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ARTICLE INFO ABSTRACT

Keywords: Polymer composites featuring room temperature liquid alloy particles complimenting other conductive fillers
Direct-ink writing enable unique thermal and electrical properties. Direct-ink-writing approach is an intriguing processing path for
Shear QOW these material systems, offering high resolution microstructural and property control. This paper investigates the
;V;;Lls(ig, composition-process-property relationships for material extrusion-based additive manufacturing of EGaln-

Graphene-Poly(ethylene) Oxide composites. Particularly, the influence of composite composition, printing
nozzle size and flow rate on electrical conductivity is studied through a mechanistic approach. In that, capillary
rheometry and flow modeling was performed to describe the contribution of shear flow and wall slip to the ink
flow and how they drive the conductivity of printed structures for various composite ink compositions and
process parameters. Influence of composition on material property and process driven conductivity were sepa-
rately analyzed. Results indicate that EGaln particles hinder material property-driven baseline average con-
ductivity at high graphene loading. Shear flow and wall slip both increase conductivity. Graphene and total
active material concentration increase wall slip and decrease shear flow, leading to a net negative effect of total
active material concentration on conductivity. These findings will contribute to composite and process design

Capillary rheometry

towards additive manufacturing of composites with as-designed properties.

1. Introduction

Polymer composites exhibit unique bulk properties by synergistically
combining the properties of filler particles (thermal and electrical con-
ductivity) and polymer matrices (high modulus, toughness, elasticity).
Due to these exceptional material properties, polymer composites are
eminently used for applications such as soft robotics, energy storage
devices, flexible electronics and tissue engineering. The functionality of
parts and devices used for these applications is a strong function of the
microstructure of the composites which is governed by their processing.
Among the processing methods used for polymer composites, material
extrusion-based additive manufacturing methods, particularly direct-
ink-writing (DIW), has recently emerged as a favorable technique, due
to its capability to direct filler morphology within each deposited micro-
filament [1]. Processing-property relationships for DIW are governed by
the complex ink flow mechanisms which are manifestations of ink
rheology and ink-nozzle interactions such as wall-slip. As such, there is a
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need for fundamental research to understand these relationships to-
wards realizing precise control over the properties of printed polymer
composite structures.

Direct-Ink-Writing has been commonly applied to polymer compos-
ites featuring conductive solid-state micro and nano-fillers including
carbonous ones such as carbon fibers [2,3], graphene flakes [4],
graphite particles [5], and carbon nanotubes [6], and metallic ones such
Ag, Cu [7,8]. Recently, particles of Gallium-based liquid metal (LM)
alloys like Ga-In (commonly referred to eutectic Galn or EGaln), Ga-Sn
have been considered as fillers in polymer composites. These spherical
particles of diameters ranging from tens of nm to hundreds of microns
can be created by ultrasonication of bulk liquid metals in various liquid
media including solvents [9,10] and polymer solutions [11]. They
exhibit a unique morphology at room temperature as they consist of a
liquid core and solid shell of Ga,;Os3 for particles that are larger than 70
nanometer in diameter [12]. This unique nature renders these particles
deformable unlike any other conductive fillers. This property has
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recently been shown to significantly influence the processing of the LM
particle-based polymer composites, particularly DIW type additive
manufacturing [13]. LM particles have also been used as secondary
fillers in polymer composites, accompanying rigid fillers such as gra-
phene [14], Ag [15], etc. In such systems, LM fillers can act as stretch-
able anchors ensuring conductivity under large strains [16] or improve
the thermal [14,17] piezoelectric properties [18] of the composites. Our
earlier work has shown that LM fillers significantly affected the rheology
and processing of the complex precursors of such material systems [4,
19]. Particularly in the case of direct-ink-writing using solvent-based
inks including graphene as a rigid filler, it was shown that the intro-
duction of EGaln particles increases the ink viscoelasticity and improves
the printability through DIW [4]. These results highlight the need for
further studies on the composition-processing-property relationships
pertaining to DIW of LM-based polymer composites, particularly how
LMs can influence the microstructural evolution of polymer composites
during DIW.

It is known that shear and extensional flows experienced by the
composite inks inside the printing nozzles influence the morphology of
the fillers, directly dictating the final microstructure and functional
properties. Ink rheology is a critical factor determining the nature of
such flows, yet, understanding ink rheology is not sufficient to fully and
quantitatively understand the shear and extensional flows experienced
by the inks during DIW. The other critical and often overlooked factor
influencing ink flow is wall-slip, which is particularly prominent for
polymer composite inks with high solid loading [20,21]. Increasing wall
slip generally reduces the magnitude of shear strain rates that are
responsible for filler alignment [2], hindering the capability of DIW to
dictate the part microstructure. Despite this conventional understand-
ing, in-depth study on how wall-slip affects the part microstructure
evolution during DIW of polymer composites is missing. Furthermore,
the influence of LM particles included in polymer composite inks on the
wall slip during DIW is not clear, particularly given their deformable
nature unlike solid fillers.

In this paper, towards addressing these gaps in the literature, we
present an in-depth study of the compositional and process related
factors that determine the electrical conductivity of the printed polymer
composites consisting of EGaln particles and graphene flakes in a
Polyethylene Oxide binder. Particularly, the effect of ink composition,
nozzle size and flow rate on printed parts electrical conductivity is
investigated. In that, a mechanistic understanding is sought after thor-
ough studying how these variables dictate key aspects of ink flow such as
wall slip and shear deformation rate which are known to influence part
microstructure and thus conductivity. This analysis has been performed
through extensive capillary and rotational rheometry of various ink
compositions. The rheological characterization data has been used to
model of non-Newtonian capillary flow of inks through the nozzles
incorporating non-linear wall slip effects. Finally, test structures were
printed, and their electrical conductivity were characterized.

