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A B S T R A C T   

Using coaxial shielding gas for low-oxygen protection in metal droplet-based 3D printing helps to promote 
flexible production and lightweight manufacturing. However, the presence of the printing substrate causes the 
shielding gas to exhibit complex annular impinging jet characteristics, making the stability of droplet ejection 
unpredictable. In the present work, the mechanisms of airflow pattern evolution on droplet formation and metal 
jet deflection were first revealed by incorporating shielding gas simulations, hydrodynamic modeling, and 
droplet ejection experiments. An innovative airflow disturbance suppression strategy for metal droplet ejection 
was proposed, which can remarkably reduce the shielding gas disturbance on droplet printing. Results show that 
the change in deposition distance leads to a transition between two typical airflow patterns, thus affecting the 
droplet ejection behavior. When the deposition distance exceeds 2.5 mm, metal jets would be stretched even to a 
secondary break under airflow pattern 1, accelerating droplets. For the deposition distance below 2.5 mm, metal 
jet shortening and droplet deceleration would occur under airflow pattern 2, deflecting jet trajectory. The 
negative airflow effect on droplet ejection could be avoided by controlling the deposition distance to the tran
sition region of two airflow patterns. Furthermore, a ball grid array (BGA) chip ball-mounting and two thin-wall 
tube printing were realized based on metal droplet ejection in annular impinging jet shielding gas. This work 
provides theoretical and technical guidance for the stable ejection and accurate printing of metal droplets in an 
opening low-oxygen environment.   

1. Introduction 

Metal droplet-based 3D printing is a novel metal additive 
manufacturing technology that uses micron-sized molten droplets as 
forming units [1]. The technology has no special requirements for the 
shape and size of the raw material, as a melt block is sufficient for 
droplet ejection. It also does not require any high-power energy sources 
such as lasers, arcs, ion beams, etc. Compared with other metal additive 
manufacturing processes such as selective laser melting (SLM), electron 
beam selective melting (EBSM), and laser engineered net shaping 
(LENS), the technology has the advantages of low heat input, no need for 
unusual raw materials, and low energy consumption. It is a promising 
method for small and complex metal parts fabrication [2], electronic 
packaging [3], and in-situ structural repair [4]. 

Since the oxidation of metal melt could affect printing quality, it is 
necessary to provide low-oxygen protection during metal droplet ejec
tion. The closed low-oxygen atmosphere commonly used in metal 
droplet-based 3D printing, such as the inert gas glove box, hinders the 

rapid material delivery and is unsuitable for the lightweight 
manufacturing. Coaxial gas blowing is an opening low-oxygen protec
tion strategy in several additive manufacturing fields, such as laser- 
assisted directed energy deposition (L-DED) [5], melt blowing (MB) 
[6], and gas atomization (GA) [7]. Metal droplet 3D printing with co
axial shielding gas enables rapid material delivery and the real-time 
processing of large parts, making it more applicable to the intelligent, 
automated, and lightweight industrial environment. Unlike other 
shielding gas solutions, such as the lateral gas blowing method [8,9] and 
the StarJet nozzle [10,11], in the coaxial gas blowing configuration, the 
airflow supply direction is consistent with the droplet ejection direction, 
resulting in less lateral airflow disturbance and a longer low-oxygen 
protection distance. Over the past few decades, studies on metal 
droplet-based 3D printing in a closed low-oxygen atmosphere have been 
well-established for various metal materials (e.g., tin [12], copper [13], 
aluminum [14], platinum [15], and gold [16]) and numerous applica
tions (e.g., 3D part printing [17], thin-wall forming [18], circuit fabri
cation [19], solder ball preparation [20], and circuit bonding [21]). 
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However, new problems might be posed when applying coaxial shield
ing gas in metal droplet printing due to the complex gas flow behavior. 
The industrial application for the relevant technology still requires an 
essential improvement in the theoretical guidance of the printing 
process. 

Several researchers have theoretically investigated the metal droplet 
ejection process under shielding gas. Amirzadeh et al. [22] investigated 
the effect of the shielding gas supply pressure on the droplet diameter 
and the jet break number. Zhou et al. [23] analyzed the effect of 
oxidation on droplet morphology and the effect of airflow vortex on 
satellite droplet formation. These studies are all based on the shielding 
gas free jet since the neglect of the substrate influences on the printing 
process. The flow field structure for an annular free jet is shown in Fig. 1 
(a). When the annular free jet flows out from the nozzle, the annular 
airflow affected by the ambient pressure bends toward the central axis 
and merges due to the Bernoulli effect. At the same time, the sudden 
cut-off of the flow channel creates a vortex at the nozzle outlet [24,25], 
so that the root and front of the metal jet are pushed in different di
rections by the airflow. However, due to the direct impingement be
tween the airflow and the substrate in the actual printing process, the 
blocking of the printing substrate makes the shielding gas a complex 
impinging jet instead of a free jet. The Coanda effect of the substrate 
would create a wall jet, which hinders the converging behavior of the 
annular jet and changes the vortex range near the nozzle, as shown in 
Fig. 1(b). As the deposition distance decreases, the substrate influence 
on the airflow intensifies, leading to significant changes in the vortex 
region and the force on metal jets (Fig. 1(c)) [26]. Due to the small size 

characteristic and slow ejection velocity of metal droplets, the airflow 
behavior at different deposition distances would affect the ejection 
behavior of metal droplets, causing the ejection stability and printing 
accuracy of metal droplets in the annular impinging jet shielding gas to 
be unpredictable. Meanwhile, the narrow flow space of shielding gas 
makes it challenging to observe the airflow pattern. Therefore, it is 
meaningful to investigate the flow dynamic mechanism of annular 
impinging gas on metal droplet ejection for relevant technology 
promotion. 

In this work, based on the effect mechanism research of annular 
impinging jet shielding gas on metal droplet ejection, an innovative 
suppression strategy of airflow disturbance for the droplet stable ejec
tion and accurate printing was proposed. A metal droplet ejection 
experiment, an airflow simulation based on the Reynolds stress model, 
and a hydrodynamic model for droplet ejection were combined to reveal 
the airflow dynamic effect on droplet formation and metal jet deflection. 
Techniques such as high-speed photography and smoke-line airflow 
tracing were employed to capture the practical airflow trace and the 
droplet transient information. Finally, a ball grid array (BGA) chip ball- 
mounting and two thin-wall tube printing were realized by droplet 
direct printing in an opening low-oxygen protective environment, 
demonstrating the research practicability for engineering applications. 
This study could provide theoretical and technical guidance for the 
stable ejection and accurate printing of metal droplets in an opening 
low-oxygen environment. 

Fig. 1. (a) Schematic diagram of an annular free jet. Annular impinging jets at a (b) longer and (c) closer deposition distance of the printing substrate.  
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2. Methodologies 

2.1. Experimental setup 

A schematic diagram of the metal droplet printing platform is shown 

in Fig. 2, which mainly consists of a temperature control subsystem, a 
metal droplet ejection subsystem, a motion control subsystem, and an 
inert gas supply subsystem. The experimental system works as follows. 
First, metal blocks are heated and melted in a crucible via a temperature 
controller (Shimax, Japan), a type K thermocouple, and a heater. In the 

Fig. 2. Schematic diagram of metal droplet printing platform.  

