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ARTICLE INFO ABSTRACT

Keywords: Metal additive manufacturing (AM) will impact many industries, including those producting of advanced
Laser structural, propulsion, electronic, and thermal systems. Many established metal AM processes involve layer-by-

Elelcfmhydmdynamic layer deposition and selective binding or melting of metal powders. However, these processes do not easily
g;nlrg permit multi-material printing or printing directly onto non-planar surfaces. By contrast, AM techniques that
Soligiﬁcation deposit metal directly are typically low resolution (e.g., directed energy deposition), or cannot achieve bulk

metal properties (e.g., ink-based methods). Here, we present a high resolution direct metal printing method that
potentially addresses these limitations. Individual metal microparticles are electrohydrodynamically ejected on-
demand from a nozzle-confined meniscus and laser-melted in-flight before landing and solidifying on a substrate.
We demonstrate printing of solder and platinum particles ranging in size from 30 to 150 um and explore the
process parameter space as limited by the ejection conditions and the kinetics of melting, impact, and solidifi-
cation. Our experiments demonstrate process compatibility with a wide range of powder feedstock materials, and

tunability of the solidified morphology via the laser processing parameters.

1. Introduction

Additive manufacturing (AM), which encompasses many process
technologies for polymers, metals, composites, and other materials,
enables on-demand component production with increased geometric
complexity compared to conventional manufacturing technologies. AM
therefore is attractive for many applications, including lightweight
components for aircraft and automobiles, customized medical implants,
high-performance mold tooling, and load-bearing devices such as
housings with embedded heat exchangers or electrical interconnects [1,
2]. Metal AM in particular is well suited to provide value for industrial
applications given the ability to print complex functional and structural
parts with fine features.

The most widely used metal AM methods to-date are laser powder
bed fusion (here referred to as selective laser melting, SLM), binder
jetting (BJ), and directed energy deposition (DED). With SLM and BJ,
parts are fabricated layer-by-layer via powder-bed processes. In SLM, a
scanned laser beam selectively melts the desired pattern in each powder
layer [3]. In BJ, an inkjet printhead is used to deposit a binding agent to
form the desired pattern in each powder layer, and after all the layers
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have been printed, the binder is cured and the part is sintered in a
furnace [4]. With DED, a powder or wire is fed from a nozzle towards the
part and is melted as it approaches and contacts the part such that it can
fuse to the material that has already been deposited. The relative posi-
tion and orientation of the build platform and/or the print nozzle are
controlled to build up the desired 3D shape layer-by-layer [5]. For all
these technologies, there is a tradeoff between throughput and resolu-
tion; i.e. higher throughput may be achieved at the cost of lower reso-
lution and part quality. Moreover, high-resolution, multi-material
printing of arbitrary metals into monolithic components is not achiev-
able by any current process.

High-resolution AM of metallic materials is desirable for many ap-
plications, including printing of electrical elements, e.g., interconnects,
inductors, antennas, onto and within existing components and housings.
Ink-based methods, employing inks loaded with metal nanoparticles, are
one approach for depositing metal onto substrates to build up 2D fea-
tures and 3D parts. Inkjet methods involve jetting of discrete
nanoparticle-loaded droplets followed by evaporation of the liquid and
sintering of the nanoparticles. This allows for high resolution printing,
with layer thicknesses typically hundreds of nanometers and line widths
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as small as 10-20 ym [6]. Aerosol jet printing is another ink-based
method, wherein a metal nanoparticle ink is atomized to generate
1-5 pym polydisperse droplets. A carrier gas then transports the droplets
to the nozzle, where an annular gas flow focuses the aerosol stream into
a fine beam directed onto the substrate. With this method, 5-10 pm line
widths are achievable at speeds around 200 mm s 1 [7]. Electro-
hydrodynamic (EHD) printing methods have also been employed with
metal inks. In this case an electric potential is applied between the print
nozzle (filled with ink) and a bottom electrode such that a conical
meniscus is formed. Typically, the flow rate of the ink and the electric
potential are adjusted to form a jet from the tip of the cone. Resolution of
EHD-based methods has been reported in the sub-micron range [8-10].
All of these ink-based methods enable direct metal deposition, yet
achieving bulk properties of the printed features is difficult due to im-
purities and voids remaining after sintering of the ink particles.

