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ARTICLE INFO ABSTRACT

Keywords: High-precision droplet overlapping under coaxial shielding gas is a prerequisite for automated and lightweight
Coaxial shielding gas metal micro-droplet deposition manufacturing. Unfortunately, the opening shielding environment exposes metal
Oxidation

droplets directly to the atmosphere. Droplet overlapping fusion quality would be affected due to the coupling
effects of impact dynamics, thermodynamics, and oxidation. In this study, based on experiments and theoretical
modeling of molten droplet impact dynamics, a strategy to suppress droplet overlapping fusion defects under
coaxial shielding gas was proposed for the first time. Results show that at lower shielding gas rates, molten
droplet retraction, recoil, and oscillation would weaken or vanish due to the oxide film’s self-limiting effect. This
limits the improved model’s accuracy in predicting the droplet spreading factor in lower shielding gas supply
rates. The weakened droplet dynamic behaviors at low shielding gas supply rates would magnify the length and
height defects of droplet overlapping, which is particularly evident at a small printing step distance. Finally, a
quality mapping for different printing parameters is established, effectively suppressing overlapping defects and
ensuring fusion quality through metallurgical bonding. This work could provide a solid evidence base and
theoretical guidance for high-quality metal micro-droplet deposition manufacturing under an opening shielding
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environment.

1. Introduction

Metal micro-droplet deposition manufacturing (MDDM) has gained
significant attention for its low energy consumption, broad material
availability, and high cost-efficiency [1]. Applications include electronic
packaging [2,3], circuit printing [4,5], metal prototyping [6,7], plas-
monic device manufacture [8,9], and structural repair [10]. This tech-
nology creates three-dimensional parts by depositing and fusing molten
metal droplets onto a substrate, point by point and layer by layer [11,
12]. To accommodate automated and lightweight manufacturing, using
coaxial shielding gas (CSG) for low-oxygen protection is an ideal way
[13,14], which enables rapid material supply and overcomes fabrication
size limitations [15]. During MDDM, small metal droplets with slow
ejection velocities require careful shielding gas management to avoid
airflow disturbances impacting droplet trajectories. However, a low
shielding gas supply rate risks oxidizing the molten metal, forming oxide
skins on droplet surfaces and altering droplet deposition and over-
lapping behavior. It is challenging to guarantee metal droplet over-
lapping accuracy and fusion quality in CSG-based MDDM.
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The overlapping fusion defect of metal droplets in an opening envi-
ronment is influenced by the coupling effects of impact dynamics,
thermodynamics, and oxidation. Droplet impact dynamics occur in two
conditions: droplet-to-substrate and droplet-to-droplet. The investiga-
tion on the droplet-to-substrate impact behavior mainly focuses on
droplet impact deformation [16,17], heat and mass transfer, and
non-isothermal solidification [18,19]. The precise control of droplet
deposition morphology has been achieved at present. For the
droplet-to-droplet impact behavior, Xu et al. [20] developed a temper-
ature model for adjacent droplet interfaces to predict droplet remelting
behaviors. Qi et al. [21] established a horizontal overlapping model to
optimize printed line morphology. Yi et al. [22] identified solidification
ripples as barriers to fusion, suggesting reduced substrate thermal con-
ductivity to minimize defects. Dou et al. [23] analyzed droplet coales-
cence dynamics to control landing errors during droplet overlapping.
Despite these advances, most researches were done in a closed envi-
ronment with an inert gas glove box providing low-oxygen protection,
while the external air hardly affects the droplet deposition. In an
opening environment, metal droplets are more susceptible to oxidation.
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Droplet fluid properties would change due to the oxide film formed,
causing existing theories on droplet deposition dynamics and over-
lapping quality controlling strategies to be inapplicable.

The influence of oxidation on MDDM processes has not yet been
reported. Some studies in thermal spraying involving oxidized metal
droplet deposition may offer useful Refs. [24-26], though they differ
from metal droplet printing. Xu et al. [26] studied the effect of oxidation
on the impact dynamics of eutectic gallium alloy droplets, defining an
equivalent Weber number to predict the droplet’s maximum spreading
factor. McGuan et al. [28], based on Pasandideh-Fard’s energy conser-
vation model [27], introduced a simplified model to predict the
maximum spreading factor of oxidized gallium alloy droplets. It is
shown that the maximum spreading factor for oxidized droplets is pro-
portional to the 0.5 power of the Weber number, compared to 0.25
power for pure droplets. Yang et al. [24] analyzed aluminum droplet
spreading, rebound, and splash on PTFE substrates at different oxygen
concentrations, revealing oxidation increases viscous dissipation and
inhibits rebound. Current literature focuses on predicting oxidized
droplet characteristic parameters. Moreover, the Weber number often
reaches dozens to hundreds [29], making oxidation effects insignificant
due to the strong inertia effect. However, the Weber number in MDDM is
below 10, while oxidation has a more significant effect on droplet
deposition. A more thorough experimental and theoretical analysis is
needed to clarify the droplet impact dynamic and guarantee the metal
droplet overlapping fusion quality.

