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Abstract: The potential of electrically conductive graphene nanoplatelets (GNPs)/epoxy, multi-
walled carbon nanotubes (MWNCTs)/epoxy and hybrid GNPs-MWCNTs/epoxy nanocomposites
as adhesives for out-of-autoclave (OoA) and in-the-field CFRP repair via Joule heat curing was
investigated. Scanning electron microscopy revealed a good dispersion of the nanoparticles in
the matrix in all the nanocomposite adhesives above their percolation thresholds, which led to
a homogeneous distribution of the heat generated during Joule CFRP repair. The joints bonded
with neat epoxy and the nanocomposites showed similar lap shear strengths, with the addition of
nanoparticles enhancing the fatigue performance of the adhesively bonded joints relative to when
neat epoxy was used as an adhesive and oven-cured. The interfacial and cohesive failure mechanisms
were found to coexist in all the cases, with an increasing dominance of the cohesive when nanofillers
were embedded into the adhesive. No effect of the specific type of nanofiller incorporated into the
epoxy as the conductive component was observed on the mechanical performance of the bonded
joints, with the adhesives containing MWCNTs showing similar results to those filled with GNPs
at considerably lower loadings due to their lower percolation thresholds. The independence of the
properties regardless of the curing method highlights the promise of these Joule-cured adhesives for
industrial applications.

Keywords: graphene; carbon nanotubes; epoxy nanocomposites; adhesive joints; lap shear strength;
fatigue resistance

1. Introduction

Carbon fiber-reinforced plastics (CFRPs) are increasingly used in many industrial
sectors due to their high specific strength and stiffness, low density, multifunctionality, easy
integration into consolidated components and design versatility. In particular, driven by
new targets for lower CO, emissions and the need for light-weight structures, the global
demand for these composites in the aerospace, construction, wind energy and automotive
sectors is expected to continue to grow [1,2]. In 2000, specific goals for delivering significant
improvements in sustainable, reliable, affordable and passenger-friendly aviation were a
50% cut in CO, emissions per passenger per km (i.e., 50% cut in fuel consumption in the
new aircrafts of 2020) and an 80% cut in NO emissions, with the current initiative targetting
net zero CO, emissions by 2050 [3].The use of CFRPs contributes enormously to a reduction
in the overall weight of the aircraft’s structure, thus leading to important reductions in fuel
consumption, and hence, in CO, and NO emissions. In general terms, 3.1 kg of CO, is
generated for every kg of fuel used; thus, the reduction of one kg built-in aircraft weight
can reduce carbon emissions by 0.94 kg in the case of the Boeing 747-400, whose weight
is 396,890 kg, and by 0.475 kg in the Airbus A330-300, whose weight is 242,000 kg [4].
This rapid growth in the adoption of CFRPs is, however, leading to major environmental
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challenges in waste management, which includes off-cuts generated during composite
manufacturing and end-of-life CFRP products [5-7]. Thus, there is currently an urgent
demand for the development of efficient and sustainable techniques for CFRP repair.

Polymeric adhesives have been widely used in the past to join CFRPs, because they
offer important advantages compared to more traditional methods of joining CFRPs such
as bolting, brazing, welding, mechanical fasteners, etc. [8]. Such advantages include the
ability to join dissimilar materials to give light-weight but strong and stiff structures, and
to efficiently join thin-sheet materials, which, due to their low bearing strength, cannot be
joined by other methods. In addition, adhesive bonding represents the most flexible and
convenient method for joining materials with versatile design options and also offering an
easy automation [9]. For these reasons, adhesive bonding is widely used in many indus-
tries, including in the automobile, truck, aerospace, railway and electronic industries [10],
with epoxy adhesives, in particular, representing the most common type of structural
adhesive. When polymerized, epoxy adhesives acquire a highly crosslinked microstructure,
which results in many useful properties for structural engineering applications, such as
a high modulus and failure strength, low creep and good performance at elevated tem-
peratures [11,12]. However, in most of the cases, heat needs to be applied to promote the
crosslinking reaction and facilitate the formation of covalent bonds, with such heat curing
processes being typically performed in an autoclave, which use is labor-intensive and
involves both high energy consumption and a high cost [13]. In addition, autoclave curing
or repair also involves having to heat the whole component, which can lead to unwanted
structural changes. Thus, OoA strategies to cure composite repairs locally on damaged
structures outside an oven or autoclave, providing highly localized heating that avoids
heating the whole component, while also avoiding the large time and energy consumption
typically associated with the use of an oven/autoclave, are currently required.

