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Nanocomposite film heaters are promising for out-of-oven (OoO) and energy-
efficient curing of fiber-reinforced polymer composites. However, the current
techniques for manufacturing nanocomposite film heaters are intensive in terms
of time and energy and require expensive resources. In this work, we present a
facile and rapid approach for preparation of nanocomposite film heaters with
excellent heat generation properties based on a frontally polymerizable resin
system. This approach enables rapid fabrication of nanocomposite films within a
few minutes and without the need for using expensive equipment, making it
suitable for mass production of nanocomposite film heaters. Various
characterization techniques are used to determine the morphology,
composition, and mechanical properties of nanocomposite films. The
electrothermal performance of nanocomposite film heaters are then evaluated
under various conditions. Nanostructured heaters exhibit excellent Joule heating
properties, where temperatures as high as ~132°C can be reached within only
2 min using a low input power density of ~2 W cm=2. Finally, a nanocomposite film
heater is used for OoO curing of a small composite panel with minimal energy
consumption. Using this approach, 0.1 MJ of energy is consumed during the 4-h
cure cycle of a commercial prepreg system, which would otherwise require at
least 40.5 MJ of energy to cure using a convection oven.

KEYWORDS

out-of-oven curing, frontal polymerization, dicyclopentadiene, Joule heating, fiber-
reinforced composites, energy-effcient, rapid manufacturing

1 Introduction

Fiber-reinforced polymer composites (FRPCs) exhibit excellent specific mechanical
properties, chemical stability, and fatigue resistance, making them an ideal material for
designing lightweight and durable structures in a variety of industries including aerospace,
wind energy, defense, construction, and marine (Zhang et al., 2021; Chen et al., 2023).
However, the widespread use of FRPCs in various applications is limited by their underlying
challenging manufacturing processes. The traditional technology for manufacture of
polymer composites involves elevated-temperature curing of the matrix thermoset resin
for several hours (up to 24 h) in an autoclave or oven (Schlimbach and Ogale, 2012; Lee et al.,
2018). This process is highly intensive in terms of time, energy, carbon footprint, and
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resources. In addition, the production rate and size of components
are limited by the internal dimensions and availability of ovens and
autoclaves.

Composite layups are typically heated in an autoclave or oven
via convection, which is highly inefficient in terms of energy
consumption, as a significant amount of energy is required to
heat up a large volume of gas inside the equipment (Liu et al,
2020). Developing alternative heating methods that enable fast and
efficient heating of a composite layup has been the focus of extensive
research over the past decade. One of the alternative heating
(e.g.
microwave, and ultraviolet) for supplying the energy required for

approaches is using electromagnetic waves infrared,
composite curing. Although each of these radiation curing methods
offers distinct advantages, they are challenging to use at an industrial
scale due to their specific limitations. For example, the high cost of
microwave ovens, use of special tooling materials, and microwave
shielding effect of carbon fibers are key issues that limit the
widespread adoption of microwave heating technique for
composite processing (Nuhiji et al., 2019; Galos, 2021). Direct
conductive heating is a promising heating method, which can
substantially reduce the energy demand of curing process while
eliminating the need for expensive autoclaves or ovens (Yue et al.,
2022). In this curing approach, heat is directly supplied to the
composite layup via conduction, either from a heated mold or direct
resistive heating of a conductive material (Tu et al., 2022). The latter
approach is advantageous as the acquisition and maintenance of
heated tools are costly. In direct resistive heating approach, the heat
required for curing of the matrix thermoset resin is supplied by
passing electric current through a conductor, in which the electric
energy is converted into heat via Joule’s effect (Silva et al., 2017;
Moreira et al., 2021). A wide range of conductive materials including
carbon fiber, metal meshes, and nanocomposite films have been
used as a resistive element for direct heating of composite layups
(Yao et al, 2019; Chen et al, 2020; Karalis et al, 2021).
Nanocomposite films in particular show a great promise for
curing polymer composites in part because of their excellent
electrothermal conversion efficiency, low thermal mass, and
deformability (Bobinger et al, 2019; Xu et al, 2021).
Additionally, nanocomposite films can be integrated into a
composite layup and remain advantageous in service conditions
by imparting new functionalities (e.g., de-icing, damage sensing) to
the host composite structure (Tarfaoui et al., 2019; Groo et al., 2020;
Naseri et al., 2022).