2. Materials and methods
2.1. Materials and ink preparation

Inks used in this study consist of a Polyethylene Oxide (PEO) blend as
a binder, two types of conductive fillers; Graphene nano-powder (Grade:
AO-4: 60 nm, purchased from Graphene Supermarket) and EGaln micro
particles (75% Gallium, 25% Indium by weight), in an Acetonitrile
medium (anhydrous, 99.8%). The PEO blend consists of two different
molecular weight PEO (LWM: 10° g/mol and HMW: 5x10° g/mol,
purchased from Sigma Aldrich). Various ink compositions studied in this
work are listed in Table 1.

Ink preparation starts with bulk EGaln being broken into smaller
segments in acetonitrile using a vortex mixer (Oxford BenchMate Mini
Vortex Mixer) followed by ultrasonication (YUCHENGTECH Ultrasonic
Homogenizer Sonicator Processor Mixer, 600 W, 20-500 ml) to form
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Table 1
Volumetric compositions and the names of the inks used. Values are given in %
vol.

TERMS EGaln Graphene PEO ACETONITRILE
E1.8G12.1P13.9 1.8 12.1 13.9 72.0
E2.9G11.6P14.4 2.9 11.6 14.4 71.1
E3.8G10.4P14.2 3.8 10.4 14.2 71.7
E5G10P15 5.0 10.0 15.0 70.0
E2.6G10.5P17.1 2.6 10.5 17.1 69.8
E0.5G10.8P17 0.5 10.8 17.0 71.7
E1.93G9.67P17.41 1.9 9.6 17.4 70.9
E2.9G8.7P17.5 2.9 8.7 17.5 70.9
E2G11.2P15.3 2.0 11.2 15.3 71.5
EO0G12P15 0.0 12.0 15.0 74.0
E0G10.2P13.9 0.0 10.2 13.9 75.9

particles. Particles have an average size of 2.5 pm with a standard de-
viation of 1.2 pm evaluated among 500 particles imaged through SEM.
The particle size distribution is given in supporting information Fig S1.
LMW PEO and graphene were gradually added using a mechanical mixer
(Cole-Parmer Compact Digital Mixer System) at the speed of 300 RPM.
After 25 mins of continuous mixing, HMW PEO was gradually added at
150-200 RPM to avoid the rod climbing effect. This ink was continu-
ously mixed for an additional 15—20 mins to obtain a homogenous paste
and then was stored in 30cc syringes. Prior to experimentation, the inks
were transferred to a 5cc steel syringe which was centrifuged at 4000
RPM (using a Nordson Processmate 5000 centrifuge) for 30-60 mins to
evacuate the trapped air.

2.2. Characterization and modeling of shear flow and wall slip

2.2.1. Shear rheology

The shear rheology of these inks was characterized using a TA in-
strument Ares G2 strain-controlled rotational rheometer. A serrated
parallel plate geometry with a diameter of 25 mm was used to conduct
the experiments. A plate gap of 1 mm was utilized, and non-volatile
mineral oil was applied at the outer rim plates to prevent solvent
evaporation from the inks during the experiments. Prior to the experi-
ments, the material samples were pre-sheared at a strain rate of le > s
to overcome the transient effects. A flow sweep experiment was per-
formed for each ink composition, where the inks were subjected to
stepwise changing strain rates in the range of 510 *s™! to 5x1072s7!
through continuous top plate rotation. The torque on the top plate was
measured during this process to determine the rate dependent shear
stress profile for each material. These tests were run in the decreasing
strain rate direction to reduce the transient effects that are commonly
observed at low strain rates.

2.2.2. Capillary rheometry

Capillary rheometry tests were performed for each ink composition
using a custom-built hybrid DIW printhead with capillary rheometry
capability similar to the several other example systems demonstrated in
the literature [22]. A brief description of this system is provided in the
supporting information section S1 and it is described in detail in our
earlier work [23]. This system gives us the capability to prescribe an
extrusion pressure and monitor the steady-state flow rate in real time.

In capillary rheometry experiments, nozzles having four different
diameters (250, 300, 400 and 600 pm) with two different lengths
(13 mm and 25.4 mm) were used. The nozzle design is such that the flow
enters the nozzles through an abrupt diameter reduction from 1.8 mm to
the specific nozzle diameter. These tests were conducted by extruding
each material at four different flow rates for each nozzle corresponding
to the apparent strain rates that are in the 9-125 s~ ! range. Here, the
apparent strain rate (y,) is given by

_4

Vo= —5 ¢
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where Q is the ink flow rate and r is the radius of the nozzle. To produce
the flow rate vs. pressure data for each material-nozzle combination, we
first determined the extrusion pressure that yields a flow rate corre-
sponding to the low end of the strain rate range. Next, three additional
pressures were iteratively selected to ensure that approximately the
same flow rates are tested for nozzles having the same diameter but
different lengths, while staying within the system’s allowable pressure
range of 5-225 psi. As a result, the exact values of the apparent strain
rate were marginally different for each ink composition.

