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Abstract

Radio-frequency (RF) heating of thermosetting epoxies is an agile method to decouple the
extrudability of epoxy resins from their buildability for additive manufacturing. Through this
method, the resin is extruded in the liquid state at the early stages of curing. Then, an RF applicator
induces a rapid and uniform increase in temperature of the resin, accelerating the solidification of
the printed feature. Understanding the evolution of the resin’s RF heating response as it cures is
therefore critical in meeting the demands of additive manufacturing. In this work, we show that
the high-frequency dielectric loss, determined using in situ rtheo-dielectric measurements, of both
neat and carbon nanotube (CNT) filled resins is correlated to the heating response at different
temperatures throughout curing. Furthermore, we show that the presence of CNTs within the resin
augments the heating response and that their dispersion quality is critical to achieving rapid heating

rates during the cure.

Keywords
Carbon Nanotubes, Thermosetting Epoxy, Rheology of Curing, Electrochemical Impedance

Spectroscopy, Radio-frequency Heating

Abbreviations
AC, alternating current; CNT, carbon nanotube; DIW, direct ink writing; EIS, electrochemical

impedance spectroscopy; RF, radio-frequency; UV-vis, ultraviolet-visible
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1. Introduction

Thermosetting epoxy resins are high-performance materials which have excellent
mechanical strength, resistance to chemical degradation, and high thermal stability as a result of
their permanent chemical cross-links.!* The ability to reinforce these resins with nanoscale fillers
to further enhance their mechanical, electrical, and thermal properties is particularly appealing for
manufacturing high performance parts such as energy storage devices, piezoelectric sensors,
aerospace and automotive industry parts, and drone rotor blades, among many more.>® Direct Ink
Writing (DIW) allows for free-form additive manufacturing of these materials, enabling rapid
custom part manufacturing without the requirement of shape-specific molds.!%-'> However, the
uncured resin ink tends to collapse if the printed structure goes beyond its yield stress during the
print process, or the printed part collapses during the cure process due to a reduction of viscosity
at higher temperatures.!3-1> These challenges make it difficult to decouple the printability of the
resin from its mechanical properties post printing.'>-!7 One possible solution to tackle this
challenge is to accelerate the curing reaction and rapidly cure the extruded layer after deposition
before printing the subsequent layers; this provides structural strength to the printed layers, thus
allowing for shape retention and prevention of the collapse of the structure.!®1?

Radio-frequency (RF) heating addresses this challenge by providing a direct and rapid
temperature change necessary for DIW and additive manufacturing.'>20-22 The responsiveness of
a material to an RF field depends sensitively on the high frequency dielectric loss of the material,
which is often too low in neat resins to induce rapid solidification.?*-** However, this response can
be enhanced by the addition of multi-walled carbon nanotubes (CNTs); CNTs increase the high
frequency dielectric loss of the resin because they enhance its conductivity via electron transport.?>-

28 This enhancement depends sensitively on the dispersion state of the CNTs, which can evolve as
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the resin cures. Understanding the evolution of dielectric properties of CNT-filled resins is
extremely relevant to predicting optimal curing conditions.!??%-3! Therefore, there is a critical need
to investigate the evolution of the dielectric properties during the cure of CNT-filled thermosetting
epoxy resins and how they influence the heating rate of the material for RF curing.

In this work, we use rheo-dielectric measurements to investigate the evolution of the
dielectric properties of neat and CNT-filled resins during the curing process as a function of curing
temperature. We confirm that the dielectric loss is enhanced in the presence of CNTs. This
enhancement, however, is diminished with decreasing curing temperature. This phenomenon
results from the higher degree of agglomeration at lower temperatures caused by the slower curing
kinetics. Finally, a correlation is established between the high frequency dielectric loss
(determined at 1 MHz in our experiments) and the heating rate measured by resins subjected to an
RF field. Our results show that dielectric measurements provide a quantitative probe of the
responsiveness of a resin to an RF field, which can be used to engineer resin properties for DIW
applications.

