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Direct ink writing (DIW) of graphite-epoxy composites has gained significant importance in a number of ap-
plications in fabricating highly conductive free-standing 3D structures. Processing of the composite inks, which
consist of highly loaded graphene nanoplatelets, first involves a detailed understanding of the underlying
rheological properties. However, little is known about the effect of processing/print parameters, e.g., print speed
has on the orientation of such 2D particles during the printing process and how this subsequently influences the
macroscopic properties of the final cured composite. In this work, inks with solid loadings of 7—18 wt% were
dispersed into a low viscosity epoxy resin (EPON 862) to form a shear thinning, viscoelastic material. The
optimal GNP loading for printing is determined through rheological measurements, and the electrical properties
are measured as a function of particle concentration and print speed. The results show a sharp increase in
conductivity by a factor of ten as the print speed is increased from 5 to 40 mm/s, and all printed samples had
conductivities higher than 10~ S/cm. We attribute this change in conductivity to the shear stresses generated
during the deposition of the ink, resulting in a shift in the orientation of the 2D platelet-like fillers. Such results
showcase the ability to tune the electrical properties of a printed structure with a constant loading of filler. The
present work helps develop design rules for processing of graphene-based 3D structures with enhanced properties
(electrical) using additive manufacturing. We envision the use of such structures in a number of applications such
as thermal interface materials, shielding materials for electronic devices, and light-emitting devices, to name a
few.

1. Introduction

While composites are not a new concept, recent advancements in
composite technology are changing the way these materials are designed
and manufactured [1,2]. The wide range of matrix-filler combinations
available allows for versatility in their properties, enabling them to be
applied in the development of several functional materials and devices.
Composite materials are often matched to a specific application, and by
carefully choosing the reinforcement material and loading, the com-
posite can be tailored to meet specific requirements. Graphene nano-
platelets (GNPs) are ideally suited as a filler in composites due to its
aspect ratio (~ 600) [3] and excellent conductive properties (thermal
and electrical) [4-6]. Epoxy resins are well known for their exceptional
performance properties (thermal stability, mechanical strength, and
solvent resistance). They are of particular interest in additive

manufacturing (AM) due to their flexibility and ease of processing [7].
The combination of epoxy resins and GNPs is of interest in several ap-
plications such as thermal interface materials [8], heat sinks [9], and
electromagnetic shielding materials [6]. The properties of the compos-
ites in such applications depend upon (i) the properties of the nanofiller,
(ii) the concentration of the nanofillers, (iii) the orientation of the
nanofillers inside the matrix, and (iv) the manufacturing process of the
composite [10]. Understanding the underlying
structure-processing-function relationships in such composites is there-
fore critical in enhancing the performance and hence in improving its
range of applicability. [10]. Specifically, the improvement of the pro-
cessing technique in forming these composites to enhance their perfor-
mance is of interest. In this study, we take advantage of a facile additive
manufacturing technique to fabricate epoxy-GNP composites with
enhanced and tunable electrical properties.
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The first step before 3D printing highly loaded inks lies in a detailed
understanding of the underlying rheological properties [11]. The ink
needs to have sufficient viscosity and elastic modulus and, when
dispensed out of a small nozzle under a controlled flow rate, needs to
maintain its structural integrity as multiple layers are being built [12].
DIW of composite-based materials are of interest because they boost the
conductivity and strength of the neat polymer being printed, while also
allowing for the fabrication of more intricate and multifunctional
structures which traditional processing techniques do not entail [13].
Additionally, numerous studies with highly loaded anisotropic fillers
have shown that the shear force that is induced on the filler during the
DIW printing process causes the nanoparticles to be oriented parallel to
the direction of the print [14-17]. How processing affects nanoparticle
orientation is thus an open topic that is worthy of investigation.
Compton and Lewis reported the fabrication of milled carbon fiber and
silicon whisker epoxy-based composites via DIW [18]. The fiber-filled
epoxy demonstrated exceptional mechanical properties due to the par-
ticles aligning along the direction of the print. Compton and co-workers
in a separate study showed that the printing of epoxy-GNP composites
resulted in highly toughened 3D structures with anisotropic electrical
resistances along the print direction and transverse to the print direction
[19]. Recent work has also shown the effect of decreased nozzle diam-
eter and increased print speeds on particle orientation and resultant
mechanical properties [20,21]. In addition to the parameters mentioned
above, a number of other parameters can be adjusted during the depo-
sition process, including gap height, nozzle speed, extrusion pressure,
line width, and nozzle diameter [22-25]. Each of the parameters
mentioned can influence both the resolution of the print and the amount
of shear that the particles experience during deposition.

