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This paper presents a study of the solvent-based precursors (inks) derived from composites of polyethylene oxide,
graphene flakes and micro-scale spherical Eutectic Gallium Indium (EGaln) fillers and their processing through
direct-ink-writing (DIW). The presented studies focus on the influence of EGaln fillers on ink rheology, DIW
process mechanisms as well as electrical conductivity of the printed structures. The results show that EGaln fillers
vary the ink rheology towards a more elastic behavior with lower extensional viscosity. This leads to ink fila-
ments capable of withstanding large extensional strains during DIW, forming continuous prints even when

printing speed is higher than ink flow speed, and producing features with line width smaller than the nozzle
diameter. Electrical conductivity of the prints reduces with increasing strain due to the deformation of the liquid
EGaln fillers along the printing direction. These findings can be utilized to control the DIW process and the
properties of the conductive polymer composites.

1. Introduction

Polymer composites (PCs) synergistically combine the desired
properties of polymers (e.g. mechanical toughness, dielectric loss) and
filler particles (e.g. electrical and thermal conductivity) to yield unique
bulk properties that cannot be achieved by other material systems. PCs
have been utilized in a number of technologies including tissue engi-
neering (Dababneh and Ozbolat, 2014), energy storage (Wei et al.,
2017), wearable and conformable electronics (Muth et al., 2014), and
biochemical sensing (Nesaei et al., 2018). These unique properties are
strong functions of the filler particle properties and their organization
within the composites, which is primarily driven by the methods used to
process these materials. The processing of such complex systems is also
highly dependent upon the rheological properties of the composite
constituents, which renders the PC development and manufacturing a
challenging task. As such, there is an emerging demand for research
focusing on new material systems and the unique processing methods to
unlock the new properties and functionalities that can be achieved using
PCs.

Among the most common fillers used in PCs are carbon-based, such
as carbon nanotubes (Chatterjee and Krishnamoorti, 2013), carbon
black (Donnet and Vidal, 1986), graphene (Sun et al., 2013b), and
graphite (Seah and Pumera, 2011) for thermal and electrical
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conductivity improvement. Other examples include ceramics (Li et al.,
2015) and clay nanocomposites such as silica organoclay (Zhao et al.,
2005) or metallic fillers (Skylar-Scott et al., 2016). A new type of filler
that have recently drawn attention are the ones derived from eutectic
alloys that have melting points below room temperature including
Eutectic Gallium-Indium (EGaln) or Galinstan. These liquid metal par-
ticles are encapsulated by their oxide skin which render them soft and
deformable unlike conventional rigid fillers. Addition of EGaln fillers to
PCs has been shown to improve their toughness and tear resistance
significantly (Kazem et al., 2018) by increasing the energy dissipation
due to the deformability of liquid metal inclusions under loading. It has
also been demonstrated that the addition of EGaln enhances thermal and
electrical conductivity of elastomeric parts (Bartlett et al., 2017; Boley
et al., 2014; Zhu et al., 2013). Interestingly, the presence of the nano-
metric oxide skin prevents these particles from forming conductive
pathways even above their percolation thresholds (Boley et al., 2015).
Accordingly, unlike many metal nanoparticle additives, PCs with EGaln
additives are not inherently electrically conductive, unless they go
through a mechanical sintering process to rupture the particles and form
conductive pathways (Neumann et al., 2020). EGaln fillers can still
make contributions to composites’ electrical conductivity when used in
conjunction with other rigid conductive fillers specifically acting as
stretchable anchors between the rigid particles thus realizing
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conductivity under deformation (Guo et al., 2020; Wang et al., 2018). In
addition to electrical conductivity, such multi-filler systems can be uti-
lized to achieve desirable thermal (Sargolzaeiaval et al., 2019; Tutika
et al., 2018) and piezoelectric (Yun et al., 2020) properties. These ca-
pabilities can enable functional material systems that can be utilized in
emerging flexible electronics, soft robotics and wearable device appli-
cations where such properties under mechanical strains are critically
needed.

Primary manufacturing challenge for the PC systems in general is the
need for high resolution control of the filler distribution and morphology
within the polymer matrix which impacts the functional properties of
the final products. This challenge is more prevalent for highly complex
PCs including multiple fillers such as EGaln fillers along with rigid
counterparts. Emerging additive manufacturing methods such as micro-
extrusion-based printing or direct-ink-writing (DIW) carry a potential to
address this challenge since it can control material deposition within
layers as small as tens of microns in thickness. Studies on DIW with
carbon fiber, carbon nanotube or graphene-based PNs showed that the
nanofillers tend to align along the flow direction under the influence of
shear and extensional stresses (Jakus et al., 2015; Wang and Smith,
2018), leading to increased bulk conductivity. Flow of such inks and the
associated stresses are strong functions of their shear and extensional
rheology which in turn is heavily influenced by the filler type and
concentration (Majesté, 2016). Recent studies on PC inks including
liquid metal fillers demonstrated the unique properties of such material
systems. Specifically, unlike rigid fillers, EGaln fillers reduced shear and
extensional viscosity of the inks while increasing their relaxation times
substantially (Nesaei et al., 2019). When combined with other rigid
fillers, liquid metal particles and the unique rheological properties they
induce can enable increased levels of control over the ink flow, resultant
filler morphology and final part properties during the DIW process. To
realize such capabilities, in-depth studies on the rheology of PCs
including liquid metal and rigid conductive fillers, and their processing
through the DIW approach is needed.