The pressure vs. flow rate (P-Q) data obtained for each nozzle-ink
composition were then fitted to a power-law function of the general
form

PR.L = KR,LQnRL (2)

where Kg; and ng; are power-law parameters corresponding to the
nozzle with radius R and length L. These equations were then utilized to
perform the Bagley analysis to determine the true wall shear stress for
each experiment. To this end, for a given ink, we determine the
maximum and minimum flowrate measured for each nozzle radius
across the two lengths. Six equidistant flowrate points were then
calculated in this range. For each flowrate point, the apparent strain rate
was calculated using Eq. 1. The corresponding pressures were calculated
for two different lengths of the nozzle radius using Eq. 2. The actual wall
shear stress for all the flow flowrate points were then calculated by
linear regression between the pressures calculated for each nozzle length
with respect to the length over radius ratio as follows.

L
Pri =27z (E) + Penr 3

where 7,z is the actual wall shear stress and P, g is the pressure loss at
the nozzle entrance [24]. Next, the apparent strain rate vs. true wall
stress data across the determined flow rates were fitted with a power law
as

1b/aAR = ARTW.RMR 4

where Ag and my are power-law parameters.Pressure loss at the entry is
assumed to be equal to the extensional stress experienced by the ink as it
enters the narrow nozzle capillary [24].

2.2.3. Model Fitting

To elucidate the flow mechanisms, specifically the contribution of
wall slip and shear to the overall ink flow for different ink compositions
under various DIW process conditions, we utilize the rotational and
capillary rheometry data to construct a process model. This model cor-
relates the apparent strain rate observed during the ink flow to its two
main contributors that are wall slip and shear flow [20,25]

7, = Yzlip + y;’/z('ar 5)

Each of these terms are explicitly correlated to the shear stress at the
wall and several material properties. Particularly, the slip portion can be
approximated by the model form:

m
-slip 4pt
a Rx+1

©

where 7 is the wall shear stress, #, m and x are constants representing the
non-linear relationship between the wall slip and the shear stress [25].
The shear term is given by the general formula [20]:

., Shear 4 ’ 3
W= / “i(e)dr )
= Jo

where 7 is the true rate of shear experienced by the ink. For this term to
be evaluated, the functional relationship between the shear stress and
the strain rate of the material needs to be known. For most highly loaded
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inks, the Herschel-Bulkley material model is a good representation of
this functional relationship [26]:

(r-1) .

e ®

(1) =
where 7, is the yield stress, K is the consistency factor and the n is the
power-law. With this model integrated, the shear component of the
apparent strain rate becomes,

yhear — = (T}Z‘(l -5/0)"" + 25,(1 - T)'/T)Hl/n + (1- T)’/T)ﬁ]/n)

“ K/ 72(1+1/n) 7(2+1/n) 3+1/n)

©)

To perform the model fitting, capillary rheometry data is fitted to
Egs. 5, 6 and 9, while simultaneously the rotational rheometry data is
fitted to Eq. 8, by optimizing the constants g, m, x, K, n and 7,. The
capillary rheometry data for this fitting practice is populated using Eq. 4
for each composition- nozzle pair, within the tested wall stress range.
The model fitting was performed as a bounded non-linear optimization
using fmincon function of MATLAB which uses the interior-point algo-
rithm [27]. Here each variable is bounded to be greater than 0 to ensure
physicality and the n variable was bounded between 0 and 1 to ensure
shear thinning nature. The initial guesses for each variable were varied
to ensure that the final results did not significantly vary due to com-
plications from local minima. Further details on the optimization
approach used during model fitting are provided in the supporting in-
formation section S2.

This model is then used for each printing experiment to determine
several key parameters elucidating the ink flow mechanisms pertaining
to wall slip and shear. Particularly, the true shear strain rate the ink
experiences at the nozzle wall is given by

1/n
VR) = (1 = 7,/0)" 10

Here, wall stress can be determined by initially estimating the pressure
required to achieve the observed flow rates during the printing experi-
ments but with the longer nozzles, using Eq. 2. This equation is then used
along with the flow rate and pressure measured during the printing with
a shorter nozzle to apply the Bagley correction. This process determines
the true wall stress and entrance pressure loss (Pen:) using Eq. 3.

Here, the slip velocity is given by

_pr

T ORx an

s

The percent contribution of wall slip and shear mechanisms to the
total apparent strain rate are then given by:

- slip - shear
Slip% = Y4 % 100, shear% == % 100 12)
: 7

Finally, the pressure loss at the nozzle entry was used to estimate the
rate of extensional strain rate ink experiences using the Cogswell
method [28] as follows:

41y,

C S0 P a2

It should be noted that the Cogswell relation is a rough estimate for
extensional strain rate for complex, viscoelastic fluids such the studied
here. For a better estimate, flow pattern at the nozzle entrance needs to
be understood [24]. Our system and our highly opaque inks unfortu-
nately did not allow us to visually observe the entrance to deduce pa-
rameters such as the entrance angle exhibited by the inks. As such, we
resorted to using the Cogswell equation, which is the main approach
adopted by most commercial capillary rheometers.
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2.3. Direct-ink-writing (DIW) experiments and print characterization

2.3.1. DIW experiment parameters

DIW experiments were conducted to study how different flow
mechanisms influence the properties of the 3D printed composites. The
custom-built hybrid DIW printhead was used to print lines at various
flow rate levels for each ink composition. Steel nozzles with four
different diameters of 250, 300, 400 and 600 pm were used with a
constant length of 13 mm. Lines were printed on glass substrates with a
standoff distance equal to the nozzle diameter. For each ink composi-
tion, three apparent strain rate levels were determined. These strain
rates were calculated through Eq. 1, using the lowest, highest and the
midpoint flowrates obtained from the capillary rheometry experiments
corresponding to the 600 pm diameter nozzle. The flowrates for the
other three nozzles were then calculated at these apparent strain rate
levels using Eq. 1. An effort was made to keep these strain rate levels
constant across nozzle diameters and ink compositions, but variations
were observed due to experimental limitations. Accordingly, a generic
notation for low (L), medium (M) and high (H) apparent strain rate cases
were used in the rest of this paper. The exact strain rate values used
during the DIW experiments are given in Table S1. Printing was per-
formed using the constant pressure mode of the printhead that allows for
rapid stabilization of the flow rate [23]. The P-Q relation data obtained
in Sec. 2.1.3. was used to determine pressure levels required to print the
ink at the predetermined flowrates for each nozzle.