The incorporation of electrically conductive nanofillers into the epoxy adhesives
emerges as a good alternative to the use of an oven or autoclave for CFRP repair through
adhesively bonded joints. Electrically conductive materials and, more specifically, carbon
nanomaterials have been recently proved to effectively transform an electric current into
heat through a simple Joule heating effect of the electrically conductive network of carbon
nanoparticles embedded in a polymer matrix above their percolation threshold [14]. Some
research has been reported on the application of such electrothermal property to de-icing
systems [15], as well as to the development of novel OoA thermosets curing methods.
For example, Mas et al. reported the curing of epoxy resins through Joule heating of
carbon nanotubes (CNTs) and graphene embedded in the polymer above the electrical
percolation threshold [16], where the small distance between the nanocarbon particles
(<100 nm) was found to render a fast heating rate and a better distribution of the heat
relative to the oven-based cure. The potential of this resistive heating in applications
such as aerospace composite parts repair, glass fiber composite laminate fabrication, and
soldering of an assembly of CNTs to a metal substrate was also explored in that work.
Other researchers have studied the effect of the nature and amount of different carbon
nanofillers (CNTs vs. graphene) on the self-heating of epoxy composites, finding that
the composites filled with CNTs reach higher temperatures than those reinforced with
graphene nanoplatelets (GNPs) applying lower electrical voltage because of their higher
electrical conductivities, with the self-heating being, however, more homogeneous for the
GNP/epoxy resins due to their higher thermal conductivity [17]. Later on, Xia et al. studied
how the microstructure and anisotropy induced by the electrically induced cure can lead to
GNPs/epoxy nanocomposites with superior electrical and mechanical properties relative
to those that are oven cured [18]. Such electrically conductive uncured nanocomposites
containing different GNP loadings were later successfully used as adhesives to repair
CFRPs through Joule heat curing, showing similar lap shear strengths to those found for
the oven repaired samples, evidencing the effectiveness of this approach as an OoA method
for CFRP repair [19]. However, the main focus of this prior work was the evaluation of
the static strength of the joints bonded with an epoxy adhesive containing GNPs as the
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conductive element, and the fatigue properties of such bonded joints were not investigated,
despite this property being crucial for most of the applications. In addition, the effect
of other types of nanofillers as conductive elements on the performance of the repaired
components was not explored either.

Fatigue refers to the ability of adhesive joints to withstand cyclic loads without failing,
and it strongly depends on the joint’s configuration and intrinsic properties of the adhesive.
The incorporation of different types of nanoparticles into the adhesive has been widely
used for the last few decades as an effective strategy to improve the toughness and fatigue
resistance of composites and structural adhesives [20,21]. Due to their low density, dimen-
sions in the nanoscale and outstanding mechanical properties, carbon nanoparticles are
particularly attractive to be used as adhesive modifiers, since they can render considerable
improvements on the mechanical properties of adhesively bonded CFRP joints at very
low loadings. For example, Kang et al. [22] incorporated 2 wt.% loading of MWCNTs into
an epoxy adhesive and found a decrease in the static lap shear strength; however, they
found an increase in the fatigue life of composites” adhesively bonded lap shear joints due
to the promotion of longer crack initiation and propagation times through a mechanism
of crack deflection when they are added into the adhesive. More recently, improvements
on the fatigue life of CFRP bonded joints using an epoxy adhesive filled with GNPs have
also been reported, with crack deflection also suggested as the main mechanism [23]. The
addition of carbon nanomaterials (CNTs and GNPs) to structural adhesives emerges, thus,
as particularly attractive for the development of OoA CFRP repair methods, since they
can provide the electrical conductivity required for an effective Joule heat curing, while
also providing adhesively bonded joints with improved lap shear strengths and fatigue
resistance. However, this duality offered by carbon nanoparticles acting simultaneously
as a conductive and toughening component in structural adhesives has not been properly
investigated yet.

Herein, the potential of electrically conductive GNPs/epoxy, MWNCTs/epoxy and
hybrid GNPs-MWCNTs/epoxy mixtures as Joule-cured adhesives for adhesively bonded
joints with improved mechanical performances is investigated. The microstructure (i.e.,
dispersion and arrangement of the nanoparticles in the matrix) of the conductive nanocom-
posites with different formulations is evaluated and related to the distribution of the Joule
heat generated upon the application of an electric field through them during the CFRP
repair process, as well as to the mechanical properties of the repaired samples. The me-
chanical performance of the Joule-bonded CFRP joints is analyzed by static lap shear and
fatigue tests and compared with that found for the joints bonded with neat epoxy as well
as with their in-the-oven-bonded analogues to assess their potential as adhesives for Joule
CFRP repair. Their failure mechanism is investigated by SEM to gain insight into and, thus,
gain control of the formulation of conductive adhesives that can render an effective Joule
bonding of CFRP joints with competitive lap shear strengths and fatigue resistances. The
effect of the dimensionality of the carbon nanoparticles embedded into the epoxy adhesive
on the electrical and Joule heating properties of the nanocomposites and, thus, on their Joule
CFRP repair effectiveness and mechanical performance of the bonded joints is evaluated in
order to gain control on the adhesive’s formulation that will lead to optimization of the
repair process.