Even though graphite/epoxy inks are widely used in 3D printing still,
little is known about the effect that shear has on the particle alignment
during the deposition process and how this affects the final properties of
the composite (electrical conductivity). Therefore, in this paper, we
study the effect of printing conditions on the orientation of particles and
its resultant effect on macroscopic properties. Our results indicate that in
addition to optimizing the ink formulation (via concentration and
rheological properties), tuning of processing conditions such as print
speed can also be used to manipulate the percolative network of GNPs
within the polymer matrix. By increasing the print speed at a fixed
concentration, we show that the conductive properties can be signifi-
cantly enhanced. The change in orientation of the GNPs as a function of
print speed is evidenced through XRD measurements and SEM images.
This study thus helps develop design rules for the improvement of the
overall performance of graphene-based composite structures. Our re-
sults provide insight into an important parameter (print speed) that must
be considered when optimizing materials utilized in DIW, which is
critical in further expanding the applications of these composites.

2. Materials and methods
2.1. Materials

Graphene nanoplatelets in powder form were obtained from XG
Sciences. The particles have an average thickness of 6-8 nm and a
lateral size of 25 pm coupled with a surface area of 120-150 m?/g. The
epoxy (matrix) consisted of a bisphenol F based epoxy resin (EPON 862)
using diethylmethylbenzenediamine (EPIKURE W) as the curing agent.

2.2. Ink preparation

The composite ink was prepared by dispersing the GNPs into the
epoxy matrix and curing agent using high-speed centrifugal mixing
(THINKY ARE-310). The weight ratio of the curing agent to epoxy is
26.4:100 [26]. For each formulation, the platelets are mixed in small
increments (2000 RPMs for 2 min and degassed at 2200 RPMs for 2 min
per increment) to ensure uniform dispersion throughout the epoxy. The
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inks tested for rheology contained the curing agent. Printing experi-
ments were carried out within 2 h of ink formulations, during which no
change of rheology of the formulated ink was observed. The composi-
tions of the ink that were formulated include 7,9, 11, 13, 14, 15, 17, and
18 wt% GNPs (weight of GNPs/total weight of whole ink formulation).

2.3. Ink rheology

Measurements of the rheological properties were carried out using
an Anton Paar MCR 302 rheometer. A 25 mm roughened parallel plate
geometry was used as the measuring system. For the flow curves, a shear
rate range of 0.01-100 s~ was utilized. Viscoelastic measurements of
the storage (G’) and loss moduli (G’’) were carried out at a frequency of
1 Hz in the linear viscoelastic regime. Yield stresses were determined
using an amplitude sweep (strain range 0.01-100%). Lastly, structural
evolution tests consisted of experiments performed in 7 intervals
sequentially, alternating between oscillation and constant shear. In-
tervals 1, 3, 5, and 7 are G’ vs time in the LVE range at 1 Hz and 0.01 %
strain. Intervals 2, 4, and 6 apply constant shear for 5s at 50 s™*. Interval
1 is G’ vs time before beginning of shear (initial state) and all the other
remaining odd-numbered intervals monitors the recovery after shear.
The temperature was kept fixed at 25 °C for all measurements.

