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ABSTRACT

Fiberglass reinforced composites (FRCs) are traditionally cured in an autoclave or hot press, which are equipment
known for their high energy consumption and their imposed constraints on the cured component sizes.
Furthermore, current composite repair techniques usually require removing the composite part from service and
using traditional composite fabrication methods to apply patches in a workshop. As an alternative to such
techniques, this work presents a new out-of-autoclave (OoA) FRC curing method that relies on the Joule heating
potential of transfer-printed laser induced graphene (LIG) interlayers. LIG is initially generated on polyimide
substrates before then being transfer-printed onto fiberglass prepregs to form uniform surface coatings. The
excellent electrical properties of the transfer-printed LIG are then exploited to in-situ cure fiberglass laminates
via Joule heating effect. The LIG-coated FRCs cured through Joule heating (LIG-cured FRCs) is found to have a
high degree of cure of 96%, comparable to oven-cured ones, while requiring 89.39% less specific energy. The
mechanical properties of LIG-cured FRCs are measured and determined to match those fabricated using tradi-
tional approaches. Furthermore, LIG-coated fiberglass prepregs are shown capable of acting as in-situ bonding
agents for the joining of two composites structures, which indicates its potential of composite repair through
healing at the site of structure damage. Finally, the Joule heating effect of the LIG interlayers in cured FRCs is
investigated and found to enable the fast and energy-efficient deicing of such composite structures. Therefore,
the proposed OoA-curing method provides a simple and cost-efficient approach to manufacture FRCs with
multifunctionality.

1. Introduction

[6-8]. However, the high energy consumption and low efficiency of
autoclaves, along with their imposed restrictions on final part di-

Fiber reinforced polymer matrix composites (FRPMCs) possess a
number of advantages over metallic and ceramic materials due to them
being simultaneously strong, lightweight, corrosion resistant, tailorable,
and easy to process [1,2]. As a result, FRPMCs have become increasingly
popular in structural applications within the aerospace, automotive, and
marine industries where lightweight and high strength materials are
typically desired [3-5]. As the market for FRPMCs continues to grow,
greater research focus has been dedicated to improving and optimizing
their corresponding manufacturing procedures, especially with regards
to the curing processes of their thermosetting polymer matrices. Tradi-
tionally, FRPMCs are cured in large autoclaves and under optimal con-
ditions pertaining to cure pressure, temperature, and cycle, such that the
resulting mechanical properties of the final product are maximized

mensions, have spawned interest in the development of more convenient
and efficient out-of-autoclave (OoA) fabrication processes. Such
manufacturing methods reduce acquisition capital and costs, are
compatible with a wider range of tooling and materials and eliminate
geometrical constraints on the final size of the structure [9-13].
Therefore, given these described advantages, it is important to develop
new OoA curing methods and technologies that efficiently yield com-
posite parts exhibiting excellent mechanical properties.

A primary focus in the development of new OoA curing techniques
for composite materials is to enable high production rates. Recently,
microwave methods have been suggested as efficient and cost-effective
techniques for the OoA curing of composite materials [14-16]. Relative
to conventional curing methods, microwave heating allows for faster
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Fig. 1. Transfer-printing of LIG onto a fiberglass prepreg. A) Generation of LIG on polyimide substrate a CO, using a laser source. B) Transfer of LIG onto tacky
fiberglass prepreg using a roller. C) Uniform LIG coating on fiberglass prepreg surface.

fabrication of fiber reinforced composites by relying on electromagnetic
radiation to shorten curing cycles [14]. Kwak et al. used a Votsch
Hephaistos microwave (VHM) system to cure carbon fiber reinforced
epoxy prepreg composites at a 100% faster rate relative to a conven-
tional oven curing technique, all while maintaining mechanical prop-
erties [17]. Li et al. also optimized the microwave curing process in
order to minimize temperature gradients along the through-thickness
direction of composite materials [18]. The modified vacuum assisted
microwave curing technology relied on vacuum pipes and Fiber Bragg
Grating sensors that allowed for efficient control over the power of
magnetrons and subsequently yielded uniform temperature distribu-
tions during curing [18]. Although such an approach presents significant
advantages related to improving cost-effectiveness and shortening
curing cycles, the success of this method remains largely dependent on
the dipolar properties of the cured materials [17], as the specific fre-
quency of the microwave is required to be in tune with the unique
characteristics of the cured material and process employed [19,20].