Adoption of direct conductive curing technique using
nanocomposite film heaters requires developing new approaches
for scalable, rapid, and inexpensive preparation of nanocomposite
films with excellent electrothermal properties. There are two main
approaches for preparation of nanocomposite film heaters. In the
more traditional approach, conductive nanoparticles (e.g., carbon
nanotubes, graphene) are added to the polymer matrix of
composites via solvent-based or direct mechanical mixing
techniques to enhance the electrical conductivity of the matrix
polymer for heat generation via Joule’s effect. While these
approaches are useful for bulk preparation of polymer
nanocomposites, they suffer from the challenging processing
steps, safety hazards, and limited amount of nanoparticles that
can be added to polymers (Chakraborty et al., 2011; Wan Dalina
et al, 2019). For example, in preparation of carbon nanotube-
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modified polymers, often less than 1wt.% of nanotubes can be
added to polymers, as increasing the nanotube content substantially
increases the resin viscosity and makes the processing conditions
quite challenging (Ma et al,, 2010). Additionally, it is extremely
difficult to evenly disperse all nanotubes, resulting in agglomeration
of nanoparticles in the polymer matrix and degradation of the
mechanical properties of produced nanocomposites compared to
the pristine polymer (Isaza M et al., 2018; Zeinedini et al., 2018; Xia
et al,, 2020). An alternative approach for preparation of polymer
nanocomposite heaters with a high content of nanoparticles is
creation of papers of nanoparticles followed by impregnation of
the produced nanostructured papers by the polymer resin (Khan
etal,, 2015). Buckypaper, which is a macroscopic assembly of carbon
nanotubes, is one of such papers that has been produced at large
scales and allows for creating polymer nanocomposites with a high
concentration of nanoparticles (up to 30 vol.%) while enabling easier
and safer handling of nanoparticles compared to bulk processing
methods (Lopes et al., 2010). The high concentration of nanotubes
in buckypaper results in a high electrical conductivity in produced
nanocomposites, which is crucial for obtaining the desired
electrothermal performance via Joule heating effect; therefore,
produced heaters deliver superior electrothermal properties
compared to nanocomposite heaters produced using bulk mixing
approaches. The preparation process of nanocomposite films
typically involves infiltration of the nanoparticle network with a
thermosetting resin (e.g., epoxy) under vacuum and often at elevated
temperatures to reduce the resin viscosity and facilitate the
impregnation of the highly dense, porous network of nanotubes
(Ribeiro et al., 2017). Following the infiltration step, the material is
cured in an oven according to the cure cycle of the thermosetting
resin, which can typically take several hours to obtain a fully
crosslinked polymer network. These processing steps make the
manufacturing process of nanocomposite heaters slow and arduous.
Recently, frontal polymerization (FP) has emerged as an energy-
efficient and rapid approach for curing of thermoset resins and their
composites (Robertson et al., 2018; Pojman, 2022; Suslick et al.,
20225 Ziaee et al,, 2022). In FP, a monomer solution containing a
latent catalyst is heated locally to activate the latent catalyst and
initiate an exothermic polymerization reaction. The released heat is
used to activate more catalyst and polymerize more resin. As a result,
a self-propagating reaction wave is formed that propagates through
the monomer solution until all available monomers are converted to
polymer (Pojman, 2012; Ziaee and Yourdkhani, 2021; Naseri and
Yourdkhani, 2022). FP has been demonstrated for a wide range of
resin systems including cyclic olefins, epoxies, and acrylates
(Mariani et al., 2008; Klikovits et al., 2017; Dean et al., 2020).
Dicyclopentadiene (DCPD), a member of the cyclic olefin family,
is one of the FP resin systems, which is of great interest due to its
excellent front properties, long and tunable pot life, very low
viscosity of ~1.5 x 107 Pas, and excellent thermo-mechanical
properties of resulting polydicyclopentadiene (pDCPD) polymer
(Ruiu et al., 2014; Robertson et al., 2017; Centellas et al., 2022).
The aim of this study is to introduce a facile approach for rapid
and energy-efficient fabrication of thermoset-based nanocomposite
film heaters at room temperature without using any vacuum
conditions or ovens. To achieve this goal, we use a low-viscosity
resin (1 ~1.5 x 107* Pa s) based on dicyclopentadiene (DCPD) that
can readily impregnate buckypaper networks at room temperature
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and ambient pressure. Following the rapid impregnation, the
DCPD-based
polymerization. In this work, we first evaluate the quality of the

