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Abstract

Direct Ink Writing (DIW) is an extrusion-based additive manufacturing method where the print medium is
a liquid-phase ‘ink’ dispensed out of small nozzles and deposited along digitally defined paths.
Conventional DIW methods for thermosetting resins rely on the use of viscosity modifying agents, novel
crosslinking chemistries, and/or long curing schedules in an oven. Here we demonstrate the use of a co-
planar radio frequency applicator to generate an electric field, which can be used to rapidly heat and cure
nano-filled composite resins as they are printed. This method avoids the need for an oven or post- curing
step. This process consists of a sequential print-and-cure cycle which allows for printing of high-resolution,
multi-layered structures. Every extruded layer is partially cured using RF before depositing the next layer;
this allows the printed part to maintain structural integrity without buckling under its own weight. The
process enables both increased throughput and decreased touch time relative to traditional part
manufacturing. Commercial epoxy resin with varied nano-filler loadings were examined as DIW
candidates. Rheological characterization was used to assess both curing kinetics and printing behavior.
After printing, the thermo-mechanical properties, surface finish, and shape retention of RF-cured samples
were evaluated and found to be comparable against samples conventionally cured in an oven. This method
of manufacturing establishes RF heating as a suitable alternative to conventional methods, facilitating rapid,
free-form processing of thermosetting resins without a mold.
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Introduction

Thermosetting polymers form crosslinked networks when heated and cured. Epoxies are a very
commonly used type of crosslinkable thermosets; such crosslinked networks feature high mechanical
strength, resistance to chemical degradation, and thermal stability. These properties make thermosets,
including epoxies, a popular choice for applications ranging from battery frameworks to aerospace and
automotive structures®. Conventional methods of manufacturing parts from thermosetting polymers involve
the use of molds to cure resin matrices in high-temperature ovens. This process is energy consuming, labor
intensive, and slow; moreover, there are limitations on achievable part geometries due to the requirement
of part-specific molds? 3.

Additive manufacturing avoids many of the downsides of conventional manufacturing methods and
allows faster on-demand, and energy efficient production of complex structures with custom geometries®.
Additive manufacturing has previously been explored to 3D print thermoplastics®’ and metals®*°. The
development of an on-demand, rapid production technique for thermosetting polymers could facilitate
distributed manufacturing by setting up industries near the end user'*.

Previous studies for additive manufacturing of crosslinkable resins using direct-ink write (DIW)
printing have largely been limited to photocurable materials?®. This 3D printing method can also be
applied to print dual-cure resins; in such cases, thermosets are combined with photocurable materials,
resulting in a resin that is both light and chemically activated®” 8, However, methods that use dual-cure
require changes to the resin chemistry to make the material UV curable; this alteration to resin chemistry
limits the use of photocurable resins for industrial applications. Additive manufacturing of thermosets via
frontal polymerization (FROMP) has also been studied to print complex shapes; this involves the
production of a propagating reaction wave that allows for rapid cross-linking of the initial monomer.
However, this method is restricted by the limited number of resin chemistries that can be printed®-2L,

The primary challenge with the use of DIW printing for manufacturing thermoset parts is ensuring
shape retention during the printing and curing processes. Some studies use a thixotropic support bath to
ensure shape retention of the thermosetting resin.?? The resin is injected or printed directly in a support
bath, and the structure is then partially cured at room temperature. The structure is then removed from the
support bath and cured completely in an oven. The use of such a bath for DIW printing requires long oven
curing schedules at low temperatures to prevent the printed structure from collapsing during the curing
process.

The use of viscosifiers has also been investigated to increase the yield stress and load bearing
capacity of the resin for DIW printing? 24. A higher viscosity improves shape retention during the printing
process which enables the production of high-resolution structures with multiple layers in the z-direction;?
however, a higher viscosity also increases the yield stress of the resin and makes the ink difficult to print
using commercially available 3D printers. Additionally, the viscosity of these inks drastically decreases
upon heating prior to crosslinking. Thus, when using a high viscosity resin for DIW printing, the printed
structures need to be cured at low temperatures for an extended period of time (24+ hours)? 2" to maintain
the resolution of the printed structure.