In this paper, we present an in-depth study on one of such PC systems
consisting of poly(ethylene oxide) (PEO) as the polymer matrix and,
EGaln microparticles along with graphene flakes as fillers. We charac-
terize shear and extensional rheology of the inks of various compositions
derived from this system, study the flow and deposition of such inks
during the DIW process along with the electrical conductivity of the
printed structures. Our particular aim is to answer two key questions: (1)
how the unique rheological properties inducing by EGaln fillers in a
graphene-based PC ink influence the printability and feature resolution
particularly for the under-extrusion regime where the ink flow speed is
less than the printing speed, (2) how do EGaln fillers contribute to the
electrical conductivity of these composites and how does this contri-
bution vary with DIW process parameters. These studies will reveal the
functional value of the liquid metal fillers when used in conjunction with
other fillers, specifically regarding processability and electrical con-
ductivity. In the following section, we introduce various ink composi-
tions studied and their preparation, rheological characterization
methods, details on the DIW experiments and characterization of the
printed structures. Results of the rheological characterization and DIW
experiments are then presented along with key discussions towards
answering the aforementioned questions.

2. Materials and methods
2.1. Materials and ink preparation

2.1.1. Materials

Composite inks studied in this work comprised of Graphene Nano-
powder (Grade: AO-4: 60 nm, purchased from Graphene Supermarket)
and EGaln (75 % w/w Gallium from Rotometals, 25 % w/w Indium from
Unique Metals) microparticles as conductive fillers inside a Polyethylene
Oxide (PEO) matrix. All inks were prepared in a solution form with
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Acetonitrile (anhydrous, 99.8 %, from Sigma Aldrich) as solvent at a
constant volumetric solid (filler and matrix) concentration of 30 %. The
overall compositions of the inks studied are summarized in Table 1.
Three ink compositions that incorporate both Graphene and EGaln
fillers were used, where total filler concentration was kept at 5% by
volume. The main motivation behind limiting the total filler concen-
tration at 5% by volume, lies with our interest in the under-extrusion
regime of the DIW process where the ink flow speed is less than the
printing speed as detailed in Section 3.2.3. Inks with higher filler con-
centration than 5% exhibited both high shear viscosity and low exten-
sional relaxation time such that continuous line formation under the
specific process regime and the associated large extensional strains, was
difficult.

Three distinct levels of EGaln fillers volumetric concentration were
used at 1, 2 and 2.5 %. Additionally, two control inks that include the
same amount of graphene fillers while replacing the EGaln volume with
the PEO binder. These inks are marked with an asterisk in Table 1. The
control inks were used to objectively study the influence of EGaln fillers
on the ink rheology, 3D printing behavior and electrical conductivity. A
blend of two different molecular weight Polyethylene Oxide (PEO)
(LWM: 10° g/mol and HMW: 5 x 10° g/mol, purchased from Sigma
Aldrich) were used as a binder to form a polymer matrix at a weight ratio
of 100:3. This approach allowed us to tune the viscoelastic behavior of
the inks through relative composition of the two molecular weight
polymers as described in our earlier studies (Nesaei et al., 2019, 2017).
Inks consisting only of EGaln fillers did not yield structures exhibiting
electrical conductivity, which is expected from the earlier findings in the
literature regarding the inability of EGaln particles to form conductive
pathways (Boley et al., 2015). Given that the influence of composition
and DIW-based processing on the electrical conductivity is a critical part
of our analyses, we did not include any inks including only EGaln fillers.

2.1.2. Ink preparation

EGaln was prepared by mixing molten gallium (75 % weight) and
indium (25 % weight). Both metals were melted around 170 °C, hand
mixed in a crucible for 25—35 min on a heated plate (Fisher Scientific,
Isotemp), followed by air cooling to the room temperature. EGaln was
sonicated in Acetonitrile using a sonicator probe (YUCHENGTECH Ul-
trasonic Homogenizer Sonicator Processor Mixer, 600 W, 20—500 ml)
for about 90—120 min. The LMW PEO and Graphene nanoflakes were
gradually added into the EGaln dispersion while continuously mixing it
using a mechanical mixer (Cole-Parmer Compact Digital Mixer System)
at a speed of 200 RPM. The dispersion is mixed for an additional 30 min
at a speed of 350 RPM to ensure complete dissolution of PEO and ho-
mogenization of the inks. Next, HMW PEO was steadily added to the
solution. The mixing speed was reduced to 200RPM to mitigate rod
climbing (or Weissenberg) (Nimmakayala and Raju, 2015) effects
arising due to the increase in ink viscoelasticity caused by HMW PEO
addition. Following the continuous mixing for another 30 min, the ink
was transferred to 3cc syringes for further characterization and 3D
printing experiments. The inks were stored inside sealed syringes at
room temperature on a tube roller mixer to minimize settling of con-
stituents. Pictures of a representative ink, EG2.5, stored in syringes is

Table 1
Compositions of the inks that were studied. Control inks are marked with an
asterisk.