resin is cured via through-thickness frontal
produced nanocomposite films by characterizing their composition,
morphology, and mechanical properties using various techniques
including scanning electron microscopy, thermogravimetric
analysis, and tensile testing. Then, electrodes are connected to
the opposite sides of the nanocomposite films to create film
heaters and determine the electrothermal performance of
resulting heaters in response to various static and dynamic
electrical loading conditions. Upon characterization of the
electrothermal performance of film heaters, they are used to
demonstrate direct conductive heating and curing of a composite

panel using a commercial prepreg system.

2 Experimental
2.1 Materials

Dicyclopentadiene (DCPD), 5-ethylidene-2-norbornene (ENB),
second-generation Grubbs’ catalyst (GC2), and phenylcyclohexane
(PCH) were purchased from Sigma Aldrich. DCPD is solid at room
temperature; therefore a 95:5wt.% solution of DCPD:ENB was
prepared to depress the melting point of the resin solution. The
DCPD/ENB solution will be referred to as DCPD resin hereafter in
this article. Tributyl phosphite (TBP) was obtained from TCI
PCH
GC2 catalyst in the resin solution, whereas TPB is used as an

America. is used to facilitate the dissolution of the
inhibitor to control the reactivity and pot life of the resin system.
In a typical experiment, 3.21 mg of GC2 was measured and dissolved
in 1 mL of PCH. An appropriate amount of TBP (1 M equivalent
with respect to GC2) was added to the GC2/PCH solution via a
volumetric syringe. This solution was then added to 5 mL of DCPD
and thoroughly mixed. Buckypaper with an average thickness of
60 um was prepared in-house using multiwalled carbon nanotubes
(Nanocyl NC7000) and based on the vacuum filtration technique
following the procedure described in our previous work (Ashrafi
etal,, 2017). A silver-filled conductive paste (ConductiveX) was used
to buckypaper films. A

unidirectional carbon fiber prepreg (AX-6201XL, Axiom) was

for attaching copper electrodes

used for fabrication of composite panels.

2.2 Preparation and characterization of
nanocomposite films

Differential scanning calorimetry (DSC) measurements were
carried out on uncured DCPD resin as well as pDCPD films
cured at various temperatures to determine an appropriate cure
cycle for preparation of nanocomposites. For measurement of
the total heat of reaction of the uncured resin, ~3 mg of resin was
transferred into an aluminum hermetic DSC pan and sealed.
DSC measurements were performed from 25°C to 250°C at a
heating rate of 5°C min~". The residual heat of reaction of cured
pDCPD films was similarly measured by transferring 5 mg of
cured resin into a DSC pan, followed by heating from 25°C to
250°C at a heating rate of 5Cmin~'. Degree of cure was
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calculated as « = 1—H,/H,, where « is the degree of cure and
H, and H, are the total heat of reaction of the liquid resin and the
residual heat of reaction of the cured films, respectively. A
Discovery HR-2 Rheometer (TA Instrument) with a 40 mm
flat geometry and a gap of 500 pm was used to determine the
rheological properties of the DCPD resin containing 1M
equivalent of inhibitor with respect to Grubbs’ catalyst. Time-
sweep measurements were performed at 23°C with a frequency of
1 Hz. The wettability of pristine buckypaper by the DCPD resin
was characterized by measuring the static contact angle at room
temperature using a goniometer (Rame-Hart Instrument). A
droplet of the DCPD resin was placed on the surface of a
buckypaper specimen, and the contact angle was immediately
measured. Five measurements were carried out and the average
value is reported.

