected droplets as

shown in Fig. 2a. By calculation, impinging speed of the droplet was about 1.1±0.05 m/s.

When the inner diameter of the nozzle is 400 μm, We and Oh is respectively 0.66 and 0.002 

calculated by equation (2) and (3). The effect of impact velocity are negligible [18]. The droplet

spreading is driven by the capillarity force at the contact line, and resisted by inertia. So no

splash occurs, as shown in Fig. 2a.



7

Fig. 2 Offset deposition of a single droplet. (a) CCD dynamic graph of the droplet deposition;

(b) Scanning electron microscope of the droplet top

Initial conditions: U = 1.1±0.05 m/s, r = 1.1±0.03 mm, Td = 1023K, Ts = 573K.

Solidification time ts of a deposited droplet can be calculated estimated by equation (4). The

solidification time is much larger than the thermal diffusion time in the droplet and the latent

heat effect dominates over the superheat effect of the droplet [18].

 

2

+ d m
s

m s m s

T Tr L

c T T T T




 
     

(4)

where, α is thermal diffusivity of the droplet, c is specific heat of the material, Td is temperature

of the droplet, Tm is melting point of the material, and Ts is temperature of the previous

solidified droplet.

In Fig. 2, the solidification time ts is about 43 ms calculated by equation (4). The above

estimation is verified by droplet morphology in scanning electron microscope (Fig. 2b). The

maximum spreading time is about 10 ms shoot by the CCD dynamic graph (Fig. 2a). A

necessary condition, though not sufficient, for a droplet to form a solid spherical cap is that the

liquid comes to rest before significant solidification takes place. The ripple region of the

incoming droplet is located from the melting interface to the top, and these ripple gaps are

uniform and narrow (Fig. 2b). It also confirms that the oscillation period is very small compared

with both the viscous damping time and the solidification time.

The final solid shape of the deposited droplet is approximately a spherical cap, as shown in Fig.

2, which is helpful for the droplet offset deposition. Spherical cap of the top droplet can fit to

offset deposition of next droplet at different offset ratios. Top of next droplet will be also

approximately a spherical cap. So a model can be introduced to describe the offset deposition.

First, ξ is defined as an offset ratio, which is the ratio of the droplet center-to-center distance 

w and the droplet diameter, as shown in equation (5).

2

w

r
  (5)

where r is the droplet radius.
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δ is defined as fusion ratio, which is the ratio of melting height h and the droplet diameter, as 

described in equation (6).

2

h

r
  (6)

The inclined angle θ is calculated by w and h [4], as shown in equation (7). 

arccos
w

h
  (7)

Then equation (7) is simplified into dimensionless form by equation (5) and (6).

arccos





 (8)

When no melting (Fig. 3d) occurs, melting height h reaches its maximum value, and it is equal

to the diameter of the droplet (δ = 1). 

max 2h r (9)

When ideal melting (Fig. 3b) occurs, two droplets formed a similar cylinder. The cylinder

volume Vcylinder is equal to volume of the droplet Vsphere.

(10)

4

3
ideal

r
h  (11)

Ideal melting height is calculated by equation (10), as shown in equation (11). When melting

height is smaller than hideal, excessive melting (Fig. 3a) would occur.
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Fig. 3 Final fusion shapes at different melting heights. (a) Excessive melting (δ < 2/3); (b) Ideal 

melting (δ = 2/3); (c) Partial melting (2/3 < δ < 1); (d) No melting (δ = 1). 

The range of partial melting (Fig. 3c) is determined, as shown in equation (12).

ideal max

arccos arccos
w w

h h
  (12)

Curve about ξ and θ is drawn through equation (13) calculated by equations (5), (9), (11) and 

(12).

3
arccos arccos

2


   (13)

No melting, partial melting and excessive melting region are defined by equation (13) and

shown in Fig. 4. It can be seen that the bigger offset ratio ξ is, the smaller inclined angle θ is, 

and the bigger offset ratio ξ is, the more difficult to adjust inclined angle θ by offset ratio ξ. 

Fig. 4 The impact of fusion depth on inclined angle θ (º) of pillars at different offset ratios ξ 

Heat transfer between the impinging droplet and solidified droplet can be modeled as a two-

phase one dimensional Stefan melting problem [17], as shown in appendix. The position of the

melting interface X(t) is shown in
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where λ is a parameter related to initial conditions. 

When a droplet is deposited on the substrate, the parameter Ts is expressed as the temperature

of the substrate. When a droplet is deposited on the solidified droplet, the parameter Ts is

expressed as the temperature of the previous droplet. Melting height h is calculated by equation

(15). Melting interface X(t) in equation (15) depends mainly on the droplet temperature Td and

the previous solidified temperature Ts.

h r X(t) (15)

In uniform micro metal droplet deposition technique, the frequency range is usually from zero

to several thousand hertz [27]. In the low frequency range, the stable and controllable columnar

morphology can be kept in the deposition of inclined pillar [4, 5]. The low frequency range is

confirmed as 0~23.25Hz by equation (16).