Recently, our group has shown that carbon nanomaterials heat up rapidly in response to radio
frequency (RF) fields > 7 283 i.e., electromagnetic fields with a frequency within the range of 20 kHz to
300 GHz. RF susceptor materials include graphite, graphene oxide, laser-induced graphene, carbon black,
and carbon fibers. Susceptor materials can be used as fillers in thermosetting matrices, allowing for rapid
heating and curing of the nano-filled resin upon application of an RF field. RF heating offers several benefits
like volumetric and targeted heating. Bulk specimens with RF susceptors can be heated volumetrically
using RF fields; this method eliminates the need for large ovens to heat and cure the specimens. Some
processes, like bonding, require site-specific heating, which become possible using RF fields. Targeted



heating avoids the need to heat the entire structure, which can introduce residual thermal stresses in the
assembly after cooling®. RF heating has shown potential to reduce fabrication time and provide an energy
efficient alternative for numerous applications where targeted and volumetric heating are needed such as
inter-layer adhesion in 3D printed thermoplastics®, bonding thermoplastic surfaces together®?, curing pre-
ceramic polymer composites®!, reduction of graphene oxide?, and processing of thermosetting prepregs®.
Compared to traditional heating and processing methods, RF heating provides faster heating rates with
lower infrastructure requirements and better energy efficiency; non-contact RF applicators or capacitors
can be used for out-of-oven processing, allowing for distributed manufacturing.

In our previous work, we demonstrated that multi-layered structures can be produced using RF
heating and selective curing of carbon nanotube (CNT)-filled thermosetting epoxies.*® An RF applicator
was moved relative to a reservoir of CNT-filled resin, thus, heating and curing the resin exposed to the RF
field. We demonstrated the benefits of RF heating in additive manufacturing of thermosetting resins over
conventional curing methods; however, in the previous method, the resolution of the printed structure was
limited by heat diffusion in the resin reservoir, thus leading to rough edges and surface finish on the final
part.

In this study, we demonstrate a new process involving a layer-by-layer, print and cure cycle for
additive manufacturing of high-resolution, multi-layered structures. Here, each layer printed using a
conventional DIW printer is partially cured using RF heating before a new layer is deposited. This print
and cure cycle allows the printed structure to maintain its integrity and support itself without collapsing as
subsequent layers are printed (Figure 1). We examine commercial epoxy resin with varied CNT loadings
as DIW candidates; we use rheological characterization to assess curing kinetics and printing behavior, and
investigate response to RF fields to assess RF heating properties of the candidate resins. We also model the
spatiotemporal kinetics of our printing and curing process, and create complex 3D structures in our
simulations. This work facilitates rapid, free-form processing of commercial thermosets which establishes
RF heating combined with DIW printing as a promising method for additive manufacturing of
thermosetting systems with reduced processing time and energy requirements.
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Figure 1: Schematic representing the direct-ink write printing process using radio-frequency assisted heating and curing. Step 1
represents the DIW printing process; step 2 demonstrates the RF heating and partial curing process; and step 3: shows the
deposition of a new printed layer, after which the print-and-cure cycle is repeated.
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Experimental Methods

Materials

Bisphenol A diglycidyl ether (DGEBA) epoxide (Hexion, Columbus, OH) was heated at 60 °C in
an oven to melt crystallized material. Before mixing, the resin was allowed to cool at room temperature.
Jeffamine T403 polyetheramine (Huntsman, The Woodlands, TX) was used as a low viscosity hardener.
The epoxide and curing agent were combined in a weight ratio of 100:49. Multi-walled carbon nanotubes
(MWCNTS) (cheaptubes, Cambridgeport, VT) were added to the resin at various loadings between 3-7
wt.%. To ensure uniform dispersion, the MWCNTSs were mixed into the resin using a planetary mixer for
10 minutes. Following this, the mixture was degassed for 20 minutes in a vacuum oven.

