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A B S T R A C T

Employing opening shielding gas in metal micro-droplet deposition enables lightweight, real-time, eco-friendly 
manufacturing. However, aluminum alloys, highly sought-after for manufacturing, face challenges in equipment 
development and experimental research due to their high oxidation reactivity and thermal sensitivity. This study 
presents a novel approach that combines piezoelectric actuation with dynamic coaxial gas shielding. The method 
enables stable aluminum droplet printing with micron-level precision in an open environment. Through com
bined experiments and theoretical models, the impact of oxidation on droplet deposition dynamics, surface 
morphology, and formation quality was investigated. Results show that even a slight change in the deposition 
distance would cause significant variations in deposition and oxidation behavior. Increasing the deposition 
distance not only exacerbates droplet oxidation and dampens droplet oscillation, but also forms oxidation 
wrinkles on the droplet surface. A higher substrate feed speed also reduces the shielding gas effectiveness. This 
effect is particularly significant in multi-layer droplet pileup, where heat accumulation delays solidification and 
exacerbates oxidation in the upper-layer droplets. To address these challenges, a variable-speed printing strategy 
based on thermal management was proposed. This method suppresses droplet surface oxidation, enabling 
metallurgical bonding and stable part formation in open environments. This work provides both practical 
strategies and theoretical insights for oxidation control in high-temperature metal droplet printing under open- 
environment conditions.

1. Introduction

Driven by the increasing demand for lightweight, instantaneous, and 
environment-friendly manufacturing solutions [1–3], efforts are being 
made to optimize 3D printing equipment, minimize machine sizes, and 
create portable printing platforms [4]. Among the numerous existing 
metal 3D printing technologies, metal micro-droplet deposition 
manufacturing [5,6] is particularly notable. It requires no special raw 
material preparation or storage, consumes relatively low energy during 
printing, and enables multi-material interactive printing [7–9]. This 
technology has been extensively utilized in fields like metal part pro
totyping [10,11], electronic packaging [12,13], circuit printing 
[14–16], and in-situ structural repair [17]. To meet the growing demand 
for lightweight and industrialized manufacturing, several 
open-environment printing approaches have been developed. These 

typically employ inert airflow near the nozzle to establish a localized 
low-oxygen atmosphere, thereby improving operational flexibility and 
production efficiency [18]. Considerable progress has been made in 
open-environment printing for tin alloy droplets. However, the exten
sion to molten aluminum alloys remains highly challenging. The diffi
culty arises from the rapid oxide film formation, higher processing 
temperatures, chemically stable oxide layers, and stronger reactivity 
[19]. Given aluminum’s widespread application in structural compo
nents, there is an urgent need for effective open-environment printing 
strategies tailored to aluminum droplets.

Although some progress has been reported, the micro-droplet 
deposition manufacturing for aluminum alloys remains mostly experi
mental. Currently, only one commercial system exists: the ElemX, 
developed by ADDiTEC (Additive Technologies LLC, USA), based on 
their proprietary ’MagnetoJet’ technology [20–23]. Research on 
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aluminum alloy printing under open environmental conditions is still 
limited. Most studies focus on tin alloys because of their lower pro
cessing temperatures and easier handling. Although tin-based methods 
cannot be directly applied to aluminum droplets due to significant dif
ferences in material properties, they provide useful insights. For 
instance, Fang et al. [24] and Amirzadeh et al. [25] employed 
lateral-blowing shielding gas near the nozzle to protect tin droplets, but 
this caused droplet trajectory deviations due to misaligned gas-droplet 
flow directions. To mitigate this issue, Yokoyama et al. [26,27] opti
mized the lateral-blowing configuration, significantly reducing 
airflow-induced disturbances. Tropmann et al. [28,29] proposed a 
StarJet technique, which involves machining star-shaped gas grooves 
around a standard round-hole silicon nozzle using deep reactive ion 
etching. This design directs inert gas precisely to the droplet ejection 
point, effectively enveloping the molten tin jet and enhancing shielding 
performance. Zhou et al. [30,31] achieved high-quality tin droplet 
printing using a coaxial annular gas shielding system. For aluminum 
droplets, the ejection system requires stricter operating temperature and 
low-oxygen shielding capabilities. Among the limited academic studies 
on open-environment aluminum droplet printing, the work by Gerdes 
et al. [32] provides an early demonstration of the feasibility of this 
process. Building on the StarJet design by Tropmann et al., they 
demonstrated aluminum droplet open-environment printing employing 
a SiC nozzle. However, their pneumatically actuated droplet generation 
system was highly sensitive to pressure fluctuations, which compro
mised printing precision and droplet consistency. The commercial 
ElemX system has also demonstrated aluminum alloy droplet printing 
under inert gas shielding [20,21]. While it achieves high frequency and 
industrial performance, its shielding gas delivery design and oxidation 
control strategies have not been detailed in peer-reviewed publications. 
According to some brief introductions in relevant literature [33], the 
shielding gas in the ElemX system flows from the nozzle’s lower side to 
the front side before reaching the printed part. As described in the 
available patent [34], this configuration is similar to the lateral shield
ing gas supply strategy. Beyond those, reports on open-environment 
aluminum droplet printing remain scarce. The corrosive nature of 
molten aluminum limits equipment material selection and complicates 
shielding system design. More critically, the primary technical challenge 
lies in establishing a high-quality shielding gas environment. According 

to high-temperature oxidation kinetics for metals, the oxide film growth 
rate constant for aluminum alloys is 3–6 orders of magnitude higher 
than that for tin alloys [35,36]. This makes oxidation control far more 
demanding.

To mitigate the impact of oxidation during fabrication, researchers 
have investigated the effects of surface oxide layers on molten 
aluminum. K. Patouillet et al. [37–39] examined the mechanical 
behavior of oxide films on molten aluminum, showing that they exhibit 
high viscosity and shear-thinning characteristics. Shen et al. [40]
demonstrated that oxidation adversely affects the wettability of molten 
aluminum, with thicker oxide layers leading to poorer wettability. Yang 
et al. [41] investigated aluminum droplet deposition under controlled 
oxygen levels, elucidating the effects of oxide layers on droplet 
spreading and recoil dynamics. These studies provide valuable theo
retical insights into oxidation behavior, but are insufficient for achieving 
high-quality aluminum droplet printing under shielding gas. The 
aluminum droplet printing is governed by a complex interplay of 
oxidation, fluid dynamics, and thermodynamics. Yet, comprehensive 
studies on aluminum droplet oxidation mechanisms and control strate
gies in open environments are still lacking. This gap continues to hinder 
the advancement of aluminum droplet printing technologies and related 
equipment development.

To this end, this study focuses on the open-environment printing of 
aluminum droplets, aiming to provide both equipment solutions and 
theoretical insights for oxidation control and high-quality printing. 
High-speed imaging was utilized to capture droplet deposition dy
namics. By observing the surface oxidation morphology of aluminum 
droplets, the oxidation mechanism on the droplet’s ejection behavior, 
deposition dynamics, and formation quality was analyzed. Ultimately, a 
parameter control strategy was proposed to suppress aluminum droplet 
oxidation, ensure metallurgical bonding, and achieve stable structure 
formation under shielding gas. This work provides essential technical 
guidance for advancing open-environment printing of high-melting- 
point metals, supporting future lightweight and scalable 
manufacturing applications.

Fig. 1. Schematic diagram of the aluminum droplet open-printing system.
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2. Experimental methods

2.1. Printing setup and procedure

In the metal droplet ejection process, droplets are typically a few 
hundred micrometers in size and ejected at relatively low velocities 
(below 3 m/s). Among various shielding gas configurations, the coaxial 
annular shielding gas design has been proven both practical and reliable. 
By aligning the shielding gas flow with the droplet’s falling direction, 
this configuration minimizes lateral airflow disturbances. It also main
tains the droplet’s flight stability and extends the effective low-oxygen 
protective distance. Accordingly, the aluminum droplet open-printing 
system developed in this study adopted a coaxial annular shielding gas 
setup. To ensure stable droplet generation, a piezoelectric actuation 
method was employed. Fig. 1 illustrates the schematic of the printing 
system, which consists of five main subsystems: a temperature control 
subsystem, a molten aluminum droplet generation subsystem, a cooling 
water supply subsystem, a motion control subsystem, and a coaxial 
shielding gas supply subsystem.