For this reason, direct jetting of metals, commonly referred to as
liquid metal jetting (LMJ), has been explored, both for printing of 2D
features and 3D parts. Typical embodiments involve forcing a molten
metal through a small orifice to generate a droplet on-demand or to
generate a stream of droplets continuously. The forcing mechanism may
be mechanical [11-13], pneumatic [14], or magnetohydrodynamic
[15]. Continuous pneumatic jetting of aluminum (190 um droplets) has
been reported at a printing frequency of up to 24 kHz [16]. Magneto-
hydrodynamic methods have achieved drop-on-demand generation for
droplets in the 200-300 um size range at frequencies around 1 kHz [17].
In general, LMJ potentially offers broad material compatibility,
lower-cost material feedstock, and the potential for multi-material
printing [18]. However, LMJ also faces major challenges, including
thermal management of a high-temperature molten metal reservoir and
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long-term stability of the orifice against degradation and clogging [16].
Further, management of heat accumulation during printing is also crit-
ical to maintain part accuracy and enable construction of fine features
[19].

Here, we present a novel non-contact method for generating and
printing molten metal droplets from a nozzle on demand, which we call
digital particle ejection melting (DPEM). A microscale metal particle is
introduced onto a water meniscus maintained at a needle orifice. Then,
the particle is ejected via an applied electric potential between the
needle and the substrate [24]. After ejection, each particle is melted
in-flight by a laser beam and then lands and solidifies on the substrate. A
key attribute of DPEM is that it is compatible with a wide range of
materials available in particle form, including materials with very high
melting points. Unlike jetting methods that require melting of the metal
in a reservoir, DPEM melts the material after ejection from the nozzle,
therefore not requiring the printhead to be compatible with the molten
feedstock metal and making the process easily configurable for different
materials. We demonstrate DPEM printing with drops as small as 30 pm
diameter and show compatibility with two model materials, a lead-free
solder alloy (Sn96.5-Ag3-Cu0.5) and a platinum-ruthenium alloy
(Pt95.5-Ru4.5). We further demonstrate the ability to vary the printed
droplet morphology by tuning the energy delivered to the particles via
the laser beam, and we comment on the capabilities and limits of this
technique toward an eventual 3D printing process. As exemplary printed
patterns, we show a linear array of equally spaced droplets, as well as a
continuous metallic line of overlapping droplets.
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Fig. 1. Digital metal printing by electrohydrodynamic ejection and in-flight melting of microparticles. (a) Schematic illustrating the digital particle ejection and
melting (DPEM) process. A solid microparticle is adsorbed on the surface of a liquid meniscus maintained at the tip of a conductive hollow needle. Applying an
electric potential between the needle and the substrate deforms the meniscus such that an individual particle is ejected. A laser beam then intersects the particle,
causing it to melt during flight, and the molten particle subsequently lands on the substrate and solidifies. (b) Sequential images taken from a high-speed camera
showing the process of ejection, melting and deposition of a 150 um solder particle onto a tin substrate. Images 2-4 show ejection from the meniscus. Image 5 shows
the laser beam interaction and removal of a water cap that was attached to the particle. Images 8-11 show contact, spreading and solidification. (c) Plots of particle
vertical position vs. time for exemplary prints of a 150 um solder particle (green) and a 50 pm Pt-Ru particle (blue). The time corresponding to complete detachment
of the particle from the meniscus is indicated by a vertical dashed line for each case. (d) Array of printed solder dots on a tin substrate. (e) Pt95.5-Ru4.5 particle
printed on a Pt95.2-Ru4.8 substrate. (f) Pt95.5-Ru4.5 particle printed on a glass substrate.
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2. Materials and methods