The substrate was hosted on a 3-axis motion system (Aerotech
ANT180-ANT130 stages) to generate the printing motions whereas the
printhead was kept stationary. The printing speeds were selected to be
equal to the average speed of the ink flow at the nozzle exit to ensure
balanced extrusion:

0
== 14
f=— a4
where f is the printing speed, Q is the ink flow rate and R is the nozzle
radius. Three lines were printed for each ink-nozzle-flow rate combi-
nation to study the repeatability. A microscope camera is incorporated
to visualize the printing behavior during these experiments as shown in

Fig. 1(a).

2.3.2. Optical characterization of the print geometry

To quantitatively characterize the geometry of the prints 3D profil-
ometer (Zygo NewView 6300) with a 50x scan lens was used. Geometric
features such as width, height and cross-sectional area were measured to
be used in calculations of electrical conductivity detailed in Section 2.5.
The cross-section of the printed lines are depicted in Fig. 1(b). As shown,
the base width (a) is smaller than the overall width of the lines (b),
preventing the profilometry from capturing the base-width measure-
ment. To address this issue, base width was measured through optical
microscopy (Zeiss Axion 105) images taken from the bottom of the glass

Nozzle

/

Elnk

Glass slide

Fig. 1. (a) Microscope image of the DIW process, (b) Details of the cross-
sectional area analysis.
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slides as shown in the Fig. 1(b). The data obtained was further analyzed
using a MATLAB program to get an approximated cross-sectional area
(Ap) of the printed line.

To consider the porosity of the printed structure, we conducted
various observations. First, the solid volume percentage (s) was calcu-
lated by weighing and subtracting the ink mass before and after evap-
oration, followed by dividing the result by the solid concentration.
Subsequently, it was then utilized to calculate the expected cross-
sectional area (A,) of the printed structure after evaporation, which is
given by

Ap=Q=*f*s (15)
Finally, the porosity of the printed structure was calculated by,

_1-Ap
=4

P

16)

2.3.3. Microstructural characterization (SEM) of the prints

Scanning Electron Microscope (SEM, FEI Quanta 200 F, Thermo-
Fisher) with a 400-1000x zoom, 10-14 mm working distance and
10-20 kV beam power was used to scan the cross-sectional area of the
printed lines to analyze the morphology of the constituents. SEM sam-
ples were prepared as follows: lines were printed on a scored glass
substrate, which was subsequently broken after the printing process.
This breakage allowed for a cross-sectional view of the printed lines,
which was utilized for SEM analysis.

2.3.4. Measurement of printed line conductivity

The electric conductivity of the printed lines was characterized using
the four-probe Kelvin method to measure the DC resistance across the
line using an LCR meter (BK Precision Model 894, 500 kHz). On each
line, EGaln droplets were used as soft electrical contacts to establish
robust connection to the printed lines, without damaging them as shown
in Fig. 2(a-b). Resistance is measured among various lengths on the same
line. To this end, the EGaln droplets are placed on the lines using a sy-
ringe and a needle, starting from the pair that are farthest apart from
each other, followed by another pair that is approximately 5 mm away
from the first pair toward the center of the lines. These four contacts are
then used to obtain the resistance measurement for the largest length
such that the outer and inner pairs are used as the current and voltage
contacts, respectively, in the four-point configuration. Next, another
contact pair is added to the lines, approximately 5 mm away from the
second pair, inward, to be used as the voltage contacts for the second
largest length measurement. For each subsequent measurement, the
voltage contacts for the previous measurement are used as the current
contacts. A sample resistance vs length plot is provided in Fig. 2(c).

Obtained resistance measurements are further analyzed using the
line transmission method [29] assuming the same cross-sectional area
across the line length. Thereafter, the resistance is represented as a
linear function of the line length;

1
R=—L+R. a7
oA

Where R is the resistance, o is the conductivity of the line, A is the cross-
sectional area of the line determined in Section 2.3.2, L is the length of
the line, measured using image processing program (ZYGO), and R, is
the contact resistance. The slope of the R-L linear regression is used to
calculate the conductivity of the printed line.

2.4. Analysis of the experimental data

To understand the influence of the key material and process pa-
rameters on the printed structure conductivity, we analyze the experi-
mental data by considering three levels of variables as shown in Fig. 3.

We differentiated the experimental data into compositional param-
eters (EG, Gr, PEO and Act) where Act = EG +Gr + PEO is the total
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Fig. 2. (a-b) Representative images of the printed lines with soft liquid metal electrical contacts, printed using 600 (a) and 250 pm (b) diameter nozzles (c) Sample

resistance vs length data for a printed ink.