This work focuses on CSG-based MDDM, aiming to develop a strategy
to suppress metal droplet overlapping fusion defects. A CSG supply
system was employed to control droplet oxidation, while high-speed
photography captured droplet-to-substrate and droplet-to-droplet
impact dynamics. Through experiments and theoretical modeling, an
improved model was developed to predict the droplet maximum
spreading factor at a low Weber number. The evolution of droplet
spreading, recoil, oscillation, and overlapping behaviors was analyzed.
Furthermore, a quality mapping and parameter control strategy for
droplet overlapping were proposed, effectively suppressing overlapping
defects and ensuring fusion quality. This work may offer theoretical
guidance for high-quality metal droplet forming in opening
environments.
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2. Experimental methods
2.1. Deposition setup and procedure

Fig. 1 shows the schematic diagram of the CSG-based MDDM system.
The experimental system mainly consists of a temperature control sub-
system, a metal droplet on-demand ejection subsystem, a droplet
deposition control subsystem, a cooling recycling subsystem, and an
inert gas supply subsystem. Each subsystem is working as detailed
below.

The temperature control subsystem includes a temperature
controller (Shimax, Japan), a thermocouple (Type K), and a heater to
melt the tin alloy blocks in the crucible. The metal droplet on-demand
ejection subsystem is composed of an industrial personal computer
(IPC, GoldSun, China), a Programmable Multi-Axis Controller (PMAC,
Delta Tau, America), a signal amplifier (Coremorrow XE-505.00, China),
a piezoelectric ceramic (Coremorrow, China), a vibration rod, and a
nozzle. During droplet ejection, the IPC directs the PMAC to generate a
0~5 V signal, which is amplified 12 times by the signal amplifier and
applied to the piezoelectric ceramic. In response, the piezoelectric
ceramic converts the electrical energy of the received signal into me-
chanical energy, inducing a tiny perturbation in the liquid metal via the
vibration rod connected below it. This results in molten metal being
squeezed from the nozzle to form a droplet of several hundred microns.

Concurrently with droplet ejection, the droplet deposition control
subsystem adjusts the droplet deposition position. This subsystem in-
cludes the IPC, the PMAC, motor drivers, a 3D motion platform, and a
substrate. The IPC and PMAC generate motion signals, controlling the
platform and substrate to translate and lift through motor drivers. Since
piezoelectric ceramics could suffer irreversible performance degrada-
tion at temperatures above 150 °C, the cooling recirculation subsystem
continuously circulates water around the ceramics to maintain an
optimal operating temperature.

In addition, the inert gas supply subsystem provides both shielding
gas and backpressure gas for droplet ejection. Shielding gas is intro-
duced through an inlet at the top of the heater, where internal gas dis-
tribution channels ensure its uniform distribution. This forms a coaxial
shielding gas that is directed towards the nozzle, creating a low-oxygen
environment in its vicinity. Simultaneously, inert gas flows into the
crucible through a backpressure gas inlet located at its top, providing the
necessary backpressure to extrude waste metal liquid.

The experimental research was conducted by a self-developed pro-
totype machine of CSG-based MDDM. Detailed information on the
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Fig. 1. Schematic diagram of the CSG-based MDDM system.
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prototype machine is shown in the Supporting File.
2.2. Experimental materials and preparation

Sn99.3-Cu0.7 alloy blocks were used as the ejection material, with
gold-clad boards serving as the substrate for droplet deposition. Tin al-
loys exhibit excellent wettability with gold cladding due to the forma-
tion of intermetallic compounds at high temperatures, which helps
prevent the tin alloy droplets from rebounding from the substrate. Argon
was used as the inert shielding gas to protect the droplets from oxidation
during deposition. The properties of the experimental materials
involved are listed in Table 1.

Prior to the experiment, the alloy block surface was finely polished to
remove any oxidized film, thereby mitigating the impact of oxidation on
the experimental process. Once the alloy blocks were positioned in the
crucible, inert gas was supplied continuously for 5 min at a flow rate of 2
L/min through both the backpressure inlet and the shielding gas inlet to
purge any residual air from the system. Before activating the heater, the
backpressure gas was shut off, and the shielding gas supply rate was
reduced to 0.5 L/min to prevent air backflow into the device during
heating.

2.3. Characterization methods

The dynamic processes of droplet deposition and overlapping were
captured using a high-speed CCD (ix-speed 220, Britain) at a frame rate
of 10,000~11,500 fps. The solidification morphology and element dis-
tribution of droplets were examined by scanning electron microscope
(SEM, Zeiss EVO 10, Germany) equipped with an energy dispersive
spectrometer (EDS). An image analysis software, ImageJ, was employed
to measure droplet characteristic dimensions.