2.4. Direct ink writing

For the printing process, the ink is first loaded into a 3cc syringe and
centrifuged (2000 rpm, 5 min) using a Thinky ARE 310 planetary mixer
to remove air bubbles. Printing is then accomplished using the nScrypt
3Dn-300 printer equipped with Nordson dispensing system (Ultimus V).
The inks are printed using a 410 pm tapered tip to prevent clogging
during printing with a gap size of 300 pm. The structures were printed at
speeds varying from 5—40 mm/s with pressures ranging from 480 to
960 kPa. The pressure was adjusted to keep a constant line width
(450 pm) at each printing speed. Customized gcode was written to print
the different structures and the printed parts were cured at 200 °C for 3h
after which they were removed from the underlying substrate for other
measurements.

2.5. Electrical conductivity

The electrical resistivity was measured according to ASTM D257 at ~
25 °C (room temperature). Each printed and cast sample was machined
and polished to yield 10 x 10 x 1 mm rectangular specimen, with
loadings of GNP varying from 7—15 wt%. Minimization of the contact
resistance between the probe and the sample was achieved by applying
silver paste across the surface area of each sample. The surface area
(reference Fig. 1A) that the silver paste was applied to depends upon the
desired region of interest. In this study, the two areas included are-
parallel to the direction of print, where the silver paste is applied to the
x-z surface (denoted red in Fig. 1A) and transverse to the direction of
print, where the silver paste is applied to the y-z surfaces (denoted green
in Fig. 1A). The silver paste was allowed to dry for at least 1 h at 25°C
(room temperature) before resistance measurements. Measurements of
resistances were done using a two probe test in which a constant voltage
was applied using a Keithley 2400 source meter.

The electrical resistance of each specimen was then measured along
two different directions (parallel and transverse to the direction of
print). Electrical resistivity (p) (inverse of electrical conductivity) can be
calculated as follows for each direction:

/)H :RAAL/L)' (1)
pL=RA,/L, 2)

Where A, L, and R are the cross-sectional area, the distance between the
electrodes (in the sample), and the measured resistance, respectively.
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A

Fig. 1. (A) Schematic of the printed epoxy-GNP structures. (B-D) Schematic of
the XRD measurements on different faces, which allows for probing the
orientation of platelets with a surface plane parallel to the (B) x-y surface
(black), (C) y-z surface(green), and (D) x-z surface(red). The yellow arrows
represent the incident and reflected X-ray beam. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article).

2.6. X-ray diffraction

X-ray diffraction (XRD) measurements were carried out using a
Rigaku Smartlab instrument. The instrument utilizes Cu Ka radiation (A
=0.154 nm, 40 mA, 40 kV) operating in parallel beam reflection mode.
The 26 range was 10°<20<30° with a step size of 0.04°. A schematic of
the experimental set up is shown in Fig. 1B-D. A sample height cali-
bration is performed prior to the start of the experiment to ensure that
the surface of the sample is probed for each configuration. In an indi-
vidual measurement, the beam size is 10 mm x 1 mm (width x height).
The measurements were repeated at the two faces of each sample for two
different samples at the same condition (4 total measurements). Since
the amount of resin (epoxy) is constant across all samples at 67 wt% and
the epoxy peak occurs at 20 =19.04° - we normalize to the intensity of
the epoxy amorphous halo.

2.7. Scanning Electron microscopy

The morphology of the top/x-y surface (denoted black in Fig. 1A)
and fractured y-z surface (denoted green in Fig. 1A) of the printed
specimens was examined using scanning electron microscopy (SEM,
Helios G4 UC). Carbon adhesive tape was used to glue 1 mm x 1 mm x
1 mm samples onto aluminum holders. Imaging contrast was improved
by depositing ~ 2 nm layer of platinum on the sample surface. Imaging
was carried out using an accelerating voltage of 10 kV (high vacuum) at
a working distance of 10 mm.