The temperature control subsystem comprises a temperature 
controller (Shimax Co., Ltd., Japan), a crucible, and a heating substrate, 
responsible for maintaining the working temperatures of both the cru
cible and substrate. Given that the operating temperature of the 
aluminum alloy exceeds 973 K, induction heating was utilized for the 
crucible, providing high heating efficiency with a power output 
exceeding 3000 W. Unlike conventional resistive heating methods, in
duction heating directly heats the graphite crucible via electromagnetic 
induction, significantly improving heating efficiency. As a result, the 
high-temperature exposure duration of the ejection components is 
greatly reduced, thereby minimizing the risk of oxidation for the com
ponents. Moreover, the induction heating can provide a more uniform 
and stable heating environment for the aluminum droplet ejection 
process. By adjusting the current frequency and power, it effectively 
suppresses temperature fluctuations during aluminum printing.

The molten aluminum droplet generation subsystem facilitates on- 
demand droplet ejection. It includes an industrial personal computer 
(IPC), a Programmable Multi-Axis Controller (PMAC) (Delta Tau Data 
Systems Inc., United States), a signal amplifier (CoreMorrow Co., Ltd., 

Fig. 2. (a) Developed aluminum droplet open-printing equipment. Nozzle morphology for (b) external, (c) internal, and (d) overlapped view. Nozzle contour for (e) 
external, (f) internal, and (g) cross-sectional.
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China), a piezoelectric ceramic (CoreMorrow Co., Ltd., China), a vi
bration rod, and a nozzle. After metal blocks melts in the crucible, the 
IPC instructs the PMAC to generate a pulse signal. The signal is amplified 
12.5 times by the signal amplifier and applied to the piezoelectric 
ceramic. which converts the electrical signal into mechanical vibrations. 
The mechanical energy induces a slight perturbation in the molten metal 
via the vibration rod, resulting in droplet formation at the nozzle outlet. 
To prevent thermal degradation of the piezoelectric ceramic above its 
Curie point, the vibration rod is extended to reduce heat transfer. 
Meanwhile, circulating water is supplied around the piezoelectric ce
ramics for effective cooling.

The motion control subsystem consists of the PMAC, motor drivers, a 
3D motion platform, and the substrate. During droplet printing, the 
PMAC controls the motion platform to move vertically and horizontally. 
This enables precise positioning for droplet deposition.

To suppress oxidation during droplet flight and deposition, the co
axial shielding gas supply subsystem delivers controlled flow of inert 
gas. Argon was selected for its inertness (properties listed in Table 2). 
The gas is supplied from a high-pressure cylinder and divided into two 
paths. One is directed to a back-pressure inlet for removing molten metal 
waste. The other is directed to a shielding gas inlet, then guided through 
gas channels to the nozzle outlet. To minimize gas dispersion near the 
nozzle, a tapered outer shielding wall surrounds the nozzle, ensuring 
effective gas coverage.

Molten aluminum is highly reductive and chemically aggressive, 
rapidly dissolving or forming brittle intermetallic compounds with most 
materials. This characteristic severely restricts the selection of materials 
for components in direct contact with molten aluminum. Graphite, 
however, exhibits excellent chemical stability in molten aluminum and 
offers high thermal and electrical conductivity [42]. Therefore, key 
components such as the crucible, vibration rod, nozzle, and other parts 
that are directly exposed to molten aluminum were fabricated from 
graphite. To ensure thermal insulation and electrical isolation, compo
nents in direct contact with the induction heating coil were made from 
mica board or asbestos board. The assembled equipment is shown in 
Fig. 2a.

To ensure the directional stability and laminar uniformity of the 
shielding gas in the coaxial annular flow system, the nozzle channel 
must be designed with a sufficient length-to-diameter ratio. If the flow 
channel is too short, the gas cannot fully develop into a stable laminar 
flow before exiting the nozzle. This leads to non-uniform velocity pro
files, vortex formation, and undesirable droplet trajectory disturbances. 
Based on empirical correlations of Durst et al. [43] for laminar entrance 
length in annular runner, the required flow development length (Ldev) 
can be estimated as follows: 

Ldev = [(0.619)1.6
+ (0.0567Reg)

1.6
]
1/1.6Dh, (1) 

where Reg is the Reynolds number of the shielding gas and Dh is the 
hydraulic diameter of the annular shielding gas channel. For the present 
design, the annular runner has an inner diameter of 5 mm and an outer 
diameter of 6 mm, resulting in Dh = 1.0 mm. The corresponding Rey
nolds number for annular shielding gas is approximately 295, yielding a 
required entrance length of Ldev ≈ 16.8 mm. Given that the inner 
diameter of the nozzle is 3.5 mm, the corresponding aspect ratio for 
nozzle channel is 4.8. Therefore, the coaxial annular shielding gas sys
tem requires a nozzle channel with an aspect ratio greater than 5 in this 
work. The graphite nozzle was designed with streamlined transitions on 
both its interior and exterior surfaces. This minimizes turbulence in the 
airflow and molten metal caused by abrupt diameter changes. Fig. 2b 

displays the external appearance of the machined graphite nozzle. After 
filling the nozzle with molten aluminum, allowing it to solidify, and then 
demolding, the internal morphology of the nozzle was exposed, as 
shown in Fig. 2c. An overlapping view of the nozzle’s internal and 
external profiles is presented in Fig. 2d. By extracting contours from the 
morphological images, the external, internal, and cross-sectional pro
files of the nozzle were obtained, as illustrated in Fig. 2e-g, respectively. 
These results confirm that the machined graphite nozzle achieves a 
smooth, streamlined geometry while meeting the required aspect ratio.

2.2. Experimental materials and preparation

AlMg1SiCu was selected as both the printing and substrate material. 
Its chemical composition [44] and physical properties [45–47] are listed 
in Tables 1 and 2, respectively. Prior to the experiment, the oxide layer 
on the aluminum alloy surface was mechanically removed. To prevent 
re-oxidation during heating, argon gas was supplied before starting the 
induction heater. Inert gas was continuously delivered to both the 
backpressure and shielding gas inlets at 3 L/min for 15 min to purge 
residual air from the system. After purging, the backpressure gas was 
shut off. The shielding gas supply rate was then reduced to 1.5 L/min to 
prevent air backflow into the nozzle.

2.3. Characterization methods

The ejection and deposition processes of aluminum droplets were 
recorded using an iX-Speed 220 CCD camera (iX Cameras Ltd., United 
Kingdom) at 10,000 fps with a resolution of 352 × 310 pixels. The so
lidified droplet’s surface morphology and elemental distribution were 
analyzed using a Zeiss EVO10 scanning electron microscope (SEM) (Carl 
Zeiss AG, Germany) equipped with energy-dispersive x-ray spectroscopy 
(EDS) detectors. Furthermore, ImageJ (https://imagej.net/), an image 
analysis software [48], was utilized to measure the characteristic di
mensions of the droplets.

3. Results and discussion

3.1. Aluminum droplet ejection under coaxial shielding gas

The stable ejection of droplets is fundamental to achieving high- 

Table 1 
The chemical composition of AlMg1SiCu aluminum alloy (wt%) [44].

Mg Si Cu Cr Fe Zn Mn Ti Al

0.8–1.2 0.4–0.8 0.15–0.4 0.04–0.35 ≤ 0.7 ≤ 0.25 ≤ 0.15 ≤ 0.15 Bal.

Table 2 
Properties of materials used in the experiment [45–47].

Properties AlMg1SiCu 
(Liquid at 
1023 K)

AlMg1SiCu 
(Solid at 
573 K)

Argon 
(Gas at 350 K)

Density (kg⋅m¡3) ρL = 2490 ρS = 2705 ρg = 1.6228
Dynamics viscosity 

(Pa⋅s)
μm 

= 1.15 × 10− 3
- μg 

= 2.125 × 10− 5

Specific heat 
(J⋅kg¡1⋅K¡1)

CL = 1050 CS = 921 Cg = 521

Thermal conductivity 
(W⋅m¡1⋅K¡1)

kL = 90 kS = 195 kg = 0.017

Liquidus temperature 
(K)

TL = 915.15 - -

Solidus temperature 
(K)

- TS = 873.15 -

Latent heat of fusion 
(J/kg)

- Hf 

= 3.97 × 105
-

Surface tension 
(N⋅m¡1)

σ = 0.871 - -
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precision deposition. In the droplet ejection experiments, the heating 
furnace temperature was maintained at 1023 K, ensuring the complete 
melting of the aluminum alloy within the crucible. A nozzle with a 
diameter of 500 μm was used, and key process parameters were held 
constant: voltage at 4.5 V, pulse width at 698 μs, and backpressure at 
0 kPa.