Due to the previously described limitations and challenges rising
from microwave processing, great research interest has also been allo-
cated to resistive and inductive curing methods. The majority of re-
ported studies regarding such curing techniques investigate the
potential of carbon nanotubes (CNTs) as electrically conductive heating
elements in carbon fiber reinforced composite materials [15,21-23].
Both macroscale carbon fibers and CNTs are proven to be conductors of
heat and electricity, making Joule heating an ideal approach for real-
izing the large scale OoA manufacturing of such composite materials
[21]. Nguyen et al. investigated the potential of CNT buckypapers as
Joule heating elements for the curing of carbon fiber reinforced bis-
maleimide matrix composites [22]. The thermally conductive CNTs
were shown to enable energy-efficient and uniform heating throughout
the composite laminate and induce curing. Xu et al. also demonstrated
the potential for using CNT films to heat and cure fiberglass reinforced
composites (FRCs) [15]. The employed curing process was found to
consume about one seventh of the energy necessary for achieving similar
results using a conventional oven curing process, thus highlighting the
advantages of OoA methods over traditional ones. Nonetheless, CNT
buckypaper fabrication remains a costly process due to the need for
high-energy consumption synthesis methods such as chemical vapor
deposition (CVD) [22]. Joule heating was also achieved in carbon fiber
composites through the introduction of a multifunctional zinc oxide
(Zn0O) nanorod interphase [23]. The hydrothermally grown ZnO were
found to yield great improvements in interlaminar Joule heating effi-
ciency within the composite, acting as thermal traps and barriers that
allow for greater heat retention. Nonetheless, this strategy is limited to
composite materials consisting of conductive reinforcement such as
carbon fiber, and cannot be extended to FRCs. Therefore, it remains
necessary to develop OoA techniques that are compatible with electri-
cally and thermally insulating composite materials such as FRCs.

Laser induced graphene (LIG) is a recently discovered, carbon-based
nanomaterial that also exhibits excellent mechanical, thermal, and
electrical properties like CNTs [24,25]. LIG can be described as a porous
graphene material that is able to be generated on a number of

thermoplastic and thermosetting polymer substrates using a CO;
infrared laser induction process in ambient conditions [26,27]. The
morphology and physical properties of LIG can be easily tailored by
controlling several induction parameters, primarily laser pulsing den-
sity, laser scanning speed and output power [28,29]. Given its previ-
ously mentioned exceptional properties, LIG has been successfully used
in a wide variety of applications including microelectronics, solar cells,
and biosensors [30-36]. Recent work has also shown that forest-like LIG
can be transplanted off polyimide substrates and then attached to tacky
prepreg surfaces using an optimized transfer-printing approach [37].
The embedded LIG interlayers were found to toughen carbon fiber
composites, while also providing FRCs with self-sensing and damage
detection capabilities under both quasi-static and dynamic loading
conditions [37-40]. In addition, Smith et al. reported the thermal con-
ductivity of LIG foam to be around 0.7 W m1K! [41], which is higher
than the thermal conductivity of most bulk polymers (0.1-0.5 W m™!
K1) [42], and could be further increased by infiltrating polymer into
the LIG foam. Therefore, the embedding of LIG interlayers into FRCs can
provide their corresponding structures with unprecedented functional-
ities, all while improving the thermal conductivity and maintaining their
mechanical properties. However, the Joule heating potential of LIG and
its viability as an efficient and reliable OoA curing technique for FRCs
remains unexploited.