݂<
௟

௧ೞ
(16)

A series of experiments with different droplet temperatures Td and different temperatures of

previous solidified droplet Ts had been carried to validate equation (13), as shown in Fig. 4 and

Fig. 5. The droplet temperatures Td and substrate temperatures Ts can be calculated through the

equation (14) to guide the choice of experimental parameters. The experiment proved that when

offset ratio ξ is constant, the bigger is the fusion ratio δ, the bigger is the inclined angle θ. 
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Fig. 5 Inclined pillars with 10 droplets at droplet temperatures Td and substrate temperatures
Ts of (a) Td = 1023K, Ts = 373 K; (b) Td = 1023K, Ts = 473K; (c) Td = 1023K, Ts = 573K; (d)
Td = 1123K, Ts = 373K; (e) Td = 1023K, Ts = 673K; (f) Td = 1123K, Ts = 473K; (g) Td = 1123K,
Ts = 573K; (h) Td = 1123K, Ts = 673K. Deposition distance and frequency are 5 mm and 1Hz
respectively. Initial conditions: U = 1±0.02 m/s, r= 1.2±0.1 mm, ξ = 0.34. 

Inclined pillars with the angle θ between 0º and 90º were formed by adjusting ξ. The inclined 

angle in theory does not completely agree to experimental data due to the presence of

deposition error. The region that the inclined pillar collapses is expressed in Fig. 6 according

to deposition error. θ is calculated by equation (17). 

(17)

where, e is ratio of deposition error and w.

That is because fusion portion as a support is difficult. When ξ is bigger, support portion is 

smaller. The fusion ratio δ is 0.74. According to δ and e, the maximum of ξ can be calculated 

by equation (17), which is 0.67.
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Fig. 6 Inclined pillars with 10 droplets at the initial horizontal center-to-center droplet distance
w of (a) w = 0; (b) w = 0.1 mm; (c) w = 0.2 mm; (d) w = 0.3 mm; (e) w = 0.4 mm; (f) w = 0.5
mm; (g) w = 0.6 mm; (h) w = 0.7 mm; (i) w = 0.8 mm; (j) w = 0.9 mm. Initial conditions: U =
1±0.02 m/s, r = 0.9±0.05 mm, Td = 1123K, Ts = 373K, δ = 0.74. 

Deposition direction of the zigzag pattern changes from a direction to another direction in the

same plane. In this process, the change of angle slowly occurs, which is different from the

regular deposition with a constant angle. Furthermore, the case that the inclined angle slowly

changes often takes place in fabricating a complex part. The zigzag pillars were formed to

verify whether the spherical cap of the top droplet could fit to offset deposition of next droplet

at different offset ratios. Droplets can have very good shape in the corner with variable offset

ratio, as shown in Fig. 7. The shape of the deposited droplet is approximately a spherical cap,

which is helpful for the droplet offset deposition with variable direction. In Fig. 7(a), offset
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ratios ξ is 0.3 and fusion ratio δ is 0.82; In Fig. 7(b), offset ratios ξ is 0.45 and fusion ratio δ is 

0.71. These experiments prove the feasibility of changing the forming direction in the inclined

column forming at different fusion ratio and offset ratio.

Fig. 7 Zigzag pillars. (a) ξ = 0.3, δ = 0.82; (b) ξ = 0.45, δ = 0.71. 

In our previous experiment, the appearance of deposited droplet looks very good, but if the

unsuitable parameters are selected, bad metallurgical bonding can be observed by

microstructure photograph. Internal microstructure of droplet fusion is shown in Fig. 8.
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Fig. 8 Internal microstructure of droplet fusion.

As shown in Fig. 8, there are two typical microstructures: the directional columnar grains in

the droplet middle zone and the non-directional equiaxed grains in the fusion zone. The

predominant microstructure of the solidified droplet is the columnar grains, and only a few

equiaxed grains appear in the fusion interface [25]. The fusion interface boundary completely

blurred, and where there is full of equiaxed grains. Good metallurgical bonding occurs in the

fusion interface.

2. Conclusions

(1) Uniform micro aluminum droplet deposition belongs to low Weber number deposition. The

spreading process is driven by capillarity forces and is almost unaffected by the impact velocity.

(2) No melting, partial melting and excessive melting region at different offset ratios ξ are 

determined. In the constant fusion ratio δ, the bigger offset ratio ξ is, the smaller inclined angle 

θ is and the more difficult inclined angle θ is adjusted. 

(3) The spherical cap of the top droplet could fit to offset deposition of next droplet from

multiple directions. The experiment proved the feasibility of changing the forming direction

by forming the zigzag pattern.

(4) Good metallurgical bonding occurs in the fusion interface. There are two typical

microstructures: the directional columnar grains in the droplet middle zone and the non-

directional equiaxed grains in the fusion zone.
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4. Appendix Equation Section (Next)

Heat conduction in the liquid region is described by

 

2

2
0 , 0l l

l t

T T
for x X t

t x


 
   

 
(A.1)

where Tl is equal to Td, t is the time, x is axial distance of the inclined pillar, and X(t) is the

position of the melting interface.

Heat conduction in the solid region is described by

 

2

2
0 , 0s s

s t

T T
for x X t

t x


 
   

 
(A.2)

The solid-liquid interface is assumed to be at the melting point

  , 0m foT x t t T r t  (A.3)

The Stefan condition is applied at the interface

   , 0s l
s l t

T T X
k k L for x X t

x x t


  
   

  
(A.4)

The initial conditions are

   0
0 0,0 ,s m for xT Xx T T    (A.5)

The boundary conditions are

  00, l mT t T T for x  (A.6)

 , , 0s foT t trx T x   (A.7)

The position of the melting interface X(t) is shown in
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where λ is a parameter related to initial conditions. 
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