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Heat-Free Fabrication of Metallic Interconnects for Flexible/

Wearable Devices

Andrew Martin, Boyce S. Chang, Zachariah Martin, Dipak Paramanik,
Christophe Frankiewicz, Souvik Kundu, lan D. Tevis, and Martin Thuo*

Exploiting interfacial excess (I), Laplace pressure jump (AP), surface
work, and coupling them to surface reactivity have led to the synthesis of
undercooled metal particles. Metastability is maintained by a core—shell
particle architecture. Fracture of the thin shell leads to solidification with
concomitant sintering. Applying Scherer’s constitutive model for load-
driven viscous sintering on the undercooled particles implies that they can
form conductive traces. Combining metastability to eliminate heat and
robustness of viscous sintering, an array of conductive metallic traces can
be prepared, leading to plethora of devices on various flexible and/or heat
sensitive substrates. Besides mechanical sintering, chemical sintering can
be performed, which negates the need of either heat or load. In the latter,
connectivity is hypothesized to occur via a Frenkel’s theory of sintering type
mechanism. This work reports heat-free, ambient fabrication of metallic
conductive interconnects and traces on all types of substrates.

1. Introduction

Fabrication of high-utility neoteric electronic devices often inte-
grates different classes of materials to accommodate a multi-
tude of functionalities. Complexity that arises from materials
property mismatch (especially thermal expansivity) is often a
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major challenge to the fabrication of such
devices."l Advances in flexible/wearable
electronic devices and Internet of Things
(IoT) exacerbates fabrication challenges
largely due to thermal effects on the sub-
strates and need to join smaller compo-
nents. These demands have inspired an
array of solutions, especially those geared
toward component bonding. Colloids,?
especially nanoparticles,’! have been used
in welding,¢4 soldering,”! brazing,!® and
analogous processes.’l Use of nanomate-
rials, however, does not circumvent fabri-
cation challenges and, in some cases, may
introduce new difficulties.[!

Utilizing material surface properties,
such as interfacial excess (I), surface
tension (7)), and shear modulus (G), has
inspired quantitative synthesis of under-
cooled liquid metal core—shell (ULMCS)
particles through the so-called SLICE technique.”l The synthe-
sized core-shell architecture frustrates heterogeneous nuclea-
tion through a thin (=<2 nm)'% oxide shell that is polished in
situ to form a smooth continuous surface. This delicate pas-
sivating oxide is further stabilized using felicitous choice of
organic ligands. Solidification is effectively inhibited via a phys-
ical barrier to heterogeneous nucleants and a thermodynamic
barrier to homogeneous nucleation (Figure 1a).

The ULMCS particles instantaneously solidify upon fracture
of the shell.'] Sintering, hence application of undercooled metal
particles in fabrication of flexible or wearable devices, has, how-
ever, not been realized in part due to poor understanding of stress
propagation across such particles. Sintering soft matter particles
is constrained by substrate adhesion, particle size polydisper-
sity, packing density and inclusion of rigid bodies. The latter can
manifest as non-undercooled particles even with high (>97%)
undercooling yield. We anticipate that ULMCS particles, like
gels, sinter by flow! albeit with concomitant spontaneous phase
change, spinodal decomposition and crystallization. Being non-
Newtonian liquids, constitutive models for viscous sintering can
inform pathways to circumvent some of the stated constraints.
For example, understanding relation between densification and
strain propagation, &,, through Scherer’s model (Equation (1)),
allows us to infer that application of plane stress leads to signifi-
cantly higher densification rate (p) than applying normal stress

&o=¢ +%[ax+v(ay+az)] (1)
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Figure 1. Schematic illustration of the heat-free manufacturing paradigm using metastable liquid metal particles. a) Orthogonal thermodynamic relaxa-
tion pathways of molten metal: the unrestricted path to stable solid metal with concomitant spinodal decomposition (insert on the left), the frustrated
relaxation pathway (right) leads to a high energy, metastable state that relaxes upon application of b) mechanical or d) chemical stress. The former gives
continuous solid films while the latter gives porous conductive films. c) Functional flexible display made using mechanical relaxation of undercooled
metal particles. e) Printed conductive traces on the surface of a fragile superhydrophobic rose petal using chemical sintering.