Volumetric Percentage

EGaln Graphene PEO Acetonitrile
EG2.5 2.5 2.5 25 70
E2G3 2 3 25 70
E1G4 1 4 25 70
G5 0 5 25 70
G2.5* 0 2.5 27.5 70
G4+ 0 4 26 70
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given in Fig. S2. The syringes were mixed in a centrifugal mixer (Thinky
Mixer, Non-Vacuum, AR-100, 140 g) for 40 s before every experiment at
a speed of 2000 RPM.

2.2. Rheological characterization

Rheological characterization of the inks was performed using a
rotational rheometer (TA Instruments ARES-G2) also capable of per-
forming capillary breakup experiments for extensional rheometry. This
system controls the shear and extensional strain rate precisely while
measuring the torque and normal force applied between two plates
between which the inks are introduced. Through these measurement
shear stress and normal stress acting the on the inks are determined to
characterize their shear and extensional rheology. The specific charac-
terization experiments are detailed below:

2.2.1. Shear rheology

Shear rheology was characterized using cone and plate setup (50 mm
diameter with a cone angle of 0.0196 rad and a gap of 0.0477 mm be-
tween the plates) and a flow ramp experiment where the strain rate was
logarithmically increased from 0.1 s~! to 100 s to characterize non-
Newtonian viscosity-shear rate behavior of the inks. For each ink
composition one experiment using 0.64 mL ink sample was used. During
the experiments, the ink between the plates was surrounded by mineral
oil to avoid solvent evaporation. Oscillatory amplitude sweep tests were
employed before running the flow ramp test to ensure that the transient
material behavior is suppressed during the strain rate increase.

2.2.2. Extensional rheology

Extensional rheometry through capillary break up experiments were
performed using 0.1 mL of ink squeezed between 25 mm diameter
parallel plates with an initial gap of 1 mm. The plates were moved away
from each other by 12 mm at constant Hencky strain rates of 0.5,1,1.5
and 2 5! obtained through exponentially increasing velocity (Spiegel-
berg et al., 1996). As such, a total of five samples of 0.1 mL ink were
tested for each composition, with each sample being tested with
different strain rates. The force along the motion direction was
measured as a function of time while the thinning of the ink filament was
observed through a microscope camera as shown in Fig. 1(a). At the end
of the stretching motion, the filament relaxation was further observed
for an additional 20 s. Following the tests, mid-filament diameters were
measured through image processing of the process videos using a custom
MATLAB code (Fig. 1(b)). For the first part of the experiments where the
top plate is in motion (stretching phase), the force vs filament diameter
data was used to determine the transient extensional viscosity of the inks
as a function of the Hencky strain. In the second phase where the top
plate is stationary (relaxation phase), the time variation of the filament
diameter is used to determine the relaxation time of various inks. While
processing the relaxation data, the values extracted from the 5 tests per
composition were averaged as since no clear influence of the extension
rate on the material behavior during the relaxation phase was observed.
This is consistent with the literature for similar materials(Nesaei et al.,
2019; Spiegelberg et al., 1996).

2.3. 3D printing

2.3.1. 3D printer setup

3D printing was performed using a custom direct ink writing system
as shown in Fig. 2. This system features a 3-axis motion system (Aero-
tech ANT180-ANT130 stages), which translates the build plate in three
dimensions with sub-micron accuracy. A pneumatic time-pressure
approach was used to dispense the inks during the printing process.
To that end, a digital dispensing valve (Nordson UltimusPlus 1) is used
to apply controlled air pressures at the back of the piston of the syringe
carrying the ink with 14 kPa precision. The pressurized air source to this
dispenser was regulated at 552 kPa. For experiments that require higher
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Ink Filament

Mid-Filament
Diameter

Fig. 1. a) Extensional Rheometry setup. (b) Image processing of ink filament
during extensional rheology.

dispensing pressures, high pressure dispensing tool (Nordson HP5cc)
was used behind the syringe piston. To measure and precisely control
nozzle-standoff distance (the distance between the nozzle and the sub-
strate during the printing process), this system features two metrology
tools: a piezoelectric force sensor (PCB Piezotronics 484B06) and a laser
displacement sensor (Keyence LT9031 M) (See section S1.1 in the sup-
porting information for the detailed procedure to control the nozzle
standoff distance). A custom LabView interface is used to execute the
automated printing and metrology tasks by commanding the motion
stages, digital dispenser, the force sensor, and the laser displacement
sensor. A microscope camera (Sentech STC MCCM200U3V) was used to
visually monitor the printing process.