Nanocomposite films were prepared by droplet casting of resin
onto the surface of buckypaper (Figure 1). Upon dropping a few
droplets of resin, the resin was observed to quickly saturate the
nanotube network, after which the excess resin was removed using a
lint-free wipe. Through-thickness frontal polymerization was
initiated by heating the DCPD-impregnated buckypaper using a
laboratory-scale hot plate at ~140°C. Since the thickness of the film is
low (~100-200 pm), the propagation of the FP reaction through the
thickness of the film was not noticeable and the overall cure process,
from initiation to full cure, was completed within a few minutes. In
other words, the resin was used here as a cure-on-demand resin
system rather than as a self-propagating FP resin system.
Thermogravimetric analysis (TGA) was used to determine the
resin and nanotube contents in the nanocomposite films,
according to the procedure reported in our previous work
(Ashrafi et al., 2010). Calculation of resin or nanotube content
requires performing TGA experiments on neat polymer, pristine
buckypaper, and nanocomposite film. TGA measurements were
carried out from 25°C to 600°C at a heating rate of 10°C min™’
under nitrogen environment. A 30-min hold was also added to the
temperature profile at 470°C to obtain an accurate weight
measurement of the residue from each specimen at this
processing temperature. Two measurements were performed on
each material. The resin content in the nanocomposite is calculated
as (Ashrafi et al., 2010),

wy = (mr —mc +wi (1 - mg))
(mg —mg)

1=wR+wF+w1 (2)

(1)

wg and wy are weight fraction of resin and carbon nanotube in the
nanocomposite film, mg, my, and m are residual mass of neat resin,
pristine buckypaper, and nanocomposite film measured at 470°C,
respectively. The concentration of solid (i.e., metal) impurities in
pristine buckypaper (w;) was determined by performing an
additional TGA measurement on pristine buckypaper specimens
from 25°C to 1,000°C at a heating rate of 10°C min™" under air
environment. The impurity content of the pristine buckypaper was
calculated to be 9.5%. Scanning electron microscopy (SEM) was
performed using a JEOL JSM-5800 field emission scanning electron
microscope to observe the morphology of buckypaper films after
impregnation. The cross-section of the nanocomposite film was
sputter-coated with a 10 nm thick layer of gold and imaged at an
accelerating voltage of 15KkV. Tensile tests were performed on
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FIGURE 1

Schematic representation of the fabrication process of the nanocomposite film heater. A sample of buckypaper is first impregnated by the DCPD
resin using droplet casting approach, followed by rapid curing via frontal polymerization. Nanocomposite film heaters are then prepared by connecting

two copper electrodes to the two opposite sides of the produced films.

rectangular specimens (2 x 30 mm”®) to determine the mechanical
properties of pristine buckypaper and nanocomposite films. All tests
of 1mmmin"
films
characterized using specimens with an effective heating area of

were performed at a displacement rate

Electrothermal performance of nanocomposite were
10 x 20 mm*. Copper electrodes were attached to both ends of
the nanocomposite films using a silver-filled conductive paste. A
vacuum pressure of 81.3 kPa was applied to the heaters by vacuum-
bagging them on a glass substrate to simulate boundary conditions
that heaters undergo during the composite manufacturing process.
Various voltages were supplied to the heater films using a direct
current (DC) power supply (9206, B&K Precision). The voltage and
current data during electrothermal tests were recorded to determine
the power consumption. The temperature at the center of the heater
was measured using a K-type thermocouple and recorded by a

LabView program.

2.3 Composite fabrication

For fabrication of composite panels, a nanocomposite heater
with an effective heating area of 30 x 30 mm” was used. Eight
plies of a unidirectional prepreg (40 x 30 mm?) were cured using
the nanocomposite heater placed on top of the layup and
separated from prepreg plies using a release film. The input
power to the heater was gradually increased to ~8.9 W within
45 min to increase the temperature of the heater to 82°C at a