where €, is the strain rate in the x-direction, & is free strain, v is
the Poisson ratio, E is the elastic modulus, and o is the applied
stress. Free strain is related to densification, & =p/3p. It also
follows that under plane stress (e.g., on x—y plane), densifica-
tion occurs much faster (=24%) since it is related to contrac-
tion in a single (z-for stress on x-y) direction (Equation (2))!4

p__&(+v) 2)

p  (1-v)

Coupling thermodynamic metastabilization and granular
densification, we demonstrate applications of ULMCS parti-
cles for heat-free fabrication of mechanically robust, electri-
cally conductive interconnections. We demonstrate ambient
temperature molding, sheet rolling for continuous films
(Figure 1b), and chemical sintering to create porous films
(Figure 1d). Exploiting asymmetry in propagation of applied
stresses across a bed of colloidal matter,'® different structures
are created under normal and shear stresses. Shear (plane)
stress allows fabrication of uniform thin films (Figure 1b)
which can be further advanced into fabricating conductive
traces with tunable thickness on flexible substrates (Figure 1c).
As expected, when normal stress is applied to a packed bed of
ULMCS particles, surface deformations dominate, leading to
asymmetric solidification, flow and surface sintering. Unique
features of the ULMCS particles allow fabrication of conduc-
tive traces on otherwise unprecedented platforms (Figure le).

2. Results and Discussion

Undercooled metal particles were prepared using the SLICE
method.’ Field‘s metal—a low-melting, fusible eutectic alloy

Adv. Funct. Mater. 2019, 29, 1903687

1903687 (2 of9)

of bismuth, indium, and tin (Bi: 32.5/In: 51/Sn: 16.5 wt%,
T, = 62 °C)—was significantly undercooled (degree of under-
cooling, AT/T,, = 0.34) at high yields (>97%, see Figure S1,
Supporting Information). The as-prepared particles were stable
at ambient conditions for >6 months (only =3% loss in under-
cooled particles over 6 months). The material is also stable
against transportation-associated or ambient vibrations.

2.1. Mechanical Processing

To understand the impact of applied stress on the undercooled
particles, we adopt models of stress propagation in granular
matter (e.g., Equations (1) and (2)). In general, propagation of
applied stress in a dry bed of colloids is dynamic and asym-
metric over a small quasilinear subset of particles. Interparticle
force law dictates that applied force has a power relation to par-
ticle compressibility (f o da where § is particle compressibility
and a > 1)."% This ansatz manifests as an asymmetric response
of the compressible undercooled metal particles to normal or
shear stress, with the latter affecting the whole colloidal bed
with concomitant rapid densification (Equation (2)). Applied
normal stresses, as expected,*® propagate through contact lines
that project the stress toward the container walls which may
lead to asymmetric densification.

To validate the ansatz, a bed of ULMCS particles on a flat
surface was subjected to normal (o,) and shear (z,,) stresses
(Figure 2a,f). As a control, capillary-driven packing of the parti-
cles (no externally applied mechanical stress) led to no sintering
(Figure S2a, Supporting Information) but as expected, particles
jam—akin to green body in ceramics. For a bilayer of the parti-
cles under normal stress, complete deformation of the topmost

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Mechanical processing of ULMCS particles. a) Effect of applied normal force on a traditional powder processing press to give b) a coin and
d) a billet. Imprinted surface patterns on the coin are realized using a patterned die (inset). c) Spinodal decomposition occurs upon solidification
(c). d) The billet shows asymmetric deformation as expected for interaction colloids with smooth continuous surfaces but e) granulated core. f-j)
Applied shear stress (rolling) leads to thin flexible films with concomitant isolation of the few i) non-undercooled particles. k—o) Application of the
mechanical activation in a two-step fabrication process for writing conductive traces on flexible substrates. Particles are deposited as an ink then acti-
vated with a blunt object to give conductive lines. Both |) manual and n) robotic writing can be used with comparable results. A 2D plotter is used to
create a complex trace on which two LED lights glow upon connection to a power source.