The work presented here investigates the Joule heating effect of LIG
for the OoA curing of FRCs. In this study, LIG was transfer-printed onto
fiberglass prepreg surfaces and used as Joule heating elements that
enable the in-situ curing of FRCs laminates in an energy efficient and
size unconstrained manner. Temperature distribution within the lami-
nate was monitored and tracked using thermal imaging and a thermo-
couple, while the final degree of cure of LIG-coated FRCs cured through
Joule heating effect (LIG-cured FRCs) was measured using differential
scanning calorimetry (DSC). The mechanical performance of both oven-
cured and LIG-cured FRCs were evaluated and compared through tensile
and three-point bend testing. In addition, LIG-coated FRCs exhibit
multifunctionality through Joule heating effect. First, composite repair
is a challenging work that usually requires the disassembly and removal
of the damaged composite structure from service. LIG-coated FRC pre-
pregs can be used as a cost-efficient in-situ bonding agent for in-situ
composite repair, especially for delamination, which is one of the
most common failure mechanisms of FRCs [43]. Second, with FRCs
being increasingly used in wind turbine blades and airplane leading
edges, significant challenges have arisen due to the low-temperature
environments that these applications present. Specifically, the forma-
tion and accumulation of ice on FRC structures can considerably reduce
their aerodynamic performance and cause for operation delays due to
routine and time-consuming deicing [44]. With embedded LIG, FRCs are
demonstrated to have the deicing capability through Joule heating,
without any applied chemicals or external heat sources. Therefore, the
proposed LIG interlayer enables the energy-efficient OoA-curing of
FRCs, as well as the multifunctionality of the FRCs.
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Fig. 2. Schematic of in-situ curing of LIG-coated fiberglass prepreg: A) Cross-section view; B) 3D view (only one ply is shown for better visualization). Images of a 3-

ply LIG-coated FRC: C) Before in-situ curing; D) After in-situ curing.

2. Experimental methods
2.1. Transfer of LIG onto fiberglass surface

LIG was directly induced on Kapton® polyimide substrates (2 mil
thickness) and then transfer-printed to the top surfaces of fiberglass
prepregs. The LIG coating was initially generated using a 40 W CO»
universal laser system (Epilog Zing 16) operated in raster mode at an

Fiberglass
Composite

AN
A s

Tab LIG Layer FRay

areal speed of 0.1 em? s™%, a pulsing density of 400 dots per inch (DPI),
and a laser output power of 15% (Fig. 1A). The LIG was then transferred
from the surface of the polyimide substrate to that of the pre-heated and
tacky fiberglass prepreg (85 °C) by means of a manual roller transfer-
printing process (Fig. 1B) that has been previously detailed by Groo
et al. [37]. As shown in Fig. 1C, a successful transfer-printing process
should yield a uniform and well-adhered LIG coating on the fiberglass
surface. For characterization of the generated LIG in this work, Raman

Fig. 3. A) Experimental setup for three-point bend testing. B) Schematic of single-lap joint test specimen with LIG layer bonded between two FRCs. C) Corresponding

experimental setup.
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Fig. 4. A) Raman spectroscopy of LIG. B) XRD pattern of LIG. C & D) SEM images of LIG generated on polyimide substrate. E & F) SEM images of transfer-printed LIG

that is embedded in cured FRCs.

spectroscopy was performed on LIG using a Renishaw inVia confocal
microscope equipped with a 633 nm laser source, and X-ray diffraction
(XRD) was performed using a Rigaku Ultima IV X-ray diffractometer
with Cu Ka radiation (A = 0.154 nm).

2.2. In-situ curing process

In this study, oven-cured composites were fabricated using a tradi-
tional vacuum assisted resin transfer molding (VARTM) process, where
the preform was cured for 2.5 h inside a hot press at 115 °C and 100 psi.
In contrast, the LIG-cured composites were solely cured via the Joule
heating effect of the transfer-printed LIG coatings (Fig. 2A and B).
Initially, wire leads (33-gauge copper wire) were attached using
conductive copper tape to each LIG-coated prepreg ply to act as elec-
trodes, before then being connected to a DC power supply (Keysight
E3649A). Fig. 2C and D are images of a 3-ply LIG-coated FRC before and
after in-situ curing, respectively. Temperature distributions were
monitored via infrared thermal imaging using a FLIR® ONE Pro thermal
camera and a thermocouple that was placed on the top surface of the
cured composites. The curing process was performed under vacuum
while covering the preform with an insulating layer of foam that reduces
heat loss and allows for uniform heating within the preform. The elec-
trical energy consumption for the LIG-based curing method was
measured by recording the power input and integrating the power over
curing time, while the electrical energy consumption for the traditional
oven/hot press curing method was measured using a clamp meter
(FLUKE) and again calculated by integrating the power over curing time.
Following curing, the degree of cure of both oven-cured and LIG-cured
composites was analyzed using differential scanning calorimetry
(Q2000 analyzer from TA Instruments) by applying a heating ramp from