Rheology

Rheological measurements were carried out using a stress-controlled rheometer (Anton Paar, MCR
301) at room temperature (at ~23 °C) with a 25 mm diameter stainless steel top fixture and a 50 mm
disposable aluminum plate bottom fixture with a gap of 0.1 mm. Rheological properties of uncured
candidate resins were evaluated prior to printing. An oscillatory amplitude sweep at constant temperature
(25 °C) and frequency (1 Hz) was used to determine the linear viscoelastic region for each candidate resin.
The acceptable region for linear viscoelasticity was in the range of 0.01-0.5% for each of the samples. In
further tests, a constant strain of 0.3% was used. The amplitude sweep also was used to determine the yield
stress of the uncured resin at each loading. A frequency sweep test was used to observe the storage (G’)
and loss (G””) modulus as a function of frequency before the candidate resin is exposed to high shear. A
three-step steady-shear thixotropy test was conducted to mimic extrusion from the print head and determine
time-dependent recovery behavior of candidate resins. There are three regions in this test: an initial rest
period (0.01 s?), a high shear-rate step (1000 s*), and the recovery period (0.01 s?). After this, another
frequency sweep test was conducted on each candidate resin to observe changes in storage (G’) and loss
(G’’) modulus as a function of frequency after high shear.

Radio Frequency setup and Heating Response

A stationary, co-planar radio frequency (RF) applicator was fabricated by laser-etching copper
traces on an FR4 substrate. RF waves were generated using a RIGOL DSG15 signal generator and amplified
using a PRANA GN 500 amplifier. The RF waves, supplied to the applicator using a coaxial cable, created
an electric field that extends above the plane to heat nano-filled resin composites. Maximum heating rate
for each candidate resin was determined. For this test, constant RF power at 1 W was supplied to samples
with an approximate thickness of 2 mm (electric field weakens in the z-direction). Maximum temperature
was recorded using a thermal camera (FLIR Systems, Inc., A655sc) placed above the sample (Figure S1).
For each candidate resin, a sample undergoes a cycle of heating for 1 second followed by a 13 second rest
period for every integer frequency value between 1-200 MHz. For each heating cycle, heating rate was
calculated using data points taken prior to heating and data points taken once the temperature had reached
a maximum.

Printing and Curing

The HyRel Engine Standard Resolution direct ink writing printer was used for printing
experiments. The prepared sample was loaded into a 15-cc dual-gasket stainless cartridge for a HyRel
EMO-XT print head (Hyrel 3D; Norcross, GA) with nozzles of sizes 0.6-0.84 mm (from Structur3D)



attached to the print head. For each printed structure, the CAD files were created using Solidworks, and
converted into g-codes using Hyrel’s Repetrel software in conjunction with Slic3r.

After each layer was printed, the sample was transferred to the RF applicator and partially cured at
~150 °C for 45-60 seconds. The target temperature of ~150 °C was maintained by manually modulating
the RF power. This print-and-cure cycle was repeated for each layer (Figure 1). The final structure was
cured completely at ~150 °C for 10 minutes after the last layer was printed.

Simulations

The model described below was discretized using the finite difference method and solved using a
built-in implicit solver (with a mass matrix) in MATLAB R2021b. The simulations are two dimensional
(x-z) and the thickness of the printed structure is assumed to be negligible in the y-direction. The
spatiotemporal kinetics are described by two ordinary differential equations. The modified Kamal-Sourour

equation was used to model the reaction kinetics® ¢ (Equation 1).
dax

& = (kX™)(1 - X)" (1)
Here, dX/dt is the curing rate, X is the degree of cure, k is the temperature-dependent reaction rate constant,
and m and n are empirical reaction constants that reflect reaction orders and define the initiation and
propagation stages of curing, respectively. The parameters in Equation 1 (k, m, and n), were determined
using DSC experiments in the temperature range of 80-110 °C. The data collected from these experiments
was fitted to the modified Kamal-Sourour equation, and the activation energy was calculated to be ~33
kJ/mol using the Arrhenius equation. The calculated activation energy was used in the model to compute k
as a function of local temperature.
The energy balance for the model is as shown in Equation 2:
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Here, dT/dt is the rate of change in temperature, the V2T term indicates heat conduction within the resin,
and the AHx, term accounts for the heat generated by the exothermic curing reaction. Material functions
like the thermal diffusivity (o) and the heat capacity (Cp) are matched to the epoxy resin itself.

The thermal transport in the y direction is described by the Qex: term, which includes the heat losses
to surroundings via convection to the air through the front and back of the sample (Figure S2). These are
written as shown in Equation 3:

Qext =2 X [ T — Tqir) (3)

Here, h is the convection coefficient for air (~30 W/(m? K)), p is the density of the resin (900 kg/m?), C; is
the heat capacity of the resin (~2000 J/(kg - K)), tresin is the height of the resin in the reservoir (1 mm), T is
the temperature at a node, and T is the temperature of air in the room. The temperature of the atmosphere
and the underlying substrate were assumed to be 298 K.