heating rate of 1.3°C min™

and then the input power was held
unchanged for 3 h to simulate the cure cycle recommended by the
prepreg manufacturer (3 h at 82°C). Two K-type thermocouples
were used to measure the temperature profiles at the bottom and
top of the layup during the curing process. An infrared thermal
camera (FLIR T540) was also used to monitor the spatial
distribution of temperature during the cure cycle. A control
composite panel was also prepared using the same layup
strategy but with curing the layup in an oven at 82°C for 3 h.
The degree of cure of the composite panels produced using direct
conductive heating and oven curing approaches were determined
using DSC measurements. The residual heat of reaction of the
cured composites was measured by transferring 15 mg of the
cured composites into a DSC pan, followed by heating from 25°C
to 250°C at a heating rate of 5°C min™". The total heat of reaction
of the uncured prepreg was measured by performing DSC
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measurements on 5mg specimens of the uncured prepreg
using the same experimental procedure.

3 Results and discussion

3.1 Characterization of DCPD resin

Facile fabrication of buckypaper-based nanocomposites with a
high density of nanotubes and low void content requires using a
resin system that has a low initial viscosity and long pot life at room
temperature while being rapidly curable at elevated temperatures
and also having good compatibility with buckypaper for easy
impregnation. Additionally, the resulting polymer nanocomposite
should exhibit excellent thermomechanical properties. DCPD meets
such requirements and is a promising resin for facile preparation of
polymer nanocomposite films; therefore, we studied processing of
buckypaper impregnated with the DCPD cure-on-demand resin
system to explore the feasibility of fabrication of pDCPD-
films
conditions compared with traditional approaches used for epoxy

buckypaper nanocomposite under mild processing
resins. The results of room-temperature rheological measurements
on the DCPD resin show that the initial viscosity of the resin
remained unchanged for approximately 2 h, after which it slowly
increased and reached a value of 750 Pas after 5h (Figure 2A);
however, no gelation was observed within 5 h of the measurement
(Figure 2B). As opposed to conventional epoxy resins, which have a
high initial viscosity and short pot life, the low initial viscosity along
with the long pot life of the DCPD resin enable facile impregnation
of buckypaper at room temperature and ambient pressure without
the need for adding any solvents, which is highly desirable from the
processing point of view. In addition, while the DCPD resin is stable
for a few hours at room temperature, it rapidly cures at elevated
temperatures and yields a fully cured solid polymer within a few
minutes. Figure 2C shows the results of DSC measurements on an
uncured DCPD resin sample as well as a sample cured at 100°C for
5 min. The tall and sharp exothermic peak observed in the thermal
profile of the uncured resin sample, which indicates the range of cure
temperature, clearly disappeared in the thermal profile of the cured
sample. As a result, a high degree of cure (~93%) could be achieved
by curing the resin for only 5 min. Contact angle measurements
were also carried out to evaluate the wettability of buckypaper by the
DCPD resin (Figure 2D). While an initial contact angle of 17.3° +
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FIGURE 2

Characterization of DCPD resin system (A, B) Time-sweep viscosity and modulus profiles of an uncured DCPD resin containing 1 M equivalent of
inhibitor with respect to Grubbs’ catalyst at 23°C. (C) Thermal profile of an uncured resin sample and a pDCPD film sample cured at 100°C for 5 min. (D)
Contact angle measurement for a droplet of DCPD resin on the buckypaper substrate.

TABLE 1 Degree of cure of various samples measured using DSC experiments.

Material Cure temperature (°C)
pDCPD film 100
pDCPD film 120
pDCPD film 140
Nanocomposite film 140
Oven-cured FRPC panel 82
Heater-cured FRPC panel 82

0.8 was formed between the DCPD resin and buckypaper, the resin
completely infused into the porous structure of buckypaper within a
few seconds, demonstrating the excellent compatibility of the resin
and carbon nanotube network.