During ejection, when the pulse signal is high, the forward motion of 
the vibration rod increases the pressure at the nozzle outlet, generating a 
metal jet. When the pulse signal returns low, the backward motion of the 
vibration rod creates a velocity difference between the head and the root 
of the jet, leading to jet necking and breakup. In this process, the metal 
jet must overcome surface tension and viscosity to ultimately form a 
single metal droplet [30]. In this study, jet breakup is primarily driven 
by inertial forces. This is indicated by a Weber number (We) of 

approximately 10, defined asWe = ρLvjet
2dn/σ, where vjet is the initial jet 

velocity and dn is the nozzle diameter. Given that droplet breakup occurs 
at the nozzle outlet and that the ejection dynamics are governed by the 
jet formation process, it is therefore appropriate to use the nozzle 
diameter (dn) as the characteristic length. The obtained Weber number 
indicates that inertia dominates over surface tension during droplet 
formation.

At low shielding gas supply rates, the formation of an oxide film on 
the droplet surface significantly alters its physical properties. Xu et al. 
[49] used the pendant drop method to measure the surface tension of 
gallium metal droplets, demonstrating that self-limiting oxides generate 
yield stresses, thereby increasing the measured surface tension. Simi
larly, the oxide film impacts the apparent viscosity of metallic fluids. 
Investigations by Xu et al. [49] on molten gallium and by Patouillet et al. 

Fig. 3. CCD snapshots of the aluminum droplet ejection process at different shielding gas supply rates (1.5–6 L/min). The red staircase solid line indicates the applied 
piezoelectric driving waveform, and the blue dashed line marks the nozzle central axis.
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[38] on aluminum alloys have shown that oxidation induces a 
non-Newtonian, shear-thinning behavior in the melt surface. In this 
case, the surface viscosity decreases with increasing shear rate due to 
continuous oxide film rupture. As the shear rate increases, the oxidized 
melt’s high viscosity approaches that of pure metal. Zhou et al. [50]
further explored the effects of oxidation on the ejection of tin alloy 
droplets, finding that the self-limiting oxide film inhibits the release of 
surface energy during jet necking. As a result, tin alloy droplets exhibit a 
characteristic tapered tail. According to existing research, the parabolic 
rate constants for oxide film growth on tin alloy droplets at working 
temperatures of 523–623 K range from 2.793 × 10− 23 to 4.426 × 10− 22 

m2/s [35]. For aluminum alloy droplets at 1023–1123 K, the values 
ranges from 5.669 × 10− 19 to 2.275 × 10− 17 m2/s [36]. This indicates a 
3–6 orders of magnitude increase, leading to significantly differences in 
their ejection and breakup dynamics.

Fig. 3 presents CCD snapshots of aluminum alloy droplet ejection at 
different shielding gas supply rates. At a low shielding gas supply rate 
(Q) of 1.5 L/min, a hanging-drop phenomenon is observed due to severe 
surface oxidation. The dense and chemically stable oxide film formed on 
the aluminum droplet inhibits normal jet breakup. Even with an increase 
in the number of pulse signals, the initial kinetic energy of the metal jet 
remains insufficient to overcome the surface tension and viscosity of the 
oxidized melt. This leads to the accumulation of a hanging drop at the 
nozzle outlet and causing a blockage. As the shielding gas supply rate 
increases to 2.5 L/min, oxidation is reduced, and the hanging-drop ef
fect is eliminated. The required number of pulses to generate a single 
droplet decreases to one. However, when the shielding gas supply rate 
exceeds 4 L/min, the droplet is accelerated by the shielding gas dy
namics, causing its trajectory to deviate from the central axis of the 
metal jet (see blue dashed line in Fig. 3). This indicates excessive 
shielding gas flow compromises the ejection accuracy of aluminum 
droplets. Optimal ejection conditions are achieved at shielding gas 
supply rates between 3 and 3.5 L/min. Under these conditions, normal 
jet breakup and precise single-droplet formation are obtained. To ensure 
stable droplet ejection during the aluminum deposition process, the 
shielding gas flow rate was maintained at 3.2 L/min in all subsequent 
experiments.

The visual presentation of the aluminum alloy droplet ejection pro
cess under different shielding gas supply rates is shown in Supplemen
tary Video 1.

3.2. Aluminum droplet deposition under coaxial shielding gas

3.2.1. Dynamics of the metal droplet deposition process
The deposition process of aluminum alloy droplets onto a substrate is 

influenced by the interplay of dynamic and thermodynamic behaviors. 
This process can be divided into four stages: spreading, recoil, oscilla
tion, and stationary. During the spreading stage, the droplet falls and 
comes into contact with the substrate surface. The internal fluid con
tinues to move downward due to inertial forces, causing its height to 
decrease and its width to increase. The spreading ceases when the initial 
kinetic energy is sufficiently dissipated through viscous and possible 
solidification effects. At this point, surface tension forces balance the 
residual kinetic energy, resulting in an equilibrium shape. Previous 
studies [31,51,52] have demonstrated that the maximum spreading 
ratio of molten droplets is closely related to solidification behavior 
dominated by droplet and substrate temperatures. Predictive models 
have been developed on this basis. In this work, since the droplet tem
perature and substrate temperature remained constant, the influence of 
solidification on droplet spreading was not considered. In the recoil 
stage, the droplet recoils upwards due to surface tension, gradually 
regaining height. As partial solidification begins from the bottom up, the 
spreading diameter contracts slightly. Meanwhile, the unsolidified 
portion continues to recoil upwards. The droplet’s kinetic energy is 
converted into surface energy until it reaches the maximum recoil 
height. During the oscillation stage, the droplet oscillates with 

progressively diminishing amplitude as it seeks to balance the remaining 
kinetic and surface energies. Finally, in the stationary stage, the droplet 
fully solidifies and comes to rest.

During the droplet’s flight and falling, its thermal energy is primarily 
transferred to the atmosphere through thermal convection and thermal 
radiation. The cooling rate of the droplet can be approximated using 
Newton’s law of cooling as [53]

dTd

dt
= −

6
[
h
(
Td − Tg

)
+ σSBεe

(
Td

4 − Tg
4)]

ρLCLDd
, (2) 

where Td and Tg are the initial temperatures of the droplet and the 
shielding gas environment; ρL, CL, Dd, and h are the droplet density, 
specific heat, diameter, and convective heat transfer coefficient, 
respectively; σSB is the Stefan-Boltzmann constant, which is 5.67 × 10− 8 

W⋅m− 2⋅K− 4; εe is the emissivity. The convective heat transfer coefficient 
h could be obtained from the Ranz-Marshall equation [54]

h =
kg

Dd
(2+ 0.6Reg

1/2Prg
1/3). (3) 

Reg is the Reynold number of shielding gas, defined asReg =
⃒
⃒vg −

vd
⃒
⃒Ddρg/μg; Prg is the Prandtl number of shielding gas, expressed byPr =

Cgμg/kg; ρg, kg, μg, vg, and Cg are the density, thermal conductivity, 
viscosity, velocity, and specific heat of the shielding gas, respectively. 
During the experiment, the initial temperatures of the droplet and the 
inert atmosphere are 1023 K and 350 K, respectively. The droplet has a 
diameter of approximately 560 μm and the shielding gas velocity does 
not exceed 6 m/s. Based on these conditions, the convective heat 
transfer coefficient is estimated to be approximately 274.81 W⋅m− 2⋅K− 1. 
Even assuming the emissivity is at its maximum value of 1, the droplet’s 
cooling rate would not exceed − 1008.9 K⋅s− 1. Given that the droplet 
flight time is less than 7 ms, the corresponding temperature variation is 
estimated to be less than 7.122 K. This results in a temperature variation 
rate below 0.72 %. These results suggest that the temperature change 
during droplet flight could be negligible.