The Qrr term indicates the volumetric heat source due to the RF field. We describe this field using
a simple approximation: If a given location (X, z) is within a user specified range of the RF field source,
then this term is turned on. Just as the RF power was modulated in the lab experiment to keep the maximum
temperature of the resin in the range of 130-150 °C, the model similarly employs proportional control of
the Qre term with a steady-state gain of 1 based on the maximum temperature of the resin reservoir.

The boundary conditions of the system are as follows: the system experiences heat loss via
convection through both the sides and the top (in the positive and negative x-direction, and in the positive
z-direction) and conduction to a glass substrate through the bottom (in the negative z-direction). These
conditions are valid for a structure like a rectangular wall that encompasses the defined system, but in order
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to print complex shapes like a pyramid or turret, the simulation needs to be able to identify when and where
the resin is deposited. At time = 0 seconds, the system is composed of air, and the simulation uses an
external function to calculate the time when the resin is deposited, and the (x,z) location where the resin is
deposited. This computed time is used to distinguish the locations where the system is composed of air and
epoxy by applying Equations 1-3 only in the spots where the resin is deposited to model the printing and
curing processes.

For printing cylindrical structures, the boundary conditions mentioned above were changed to
periodic boundary conditions. The printed structure can be curved to model a three-dimensional open
cylindrical structure.

Characterization

Dynamic Mechanical Analysis. Dynamic Mechanical Analysis (DMA) was performed using a TA
Instruments DMA 850 to measure and compare the thermo-mechanical properties of RF cured and
conventionally cured samples. Moduli change as a function of temperature was observed using a 35 mm
dual cantilever test for both samples with a temperature ramp from 35 °C to 120 °C, at a rate of 3 °C/min.
A strain of 0.04 % and frequency of 1 Hz was set for all the tests.

Scanning Electron Microscopy. Cross-sectional morphology of samples cured using RF heating and
conventional oven heating were observed using an FEI Quanta 600 FE-SEM.

Mechanical Testing. Longitudinal tensile testing was conducted on ASTM D638 type IV tensile bars cured
using RF heating and conventional ovens using an Instron load frame with a 30 kN load cell. The
displacement rate was set to be 2 mm/min. The raw data of Load, F [N] vs Displacement, d [mm] was
converted to Stress 6 [N/m?] vs Strain € [%], and ultimate tensile strength was compared for tensile bars
made using either curing method. Five samples made using either manufacturing method were tested and
compared.

Results and Discussion

We first discuss rheology and RF heating results for varied CNT loadings to determine the ideal
filler loading for our process. Next, we discuss printing results and demonstrate the ability of our process
to print high-resolution complex shapes. After that, we discuss the characterization results of our printed
parts and compare them to parts cured using conventional methods. Finally, we discuss simulation results,
which assess how certain print parameters affect the properties of the final part and the ability of our process
to print other complex shapes.

Ink properties

The resin needs to meet certain rheological requirements to be an effective ink for Direct Ink Write
printing. The DIW printing process can be divided into four major sections: (1) static (rest) state inside the
print head; (2) shear flow inside the nozzle; (3) high shear extrusion inside the nozzle and (4) static (rest)
state on the print bed. An ideal DIW resin ink should be a stable viscoelastic solid at rest, flow when
subjected to shear stress, and recover its properties once high shear stress is removed. The rheological
properties of the resin with different CNT loadings were investigated to determine a suitable candidate resin
for DIW printing. Figure 2 shows that there is an increase in yield stress of CNT-filled resin with an
increase in CNT loading. A very low yield stress (~1 Pa) will mean that the uncured resin will collapse
without any resistance to deformation; however, a very high yield stress (>100 Pa) is also not preferable as
it cannot be easily extruded from the printer nozzle (Figure S3).
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Figure 2: Yield stress obtained from oscillatory stress sweeps as a function of CNT loading in uncured resin.