0°C to 250 °C at a rate of 5 °C min~!. The degree of cure was calculated
using the following relationship:

Hr — H,
a=

T

x 100% (€]

where a is the degree of cure, whereas Hr and H, are the total and re-
sidual heat of the complete exothermal reaction, respectively. Finally,
LIG morphology was investigated pre-transfer and post-curing using a
JEOL JSM-7800FLYV field emission scanning electron microscope.

2.3. Mechanical testing

Tensile testing of oven-cured and LIG-cured composites were per-
formed according to ASTM D3039. The cured tensile specimens con-
sisted of 4 LIG-coated fiberglass plies stacked together in a [+45°]
sequence, and were cut to dimensions specified by the ASTM standard
with a gauge length of approximately 250 mm. Woven fiberglass tabs
were then bonded on both ends of the specimens using high shear
strength epoxy (Loctite EA 9430™ Hysol). For each data set, 6 speci-
mens were loaded using an Instron universal load frame (Model 5982) at
a rate of 2 mm min ! until failure. The tensile chord modulus of elas-
ticity was approximated according to the recorded stress-strain curves
and within the 0.3% and 1% strain range.

The flexural properties of oven-cured and LIG-cured composites were
also evaluated using three-point bend testing according to ASTM
D790-17. The specimens consisted of 4 LIG-coated fiberglass plies
stacked together in a [+45°]5 sequence and were cut to dimensions
specified by the ASTM standard with a gauge length of approximately
240 mm. As seen in Fig. 3A, 6 specimens of each data set were loaded in
a three-point bending configuration using an Instron universal load
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Fig. 5. A) Relationship between applied voltage and LIG-coated FRC temperature, and relationship between electrical power and LIG-coated FRC temperature. B)
Temperature and electrical power profile during the LIG-based curing process. C) & D) Thermal imaging of top and bottom surfaces of a small LIG-coated FRC during
LIG-curing. E) & F) Thermal imaging of top and bottom surfaces of a large LIG-coated FRC during LIG-curing.

frame (Model 5982) at a span-to-thickness ratio of 40:1 and a rate of 2
mm min ! until failure. As per ASTM D790-16, the flexural strength and
stiffness of the oven-cured and LIG-cured FRCs were calculated ac-
cording to the secant method.

2.4. LIG-based composite bonding and repair

The potential of a single LIG-coated fiberglass prepreg as a Joule
heating bonding agent for repair operations of composite materials was
evaluated using single-lap joint shear test, according to ASTM D1002.
Unidirectional FRCs were fabricated using a VARTM process and then
cut to dimensions of 101.6 mm in length and 25.4 mm in width, before
adhering woven fiberglass tabs to only one of their ends using a high
shear strength epoxy (Loctite EA 9430™ Hysol). The prepared com-
posite strips were then bonded to each other via the Joule effect of a
unidirectional, LIG-coated fiberglass prepreg overa 12.7 mm x 12.7 mm
overlap shear area (Fig. 3B). Additional high shear strength epoxy was
also applied to the shear area between the two composite panels to
further reinforce the fabricated lap joint (Fig. 3B). These joints were
cured at a temperature of 115 °C via the LIG coating acting as a Joule
heating element by applying a current of 0.2 A for 2.5 h. The shear
strength of the lap joints was finally measured in an Instron load frame at
a crosshead control rate of 1.27 mm min ! until failure (Fig. 3C). It
should be noted that since the epoxy used in this test can be fully cured
at room temperature after 5 days, LIG-cured lap joints were tested the
same day after curing to show its reduction in curing time using the LIG
coating.