2. Experimental Methods
2.1. Sample Preparation

EPON 828 (p = 1.16 g/cm?), a difunctional Bisphenol-A derived epoxide, was obtained
from Hexion Incorporated (Columbus, OH). Jeffamine T403 (p = 0.98 g/cm?), a trifunctional
primary amine curing agent, was supplied by Huntsman Corporation (The Woodlands, TX). Multi-
walled CNTs (p =2.10 g/cm?) were purchased from Cheap Tubes Incorporated (Grafton, VT). For
samples with CNT fillers, 4 wt % of CNTs were uniformly dispersed in the epoxide using a

planetary mixer for 10 minutes. The two-part thermosetting epoxy resin were prepared at a
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1.00:0.49 wt/wt ratio of the epoxide and the curing agent for all samples (stoichiometrically

balanced).!122!
2.2. Rheology

Small amplitude oscillatory shear experiments were performed using a TA instruments
ARES G2 strain-controlled rheometer equipped with a custom-built, disposable plate-plate
geometry (aluminum, 25 mm diameter). All measurements were taken with a gap of 0.2 mm,
zeroed at the cure temperature. The temperature was controlled using a forced convection oven.
Prior to combining the epoxide and the curing agent, the plate-plate geometry was pre-heated to
and kept at the desired cure temperature for about 10 min. The resin was then uniformly mixed
and rapidly loaded onto the geometry. Measurements were commenced immediately after
returning to the set gap and cure temperature. The moduli of the samples were recorded as a
function of time at 1 Hz with a strain amplitude of 0.1% (determined to be in the linear viscoelastic
region from previously published work).!
2.3. Characterization

An Olympus BX51 Optical Microscope with 10X objective was used to observe the
agglomeration of CNTs in an epoxy system as a function of curing time. Images were taken every
3 hours. UV-vis spectroscopy measurements were taken using a Shimadzu UV-vis 2500 to
determine the dispersion stability of the CNT-epoxy system as a function of curing time. The
wavelength was varied from 300 to 800 nm. Absorbance readings were taken until the sample was
completely cured.
2.4. Electrochemical Impedance Spectroscopy

The impedance of the samples was probed using dielectric spectroscopy with a Keysight

E4990A Impedance Analyzer. A 0.5 V alternating current (AC) electric field was applied to the
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material at a frequency, f, range of 20 Hz to 5 MHz. The measured impedance was corrected for
the residual impedance of the instrument and stray admittance of the open circuit using standard
corrections. The permittivity, € *, was calculated from the corrected impedance, Z *, following the
equation €* = C/(Z " egiw) where C is the geometry cell constant of 1.02 m'!, g is the vacuum
permittivity, 7 is the imaginary unit, and w is the angular frequency given as w = 2nf.
2.5. Radio-Frequency Heating

A Rigol DSG815 signal generator combined with a PRANA GN 500 power amplifier was
used to generate RF waves. A stationary, coplanar applicator with a field length of 4 mm was used
to apply the RF field, and the sample to be tested was exposed to this field for 3 s at 3 W power at
a frequency of 130 MHz. A FLIR infrared thermal camera (FLIR Systems Inc., A655sc) was used
to capture temperature as a function of time, and the initial heating rate for each run was calculated
by measuring the slope of the temporal plot.
3. Results and Discussion

3.1. Mechanical Behavior and Cure Times
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Figure 1. (a) Time evolution (¢) of the storage modulus (G) for the neat and CNT-filled resins at specified cure
temperatures. Legend shown in the bottom panel applies to all subfigures. (b) The degree of conversion (@) calculated
from G’ as a function of time. The vertical, dashed lines represent the cure times (t.) for each sample. (c) The degree
of conversion replotted against time normalized to the determined cure times.