Next, the storage modulus (G’) value of the resin before and after the high shear process was
measured (Figure 3). We see an increase in modulus value and the recovery of the resin viscosity after high
shear with an increase in CNT loading. In a printing process, after the high shear extrusion from nozzle, a
high storage modulus of the resin at low frequencies represents rigidity and shape retention of the printed
form.
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Figure 3: Dynamic frequency sweep plots of uncured CNT-loaded resin at different CNT loadings, before and after
subjecting to high shear. The storage modulus of the resin before and after high shear was monitored to determine shape retention
of the printed part.

Finally, a three-interval thixotropy test (3ITT) was performed to determine the recovery in viscosity

of the resin after exposing it to high shear; the results show that the percentage of viscosity recovered



increased with CNT loading (Figure 4). A high viscosity post shear is preferred because it enables the
printed part to hold its shape and maintain resolution.
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Figure 4: Three interval steady-shear thixotropy results for varied CNT loadings in uncured resin. The three regions in this test
are as follows: an initial rest period (0.01 s), a high shear-rate step (1000 s%), and the recovery period (0.01 s).

The sample with 3 wt.% CNT loading showed low vyield stress and poor recovery of storage
modulus and viscosity modulus post high shear, making this resin fairly unsuitable for printing. Samples
with 5 wt.% and 7 wt.% CNT loading showed high yield stress and good recovery of storage modulus and
viscosity values; however, in order to demonstrate the ability of our system to print relatively low viscosity
inks with high resolution, we chose 4 wt.% as our candidate resin. The resin with a loading of 4 wt.% had
workable yield stress and showed good recovery of G’ and viscosity values post high shear.

Ink heating properties

The rate of heating was measured for epoxy-CNT samples at different CNT loadings when the
samples were exposed to radio-frequency fields across a frequency range of 1-200 MHz (Figure S4). The
results show a rise in RF response with an increase in CNT loading; this can be quantified by the
instantaneous heating rate observed for each sample when exposed to RF. The plot of the heating rate as a
function of CNT loadings is shown in Figure 5. While 3 wt.% shows very low RF response, the other
loadings (4, 5, and 7 wt.%) show rapid heating rates (approaching > 100 °C in ~15 seconds at 1 W), which
is required for our layer-by-layer RF heating process. Thus, resin with 4 wt.% loading of CNTSs is chosen
for our printing experiments, as it showed desired rheological properties and RF heating response.
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Figure 5: Maximum heating rate measured as a function of CNT loading in uncured resin. The CNT-filled resin was exposed to
Radio-frequency fields at a constant power of 1 watt, with frequencies ranging from 1-200 MHz.

Printing Results

Here, we demonstrate our new method for DIW printing and RF curing of thermosetting epoxies
using a print-and-cure cycle. We first compared the print quality, shape retention, and the ability of the
structure to hold the weight of subsequent printed layers with and without partial RF curing after each layer
was printed. Figure 6a shows the ideal print shape, and we compare the images in Figures 6b-c against
this ideal shape. The results in Figure 6b and 6¢ show a printed wall without RF heating after each layer
and with RF heating after each layer, respectively. We observed that the structure collapsed after 5 printed
layers when it was not partially cured using RF heating. On the other hand, the printed structure that was
RF heated after each layer was able to maintain height without collapsing for 8 layers. These results
demonstrate that partial curing using RF heating allows the structure to support the weight of subsequent
layers. Figure 6d shows a wall printed using DIW and RF heating of a sample with 10 wt.% CNT; this
shows that our method can be extended to resins with high filler loadings.
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Figure 6: Walls printed using DIW and 4 wt.% CNT resin: (a) A top-down view of the CAD file showing the ideal wall shape.
(b) Wall printed without RF cure, which caused structural collapse after 5 layers. (c) Wall printed with RF partial cure after each
layer, no structural collapse at 8 layers. (d) Wall printed using 10 wt. % CNT resin with RF cure, showing RF and viscosifying
techniques can easily be combined.

We printed various complex shapes to demonstrate different aspects of print quality. The first shape
is a gear with a height of ~0.2 mm (Figure 7a). This gear print shows that multi-layered complex structures
can be successfully manufactured using this methodology. Next, we printed a single-trace hexagon (Figure
7b). The sharp corners in Figure 7b indicate that the print-and-cure cycle followed after each printed layer
allows for the printed part to maintain its resolution without relying on long curing schedules or high
viscosity ink systems.
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Figure 7: Complex shapes manufactured using direct-ink write printing and RF heating and curing: (a) A complex gear print, (b)
single-trace hexagon.