Fig. 3. Schematic diagram of (a) smoke-wire technique application and (c) hot-wire anemometer application. Experimental diagram of (b) smoke-wire technique 
application and (d) practical airflow trace captured. 
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metal droplet ejection subsystem, an ejection pulse signal set by a signal 
amplifier (Coremorrow, XE-505.00, China) acts upon a piezoelectric 
ceramic (Coremorrow, China), which converts the electrical energy into 
mechanical energy to drive the oscillation of a vibration rod. Then, a 
metal droplet could be ejected from the nozzle. With the synchronous 
control of the motion control subsystem (PMAC, Delta Tau, America), a 
three-dimensional motion platform regulates the distance and position 
of metal droplet deposition by translating and lifting a substrate. During 
the printing process, cooling water is continuously circulated around the 
piezoelectric ceramic to prevent performance degradation caused by the 
exceeding the Curie temperature. The inert gas supply subsystem pro
vides a localized low-oxygen environment and a back pressure, which is 
necessary for the anti-oxidation and the waste squeezing of the melt. 

A self-developed annular shielding gas supply structure was 
employed to create the micro-domain protective environment. The gas 
inlet is located at the top of the heater. Shielding gas is delivered to the 
nozzle through gas distribution channels around the inner wall of the 
heater, preventing the molten jet from cooling by the lower temperature 
airflow and improving airflow uniformity. An extended and thin annular 
configuration near the nozzle ensures the shielding gas flow downward 
vertically. Additionally, the nozzle front has a slight gradual 15◦

contraction angle to prevent airflow diffusion. 
A smoke-wire (SW) technique was employed to capture practical 

airflow traces. Fig. 3(a) and (b) show a schematic diagram and an 
experimental diagram of the smoke-wire technique application method, 
a 0.1 mm diameter NiCr resistance wire is placed between the nozzle 
and the substrate. Each time before testing the airflow pattern, the 
resistance wire is coated with paraffin oil. The Joule effect of the 
resistance wire produces visible airflow smoke (as shown in Fig. 3(d)) 
when a DC power supply is energized. Besides, a hot-wire anemometer 
(Jiahan, W410D2, China) was used to measure the shielding gas ve
locity, as shown in Fig. 3(c). When the airflow passes through the hot- 
wire probe, the heat dissipation changes the hot-wire resistance and 
converts airflow velocity signals into electrical signals. Because of the 
narrow space at the gas outlet, there might be a large error if the airflow 
velocity is measured directly. Therefore, before measuring the airflow 
velocity, shielding gas is driven to pass through a circular tube with the 
same cross-sectional area as the gas outlet. By comparing the practical 
airflow velocity controlled by a rotameter with the anemometer- 

measured velocity, a correction coefficient for the measured velocity 
could be obtained. 

Droplet dynamic processes and airflow smoke trails were recorded 
by a high-speed CCD camera (ix-speed 220, Britain) with a frame rate of 
9500–10,000 f/s. Metal droplet solidification morphologies were visu
alized by a scanning electron microscope (Zeiss, EVO 10, Germany). The 
feature size measurement of metal jets and droplets was performed by an 
image analysis software (Image J). To capture a clearer shielding gas 
smoke trajectory and a more stable droplet ejection process, 300 µm 
diameter droplets were used in this paper. In addition, Sn99.3-Cu0.7 
was used as the printing material, and argon was used as the shielding 
gas. When the metal jet oxidizes, it breaks up to form a droplet with a 
characteristic tail due to decreased surface tension and increased vis
cosity [23,27]. To prevent the oxide skin formation, whether or not to 
form trailing droplets was regarded as the judgment basis, the shielding 
gas supply rate was controlled to be over 1.2 L/min. 

The physical properties of argon and Sn99.3-Cu0.7 alloy at 623 K are 
shown in Table 1 [28–32]. 

2.2. Numerical approach 

2.2.1. Governing equations 
To obtain an insight into shielding gas flow characteristics, the 

airflow behavior is simulated based on the Reynolds stress model (RSM). 
The transport equation of the RSM is derived by multiplying the Rey
nolds mean of the momentum equation by the velocity fluctuations, 
making it more accurate than the popular k-ε model. Krutka et al. [33] 
found that the RSM model is more suitable than the k-ε model for the 
simulation of double-slit jets. Moore et al. [24] used the parameters 
proposed by Krutka et al. to simulate annular melt-blown dies, finding 
that the average axial velocity in the simulation was in good agreement 
with the experimental data. 

The mathematical model is based on several assumptions and sim
plifications as follows: (1) the shielding gas is a continuous and 
incompressible fluid medium during the flow; (2) the initial shielding 
gas velocity is a uniformly distributed plug flow at the inlet; (3) the 
shielding gas is an ideal gas with constant viscosity because of the nearly 
isothermal nature of the airflow. 

For steady-state and isothermal conditions, the Reynolds stress 
transport equation is 
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where Ui, Uj, and Uk are the velocity components in directions i, j, 
and k, respectively; ui, uj, anduk are the time-averaged velocity 

Table 1 
Properties of materials used in the simulation and experiment.  

Properties Sn99.3-Cu0.7 argon 

Density (kg⋅m− 3) ρm=6900 ρg=1.6228×10− 3 

Dynamics viscosity (Pa⋅s) μm=1.4×10− 3 μg=2.125×10− 5 

Surface tension coefficient (N⋅m− 1) σ=0.55 - 
Thermal conductivity (W⋅m− 1⋅K− 1) km=16.5 kg=0.017 
Specific heat (J⋅kg− 1⋅K− 1) Cm=243.36 Cg=521  

Fig. 4. Computational domain structure used in the simulation. The figure is rotated 90◦ relative to the actual airflow field.  
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components in directions i, j, and k, respectively; xi, xj, and xk are the 
spatial coordinates in directions i, j, and k, respectively; Pg is the pres
sure of the gas; δkj is the Kronecker function, i.e.δkj = 1(k = j), δkj =

0(k ∕= j). 
Except for the Reynolds stress transport equation, the dissipation rate 

is calculated via the standard k-ε model as 

ρg
Dε
Dt

=
∂

∂xi

[(

μg +
μt

σε

)
∂ε
∂xi

]

+C1ε
ε
k
Gk − C2ερg

ε2

k
(2) 

where t is the time; μt is the turbulent viscosity; Gk is the turbulent 
kinetic energy; C1ε, C2ε are empirical constants; And σε is the turbulent 
Planter constant for the turbulent dissipation rate ε. 

2.2.2. Geometric model 
The simulation of shielding gas flow behavior was based on the 

computational domain structure shown in Fig. 4. In the airflow 
computational domain, the coordinate system origin is located at the 
center of the nozzle bottom surface. The positive y-axis is parallel to the 
gravity acceleration direction, and the positive x-axis is perpendicular to 
the gravity acceleration direction. The total width of the entire 
computational domain is 3 mm, which is sufficient to define shielding 
gas’s radial development. The annular shielding gas (2.5 mm for the 
inner diameter and 3 mm for the outer diameter) flows into the 
computational domain from the left inlet. After a 5 mm tapered channel 
delivery, the annular jet shielding gas actively developed in a region 
with a length of H, eventually radially flowing out of the computational 
domain. In addition, for axisymmetric flow problems, a two-dimensional 
axisymmetric computational domain was used to reduce the simulation 
time. In contrast, a three-dimensional computational domain was used 
for non-axisymmetric flow problems. 

2.2.3. Mesh and boundary conditions 
Quadrilateral meshes were used to solve the two-dimensional 

computational domain, while hexagonal meshes were used to solve 
the three-dimensional computational domain. Considering that the 
droplet ejection process is mainly affected by the shielding gas near the 
central axis, the grid refinement was performed near the central axis to 
improve the calculation accuracy. The minimum grid size after densi
fication could reach 15 μm. The shielding gas inlet and outlet are defined 
as velocity inlet and pressure outlet, respectively. The remaining 
boundaries, including the airflow channel, the printing substrate, and 

the droplet transient contour, were defined as no-slip walls. After about 
5000 iterations, the calculation results tend to converge. 