The rheological behavior of the epoxy resins was examined at different cure temperatures
of 25, 40, and 60 °C. Figure 1a shows the time evolution of the storage modulus, G', during
isothermal curing of the neat and 4 wt% CNT-filled resins. Three regions are typically present
during the cure period: an initial, kinetic, and post period.! During the initial period, G" increases
slightly with the formation of small, branched polymer chains. For the neat resins, G’ could not be
measured in the initial period, signifying a liquid-like behavior. On the other hand, the presence of
CNTs elevates the starting values of G’ to above 100 Pa. As seen in Figure S1, this led to values
of tan(8) smaller than 1, indicating that the CNTs have formed an elastic network.3>3* For the
CNT-filled sample cured at 25°C, G’ rises steadily to about 60 kPa over the first 12 hours. This
rheological feature, absent from the other samples, is indicative of a microstructural evolution of
the CNT network. In the kinetic period, polymer chains link to form stress bearing networks and

G' rises exponentially. All samples show a transition to the kinetic period at earlier times with
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increasing cure temperatures, consistent with accelerated reaction kinetics.! Finally, G’ plateaus to
a constant value post cure as the maximum cross-link density is reached. The plateau modulus, G’
(00), was taken as the average of G’ for the last ten seconds of each experiment and recorded in
Table 1. These results are consistent with the expected range of moduli values from previously
conducted rheology experiments on this system.! The addition of CNTs shows little reinforcement
on G'(o0), with percent changes of +6.3, -13.3, and -4.9 with increasing cure temperature. CNTs
are known to provide reinforcement!”-'® to thermosetting epoxy resin networks, but only when
interfacial bonding occurs between CNTs and the epoxy matrix.>* As the CNTs in this study are
not surface modified, we do not anticipate strong interfacial bonding.

It is evident that the cure times of the resins decrease with increasing temperature due to
the faster reaction kinetics. The rheological degree of cure, a, was calculated using the following

equation:

_GM-=6()
a= G'(00) — G(0) ° (D)

where G'(0) and G'(t) is the storage modulus at the beginning and during the cure, respectively.?
While G’ does not track crosslinking of the molecular system as well as spectroscopic
measurements,® a sufficiently estimates the depletion of reactive groups and captures the
formation of the cross-linked network in our resin system. Figure 1b shows the plot of @ over time
for all samples (values of G’ for the neat resins prior to the kinetic period, where measurements
could not be resolved due to the torque resolution of the rheometer, were set to 0 Pa in the
Table 1. Determined plateau modulus and time of cure and of the thermosetting epoxy resins
calculations). An abrupt increase in @ occurs in a time frame similar to that of the peak in tan(0)
for the CNT-filled resins in Figure S1. This is appropriate because the tan(d) peak signifies the

onset of the kinetic period.?”-3® Both the neat and CNT-filled resins at the same cure temperatures
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begin the kinetic period approximately at the same time. The cure time, t., can be taken as the time
required to attain G'(oo). Here, we approximated t, as the time when a exceeds a threshold value
of 0.97. As recorded in Table 1, the presence of CNTs had a negligible influence on ¢, at all

temperatures tested.

25°C 40 °C 60 °C
G(0) to |G(o) to |G®) g
(GPa) (hr) | (GPa) (hr) | (GPa) (hr)
Neat 207 20.74 | 2.17 9.75 2.05 4.20
CNT-filled 2.20 21.19 1.89 9.16 1.95 393

To better assess the curing profile of the neat and CNT-filled resins, a was replotted in
Figure 1c versus time normalized to t. for each sample. Here the differences in the time evolution
of the thermosetting epoxy resins are evident. Neat and CNT-filled samples cured at of 25 and 40
°C show near similar profiles, with the transition to the kinetic period at about t/t, = 0.6 with the
sudden upturn in a. The samples cured at the highest temperature of 60 °C, however, show the
same transition occurring earlier around t/t, = 0.4. The reduction in the transition time at 60 °C
suggests an enhancement of the resin reaction kinetics. This may be attributed to the sample
viscosity that decreases with increasing temperature, which would improve monomer diffusion.
3.2. Carbon Nanotube Microstructure

As demonstrated in the rheological measurements, the microstructure of CNTs undergoes
a transient evolution during the cure. To investigate this further, optical microscopy image of the
CNT-filled samples were taken to assess the initial and final state of the CNTs. Figure 2 gives a

visual representation of the dispersion quality of the CNT-epoxy system for each cure temperature.