Characterization

Dynamic Mechanical Analysis (DMA) results show that the elastic moduli of a sample
manufactured conventionally (oven cured) is similar to a sample manufactured using DIW printing and RF
heating (Figure 8). Both samples were cured at the same temperature (150 °C) and residence time (5
minutes). Furthermore, the glass transition temperature observed for the RF cured sample (87.5 °C) and the
conventionally cured sample (79.3 °C) is also similar, which demonstrates that the samples printed using RF
curing method have similar thermal and mechanical properties compared to the conventional oven-cured

samples.
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Figure 8: Dynamic Mechanical Analysis (DMA\) plots for samples fabricated using (a) DIW printing + RF curing, and (b) oven
curing in a mold. A 35-mm dual cantilever beam procedure was followed at a frequency of 1 Hz.

The cross-section of samples manufactured using RF heating or conventional curing were observed
using SEM (Figure 9). RF heating is a volumetric heating method which means that the sample heats from
inside-to-outside, eliminating trapped air bubbles, and resulting in a uniform morphology (Figure 9a-b).
Here, distinct printed layers are not visible in the cross-sectional morphology; this shows that the print and
cure cycle using RF heating allows for sufficient inter-layer adhesion. Comparing these results to
conventional curing, which employs convective heating, the outer layer of the print cures first, trapping air
bubbles inside the final part, and leading to voids in the sample and decreased mechanical strength (Figure
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9c-d). This is consistent with our prior work, which involved manufacturing of nanocomposites using
selective RF heating and curing®.
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Figure 9: Scanning Electron Microscopy (SEM) images of sample cross sections. CNT-filled epoxy samples were manufactured
using (a-b) conventional oven curing in a mold and (c-d) DIW printing and RF heating.

The mechanical properties of ASTM D638 Type IV tensile bars were measured and compared for
samples manufactured via two methods: (i) Direct Ink Writing with RF heating, and (ii) conventional oven
curing in a mold. The DIW printed samples which were cured using RF heating had a tensile strength of
~23.1 MPa, while conventionally made samples yielded a tensile strength of ~18.6 MPa (Figure 10). The
slightly higher tensile strength of RF cured samples could be because volumetrically cured samples have a
lower void fraction compared to samples cured using convective heating (oven curing).

13



30

23129
25

18.6 1.3

Strength [MPa]
o S

-
o

DIW + RF Mold + Oven

Figure 10: Ultimate tensile strength values for ASTM D638 Type IV tensile bars cured using DIW Printing + RF heating and
oven curing in a mold.

Simulation Results

We used finite differences to simulate the spatiotemporal kinetics of a resin reservoir exposed to a
moving heat source to print complex structures. The simulation computes the temperature and the percent
of epoxy cured (referred to as conversion, or X) changing with time at each point in space. The localized
RF heating was mimicked using a localized heat source with a specified path in space and time. The purpose
of the following simulations is to demonstrate the potential of this method as well as to help optimize the
printing and curing parameters for manufacturing thermosetting resin parts using DIW printing and RF
heating.

First, we used the model to demonstrate the DIW printing, RF heating, and curing of thermosetting
epoxy loaded with 4 wt. % CNT. For this simulation, temperature and conversion are computed as a
function of time for each time step. The input path, comprised of (x,z) locations, specifies the movement
of print-head and heat source to form a wall structure with a layer height of 0.001 m. The temperature of
the heat source in the simulation was modulated to be within 140-150 °C. The print speed was calculated
such that each spot is approximately 60% cured at 140-150 °C. The resulting temperature and conversion
are depicted as a function of space at three different times in Figure 11.
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Figure 11: Surface plot of temperature and conversion of a wall changing with time (t = 1750 seconds, 3500 seconds, 7000
seconds) and space.

Similarly, another wall structure was simulated with a layer height of 0.002 m; all other input
parameters remain the same as in the previous simulation. Figure 12 shows a comparison of conversion at
the final time of the two wall structures. The results in Figure 12 indicate that the layer height can have a
significant impact on how much each layer of the structure cures, and the maximum achievable structure
height. The lower conversion observed with a larger layer height in Figure 12b could result in the printed
structure collapsing at a shorter height. This means that, in addition to the rheological properties of the
resin, the printing parameters themselves could affect print resolution and end-use properties.
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Figure 12: Surface plot of conversion of a wall as a function of space at the final time. The structures have a layer height of (a)
0.001 m, and (b) 0.002 m. Other parameters like residence time, target temperature, and system parameters remain unchanged.