2.3.2. 3D printing experiments

The 3D printing of the composite inks was explored through exper-
iments where linear structures were printed from each ink using various
sets of process parameters including flow rate, printing speed and
nozzle-standoff distance. All experiments were performed using nozzles
with 200 pm inner diameter (Nordson 7,018,462) and glass substrates.
The nominal levels of flow rate, printing speed and stand-off distance
that were used in the experimentation is presented in Table 2. Among
these parameters the flow rates and print speeds were specifically
selected to explore the under-extrusion regime of the direct-ink-writing
process, where the average speed of the ink flow at the nozzle exit is less
than the printing speed as demonstrated in Fig. 3. Under this regime, ink
filaments experience a finite “stretch” (Yuk and Zhao, 2018) after they
leave the nozzle and before they are deposited onto the substrate as
shown in Fig. 3. The specific values of flow rates/speeds were selected
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High Pressure
Dispensing Tool

Fig. 2. DIW setup.

Table 2
DIW process parameters.
Parameters Units
Print Speed mm/s 7 15 25
Standoff Distance microns 100 200 300
Flow Rates m®/s 3 x 6 x 9 x
(Average Ink (mm/s) 101(0.95) 1071'(1.91) 10 ''(2.87)
Flow Speed)

through experimental observation such that a moderate dispensing
pressure range between 250-950 kPa would be required to achieve these
rates for the materials of interest. We observed that higher pressures lead
to ink back flow near the syringe piston whereas lower pressures/flow

Pressure

Under Extrusion (f> v)

Balanced extrusion (f=v)

rates are difficult to achieve in a consistent manner. Finally, the standoff
distance values were selected as the 0.5, 1 and 1.5 times the nozzle
diameter (200 pm). This is motivated by some of the earlier studies on
the DIW process where the ratio between the standoff distance the
nozzle diameter is studied (Boley et al., 2014; Yuk and Zhao, 2018). For
each parameter set, three straight lines of 70 mm length were printed
consecutively.

To achieve the desired flow rates using a time-pressure system,
where the dispensing pressure, rather than the flow rate is controlled,
additional experimentation was necessary. Specifically, to determine the
pressures required to achieve desired flow rate levels for a given mate-
rial, inks were dispensed at various pressures for 120 s, were collected in
sealed containers and weighed. The dispensed ink volume flow rate was
then calculated using known density of the inks and the dispensing

Over extrusion (f<v)

Fig. 3. Various extrusion regimes in DIW.
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duration. The three pressure levels producing the three desired flow rate
levels were then used during the printing experimentation for the cor-
responding material. Through this approach a flow rate accuracy of 2 x
10~ m3/s was achieved. The exact flow rates (with deviations around
the target values within the reported accuracy) observed in the experi-
ments were recorded and used during the analyses of the experimental
data.

2.4. Characterization of the 3D printed structures

2.4.1. Geometric and morphological characterization

To quantitatively characterize the geometry of the prints Zygo
NewView 6300 3D profilometer with a 50x scan lens was used. Geo-
metric features such as width, height and volume were measured to
calculate the electrical conductivity from resistance measurements.
Scanning Electron Microscope (SEM, FEI Quanta 200 F, ThermoFisher,
Courtesy of WSU FMIC) with a 1000x zoom, 11 mm working distance
and 500 V beam power was used to scan the printed lines to analyze the
morphology of the composite constituents in the printed structures.

2.4.2. Electrical conductivity characterization

Kelvin-probe method was used to measure the DC resistance of the
printed lines using an LCR meter (BK Precision Model 894, 500 kHz), to
characterize their electrical conductivity. For each printing condition,
the resistance of three repetition lines were measured simultaneously in
a parallel fashion. Droplets of liquid EGaln were used as conformable
and low resistance electrodes (Chiechi et al., 2008) during these mea-
surements to establish robust electrical contact between the measure-
ment probes and the printed lines while avoiding damage to the lines. To
this end, EGaln droplets, large enough to cover all three lines, were
dispensed at several locations along the length of the lines. Images of the
lines with EGaln contacts are included in Figure S3 of the supporting
information. To eliminate the effect of contract resistance,
line-transmission approach (Harrison, 1989) was used by measuring the
resistance across various lengths along the lines. Here, the resistance is
represented as a linear function of the line length as follows:

(a)
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R=—L+R. @
Where A is the average cross-sectional areas of the lines, L is the line
length, determined through optical profilometry, ¢ is the conductivity of
the lines and R, is the total contact resistance. As such, the conductivity
is calculated linear regression of the obtained R-L curves and determi-
nation of the reciprocal of their slopes and dividing them by A. The
detailed experimental procedure followed to perform Kelvin-Probe and
Line Transmission measurements using EGaln contacts is explained in
the Supporting Information Section S1.2.