3. Results and discussion
3.1. Rheology and printability

Tuning rheological properties of the inks before printing is key to
final composite performance — the inks need to be shear thinning to
enable extrusion while at the same time have sufficient viscoelasticity to
enable rapid recovery after deposition. A printable material needs to be
optimized to have low viscosity during extrusion (shear thinning) and
sufficient modulus after being printed (viscoelastic & demonstrate rapid
recovery). The shear-thinning properties of the inks are evidenced

Additive Manufacturing 37 (2021) 101618

through rotational measurements (Fig. 2A), the viscoelasticity is shown
through the amplitude sweep (Fig. 2B), and recovery of the inks under
similar conditions experienced during printing is demonstrated after a
structural evolution test (Fig. 2C). After determining the optimal loading
of GNPs for printing, the concentration of GNPs can be fixed, and the
remaining experiments can be carried out. Fig. 2A is a plot of viscosity
(steady shear) as a function of shear rate for the different samples
studied in this work. During DIW, Compton and co-workers showed that
materials experience a shear rate of ~50 s~ ! in the nozzle [18]. Hence,
flow curves in this work were measured in the shear rate range of
0.01—100 s'.. The viscosity of a shear-thinning fluid loaded with parti-
cles can be modeled using the Power Law [24]:

n=Ky! 3

Where 1) is the viscosity (Pa s), y is the shear rate (s’l), K is a shear-
thinning coefficient, and n is a power-law exponent. The values of n
are close to 1 for Newtonian fluids, 0.6 for weakly shear-thinning fluids,
and 0.2 for highly shear-thinning materials [24]. For the neat epoxy, the
power-law model showed Newtonian behavior (n=0.99). As the GNP
loading is increased, we observe an increase in shear-thinning, non-
Newtonian behavior, as demonstrated through the change of the
shear-thinning coefficients. This shear-thinning behavior is necessary to
ensure that the material can flow with limited restriction through the
nozzle (i.e., zero clogging), yet still exhibit a relatively high viscosity
when the shear stress is removed as it exits the nozzle.

Fig. 2B shows the results of G' (solid squares) and G" (hollow squares)
from the amplitude sweep. The 11 wt% formulation shows liquid-like
behavior (G">G"), despite its shear-thinning characteristics shown in
Fig. 2A. It is important to reiterate that for a material to be used for DIW,
both criteria (shear thinning and viscoelastic behavior) must be met. A
printable material must show solid-like behavior (G'>G") and exhibit a
yield stress (ty - cross over of G' and G"). As can be seen in Fig. 2B and S1,
for loadings >13 wt%, G'>G" and a yield stress is present, thus clearly
delineating samples that can be printed. The 14 wt% sample exhibits a
plateau G' around 1500 Pa (Fig. S1 in Supplement) and a yield stress
around 1 Pa. With the addition of more GNPs (15 wt%), both G' and Ty
increased significantly to near 25,000 Pa and 22 Pa, respectively. When
the ink is extruded through the nozzle (shear stresses > ty), G" (liquid
behavior) dominates, allowing for ease of flow of the material. On the
other hand, when the ink leaves the nozzle, the recovery of high G'
values should help retain the shape of the printed specimen.

Fig. 2C further supports this claim with a structural evolution test of
the 15wt% sample. Interval 1 gives G' as a function of time for the
material at rest (initial state). The even intervals reveal G’ under shear
(50 s7! as experienced during extrusion), and all remaining odd in-
tervals detail the elastic modulus of the ink after the stoppage of shear
(or after printing is stopped). Initially (Interval 1), the inks exhibit a
large storage modulus indicating a solid-like structure. After shear, the G
' recovers to the same G' value of the initial structure at rest (to 96 % of
final plateau value within three minutes). The recovery of G' to an
equivalent modulus showcases the robustness of the material. Since the
modulus recovers (within a factor of 1.1) to the original value, we also
hypothesize that the shear used in the rheology experiments and during
3D printing is not sufficient to cause exfoliation. This is also confirmed
by reports in the literature that state that exfoliation of graphene can
only occur at shear rates greater than 10*s71 [27].