Figure 2. Optical microscopy images of 4 wt% CNT-filled resins (a) immediately after mixing the epoxy with the
curing agent (t/t. = 0) and cured (t/t; > 1) at (b) 25, (¢) 40, and (d) 60 °C.
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At t/t, = 0, the CNTs remain finely dispersed with only a small number of agglomerates
discernable throughout the sample. At the end of cure, larger CNT agglomerates are present whose
number and size depend on the cure temperature. With increasing cure temperatures, the extent of
CNT agglomeration becomes less prominent. This is consistent with the faster curing kinetics that
reduce the time for CNTs to agglomerate, thus maintaining their dispersion in the epoxy.’*
Additionally, the observation of massive agglomerates at the cure temperature of 25 °C is
consistent with the enhancement of G' at early times observed in the rheology measurements. In
contrast, higher cure temperatures of 40 °C and 60 °C suppresses this rheological feature because
the curing time reduces substantially such that CNT agglomeration was inhibited.

To characterize the transient evolution of the CNT microstructure throughout the curing
period, UV-vis spectroscopy was performed on the CNT-filled samples. The complete UV-vis
spectra from a wavelength of 300 to 800 nm are shown in Figure S2, while Figure 3 shows the
absorbance of the system at 400 nm. For all curing temperatures, the absorbance initially decreases
for short times, t/t. < 0.4. The reduction in absorbance is more substantial for the sample cured at
25 °C, consistent with the results of Figure 2 which shows that agglomeration of CNTs cured at

25 °C is highest. At longer times of t/t, > 0.4, a gradual rise in absorbance occurs for all samples.

We attribute this to the growth of progressively larger chains of reacted epoxide groups and the
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Figure 3. UV-vis absorbance taken at a wavelength of 400 nm (A4bs9,.,) of the CNT-filled resins as a function of the
normalized curing time (t/t;).
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formation of the epoxy network that increases the viscosity and absorbance of the sample. The
overall trend of the UV-vis absorbance suggests that the CNTs predominantly agglomerate in the
kinetic period where movement of the CNTs is yet to be inhibited by the cross-linking process. It
is interesting to note that the absorbance of the CNT-filled resin continues to rise above t/t, = 1.0.
This would indicate that the curing process continues even though the rheological behavior has
stopped changing.
3.3. High-frequency Electrical Conductivity

The addition of CNTs, their agglomeration, and the formation of the epoxy network will
all have an effect on the material’s dielectric properties. To assess this, we performed rheo-
dielectric measurements on the samples during the curing process using a custom-built,
demountable plate rheometer geometry pictured in Figure S3. For each sample and at each cure
condition, the dielectric properties were monitored simultaneously with the storage modulus
shown in Figure 1. The frequency dependent AC conductivity of the neat and CNT-filled resin at
t/t. =0, 0.25, 0.5, and 1.0 is shown in Figure S4. Based on the measurements, the dielectric
response of both the neat and CNT-filled resins are consistent with that commonly seen in
literature.3%-40:41

Understanding the impacts of the curing process on the high-frequency conductivity of the
neat and CNT-filled resins is crucial in assessing their response to RF fields. The conductivity of
the resins was measured at | MHz as a function of time. This frequency was chosen because it is
within the relevant range for RF heating and is the highest resolvable frequency for our impedance
analyzer. As shown in Figure 4a, the addition of CNTs to the neat resins leads to higher
conductivities regardless of the cure temperature and degree of cure. This is a result of electronic

conduction within the percolated CNT network.*! In both the neat and CNT-filled samples, a peak