3. Results and discussion
3.1. Metal droplet initial conditions under shielding gas

According to the previous study [34], variations in deposition dis-
tance can create two distinct shielding gas flow patterns. By controlling
the deposition distance to the critical point where these two flow pat-
terns transition, gas disturbances during droplet ejection can be mini-
mized. In this study, the transition point for the two flow patterns was
determined to be approximately 2.5 mm, and this deposition distance
was subsequently maintained throughout the experiments. The pulse
amplitude, pulse width, and crucible temperature were adjusted to 3.8
V, 339 ps, and 623 K, respectively, to ensure the formation of a single
droplet.

The droplet initial states, such as length, width, circularity, and ve-
locity of droplets, relative to the shielding gas supply rate before the
droplet impacts the substrate are illustrated in Fig. 2. When the shielding
gas supply rate is low (below 0.8 L/min), the droplet exhibits a sharp,
tapered tail in their initial morphology. Previous researches by Xu et al.
[26], Li et al. [35], and McGuan et al. [28] have attributed this tapered
tail to oxidization. Specifically, the self-limiting oxide film on the metal
jet surface restricts the release of surface energy during the jet longitu-
dinal pull-off and necking, forming a poorly circularity droplet with a

Table 1

Properties of materials used in the experiment (at 573 K).
Properties Sn99.3-Cu0.7 argon
Density (kg-m™) pm = 6900 pg = 1.6228
Dynamics viscosity (Pa-s) im — 1.95 x 1073 [30] g = 2.125 x 107°

Surface tension coefficient (N-m™) 6 = 0.56 -

Melting point (K) Ty = 500 [31] -

Thermal conductivity (W-m™-K™) km = 30 [32] kg = 0.017
Latent heat of fusion (J/kg) H = 44,375 [31] -

Specific heat (J-kg-K™") = 243 [33] Cg =521
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Fig. 2. Initial physical conditions of droplets at different shielding gas sup-
ply rates.

tapered tail. The presence of this tapered tail significantly increases the
droplet’s length while slightly reducing its width. Conversely, when the
shielding gas supply rate exceeds 0.8 L/min, the weakening of oxidation
leads to a reduction in droplet length, making it comparable to the width
and gradually approaching a spherical shape. Furthermore, the droplet’s
initial velocity remains almost stable at ~1 m/s, regardless of changes in
the shielding gas supply rate. This is attributed to the fact that the initial
Weber number of the metal jet at the nozzle outlet (which is the ratio of
the jet inertial force to the surface tension defined as p, Je;dnozzle /o,

where vje is the jet’s initial velocity at the nozzle outlet and dpozle is the
nozzle diameter) is of the order of magnitude ~20, indicating that the jet
breakup process governed by the inertial force. The calculated correla-
tion coefficient between the droplet’s initial velocity vq and the shielding
gas supply rate Q is ~0.21, indicating a weak relationship between the
two variables. Therefore, it could be assumed that the droplet’s initial
velocity is unchanged throughout the deposition experiment.

Most studies on droplet deposition are based on an ideal spherical
droplet assumption. However, oxidation could induce irregular metal
droplet morphology forming, making this assumption to be inapplicable.
For investigation purposes, an equivalent diameter of droplets, Dey, is
adopted as the representation of droplet initial diameter [36], which is
calculated by the droplet volume V as:

3/6V
Degr = {/—- €8]
7

From Fig. 2, when the shielding gas supply rate is low (Q < 0.8 L/
min), droplets tend to have a larger equivalent diameter and poorer
circularity. As the shielding gas supply rate increase, the droplets
gradually return to a spherical shape, and the equivalent diameter de-
creases until it stabilizes at ~430 pm.

3.2. Analysis of droplet impact dynamic behavior under shielding gas

3.2.1. Dynamic process of single metal droplet deposition

The deposition process of unoxidized metal droplets is influenced by
the coupling of dynamic and thermodynamic behaviors. There are five
distinct stages for the metal droplet deposition process based on the
droplet’s evolution: pre-impact, spreading, recoil, oscillations, and sta-
tionary [37], as depicted in Fig. 3(a)~(e). In the pre-impact stage, a
metal droplet with an initial temperature Tq and an initial velocity vq
falls through shielding gas, approaching a cold substrate with a tem-
perature Ts. Upon contacting the substrate, the droplet enters the
spreading stage. Here, the internal fluid continues to move downward
under inertial force, resulting in a gradual decrease in droplet height h(t)
and a gradual increase in spreading diameter d(t). Once the initial ki-
netic energy of the droplet thoroughly converts into surface energy, the



Y. Zhou et al.

IL{; ,... fig

Pr';'t.ing s'ulééFate

¥ )
Printing substrate

(a) Pre-impact :
T>T>T, = (b) Spreading ==

x_"

Printing su bstrate

(c) Recoil =% (d) Oscillations =¥ (e) Stationary

International Journal of Heat and Mass Transfer 238 (2025) 126488

WWWWW

- dl(f) >

W

Printing substrate Printing substrate

Fig. 3. Schematic diagram of five typical stages for the metal droplet deposition dynamics: (a) Pre-impact; (b) Spreading; (c) Recoil; (d) Oscillations; (e) Stationary.

spreading stops. At this time, the droplet reaches its maximum spreading
diameter and minimum height. In the recoil stage, the droplet retracts
upward under the effect of surface tension, leading to an increase in
height and a reduction in its spreading diameter. Meanwhile, partial
solidification from the bottom of the droplet upward resists further
changes in the spreading diameter, while the unsolidified portion con-
tinues to recoil until it reaches the maximum height. Afterward, the
droplet repeatedly oscillates with declining amplitude as it seeks to
balance the remaining kinetic and surface energy. Finally, the kinetic
energy of the droplet is dissipated by viscous resistance and solidifica-
tion, leading to a stationary state. This concludes the droplet deposition
process.