layer occurred with concomitant, albeit weak, bonding to the
slightly deformed bottom layer (Figure S2b, Supporting Informa-
tion). When a thicker bed was used, asymmetric deformations
occurred with significant reduction in the extent of deforma-
tion with depth. As expected, the formed structures depend
on yield of undercooled particles as stress propagation in non-
undercooled particles (nondeformable colloids under low o)
is significantly different than in the deformable undercooled
analogs (Figure S2c—f, Supporting Information).'>! Using con-
ventional powder processing (1000-1500 psi pressure), how-
ever, the ULMCS particles were molded into disks (Figure 2b
and Figure S2g, Supporting Information) or pellets (Figure 2d).
With a thicker particle bed, the effect of nonuniform stress
propagation, as expected in deformable colloids,™ leads to
asymmetric sintering. Surface and sides of the so-pressed bil-
lets form continuous outer surfaces (Figure 2d) while the core is
granulated (Figure 2e and Figure S2h, Supporting Information).
Patterned dies, as expected, imprint the features on the surface
(Insert Figure 2b and Figure S3, Supporting Information).

To evaluate the role of shear stress, we used a jeweler’s roller
(Figure S4a, Supporting Information) to convert ULMCS parti-
cles into thin metallic sheets (Figure 2f—j). The obtained films
appear shiny akin to a metallic foil (Figure 2g) but contain
defects (Figure 2h) upon closer inspection with SEM. Rolling
induces complete flow and solidification of ULMCS particles
albeit with integration of some of the surface oxide to create
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defects (Figure 2i). Despite the defects, large thin sheets can
be fabricated with sheet resistances of 298 versus 52 uQ cm for
bulk Field’s metal. Introducing a flux that dissolves the surface
oxide significantly improves sheet resistance to almost that of
the bulk metal (58 vs 52 uQ cm). Adventitious spherical solid
particles aggregate on the surface of the pressed film, and inter-
estingly, they do not amalgamate with each other or the formed
film (Figure 2j). We infer these to be the non-undercooled
components with a passivating oxide that inhibits metal-metal
bonding. These adventitious particles always rest at the edge of
the sheet showing that the rolling process can also remove non-
undercooled particles by pushing them toward the edge of the
reflowing liquid. The Supporting Information contains further
experimental details.

Based on observations above, fabrication of metals structures
under no heat and at low mechanical stress is feasible. Bor-
rowing from writing, a simple method of scribing interconnects
is reported (Figure 2k).'l An ink based on ULMCS particles
suspended in hydroxyethyl cellulose (75 wt% metal) was formu-
lated and used either manually (Figure 2l) or with a 2D plotter
(Figure 2n). A pen with the formulated ink deposits the parti-
cles, while a blunt tip (e.g., a pen with no ink) serves as a roller.
The spherical liquid particles deform into uniform films that
are solid, continuous, and conductive (resistivity = 15 puQ-cm).
As expected, all solidification occurs with concomitant spinodal
decomposition (Figure 2c,h,m).l%"

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.2. Chemical Sintering

Since a thin shell stabilizes the ULMCS particles, capillary self-
assembly, with concomitant concentration of a dilute etchant,
can lead to localized dissolution of the shell. This ansatz relies
on felicitous choice of carrier-fluid evaporation conditions, fluid
viscosity, and etchant concentration. At high etchant concen-
tration, an accelerated, but localized, etching ensues leading
to contact between two adjacent particles. This focused release
of the undercooled liquid cascades throughout the particle bed
leading to point (tangential) contacts and solidification. This
process, therefore, entails Coalescence of Undercooled Par-
ticles through a Chemical Trigger (for brevity abbreviated as
CUPACT). Figure 3a schematically captures the capillary-driven
CUPACT process with a highlight of an undercooled and a
solid particle. Since capillary forces are not strong enough to
fracture the shell, CUPACT occurs with retention of sphericity
(Figure 3b—d) after point soldering (Figure 3d). The CUPACT
films had density, p =3.59 g cm™3 (bulk 7.88 g cm™>) suggesting
=45% porosity (Figure 3b—c,e—g). The high porosity implies a
lower thermal conductivity, k = 8.61 W m™! K~ versus bulk solid
Field's metal (22.0 W m! K7}). Initiating CUPACT on a sub-
strate that can alloy with the ULMCS particles leads to anchoring
of the sintered particle bed on the substrate (Figure 3f). Using
a thin (=450 nm) Au film on a silicon wafer as substrate, for
example, leads to soldering of the particles onto the substrate
(Figure 3e-g). In the case of surface soldering, an interme-
tallic interface forms with concomitant CUPACT of overlaying
particles. Since CUPACT is concentration dependent, etchant
concentration dictates properties of formed film (Figure 3h).
With a more reactive etchant, like hydrochloric acid, film resis-
tivity decreases faster with increasing acid concentration com-
pared to dilute acetic acid, DLAA (Figure 3h).