The effect of rheological percolation on modulus can also be seen in
Fig. 3, where G' is measured as a function of oscillation frequency
(Fig. 3A) and GNP content (Fig. 3B). In Fig. 3A, the slope of G’ decreases
significantly from 11 wt% to 13 wt%. This is evidence that the modulus
is becoming less dependent on frequency, indicating the formation of a
solid-like structure with long relaxation times (after percolation). Fig. 3B
is a plot of G' (in the LVE range and a frequency of 1 Hz) as a function of
GNP concentration, and as can be seen, between 11 wt% and 13 wt%,
there is a rapid jump in G', indicating percolation. As the concentration
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is increased, the fillers form a percolative network that can withstand
stress and allow for enhancement of macroscopic properties (strength
and conductivity) [28]. The 13 wt% sample, which is close to the
percolation boundary, is very sensitive to the oscillation strain % used in
the experiment (0.03 %). Hence for printing, the particle concentration
needs to be above 13 % to obtain a self-sustaining network.

Fig. 4 demonstrates the printability of the material and showcases its
relationship between the rheological properties, where tan & is the ratio
of G" and G/, thus signifying the ability of the structure to bear stress. The
three concentrations shown in Fig. 4 were chosen based on results from
the rheological study, where 11 wt% is below percolation and expected
to show liquid-like behavior (tan & > 1), 13 wt% is close to the onset of
percolation (tan 8~1), and 15 wt% lies above the percolation concen-
tration (tan 8 <1) and has strong viscoelastic properties. For each
formulation (11, 13, 15wt%), the pressure was adjusted to keep a
constant line width at a speed of 40 mm/s. The g-code script was set to
print a 10 mm x 10 mm hollow square with a total of 7 layers. As shown
in the figure, the 11 wt% formulation does not hold its shape due to the
high tan & value. At the onset of percolation, the 13 wt% formulation can
withstand stress and form a stable structure up to 6 layers but collapses
upon the addition of more layers. Finally, above the percolation
threshold, the 15 wt% formulation demonstrated excellent printability —
all layers could be printed without the collapse of the structure. This
study shows a direct relationship between the information obtained
from the rheological studies and thus provides insight into the proper
ink formulation necessary to build and print the composite structures
needed to carry out the remaining tests within this study.

3.2. Electrical conductivity

The anisotropic nature of graphene particles coupled with excellent
thermal and electrical properties makes it a prime candidate for the
production of conductive polymer composites [29]. A number of studies
in literature have demonstrated the applicability of these conductive
materials [30-34] in manufacture of batteries [35], shielding materials
[36], coatings [37] (corrosion resistant), and light-emitting diodes [38].

The electrical conductivities of mold-cast (@) and printed samples (4,
[)) as a function of GNP content (7, 11, 15 wt%) for this study is shown in
Fig. 5. For each formulation (7, 11, 15 wt%), the pressure was adjusted
to keep a constant line width at a speed of 40 mm/s. The conductivities
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Fig. 5. Electrical conductivity as a function of GNP content for printed and
mold cast samples in current work (all samples in current work are in black
color - mold cast @, parallel to print directiona, transverse to print direction
/\). Reported values in the literature of 3D printed conductive polymer com-
posites (A [391, A [191, A [40]) and traditionally manufactured conductive
polymer composites (injection mold 4 [30], calendaring Ml [41], and mold cast
o [32]).

of the printed samples are measured in parallel and transverse directions
(Fig. 1A). As the GNP content increases from 7 wt% to 15 wt%, the
conductivity increases by a factor of 2760. We attribute this to the for-
mation of a percolated network of particles in the epoxy matrix. Addi-
tionally, literature data on the conductivity of polymer-GNP
nanocomposites manufactured via 3D printing (filament printing and
DIW) and by other traditional techniques (injection mold [30], mold
casting [32], and calendaring [41]) is presented in Fig. 5. The com-
posites that were manufactured via DIW in current work have higher
conductivity values than traditional methods of manufacture. For
example, the injection-molded samples at a loading of 15 wt% have an
electrical conductivity value of 3.58 x 10™° S/cm, where at the same