2.2.4. Numerical model validation 
The effect of metal jet transient evolution on shielding gas was 

ignored in the simulation, and the calculation was performed only for 
the steady-state flow field of shielding gas. The adjusted model constants 
based on that of Krutka et al. were used, i.e., C1ε=1.1, C2ε=2.05, and 
σε=1. As shown in Fig. 5(a), a corrected hot-wire anemometer was used 
to measure the airflow velocity at the nozzle exit. Moreover, to evaluate 
the precision of the simulation, the normalized root mean squared error 
(NRMSE) is obtained by using NRMSE = ‖ye − ŷe

‖/‖ye‖[34], where ye 

is the experimental value and ŷeis the simulation value. Fig. 5(b) com
pares the axial velocity of shielding gas in the simulation and experi
ment. For different supply rates of shielding gas, Qgas, the axial velocity 
of shielding gas is well-matched between the RSM calculation and the 
experimental measurement, while the maximum NRMSE between the 
experimental and the simulated data is only 0.68%, demonstrating that 
the simulation model has high reliability. 

2.3. Hydrodynamic modeling 

Metal droplet ejection under shielding gas is a complex gas-liquid- 
solid coupling process influenced by many factors, such as shielding 
gas flow characteristics, crucible structure, material properties, and vi
bration element motion characteristics. An effective physical model 
would help understand the parameter relationship between shielding 
gas and droplet ejection. There are two common approaches to building 
a physical model. One is a mechanism model based on underlying 
physical principles and mathematical modeling methods, and the other 
is a data-driven model based on machine learning techniques and data 
analysis methods. It has been demonstrated that the data-driven model 
has advantages in reducing the computation burden and improving the 
computation accuracy, for example, L. J. Segura et al. [35,36] used a 
neural network algorithm to model the inkjet printing process and 
investigate the ejection dynamics, which achieved the accurate predic
tion of the droplet ejection behavior. However, in this study, it is hard to 
build a data-driven model due to the lack of sufficient sample data. To 
reveal the fundamental principles and causal relationships of the metal 
droplet ejection system under shielding gas, a mechanism model based 
on hydrodynamics is appropriated to analyze the droplet ejection 

Fig. 5. (a) Schematic diagram of the shielding gas velocity measurement position. (b) Shielding gas axial velocity comparison in the simulation and experiment.  
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process. 
Several essential stages, such as jet growing, jet necking, jet breakup, 

and jet retracting, are divided during droplet formation [37]. Fig. 6 
shows the experimental results of a single tin alloy droplet ejection in 
free jet shielding gas for Qgas=1.2 L/min. During 0 μs~347 μs after an 
ejection signal is applied, molten metal is ejected from the nozzle and 
continuously grows into a metal jet due to the forward motion of the 
vibration rod. The jet tip rapidly shrinks to a spherical shape under 
surface tension. During 347 μs~1050 μs, with the disappearance of the 
ejection signal, the jet velocity in the root decreases as the vibration rod 
moves back. A jet necking occurs due to the velocity difference between 
the jet root and the jet tip. Then the jet tip breaks up when the metal jet 
grows to about 1.23 mm at 1050 μs, producing a single metal droplet. 
After 1050 μs, the remaining metal jet is pulled back into the nozzle by 
viscous tension and surface tension, completing a droplet ejection cycle. 
During jet breaking, the velocities of Point 1 at the jet tip and Point 2 at 
the droplet front show that the metal jet has an initial velocity of 

approximately 1.8 m/s, and the droplet has an initial velocity of 0.8 m/s 
due to the effects of surface tension and viscous tension. 

The visual presentation of the metal droplet ejection process under 
shielding gas is shown in Supplementary Video 1. 

The flow of shielding gas would accelerate the cooling of droplets 
and change material properties. It is essential to determine the influence 
of airflow on droplet temperature variation. The Biot number, defined as 
the product of the convective heat transfer coefficient and the droplet 
characteristic size divided by the droplet thermal conductivity (hDd/km), 
is commonly used to evaluate the temperature gradient inside droplets. 
Where the convective heat transfer coefficient (h) for spherical droplets 
is given by the Ranz-Marshall correlation [38] 

h =
kg

Dd

(

2+ 0.6Reg
1/2Prg

1/3
)

(3) 

Re and Pr are the Reynold number and the Prandtl number of the 
shielding gas, expressed by Reg = vgDdρg/μgand Pr = Cgμg/kg. Here kg, 

Fig. 6. Experimental results of a single tin alloy droplet ejection process in free jet shielding gas with a low gas supply rate of 1.2 L/min.  

Fig. 7. Physical model schematics of (a) droplet ejection in the shielding gas environment and (b) the shear force in gas-liquid interface.  
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vg, ρg, μg, and Cg are airflow thermal conductivity, velocity, density, 
viscosity, and specific heat, respectively. In the experiment, the flow rate 
of the shielding gas doesn’t exceed 5 m/s, while the droplet diameter is 
~400 μm. It could be calculated that the convective heat transfer co
efficient is ~93.637 W⋅m− 2⋅K− 1, while the Biot number is ~0.002. The 
temperature gradient inside droplets could be neglected as the Biot 
number is less than 0.01 [39]. The droplet temperature is much higher 
than the ambient temperature during the ejection process. The heat is 
transferred from the droplet to the atmosphere mainly by convection 
and radiation. From Newton’s law of cooling, the cooling rate of a 
spherical droplet is [40]： 

dT
dt

= −
6
[
h
(
T − Tg

)
+ σSBεe

(
T4 − Tg

4)]

ρmCmDd
(4) 

Where T and Tg are the initial temperatures of droplets and shielding 
gas; ρm and Cm are the droplet density and specific heat; σSB is the Stefan- 
Boltzmann constant; εe is the emissivity. At T = 623 K and Tg = 300 K, 
the calculated droplet cooling rate is ~270 K⋅s− 1. According to the 
experiment, the flight time of the droplet before reaching the substrate 
should not exceed 2 ms, which causes a temperature loss of <1 K. 
Therefore, the temperature decrease caused by the shielding gas during 
droplet ejection is neglected in this paper. 

Assume that the molten metal is an incompressible, continuous, and 
homogeneous Newtonian fluid. As shown in Fig. 7(a), a physical model 
has been established based on the mechanism of metal droplet ejection 
in shielding gas. v0 is the forward velocity of the vibration rod; dc, dv, 
dn1, and dn2 are the diameters of the crucible, rod head, nozzle straight 
section, and nozzle outlet, respectively; h is the distance from the top 
surface of the molten metal to that of the vibration rod; hv is the 
thickness of the rod head; Pb is the back pressure of the molten metal; Pt, 
P, Pn, and Pa are the pressures on the rod head top surface, the rod head 
bottom surface, the nozzle inlet, and the atmosphere, respectively; δ is 
the width of the annular lateral gap between the rod head and the 
crucible; lv, ln1, and ln2 are the lengths of the vibration chamber, the 
nozzle straight section, and the nozzle constriction section, respectively 
(positions ①~③ as shown in Fig. 7(a)); and θ is the angle of the nozzle 
constriction section. 