The CCD snapshots of the droplet deposition process at different
shielding gas supply rates are exhibited in Fig. 4, where droplet dy-
namics after the second oscillation are omitted for brevity. At shielding
gas flow rates below 3 L/min, the deposition dynamics are hindered by
oxidation, resulting in the retention of the droplets’ initial tail tip until
complete solidification. As the shielding gas flow rate increases, the final

solidification shape of droplets approaches a hemispherical shape due to
the initial droplet shape becomes more round. In addition, there are also
notable differences in droplet dynamic behavior at different shielding
gas supply rates. When the shielding gas supply rate is <0.3 L/min, no
apparent retraction or oscillation could be observed after the droplet
spreads on the substrate, with the entire deposition process finishes
within ~1 ms. As the shielding gas supply rate rises to 0.6 L/min, the
droplet shows a visible recoil behavior, albeit without subsequent os-
cillations. However, once the shielding gas supply rate exceeds 0.9 L/
min, the droplet undergoes repeated oscillations during deposition, and
the time required for the droplet to reach a stationary state increases as
the shielding gas supply rate continues to rise.

The visual presentation of droplet deposition process under different
shielding gas supply rates is shown in the Supplementary Video 1.

3.2.2. Spreading and recoil behaviors of metal droplets
To quantify the dynamics of droplet impact, dimensionless parame-
ters, including droplet spreading factor ¢, and recoil factor 7, are defined
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Fig. 4. CCD snapshots of the droplet deposition process under different shielding gas supply rates.
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as [38]

{0 =90 ) =Y @

The Weber number We and Reynolds number Re of droplets are used
to describe the fluid flow conditions, which are

_ pVa*Desr Re — PVaDese
o Him

We

3)

Furthermore, Stefan number Ste and the Peclet number Pe, which are
the dimensionless numbers concerning the droplet heat transfer
behavior, are denoted by

Cm(Tm - TSi)7Pe _ vdDeff7 (4)

f QAdiff

Ste =

where Ty is the substrate’s initial temperature, which is ~290 K in this
study. agifs is the thermal diffusion coefficient defined as agift = km
/(Cunf)-

The maximum spreading factor and the maximum recoil factor are
essential parameters to describe droplet dynamics. Numerous theoret-
ical studies have focused on the prediction the maximum spreading
factor. Pasandideh-Fard et al. [27] developed a prediction model for the
droplet’s maximum spreading factor based on the energy conservation
model. However, since they used water as the experimental material, the
model did not account for the solidification behavior during spreading.
Aziz et al. [17] later introduced a model for predicting the maximum
spreading factor in metal droplet deposition by incorporating solidifi-
cation theory.

Nevertheless, their model treats the metal droplets in the maximum
spreading state as a disk of negligible thickness, leading to an over-
estimation of the maximum spreading factor at low Weber numbers. In
this study, the surface energy is incorporated in the droplet thickness
direction into the primary energy term, thereby establishing a more
accurate droplet impact dynamics modeling for MDDM.

Before the droplet spreading starts, the total energy mainly consists
of the initial kinetic energy Eyo and the initial surface energy Ego [17]:

1
Eyo = ﬁﬂﬂDeff3Vd27 %)
EsO = ”Deff26- (6)

At the moment of the droplet’s maximum spreading, its kinetic en-
ergy diminishes to zero, leaving its total energy primarily as surface
energy Eg;. Assuming the droplet at the maximum spreading forms a
regular disk, the total surface energy Eg; could be calculated by the sum
of the energy from the upper surface and the side surface as [39]

2z Dess® -
3 dmax ’

Eq = %dmaxza(l —cosbt,) +

7
where 6, is the advancing contact angle of the droplet, which can be
measured by the CCD snapshot of the droplet spreading. dpmax is the
maximum spreading diameter.