Flow Mechanism Parameters

Process Parameters

Compositional
Parameters

[EG Gr PEO Act

Fig. 3. Schematic description of the relationships between various parameters.

active material concentration, process parameters (R and 7,), flow
mechanism parameters (}'fsalip, 7 and &), porosity (P) and Conductivity (C).
Here, the compositional and process parameters can be considered as
process inputs and conductivity can be considered as the process output.
Flow mechanism parameters and porosity can be considered as inter-
mediate variables since they are dependent on the process inputs but
also can have a direct influence on the conductivity. In fact, we postulate
in this study that the intermediate parameters mechanistically explain
how process parameters (R and 7,) dictate the printed line conductivity.

It is expected that the material composition will affect the conduc-
tivity and porosity through both inherent ways (e.g. generally one would
expect increasing the concentration of conductive species will increase
the inherent conductivity of the composite) and through processing
mechanisms (e.g. increasing the concentration of a given constituent
may increase wall slip or shear strain rate, affecting the microstructure
of the conductive species thus the resultant conductivity). To capture the
former effect, we calculated baseline average conductivity and porosity
for each material by averaging these metrics across all printing experi-
ments conducted for that material. Here average conductivity and
porosity are given as C* = 11—2 Zil:zl Cx and P* = 11—2 Zil:zlpik, where
Cyx and Py are the conductivity and porosity correspond to the
experiment i (i.e. specific R-y, combination) for the composition k,
respectively. These average quantities provide a measure of the baseline
conductivity and porosity for each composition by removing the pro-
cessing effects. To understand the isolated processing effects, we
considered normalized conductivity and porosity given by C = C —C*
and P = P — P".

To elucidate how the average and normalized conductivity is influ-
enced by the input and intermediate variables, we employed several
analysis techniques. First, stepwise linear regression was performed to
obtain models representing the relationships highlighted in Fig. 3 be-
tween various variable types. These models are summarized below in

Eq. 18.

C* ~ g"(EG,Gr,PEO, Act, P")

P* ~ h*(EG, Gr, PEO, Act)

C =~ f(R,7,,EG,Gr,PEO, Act) 18)
C~g(#",7,P,EG,Gr,PEO, Act)

P,y y. & =~ hi(R,7, EG,Gr, PEO,Act)fori = P, y,é

a

In addition to this analysis, we also studied the relationship between
the compositional parameters and the rheological parameters obtained
through capillary and rotational rheometry, and model fitting as
follows:

(Ty, n,K,pB, m,x) ~ r;(EG,Gr,PEO,Act)fori = 7,n,K, p,m, x (19)a

Details of the stepwise regression process are provided in the sup-
porting information section S3. In each of these models, only the listed
input terms and their first order interactions were allowed. The stepwise
regression identifies the statistically significant inputs and their in-
teractions as terms in each of the models given in Eq.17. Next, we
calculated several statistical quantities to understand the relative
importance of these terms. In that, (i) we performed Analysis of Variance
(ANOVA) on the data to obtain the Type 3 sum of squares value (SSQ)
associated with each term that appears in the regression, (ii) we deter-
mined standardized regression coefficients (Coefficient) by multiplying
the regression coefficient of each term with the variance of the term
itself and dividing by the variance of the output, (iii) we calculated the
partial correlations (pparial) between each term and the output and (iv)
an importance metric (Im) proposed by Hoffman[30] determined
through multiplication of the quantities given in (ii) and (iii). Finally, we
calculated the raw correlations (prqy) for the linear terms to understand
the sign of the net effect of the corresponding variable on the output.

3. Results and discussions
3.1. Capillary rheometry, model fitting and printing experiments

Raw pressure vs flow rate data corresponding to two ink composi-
tions, E3.8G10.4P14.2 and E0G10.2P13.9, obtained using the short 250
pm and 600 pm diameter nozzles is shown in Fig. 4(a). In this plot,
different colors represent different ink compositions, circle and triangle
markers represent different nozzle lengths and the dashed lines are the
power-law fits given with the corresponding coefficients of determina-
tion (R? values). R? values very close to 1 demonstrate that these fits that
are used for the rest of the analysis, represent the experimental data with
high accuracy. Since E0G10.2P13.9 replaces 3.8% EGaln by volume
with acetonitrile, it is expected to exhibit lower viscosity [19], leading it
to flow at higher rates at the same pressure levels according to the shear
flow theory. The results suggest that this is only true at low flow rates, as
the curves converge at high flow rates. This behavior is associated with
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Fig. 4. (a) P-Q relations for E3.8G10.4P14.2 and E0G10.2P13.9, featuring nozzles with same radius and two different lengths. (b-c) Slip and Shear contributions to
the apparent strain rate for inks E3.8G10.4P14.2 and E0G10.2P13.9, respectively. (d-e) Flow model fits for E3.8G10.4P14.2 to the capillary and rotational rheometry
data, respectively, (e-f) Flow model fits for E1.93G9.67P17.4 to the capillary and rotational rheometry data, respectively.

the higher prominence of the wall slip behavior with E3.8G10.4P14.2.
This is demonstrated through Fig. 4(b) and (c), which show the percent
slip and shear contribution values (calculated through Eq. 12) for
different nozzles and apparent strain rates corresponding to
E3.8G10.4P14.2 and E0G10.2P13.9, respectively. Specifically, each
group of three bars corresponds to a different nozzle diameter for low
(L), medium (M) and high (H) levels of apparent strain rate levels. Fig. 4
(b) and (c) also demonstrate that the prominence of the wall slip as
compared to shear flow increases with decreasing nozzle diameter, a
finding that will be further demonstrated in the following sections.