A
11 wt% 13 wt% | 15 wt%
tand= 3.86 tan 6= 1.18 tan 6= 0.40
ko "
. ,

Fig. 4. (A) Demonstration of shape retention after printing, where 7-layer, hollow square structures are printed via direct ink writing at 11, 13, and 15 wt% loadings
of GNPs. The printing speed is 40 mm/s. The tan § values are taken from rheology experiments (Fig. 2) at a frequency of oscillation of 1 Hz. (B) Picture of a funnel and

honeycomb structure printed with the 15 wt% ink.
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filler loading for a composite processed via DIW, we report a conduc-
tivity value of 2.22 x 10 S/cm — an enhancement of 619. In literature
there are a number of studies that have taken graphene (which has
higher conductivity) formulated inks/filaments and 3D printed com-
posites. In a study done by Wu et al. (exfoliated graphene and poly-
borosiloxane [40]), the performance of their 3D printed structures is
slightly higher than our reported values at 7 wt%, which is due to the use
of exfoliated of graphene vs. multi-layer graphene or GNPs. Similarly, in
a study done by Wei et al., functionalized graphene oxide (GO) is
dispersed into acrylonitrile-butadiene-styrene to 3D print conductive
structures [39]. At GO loadings greater than 5.6 wt%, the nozzle clog-
ged, limiting the researchers to only report the shown values. Compton
and co-workers reported the fabrication of electrically conducting
epoxy-based GNP structures [19]. We report higher (factor of 1.4)
conductivity values at 15 wt%, compared to a loading of 20 wt% in their
study. In our study, by tuning the print parameters — by using a smaller
nozzle and faster print speed, we were able to achieve the desired results
at a lower loading. The changes in electrical performance when
comparing the two studies highlight the importance of print settings and
conditions on the overall performance of the final structure. Lastly, our
electrical performance is almost three orders of magnitude higher than
values reported with traditional methods and shows a clear advantage of
using DIW as a manufacturing process.

3.3. Effect of print speed on the conductivity and orientation of GNPs

Several studies have shown that during DIW, the nozzle size, print
speed, and extrusion pressure can be adjusted to control the width of the
printed line [24,25]. The feature size and resolution is an essential factor
to consider during printing. However, it should also be noted that the
alteration of these parameters results in a change of shear forces that the
particles experience during the printing process and hence has an effect
on their alignment. As reported in the previous section and in agreement
with similar printing-related literature [18,19,22], there is a dramatic
change in bulk properties when comparing the performance of mold-cast
samples to printed samples. Numerous studies with highly anisotropic
rod-like fillers have shown that the shear force that is induced on the
filler during printing causes these nanoparticles to be oriented parallel to
the direction of the print [42,43]. This change in the alignment of the
nanoparticles within the printed structure then results in an enhance-
ment in the conductive properties (and other bulk properties) of the
material. In order to examine the extent to which shear-induced forces
can alter the orientation of fillers during printing, we studied the effect
of print speed on electrical conductivity.

The print speed for this portion of the study was increased from 5 to
40 mm/s (with a constant GNP loading of 15 wt%), and the pressure was
adjusted to keep a constant line width of ~550 ym. The electrical con-
ductivity was measured in two different directions with respect to the
direction of print - parallel and transverse. In Fig. 6, we show that as the
print speed is increased during the DIW process, we observe a change in
electrical conductivity (parallel to the print direction) by a factor of ~
2.52. The sample that was printed at 5 mm/s shows a conductivity value
of 8.82 x 10~ S/cm, which is still higher than the cast sample at the
same loading (3.59 x 10 S/cm). When the print speed is increased to
40 mm/s, we observe an even higher value of conductivity at 2.22 x 1072
S/cm. The standard deviation across five different printed samples is
depicted in the error bars, as shown in the figure. The error can be
attributed to voids (due to entrapment of air), which are commonly
formed during ink preparation and the DIW process. Nevertheless, these
results demonstrate that the shear-induced alignment of particles during
printing can significantly enhance percolation and hence enhance the
bulk properties. Additionally, the conductivity at 40 mm/s parallel to
the direction of print is also higher (factor of 2.45) than in the transverse
direction. The electrical anisotropy with respect to the two directions
reflects the large degree of favored orientation of the GNPs in the di-
rection parallel to the print. These results are in agreement with recent