Next, we show the potential of this method in printing three-dimensional shapes like an open
cylinder with a small thickness. This simulation follows the same parameters as the wall in Figure 11;
however, the boundaries in this simulation are periodic, i.e., continuous in the x-direction, thereby
simulating a 3D cylinder via a 2D simulation (neglecting curvature effects). The results in Figure S5 show
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conversion and temperature as a function of space and time at two different time points: the halfway time
and the final time. The temperature plot demonstrates periodic boundary conditions by showing the heat
transfer from one side to the other when the heat source is at a side boundary. The surface plot of the
conversion at the final time was superimposed over a cylindrical structure to provide an illustration of the
three-dimensional shape (Figure 13).

Front Back

1cm
_—-—-—

Figure 13: Surface plot of conversion of a cylinder mapped onto a cylindrical surface to show the three-dimensional structure.
This figure corresponds to results shown in Figure S5.

We also illustrate how complex shapes like a turret can be printed using our technology. The results
in Figure 14a indicate that complex structures with high resolution are achievable with this technology.
Note that the resolution of these results is limited by the simulation mesh size rather than the nozzle size or
heat source range. The final cured structure is remarkably similar to the input print path (Figure 14b),
allowing engineers to produce structures that are similar to an original CAD design.
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Figure 14: (a) Surface plot of conversion of a turret as a function of space at the end of the simulation, mapped onto a cylindrical
surface to show the three-dimensional structure. (b) Plot of the input print path used to simulate the turret.

Conclusions

In this study, we have successfully developed a novel methodology for additive manufacturing of
thermoset nanocomposites via Direct Ink Writing coupled with localized, radio-frequency heating. The
repeated print-and-cure cycle described in this work allows for the fabrication of multi-layered thermoset
parts without relying on any viscosity modifying agents or novel chemistries. Rheological properties and
RF response of the resin at different carbon nanotube loadings were analyzed prior to printing in order to
determine a carbon nanotube loading suitable for our printing system. Complex shapes with high print
resolution were achieved using the proposed methodology. Thermomechanical characterization showed
that samples cured using RF heating had comparable storage moduli values when compared to a
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conventional, oven-cured sample. Tensile testing yielded better strength values for the RF-cured samples
than the oven-cured samples; this could be attributed to the fact that volumetric, RF heating results in a
void-free, smooth morphology of the final part, as seen from the cross-sectional SEM images. Simulation
results show how certain printing parameters such as layer height affect the final printed structure; further,
simulations also show that this additive manufacturing methodology could be further explored for free-
form printing of other complex shapes as well. This work establishes localized RF heating and DIW printing
as a feasible approach for additive manufacturing of thermoset nanocomposites.
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Figure S1: Schematic of fringing field RF applicator for localized heating and curing of DIW printed CNT-filled resin.

22



y

Figure S2: Schematic of simulation system. A two-dimensional (x-z) system with thermal transport (Qext) in the y-direction.
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Figure S3: Stress sweep curves for uncured CNT-loaded resin with loading (a) 3 wt.%, (b) 4 wt.%, (c) 5 wt.%, and (d) 7 wt.%.
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Figure S4: Rate of heating observed across a frequency range of 1-200 MHz at a power of 1 W for CNT-filled resin with
loadings of 3, 4, 5 and 7 wt.%.



Conversion
0.02
0.015
E o.01
N

0 0.005

0.01
x (m)

0.015

Time = 3500 seconds

T(C
0.02 €0
-120
0.015
100
E o001 -
N
60
0.005
40
o]
0.005 001 0015
x (m)

Conversion
0.02 T —

0.8
0.015 -
10.6
E 0.01
i 0.4
0.005 -
0
0 0.005 0.01 0015 0.02
X (m)
Time = 7000 seconds
Tre
0.02 co
1120
0.015
1100
3
£ 0.01
= 80
60
0.005
40
0,
0.005 0.01 0.015
X (m)

Figure S5: (a) Surface plot of conversion of a cylinder as a function of space at final time, and (b) surface plot of temperature of
a cylinder as a function of space at halfway time.
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