2.5. LIG-based deicing

The deicing functionality of cured LIG-coated FRCs was demon-
strated through two sets of experiments: one at room temperature, and
the other at subfreezing temperature. For room temperature deicing, an
ice cube (about 8 g) was placed on the LIG-coated FRC with a 40 V input
voltage for Joule heating, and the time and energy to completely melt
the ice were measured. The ice melting process was also compared to
another ice cube placed next to the FRC without any additional heating.
In addition, an ice cube was bonded to the surface of an LIG-coated FRC
using additional water and then kept in a freezer at —18 °C for
approximately 20 h until the ice completely froze to the composite

surface. Subsequent the ice coated composite was removed from the
freezer, the composite was placed on a ramp and applied a 40 V input
voltage for Joule heating, to show the fast melting of the ice/composite
interface for deicing. For subfreezing temperature deicing, due to the
limitation of creating a subfreezing environment in the lab, a cold plate
(VEVOR) with a constant surface temperature (—20 °C) was used to
create a subfreezing substrate. An LIG-coated FRC was placed on the
cold plate with an ice cube on top of it, and it was heated by applying a
60 V input voltage to melt the ice. For comparison, another ice cube was
placed directly on the cold plate as a reference. To simulate a more
realistic scenario, a thin layer of water was frozen on the LIG-coated FRC
to from a layer of surface ice. The ice-coated composite was then placed
on the cold plate, and heated by applying a 60 V input voltage. The time
and energy consumption for deicing at subfreezing temperature were
recorded.