3.2 Characterization of nanocomposite films

The appropriate cure temperature for preparation of
nanocomposite films was determined by heating the neat DCPD
resin samples for 5min at various temperatures (100, 120, and
140°C) and measuring the degree of cure of the resulting pDCPD
films using DSC experiments. The degree-of-cure data obtained
from DSC measurements are presented in Table 1. An increase in
the cure temperature from 100°C to 140°C increased the degree of
cure of pDCPD films from 93.8% to 99.4%, indicating that fully
cured pDCPD films can be prepared by heating the material for

5min at 140°C. DSC measurements were also conducted on a
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Cure time (min) Degree of cure (%)

5 93.8 + 1.2
5 99.1 + 0.3
5 99.4 + 0.1
5 982 + 0.4

180 96.3 + 0.1

180 91.3 + 0.05

nanocomposite film sample cured according to the developed
cure cycle (i.e., heating for 5min at 140°C) to determine the
degree of cure of polymer in the nanocomposite film. A high
degree of cure of ~98.2% was obtained for the cured
nanocomposite film, further verifying that highly
nanocomposite films can be prepared using the developed cure

cured

cycle. The microstructure of the cured nanocomposite samples was
examined by performing SEM imaging on the cross-section of cured
nanocomposite films. Figures 3A, B show the SEM micrographs of
the nanocomposite sample at two different magnifications. The low-
magnification image (Figure 3A) indicates that a thin (~10 pm) layer
of neat resin is formed on the film surface, caused by the incomplete
removal of the excess surface resin during the drop casting process.
The average thickness of nanocomposite films is ~77 um, caused by
the swelling of the nanotube network by the impregnated resin as
well as the formation of the surface resin layer. The image captured
at the higher magnification (Figure 3B) demonstrates the high
quality of impregnation and low volume fraction of pores in the
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response to various input voltages. (B) Relationship between input power density and steady-state temperature. (C) Static electrothermal stability test ata
constant input voltage of 9 V. (D) Cyclic stability test by varying the input voltage between 0 and 9 V.

produced nanocomposite film, which are necessary for producing
films with good mechanical performance. Nanotube content is one
of the key factors that affect the mechanical and electrothermal
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properties of nanocomposite films. TGA measurements were
performed to determine the carbon nanotube content in cured
nanocomposite films (Figure 3C). The residual masses of
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Direct conductive curing of a FRPC panel using a nanocomposite film heater. (A) Temperature profiles measured at the bottom and top of the
composite layup during the cure cycle. (B) Thermal infrared image of the nanocomposite film heater during composite manufacturing. (C) Power

consumption profile recorded during the cure cycle.

constituents and nanocomposite at 470°C were used to determine
the carbon nanotube content in produced nanocomposites using
Egs 1, 2. A carbon nanotube content of ~12.6 wt.% was calculated,
which is high enough to ensure excellent heat generation capability
in nanocomposite films. Compared to the pristine buckypaper,
which is mechanically weak and fragile, the nanocomposite films
are mechanically robust and can withstand various forms of
deformation including twisting and bending. Tensile tests were
performed on pristine buckypaper and nanocomposite film
specimens to compare of the
buckypaper before and after impregnation and encapsulation by

the mechanical properties

the polymer resin (Figure 3D). In pristine buckypaper, carbon
nanotubes in the porous network are held together only via van
der Waals forces and physical entanglement resulting in poor tensile
properties. Impregnation of the porous structure of buckypaper with
the matrix polymer enhances the mechanical robustness of the
paper, where its tensile strength is increased 22-fold from
1.4 MPa to 31.3 MPa and its tensile modulus is increased 5-fold
from 0.150 to 0.708 GPa.

Use of the produced nanocomposite film heaters for successful
conductive curing of FRPCs first requires characterizing the Joule
heating performance of the nanocomposite films. We performed
electrothermal tests on nanocomposite film specimens by applying
various voltages across the specimens and measuring their time-
dependent temperature profiles (Figure 4A). An increase in the
applied input voltage results in an increase in the heating rate as well
as the steady-state temperature of film heaters. The nanocomposite
film heaters demonstrate an excellent electrothermal performance,
where a temperature of ~132°C can be reached in 2 min using a low
input voltage of 11 V (equivalent power consumption of 6.16 W).
The measured linear relationship between the input power density
and steady-state temperature also demonstrates that the heat
generation in the nanocomposite heaters follows Joule’s law
4B).  Another requirement for using
nanocomposite films as a heater for curing of FRPCs is the