Fig. 4(d-g) presents the results of the flow model fitting to capillary
and rotational rheometry data, respectively for two different ink com-
positions. In Fig. 4(d) and (f), the circles represent data points generated
using the relation given in Eq. 4 for various nozzle radii and true wall
stress levels within the ranges observed during the experimentation. The
curves represent the flow model fits. Each color circle/ curve corre-
sponds to a different stress level, thus considering the experimentally
observed wall stress ranges, higher stress data only correspond to larger
nozzle sizes. In general, the flow model fits represent the experimental
data with decent accuracy as shown. The model parameters for each ink
obtained through model fitting are given in Table S2. Results of the
statistical analysis of these parameters as a function of compositional
variables (Eq. 19) revealed only one statistically significant relationship
between the total active material concentration and the flow behavior
index n as shown in Table 3 (i.e. stepwise regression process did not
include any other parameters in the model thus they are not listed).
Accordingly, the flow behavior index reduces with increasing active
material concentration, as deduced by the sign of the py,y metric for
model r;,, indicating more active materials lead to a more prominent
shear thinning behavior. This is an expected result since shear thinning
in polymer composite suspensions is known to be a product of polymer
chain and filler alignment in the flow direction [31].

3.2. Composition-baseline average property relationships

Table 2 lists the average conductivity and porosity for each tested ink

Table 2
Average conductivity and porosities for all inks.

Ink Composition Average Conductivity (C*) (S/m) Average Porosity (P*)

E1.8G12.1P13.9 874.2 0.501
E2.9G11.6P14.4 885.0 0.489
E3.8G10.4P14.2 900.9 0.448
E5G10P15 717.4 0.481
E2.6G10.5P17.1 999.0 0.408
E0.5G10.8P17 1230.8 0.458
E1.93G9.67P17.41 1255.8 0.396
E2.9G8.7P17.5 1045.8 0.440
E2G11.2P15.3 864.4 0.478
EO0G12P15 954.1 0.529
E0G10.2P13.9 1034.4 0.518

composition. The average porosity is in the ~40-50% range and the
acetonitrile composition for these inks are in the ~70-75% range,
indicating and expected range of 20-30% shrinkage in the printed lines
(see Figure S3 for the more detailed porosity data obtained from each
experiment). The linear regression results for the models given in Eq 18.
obtained using the average conductivity and porosity data is provided in
Table 3. As indicated by the sign of the p, metrics for model g*

Table 3
Results of the regression analysis for flow behavior index, average conductivity
and average porosity.

Coefficient

Term $SQ Ppardat 1M Praw

n ~r,(EG,Gr,PEO,Act)

Act -0.07 0.139 -0.763 6.250 -0.763
Intercept 2.54

C* ~ g*(EG,Gr,PEO,Act,P*)

p* -3008.95 140370.20 -0.887 0.000 -0.483
EG -86.887 158386.00 -0.898 0.007 -0.551
Intercept 2572.30

P* =~ h"(EG,Gr,PEO,Act)

PEO -0.02 0.011 -0.769 20.226 -0.769
Intercept 0.82
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electrical conductivity decreases with increasing EGaln concentration
and average porosity. For the same model, the numerical values of the
SSQ, ppartial and Im metrics corresponding to the P* and EG are close,
indicating approximately equal importance of these variables in con-
ductivity variation. This relationship is visually demonstrated in the 3D
plot given in Fig. 5(a). The average porosity is inversely dependent on
PEO concentration. Interestingly, the graphene concentration does not
seem to have a significant effect on the average ink conductivity.

EGaln particles at these size scales are known to form insulating
contacts with other constituents due to the oxide skin encapsulating the
liquid metal [9,10]. It is accordingly expected for these particles to
hinder formation of the conductive graphene networks at the high
graphene loading levels and cause a reduction in conductivity. Graphene
concentration not significantly influencing average conductivity is likely
an indication of the tested Graphene concentration range being well
above the percolation threshold for this system and not being wide
enough to induce a significant conductivity variation. The observed ef-
fect of porosity shows that control of porosity becomes an important
factor in achieving high conductivity and increasing binder concentra-
tion is a way to achieve lower porosity.

3.3. Process-driven conductivity analysis

The analysis results detailing the relationships between the process
inputs, intermediate variables and normalized conductivity is given in
Table 4. The “black-box” analysis between the process inputs and con-
ductivity (model f) indicates that the conductivity increases with
increasing nozzle radius and apparent strain rate, and decreasing with
total active material concentration as suggested by signs of the raw
correlation metrics (praw) corresponding to these variables. It is seen that
the SSQ and Im metrics corresponding to the 7, x Act term is consider-
ably higher than that of the Act term alone, suggesting that the active
material concentration has its most significant effect through interaction
with the apparent strain rate. This leads to the apparent strain rate
having most significant effect on the normalized conductivity (also
apparent by the magnitude of the pr,y terms of the three variables).
When the relationship between the intermediate variables and normal-
ized conductivity (model g) is observed, one could see that both the slip
contribution to the apparent strain rate (72?)and shear strain rate(y)
positively affect the conductivity (as indicated by the positive signs of
the corresponding pqw terms), with the effect of y is being more sig-
nificant than that of 75 as indicated by its significantly higher SSQ and
Praw Metrics and approximately equal Im metric between the two vari-
ables. Additionally, the effect of the process dependent variation of
porosity becomes considerable with increasing shear stress as evidenced
by the statistically significant interaction terms between these two