Once the droplet has fully detached from the nozzle surface, it begins 
to fall freely with a certain initial velocity. During this process, the 
droplet’s motion is primarily governed by the gravitational forces and 
the drag force exerted by the shielding gas. A dynamic model describing 
the droplet’s flight could be derived using Newton’s second law of 
motion as [55]

1
6

πDd
3ρL

dvd

dt
=

1
6

πDd
3ρLg −

1
8
CdragπDd

2ρg

⃒
⃒vd − vg

⃒
⃒
(
vd − vg

)
, (4) 

where ρd and vd represent the density and velocity of molten droplets; 
Cdrag is the drag force coefficient of shielding gas, which could be 
calculated by Cdrag = 24/Reg

0.646 [56]. Thus the droplet’s falling accel
eration could be given by 

dvd

dt
= g −

3Cdragρg

4Ddρd

⃒
⃒vd − vg

⃒
⃒
(
vd − vg

)
. (5) 

Calculations show that during a maximum flight time of 7 ms, the 
droplet’s acceleration would not exceed 23.555 m⋅s− 2. This value is 
higher than gravitational acceleration because of the extra momentum 
imparted by the coaxial shielding gas. In this case, the increase in the 
droplet velocity would remain below 0.166 m/s, suggesting that the 
influence of droplet velocity variations on the deposition process could 
be neglected.

3.2.2. Effect of deposition distance on droplet deposition behaviors
The process parameters play a critical role in governing the oxidation 

and dynamics of droplets during deposition. Previous studies have 
demonstrated that the bonding between droplets and the substrate is 
significantly affected by the substrate temperature. Low substrate tem
perature can cause droplet rebound [57], whereas moderately 
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increasing the substrate temperature enhances the pinning effect be
tween the droplets and the substrate [58]. In this study, the substrate 
temperature was set at 573 K to avoid rebound caused by insufficient 
substrate temperature.

Different deposition distances ranging from 1.5 mm to 12 mm were 
set for the experiment. Fig. 4 illustrates the deposition behavior of 
aluminum alloy droplets at varying distances. When the deposition 
distance H is less than 3.5 mm, droplets undergo normal spreading, 
recoil, oscillation, and eventually reach a stationary state. The stabili
zation requires at least 4 ms after droplet-substrate contact. When the 
deposition distance increases to 10 mm, the time required for stabili
zation is almost halved. In principle, as the deposition distance in
creases, the time required for the droplet to reach a stationary state 
should also increase. However, Fig. 4 shows the opposite trend. This 
phenomenon is attributed to oxidation behavior in this study. Specif
ically, as the deposition distance increases, droplet oxidation is 
enhanced. The oxidized surface introduces local viscoelastic or shear- 
dependent resistance during oscillation. For deposition distances 
exceeding 11 mm, aluminum alloy droplets begin to rebound upon 
contacting the substrate. This results from oxide film formation, 
affecting the wetting or adhesion between the droplet and the substrate. 
The detailed mechanism of oxidation effects will be discussed in the 
following sections.

To quantitatively analyze droplet vertical dynamics during deposi
tion, the droplet recoil factor, η(t), was used. This parameter is defined as 
the ratio of the liquid surface height, h(t), to the initial droplet diameter, 
Dd, and is expressed mathematically as η(t) = h(t)/Dd. The temporal 

variation of η(t) was statistically analyzed using the moment of droplet- 
substrate contact as the initial time point. The results are shown in Fig. 6. 
Notably, Fig. 6 represents the temporal evolution of the recoil factor for 
a single droplet deposition event, extracted from Fig. 4. During the 
spreading stage, the curves’ slopes for different deposition distances 
exhibit minimal variation, indicating that changes in the droplets’ initial 
impact velocity could be neglected. During the recoil stage, except for 
droplets that rebounded at the deposition distances of H ≥ 11 mm, the 
maximum recoil factor decreases slightly as the deposition distance in
creases. During the oscillation stage, both the amplitude and period of 
droplet oscillations significantly decrease as H increases from 3.5 mm to 
10 mm. As a result, droplets reach a stationary state more quickly.

Since variations in droplet velocity and temperature during flight are 
minimal, the observed changes in oscillation behavior are most likely 
attributed to oxidation effects. Deposition distance plays a critical role in 
determining oxygen exposure during droplet flight and impact. As the 
gas travels downward from the nozzle, it entrains ambient air due to 
turbulent mixing. The degree of inert gas dilution and the local oxygen 
concentration near the droplet are strongly influenced by the axial dis
tance from the nozzle. The concentration decay model of shielding gas, 
proposed by Dowling et al. [59], could be adopted to analytically 
describe this behavior. Their experimental work demonstrated that the 
concentration field of gas-phase jets follows a self-similar profile, with 
the axial and radial concentration distribution described by: 

C(x, r) =
φC0d∗

x − x0
⋅g
(

r
x − x0

)

, (6) 

Fig. 4. CCD snapshots of the aluminum droplet deposition process at different deposition distances (1.5–12 mm). The sequential images record the evolution from 
Pre-impact to the final rest, and the shielding gas supply rate was maintained at 3.2 L/min.
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where C(x, r) is the inert gas concentration at axial distance x and radial 
distance r; φ is an empirical constant; C0 is the jet exit concentration; d* 
is the momentum diameter of the nozzle exit; x0 is the virtual origin of 
the jet flow; g(n) is a smooth function that has a maximum value of g(0) 
= 1 and is determined experimentally. Although the Dowling’ entrain
ment model assumes free jet conditions, its qualitative applicability is 
supported by studies on confined annular jets and plumes. Experimental 
investigations of confined coaxial jets have shown that centerline con
centration decay persists despite near-field confinement [60], while 
simulations of confined coannular jets further confirm consistent con
centration attenuation behavior [61,62]. According to Eq. (6), the 
centerline concentration of inert gas decreases inversely with distance 
from the nozzle due to entrainment and mixing with ambient air. To 
further verify the observation, a numerical simulation was conducted 
based on the k–ε turbulence model and the non-reacting species trans
port model, as shown in Fig. 5. The results present the distribution of 
argon mass fraction (Fig. 5a) and oxygen mass fraction (Fig. 5b) near the 
nozzle outlet. Fig. 5c illustrates the variation of argon and oxygen con
centrations along the nozzle axis. The results clearly show that the argon 

concentration decreases with increasing distance from the nozzle. At the 
same time, the oxygen concentration increases gradually. This obser
vation provides further confirmation of the reliability of the present 
analysis.

Consequently, as the deposition height H increases, the droplet 
travels through a longer shielding gas atmosphere, where more ambient 
air becomes entrained. This raises oxygen concentration near the sub
strate. In addition, longer droplet flight times further prolong oxygen 
exposure, enhancing the likelihood of partial surface oxidation. The time 
scale of the droplet oscillation period could be estimated using the 
following expression [63]: 

tosc ≈ 2.3

̅̅̅̅̅̅̅̅̅̅̅̅

ρLDd
3

8σ

√

, (7) 

where σ represents the surface tension of aluminum droplets. For non- 
oxidized droplets, tosc is approximately 0.576 ms. However, for 
oxidized droplets, the oscillation period would decrease as oxidation 
elevates the equivalent surface tension of metal droplets [49]. This 
shortens the time required for the droplet to reach a stationary state, as 

Fig. 5. Numerical simulation for gas concentration: (a) Distribution of argon mass fraction; (b) Distribution of oxygen mass fraction; (c) Variation of argon and 
oxygen concentrations along the nozzle axis.

Fig. 6. Temporal variation of the recoil factor of aluminum alloy droplets for different deposition distances ranging from 1.5 to 12 mm, sampled from the deposition 
process shown in Fig. 4.
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observed in the variation of η(t) for deposition heights less than 10 mm 
in Fig. 6. Meanwhile, with increasing oxidation levels, the droplet sur
face is covered by progressively thicker oxide layers. While molten 
aluminum itself exhibits Newtonian behavior, the presence of surface 
oxides may introduce localized viscoelastic or shear-dependent resis
tance [37]. This leads to notable dampening of oscillatory motion. 
Moreover, the in-flight oxidation can also form a thin oxide film on the 
droplet surface before impact, which may reduce wettability upon 
contact. Aluminum droplets are highly sensitive to atmospheric oxygen 
content. As oxygen levels increase, even if a dense oxide film does not 
form during the brief deposition interval, discrete oxide particles or 
"oxide islands" may develop [64]. The reduced wettability and the 
discrete alumina particles hinder the bonding between droplet and 
substrate, ultimately resulting in droplet rebound. This can be seen in 
the variation of η(t) for deposition heights greater than 10 mm in Fig. 6.

The visual presentation of the aluminum droplet deposition process 
under different deposition distances is shown in Supplementary Video 2.