A more detailed process of the model construction is given in Ap
pendix A. For a molten metal with a density ρm and a dynamic viscosity 
μm, the metal jet ejection velocity, v3, can be calculated based on the 
fluid mechanics theory, as 

v3 = −
B
2A

+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
B2 + 4AC − 4APa

√

2A
(5) 

Here, A = 0.21ρmdn2
4
/dn1

4
(1 − dn1

2
/dc

2
) + 0.02ρm, B =

32μmdn2
2
(lv/dc

4
+ ln1/dn1

4
) + 3μmhvdn2

2
/dvδ3, andC = 3μmhv/δ3(dvv0 +

2v0δ) + ρmg(lv + ln1 + ln2 + h) + Pb − 2σ/dn2. 
Eq. (5) shows that an increase in the ambient pressure will cause a 

decrease in the ejection velocity of metal jets. The ambient pressure 
approaches zero at a low shielding gas flow rate. In this situation, the jet 
ejection velocity from Eq. (5) is 1.7 m/s, which is very close to the 
measured velocity of 1.8 m/s. 

Assuming that the driving signal disappears at time t1, the jet breaks 
up at time t2. The initial velocity of the droplet, vd, was obtained by the 
momentum conservation model of jet ejection (see Appendix A for de
tails). vd is expressed by the metal jet ejection velocity v3 and the average 
velocity of shielding gas vg as 

vd =
Dv3

2 + Ev3vg
⃒
⃒vg

⃒
⃒ − F

G − Hvg
⃒
⃒vg

⃒
⃒

(6) 

Here, D = 3ρmdn2
2t1, E = 2fsρgdn2t22, F = 9μmdn2

2
+ 2dn2σt1 +

4dn2σt2, G = 2dd
3ρm, and H = fsρgdn2t22. fs is the shear factor, and dd is 

the droplet diameter. 
The jet break length, lb, is expressed as 

lb =

∫ t2

0

(

v3 +
vd − v3

t2
t
)

dt =
1
2

(

v3 + vd

)

t2 (7) 

From (5); (6); (7), an increase in gas velocity increases the initial 
velocity of droplets and the break length of jets, while an increase in 
ambient pressure decreases them. 

3. Results and discussion 

3.1. Flow properties of the annular impinging jet shielding gas 

In an annular free jet, the airflow field could be divided into three 
regions according to the flow behavior on the axis: recirculation zone, 
transition zone, and established-flow zone [41]. The recirculation zone 
is formed at the nozzle outlet due to the central-wall effect caused by the 
sudden cut-off of the airflow channel, where the airflow direction is 
opposite to the gas supply direction. As the annular airflow gradually 
converges toward the central axis, the airflow axial velocity gradually 
increases, forming the transition zone. In the established-flow zone, the 

Fig. 8. Simulation results of the axial velocity of the annular impinging jet shielding gas at different deposition distances. The shielding gas supply rate Qgas is 
3 L/min. 
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airflow kinetic energy would be gradually reduced by external gas until 
it merges with the atmosphere. In an annular impinging jet, the substrate 
blocking effect can influence the formation size of the recirculation zone 
and further change the droplet ejection behavior. 

Fig. 8 shows the axial velocity simulation results of the annular 
impinging jet shielding gas at different deposition distances. When the 
deposition distance H is farther than 2.5 mm, a small size recirculation 
zone forms at the nozzle outlet. Due to the strengthening of the airflow 
convergence ability, the peak value of the airflow axial velocity, vg, 
obviously increases with the increase of H and then gradually decreases 
to zero near the blocking substrate. On the other hand, only reverse 
airflow exists when H is less than 2.5 mm, and the trough value of vg 
decreases with the decrease of H. Thus the flow characteristics of 
shielding gas at different deposition distances can be divided into two 
patterns [42]. One is that airflow transits from reverse flow to positive 

flow at a farther deposition distance, the other is that the reverse flow 
fills the entire deposition space at a smaller deposition distance. 

From Fig. 8, the transition of two airflow patterns occurs near a 
deposition distance of 2.5 mm. To illustrate the airflow structure of two 
typical airflow patterns, the velocity contour and streamline at 4 mm 
and 1 mm deposition distances were chosen. In flow pattern 1 (Fig. 9 
(a)), the remote substrate has little influence on the formation of the 
airflow recirculation zone, while the continuous change of the airflow 
direction along the central axis leads to two airflow stagnation points in 
the flow field. When gas flows out of the annular channel, the annular 
airflow can overcome the nozzle central-wall effect and converge to the 
central axis under the Bernoulli effect. In contrast, in flow pattern 2, the 
adjacent substrate plays a more important role in the formation of the 
airflow recirculation zone. The Coanda effect of the substrate suppresses 
the convergence of the annular gas, causing the airflow to directly 

Fig. 9. Velocity contour and streamline of two typical flow patterns at different deposition distances: (a) 4 mm; (b) 1 mm. The shielding gas supply rate Qgas is 
3 L/min. 

Fig. 10. Airflow smoke trajectories at different deposition distances: (a) 3.9 mm; (b) 3.1 mm; (c) 2.2 mm; (d) 1.5 mm. The shielding gas supply rate Qgas is 3 L/min.  
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impinge on the substrate surface and form a stagnation circle, as shown 
in Fig. 9(b), eventually forming a large recirculation zone occupying the 
entire deposition space. 

As depicted in Fig. 10, a smoke-wire was placed at 0.8 mm close to 
the substrate surface for capturing the practical airflow trace. The 
airflow smoke morphology at different deposition distances could verify 
the transition behavior of two airflow patterns. When H is relatively 
large (3.9 mm in Figs. 10(a), and 3.1 mm in Fig. 10(b)), the smoke is 
mainly distributed below the smoke-wire because the shielding gas 
flows downward with flow pattern 1 near the substrate. When H is small 
(2.2 mm in Figs. 10(c), and 1.5 mm in Fig. 10(d)), the smoke fills the 
entire deposition space since the shielding gas flows reverse with flow 
pattern 2 near the substrate. The results show that the transition of two 
airflow patterns occurs at the deposition distance between 
2.2 mm~3.1 mm, which agrees well with the simulation result. 

3.2. Effects of deposition distance on droplet formation 

The pulse amplitude and width of the ejection signal were set to 
3.7 V and 347 μs, respectively, to guarantee a stable breakup of the 
metal jet. In addition, the crucible was heated to 623 K to ensure the 
melting of the tin alloy, while the shielding gas supply rate was kept 
constant at 1.2 L/min to 3 L/min. 

In a closed low-oxygen protection environment, such as an inert gas 
glove box, the droplet formation process is independent of the deposi
tion distance. However, from the binarized CCD snapshots shown in  
Fig. 11(a), the droplet ejection behavior is significantly influenced by 
the dynamic shielding gas in the opening low-oxygen environment. The 
difference in the droplet formation process at different deposition 

distances is caused by the transition between two flow patterns. Fig. 11 
(b) and (c) show the simulation results of two typical flow patterns with 
droplet formation. When H is less than 2.2 mm, the metal jet is shorter 
than the axial length of the recirculation zone and is sheared by 
shielding gas in the opposite direction. The jet then breaks up into a 
single droplet. However, for H over 3.2 mm, the jet becomes longer than 
the axial length of the recirculation zone, resulting in the jet root and tip 
being sheared by airflow in different directions. After the main droplet 
forms, the jet is susceptible to a secondary breakup with the formation of 
a satellite droplet. The flight velocity and diameter of the satellite 
droplet are highly stochastic and generally smaller than those of the 
main droplet, and its flight trajectory is precarious. 