3. Results and discussion
3.1. LIG characterization and Joule heating behavior

Raman spectrum of the LIG generated on the polyimide substrate is
shown in Fig. 4A, where the typical D peak (~1350 cm™), G peak
(~1580 em™) and 2D peak (~2700 em™)) indicate that it has a
graphitic structure [26,28,45]. Specifically, the 2D peak represents the
second order of zone-boundary phonons, and a single sharp 2D peak
suggests the formation of several layers of graphene in LIG, unlike bulk
graphite [45]. Fig. 4B shows the XRD pattern of the generated LIG
powder. The main peak at 20 = 25.9°, which corresponds to a spacing of
~3.4 A between the (002) planes of graphene [28], confirms the pres-
ence of a high degree of graphene in LIG. A relatively low intensity peak
at 20 = 42.9° is related to 2D in-plane symmetry (001) along the gra-
phene sheets [28,46]. Therefore, both the Raman spectroscopy and XRD
have verified a large amount of graphitic structure existing in LIG.
Before lasering, the polyimide tape has a thickness of 65.2 + 3.0 pm
without the adhesive layer, while after lasering the thickness of poly-
imide is reduced to 40.5 + 1.2 pm without the adhesive layer. This
measurement indicates that 38 vol% of polyimide is used for carbon-
ization and LIG formation. Based on additional weight measurement of
the polyimide substrate before and after lasering, the calculated LIG
weight conversion efficiency is about 20%, which means the weight of
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the generated LIG is 20% of the weight loss of the polyimide. The Joule
heating performance of LIG embedded in FRCs is largely dependent on
the transfer-printing process and both the quality and uniformity of the
final nanostructured coating. Initially generated on a polyimide sub-
strate, LIG arrays consist of vertically aligned micro-pillars comprised of
interlaced graphene fibers (Fig. 4C and D). The observed porous nano-
structure of LIG is desirable as it can subsequently allow for easy resin
infusion during curing once transfer-printed to fiberglass prepreg sur-
faces. Fig. 4E and F shows the LIG coating is completely embedded
within the matrix and fully integrated into the composite structure
following curing. It should be noted that the adopted LIG morphology
has been studied and optimized in a previous study in order to allow for
effective LIG transfer-printing, while simultaneously maintaining me-
chanical properties and introducing multifunctionality [37]. The sheet
resistance of the LIG generated on the polyimide substrate is measured
to be 65.9 + 7.6 Q/sq using a four-point-probe approach, while after
transfer-printing the sheet resistance of the LIG-coated fiberglass pre-
preg is increased up to 178 + 37 Q/sq, due to some loss of the
conductive LIG remaining on the polyimide substrate. For LIG-coated
FRC curing, the relationship between the applied voltage and both
composite temperature and electrical power consumption were first
defined and are shown in Fig. 5A. Initially, the Joule heating effect of the
LIG yields a slow increase in temperature with increasing voltage, as the
generated heat is quickly dissipated through the ambient environment.
However, once the applied voltage is increased to 15 V or greater, the
composite temperature is observed to quadratically increase up to a
maximum of 145 °C. The observed temperature trend is also found to be
in linear correlation with the electrical power consumption, where a
linear fit applied in Fig. 5A shows a R? value of 0.999, a 3 value of 1.66,
and a p-value of 0.99, which means this linear fit is a good prediction for
the temperature. As recommended by the manufacturer, the LIG-based
curing of an 8000 mm? FRC was performed at a temperature of
115 °C for approximately 2.5 h via LIG Joule heating by applying 35V to
the specimen through the wire leads. As seen in Fig. 5B, the LIG-based
curing process necessitates approximately 15 min to reach the steady
state curing temperature, as both heat generation and dissipation rates
reach an equilibrium. It should be noted that although the input voltage
is kept constant, the electrical power input is observed to slightly in-
crease before reaching steady state temperature, which is due to the
slight decrease in LIG’s electrical resistance with increasing tempera-
tures. A negative temperature coefficient of resistance (NTC) is
commonly observed in carbon-based materials such CNTs, carbon fiber,
and LIG [33,47,48]. Once steady state is reached, no significant changes
in temperature or power are observed for the entirety of the LIG-based
curing process. Furthermore, thermal images of the top and bottom
surface of a 70 mm by 70 mm LIG-coated composite during cure clearly
show a sufficiently uniform temperature distribution within the center
area of the specimen, whereas the edges experience lower temperatures
due to the higher dissipation and lower LIG coverage (Fig. 5C and D).
Nonetheless, temperature difference between the top and bottom sur-
face is determined to be negligible, thus demonstrating a uniform tem-
perature distribution in the through-thickness direction. However, due
to the inevitable inconsistency of the manual roller pressing approach,
the uniformity of the transfer-printed LIG cannot be guaranteed for
samples larger than the roller width, resulting in an uneven temperature
distribution (Fig. 5E and F). Thus, in order to provide a uniform heating,
an automated roller pressing system with constant pressure, speed and
temperature can be potentially used for large samples in the future. The
energy consumption of the LIG-based curing process for an 11 g com-
posite can be obtained by integrating the area under the electrical power
input curve, which is calculated to be 145 kJ. In comparison, performing
the process in a 16,129 mm? oven/hot press would consume 1441 kJ.
Thus, the LIG-based curing consumes 89.3% less electrical energy
compared to the traditional oven/hot press curing method. After testing
three 3-ply LIG-coated FRP samples with different sizes (6.5 g, 11.0 g
and 17.3 g weight, respectively), the average specific energy
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Fig. 6. DSC results and comparison between the degree of cure («) of oven- and
LIG-cured FRC specimens (DSC baselines are subtracted for better comparison).

consumption (energy consumption per unit weight of the composite) is
calculated to be 15.17 + 2.42 kJ/g. In contrast, since the oven/hot press
has a constant power output, the specific energy consumption for these
three samples ranges from 83 to 221 kJ/g, which is still much higher
than the LIG-based curing. These results suggest that the LIG-based
curing approach is a more energy efficient alternative to oven curing
process that also circumvents size constraints and can potentially yield
similar structural performance.