The fully sintered CUPACT films had resistivity of
63 uQ cm (with 60% DLAA) which is comparable to that
of mechanically rolled films (58 nu€2 cm) and sheet resistance
of bulk Field’s metal (52 uQ cm). Since the materials have sig-
nificant differences in densities, comparing specific properties
(raw property/density), we note that the specific thermal con-
ductivity of the bulk and CUPACT films is surprisingly similar
(2.4 x 103 W m? g'! K!) although slightly higher than that
of the mechanically formed films (1.9 x 103 W m? g*! K}).
An Ashby plot comparing electrical resistance to density cap-
tures the novelty of these materials as different forms of the
same material traversing across multiple elements (Figure 3i
and Table S2, Supporting Information). More characterization
details are given in the Supporting Information.

2.3. Application of Activated Particles in Printed Electronics

To enable rapid prototyping, we adopted the metal particle inks
to screen-printing. Successful screen-printing relies on deposi-
tion under low shear stress without triggering solidification. We
inferred that interparticle Hertzian interactions,!'”! and associ-
ated hydrodynamics mediated elastic scattering of shear stress,
in a colloidal suspension permits dispersion without mechan-
ical fracture of the particles. Increased viscosity of the carrier
fluid and stochastic (anisotropic) particle distribution renders
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faster and more isotropic energy absorption abetted by Stokes’
drag and interparticle carrier fluid lubricity.l'”] Since ULMCS
particles have smooth deformable surfaces, high shear stresses
are required to transfer stress into the particles due to surface
roughness dependent elastic deformation limit,'® hence high
concentration of these particles can be used.

Based on understanding of stress propagation and defor-
mation of interacting colloids, screen print of conductive lines
via a two-step process (deposition then activation) was devel-
oped. We employed two types of screens from Novacentrix
and Powerfilm. The former design (Figure 4a) is a standard to
measure sheet resistance of screen-printed inks while the latter
(Figure 4d) targets flexible solar cell contacts. Screen-printed
lines show continuity (Figure 4b) with well-formed edges
(Figure 4c). We demonstrate good resolution by printing elabo-
rate traces with successful reproduction of features =240 pm
(Figure 4e,f).

Electrical resistance of screen-printed designs, however,
depends on activation method. For the conductive lines
(Figure 4b), mechanical activation produced lower (25 Q) resist-
ance compared to chemically activated (80 Q) devices. Similarly,
the screen-printed pattern (Figure 4e) showed a similar trend
with resistivity of 2.92 mQ cm for mechanical activation and
4.63 mQ cm for flux activated. Flux activation, however, better
preserves the printed patterns after activation whereas mechan-
ical triggering can lead to shape-edge distortions. Besides the
use of a 2D plotter like the Silhouette craft cutter (Figure 2n) or
screen printing, the formulated inks were also deposited with
a conventional desktop inkjet printer (HP Deskjet 6540) on dif-
ferent materials (e.g., cardboard, kapton tape, glass; Figure S5,
Supporting Information). The inkjet printer allows higher reso-
lution in the control of line thicknesses (Figure S5d, Supporting
Information) compared to a 2D plotter or screen-printing.
Change of the deposition method, however, does not affect
performance.