Digital printing of metal droplets is performed by first ejecting a
single microparticle from a liquid meniscus and then melting the particle
as it travels through a laser beam aligned perpendicularly to the particle
trajectory (Fig. 1a). To achieve particle ejection, a hollow metal needle
is filled with water such that a hemispherical meniscus is established at
the needle orifice. A syringe connected to the needle is used to adjust the
hemispherical volume of water. A single microparticle is then intro-
duced onto the surface of the water meniscus. This is achieved by
spreading particles on a platform which is then brought underneath the
meniscus such that a single particle is positioned directly underneath the
meniscus. The platform is then raised so that the particle contacts the
meniscus and is adsorbed onto its surface (see SI). Once a particle has
been loaded onto the meniscus and the particle platform has been
removed, a positive voltage is applied to the conductive substrate rela-
tive to the grounded needle, typically as a pulse of 2-3 kV for a duration
of 2-3 ms. The applied electric field causes the water meniscus to
elongate due to the concentration of the electric field at the apex, while
retaining the particle. The particle ultimately detaches with an
entrained cap of liquid. Particle ejection takes place over the course of
~1 ms, depending on the size of the particle and the meniscus. The
liquid used to create the meniscus should be partially wetting with
respect to the particle, so that the particle may reside on the liquid
meniscus before ejection without being fully engulfed. This facilitates
electrohydrodynamic ejection of the particle and aides in removal of the
liquid during heating of the particle by the laser. For metal particles,
water has proven to function well in this regard.

While in-flight, the particle passes through a focused laser beam
which melts the particle and removes the cap of liquid. The droplet then
lands on the substrate, spreads and solidifies. For all experiments
included here, the diameter of the needle (and thus the diameter of the
water meniscus) was 360 pm, the laser beam spot size was approxi-
mately 44 um, and the needle-substrate separation was 2.1 mm. Further
details of the experimental apparatus are included in the methods and SI
sections.

In Fig. 1b, we show sequential images taken from a high-speed
camera during printing of a 150 pm solder particle on a polished tin
substrate, indicating the deformation of the meniscus followed by par-
ticle ejection and flight toward the substrate. Here, the laser beam
originates from the right side of the image. Fig. 1c¢ shows the position of
a 150 um solder particle and a 50 um Pt-Ru particle versus time over the
course of ejection for typical prints. Fig. 1d—f show example printed
droplets of solder and Pt-Ru, imaged using scanning electron microscopy
(SEM). Videos of example prints of a 150 um solder particle and a 50 ym
Pt-Ru particle are included in the SI. The Pt-Ru alloy was chosen for
experimentation because it has a high melting point and does not require
a protective atmosphere. The solder alloy was chosen for demonstration
of a common low melting point alloy.

Supplementary material related to this article can be found online at
doi: 10.1016/j.addma.2020.101703.

Upon ejection, the particle typically carries a cap of liquid that forms
upon detachment from the. elongated meniscus. We observe that the
water cap is removed during laser heating, likely due to film boiling at
the interface between the particle and the water due to the rapid heating
of the particle. Film boiling creates a vapor layer between the particle
and the water, and the water cap will thus detach from the particle, as
seen in the fifth frame of Fig. 1b. When the cap detaches gently, the
particle trajectory is not affected. However, if the particle has been fully
engulfed in the meniscus before ejection, vigorous boiling throughout
the volume of the water cap may occur, which can result in significant
alteration of the particle trajectory. Whether or not the particle will be
initially engulfed in the liquid depends primarily on the wettability of
the liquid on the particle; a liquid with a low contact angle will lead to
particles being more engulfed in the liquid.

Additive Manufacturing 37 (2021) 101703

3. Results
3.1. Criteria for in-flight melting of microparticles

The energy delivered to a particle in flight will determine its
resulting phase (i.e. solid, liquid or partially molten) and temperature. In
order to melt a metal particle, the energy delivered to the particle in-
flight must be greater than the energy required to bring the particle to
the melting point and undergo phase change from solid to liquid,

Ez[eli vered >
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Here, p is the density, V,, is the particle volume, C; is the specific heat,
Tmere is the melting point, T, is the ambient or initial temperature, and
AHpy0n is the latent heat of fusion. The energy delivered to the particle is
approximately as follows:
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Here, o is the material absorptivity, P is the laser power, tsigence iS
the residence time of the particle in the beam, D, is the particle diameter,
and v, is the particle speed. This approximation assumes that the particle
travels along the centerline of the beam spot and requires the particle
diameter to be smaller than the laser beam diameter. At %‘; = 1.25, the

error is 10%, and at %‘; = 3.5, the error is 1%, where D, is defined as the
diameter at which the beam intensity is 1/e*> = 0.135 times the value at
its center (maximum). With the residence time and the energy delivery
criterion, the power density required to melt a given particle material

and size is as follows:

1

residence

P[aaer/vp > S[Cc(Tmeh —Tw) +  AHpgm( 3)

Minimum power densities required to melt various metals are plotted
in Fig. 2a for residence times that are typical of particles that are tens to
hundreds of microns in size. This analysis assumes 1064 nm laser
wavelength, constant material absorptivity and heat capacity during the
heating process, and no heat loss; these assumptions are appropriate for
estimating system requirements but are not appropriate for precise
predictions of resulting droplet temperatures (see SI). Also, calculations
are given in the SI for the residence time in the general case of arbitrary
particle and beam sizes.