From Eqs. (6) and (7), the initial velocity of droplets and the break 
length of jets change with the ambient pressure at the nozzle outlet (Pa) 
and the average velocity of shielding gas (vg). Pa could be get by simu
lation directly. vg could be obtained by calculating the average value of 
the airflow velocity on the central axis. However, it is inappropriate to 
take the average airflow velocity along the entire central axis as vg when 
the deposition distance is greater than the jet length, since the shielding 
gas has a dynamic effect only in the metal jet vicinity. This study uses the 
normal jet break length when the metal jet is least affected by airflow, 
lnorm, as a reference. When the deposition distance is greater than the jet 
length, vg is obtained by calculating the average airflow velocity from 
coordinates (0, 0) to (0, ljet). That is 

Fig. 11. (a) Binarized CCD snapshots of droplet formation at different deposition distances. Flow field simulation results of the typical flow patterns with droplet 
formation at different deposition distances: (b) H=2.2 mm; (c) H=3.2 mm. The shielding gas supply rate Qgas is 3 L/min. 
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vg =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

∫ lnorm
0 vg(y)dy

lnorm
H ≥ lnorm

∫ H
0 vg(y)dy

H
H < lnorm

(8) 

where lnorm is equal to 1.23 mm according to the experimental result 
in Fig. 6. vg > 0 means that the metal jet is mainly acted by the positive 
airflow force, while vg < 0 represents the reverse airflow force. The 
dependence of vg and Pa on H in the simulation is shown in Fig. 12. When 
H is less than 2.5 mm, shielding gas flows backward with flow pattern 2. 
vg increases in the negative direction. Meanwhile, Pa has a significant 
growth with the compression of airflow space. As H increases beyond 
2.5 mm, shielding gas transforms from flow pattern 2 to flow pattern 1. 
vg increases remarkably in the positive direction due to the decrease in 
the axial length of the recirculation zone. Pa decreases with the opening 
of airflow space and remains at a low level below 8 Pa. 

From Fig. 12, as H increases, vg gradually increases while Pa de
creases. From Eqs. (5), (6), and (7), an increase in the shielding gas 

velocity and a decrease in the ambient pressure lead to a rise in the 
initial velocity of droplets and the break length of jets. To further 
investigate the airflow effect on droplet formation at different deposi
tion distances. Two dimensionless numbers, the ratio of jet breaking 
length Lb and the ratio of droplet velocity Vd, were defined by taking the 
normal jet break length of 1.23 mm and the droplet initial velocity of 
0.8 m/s (when the shielding gas supply rate is at a low level of 1.2 L/ 
min) as ratio values, i.e., Lb=lb/1.23 and Vd=vd/0.8. Lb>1 indicates jet 
stretching, while Lb<1 denotes jet shortening. Vd>1 represents droplet 
accelerating, while Vd<1 implies droplet decelerating. 

In the experiment, the dependence of Lb and Vd on the deposition 
distance H is shown in Fig. 13 (a) and (b). With 2.5 mm as a critical 
deposition distance, droplet ejection behavior is well-matched with the 
shielding gas flow patterns. When H is less than 2.5 mm, under the 
shielding gas backflow and the high ambient pressure, jet shortening 
and droplet deceleration with varying degrees are observed in airflow 
pattern 2. When H is larger than 2.5 mm, jet stretching and droplet 
acceleration occur in airflow pattern 1 under the strong positive airflow 
effect. Moreover, the hydrodynamic model developed in Section 2.3 
demonstrates a consistent variation with the experiment. The NRMSE, 
for the ratio of metal jet breaking length is 0.34%, while for the ratio of 
droplet velocity is 1.45%. The current model is sufficient to explain the 
variations in jet breakup behavior at different deposition distances. 

In addition, if the metal jet is excessively stretched by shielding gas 
(Lb≥1.19), the remaining jet is fragile to a secondary breakup. In a 
practical printing process, the deposition distance should be controlled 
below 2.8 mm to avoid satellite droplets affecting the fabrication 
quality. 

The visual presentation for droplet formation at different deposition 
distances could be obtained in Supplementary Video 2. 

3.3. Metal jet deflection in annular impinging jet shielding gas 

Previous studies [43] have shown that nozzle processing defects may 
induce uneven wetting between the metal jet and the nozzle, further 
leading to the deflection of the droplet flight trajectory. Besides, the 
droplet deposition accuracy would decrease significantly as the depo
sition distance increases. However, in this study, the metal jet ejection 
behavior in the annular impinging jet shielding gas (Fig. 14 (a) and (b)) 
illustrates that the smaller the deposition distance, the more severe the 
metal jet deflection. The metal jet deflection at small deposition dis
tances would decrease the printing accuracy, which differs from the 
droplet printing law in a closed low-oxygen environment. This indicates 

Fig. 12. Dependence of the airflow average velocity vg and the ambient pres
sure Pa on the deposition distance H in simulation. The shielding gas supply rate 
Qgas=3 L/min. 

Fig. 13. Dependence of jet breaking length (a) and droplet velocity (b) on deposition distance in the experiment.  
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that the metal jet deflection in the annular impinging jet shielding gas is 
caused by the printing substrate. The proximity of the substrate to the 
nozzle enhances the lateral force from the airflow on the metal jet. 

The visual presentation for metal jet deflection at different deposi
tion distances is shown in Supplementary Video 3. 

The position of the printing substrate determines the deposition 
distance and printing angle of droplets. Ideally, the substrate is 
considered to be horizontal to the nozzle surface. However, in practical 

experiments, uncontrollable factors, such as the tolerance of machining 
and assembly in the substrate and nozzle, might cause the nozzle surface 
and the substrate surface to be slightly inclined instead of perfectly 
parallel. In a closed low-oxygen protective environment, this inclination 
does not affect the trajectory of metal jets at different deposition dis
tances. However, in an opening shielding gas environment, such incli
nation could change the axisymmetric distribution property of shielding 
gas and cause the metal jet trajectory to deviate from the ideal case. 

Fig. 14. (a) Binarized CCD Snapshots of the metal jet deflection behavior for Qgas=3 L/min, and (b) metal jet deflection angle and crossflow intensity under different 
shielding gas supply rates. The blue dotted line in the figure is the nozzle central axis. 

Fig. 15. Simulation results of the normal-section flow field for the shielding gas of (a) flow pattern 1 (H=3 mm) and (b) flow pattern 2 (H=2 mm). The substrate has 
a slight inclination angle of 3◦ to the nozzle surface. The shielding gas supply rate Qgas=3 L/min. 
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Therefore, it is considered that the metal jet deflection is closely related 
to the assembly tolerance between the substrate and the nozzle. 

To fully consider the effect of assembly tolerances on airflow distri
bution, a 3◦ slight inclination angle of the substrate surface to the nozzle 
surface was set in the shielding gas flow simulation. At the same time, a 
three-dimensional computational domain was used to investigate the 
airflow distribution in the case of substrate inclination. Fig. 15 (a) and 
(b) show the simulation results of the normal-section flow field for the 
shielding gas in flow pattern 1 (H=3 mm) and flow pattern 2 (H=2 mm), 
respectively. The slight inclination of the substrate does not affect the 
transition between the two airflow patterns, but results in a strong 
crossflow from shielding gas. 

The simulation results of the crossflow velocity vg’ along the nozzle 
axis at different deposition distances are shown in Fig. 16. When the 
deposition distance is far away (e.g., H=4 mm), the substrate effect on 
the shielding gas at the nozzle outlet is weak, and the crossflow mainly 
distributes close to the substrate, so that a small peak value of vg’ occurs 
nearby the substrate surface. As H decreases, the substrate effect on the 
shielding gas at the nozzle outlet becomes stronger, increasing the peak 
value of vg’, and making the crossflow close to the nozzle exit. Eventu
ally, a large deformation recirculation zone forms. 