3.2. Analysis of curing process

The effectiveness of the proposed LIG-based curing process was first
evaluated by measuring the degree of cure using DSC (Fig. 6). The un-
cured fiberglass prepreg displays a broad exothermal peak from 100 to
190 °C corresponding to the heat emitted during matrix polymerization.
After curing at 115 °C for 2.5 h, the center of LIG-cured FRCs displays a
degree of cure of 96%, which is comparable to fully cured composites
using an oven under the same conditions. Therefore, LIG joule heating
can be exploited to yield a high degree of cure comparable to conven-
tional methods in FRCs, while overcoming energy consumption con-
cerns and size constraints. It can also enable the repair of composite
structures without disassembly to allow curing in an oven or hot press. It
should be noted that a slightly longer LIG curing time than the manu-
facturer recommendation can also be applied to further increase the
degree of cure towards 100%, while keeping the energy consumption
still much lower than traditional methods. However, the edges of the
LIG-cured composites were found to exhibit a significantly lower degree
of cure of 40%, primarily due to the previously discussed discrepancy in
temperature distribution within the cured laminate, especially the low
LIG coverage on the edges. Nonetheless, these edges consist of less than
10% of the total area of the composite and are usually discarded post-
curing even in the case of oven-cured composites. Given the large
contribution of the matrix to the overall structural performance of FRCs,
the observed high degree of cure using the LIG approach is expected to
translate into excellent mechanical properties.

3.3. Mechanical properties

The effect of the LIG-based curing process on the mechanical per-
formance of FRCs is evaluated using tensile and flexural testing. In
addition to improving energy efficiency and eliminating size constraints,
it is critical for the proposed curing technique to yield a similar
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mechanical performance to that obtained using traditional oven-curing
methods. As shown in Fig. 7A and B, the average tensile strength and
chord modulus of elasticity of the LIG-cured specimens are found to be
comparable to that of oven-cured specimens. Similarly, the average
flexural strength and modulus of the LIG-cured specimens are observed

to match those of oven-cured specimens. These results were further
validated through one-way analysis of variance (ANOVA) which
concluded that there is no statistical difference in tensile modulus,
flexural modulus and flexural strength between the LIG- and oven-cured
FRCs specimens, respectively (p > 0.05). However, the test results show
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Fig. 9. Room temperature deicing: A) Melting of ice on FRC structure via LIG-based Joule heating. B) Deicing of FRC structure via LIG-based Joule heating.
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Fig. 10. Subfreezing temperature deicing: A) Melting of ice on FRC structure via LIG-based Joule heating. B) Deicing of FRC surface ice via LIG-based Joule heating.

some difference in tensile strength between the LIG- and oven-cured
FRCs specimens (p = 0.041), where the tensile strength of LIG-cured
specimens is 6.1% lower than that of oven-cured ones. This slight
reduction in tensile strength might be caused by a higher possibility of
voids forming during LIG-based in-situ curing, since no additional
pressure was applied in this process. In general, the mechanical testing
results confirm that the previously determined high degree of cure
achieved using the proposed joule heating technique translates into
excellent mechanical performance in FRC structures. It should be noted
that the overall effect of LIG on both the in-plane and out-of-plane
properties of FRCs has been extensively studied and shown to either
improve or maintain the mechanical performance [37]. Therefore, it can
be concluded that the LIG-based curing of FRCs is a reliable alternative
to traditional oven-curing processes which allows for overcoming size
constraints and reducing energy consumption while maintaining quality
and mechanical performance for structural applications.

3.4. Bonding and repair performance of cured LIG-coated FRCs

In addition to enabling OoA curing, the Joule heating effect of LIG
can also be exploited for the in-situ repair of locally formed cracks in
FRC structural parts. In this case, LIG-coated fiberglass prepregs are used
to bond two separate composite parts or to repair a formed crack directly
on site, thus eliminating the need to remove the component from ser-
vice. Here, the two composite parts are adhered in a lap joint configu-
ration using high shear strength epoxy (Loctite EA 9430™ Hysol) and a
LIG-coated fiberglass prepreg that acts as a Joule heating element. As
seen in Fig. 8A, the average shear strength of these lap joints is deter-
mined to be 9.75 MPa, which is in agreement with that reported by the
manufacturer for this epoxy in fiber reinforced composites [49].
Furthermore, Fig. 8B and C confirm that these in-situ cured lap joints
exhibit cohesive failure at the level of the overlapping area, as both
matrix residue and fiber bridging can be observed on both composite
fractured surfaces. This failure mode is known to require greater fracture
energy to occur than an adhesive one, thus further highlighting the high
strength of the LIG-cured lap joints [50,51]. From this result it can be
concluded that LIG-coated fiberglass prepregs can be used as Joule
heating elements for the in-situ bonding or repair of composite material
such that maintenance time and cost are reduced and the need for

removing damaged parts from service is eliminated.