By the above method, we predict a minimum residence time of 39 us
for melting of a 100 um stainless steel particle (alloy 304) using a 300 W
laser. Correspondingly the maximum allowable particle velocity to
achieve full melting is 2.6 m s, assuming a small beam spot size
relative to the particle. Experimentally, we find that ejection speed is
inversely proportional to particle size. For instance, ejection speeds of
up to 3m s~ ! have been observed for D, =30 um, corresponding to
10 ps residence time; speeds as slow as 0.5 m s+ have been observed for
D, = 350 um, corresponding to 700 us residence time. For the data re-
ported in Fig. 2b and c, the observed ejection speeds were between 1.0
and 1.5 ms~ L.

Importantly, this analysis does not consider transient heat transfer
across the particle. If the timescale of heat conduction across the particle
is too small relative to the residence time available to melt the particle,
then overheating on the irradiated surface may occur, and metal evap-
oration and plasma generation are possible. This was not observed to
occur for the platinum and solder alloys studied here, and thus is likely
not an issue for most other alloys listed in Fig. 2a due to their higher
thermal conductivity relative to platinum and solder. The exception is
stainless steel, which has a thermal conductivity approximately 1/5th
that of the studied alloys. However, for lower conductivity materials, it
would be possible to mitigate heat conduction issues by exploring
alternative optical configurations that would decrease the laser beam
intensity at the surface but still achieve the same total energy input (e.g.
a laser line or encircled illumination of the particle instead of a circular
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Fig. 2. Analysis of energy density required for in-flight melting of metal mi-
croparticles. (a) Estimated relationships between energy density required for
melting and residence time, assuming constant absorptivity with 1064 nm laser
heating. Residence time is the duration that the beam is incident on the particle
during flight, and power density is normalized to the particle volume. The top
horizontal axis shows the particle velocity that would correspond to the indi-
cated residence time for a 100 um diameter particle. The right vertical axis
shows the laser power corresponding to the power density threshold for melting
of a 100 pum particle. The blue and green dots represent exemplary experiment
conditions, i.e. a 50 um platinum particle printed with a velocity of 1.5 m s~!
and a 150 pm SAC305 particle printed with a velocity of 1.0 m s™!, respec-
tively. (b,c) Comparison of experimental results to energy density model for
printing of solder (SAC305) and Pt95.5-Ru4.5 particles, respectively. Blue dots
correspond to experiments during which the particle was not melted or only
partially melted, and orange dots correspond to experiments during which the
particle was fully melted. The dashed lines show lines of constant energy
density, computed as the product of power density and residence time.

spot).

3.2. Printing of platinum and solder alloys

The necessity for a critical energy density to achieve in-flight melting
is demonstrated by printing of the exemplary solder alloy (SAC305,
composition Sn96.5-Ag3-Cu0.5, D,= 150 um, melting range
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217-220°C) and platinum alloy (Pt95.5-Ru4.5, D,= 50-100 pm,
melting range 1780-1795 °C). Data from experiments is transposed onto
the axes of power density and residence time (measured from high-speed
videos) in Fig. 2b and c, respectively. Orange dots correspond to cases
where the particle was fully melted and blue dots correspond to cases
where the particle did not fully melt. Melting was assessed by observing
droplet or particle behavior upon impact with the substrate, as is
described in the methods and SI sections. In spite of the simplicity of the
laser heating model, the experiments confirm the validity of the critical
energy density approximation to predict melting of the particle in flight.
Note that the uncertainty of measurement, indicated by the error bars on
each data point, is much higher for the platinum alloy because the
particle size is comparable to the laser beam diameter (50-100 pm
versus 44 um, respectively). Therefore, slight misalignment between the
particle trajectory and laser beam results in a significant decrease in the
energy delivered to the particle (see SI).