The crossflow is the main factor in generating the lateral force on the 
metal jet. Here, the dimensionless number IC is used to scale the cross
flow intensity, which is equal to the ratio of the average crossflow ve
locity in the central axis to the shielding gas supply rate 
(
∫H

0 vg′(y)dy/(HQgas)). From the statistical analysis of metal jet deflection 
angle and crossflow intensity (Fig. 14(b)), metal jets affected by the 
strong crossflow in flow pattern 2 are deflected at different angles for 
H≤2.5 mm. Note that the large error bar at a small deposition distance is 
caused by the randomness of the jet deflection angle rather than a 
measurement error, indicating a high randomness in the jet deflection 
angle attributed to the strong and random airflow disturbance. As the 
deposition distance declines, the metal jet deflection becomes more and 
more significant. On the contrary, due to the relatively weak crossflow 
in flow pattern 1 for H>2.5 mm, the deflection angle of metal jets can be 
controlled below 1.5º. Therefore, a minor deposition distance should be 
avoided to prevent metal jets from being excessively deflected by the 
crossflow. 

Furthermore, it can be seen from Fig. 13 and Fig. 14 that the varia
tions in metal jet breaking length, droplet velocity, and metal jet 
deflection angle with deposition distance are consistent under different 
shielding gas supply rates. The airflow disturbance on the droplet ejec
tion could be weakened by reducing the airflow velocity. Although 

reducing the shielding gas supply rate benefits droplet ejection stability, 
it would sacrifice low-oxygen protective performance and increase the 
risk of droplet oxidation. 

3.4. Droplet printing verification in an opening environment 

3.4.1. Droplet deposition in annular impinging jet shielding gas 
When a droplet impacts the substrate, the droplet keeps alternate 

spreading and recoiling to balance the kinetic and surface energy. The 
oscillation would stop when the kinetic energy is completely dissipated 
or the droplet solidifies [44]. Fig. 17 shows the typical moments of the 
metal droplet deposition process at different deposition distances. After 
several processes, such as impaction, spreading, recoil, and oscillation 
on the substrate, the droplet finally solidifies and forms a single hemi
spherical bump. There are significant differences in the droplet deposi
tion behavior at different deposition distances. When the substrate is 
closed to the nozzle, the up-and-down oscillation of the droplets is less 
visible, while the final droplet deposition position deviates from the 
nozzle axis because of the shielding gas crossflow effect. As the depo
sition distance H increases, the spreading, recoiling, and oscillation of 
droplets become more and more obvious, at the same time the droplet 
deposition position is getting closer to the central axis due to the 
weakening crossflow. When H is greater than 2.8 mm, the spreading, 
recoiling, and oscillation of droplets are drastic, accompanied by the 
formation and deposition of satellite droplets. At the same time, the 
randomized falling trajectory of the satellite droplet may cause it to 
overlap or remelt with the main droplet, further making the droplet 
deposition morphology unpredictable. 

The visual presentation of the metal droplet deposition process at 
different deposition distances is shown in Supplementary Video 4. 

Variations in droplet deposition behavior could be characterized by 
the maximum spreading factor (β) and the maximum dimensionless 
height (γ), where β is defined as the ratio of the maximum droplet 
spreading diameter to the initial droplet diameter (wd,max/dd), and γ is 
the ratio of the maximum droplet recoiling height to the initial droplet 
diameter (hd,max/dd). The relationship between β and numerous impact 
parameters is usually based on the balance between inertial, viscous, 
and capillary to establish the physical model. Clanet et al. [45] sum
marized a scaling law, β∝We1/4, according to a mass conservation 
argument, where We is the Weber number defined with the droplet 
properties as We = ρmddvd

2/μm.This means that the maximum spreading 
rate is positively correlated with the droplet impact velocity. Although 
there is no well-established study to characterize γ quantitatively, Mao 

Fig. 16. Simulation results of crossflow velocity along the nozzle axis at different deposition distances. The shielding gas supply rate Qgas=3 L/min.  
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et al. [46] investigated the droplet recoiling process experimentally and 
theoretically, showing that a larger droplet impact velocity would lead 
to higher droplet rebound height, which may even cause droplet 
breakup and separation during its recoiling. 

Fig. 18 shows the dependence of the droplet maximum spreading 
factor, maximum dimensionless height, and impact velocity on the 
deposition distance in this study. The droplet impact velocity grows with 
the increasing deposition distance and the shielding gas flow pattern 
transition, which further contributes to the larger spreading rate and 

recoiling height. When H is 1.1 mm, β and the γ are both close to 1, 
indicating that neither the spreading nor the recoil is significant, while 
the shielding gas crossflow makes the droplet slightly jittery before it 
completes solidification, as shown by the snapshots between 2.53 and 
7.58 ms in Fig. 17. When H is 3.2 mm, γ up to 1.38, there is even a 
tendency for the liquid surface to break up at the maximum recoil height 
due to the intense droplet recoil. The unstable liquid surface eventually 
leads to an irregular droplet solidification morphology, as shown by 
snapshots between 2.17 and 8.80 ms in Fig. 17. When H is 2.2 mm, near 

Fig. 17. Binarized CCD Snapshots of the metal droplet deposition behavior for Qgas=3 L/min. The blue dotted line in the figure is the nozzle’s central axis.  
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Fig. 18. Dependence of the droplet maximum spreading factor, maximum dimensionless height, and impact velocity on the deposition distance. The shielding gas 
supply rate Qgas=3 L/min. 

Fig. 19. (a) Deposition position error of solder balls, formation frequency of satellite droplets, and circularity of solder balls in 15×15 solder ball arrays printing. 
SEM images of the solder ball arrays with (b) H=0.8 mm, (c) H=2.5 mm, and (d) H=4.5 mm, respectively. 
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Fig. 20. Shielding gas flow field distribution before (a) first droplet ejection, (b) second droplet ejection, (c) third droplet ejection, and (d) fourth droplet ejection. (e) 
~(h) CCD Snapshots of four sequential droplet ejections. The shielding gas supply rate Qgas=2.7 L/min, while the distance between the substrate and nozzle is kept 
at 2.8 mm. 
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the two airflow patterns transition, the droplet is capable of accurate 
printing at the nozzle axis after a normal oscillation due to the moderate 
droplet impact velocity and weakened crossflow. 

To obtain stable ejection and accurate printing parameters for metal 
droplets in the annular impinging jet shielding gas, 15×15 solder ball 
arrays were printed at different deposition distances ranging from 
0.8 mm to 4.5 mm. During the printing process, the shielding gas supply 
rate increased linearly from 1.5 L/min to 3 L/min. Besides, gold-clad 
plates were chosen as the printing substrate, and the printing pitch of 
the solder balls was set to 0.8 mm. 

The deposition position error of solder balls, ΔE, the formation fre
quency of satellite droplets, fs, and the circularity of solder balls, Cs, at 
different deposition distances, are shown in Fig. 19(a). fs is the ratio of 
the count of satellite droplets to that of ejections. Cs is derived from the 
relation between the solder ball shape area, Aball, and the solder ball 
shape perimeter, Pball. The circularity measure is defined as [47] 

Cs =
4πAball

Pball
2 (9) 

Statistics show that when H is less than 2.2 mm, solder balls are 
capable of reaching a high circularity of ~0.9. However, affected by the 
shielding gas crossflow, the printing accuracy of droplets is poor and the 
deposition position is highly random. As demonstrated in the SEM image 
of the solder ball array for H=0.8 mm in Fig. 19(b), droplet deposition 
positions are far from ideal, where chaotic overlapping of solder balls is 
observed. For H above 3.2 mm, droplets could be deposited accurately, 
while the formation frequency of satellite droplets is relatively high. The 
remelting of smaller satellite droplets with main droplets leads to 
irregular printing shapes and even short circuits in adjacent balls, which 
reduces the circularity of solder balls, as shown in Fig. 19(d). When H is 
around 2.5 mm, which is the transition region between the two airflow 
patterns, both the airflow velocity and the ambient pressure are rela
tively low (Fig. 12). This condition allows high-precision and ideal- 
circularity printing for solder balls without satellite droplet formation, 
as reflected in Fig. 19(c). 