The viscous dissipation energy Ey1 during the droplet spreading to its
maximum diameter could be expressed as [27]

/4
E, = 7pvd3dmax2tsy (8)

8vRe

where t; is the droplet spreading time. Chandra et al. [40] suggested that
ts = Desr/v4, which is closer to the droplet spreading time in this study,
thus
T , We

Ev = _dmax 0—
'8 VRe

Additionally, part of kinetic energy is lost due to droplet solidifica-
tion. When the thickness of the solidification layer is s, the kinetic energy

9
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lost AE;7 is [41]
AE; = 2 pdavas. (10
32

The thickness of the solidification layer s could be denoted as

Ste
s=4/2t Pe (1

t* is the dimensionless time. Here it is taken as 1.
Further, balancing the total energy before the droplet reaches its
maximum spreading diameter, that is

Ek() + EsO = Esl + Evl + AEL (12)
From Egs. (5)~(7) and (9)~(12), inferring

dmax) 3 dmax

+P +Q=0. (13)
(Deff Dt
Here, P — — 4(We+12) Q= 32

3We %+12(1—c0593)+6% 3We %+12(1—cos€a)+6%'
The maximum spreading factor could be obtained by solving the

Cardano formula as

3| P P2 P2 3 P P P2
fmax: 7§2+ L+i+ 7727 ! +i Deff Wd~

27 " 4 2 V277" 4

14)

For pure tin alloy droplets, the Weber number is ~5.3, the Reynolds
number is ~1522, and the calculated maximum spreading factor is
about 1.3096. Fig. 5 shows the droplets’ maximum spreading factor and
the maximum recoil factor at different shielding gas supply rates. The
theoretical value of the maximum spreading factor, derived from Eq.
(14), shows different prediction accuracy depending on the initial
droplet shapes. For spherical droplets, when the shielding gas supply
rate exceeds 0.8 L/min, the theoretical value of the maximum spreading
factor aligns closely with the experimental results. However, for non-
spherical droplets, the theoretical maximum spreading factor deviates
from the practical value, with the deviation increasing as the shielding
gas supply rate decreases. This discrepancy at lower shielding gas supply
rates may be attributed to oxidation effects. When the shielding gas flow
is insufficient, the droplets are not fully shielded from exposure to ox-
ygen in the surrounding atmosphere. The oxidation effect changes the
droplet’s physical properties, such as surface tension and viscosity,
making the model for predicting the maximum spreading factor
inapplicable.

Non-spherical droplets

Spherical droplets

2.2 e ,
~20F —m— Experimental value of § _ | |
: gm0 --0-- Theoretical value of §__

\"D., ®— Experimental value of 17, _,
-a, ]

[o7]

Maximum spreading rate (¢, )
& Maximum recoil rate (n
S
e
hing»h\

0O 0O 0 a2 a2 A A o
(o+]
f

—r— *— & L o
®
oH & i
2 /
0| -
> o—d
61 5 | Weak _ 1
) recoil Normal recoil
4 I -9.9) | By 2
o

00 03 06 09 12 15 18 21 24
Q (L/min)

Fig. 5. Maximum spreading factor and maximum recoil factor of droplets at
different shielding gas supply rates.
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Extensive research has been conducted on the effects of oxidation on
the physical properties of metal droplets. Present studies have demon-
strated that different detection methods could induce dramatic varia-
tions in surface tension measurements of the oxidized liquid metal.
Taimatsu et al. [42] and Yuan et al. [43] employed the sessile drop
method to measure the surface tension of oxidized molten tin, finding
that the oxidized droplet showed with a better wettability on the sub-
strate. They concluded that oxidation would decrease the surface ten-
sion. Conversely, Xu et al. [44] used the pendant drop method to
measure the surface tension of liquid gallium, discovering that the
oxidized film introduced yield stress. The oxidized liquid metal exhibi-
ted a solid-like elastic response under low applied stress, thereby
increasing the measured surface tension. The differing results from these
two methods stem from the mechanical stress effects of the oxide film. In
the sessile drop method, the oxide film limits the release of droplet
surface energy, reducing the contact angle. In the pendant drop method,
the mechanical stress of the oxide film superimposes with the surface
tension, collectively inhibiting the droplet from falling off. For this
study, the conclusion from the pendant drop method is more represen-
tative, as the oxide mechanical stress and the surface tension act
together to hinder droplet deformation together during its spreading.
Besides, Xu et al. [44] and Patouillet et al. [45] measured the viscosity of
molten gallium alloys and aluminum alloys, respectively. It was found
that the oxide film would continuously breaks and forms under the shear
force, inducing the melt to exhibit non-Newtonian fluid behavior with
the shear-thinning property. The oxidized melt demonstrates high vis-
cosity. As the shear rate increases, the viscosity of the oxidized melt
decreases and gradually approaches the viscosity of pure melt at high
shear rates. From Eq. (14), an increase in either surface tension or vis-
cosity would decrease the maximum spreading factor of the droplet. The
mechanical stress of the oxide film dissipates partial energy during the
conversion between droplet kinetic energy and surface tension. There-
fore, the experimental value of the maximum spreading factor is smaller
than the theoretical value at lower shielding gas supply rates.