3. Results and discussions
3.1. Ink rheology

3.1.1. Shear rheology

Resulting shear viscosity and stress vs strain rate data corresponding
to a representative ink, EG2.5, presented in Fig. 4(a). The data corre-
sponding to the rest of the inks is provided in Fig S4. Generally, inks
exhibited a distinct zero-shear rate viscosity and no distinct yield stress,
combined with a shear thinning nature. Fig. 4(b) highlights the variation
of zero shear rate viscosity corresponding to different inks as obtained
through fitting a Carreau-Yasuda viscosity model to this experimental
data. It is evident from this data that higher graphene content leads to
higher zero shear rate viscosity. EG2.5 and E1G4, compared to the
control inks G2.5 and G4, did not exhibit a significantly different shear
viscosity, with a slight reduction for the ink that has the higher EGaln
content, EG2.5 and a slight increase for E1G4.

3.1.2. Extensional rheology

Resulting transient extensional viscosity vs Hencky strain data cor-
responding to a representative ink, EG2.5, presented in Fig. 4(c). The
data corresponding to the rest of the inks is provided in Fig S5. All the
inks exhibited a strain hardening behavior during the stretching phase of
the capillary breakup experiments, with a near constant (plateau) vis-
cosity at low strains which increases rapidly at high strains. Fig. 4(d)
shows the variation of the plateau extensional viscosity for all inks. Two

(b)
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Fig. 4. Results of the rheological characterization (a) Sample flow ramp test result for EG2.5, (b) Zero-shear rate viscosities of different inks, (c) Transient extensional

viscosity profile of EG2.5, (d) Plateau extensional viscosities of different inks.
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data points provided for each ink represents the results obtained at two
different strain rates. These results indicate that presence of the EGaln
fillers leads to a discernible decrease in extensional viscosity. Further-
more, EGaln fillers reduce the strain-rate dependent hardening of the
inks: The rate dependent increase of the extensional viscosity is higher
for E1G4 compared to EG2.5, and both inks exhibit a substantially lower
rate-dependent viscosity increase when compared to the control inks.

Fig. 5(a) shows the relaxation profiles (normalized filament diameter
vs. time during the relaxation phase of the extensional rheometry tests)
for two representative inks EG2.5 and E1G4. This data was utilized to
determine the effective relaxation time for each ink through Oldroyd-B
viscoelastic model fitting. Specifically, each relaxation profile was least
square fitted with a three-mode Oldroyd-B model which predicts the
diameter variation during relaxation as follows (Anna and McKinley,
2001);

%(;KD(O)CXP( — t/,{[,)) 1/3 N

(a)
e EG2.5 Expt
—EG2.5 Model

* E1G4 Expt
L —E1G4 Model

Normalized Diameter
o o © o ©
(V) (@)} BN | (020] O

2 4 6 8
Time (s)

(b)
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Relaxation Time (s)
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S
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2L e 3o &
OO&E
83

Fig. 5. Characterization of the relaxation behavior of various inks; (a) Tem-
poral relaxation profile of two sample inks along with the 3-mode Oldroyd-B
model fits, (b) Relaxation times of different inks.
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Where K; is a material constant that is a function of elastic modulus
corresponding to a given mode and surface tension and, 4; is the relax-
ation time, corresponding to a given mode, and D(t) is the filament
diameter measured at time t, with t = 0 corresponding to the instant
where the top plate stops moving during the experiments. The repre-
sentative model fits are shown in Fig. 5(a). The data corresponding to
the rest of the inks is provided in Fig S6. Following this fitting, the
highest relaxation time across the three modes were selected as the
effective relaxation time for the material (Anna and McKinley, 2001).
The average relaxation times were accordingly calculated for each ma-
terial across different experiments and shown in Fig. 5(b). It is evident
from this figure that inclusion of EGaln fillers yield a distinct increase in
relaxation time of the inks. This result is consistent with the earlier
findings regarding the PEO-EGaln composites (without graphene)
(Nesaei et al., 2019) and can be explained by the elasticity of the oxide
covered liquid EGaln particles (Lear et al., 2017).