Accordingly, the deposition distance should be near the transition 
region of two airflow patterns to achieve stable ejection and accurate 
printing, as illustrated by the blue region in Fig. 19(a), which diminishes 
the airflow disturbance on the droplet ejection to a low level. 

3.4.2. Metal droplet ejection process during its pileup 
During the 3D forming based on metal droplet ejection, the nozzle 

would be far from the substrate but close to the current printing layer as 
droplets pile up layer by layer. The printed region of the part may affect 
the airflow pattern, changing the metal droplet ejection behavior. Since 
a single droplet is a basic unit for forming 3D parts, in order to clarify the 
influence of the printed region on the droplet ejection behavior during 
3D printing, the airflow field transition and the droplet formation pro
cess during the single droplet pileup were investigated by simulation 
and experiment. Fig. 20 (a)~(d) show the shielding gas flow field dis
tribution before each droplet ejection, while Fig. 20 (e)~(h) illustrate 
the CCD snapshots of four sequential droplet ejections. The distance 
between the substrate and the nozzle is kept at 2.8 mm during the 
droplet pileup. It can be seen that the droplet pileup increases the 
airflow recirculation range, leading to a transition from shielding gas 
flow pattern 1 to flow pattern 2, which is similar to the airflow pattern 
transition caused by the proximity between the substrate and the nozzle 
in Fig. 9. The droplet pileup could prevent the annular airflow from 
converging on the axis. For the first ejection, the satellite droplet would 
be formed by the secondary breakup of the metal jet in airflow pattern 1 
(as shown in Fig. 20(e)). However, since the droplet pileup would reduce 
the deposition distance and change the airflow pattern, the metal jet 
breaking length is gradually reduced during the second to fourth ejec
tions, with the secondary breakup disappearing (as shown in Fig. 20 (f)~ 
(h)). 

The visual presentation for the metal droplet ejection process during 
its pileup could be found in Supplementary Video 5. 

Fig. 21 statistics the ratio of jet breaking length, the ratio of droplet 
velocity, and the deflection angle of metal jets during droplet pileup. As 
droplets pile up and the airflow pattern changes, the jet breaking length 
and the droplet velocity gradually decrease. For the second ejection with 
a deposition distance of 2.3 mm, the ratio of jet breaking length and the 
ratio of droplet velocity are very close to 1, indicating that the second 
droplet ejection is less affected by airflow disturbance. In addition, un
like direct deposition on the substrate, there is no significant variation in 
the metal jet deflection angle as droplets pile up, although the deposition 
distance decreases. It is also evident in Fig. 20 that the metal jet tra
jectory is maintained in a good alignment with the blue central axis for 
each droplet ejection. This provides additional evidence that the jet 
deflection is dominated by the substrate. Although the deposition dis
tance decreases during the droplet pileup, the jet angle is hardly affected 
due to the substrate being motionless. 

In practical droplet printing, the metal jet trajectory is susceptible to 
the airflow field axisymmetry near the nozzle, which is highly 

Fig. 21. Ratio of jet breaking length, ratio of droplet velocity, and deflection angle of metal jets during droplet pileup. The shielding gas supply rate Qgas=2.7 L/min, 
while the distance between the substrate and nozzle is kept at 2.8 mm. 
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dependent on the morphology of the current printing layer. It is neces
sary to optimize the printing trajectory to avoid the airflow non- 
axisymmetric distribution, while the droplet deposition distance con
trol is also an essential strategy to mitigate the airflow disturbance. 

3.4.3. Processing and forming in an opening environment 
Based on the above analysis, a ball grid array (BGA) chip ball- 

mounting was attempted to verify the research feasibility. Fig. 22(a) 
displays a memory chip with its solder balls printed by metal droplets in 
the annular impinging jet shielding gas at a deposition distance of 
2.5 mm. Fig. 22(b) shows a partially magnified SEM image of the chip in 
Fig. 22(a). With an overall chip size of 13 mm×8 mm and a pad diam
eter of ~380 μm, metal droplets are precisely printed on pads. As pre
sented in Fig. 22(c), the printed BGA solder balls feature uniformly 
rounded hemispherical morphologies without remelting or overlapping 
other satellite droplets. This indicates that controlling the deposition 
distance is an effective way to reduce the airflow disturbance on the 
droplet ejection in the annular impinging jet shielding gas. Furthermore, 
to verify the applicability of the study in the 3D structure building, a 

cylindrical and a square thin-wall tube were printed under a deposition 
distance of 2.5 mm, as shown in Fig. 22 (d) and (f). It can be seen that the 
droplets could be ejected and piled up as expected under the shielding 
gas environment, exhibiting a satisfactory 3D structure printing 
capability. 

4. Conclusions 

In this study, the effect mechanism of annular impinging jet shielding 
gas on metal droplet formation and metal jet deflection was first 
revealed. To investigate the droplet ejection process in shielding gas, an 
airflow simulation based on the RSM, an airflow smoke-wire observa
tion, a hydrodynamic model construction, and a droplet ejection 
experiment were combined and applied. An innovative suppression 
strategy of airflow disturbance for metal droplet ejection was proposed 
by controlling the deposition distance in the annular impinging jet 
shielding gas. As the deposition distance reduces, the annular impinging 
jet shielding gas transforms from flow pattern 1 to flow pattern 2, further 
affecting droplet ejection behavior. The strong velocity difference at the 

Fig. 22. (a) A memory chip with solder balls printed by metal droplets. (b) A close-up view of (a). (c) A SEM front view of (a). (d) A cylindrical and (e) a square thin- 
wall tube printed by metal droplets under shielding gas. 
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gas-liquid interface in flow pattern 1 would cause jet stretching and 
droplet acceleration, even forming satellite droplets when metal jets are 
overstretched. In contrast, the recirculation zone size and the ambient 
pressure increase significantly in flow pattern 2, leading to jet short
ening and droplet deceleration. Besides, excessive proximity between 
the nozzle and the substrate could enhance shielding gas crossflow 
because of component assembly tolerances, causing metal jets to deflect. 
By adjusting the deposition distance to the transition region of two 
typical airflow patterns, the effect of shielding gas on droplet formation 
is minimized, allowing stable ejection and accurate printing of metal 
droplets. Finally, a BGA chip was accurately ball-mounted without sat
ellite droplet overlapping in an opening printing environment, verifying 
the reliability of the airflow disturbance suppression strategy. Two thin- 
wall tubes were printed under the shielding gas, exhibiting the appli
cability of the research for practical structure printing. This study per
mits new insights into the effect mechanism of shielding gas-impinging 
behavior on metal droplet ejection. In addition, the theoretical guidance 
for the opening printing of metal droplets might promote the industrial 
application of metal droplet-based 3D printing technology in an intel
ligent, automated, and lightweight way. 
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Appendix A 

When applying a jet signal, the molten metal in the vibration chamber is forced forward by the vibration rod. Part of the metal fluid flows into the 
nozzle to form the metal jet, while the other part flows into the annular side gap. According to the fluid mechanic theory, when the vibration rod moves 
forward at velocity v0, the total flow rate, Q, can be expressed as 

Q = Svv0 (A.1) 

where Sv = πdv
2
/4 is the cross-sectional area of the vibration rod head. 

The flow rate of molten metal through the nozzle, QN, is 

QN = Sn2v3 (A.2) 

where Sn2 = πdn2
2
/4 is the cross-sectional area of the nozzle outlet; v3 is the metal jet ejection velocity. 