3.2.3. Effect of deposition distance on droplet oxidation morphology
To further substantiate the oxidation of droplets during the deposi

tion process, a detailed analysis of their final printed morphology was 
conducted. In addition to the droplet recoil factor (η), the droplet 
spreading factor (ξ) is another critical dimensionless parameter for 
describing the droplet impact. It is defined as the ratio of the liquid 
surface width (wd) to the initial droplet diameter (Dd) as ξ = wd / Dd. 
Fig. 7 presents the variation in key droplet characteristics, including the 
maximum spreading factor (ξmax), maximum recoil factor (ηmax), oscil
lation duration (Tosc), and impact velocity (vd) at different deposition 
distances, alongside with their corresponding solidified morphologies. 
Each data point represents the mean value of 15 droplets. The impact 
velocity and the maximum spreading factor remain relatively constant 
across deposition distances. However, the maximum recoil factor and 
oscillation duration exhibit significant changes that follow a similar 
trend. Based on these observations, the droplet deposition process could 
be classified into three distinct regimes: normal deposition, weakened 
recoil or oscillation, and rebound. For deposition distances of less than 
4 mm, aluminum droplets exhibit normal and consistent deposition 

Fig. 7. Variation of droplet characteristic parameters, including maximum spreading factor, maximum recoil factor, oscillation duration, and impact velocity, and 
final solidification morphology with deposition distances. Each data point represents the average of 15 droplets.
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behavior. At deposition distances of 4–10 mm, the recoil height and the 
oscillation duration decrease substantially. SEM images show that as the 
deposition distance increases, the weakening of the oscillation results in 
fewer oscillation ripples and wrinkle-like surface morphologies. 
Initially, these wrinkles appear only at the apex of the droplets at shorter 
distances, but gradually extend over the entire droplet surface as the 
distance increases.

The formation of surface wrinkles on the droplet could be explained 
through oxidation theory. Nayebi et al. [65] investigated the oxidation 
of molten aluminum and reported that the oxide films formed in at
mospheric conditions exhibit non-uniform, wrinkled, and sometimes 
torn morphologies. Oxide films induce stress concentrations on the 
metal surface, which primarily originating from two sources: growth 
stress and thermal stress. Growth stress is predominantly influenced by 
the Pilling-Bedworth Ratio (PBR), which is a critical dimensionless 
parameter used to assess the stress state within the oxide film. The PBR is 
defined as the volume ratio of the oxide to the metal consumed during 
oxide formation and is expressed as: 

PBR =
Moxideρmetal

nMmetalρoxide
(8) 

where Mmetal and Moxide represent the mole masses of the metal and its 
oxide, respectively; n is the number of metal atoms in one molecule of 
the oxide; ρmetal and ρoxide are the densities of the metal and its oxide, 
respectively. The oxide film experiences compressive stress when the 
PBR is greater than 1, and tensile stress when the PBR is less than 1. For 
aluminum oxide, the PBR is approximately 1.29 [66], indicating that a 
larger volume of alumina is formed than the volume of aluminum 
consumed. This volumetric expansion induces compressive stress within 

the oxide film, potentially compromising its integrity and stability. 
Additionally, thermal stress arises due to differences in the solidification 
contraction coefficients between the metal and its oxide film. Pure 
aluminum has a linear thermal expansion coefficient of ~23.8 × 10− 6 

K− 1 [67] and a relatively high solidification shrinkage coefficient of 
3.5~7.8 % [68]. In contrast, the alumina layer, as a ceramic material, 
exhibits a much lower thermal shrinkage or expansion behavior, with a 
linear thermal expansion coefficient of ~8 × 10− 6 K− 1 [69]. During 
solidification, the mismatch in contraction coefficients generates 
contraction stresses, deforming the oxide film and formatting surface 
wrinkles [65]. Jiang et al. [70] conducted a systematic study on the 
oxidation of 6061 aluminum alloy, finding that increased oxidation time 
causes higher surface roughness and thicker oxide layers. This reinforces 
the idea that surface topography, especially wrinkling or roughening, 
can reflect the extent of oxidation, even if not chemically quantitative.

To further probe wrinkling, the thermal solidification dynamics of 
the aluminum alloy droplet were analyzed. Upon substrate contact, the 
droplet solidifies at the bottom first. During the bottom-up solidification, 
the movement of the solidification front can be approximated using a 
Neumann-type solution of the Stefan problem. Assuming that the 
droplet undergoes one-dimensional heat diffusion in the longitudinal 
direction, the solidification front position s(t) are given by [71]: 

s(t) = 2λ
̅̅̅̅̅
αt

√
(9) 

where α is the thermal diffusivity of aluminum, which can be calculated 
by α = kS/(ρSCS). λ is a constant derived from the Stefan number. By 
taking the derivative of Eq. (9), the moving velocity of the droplet so
lidification front, vf(t), can be expressed as: 

Fig. 8. (a) Localized secondary electron scanning morphology of the droplet’s top surface wrinkles. (b-e) EDS analysis results corresponding to points A, B, C, and D, 
respectively.
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vf(t) = λ
̅̅̅
α
t

√

. (10) 

This expression indicates that the solidification front velocity is 
highest at the bottom of the droplet and gradually decreases toward the 
top, meaning that the upper region solidifies more slowly. Both uneven 
cooling and oxidation may contribute to the non-uniform distribution of 
wrinkles. However, experimental observations consistently show that 
wrinkling occurs predominantly on the top surface rather than at the 
rapidly solidifying bottom. This suggests that the wrinkling is not pri
marily governed by differential thermal shrinkage caused by solidifi
cation speed variations. If the thermal contraction were dominant, the 
bottom, where cooling is faster would exhibit more severe wrinkling, 
which contradicts the experimental results. Instead, the wrinkle distri
bution variation likely arise from oxidation duration differences. During 
delayed solidification at the top region, prolonged oxygen exposure 
forms a relatively thick and rigid oxide layer. This oxide film, mechan
ically constrained by the underlying alloy that continues to shrink 
during solidification, experiences compressive stress due to thermal 
mismatch and restricted volume contraction. The resulting instability 

causes the oxide layer to buckle, producing visible wrinkles. Therefore, 
the observed non-uniform wrinkle morphology can be attributed to the 
combined effects of uneven cooling and oxidation, with oxidation- 
induced compressive stress playing the dominant role.

Notably, the solidification of the droplet initiates from the bottom, 
which is in direct contact with the substrate and remains mechanically 
constrained throughout the cooling process. This constraint restricts the 
macroscopic dimensional shrinkage at the droplet base, especially the 
radial contraction. As a result, while the bottom diameter is effectively 
"locked", the upper portion of the droplet continues to thermal shrink 
freely, and generates wrinkled morphology when severely oxidized. 
Fig. 8a shows the localized secondary electron scanning morphology of 
wrinkles at a deposition distance of 8 mm. White bright spots have been 
observed in the wrinkle aggregation area. Due to the low conductivity of 
alumina, more charges accumulate on the oxide, making it appear 
whiter than the aluminum matrix under SEM. To further investigate the 
formation mechanism of surface wrinkles on aluminum droplets, EDS 
analysis was conducted on the local wrinkles. The EDS sampling loca
tions are shown in Fig. 8a, where point A is the location of the white 
bright spot, point B is at the wrinkle crease, point C is on the flat part of 

Fig. 9. (a) SEM morphology of the droplet at the deposition distance of 9.5 mm. (b) Internal cross-section SEM morphology for the droplet in (a). (c) Magnified view 
of the top wrinkle region in (a). (d) Magnified view of the bottom smooth region in (a). (e) Droplet local SEM morphology on the top edge. (f) Droplet local SEM 
morphology on the middle edge.
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the wrinkle surface, and point D is on a flat area away from the dense 
wrinkle region. Fig. 8b-e present the EDS analysis results corresponding 
to points A, B, C, and D, respectively. Extremely high O content was 
detected at the white bright spot location and the crease location of the 
wrinkles, while relatively lower O content was found at the flatter re
gions. The differences in oxygen content observed can be attributed to 
the heterogeneous nucleation of oxide formation on aluminum alloy 
surfaces. Aluminum droplet oxidation behavior follows a typical island 
nucleation and lateral growth mechanism, widely reported in funda
mental studies [72–75]. Nucleation sites include grain boundaries (due 
to irregular atomic arrangement and higher chemical activity), scratches 
or damage, second-phase particles, and zones of residual stress. Oxida
tion starts with scattered oxide islands, which gradually grow and coa
lesce. This non-uniform initiation explains the localized oxygen 
enrichment observed on droplet surfaces. Point A lies in a prominent 
wrinkle region where accumulated oxide islands may coalesce, forming 
a locally thicker oxide layer that results in higher O content. Point B, 
situated within a crease or fold, exhibits complex geometry with 
elevated surface roughness and potential micro-cracks. These charac
teristics increase the effective reactive surface area and may facilitate 
localized oxygen adsorption or retention by oxide particles. Points C and 

D reside on smoother, flatter surface regions. These areas have fewer 
oxidation nucleation sites and lower surface energy, leading to reduced 
oxidation and consequently lower measured O content.