3.5. Deicing performance of cured LIG-coated FRCs

In addition to the in-situ curing of FRCs through LIG-based Joule
heating, the cured LIG-coated FRCs can also be used for self-deicing
without requiring any chemicals or external heaters. Post-fabrication,
LIG-coated composites are found to be electrically conductive which
enables Joule heating once an electric current is supplied. The first set of
demonstrations is room temperature deicing. As seen in Fig. 9A and
Video S1, an electric power input of 17.5 W results in the complete
melting of an 8.8 g ice cube in approximately 11 min (energy con-
sumption 11.6 kJ), as the LIG-coated FRC reaches a steady state tem-
perature of 121 °C. For reference, less than 50% of an ice cube of
identical weight is observed to melt during a similar time period when
kept at the same ambient conditions of 24 °C and 70% relative humidity.
A further demonstration can be made by bonding the ice to the com-
posite surface which is more consistent with traditional ice buildup on
the surface. An 8.7 g ice cube is bonded to the surface of an LIG-coated
FRC attached to a ramp, as explained in the experimental section, and an
electric power of 17.5 W is applied to the LIG such that the ice/com-
posite interface begins to melt and the ice begins slide off the surface
under gravity after approximately 90 s, before completely sliding off
after 110 s (Fig. 9B and Video S2). As the portion of ice that is directly in
contact with the FRC surface begins to melt, a lubricated interface is
formed, thus allowing the ice structure to easily slide off the FRC
structure. The second set of demonstrations is subfreezing temperature
deicing. By applying an electric power of 44.2 W to the LIG-coated FRC
on top of the —20 °C cold plate, a 7.8 g ice cube placed on the FRC is
completely melted in approximately 15 min (energy consumption 39.8
kJ), while on the left a reference ice cube directly placed on the cold
plate does not display any shape change (Fig. 10A and Video S3). For a
more realistic case, a thin layer of ice is frozen on the surface of the FRC
that is placed on the cold plate, and a 44.2 W electric power is applied to
the FRC for deicing (Fig. 10B). This results in a complete melting of the
surface ice into water in about 250 s, consuming about 11.0 kJ electrical
energy (Fig. 10B and Video S4). It should be noted that the power input
and energy consumption for subfreezing temperature deicing are higher
than room temperature deicing, because the cold plate absorbs a large
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portion of the generated heat from the LIG. When compared to metal
meshes and foils that are currently used in Joule heating-based deicing
strategies, the embedded LIG coating can be seen as a lighter alternative
that avoids degrading the mechanical properties of FRCs [15]. Given
these observations, it can be then concluded that Joule heating via
embedded LIG can enable fast and efficient strategies for the deicing of
composite surfaces.

Supplementary data related to this article can be found at https://do
i.org/10.1016/j.compscitech.2022.109529.

4. Conclusion

This research demonstrates the potential of LIG interlayers as Joule
heating elements for OoA curing of FRCs. LIG was uniformly coated on
fiberglass prepreg surfaces using a transfer-printing process before
characterizing their Joule heating performance using thermal imaging
and temperature measurements. The degree of cure of LIG-cured com-
posites was measured using DSC analysis and was found to be compa-
rable to oven-cured composites. Similarly, the tensile and flexural
properties of LIG-cured composites were also determined to match those
of reference oven-cured specimens, however the LIG-based curing pro-
cess was found to consume 89.3% less electrical energy relative to the
oven-curing process, thus acting as a more energy- and cost-efficient
alternative while also eliminating any constraints on final part size.
Furthermore, the use of LIG-coated fiberglass prepreg as a Joule heating
element for successfully bonding two separate composite parts was
demonstrated using single-lap joint shear strength testing. The described
process can be used to simplify and accelerate repair processes in
damaged composite parts and reduce equipment requirements. Once
cured, LIG-based Joule heating was also shown to be capable of enabling
the rapid deicing of structural FRCs operating in low temperature en-
vironments. Given the described advantages, the LIG’s Joule heating
effect shows great potential for further advancing the large-scale fabri-
cation of commercial composites, the capability to repair structural
damage and their integration in new applications.
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