Additive Manufacturing 37 (2021) 101618

0.03 T+ L L L I 1 1 L
Parallel to
0.0254 L
’g print direction
3) [ ]
~~
72 0.02 L
N’
g {
=
= 0.015+ -
=
[ ]
E 0.014 { L
= [
O ¢
0.0054 4 Transverse to L
print direction
0+ L
L] L L] L] L] L] L] T

5 10 15 20 25 30 35 40 45
Print Speed (mm/s)

Fig. 6. The electrical conductivity of the printed specimens over a range of
print speeds (5-40 mm/s) at a loading of 15 wt% GNP, in the direction parallel
(black) and transverse (red) to the print direction. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article).

work on aligned (by application of an electric field) epoxy-graphene
composites by Wu and co-workers who demonstrated the difference in
electrical properties along different directions (anisotropic electrical
properties) [44].

The reason for this significant change in conductivity during the
printing process can be attributed to the shear-induced alignment of the
particles while being deposited on the print bed. As the print speed is
increased, the amount of shear that the particles experience is also
increased, thus influencing the alignment of the fillers. To explain and
confirm the change in orientation of the fillers at the different print
speeds, XRD measurements were performed along with microscopy
(SEM).

Measurement of the intensity of the (002) Bragg peak at (20 = 26.4° -
graphite basal plane spacing of 0.34 nm) by XRD can be utilized to track
the orientation of the platelets [45]. For an in-plane alignment of
graphitic platelets, Bragg’s equation (2dsin®=n)) is satisfied and causes
the formation of a peak at 20 =26.4° [46,47]. For an out of plane
alignment, the absence of regular planes (parallel to the surface plane)
results in a decrease in the intensity at 20 = 26.4° [36,48]. Fig. 7A-C
displays the intensity values obtained from the XRD pattern of printed
samples at 15 wt% GNPs, where the maximum peak intensity has been
normalized to 1. The peak intensity is plotted as a function of 20 for
different print speeds. Measurements were done on three different sur-
faces (x-y surface-black, y-z surface-green, x-z surface-red), as shown in
the embedded images in the figure.

Fig. 7A is a plot of the intensity with respect to the x-y surface. When
the print speed is increased, the intensity of the peak at 26.4° decreases.
The change in intensity is due to a change in orientation of the GNPs due
to the shear-induced alignment during the deposition process. This
induced shear results in the vertical (non-parallel)

alignment of the GNPs with respect to the x-y surface of the sample
and hence a reduction of peak intensity with print speed. The results
suggest parallel orientation of the platelets (parallel to the x-y surface) at
the lower print speed (5 mm/s), as compared to the higher print speed
(40 mmy/s). Similar decreases in XRD peak intensity (at 26.4°) is seen in
the work of Billaud et al., where the application of a magnetic field re-
sults in an out of plane alignment of the platelets [35].

To investigate the out of plane alignment at higher speeds, two more
XRD measurements on the transverse direction (y-z) and the edge face
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Fig. 7. (A-C) XRD measurement patterns (normalized to 1) of the printed specimens (15 wt% epoxy-GNP) at various print speeds (5, 20, and 40 mm/s) and the
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(A) x-y surface, (B) y-z surface, and (C) x-z surface. The yellow arrows represent the incident and reflected beam. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article).

(x-z) were carried out. Fig. 7B gives the intensity of the peak at 26.4°
when measurements were done on the y-z surface (transverse). As can be
seen from the figure, the intensity increases systematically as print speed
is increased with 40 mm/s print speed giving the highest intensity. This
suggests that the platelets orient in a “standing” or vertical position
along the y-z surface with their normal along the “x” direction —
resulting in increased intensity, which corresponds to basal plane
spacing. Finally, in Fig. 7C, we observe no change in intensity as print
speed is changed. Based on the previous results from Fig. 7A-B, we
expect that if most of the platelets lie in the x-y plane (low print speeds)
or lie in the y-z plane (high print speeds), the intensity with respect to
the x-z surface should be consistent across all samples due to the absence
of the graphitic basal plane when XRD measurements are performed. A
schematic of the orientation of the GNPs is given in Fig. 7D-E for the
lower and higher printing speeds, respectively. It should be noted that
the schematics are an oversimplification and do not include distribu-
tions of the nanoparticles away from the ideal direction.