According to the maximum recoil factor scale, droplets exhibit three
different recoil behaviors at different shielding gas supply rates (Fig. 5):
recoil vanishing, weak recoil, and normal recoil. The vanishing and
weakening of the recoil behavior occurs only during the deposition of
non-spherical droplets, indicating that oxidation induces abnormal
droplet recoil behavior. Affected by oxidation, the droplet’s surface
becomes covered by an oxide film before impacting the substrate (Fig. 6
(a)). During the spreading process, the droplet’s deformation stretches
and tears the surface oxide film, exposing fresh tin melt (Fig. 6(b)). As
the droplet continues to spread and deform, the increasing surface area
creates additional breaks in the oxide layer. The tin melt exposed by the
previous breaks is reoxidized until the droplet reaches its maximum
spreading diameter, as illustrated in Fig. 6(c). At the maximum
spreading state, a significant increase in viscosity occurs due to the
shear-thinning property of the oxidized metal fluid, as the droplet’s ki-
netic energy is minimized. This increased viscosity leads to greater
viscous dissipation during retraction and recoil, thereby weakening or
eliminating the recoil phenomenon (Fig. 6(d)).

Oxidation

i Film break up
film .,

Fresh
metal

(a) Pre-impact —b (b) Spreading—ﬂc) Maximum spreading
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3.2.3. Oscillation behavior of metal droplets

Taking the instant of contact between the droplet and the substrate
as the initial moment, the evolution of the droplet spreading factor £ and
recoil factor 5 over the deposition time could be acquired from the CCD
snapshot, as shown in Fig. 7(a) and (b).

From Fig. 7(a), metal droplets at different shielding gas supply rates
reach the maximum spreading stage around 0.3 to 0.4 ms. At a shielding
gas supply rate of 0.3 L/min, the droplet retracts slightly after reaching
its maximum spreading due to the oxide film limiting, resulting in a final
spreading factor of ~1.39. As the shielding gas supply rate increases and
the oxidation effect weakens, the frequency of droplet’s spreading and
retraction increases significantly. This enhanced retraction leads to a
final stable spreading factor of around 1.05. Besides, the droplet recoil
factor at different shielding gas supply rates follows a rule similar to the
spreading factor, as shown in Fig. 7(b). At a shielding gas supply rate of
0.3 L/min, no noticeable droplet recoil, causing a final droplet recoil
factor of ~0.54. As the shielding gas supply rate increases, both the
frequency and amplitude of droplet oscillations intensify, and the recoil
factor stabilizes at ~0.92 when the droplet becomes fully stationary.

The oscillation times and the oscillation duration of droplets at
different shielding gas supply rates are summarized in Fig. 8. The droplet
oscillation behavior is divided into three stages: oscillation vanishing,
oscillation recovering, and normal oscillation. When the shielding gas
supply rate is below 0.3 L/min, the droplet oscillation behavior vanishes
completely, and the time taken for the droplet to reach a stationary state
is minimized. In the oscillation recovering phase, both the oscillation
times and the oscillation duration increase linearly due to the recovery
of droplet’s surface tension. After the shielding gas supply rate reaches
1.8 L/min, the droplet oscillation times stabilizes at ~17, while the
oscillation duration remains ~7 ms. From SEM images in Fig. 8, the
solidified droplet forms a sharp tip when the shielding gas supply rate is
low, due to the initial droplet morphology featuring a tapered tail. As the
shielding gas supply rate increases, the tip gradually disappears with the
restoration of the droplet’s spherical morphology. Meanwhile, the
increased number of oscillations at higher shielding gas supply rate
produces more surface oscillation ripples on the final droplet.

To verify the formation of oxide film, EDS analysis was performed on
the cross-sectional of the droplet. The Schematic diagram of the EDS
point position and line scan path are shown in Fig. 9(a). For the EDS
sampling points, Point 1 was selected near the droplet’s edge, and Point
2 was chosen farther away from the edge. As a shielding gas supply rate
of 0.15 L/min, the corresponding EDS spectra from these sampling
points are shown in Fig. 9(b) and (c). It could be seen that the oxidation
at the droplet surface leads to a high O level at Point 1, while the
detected O weight percentage at Point 2 is extremely low due to its
distance from the surface. For the EDS line scan, the EDS path begins
from the droplet edge and scans inward the droplet. The normalized
distribution data for Sn and O at different shielding gas supply rates are
shown in Fig. 9(d)~(i). When the shielding gas supply rate is lower than
1.5 L/min, oxidation of the droplet induces a high O level at the scan
path beginning, demonstrating that the oxide film is formed on the
droplet surface. The thickness of the oxide film does not exceed 1 pm. As
the shielding gas supply rate increases, the weakening oxidation effect

New
oxidation, Weak

A N
|

== (d) Recoil

Fig. 6. Schematic diagram for the effect of oxide film breakup and generation on the molten droplet deposition at different stages: (a) Pre-impact; (b) Spreading; (c)

Maximum spreading; (d) Recoil.
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narrows the region with high O level. When the shielding gas supply rate
is higher than 1.5 L/min, the high O region on the droplet surface almost
disappears, indicating further thinning of the oxide film.