Fig. 9 presents the external (Fig. 9a) and internal (Fig. 9b) cross- 
sectional morphology of a severely oxidized droplet at a deposition 
distance of 9.5 mm. The wrinkling on the droplet surface is most pro
nounced near the top, as shown in Fig. 9c. The wrinkle density gradually 
decreases towards the bottom, where the surface remains comparatively 
smooth (Fig. 9d). A distinct boundary layer is also observed in the upper 
part of the droplet. This features a relatively loose and irregular edge on 
its outer side and a more uniform and dense aluminum alloy structure on 
its inner side, as depicted in Fig. 9e. In the lower part of the droplet, the 
boundary layer is significantly less pronounced, with the droplet dis
playing a sharp and clear edge morphology, as shown in Fig. 9f. EDS 
analyses were conducted at different locations on the droplet shown in 
Fig. 9e,f. Sampling points c1 and d1 were selected at the boundary layer 
and the droplet edge. Points c2 and d2 were chosen inside the droplet, 
away from the edge. Scanning lines I and II both start from the outermost 
edge of the droplet and proceed inward. The EDS analysis results are 
presented in Fig. 10. Specifically, Fig. 10a-d correspond to the EDS point 
analysis results for sampling points c1, c2, d1, and d2, respectively. It is 

Fig. 10. (a-d) EDS point analysis for sampling points in Fig. 9e,f. (e-f) Distribution data for Al and O for sampling lines in Fig. 9e,f.
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evident that a higher O content was detected at point c1 on the droplet 
boundary layer, while other sampling points exhibited lower oxygen O 
content. Fig. 10e,f present the EDS line scan results for scanning lines I 
and II, respectively. A region of higher O content distribution was 
detected along the irregular boundary layer of the droplet. By contrast, 
no significant O enrichment is observed at the sharper edge, indicating 
that the droplet irregular boundary layer is primarily composed of 

oxides. High-temperature oxide films typically have micro-cracks or 
defects, and alumina is renowned for its high hardness and inherent 
brittleness. During the grinding and polishing process, mechanical stress 
can cause localized deformation or peeling of the oxide film. This results 
in the formation of a loose and separated boundary layer.

Notably, the oxide layer shown in Fig. 9e appears thicker than typical 
native oxide films formed on aluminum surfaces. Native Al2O3 films are 

Fig. 11. Pile-up process of droplets with different oxidation levels.

Fig. 12. (a) Schematic diagram of droplet printing. Variation of (b) droplet wrinkle index and (c) deposition morphology under different substrate feed speeds.
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usually below 1 μm under normal conditions. However, prior studies 
show that molten aluminum in oxygen-rich environments can form 
much thicker layers. Yang et al. [41] reported that aluminum droplets 
exposed to 100,000 ppm oxygen exhibited oxide film up to 1.4 μm thick. 
This indicates that rapid oxidation during droplet spreading can lead to 
substantial oxide accumulation. Similarly, Salas et al. [73] observed that 
oxide layers with several microns of thickness can develop on molten 
aluminum surfaces, especially when wrinkles or multilayer oxides 
formed. In this study, the region examined in Fig. 9e corresponds to a 
heavily wrinkled area. Folded oxide layers and localized oxygen 
enrichment may result in a multilayered or non-uniform oxide zone, 
contributing to the observed apparent thickness. The element 
co-presence of Ca and O in this region also warrants discussion. 
Although Ca is not a major component of 6061 aluminum alloy, 
Bergsmark et al. [76] reported that trace Ca in impurities can migrate to 
the oxidized surface of molten aluminum via grain boundary or surface 
diffusion, similar to Mg. Given Ca’s strong affinity for O, localized 
enrichment of CaO may occur, especially near surface defects. In this 
study, the Ca signal may also stem from residual contamination or 
environmental sources. Such effects could further enhance Ca presence 
in highly oxidized and structurally complex regions.

Although the droplet may maintain good ejection accuracy at vary
ing deposition distances, the presence of a surface oxide layer could 
negatively impact the bonding between successive droplets, thereby 
affecting the accuracy of subsequent droplet deposition. Fig. 11 illus
trates this effect by comparing droplets deposited at 5 mm and 10 mm 
distances in a pile-up study. These two distances represent different 
levels of oxidation. At a 5 mm deposition distance, droplet oxidation is 
minimal. The second droplet is likely to induce partial remelting or 
enhanced wetting of the first droplet. This promotes proper adhesion on 
the top of the first droplet. Conversely, at a deposition distance of 
10 mm, droplet oxidation is more pronounced. The second droplet fails 
to properly pile up after contacting the first. The oxide layer not only 
shortens the droplet oscillation duration but also hinders bonding be
tween droplets. As a result, the subsequent droplet quickly slides off the 
surface of the previous one and falls onto the substrate. To ensure 
optimal formation accuracy in metal droplet ejection printing, it is 
essential to minimize oxidation. Ideally, the deposition distance should 
be controlled to less than 4 mm.

The visual presentation of the aluminum droplet pile-up process at 
different oxidation levels is shown in Supplementary Video 3.

3.2.4. Effect of substrate feed speed on droplet oxidation morphology
Apart from the deposition distance, the substrate feed rate also plays 

a crucial role in droplet oxidation. During practical printing, the nozzle 
is not always positioned directly above the droplet to maintain contin
uous shielding gas coverage. Instead, the substrate moves dynamically 
along a path determined by the slicing data. The horizontal feed speed of 
the substrate dictates the duration of shielding gas protection, which 
directly impacts droplet oxidation behavior. The analysis above in
dicates a spatial correlation between wrinkle formation and oxidation. 
Wrinkle-rich regions on the droplet surface generally correspond to se
vere oxidized areas. Concurrently, previous studies (e.g., Nayebi & 
Divandari [65]; Jiang [70]) have shown that increased surface rough
ness and wrinkling are often associated with alumina film growth and 
instability. To facilitate the quantification of the droplet’s oxidation 
level, a wrinkle index R was introduced. It is defined as the ratio of the 
wrinkle region height (ho) to the total droplet height (hd), expressed as 
R=ho/hd. The wrinkle index R is not a direct chemical measurement of 
oxidation, but rather a morphology-based metric that provides an 
intuitive indication of surface wrinkle distribution. The value of ho was 
obtained from the droplet height profile using ImageJ, where the 
boundary between the wrinkled and smooth regions was identified by 
the inflection point of the grayscale gradient intensity.

In the experiment, the deposition distance H was set to 3.8 mm and 
the printing step distance L to 1 mm. The substrate was moved 

horizontally at various feed speeds F, as illustrated in Fig. 12a. Fig. 12b 
displays a positive correlation between the wrinkle index and the sub
strate feed speed. Each data point is the average of 15 droplets per 
condition. When the feed speed is held at 2.5 mm/s, the oxidation level 
remains comparable to that observed with a stationary substrate. 
Fig. 12c further shows that at feed speeds below 2 mm/s, the droplet 
surface remains smooth with minimal wrinkles. However, as the feed 
speed increases, droplet oxidation becomes progressively more pro
nounced. This increase is caused by three factors: higher substrate heat 
input, extended droplet solidification times, and reduced shielding gas 
protection duration at high feed speeds.