The combined results from the electrical and XRD measurements
suggest that maximum performance occurs when the platelets are ori-
ented in the vertical/" standing" position, as shown in Fig. 7E. While
“standing” or vertical alignment of anisotropic platelet-shaped particles
might intuitively not be expected, there have been several studies that
show that the orientation of such 2D particles depends on the amount of
shear imposed [49-52]. Kojima et al. measured platelet orientation in a
clay-nylon 6 nanocomposite (manufactured via injection mold) [50].
The orientation in this study was found to be a function of the depth of
the molded rod with two distinct regions. Near the center of the rod
where the particles experience low shear, random orientation was
found. Near the surface where particles experience high shear, platelets
were oriented parallel to the surface — similar to the orientation we
observe at lower print speeds. On the contrary, Okamoto and co-workers
observed perpendicular alignment of clay platelets — with the surface
normal along the direction of flow (or stretching direction) [51]. We
observe a similar orientation in our printed samples as we increase print
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speed, where our platelets are orienting in a perpendicular or vertical
alignment in the print direction or with respect to the x-y surface.
Although this arrangement is counterintuitive, several studies have also
observed such perpendicular alignment of anisotropic particles [49,51,
52]. The variation in the orientation of the 2D fillers used in the studies
mentioned showcases the alignment dependence on the manufacturing
method used to process such materials. While the shear-induced changes
in orientation of platelet-shaped particles have been studied, the results
from this study showcase the ability to continuously change and tune the
electrical properties of a single printed road, allowing for the fabrication
of printed parts with distinct complex property landscapes.

SEM images (Fig. 8) of the morphology of the printed 15 wt% sample
at each print speed are consistent with the results presented in Fig. 7.
The images in Fig. 8 highlights the morphology of both the surface
(Fig. 8 A, C, and E) and fractured cross-section (Fig. 8B, D, and F) of the
composites printed at 5 mm/s (A & D), 20 mm/s (B & E), and 40 mm/s
(C & F). The top surface view (x-y surface) of the specimens printed at
the higher speed (Fig. 8E) clearly depicts the formation of a percolated
network of the filler particles (GNPs) in the direction of print — which is
not present at lower print speeds (Fig. 8A). This orientation of the
platelets is further confirmed through the fractured cross-sectional view
(Fig. 8F), where platelets are aligned parallel to the y-z surface (yellow
arrows). Conversely, in Fig. 8B, multi-layered stacked graphite struc-
tures are shown (blue arrows), which demonstrates that at lower print
speeds, some, if not most, platelets are aligned parallel to the x-y surface.
Finally, we observe in the 20 mm/s printed sample (Fig. 8C-D), evidence
of platelets aligned both parallel to the x-y surface (blue arrow) and the
y-z surface (yellow arrows).

4. Conclusion

In summary, we have investigated epoxy-GNP inks as feedstock for
DIW and demonstrated that we can influence and increase the electrical
performance of the printed structure not only via the filler content but
also the print speed. The rheological properties of the inks are assessed,
where we found the rheological percolation threshold to be at ~13 wt%.
The printability and electrical properties of the composite are then
investigated around and above this value. As expected, below
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percolation, we observe a non-printable, low-performance composite.
Above percolation, at 15 wt%, we obtain a printable composite with
high electrical conductivity. Finally, after optimizing the filler content,
we show that print speed significantly influences the electrical perfor-
mance of the printed structure, where we observe an increase in con-
ductivity by a factor of 2.52 at a constant loading of 15 wt% GNPs at a
print speed of 40 mm/s. XRD measurements and SEM images confirm
the change in the orientation of the platelets at the different print speeds,
resulting in changes in the overall performance of the final printed
structure. The current findings showcase a simple, cost-effective method
to control the orientation of anisotropic particles during printing to
allow for the development of enhanced polymeric nanocomposites to be
used in a wide variety of applications, such as heat sinks, thermal
interface materials, and electronic devices.
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