11
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Figure 4. (a) Time evolution (t/t;) of the conductivity at 1 MHz (01mnz) of the neat and CNT-filled resins. (b)
Conductivity at 1 MHz of the fully cured CNT-filled resins measured at cure and room temperature.

occurs in the conductivity around t/t, = 0.3. This is similar to what has been observed in previous
literature?® and may be connected to the formation of the epoxy network. Indeed, as the curing
reaction progresses past this point, the conductivity steadily decreases as the samples fully solidify.
Fully cured samples show a minimum conductivity, consistent with the reduction of polarizability
of the epoxide groups because of cross-linking. Additionally, the conductivities still decrease past
t/t. = 1.0, consistent with the continual increase of the UV-vis absorbance measurements of
Figure 3. This reinforces the argument that the epoxy continues to react beyond what is
rheologically measurable. Nevertheless, the enhanced conductivity of the CNT-filled samples is

retained even at full cure, and the slow decrease in conductivity observed in the neat samples is

significantly diminished beyond t/t, = 0.6.

12
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A large difference in the conductivity of the CNT-filled sample is observed as a function
of cure temperature. While conduction in CNT-filled resins is known to be temperature sensitive,
this variance can also be exhibited by the different CNT microstructure.*? To deconvolute this
contribution, the conductivity of the CNT-filled resins cured at 40 °C and 60 °C was remeasured
at 25 °C. Figure 4b shows the comparison of the conductivity at cure temperature to that at 25 °C.
It is evident that the temperature dependence of the conductivity alone cannot account for the
variation between the two samples. We conclude that the large differences in the conductivity
between CNT-filled samples is primarily due to the higher degrees of CNT dispersion.

3.4. Heating Rate Response

To evaluate how the effects of curing and CNT agglomeration impact the responsiveness
of the samples to an RF field, we measured the temperature rise of the samples with time at a fixed
RF field strength. To do this, a coplanar applicator shown in Figure 5a was used to generate
fringing RF fields using a frequency of 130 MHz, the optimum heating frequency for this
applicator. The resulting rise in temperature with time is plotted in Figure S5 for both the neat and
CNT-filled resins, all showed a linear increase with time. The heating rate was observed at multiple
time points throughout the curing cycle and the heating rate determined at each experimental
condition is summarized in Figure Sb.

The neat samples have an initial heating rate of ~4 °C/s that lowers to <1 °C/s at the end of
cure, indicating strong inhibition of the polarizable epoxy and amine ends as the curing reaction
progresses. The neat samples also show the same curing rate at equivalent values of t/t., which
demonstrates that the rheological measurements provided an accurate basis for defining t.. For the
CNT-filled resins, the initial heating rate at t, = 0 was ~8 °C/s, which is significantly higher than

that of the neat resins. However, the heating rate of CNT-filled resins at different times across the

13
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Figure 5. (a) Coplanar radio-frequency field applicator used to generate RF fields and heat up the resin. Temperature
monitored using a thermal camera. (b) Time evolution (t/t;) of the instantaneous heating rate (dT/dt) of the neat and
CNT-filled resins when exposed to RF fields. (c) Correlation of the heating rate to the dielectric loss (€”) of the resins
for t/t. > 0.4. Black, dashed lines are fits to the neat resin data according to Equation 2.

curing period varied based on the curing temperature as a function of t/t.. The sample cured at 25
°C showed a decrease in heating rate similar in magnitude to the neat resins, albeit with an
enhanced overall heating rate throughout the cure. As the curing temperature increased, the rate of
decline of the heating rate with increasing cure time diminished. This observation is consistent
with the improved dispersion quality of CNTs at higher curing temperatures (Figure 2 and 3),
which leads to higher overall conductivity throughout the cure in the CNT-filled samples in Figure
4. The observation of decreased RF heating rate of the resin as it cures is consistent with the
reduced conductivity of the resin as the curing reaction progresses.