The flow rate in the annular side gap, QL, can be expressed as [48] 

QL = πdv

(
δ3

12μmhv
ΔPL −

δ
2
v0

)

(A.3) 

where ΔPL is the pressure difference between the upper and lower ends of the annular lateral gap. The relationship between Pt and Pb is Pt = Pb +

ρmgh. Thus, as the vibration rod moves forward, the pressure difference in the lateral gap, ΔPL, can be expressed as 

ΔPL = P − Pb − ρmgh (A.4) 

The total head loss of molten metal from the bottom surface of the vibration rod to the nozzle outlet is [49] 

Δh =
f1v1

2lv

2gdc
+

v2
2

2g

(
f2ln1

dn1
+ K1

)

+
v3

2K2

2g
=

P − PLap

ρmg
+

(

lv + ln1 + ln2

)

(A.5)  

where f1 and f2 are the head loss coefficients along the straight flow channel sections at positions ① and ②, respectively, which are equal to 64/ReL 

when the flow is laminar, and ReL is the Reynolds number of metal jets; K1 is the local head loss coefficient at the sudden contraction between ① and 
②, calculated by K1 = 0.42(1 − dn1

2
/dc

2
); and K2 is the local head loss coefficient at the gradual contraction between ② and ③, K2=0.04 when the 

nozzle contraction angle θ is 45◦; v1 and v2 are the fluid velocities at positions ① and ②, respectively, expressed by v3 as v1 = dn2
2v3/dc

2 and v2 =

dn2
2v3/dn1

2; PLap is the Laplace pressure generated by the capillary force at the nozzle outlet, calculated by PLap = 2σ/dn2 + Pa. 
From the mass conservation equation Q = QN +QL and Eqs. (A.1)~(A.5), the metal jet ejection velocity, v3, can be calculated form the ambient 

pressure, Pa, as 

v3 = −
B

2A
+

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
B2 + 4AC − 4APa

√

2A
(A.6) 

Here, A = 0.21ρmdn2
4
/dn1

4
(1 − dn1

2
/dc

2
) + 0.02ρm, B = 32μmdn2

2
(lv/dc

4
+ ln1/dn1

4
) + 3μmhvdn2

2
/dvδ3, andC = 3μmhv/δ3(dvv0 + 2v0δ) + ρmg(lv +

ln1 + ln2 + h) + Pb − 2σ/dn2. 
Since the Froude number of metal jets Fr = v3/

̅̅̅̅̅̅̅̅̅
gdn2

√
≈ 60≫1 and the Bond numberBo = ρmgdn2

2
/σ ≈ 0.011≪1, gravity is neglected compared to 

inertial force and surface tension. Driven by the vibration rod, the metal jet ejects from the nozzle at velocity v3 and must overcome the nozzle capillary 
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tension to keep the jet growing. Then the jet starts to neck and break up under the combination of viscous tension, jet capillary tension, and shielding 
gas shear force, eventually forming a metal droplet with an initial velocity of vd. During jet growing and necking, the jet tip velocity decreases from v3 
to vd, and the jet radius at the necking position gradually decreases from dn2/2 to 0. Assuming that the driving signal disappears at time t1, the jet 
breaks up at time t2, and the jet diameter is approximately equal to the diameter of the nozzle outlet at the moment 0~t1; meanwhile, the jet tip 
velocity at the moment 0~t1 and the jet cross-sectional area at the moment t1~t2 both change linearly. Then the jet length, ljet, and the diameter at the 
jet necking, djet, could be obtained from ljet(t) =

∫ t
0(v3 + (vd − v3)t/t2)dt. 

The initial velocity of the droplet, vd, was obtained by establishing the momentum model of jet ejection [50]. During the time 0~t1 when the 
driving signal is applied, the mass flux of metal fluid through the nozzle is ρmSn2v3, and the total momentum of the metal jet can be expressed as 

ptotal = ρmSn2v3
2t1 (A.7) 

When the jet flows out, the capillary tension at the nozzle outlet, τσ, is approximated asτσ = − πdn2σ/2, then the momentum transferred by the 
nozzle capillary tension during jet growing, pσ1, is 

pσ1 = −
1
2

πdn2σt1 (A.8) 

The momentum transferred by the jet capillary tension during jet necking, pσ2, is 

pσ2 = −

∫ t2

t1

1
2

πσdjet(t)dt = −
1
3

dn2πσ
(

t2 − t1

)

(A.9) 

In a slender jet, the viscous tension τμ mainly comes from the extensional viscosity (3μm), which is given by 

τμ = 3μmA∂yv3 (A.10) 

where A is the jet cross-sectional area, ∂yv3 is the jet stretching rate, and y is the axial coordinate. 
Correlating the stretching rate, the change in cross-sectional area, and the continuity equation yields 

D
Dt

A = − A∂yv3 (A.11) 

Integrating Eq. (A.11)at the moment t1~t2 gives 

A(t2) − A(t1) =

∫ t2

t1

D
Dt

Adt =
∫ t2

t1
−

τμ

3μm
dt = −

pμ

3μm
(A.12) 

Thus, as the jet cross-sectional area reduces from Sn2 to 0, the momentum transferred by the viscous tension, pμ, is 

pμ = − 3μmSn2 (A.13) 

During droplet formation, shielding gas exerts an interfacial shear force on metal jets, as shown in Fig. 7(b). The interfacial shear force of shielding 
gas on metal jets, τs, is mainly affected by the average velocity of shielding gas, vg [51]. According to Sidi-Ali at all [52], τs can be expressed as 

τs =
fsρgvg

⃒
⃒vg

⃒
⃒

2
(A.14) 

where the shear factor fs is given by fs = c1Reg
c2 . Reg is the Reynolds number of shielding gas, and c1, c2 are the empirical constants. If the variation 

of the jet radius in metal jet evolution is neglected, the momentum transferred by the airflow shear force, ps, can be approximated as 

ps ≈ τsπdn2

∫ t2

0
ljet(t)dt = τsπdn2

(
vd

6
+

v3

3

)

t2
2 (A.15) 

Assuming that the residual jet velocity after the jet breakup is zero, the total momentum of the system is equal to the initial momentum of the 
droplet, pd, i.e. 

pd =
1
6

πdd
3ρmvd (A.16) 

From the theory of momentum conservation, inferring 

pd = ptotal + pσ1 + pσ2 + pμ + ps (A.17) 

From Eqs. (A.7)~(A.9), (A.13) and (A.15)~(A.17), vd could be expressed as 

vd =
Dv3

2 + Ev3vg
⃒
⃒vg

⃒
⃒ − F

G − Hvg
⃒
⃒vg

⃒
⃒

(A.18) 

Here, D = 3ρmdn2
2t1, E = 2fsρgdn2t22, F = 9μmdn2

2
+ 2dn2σt1 + 4dn2σt2, G = 2dd

3ρm, and H = fsρgdn2t22. 
The jet break length at time t2 is expressed as 

lb =

∫ t2

0

(

v3 +
vd − v3

t2
t
)

dt =
1
2

(

v3 + vd

)

t2 (A.19)  
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[42] V. Tesař, Z. Trávníček, Excitational metamorphosis of surface flowfield under an 
impinging annular jet, Chem. Eng. J. 144 (2008) 312–316. 

[43] H. Sohn, D.Y. Yang, Drop-on-demand deposition of superheated metal droplets for 
selective infiltration manufacturing, Mater. Sci. Eng. A. 392 (2005) 415–421. 

[44] S. Schiaffino, A.A. Sonin, Molten droplet deposition and solidification at low Weber 
numbers, Phys. Fluids 9 (1997) 3172–3187. 
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