In this study, when the feed speed is less than 2.5 mm/s, the 
shielding gas effectively protects the droplet for a duration exceeding 
0.4–0.5 s. This suggests that the shielding gas nozzle has an approximate 
effective protective radius of 1–1.25 mm. Furthermore, the duration of 
shielding gas protection significantly surpasses the ejection and depo
sition period of a single droplet. H. Merrow et al. [7] have established a 
relationship regarding the solidification time of metal droplets: 

tsol ≈
Dd

2ρLCL

4k

(
1

Ste
+ β
)

(11) 

where k is the thermal conductivity of the substrate or droplet, 
depending on the one with the lower value; β accounts for droplet 
overheat, defined as β = (Td − Tsub)/(TL − Tsub); Ste is the Stefan 
number used to describe the heat transfer from the droplet to the sub
strate, defined as Ste = CL(Td − Tsub)/Hf , where Tsub is the substrate 
temperature. Taking Dd = 560 μm, Td = 1023K, and Tsub = 573K, the 
droplet solidification time could be calculated to be ~4.7 ms. This value 
is close to the normal oscillation duration shown in Fig. 7, but much 
shorter than the shielding gas protection duration. Since that the total 
ejection and deposition period is approximately 8.5 ms, once the 
melting temperature is reached, the droplet must cool for an additional 
491.5 ms to prevent further oxidation. According to Newton’s law of 
cooling, during this 491.5 ms post-solidification cooling phase, the 
droplet could reduce its temperature to ~749 K through heat conduc
tion with the substrate. In practical printing processes, an engineering 
margin of approximately 10~15 % should be reserved. Therefore, the 
droplet surface temperature should be controlled at around 660 K.

3.3. Oxidation inhibition strategy for droplet printing under shielding gas

The surface oxidation level of aluminum droplets is fundamentally 
governed by the balance between their cooling duration and the 
shielding gas protection duration. If the shielding gas does not cover the 
entire deposition and cooling processes, the droplet’s top surface will 
become prone to oxidation. This oxidation leads to wrinkle formation on 
the droplet surface. During the aluminum droplet printing, heat accu
mulation in the deposition layers reduces the cooling rate of the upper 
layers’ droplets. Previous studies [77] have demonstrated that as the 
deposition frequency increases, heat accumulation within the layers 
accelerates. This effect disrupts the droplets’ ability to maintain their 
intended shape, eventually causing coalescence.

In this study, radiation and convection losses to the ambient envi
ronment are assumed negligible. Thus, the majority of the heat carried 
by the droplet is transferred to the substrate via thermal conduction. If 
the droplet printing speed remains constant, heat accumulation would 
cause the surface temperature to gradually rise with increasing build 
height. To maintain thermal balance, the printing speed must be 
adjusted layer by layer. This ensures that heat input and dissipation 
remain in equilibrium, thereby keeping Tsurf constant. When the influ
ence of the actual print path on heat conduction within the deposited 
layer is neglected, and the current print layer is considered as a whole. 
Under this simplification, thermal accumulation can be described using 
a one-dimensional heat conduction model. By calculating the relation
ship between heat input and heat output, the thermal behavior of the 
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system can be semi-quantitatively described during the printing process. 
As the print layer cools from the initial temperature Td to the steady 
surface temperature Tsurf, the total heat input (Qin) in the current 
printing layer can be approximated as [78]: 

Qin ≈
NρLπDd

3

6
[
CL
(
Td − Tsurf

)
+Hf

]
, (12) 

where N is the droplet number of the current printing layer; Tsurf is the 
surface temperature of the current printing layer. The energy released by 
each droplet is initially absorbed by a small region of the previously 
deposited layer or substrate. Over time, the accumulated energy is 
partially dissipated through vertical conduction to lower layers or the 
substrate. The total thermal resistance of the system is composed of the 
conduction resistance Rcond and the interfacial contact resistance Rcon

tact, expressed as: 

Rtotal = Rcond +Rcontact =
h

kSAbase
+

R0

Abase
, (13) 

where h is the height of the previous built part; Abase is the effective heat 
conduction area, calculated as Abase = NSd, here Sd is the effective 
conduction area per droplet; R0 is the intrinsic contact resistance at the 
interface between the structure and the substrate, which could be 
evaluated as ~10− 4 (m2⋅K)/W according to the previous study [79–82]. 
Therefore, the heat dissipation power of the system can be obtained as: 

Pdiss =
Tsurf − Ts

h
NkSSd

+ R0
NSd

, (14) 

To prevent thermal accumulation, the thermal input must be less 
than the dissipated heat for each layer printing cycle (Qdiss), that is: 

Qin < Qdiss = PdissΔt. (15) 

Δt is the printing time of the current printing layer, which can be 
derived from the characteristic length of the current printing layer (l0) 
and the substrate feed speed (F) as Δt = l0/F. The characteristic length 
(l0) can be estimated using l0 = L(N − 1) + Dd. Therefore, Eq. (15) can 
be further rewritten as: 

Qin <
Pdiss(LN − L + Dd)

F
. (16) 

By combining Eqs. (12), (14), and (16), the relationship between the 
substrate feed speed F and the build height h can be obtained as: 

F <
6kSSd

(
Tsurf − Ts

)(
NL − L + Dd

)

ρLπDd
3[CL

(
Td − Tsurf

)
+ Hf

](
h + R0kS

). (17) 

Based on the aforementioned analysis, it is essential to keep the 
substrate feed speed below 2.5 mm/s to ensure sufficient shielding gas 
protection duration. Consequently, the appropriate substrate feed speed 
(Fsafe) should satisfy: 

Fsafe(h) < min

(
6kSSd

(
Tsurf − Ts

)(
NL − L + Dd

)

ρLπDd
3[CL

(
Td − Tsurf

)
+ Hf

](
h + R0kS

), 2.5 × 10− 3

)

.

(18) 

To focus on the intrinsic thermal behavior of the system, the model is 
built under idealized assumption that droplets remain unoxidized 

Fig. 13. (a) Relationship between the appropriate substrate feed speed and the built height. (b) SEM morphology of a thin-wall part deposited under a constant 
substrate feed speed. (c-f) are the droplet morphology of (b) at different built heights.
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during deposition. Surface oxidation is known to increase surface 
roughness, elevate interfacial thermal resistance, and reduce wettability 
at the droplet interface. However, these effects are not explicitly 
included in the current model. The exclusion is due to two main reasons. 
First, consistent experimental data relevant to droplet oxidation are 
lacking. Second, oxidation strongly depends on oxide morphology, im
purity distribution, and environmental conditions. This complexity 
makes direct modeling difficult. Future studies will aim to incorporate 
the influence of oxidation and its coupling with thermal transport and 
droplet dynamics.

Typical experimental conditions are kS = 195W⋅m− 1⋅K− 1, 
S ∼ 10− 7m2, ρL = 2415kg⋅m− 3, Dd = 560 μm,CL = 1050J⋅kg− 1⋅K− 1, Td 

= 1023K, Hf = 3.97× 105J/kg, L = 550 μm. Fig. 13a presents the 
dependence of the required substrate feed speed on the previously built 
height based on Eq. (17). As the built height increases from 0 mm to 
10 mm, the required feed speed to prevent heat accumulation decreases 
from 2.7 mm/s to 1.8 mm/s. The critical substrate feed speed could be 
calculated from the built height as Fsafe(h) < min(1/(19.06h + 0.37),
2.5)mm/s.

Fig. 13b presents the SEM morphology of a thin-wall structure 
deposited with a printing step distance of 0.55 mm and a constant 
substrate feed speed of 2.5 mm/s. During printing, the substrate is 
continuously raised to maintain a constant droplet deposition distance 
of 3.8 mm. According to Eq. (18) and Fig. 13a, the maximum height for 
achieving unoxidized deposition under these parameters is 1.5 mm. 
Fig. 13c-f display the droplet morphology of the printed structure at 
various built heights. As depicted in Fig. 13f, the printed part exhibits 
good buildup morphology in the lower layers close to the substrate. 
However, as the built height increases, thermal accumulation prolongs 

solidification time, resulting in significant oxidation and noticeable 
wrinkle formation on the droplet surface (Fig. 13c,d). This oxidation 
negatively impacts the precision of material buildup, leading to 
increasingly irregular shaping as the built height grows in the thin-wall 
structure. This study focuses on qualitative trends through experimental 
characterization. Future work will incorporate computational fluid dy
namics (CFD) simulations of shielding gas flow and transient oxidation 
kinetics. These simulations will be used to quantitatively predict local 
oxygen exposure and its correlation with oxidation behavior.