DPEM printing also enables control of the molten metal temperature
and consequently the dynamics of impact and solidification onto the
printing substrate. Therefore, the amount of energy delivered to each
particle and consequently the droplet temperature will result in a change
in the morphology, and potentially the microstructure of the droplet on
the substrate after solidification. In Fig. 3, we show images of solder
droplets (SAC305, D,= 150 ym) that were subject to different laser
power settings (i.e., changing the energy density as defined above)
during flight, and printed onto tin substrates. A series of SEM images
(Fig. 3a) and polished and etched cross-sections (Fig. 3b) reveal how
superheating influences the droplet morphology and microstructure
after solidification. With increasing energy delivered, the printed metal
dots have a lower aspect ratio (i.e., more spreading). In addition, the
cross-section images reveal that the tin substrate was melted due to heat
transfer from the impinging droplets, and the droplet and the substrate
mixed before solidification.

Specifically, we define the spread factor (S) as the droplet’s radius of
contact with the surface divided by the initial droplet (particle) radius,
R/a. We plot the spread factor versus the energy density (defined as in
Eq. (2)) in Fig. 3c. For the solder, S asymptotes to 1.6 at high energy
densities. Fig. 3d shows compiled results for the solidified contact angle
(denoted &) plotted versus energy density delivered. We attribute the
increase of spread factor with increasing energy delivered primarily to
lower surface tension at higher droplet temperatures [20]. This will
result in a lower equilibrium contact angle along with more available
time to spread before solidification pins the droplet at the interface.
Previous studies of metal jetting have not reported significant sensitivity
of spread factor to droplet overheating [21]. However, this had only
been reported for relatively small differences in droplet temperature. In
our case, the droplet temperature varies by as much as 500 °C over the
range of power densities shown in Fig. 3a, resulting in both a greater
change in surface tension [20] and a much longer solidification time
after impact [21].

Using the parameters obtained for single-droplet printing, lines may
be printed by overlapping consecutive droplets. To print exemplary
lines, the nozzle was kept stationary and the substrate was moved after
each droplet deposition to generate the desired pattern one particle at a
time. In the example shown in Fig. 4a, the substrate (polished tin) was
incrementally translated 150 um between each print. Considering a
spread factor of 1.6 and thus a maximum solidified diameter after
spreading of 240 pm, the nominal droplet-to-droplet overlap is
approximately 90 um. Fig. 4b shows the cross-section of the line, indi-
cating intimate contact between the adjacent drops. Notably, no
porosity is apparent within the cross-section of the line. These obser-
vations indicate promise for achieving bulk material properties by
DPEM printing.

3.3. Droplet-substrate thermal interaction and adhesion

The droplet-substrate material combination and the interface
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Fig. 3. Control of printed droplet morphology
by energy density delivered in flight. (a) SEM
images of 150 ym solder particles printed with
increasing laser power (from left to right). (b)
Polished and etched cross sections of the prin-
ted particles, revealing the microstructure and
the interface between the particle and the sub-
strate. (¢ and d) Spread factor and solidified
contact angle of the printed droplets plotted
versus energy density delivered, respectively.
Energy density is computed as the power den-
sity (measured laser power divided by particle
volume, as in Fig. 2b and c) multiplied by the

s Ty |
0.6+ R/a = Dsproad/Daroplet

residence time, where here tresigence z%’. The
dots of different colors in plots (c) and (d)
correspond to the SEM images and cross-
sections shown in (a) and (b).

1 1.2 14 1.6 1.8 1 1.2
Energy density [%] x1010

1.4 1.6 1.8

Energy density [-5] x10'

Fig. 4. Printing of overlapping droplets to form a fine metal line. (a) Line of overlapping 150 um solder particles printed on a tin substrate. (b) Polished and etched
cross-section of the printed line shown in (a). The cross-section reveals good bonding between the printed droplets and the substrate as well as between neighboring
droplets; grains span lateral interfaces between, and as in Fig. 3 the cross-section indicates that the substrate was melted by the droplets.