We have established in our previous work that responsiveness of epoxies to RF fields

depends on the electrical conductivity of the material.>> A microscopic energy balance predicts a
. dT . . . .

heating rate, ;, that scales with the dielectric loss, £", of the material at the frequency of the RF

field according to Equation (2):

dT E2we
—_ 7,\08” — Cg”, (2)

E - pCp
where w is the RF frequency, E is the applied RF field strength, p is the material density, C p is the

material specific heat capacity, and &, is the vacuum permittivity. For quantitative comparison, we

14
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O1MHz

approximate &” in Equation 2 as " = . Figure Sc¢ shows the heating rate as a function of &” for

[OF0]

cure times of t/t. > 0.4, when the resin system begins to undergo rapid changes in rheological and

. . . . . . . dr
dielectric properties. In this scaled representation, a strong and linear correlation between the ;

and ¢"is evident and is indicated by the dashed line. Additionally, the linear relationship indicates
that dielectric heating is the dominant heating mechanism for the neat resins. The resulting slope
C was used to calculate the effective RF field strength and found to be 28 kV/m consistent with
finite element simulations of similar RF-field applicators.?! In contrast, the CNT-filled samples
exhibit a sub-linear relationship of % and &" resulting in diminished responsiveness of the material
to the RF field despite the higher dielectric loss. This indicates that enhanced dielectric loss that
results from electrical conduction within the CNT network does not contribute linearly to the
observed heating rate. Nonetheless, the higher dielectric loss CNT-filled samples had the highest
rates observed, pointing to the important role that the dispersion quality of the CNTs plays in
determining the responsiveness.
4. Conclusions

In summary, we studied the rheological behavior of a thermosetting epoxy resin with and
without the addition of CNTs as the resin cross-links. For the tested cure temperatures of 25, 40,
and 60 °C, differences in the rheological profile of the storage modulus signified a transient
evolution of the CNT microstructure. Optical microscopy images of the cured samples confirmed
agglomeration of the CNTs, with the degree of agglomeration decreasing with increasing cure
temperature given faster curing kinetics. UV-vis spectroscopy demonstrated that CNT
agglomeration occurred mostly before the formation of the cross-linked network, in which
thereafter movement of the CNT within the system was inhibited. We further probed the effects of

the CNT microstructure on the dielectric properties and RF field responsiveness of the samples.

15



Soft Matter

CNT-filled resins showed greater enhancement in both the conductivity and heating rate with
higher degrees of CNT dispersion. Finally, we correlated the dielectric loss of the resins to that of its
heating rate at identical cure times past the onset of cross-linking. The CNT-filled resin has a higher
dielectric loss compared to its neat counterpart; however, the heating rate of the CNT-filled resin rises
sub-linearly with increase in dielectric loss.

The higher magnitude of heating rate observed in CNT-filled resin compared to the neat
resin allows for rapid, volumetric heating, which is highly important for DIW and additive
manufacturing applications with a layer-by-layer curing methodology. However, the sub-linear
relationship observed in our measurements between the heating rate and the dielectric loss of the
CNT-filled resins presents a diminished response of the CNTs to an RF field. We believe that the
CNTs not only contribute to the dielectric loss of the resin but can also cause reflection of RF
fields at high loadings. Careful consideration of the CNT loading and surface functionalization
methods, which in turn may augment the mechanical properties of the resins, may help prevent
this diminished relationship between heating rate and dielectric loss in CNT-filled resins.
Nonetheless, in situ dielectric spectroscopy is a vaulable tool to determine the RF field
responsiveness of a curing thermosetting epoxy resin. Further study into the tradeoff between the
shielding effect and conductivity enhancement provided by the CNTs is needed to design time and

energy efficient methodologies for RF curing.

16
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