3.4. Printing verification of aluminum droplets in an open environment

A one-dimensional column printing experiment was conducted to 
validate the feasibility of this research. During the printing process, the 
melt temperature was kept at 1023 K, the substrate was heated to 573 K, 
and the shielding gas supply rate was set to 3.2 L/min. The distance 
between the substrate and the nozzle was kept constant at an initial 
deposition distance (Hini) of 10 mm, as illustrated in Fig. 14a. To miti
gate thermal accumulation, the droplet printing frequency was adjusted 
continuously according to f(h) = Fsafe(h) / Dd based on the built height. 
Fig. 14b presents the SEM morphology of the printed column, which had 
a total height of 7.82 mm. Near the column root, where the deposition 
distance is relatively large, lateral flight deviations and surface oxida
tion of droplets hinder high-precision printing. This results in an irreg
ularly piled segment of 3.12 mm near the root, as seen in Fig. 14e,f. 
Oxidation wrinkles are also evident on the droplet surface (Fig. 14i,j). As 
the built height increases above 3.12 mm and the deposition distance 
falls below 6.88 mm, a uniform pile-up of 4.7 mm was obtained near the 
column tip. Concurrently, oxidation wrinkles on the droplet surface 

Fig. 14. (a) Schematic diagram of a one-dimensional column printing. (b) SEM morphology of the printed column. (c-j) Detail printing morphology of the column at 
different segments.
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gradually disappear, as shown in Fig. 14c,d,g,h. In addition, as the 
column height increases, the contact angle between adjacent droplets 
increases significantly. This is primarily attributed to variations in sur
face energy caused by oxidation. Changes in the geometrical 
morphology at the droplet top and the local temperature gradients may 
also contribute. During the column printing process, the reduction in 
droplet falling height and the rise in local temperature caused by heat 
accumulation can influence the surface tension and heat transfer of the 
droplets, thereby affecting their overall impact dynamics. However, 
parameters such as impact velocity and surface tension primarily 
determine the macroscopic solidification morphology rather than the 
microscopic wrinkle formation. The thermal accumulation effect may 
indirectly promote oxidation by extending the duration during which 
the droplet temperature remains above the critical level for oxide 
growth. Nevertheless, as shown in Fig. 14, the upper droplets, where 
heat accumulation is expected to be the most significant, did not exhibit 
noticeable wrinkling. In contrast, wrinkles appeared at the lower part of 
the column, where heat accumulation is minimal but oxygen exposure is 
relatively greater. This further indicates that the degree of wrinkling is 

more closely related to local oxygen exposure and shielding efficiency 
than to variations in impact dynamics or heat retention.

Longitudinal polishing and etching of the column shown in Fig. 14b 
revealed its internal cross-sectional morphology, as depicted in Fig. 15a. 
Fig. 15b-i display the bonding morphology of droplets at different 
heights within the column. Near the column root, irregular bonding 
morphologies are more prominent. Fig. 15j-q illustrate the etched grain 
structures at the droplet bonding interfaces corresponding to Fig. 15b-i. 
At a height of 1.41 mm near the column tip, where the droplet deposi
tion distance is below 3.59 mm, no discernible grain separation lines are 
observed at the droplet bonding positions. This indicates strong metal
lurgical bonding, as shown in Fig. 15j-l. As the deposition distance in
creases, a relatively regular pile-up morphology could still be achieved. 
However, cold lap lines appear in the corresponding etched structures 
(Fig. 15m-o), which indicates weaker bonding quality. Closer to the 
bottom half of the column, oxidation-induced wrinkling and reduced 
wettability between droplets result in pronounced cracking along 
bonding lines, signifying poor bonding (Fig. 15p,q). The longer depo
sition distance at the bottom leads to insufficient gas shielding, resulting 

Fig. 15. (a) Internal cross-sectional morphology of the printed column. (b-i) Bonding morphology of the droplets at different built heights. (j-q) Corrosion grain 
morphology at the droplet bonding positions corresponding to (b-i).
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in severe oxidation that hinders wettability and causes bonding lines to 
crack, despite the presence of sufficient thermal energy for coalescence. 
Thus, maintaining a deposition distance within 3.59 mm is critical for 
oxidation suppression and reliable bonding.

An overlapping experiment involving three droplets was conducted 
by maintaining a droplet deposition distance of 3 mm and a printing step 
distance of 450 μm, as shown in Fig. 16a. The absence of oxidation 
wrinkles on the droplet surface indicates that surface oxidation was 
effectively suppressed under these conditions. To evaluate the bonding 
quality, the sample was longitudinally polished and etched, as illus
trated in Fig. 16b. Fig. 16c,d display the etched grain morphology at 
different bonding locations. During the solidification of metal melts, 
dendritic structures grow preferentially along the heat flow direction. 
Thus, temperature gradients and solidification directions determine 
grain orientations at the droplet fusion interface during horizontal 
overlapping. At the interface, grains of the preceding droplet tend to 
grow vertically with the heat flow. In contrast, grains of the subsequent 

droplet, influenced by the temperature of the previously solidified 
droplet, tend to grow horizontally. Additionally, no visible defects, such 
as cold laps or cracking bonding lines, are observed at the droplet fusion 
interface from Fig. 16c,d. EDS line scan analysis was performed on the 
droplet cross-section before corrosion. Fig. 16e,f correspond to the 
scanning paths I and II in Fig. 16b, respectively. The results show that Al 
content stays consistently high, while O content remains low across 
bonding locations. No abrupt changes in element content were detected, 
confirming that strong metallurgical bonding of aluminum droplets 
under shielding gas protection is achieved.

To further assess the feasibility of forming structures in an open 
environment, aluminum alloy samples were printed using coaxial 
shielding gas. During printing, the melt temperature was kept at 1023 K, 
the substrate temperature at 573 K, and the shielding gas flow rate at 
3.2 L/min. The deposition distance was set to 3 mm and the substrate 
feed speed was optimized according to the strategy detailed in Section 
3.3. Fig. 17a shows a 10 × 10 aluminum alloy bump array printed in an 

Fig. 16. (a) Overlapping morphology of three droplets. (b) Longitudinal cross-section of the polished droplet in (a). (c,d) Corrosion morphology of droplets at 
different bonding positions. (e,f) EDS line scan results of scanning paths I and II in (b), obtained before corrosion.
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open environment. The array was fabricated following a boustrophedon 
("snake-like") path, as illustrated in Fig. 17b, with an inter-droplet 
spacing of 1.5 mm. The centroid coordinates of each bump were 
extracted using a grayscale centroid algorithm, and the droplet deposi
tion positioning error (E) was calculated by comparing the measured 
positions with the target positions. Fig. 17c presents the statistically 
derived probability density of the droplet deposition errors. The posi
tional errors follow an approximately normal distribution, with a mean 
error of 55.40 µm and a standard deviation of 26.60 µm. These corre
spond to 9.89 % and 4.75 % of droplet diameter, respectively. The re
sults demonstrate that aluminum alloy droplets can achieve high 
accuracy printing even in an open environment. The visual presentation 
of the printing process for the 10 × 10 aluminum alloy bump array is 
provided in Supplementary Video 4. Fig. 17d-f present additional prin
ted structures, including a column array, a thin-wall part, and a cylin
drical part. These printed samples exhibit high precision and 
demonstrate the robust forming capability of aluminum droplets for 
open-environment deposition manufacturing.

4. Conclusions

In this work, a novel approach for open-environment printing of 
uniform aluminum droplets was demonstrated using piezoelectric 
actuation coupled with coaxial gas shielding. The key findings are as 
follows: 

(1) Surface oxidation induces wrinkled morphologies on aluminum 
droplets. Increased deposition distance and substrate feed speed 
reduce the shielding effectiveness, suppressing droplet oscillation 
and intensifying surface wrinkling. Severe oxidation weakens 
droplet-substrate bonding, leading to rebound and decreased 
printing accuracy.

(2) A thermal management-based oxidation control strategy was 
proposed through droplet heat transfer analysis. In multi-layer 
printing, dynamically reducing the substrate feed speed pre
vents heat accumulation, effectively mitigating surface oxidation 
while promoting sound metallurgical bonding under coaxial gas 
shielding.

(3) The developed coaxial gas-shielded printing system enables high- 
precision fabrication of aluminum alloy components, validating 
the effectiveness of the open-environment deposition 
manufacturing technique for aluminum droplets.

Beyond the specific application to aluminum, the proposed thermal 
management strategy and oxidation control mechanism offer a gener
alized framework relevant to the additive manufacturing of other 
reactive metals in open environments. Future research will focus on 
unravelling the complex interactions between droplet dynamics and 
boundary conditions, such as droplet size, substrate topography, and 
material properties. Investigating these factors will provide deeper sci
entific insights into wetting behaviors and interfacial bonding mecha
nisms. These efforts, combined with the development of high- 
throughput deposition (>100 Hz), will further bridge the gap between 
laboratory research and industrial-scale manufacturing of high- 
performance metal components.
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