characteristics are particularly important to droplet-substrate adhesion.
Fig. 5a—e displays examples of Pt95.5-Ru4.5 particles printed on boro-
silicate glass, Inconel 625, and Pt95.2-Ru4.8. These substrates were
chosen as examples of printing on a dielectric, a high-temperature alloy,
and the same material as the particle. If the droplet remains molten
during the full extent of spreading, conformal droplet-substrate contact
should result. Further, if the substrate melts during droplet impact, then
metallurgical bonding and strong adhesion may be possible. If the
droplet does not remain molten and/or the substrate does not melt, then
contact may not be conformal and adhesion may be weak. The cross-
section in Fig. 5c (Inconel 625 substrate) shows that the substrate was
melted and conformal contact was achieved (with relatively strong
adhesion expected), while the cross-section in Fig. 5e (Pt95.2-Ru4.8
substrate) indicates that the substrate was not melted and non-
conformal contact resulted (with relatively weak adhesion expected).

In general, substrate melting can be predicted by estimating the
interface temperature between the droplet and substrate. Modeling the
droplet and substrate as semi-infinite bodies that are suddenly brought
into contact results in the following expression for the interface tem-
perature (ignoring phase change) [21-23].

1
Time;face = 150 + (Td,() - Ts,O)m (4)
Here e; = /(kpGC,); is the thermal effusivity with thermal conduc-

tivity k, density p, and heat capacity C,, i = d for droplet, i = s for sub-
strate, and Tso and Ty, are the initial temperatures of the substrate and
droplet, respectively. For the case of Pt95.5-Ru4.5 printed on an Inconel
substrate (Fig. 5b and ¢), according to Eq. (4), T; > 1817C is needed to
melt the substrate. Though the precise droplet temperature for this
experiment is not known, it is almost certainly greater than this critical
temperature given the liquidus temperature of 1795 °C and observation
that the particle was fully melted. Thus, it is in line with expectations
that substrate melting and conformal contact were achieved. For the
case of Pt95.5-Ru4.5 on the same alloy substrate (Fig. 5d and e), the
critical droplet temperature needed to achieve substrate melting is
3523 °C. Here, we judge that our experiments did not heat the droplet to
this temperature, explaining the poor interface observed in cross-
section. Importantly, this analysis ignores the contact thermal resis-
tance effect due to any surface impurities or surface roughness, which
will likely have some effect due to additional thermal resistance and
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Fig. 5. Printing of Pt95.5-Ru4.5 on various substrates and results of finite element analysis of droplet impact, spreading, and solidification. Exemplary SEM images of
Pt95.5-Ru4.5 particles printed on (a) borosilicate glass, (b and c) Inconel 625, and (d and e) Pt95.2-Ru4.8. (c) is a polished cross-section of the particle in image (b),
showing conformal contact and metallurgical bonding between the droplet and substrate at the interface. (e) is a polished cross-section of the particle in image (d),
showing non-conformal contact and no visible metallurgical bonding. (f) Simulated spreading factor evolution of a molten platinum particle printed on these
substrates. (g) Simulated cooling curves of printed platinum particles. (h) Temperature profiles of the substrate impact center corresponding to (g).

modification of the contact area. It is possible to improve the interface
temperature estimation from Eq. (4) by accounting for phase change of
either material, but it is shown in [23] that this does not significantly
change the resulting interface temperature in most cases. In particular,
consideration of phase change does not affect the critical temperature
thresholds that determine whether the droplet initially remains molten
and whether the substrate will melt.

3.4. Morphology of solidified droplets

The different substrates used in the examples shown in Fig. Sa—e also
highlight different possible solidified droplet morphologies. For Inconel
625 and Pt95.2-Ru4.8 substrates, ripples are visible in the surface of the
solidified morphology. This can result when the timescale of solidifica-
tion is comparable to the timescale of damping within the droplet. The
ripple pattern represents the inertial-capillary oscillations solidified in
place by the moving droplet solidification front. If the cooling rate is
much smaller than the rate of viscous energy dissipation, the oscillations
are dampened via viscous dissipation as the droplet cools. The time-
scales of oscillation (t,s) and viscous damping (tgamp) are as follows for
the case of a low Weber number [21].

toe =234/pR%/c 5)

R2
i~ 0035 6

Here, R is the droplet radius, p is the density, ¢ is the surface tension,
and v is the kinematic viscosity. The solidification time for the droplet is
estimated as [21]

RzpCs[ 1
k St

Lol + A )
where C; is the droplet heat capacity and k is the thermal conductivity of
either the droplet or the substrate, depending on which is lower and thus

limiting. St is the Stefan number, St =

Co(Trete—Ts) .
PA”;I%’IS, where Ty, is the

particle melting point, T; is the substrate temperature and AH is the

T,-T,
Tmete—Ts?

latent heat of fusion. # accounts for droplet overheat, § = where

T, is the maximum droplet temperature.