2.3.1. Stability of Printed Features against Repeated Bending

The printed conductive traces, being thin metallic films, are
susceptible to failure especially under repeated high strains
on a curved surface. Conductive traces were printed on
Neenah card stock paper (width = 0.5 mm, height = =10 um,
length = 45 mm, Figure 4g). We evaluated resilience of printed
traces to repeated bending by following conductivity with
repeated (10 000 cycles) straining (Figure 4h,i,k). In all cases,
the conductive traces do not delaminate after repeated bending
(Figure 4h,i)—a property we attribute to mechanical bonding
on the porous paper surface, but resistance increase over the
bending cycles. Film resistance increases with degree of curva-
ture and repeated bending (Figure 4l). This increase in resist-
ance correlates with increase in size of developing cracks—a
curvature dependent effect (Figure 4m). We observe that
modest bending does not significantly increase resistance of
the conductive lines (Figure 4h,il) except where the paper is
folded onto itself (Figure 4j,1). As the diameter of the curvature
approaches zero, resistance significantly increases (Figure 4i).
Despite the increase in resistance with bending, the lines are
still significantly conductive even when the paper is completely

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Chemical sintering of ULMCS particles by exploiting capillary driven compaction and self-assembly with concomitant concentration of an
etchant at the capillary bridges. a) Illustration of the capillary-driven process from a slurry to evaporative formation of capilary, furnicular, pendular
states and eventually the cojoined particles. Localized increased etching at the pendular state leads to sintering and formation of b—d) freestanding
films or e-g) surface adsorbed particles with formation of an intermetallic layer at the interface (here between a gold and Field’s metal). h) Resistivity
of fabricated materials depends on the strength and concentration of the etchant. i) Ashby plot of resistivity versus density illustrates how choice of
the activation method affects the specific performance of the produced lines/films.

creased (Figure 4k). We can therefore infer that these conduc-  dry and wet colloidal bed, we adopted these methods to fabrication
tive traces are applicable to most printed flexible electronics. of functional devices.

2.4. Potential Applications 2.4.1. Surface Mount and Flexible Electronics

Having demonstrated the deposition and activation of undercooled ~ To demonstrate versatility of ULMCS particles in surface mount
particles by exploiting understanding of stress-propagation in both ~ technologies, we prepared a Wheatstone bridge on a regular PCB

Adv. Funct. Mater. 2019, 29, 1903687 1903687 (5 of 9) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Screen printing and reliability of conductive traces. Screen using with mechanical activation: a) the screen from Novacentrix, b) printed
undercooled particles on paper, and c) an SEM close-up view of the printed lines after mechanical sintering. Screen printing with chemical activation:
d) the screen from PowerFilm, e) screen-printed undercooled particles on paper, and f) an SEM close-up view of screen-printed lines after CUPACT.
Reliability testing under compressive stress: g) bend testing setup, h—j) bending process of paper with radius of curvature ranging from 3 to 0.5 mm
(inset: bent paper with LED planted to show continuous conductivity). k) Complete creasing of conductive line and associated increase in resistance.
l) Electrical resistance as a function of number of bend cycles of conductive lines on paper. m) Microscopy image of largest defects observed on the
printed lines after 10 000 cycles of bending at r= 0.5 mm (top) and r=1.5 mm (bottom).

board and on paper (Figure 5a,b, Figure S7c—e, and Video S2,  particles to create interconnects. As a control, analogous lead-
Supporting Information). The Wheatstone bridge PCBs were  tin solder or conductive adhesive were used. Both ULMCS par-
assembled using surface mount resistors using ULMCS ticles and control devices show comparable performance, that

Adv. Funct. Mater. 2019, 29, 1903687 1903687 (6 of 9) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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M
Robotic
hand

Figure 5. lllustrative examples of applications of ULMCS particles in ambient fabrication: a) mechanochemical soldering of resistors on PCB boards.
b) Wheatstone bridge built via CUPACT connections on paper. c) Conductive traces printed on a concrete wall. d) Flexible programmable LED display
on a paper substrate. €) Programmable capacitive touch-pad keyboard on paper using ULMCS contacts. f) Flexible variable resistor on paper. g,h)
Multiple variable resistor sensors for synchronous controlling/manipulating of a robotic hand. i) Chemically soldered interconnects on a solar cell.
j-1) screen-printing on nontraditional complex surfaces: commercial Jello, leaf, and a live rose petal, respectively.

is, give no reading on the galvanometer when the resistance on
the bridge matches that on the variable resistor.