3.2. 3D printing

Results of the experiments outlined in 2.3.2 were categorized to four
categories as function of the general morphology of the printed lines as
illustrated in Fig. 6(a). Here, continuous (C) prints refer to lines that
were generated with homogenous width throughout their lengths,
marginally continuous (MC) lines, despite being connected throughout.
Show local reductions in width at several locations, “blobby” (B) lines
show a periodic pattern consisting of a large ink deposit followed by a
thin line, discontinuous (D) lines exhibit disconnections of various
lengths. Videos of the printing processes leading to each of the four types
of lines is provided as a part of the supporting information. During the
printing of C-type lines, the ink forms a steady filament that is stretched
under extensional flow (since the under-extrusion regime is studied)
between the nozzle and the substrate as it is being deposited. B-type lines
are observed when the ink flowing out of the nozzle forms a growing
bubble at the nozzle exit rather than exhibiting extensional flow be-
tween the nozzle and the substrate as observed in the C-type lines. When
the height of the bubble reaches the standoff distance, it is deposited on
the substrate, forming a transient filament between the nozzle and the
substrate, which thins down as a new droplet forms but does not fail
until the new droplet gets deposited. MC-types lines exhibit rather
sporadic transitions between the C and B type lines, likely due to small
variations in the ink composition that is flowing through the nozzles. In
the case of the p-type lines, the filaments forming between the nozzle
and the substrate fail leading to a disconnected pattern. To understand
how the ink rheology and the printing parameters influence the for-
mation of these different results, we considered two non-dimensional
parameters: ¢ = 4Q/zD?f and Ec = 64/n,H. Here, the printing strain
(¢e) is the strain experienced by the printed filament as it flows between
the nozzle and the substrate. It is simply the ratio between the average
speed of the ink exiting the nozzle and the printing speed (i.e. the speed
of the substrate), incorporating the ink flow rate Q, nozzle diameter D
and printing speed f. The Elastocapillary number (Ec) is a commonly
used non-dimensional parameter that quantifies the interplay between
the capillary-elastic and viscous effects in a given material-process pair
(Clasen et al., 2012; Mckinley, 2005). Here o is the surface tension, A is
the relaxation time and 1 is the zero-shear rate viscosity of the inks and
H is the stand-off distance during printing. All these parameters other
than surface tension is either characterized through the results presented
in Section 3.1 or prescribed during the experiments, except for the
surface tension. For viscoelastic materials such as the inks considered in
this work, the free surface behavior is heavily dominated by elastic and
viscous effects rather than surface tension (Rosic et al., 2012) which
renders the use of conventional experimental techniques to measure
surface tension, such as pendant drop, impossible. In the limited number
of studies in the literature which focus on polymer solutions or com-
posite inks with low solid concentration, it has been shown that varia-
tion in polymer and particle concentration causes a deviation from the
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Fig. 6. Results of the printing experiments; (a) Morphological categorization of the printed lines, (b) Ec* values for each ink, (c) Results of all printing experiments on
the Ec-e plane. Each experiment is represented with a dot, the color of which is determined by the categorization given above, (d) Strain dependent variation of

linewidth for three materials.

solvent surface tension generally within 1-1.5 % per 1% increase in solid
concentration (Elliott et al., 2012; Lipatov and Feinerman, 1971). Since
the main purpose of this analysis is to compare the Ec values across the
inks of interest, we consider the fact that the solute concentration for all
the inks is the same at 30 % and the particle composition varies only
within 2.5 % volumetrically. We accordingly implemented constant
surface tension value across the inks, equal to the surface tension of
solvent Acetonitrile (0.02929 N/m).

The portion of the Elastocapillary number that represents material
rheology is given by Ec* = HEc, which we refer to as the Elastocapillary
height of a given ink. This quantity was calculated for each ink using the
relaxation time and zero-shear rate characteristics detailed in Section
3.1. Fig. 6(b) illustrates that the Ec* increases with the increasing EGaln
and decreasing Graphene content in the inks, due to the increased
relaxation time and reduced shear viscosity. Comparison of the Ec*
values between the EG2.5 and G2.5 as well E1G4 and G4 inks demon-
strate the distinct influence of EGaln fillers on the elastocapillarity of the
inks.

Fig. 6(c) presents the classification of all printed lines mapped in the
¢ -Ec plane. Here, each experiment is denoted with a single circle, color
of which depicts the classification of the result. Several key conclusions
can be drawn from this map. Intuitively, continuous lines are formed at
lower strains (i.e. lower printing speeds and higher flow rates). Inter-
estingly, the strain level below which the continuous lines can be ob-
tained varies with the Ec value such that this limiting strain is between
2-2.5 for Ec values higher than ~20 with a few notable exceptions at the
highest Ec levels. At lower Ec values, the limiting strain reduces almost
linearly with reducing Ec value. The red dashed lines were added to
highlight the apparent region in the ¢ -Ec plane within which continuous
prints were obtained.

As mentioned above, inclusion of EGaln fillers increases the Ec* of
the inks, leading to a higher Ec value for constant standoff height during
printing. To capture that effect and its influence of the line continuity,
Fig. S5 in the supporting information separates the same results into
plots corresponding to each material. These plots demonstrate that the
general continuity of the lines increases with the increasing EGaln
content in the inks. It can be concluded that the increased Ec* (through
increased relaxation time and reduced viscosity) induced by the high
EGaln particle and/or low graphene content enables printability at
lower flow rates and higher printing speeds (i.e. higher strains) and

higher stand-off distances. In the rheological context, the elastocapillary
number represents the relative strength of the elastic effects with respect
to the viscous effects in a given liquid (Mckinley, 2005). Considering the
results regarding elastocapillary lengths of different ink compositions,
one could conclude that EGaln fillers thus “strengthen” the elastic effects
which promotes a deposition mechanism where a stable ink filament is
stretched between the nozzle and the substrate, whereas the graphene
fillers generally induce an inverse effect. This result is consistent with
our earlier findings involving EGaln and Graphene only composite inks
(Nesaei et al., 2019). As these elastic effects weaken, viscous effects
promote a mechanism where the ink that exits the nozzle form droplets
rather than continuous filaments in tension leading to B-type line for-
mation, particularly observed at high standoff distances. The distinct
influence of the EGaln fillers towards printability at high strains can be
observed through the two specific data points circled in Fig. 6(c) indi-
cating continuous prints at strain levels over 2. These two data points
belong to the EG2.5 formulation and under the same conditions the
control ink G2.5 failed to achieve continuous prints.