Taking T4 = 2500 °C, we compare the timescales of oscillation,
damping, and solidification for the cases shown in Fig. 5. For these es-
timates the droplet diameters are measured from each SEM image and
the thermal conductivities (in W/m-K) used are as kgjqss = 1, Kinconet = 10
,and kp,_gy = 70. For Fig. 5a (borosilicate glass substrate), to;,c and tggmp
are both ~10-100 ps, while ¢, is ~1000 ps; thus we expect that ripples
will be small and only be visible near the contact line. For Fig. S5b—e
(Inconel 625 substrate and Pt-Ru substrate), tosc, tiamp and ty,; are ~10 ps
for all cases and therefore it is expected that the ripples freeze before
they may be damped, as is seen in the images. Simulation results reveal
similar ripple patterns.

We have additionally studied the droplet-substrate impingement and
solidification processes using finite element analysis (FEA, details in SI).
As presented in Fig. 5f, the FEA predicts that a molten Pt droplet
(2250 °C, D = 50 um) will spread and recoil freely on a borosilicate glass
substrate before it fully solidifies. On the other hand, when impacting on
an Inconel or Pt substrate, the solidification time of Pt is comparable to
its oscillation/damping time due to faster heat transfer. As a result, Pt
solidifies with less spreading and surface ripples are more significant. In
Fig. 5g and h we show the average droplet temperature and substrate
impact center temperature versus time, as calculated by the FEA, for Pt-
Ru on the three substrates. Solidification on borosilicate glass is slowest
due to the substrate’s low thermal effusivity, yet the substrate surpasses
its softening temperature (820 °C) while the droplet cools.

4. Discussion

Metals are particularly suited for DPEM due to their high thermal
conductivities as compared with polymers and ceramics, which in gen-
eral make it possible to deliver sufficient energy to melt the particles in-
flight without excessive overheating of the particle surface. Here, we
demonstrated DPEM printing for limiting cases of low and high melting
point metals, and its compatibility with various substrates. Notably, in
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particular cases, DPEM enabled metallurgical bonding between depos-
ited droplets and the substrate, droplet-to-droplet bonding and confor-
mity with no porosity, and metal-glass adhesion. Further, DPEM
introduces the opportunity to control the temperature of each individual
droplet independent of the substrate temperature. This is an important
capability for controlling metallurgy and will likely be necessary to
manage heat accumulation and retain dimensional accuracy during
printing. DPEM can also be extended to a wide range of printing mate-
rials, for example gold, silver or copper for electrical applications, or
titanium for structural applications. With these and other materials,
viability may depend on factors such as the availability of lasers with
appropriate power and wavelength, atmosphere control requirements,
and particle feedstock availability. To achieve the precision required for
high-quality printing, factors such as the electric field configuration,
field focusing effects, and charge accumulation (for non-conductive
substrates) will need to be considered. The optical configuration may
also influence the precision, for example a symmetric configuration that
enables heating from all sides may be advantageous in avoiding particle
trajectory alteration. Last, in an effort to enable continuous on-demand
printing, a current effort is aimed at understanding how to provide
particles continuously to the meniscus and what the limiting printing
rate is for a given configuration.

5. Conclusion

We presented a high-resolution direct metal printing method
(DPEM) wherein molten metal droplets are deposited on-demand from a
nozzle without requiring contact between the molten metal and a
reservoir or orifice material. DPEM’s unique combination of capabilities
is likely to be valuable for applications where direct printing of high-
resolution bulk metal features is needed. These include highly detailed
medical implants and surgical instruments as well as decoration of
polymer- and ceramic-based implants with radiopaque markers; RF
electronics with high-conductivity traces; and features in jewelry and
watches that simplify labor-intensive manufacturing processes or enable
more complex designs. Continued development of DPEM to achieve
continuous and/or high-frequency on-demand particle ejection, as well
as further understanding of trajectory control and particle-substrate
interaction is necessary to realize a commercially viable technology.
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