Substrate tolerance of the ULMCS particles based inks is
confirmed by use of nontraditional substrates like a concrete
wall (Figure 5c and Figure S7f, Supporting Information) or
a polyethylene grocery bag (Figure S7gh, Supporting Infor-
mation). These conductive patterns can potentially serve as
a sensors for structural health monitoring!’ or as tamper
proof sensors.?% Exploiting conformal and bend resilience,

Adv. Funct. Mater. 2019, 29, 1903687
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we applied the undercooled metal ink in fabrication of paper-
based Micro-Electro-Mechanical System (MEMS) sensor['®
by manually depositing both the electrical contact (ULMCS
particle ink) and the piezoelectric materials (carbon). Per-
formance of the obtained devices was comparable to analo-
gous ones made via screen printing and with a silver contact
pad (Figure S7i,j, Supporting Information).'® Similarly, other
paper-based devices like programmable flexible electronic
display matrix (Figure 5d), capacitive touchpads (Figure 5e),

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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and variable resistors (Figure 5f) were fabricated. Interfacing
these devices with a microcontroller enables their use as: light
up signs, touch keyboards, or in remote control of robotic
platforms (Figure 5d-h, Videos S3 and S4, Supporting Infor-
mation). Drawing wavy lines on paper gives a variable resistor
in which resistance tuning is achieved through curvature
(Figure 5f and Video S5, Supporting Information). These sen-
sors were printed on a paper and mounted directly on fingers
that were then used to remotely control movement of a robotic
hand (Figure 5g,h and Video S6, Supporting Information)—a
schematic illustration of the circuit layout is given in the Sup-
porting Information (Figure S8a—d).

2.4.2. Solar Cell Devices

Forming electrical contacts on perovskite and amorphous
silicon solar cells illustrate compatibility with hybrid or heat
sensitive materials (Figure 5i and Figure S8e, Supporting Infor-
mation). Due to the fragile nature and heat sensitivity of the
layered materials, 60% DLAA in ethanol flux was used to create
conductive contacts. The flux does not react with the top layer
(Phenyl-C61-butyric acid methyl ester, PCBM) of the perovskite
solar cell or the top silicon layer of the amorphous silicon
device. The resistance of the cells with aluminum contacts
(a-Si = 14 Q and perovskite = 30 Q) is comparable to that derived
from our ink contacts (a-Si = 18 Q and perovskite = 35 Q).

2.4.3. Soft Materials beyond Flexible Substrates

Beside differences in modulus and processing temperature,
interfacial surface energy mismatch renders solid metals
incompatible with most organic and low surface energy sub-
strates. The shell surface in ULMCS particles, however, present
moieties capable of forming favorable secondary interactions
with significantly low surface energy substrates compared to the
bulk metal. We demonstrate the potential utility of CUPACT
to create conductive traces on very soft (low elastic modulus)
substrates irrespective of surface energy. We successfully
screen printed conductive traces on a soft hydrophilic (Jello)
surface (Figure 5j and Figure S8f, Supporting Information),
and activated the traces using CUPACT. Similarly, we fabri-
cated conductive traces on a hydrophobic fresh leaf (Figure 5k)
and super-hydrophobic rose petals (Figure 51 and Figure S8g,
Supporting Information). Since screen-printing requires low
applied stress, when paired with CUPACT, it can be used to
create conductive lines on readily deformable substrates like
Jello, a good analog for soft tissues like the brain. Likewise,
CUPACT was used to maintain the integrity of biological mate-
rials (e.g., leaves and flowers).

3. Conclusion

In conclusion, we have demonstrated the use of metastable
ULMCS particles for ambient heat-free fabrication of metal-
based conductive electrical interconnects. Multiple heat-free
application pathways highlight the versatility of this approach,
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allowing a multitude of conductive products to be fabricated
without damaging the base material. Furthermore, asymmetric
bonding of the particles allows control over porosity, hence,
conductivity of the material. We demonstrate unprecedented
adaptability of undercooled metal to materials with different
compliances, roughness, and surface energies.