Printed filaments forming continuous lines at strains higher than 1 (i.
e. under-extrusion condition) are expected to undergo visco-capillary
thinning which reduces the lateral line width. Fig. 6(d) presents the
width of the lines, measured through optical profilometry. The line-
widths measured around the strain of 1 (i.e. balanced extrusion) can be
observed to be larger than the nozzle diameter of 200 pm. This result can
be explained by the spreading of the inks after their deposition on the
glass substrates. It should be noted that these width measurements were
taken after spreading of the ink on the glass substrates and drying of the
ink solvent. Considering that the solvent constitutes 70 % of the ink
volume, considerable spreading of the inks following the deposition is
expected.

At low strain levels, the linewidths at the highest Ec value, corre-
sponding to the ink EG2.5 are larger compared to the two other cases.
High amount of spreading of EG2.5 can be linked to its low shear vis-
cosity and high density (due to the high density of EGaln), given that the
gravitational effects are a critical contributor in ink spreading (Friedrich
and Begley, 2020). This postulation is somewhat contradicted by the fact
that the spreading of G2.5 (Ec = 34.97) is higher than E2G3 (Ec = 49.44)
despite its higher viscosity and lower density. This discrepancy can
possibly be explained by (1) slightly lower value of the exact strain
recorded for G2.5, indicating that the actual measured flow rate is
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slightly higher compared to the other two cases and (2) possible contact
line pinning effects induced by the higher graphene concentration sup-
pressing the spreading behavior (Fukai et al., 2006). Nevertheless, at
higher strains, line widths of these three materials are closer to one
another as the capillary effects due to solvent’s surface tension starts to
dominate the inertial flow effects. Among these cases, only EG2.5 with
the highest Ec value can “survive” strains over 2 for which the linewidths
as small as 100 pm can be obtained. These results reveal that increased
ink elasticity induced by the EGaln fillers in these composites enable
lateral printing resolution that is smaller than the nozzle diameters.

3.3. Electrical conductivity

The electrical conductivities of the lines printed using different inks
at the lowest tested strain and stand-off distance levels are presented in
Fig. 7(a). Under these conditions, the inks are deposited near the
balanced extrusion regime thus the measured conductivity values are
isolated from the effects coming from ink filament deformation outside
the nozzle. From this plot, it could be inferred that graphene fillers are
the main contributors to the conductivity. To understand the influence
of EGaln on the composite conductivity, one can compare the conduc-
tivity of EG2.5 and E1G4 with their corresponding control inks G2.5 and
G4, respectively. As such, EG2.5 exhibit significantly higher electrical
conductivity than G2.5 whereas E1G4 and G4 inks exhibit nearly the
same conductivity.

These results indicate that EGaln fillers increase the electrical con-
ductivity of the composite, particularly at high EGaln filler concentra-
tions. Further analysis involving a large set and variety of inks is
necessary to robustly assess and quantify this contribution. It should be
noted that this is not a trivial finding. As indicated by several studies
cited in the introduction, the oxide skin encapsulating such particles are
known to prevent them forming conductive connections. Accordingly, it
can be preliminarily concluded that the contribution of the EGaln fillers
to conductivity is a function of the other conductive fillers in the
composite.

To understand how this contribution vary with strain, Fig. 7(b)
compares the variation of electrical conductivity of EG2.5 and G2.5 lines
as a function of printing strain. As shown, the conductivity of EG2.5 lines
reduce with increasing strain values, unlike G2.5 in a similar strain
range. To see if this behavior holds throughout out the tested ink com-
positions, we calculated normalized conductivity values for each printed
line by dividing the line conductivity with the average conductivity of
all the continuous lines from the same material and plotted the results as
a function of strain in Fig. 7(c), separately for inks that include and
exclude EGaln fillers. This normalization enables comparison of inks
with varying graphene content by removing the inherent material con-
ductivity differences. As indicated by the linear regression lines, pres-
ence of EGaln fillers generally induce a strain dependent conductivity
behavior in the printed structures.