0.4 \\\\/

4
P 0 0 EG (% vol)

R
6
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Table 4

Results of the regression analysis for the normalized conductivity.
Term Coefficient SSQ Ppartial Im Praw
C ~f(R,7,,EG,Gr,PEO,Act)
R 300000 44200 0.204 0.000 0.167
Ya 10.231 52438.85 0.221 0.264 0.455
Act 13.567 15564.11 0.123 0.000 -0.056
Ya X Act -0.312 39662.16 -0.193 5.821
Intercept -542.040
C~ g(y;"ﬂ,y, P.EG,Gr, PEo,Act)
b4 1.982 208188.1 0.419 0.032 0.367
7;”'1’ 1.024 142278.4 0.357 0.036 0.323
P -23.124 62.107 -0.008 0.000 -0.103
yx P -56.325 73359.57 -0.264 0.000
Intercept -90.829

variables appearing in the model. Fig. 5(b) shows all the normalized
conductivity values for experimental results as a function of 7% and 7,
along with the plane representing by the linear terms associated with
these variables in regression function g. This 3D plot visually demon-
strates the correlation of normalized conductivity with these rate terms.
Finally, no correlation between the normalized conductivity and
extensional strain rate (¢) was observed.

The positive correlation between the shear strain rate and conduc-
tivity is rather intuitive. Many studies in the literature demonstrated
that one or two-dimensional conductive fillers align during DIW along
the shear stresses induced inside the nozzles. In this particular case,
increasing shear strain rate likely leads to alignment of the graphene
platelets along the printing direction, facilitating the formation of
conductive pathways. The SEM image of a sample filament cross-section
shown in Fig. 6 highlights a radial alignment pattern within the shear
zone where the shear strain rates are non-zero during the flow of a yield-
pseudoplastic fluid such as the inks of interest. On the other hand, the
positive correlation of conductivity with the slip effects is a non-intuitive
observation. Generally, one would expect an increase of slip effects,
leading to decrease in shear effects to negatively influence the filler
alignment and thus the conductivity in the bulk material. It is possible
that the increasing conductivity with the slip effects is associated with
the specific wall slip mechanism. It has been reported that one of the
prominent wall slip mechanisms during the flow of polymer solutions is
the migration of polymer chains from the capillary wall and formation of
a low polymer concentration, low viscosity region fluid region, leading
significantly high flow velocity gradients near the wall compared to that
of the bulk flow [20]. It is possible in this scenario that a similar phe-
nomenon could lead to alignment of graphene flakes under the large
strain rates experienced by the solvent rich slip layer near the capillary
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Fig. 5. (a) Average conductivity vs EGaln concentration and average porosity, (b) Normalized conductivity vs 7% and 7. 3D views of these figures are provided in

the supporting videos.
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Fig. 6. (a) SEM image of a printed filament cross-section, (b) Schematic rep-
resentation of a nozzle cross-section, the expected ink flow velocity profile
(highlighted by the vectors) and the associated different flow zones.

wall, creating a filament “shell” with high conductivity. The interaction
effect between the shear strain rate and the porosity is also expected
since the porosity occurs within the core of the filament and its influence
on conductivity would only be relevant in cases where the core con-
ductivity is high due to shear alignment of conductive fillers. Finally, it is
notable that no ink concentration effects are prevalent in this analysis
when the effect of intermediate process variables is considered. Partic-
ularly, the effect of the total active material concentration that is
observed in the “black-box™ analysis is “absorbed” by the intermediate
variables, analysis of which is presented below.

3.4. Intermediate variable analysis

Table 5 summarizes the results of the analysis elucidating how the
process inputs and ink composition affect the intermediate variables.
The praw metrics corresponding to the model h; suggest that the shear
strain rate is primarily influenced by the apparent strain rate and radius
in a positive sense, whereas the total active material and graphene
concentration have a negative effect on the shear strain rate. Similarly,
hﬁ@ model parameters indicate that slip contribution increases with
decreasing radius, increasing apparent strain rate, graphene concen-

tration and total active material concentration. The influence of the
apparent strain rate is observed to be the most important one as it also

Table 5

Results of the regression analysis for the intermediate variables.
Term Coefficient SSQ Ppartial Im Praw
7 = hy(R,7,,EG, Gr, PEO, Act)
R 113000 6220 0.392 0.000 0.349
Ya 0.223 8038.845 0.436 0.298 0.398
Act -2.476 1843.938 -0.226 0.003 -0.133
Gr -4.854 2696.143 -0.270 0.003 -0.236
Intercept 97.765
72 ~ hy (R, 7, EG, Gr, PEO, Act)
R -10500 13.1 -0.031 0.0000 -0.170
Ya -1.682 779.598 -0.231 0.464 0.910
Act -1.069 92.240 -0.081 0.000 0.157
Gr -0.874555 20.61499 -0.03851 0.000 0.008
Rx7y, -1246.626 867.7092 -0.24256 0.000
Act x y, 0.066 1695.479 0.330 21.6
Grxy, 0.083 825.483 0.237 2.599
Intercept 43.336
P~ h3(R,7,,EG,Gr,PEO, Act)
R 169 0.014 0.326 0.000 0.326

Intercept -0.032
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amplifies the effect of the other variables, as evidenced by the interac-
tion terms that appear in the regression model and the high importance
(Im) metric associated with the terms including this variable. Specif-
ically, the apparent strain rate amplified by the graphene and total
active material concentration seems to play a significant role in the
overall wall slip as the associated Im metric is multiple orders of
magnitude higher than the other terms. The model h; suggest that the
process dependent porosity variation is a pure function of nozzle radius
with increasing radius increasing the porosity, as evidenced by the
positive coefficient and pyqy values. Finally, the extensional strain rate
estimates do not show any correlation to the input variables.