4. Experimental Section

Materials: Field’s metal (eutectic indium (519)—bismuth (32.5%)—tin
(16.5%)) was purchased from Rotometals. Glacial acetic acid (99.7%),
ethyl acetate (99.9%), and hydroxyethyl cellulose were from Fisher
Scientific. Diethylene glycol (99.9%) was purchased from VWR.

Undercooled  Particles  Synthesis: Undercooled metal particles
made from Field’s metal (eutectic bismuth, indium, tin alloy,
Bi:In:Sn = 32.5:51.0:16.5 wt%) were synthesized following the SLICE
method.®®l 1 mL glacial acetic acid was mixed into 200 mL of Diethylene
glycol in a graduated cylinder. A commercial soup maker (Cuisinart SBC-
1000) was used for the shearing process. Diethylene glycol solution was
transferred into the soup maker and heated up to 110 °C, Field’s metal
pellet was then added and equilibrated for 2 min. The hot mixture of
metal and DEG solution was sheared for 30 min at =25 000 rpm. The
slurry was cooled to ambient, then filtered with Whatman GF/F paper
filter placed on a Buchner funnel. Filtered particles were washed with
copious amounts of ethanol, then stored in ethyl acetate.

Dry Pressing: Die inner chambers were lubricated using a stearic
acid solution (2 g of stearic acid in 100 g of ethanol) prior to use. A
varying amount of ULMCS particle slurry in ethyl acetate was placed in
a stainless-steel dry pressing molds with an inner diameter of 1.25 cm.
The carrier fluid was allowed to evaporate, then the press pole was
placed and particles were pressed (Carver Inc., Wabash, IN, USA) from
one side with a load of =1000-1500 psi.

Mechanical Rolling: Two strips of copper plates, with their native
oxides, were cleaned using acetone and dried with a stream of nitrogen.
These thin copper plates were layered with a masking tape and then a
slurry of ULMCS particles placed on the surface of the tape. After the
carrier fluid was evaporated, another copper plate was placed on top of
the particles. The copper-sandwiched ULMCS particles were pressed by
passing through a jeweler's roller. The pressed particles formed a film
that readily delaminated from the tapes as a thin shiny foil.

Preparation of Field’s Metal Ink for Rollerball Pen: Carrier fluid was
made from a 1:1 mixture of water and methanol. Hydroxyethyl cellulose
(HEC) (2%, 0.02 g mL™") was dissolved in the carrier fluid while stirring
at 70 °C until liquid was transparent. The solution was then cooled to
ambient conditions. A 75 wt% metal ink was then created by adding
ULMCS particles to the cellulosic solution (1:4 w/w cellulose to
Field’s metal). The dispersion was homogenized using a vortex mixer
(Fisher brand).

Preparation of Rollerball Pen: Gelly Roll Metallic pens (Sakura,
Inc.) were used for this study. The pen was cleaned by separating its
components (barrel, tip, and ball) and washing them with ethanol. The
pen was then reassembled and the ink barrel filled with ethanol followed
by repeated writing to ascertain that no ink is left in the pen. After
draining all the ethanol, the prepared Field’s metal ink was loaded into
the ink barrel. The reconstituted pen was then used to deposit ULMCS
particles.

Screen Printing: As an illustration, screen printing was described
on paper. Screens were obtained from Powerfilm and Novacentrix.
A sheet of paper was placed under the screen and pressed onto a flat
solid surface. Field’s metal ink was deposited on screens, then pressed
through the screen using a rubber squeegee (Video S1, Supporting
Information).

Chemical Sintering: A piece of tape (=40 um thickness) was placed on
the glass slide and a small channel was cut off from the middle of the
tape. Particles were deposited using pipette into the channel and then
swiped off using a razor blade to create uniform thickness (=40 um).

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Chemical fluxes were made using various concentrations of an acid,
ethanol, and a small amount of water. This flux was then applied on the
particle films followed by drying under ambient conditions.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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