Moreover, as shown in Figs. 8 and 9, when the shielding gas supply
rate exceeds 0.8 L/min, the droplet tends to form a spherical shape due
to the weakening oxidation effect and the surface tension recovery.
However, within the range of 0.8~1.8 L/min, not only are the oscillation
times and oscillation duration smaller than those of normal droplet
oscillation, but the presence of an oxide film could also be detected at
the droplet interface. Interestingly, the threshold for the droplet forming
a spherical does not align with the threshold for normal oscillation
behavior. It suggests that relying solely on the initial tail morphology to
evaluate the droplet’s oxidation status may be insufficiently accurate,
even though this more intuitive approach is commonly adopted in most
literature.

3.3. Effect of droplet impact dynamic behavior on its overlapping fusion
quality

3.3.1. Dynamic process of metal droplet overlapping

The overlapping of two droplets is a fundamental process in MDDM.
As discussed earlier, droplet deposition dynamics and deposition
morphology under shielding gas vary significantly, making the droplet’s
overlapping behavior and fusion quality unpredictable. The adjacent
droplet overlapping process, illustrated in Fig. 10, includes the processes
of pre-overlap, spreading, recoil, oscillations, and stationary. This pro-
cess is similar to that of single droplet deposition, except that the di-
rection of the second droplet spreading and oscillation would be affected
by the previous droplet.

To further investigate droplet overlapping dynamics, the instant of
droplet overlapping begins is taken as the initial moment. The total
width of the two droplets at this moment is defined as the initial over-
lapping width Ly, while the height of the first deposited droplet is
referred to as the initial overlapping height Hy;. During the subsequent
stages of droplet spreading, recoil, and oscillations, the height of the
flowing front for the second droplet Hs, and the total overlapping length
L, keep changing over time t. As the second droplet’s kinetic energy
dissipates, it solidifies into a bump with a height of Hyp, fusing with the
first droplet to a final overlapping length of Ls. Moreover, droplet
dimensionless overlapping length g and dimensionless overlapping
height py are defined by referencing the second droplet’s oscillation
front, which are

L(t) H,(t)

— : 1
Lo P Hg as)

b=

A closer value of g, and fy to 1 indicates a decrease in both the
droplet overlapping length error and height error, thereby reflecting a
better droplet overlapping quality.

The droplet overlapping process is mainly influenced by the com-
bined effect of the printing step distance and the shielding gas supply
rate. Fig. 11(a) shows the CCD snapshots of the droplet overlapping
process at different printing step distances L and shielding gas supply
rates Q. The variation of dimensionless overlapping length f;, and height
Pu over time t is statistically plotted in Fig. 11(b). In comparison, when
the printing step distance is 0.24 mm, the dimensionless overlapping
length is greater, and the oscillation amplitude and the oscillation times
of By, are significantly higher than those at step distances of 0.32 mm and
0.44 mm (Fig. 11(b)). From the CCD snapshots in Fig. 11(a), at a small
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Fig. 10. Schematic diagram for characterizing the droplet overlapping process.

printing step distance, the second droplet prematurely contacts and
impacts with the first droplet during overlapping, sliding down along
the side of the first droplet until it settles onto the substrate. The exis-
tence of the first droplet redirects the second droplet’s movement,
inducing most of its kinetic energy to dissipate horizontally. With the
increase of the printing step distance, the influence of the first droplet on
the second droplet’s overlapping behavior weakens. Consequently, the
amplitude and number of oscillations in the dimensionless overlapping
length decrease, while those in the dimensionless overlapping height
increase (Fig. 11(b)). When L is 0.44 mm, the longer printing step dis-
tance allows the second droplet to first contacts the substrate and

overlaps with the first droplet as it spreads (Fig. 11(a)). In this case, the
second droplet’s kinetic energy dissipates mainly in the vertical direc-
tion, similar to the single droplet deposition behavior.

As a shielding gas supply rate of 0.6 L/min, oxidation prevents the
second droplet from retracting or recoiling after reaching its maximum
spreading state. Such a phenomenon is especially evident at small
printing step distances, leading to a greater dimensionless overlapping
length, smaller dimensionless overlapping height, and poorer over-
lapping morphology. As the shielding gas supply rate increases, the
droplet’s recoil and oscillation behavior gradually recover due to the
weakening oxidation. Correspondingly, there is a decrease in
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Fig. 11. Droplet overlapping process at different printing step distances and shielding gas supply rates. (a) CCD snapshots; (b) Variation of the droplet dimensionless

overlapping length and the dimensionless overlapping height.

dimensionless overlapping length, an increase in dimensionless over-
lapping height, and an improvement in droplet overlapping accuracy.
This indicates that appropriately increasing the shielding gas supply rate
and the printing step distance could enhance the droplet overlapping
accuracy.

The visual presentation of droplet overlapping process at different
printing step distances and shielding gas supply rates is shown in the
Supplementary Video 2.

3.3.2. Metal droplet overlapping fusion quality under shielding gas

The accumulation of the overlapping tolerance during the droplet
deposition process would negatively affect the printed morphology and
dimensions, making it crucial to minimize droplet overlapping tolerance
as much as possible. Based on the above investigations, the drawback
index of overlapping length, y1, and the drawback index of overlapping
height, yy, are defined to quantify the droplet overlapping accuracy,
which are

_ |L(t) — Lo _ |H2(0) — Hy | 16
YL | Lo |7WH Hy | (16)

A closer 1, and yy to zero indicates a better overlapping accuracy,
while a larger y1, and yy means a higher error in the overlapping length
and the overlapping height.