To understand the mechanism behind this behavior, we examined

(2)

(b)
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the scanning electron microscope images of the printed lines, focusing
on the EG2.5 inks. We observed the morphology of the ink constituents
on the surface of the printed lines. We focused on two regions: center of
the lines where target printing speed and, thus strain is in effect (Fig. 8
(a)) and at the end points where the printing speed is down to zero, thus
no strain is present (Fig. 8(b)). As shown, EGaln fillers that are normally
circular under zero strain, tend to take elliptical shapes under positive
strains, with their major axes aligned along the printing direction. To
analyze this quantitatively, we used image processing (ImageJ software)
to measure particle dimensions parallel (W) and perpendicular (H) to
the printing direction for several experiments as illustrated in Fig. 8(c).
To this end, we considered three experiments with varying strain levels,
calculated the average H/W ratio corresponding to 15 particles extrac-
ted from both the center and end points of the printed lines, and plotted
the difference between these ratios corresponding to the center and end
points and presented in Fig. 8(d). Here, smaller H/W ratio indicates a
larger particle deformation from circular shape (for which H/W = 1).
The line end points where no strain is present, is used a reference for
each experiment through the ratio difference calculation. As shown, the
ratio difference increases with increasing strain, indicating increasing
stretching of the EGaln particles along the printing direction. The indi-
vidual H/W ratios for the end and center points of the lines studied in
this analysis is provided in the supporting information, Fig. S8.

This deformation is expected due to the liquid phase cores of these
filler particles at this particular size scale (Lear et al., 2017). Further-
more, such a deformation will increase the electrical resistance of an
isolated particle. Given that the EGaln fillers contribute to the bulk
conductivity, it can be postulated that the conduction through these
fillers is a part of the electrical conduction mechanism of these com-
posites. Accordingly, increase in the resistance of the particles yields a
reduction in the bulk conductivity of the composite as observed in Fig. 7
(c). It should be noted that a secondary mechanism through which
increasing printing strain reduces electrical conductivity would be the
stretching of the binder phase and the associated separation of the
conductive graphene flakes. In fact, presence of such an effect is evident
from the slight strain-dependent reduction of the conductivity of the
non-EGaln containing inks in Fig. 7(c). However, substantially higher
rate at which the conductivity of EGaln containing inks reduce with
printing strain indicates that the filler particle deformation is likely the
dominant mechanism of conductivity variation in these inks.

4. Conclusions and outlook

Presented results demonstrate that liquid metal fillers introduce
viscoelasticity to graphene-PEO composites inks, which substantially
improve the processability of this material system, specifically through
direct-ink-writing. Particularly, inks including EGaln fillers could be
printed at combinations of higher speeds, lower flow rates and higher
standoff distances, allowing more robust, higher throughput application
of additive manufacturing in processing of PCs. The capability of EGaln
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Fig. 7. Results of the electrical conductivity characterization; (a) Conductivity of each tested material, obtained near balanced extrusion with the lowest standoff
distance, (b) Strain-dependent variation of electrical conductivity of EG2.5 and G2.5, (c¢) Strain-dependent variation of normalized electrical conductivity for

composites with EGaln-Graphene and only Graphene fillers.
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Fig. 8. SEM characterization of the EG2.5 lines; (a) SEM image obtained from the line center, (b) SEM image obtained from the line end, (c) Details of the width and
height measurement of the EGaln particles, (d) H/W ratio difference as a function of printing strain.

including inks to withstand high extensional strains and associated
viscoelastic thinning enables printing of filaments that are substantially
smaller than nozzle diameter, increasing the process resolution.
Regarding electrical properties, we have obtained preliminary evidence
that EGaln fillers also increase the inherent conductivity of the
graphene-PEO composites. More importantly, the electrical conductivity
of the EGaln including composites is a strong function of printing pro-
cess parameters, enabling spatial control of the conductivity in 3D
printed composites through variation of process parameters such as
speed and flow rate. These findings indicate that PCs including EGaln
fillers carry a great potential to advance the applications utilizing
conductive PCs, particularly emerging technologies that are powered by
the unique capabilities of additive manufacturing and can benefit from
precise control of electrical conductivity. These applications include
flexible-stretchable electronics (Muth et al., 2014), biochemical sensors
(Nesaei et al., 2018) and printable energy devices (Sun et al., 2013a).
Future research outlook includes several key directions: One of these
directions is a detailed study of the influence of EGaln fillers on the
mechanical properties of the complex 3D printed structures of graphene
composites. Secondly, inks with higher graphene content should be
investigated. Such inks are known to exhibit high viscosities and yield
stresses dominated by particle networks of graphene, rendering them
difficult to process through direct-ink-writing (Majesté, 2016). EGaln
fillers and the associated viscoelasticity induced in the ink rheology can
potentially increase the processability of such inks by reducing shear
viscosity and yield stress, allowing shear and extensional flow induced
alignment of graphene fillers at higher graphene concentrations, that
would normally be hindered by plug flow effects (Siqueira et al., 2017),
realizing composites with unprecedent levels of electrical conductivity.
Finally, combination of EGaln fillers with other carbonous (e.g.
graphite, carbon nanotubes etc.) or metallic (i.e. silver, gold nano-
particles) fillers as well as different polymer binders should be explored.
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