The significance of the apparent strain rate to the slip contribution is
mathematically intuitive. It has also been shown in the literature that
the wall slip effects in cylindrical capillaries generally increase with
decreasing radius [23,32]. It is also expected for increasing solid con-
tent, particularly filler particle concentration to lead to increasing slip
effects [33]. It has been shown in Section 3.3 that the regression model
between these intermediate variables and normalized conductivity
(regression model g in Table 4) does not include any significant
compositional variables. Additionally, graphene and total active mate-
rial concentration both exhibit a negative effect on shear strain rate and
positive effect on slip contribution, as indicated by the signs of the
corresponding prqw metrics corresponding to the model h; in Table 5.
Thus, relationship of these variables with the two factors determining
the process-driven conductivity (shear rate and slip contribution)
effectively cancel each other out within the compositional ranges
considered, leading them to not appear in model g. It is difficult to reach
a definitive conclusion on the influence of EGaln particle concentration
on the intermediate variables using the data available. However,
considering that a broader compositional range was examined for EGaln
than that of graphene, one could infer that semi-solid EGaln particles do
not alter the flow mechanisms as much as the more conventional solid
fillers.

4. Conclusions

This paper presented an extensive experimental study elucidating the
composition-process-property relationships for DIW of graphene-EGaln-
PEO composites. Our results show that the printed structure electrical
conductivity is influenced by inherent compositional factors as well as
process-driven aspects such as shear flow and wall slip experienced by
the inks and the porosity of the printed structures. Regarding the former,
interesting conclusions can be drawn from the study where EGaln par-
ticle concentration has a negative effect on conductivity, whereas the
polymer binder concentration has a positive effect through reduction of
the structure porosity. Analysis of the process related effects showed that
in addition to the commonly observed shear flow effects on conductive
filler alignment and conductivity improvement, wall slip effects were
also found to positively influence the printed structure conductivity.
Increasing graphene and total active material concentrations reduced
the shear effects while increasing the wall slip effects. These relation-
ships lead to a net negative effect of total active material concentration
on process-driven conductivity, which is primarily driven by the ink
flow rate and nozzle radius. Specifically, use of larger nozzles led to
increased shear and decreased slip effects, resulting in a net positive
influence on printed part conductivity.

On ink design, this works presents a “less is more” perspective by
revealing that including higher amounts of active materials, even
including conductive fillers, may reduce printed part conductivity,
through the influence of ink flow mechanisms and porosity. Specifically,
regarding the rather uncommon soft EGaln fillers, one of the key find-
ings of this study is that the inclusion of these fillers in the composites
does not contribute to their baseline average conductivity. On the pro-
cess side, unlike graphene, we have found that EGaln fillers have a
rather neutral effect on shear and slip and thus the associated process-
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driven conductivity variation. These findings draw a different picture
compared to some of the earlier studies involving different ink compo-
sitions and/or EGaln particle morphologies. Our earlier work on similar
material systems [4] with significantly lower graphene loadings showed
that EGaln fillers can have a positive contribution to conductivity.
Accordingly, we can conclude that increasing graphene loading reduces
the contribution of EGaln fillers to conductivity, rendering them as
conductivity inhibitors. In another recent work, Haake et al. demon-
strated that EGaln fillers that are an order of magnitude larger than the
ones used in this study, can deform and merge under the shear and
extensional flows during DIW, forming conducting pathways [13].
Accordingly, this study demonstrates that such effects are not prevalent
for EGaln particles that are smaller than 5 pm and, in the presence of
other rigid fillers.

On process design, the presented results clearly show that higher
apparent strain rates lead to high conductivity, most likely due to the
shear and slip induced alignment of graphene fillers. This means, at
constant nozzle size, higher flow rates and at constant flow rate, lower
nozzle sizes are conducive to obtaining higher conductivity. Even
though the net isolated effect of increasing nozzle diameter is positive on
conductivity, one should note that a statistically significant positive ef-
fect of nozzle size on porosity was also observed. Porosity in this context
refers to the micro-scale porosity of an individually printed filament.
This porosity will adversely affect printed part integrity and strength
and thus should be considered during the process design.

Several limitations of the presented study should be noted. First, the
limited number of ink compositions tested provide a limited picture of
the effect of the compositional parameters. Second, challenges in flow
model fitting in the presence of complex wall slip phenomena have been
noted in the literature [25]. In this work, the rotational rheology ex-
periments were run at low strain rate ranges due to the known limita-
tions of the method with highly loaded liquids. This leads to high rate
behavior of the inks being only characterized by the capillary rheom-
etry. Expanding the compositional space and incorporating additional
rheometry techniques such as squeeze flow can alleviate these concerns
yet come with a significant experimental cost.

This work should be followed and supplemented by several future
efforts to maximize its impact. First, detailed microstructural charac-
terization of printed structures is needed to directly observe the
morphology of fillers for various ink compositions and process param-
eters. Second, the effect of the ink flow outside the nozzles, during the
deposition process on the final part properties should be studied. In this
study, these effects were isolated through using balanced extrusion and
a layer height equal to the nozzle diameters. In practice, lower layer
heights and higher flow rates are used, inducing higher strain rates
experienced by the inks between the nozzle and the substrate. Finally, as
more data is populated using various compositions and processing
parameter ranges, emerging data science and machine learning tech-
niques could be utilized to potentially reveal more complex interactions
between process inputs and outputs, and realize predictive frameworks
for manufacturing parts with as-designed functional properties.
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