To further clarify the parameters for achieving high-quality droplet
overlapping under coaxial shielding gas, the fusion quality of droplet
overlapping was statistically analyzed within a range of the shielding
gas supply rate from 0.3 to 1.8 L/min and the printing step distance from
0.2 to 0.44 mm. Fig. 12(a) exhibits binarized CCD maps of the droplet
overlapping morphology under different deposition conditions. Fig. 12
(b) and (c) illustrate heat maps corresponding to the drawback index for
overlapping length and overlapping height. In the heat maps, colors

closer to blue indicate better quality overlapping, while colors closer to
red signify poorer quality overlapping.

From Fig. 12(b) and (c), it is evident that smaller printing step dis-
tances result in worse drawback indices for both overlapping length and
height, as the previously solidified droplet interferes with the deposition
behavior of the second droplet. Additionally, there is also a declined
droplet overlapping fusion quality caused by lower shielding gas supply
rates, as oxidation weakens the droplet’s retraction behavior. Increasing
the shield gas supply rate and the printing step distance effectively im-
proves droplet overlapping fusion quality. However, if the printing step
distance is too large (e.g., L = 0.44 mm), a poor or broken connection
between the droplets would occur. To achieve high-accuracy droplet
overlapping in an opening environment, the shielding gas supply rate
should be kept above 1.2 L/min, and the printing step distance should
fall between 0.28~0.4 mm (with an overlapping factor L/Deg of about
0.65 to 0.93). The blue wireframe in Fig. 12(a) shows the ideal droplet
overlapping morphology, where the drawback index of overlapping
length is <0.15, and the drawback index of overlapping height is below
0.05.

By longitudinally dissecting the droplet overlapping sample at the
ideal overlapping parameter from Fig. 12(a), the interior morphology
SEM image of droplet overlapping was obtained, as shown in Fig. 13(a).
No apparent cold laps or pores are visible in the droplet remelting zone,
indicating that good fusion between droplets could be realized under
these parameters. An EDS line scan analysis was performed across the
remelting zone along the path shown in Fig. 13(a), and the corre-
sponding EDS spectrum (Fig. 13(b)) and element distribution (Fig. 13
(c)) for Sn and O were obtained. An extremely low weight percentage of
O was detected in the overlapping region, with no abrupt variations in
Sn and O distribution along the scan path. Additionally, metallographic
etching was conducted for the droplet of Fig. 13(a), as shown in Fig. 13
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(d). Influenced by the solidification direction, the grain growth direction
of the two droplets is inconsistent. Near the remelting zone, dendritic
structures of the previous deposition droplet grow vertically, while those
of the later droplet grow horizontally. Inside the remelting zone, a clear
droplet fusion line and dense grain structures are visible, reflecting the
intergranular bonding between the two droplets, which confirms that
metallurgical bonding could be achieved under these parameters.

4. Conclusions

In this work, aiming to achieve the high-quality metal droplet
overlapping fusion in an opening environment, a strategy to suppress
metal droplet overlapping fusion defects in CSG-based MDDM was
proposed for the first time. By combining high-speed photography,
droplet deposition experiments, and theoretical modeling, an improved
prediction model for the maximum spreading factor of molten droplets
was constructed. Additionally, the evolution of the metal droplet
spreading, oscillation, and overlapping behaviors under coaxial shield-
ing gas was studied insightfully. The result shows that the constructed
droplet maximum spreading factor model closely aligns with experi-
mental values at higher shielding gas supply rates. However, when the
shielding gas supply rate is lower, the actual maximum spreading factor
is significantly reduced compared to the theoretically predictions. This
reduction is attributed to the self-limiting effect of the oxide film on the
droplet surface, where the increasing equivalent surface tension and the
shear-thinning property of the oxidized droplet weaken or eliminate the
droplet retraction, recoil, and oscillation behaviors. Furthermore, it is
found that a greater dimensionless overlapping length, smaller

10

dimensionless overlapping height, and poorer overlapping quality occur
when the second droplet’s retraction is weakened at low shielding gas
supply rates. Such a phenomenon is particularly evident when the
printing step distance is small, as the previously solidified droplet alters
the kinetic energy dissipation direction of the second droplet. Finally, a
droplet overlapping quality map was established for different deposition
parameters, and a strategy for controlling droplet overlapping accuracy
in an opening environment was proposed. When the shielding gas supply
rate exceeds 1.2 L/min and the overlapping factor falls between 0.65
and 0.93, fusion defects could be effectively suppressed, allowing for
metallurgical bonding between droplets and ensuring high fusion
quality at the microstructural level. This work may provide theoretical
guidance for achieving high-quality formation in CSG-based MDDM,
contributing to the industrial development and application of related
technologies.
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