(Figure important
stability and reproducibility of their electrothermal properties, as
they must survive long and repeated cure cycles for composite
manufacturing. The electrothermal stability of nanocomposite
heaters were evaluated by applying both static and dynamic
films
temperature response. Figure 4C shows the temperature response

electric loads on the heater and measuring their
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of a heater to an input voltage of 9 V when continuously applied for
1 h. After the initial transient stage, temperature remains almost
unchanged, demonstrating the stable and reliable electrothermal
performance of the nanocomposite heater. The response of the
heater to a cyclic electric load was also measured to evaluate the
reproducibility of heat generation by produced film heaters; the
results of the cyclic electrothermal stability tests reveal that the
temperature profile of the heater follows a similar pattern for a given
electric loading condition, indicating the good reproducibility of the
observed electrothermal properties in the nanocomposite films
(Figure 4D).

3.3 Composite fabrication

Following the successful demonstration of the Joule heating
performance of the produced buckypaper-DCPD nanocomposite
films, we used the films as a heat source for direct conductive
heating and curing of carbon FRPC laminates. Composite layups
were prepared by stacking eight small (4 x 3 cm?) plies of an out-
of-autoclave carbon fiber prepreg on a polyisocyanurate foam
tool and placing the film heater (effective heating area of 3 x
3 cm?®) on top of the prepreg stack. A thin layer of a release film
was used under the film heater to separate it from the prepreg
stack for easy removal and reuse of the heater following the
curing process. The layup was then vacuum bagged, and then the
cure process was initiated by supplying power to the film heater
to generate heat according to the recommended cure cycle.
Figure 5A shows temperature profiles measured using two
thermocouples placed in the center of the composite layup at
the top and bottom surfaces of the laminate during the applied
cure cycle. The input power to the film heater was gradually
increased until the temperature at the top (heater side) of the
laminate reached the cure temperature of the prepreg (i.e., 82°C),
after which the power was maintained unchanged for 3h. A
steady-state temperature of ~76°C was measured at the bottom of
the layup, which is slightly lower than the required cure
through  tooling
boundaries; however, the temperature distribution across the

temperature, caused by heat losses

laminate is sufficient for proper curing of the composite
laminate. Infrared thermal imaging was also used to monitor
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the spatial distribution of temperature throughout the top surface
of the layup during the curing process. A uniform heat generation
and temperature distribution was observed in the composite
layup 5B), of the
nanocomposite film heater for uniform heating and curing of

(Figure indicating the effectiveness
the composite laminate. The energy consumption of this direct
conductive curing approach was calculated from the power
consumption profile recorded during the applied cure cycle
(Figure 5C). Using this approach, only 0.1 MJ of energy was
required to successfully cure the composite laminate, whereas
curing the same composite panel using a small convection oven
in our laboratory (internal volume of 0.17 m®) is estimated to
require 40.5 MJ of energy. The degree of cure of the composite
laminate cured by the nanocomposite film heater was determined
using DSC measurements. As a control, the degree of cure of a
similar composite panel cured using the traditional, bulk oven
curing approach was also measured. The degree of cure of the
composite panels made using the heater and oven curing
approaches was 91.3% and 96.3%, respectively (Table 1). The
slightly lower degree of cure obtained in conductive curing
approach is attributed to the observed temperature gradient
across the thickness of the layup. This issue can potentially be
mitigated by modifying the cure cycle by increasing the dwell
temperature and/or the cure time or alternatively by placing the
heater on the bottom (tool side) of the composite layup.

4 Conclusion

In this work, we used a frontally curable thermoset resin with a
low initial resin viscosity to fabricate buckypaper-based polymer
nanocomposites. The low viscosity of the resin system allows for
quick impregnation of the carbon nanotube network at room
temperature and ambient pressure. Following the impregnation
step, complete curing of the matrix resin was achieved in a few
minutes via through-thickness heating of the material. Produced
nanocomposite films are mechanically robust and exhibit excellent
electrical conductivity and electrothermal performance, which are
ideal for using the films as a heater for curing of fiber-reinforced
polymer composites. Finally, a nanocomposite film heater was used
to cure a carbon fiber composite panel using a low energy
consumption of 0.1 MJ, which is 350 times less than the energy
required for producing a similar panel using the conventional oven
curing approach.
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