2. Materials and Methods
2.1. Materials

Graphene nanoplatelets (GNPs) M25 from XG Science (East Lansing, MI, USA) with
lateral dimensions ~7.7 pm and thickness ~6-8 nm, according to previous data reported
in our group [24], and multi-walled carbon nanotubes (MWCNTs) Nanocyl TM NC7000
from Nanocyl S.A. (Sambreville, Belgium) with diameters and average lengths of ~10 nm
and of ~1.5 pm, respectively, as quoted by the manufacturer, were used as nanofillers. The
epoxy resin (Araldite, LY5052) and the hardener (Aradur, HY5052) were purchased from
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Huntsman (The Woodlands, TX, USA), and 3K Hexcel HexTow® carbon fiber plain weave
cloth with a grammage of 199 g/m? was purchased from Sigmatex (Runcorn, UK).

2.2. Fabrication and Characterization of Oven Cured Epoxy Nanocomposites

GNPs/epoxy and MWCNTs/epoxy nanocomposite mixtures with filler loadings in
the range of 0-9 wt.% and 0-1 wt.%, respectively, were prepared following the experi-
mental procedure reported in our previous work [19]. The nanocomposite mixtures were
then oven-cured using the protocol recommended by the manufacturer, which comprises
two steps: a pre-curing step where the mixture is left at room temperature for 24 h, fol-
lowed by the curing step in which the material is heated in an oven at 100 °C for 4 h.
A GNPs-MWCNTs/epoxy hybrid nanocomposite with 0.5 wt.% total nanofiller loading
(GNPs:MWCNTs = 2:3) was also fabricated using the same experimental method.

The impedance of 15 x 15 x 0.5 mm nanocomposite specimens was measured through
thickness using a Newtons4th Ltd. PSM 1735 Frequency Response Analyzer (Leicester, UK)
connected with an Impedance Analysis Interface (IAI) in the range of frequencies 1-10°
Hz for all the formulations prepared. The specific conductivity of the samples was then
calculated from the experimentally determined impedances using Equation (1):

. t1 ¢
o(w) =Y (w)l7 = x4 1)
where Y*(w) is the complex admittance, Z* is the complex impedance, and t and A are the
thickness and cross-section area of the specimen, respectively.
The cryo-fracture of the epoxy and the nanocomposites was characterized by scanning
electron microscopy (SEM) using a TescanSC Mira 3 microscope (Brno, Czechia) at an
accelerating voltage of 5 kV.

2.3. CFRPs Repair through Adhesively Bonded Joints

Epoxy nanocomposite uncured mixtures containing 3 wt.% loading of GNPs, 0.5 wt.%
loading of MWCNTs and a combination of both nanofillers with a total loading of 0.5 wt.%
(GNPs:MWNTs = 2:3) prepared following the method described in Section 2.2 were used
as adhesives to repair CFRPs both in the oven and OoA. For the oven-based CFRP repair,
the adhesives were spread onto the pre-treated adherend’s bonding area, and the joint
was assembled and cured following the oven curing cycle described in Section 2.2. (The
fabrication of the CFRPs used as adherends and the surface modification of the bonding
areas are described in Supplementary Materials). A uniform and controlled pressure was
applied to the bonding area by placing a metal block on the joint in order to keep a constant
adhesive layer thickness of ~0.2 mm. Control samples were repaired using neat epoxy
as adhesive. For the Joule repair, the conductive mixtures were homogeneously spread
onto the bonding area and two pieces of copper tape were attached at both sides of the
joints to be used as electrodes, as schematically represented in Figure 1. (It should be noted
that the electrodes are attached at both sides of the joints in order to avoid passing the
electric current through the adherends. This set-up will ensure that only the adhesive is
Joule-heated during the curing/repair process, providing highly localized heating and
avoiding heating the adherends unnecessarily, which might lead to undesired structural
damages on them, particularly if the Ty of the adherend is not much higher than the curing
temperature of the adhesive). After the pre-curing step, a direct electric current of 5 V was
applied through the adhesive along the out-of-plane direction using a DC power supply
(Gw Instek, PSP-405, New Taipei, Taiwan). The generated Joule heat was monitored using
an infrared (IR) camera (FLIR Q60, Wilsonville, OR, USA), and the applied voltage was
carefully controlled to keep the temperature ~100 °C for 4 h to simulate the conditions used
for the oven-repaired samples. An infrared camera detects the infrared energy of the tested
material and transforms the acquired infrared data into an electronic image (thermograph)
that shows its surface temperature. To ensure precise temperature measurements, the
camera was calibrated by testing the temperature of boiling water, as recommended by the
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manufacturer, showing a deviation of a few tenths of a degree Celsius. A constant voltage
of ~5V and a total power below 10 W were carefully kept during the Joule heat experiments
in order to avoid overheating the material, since this would affect negatively the quality of
the Joule-cured bonds. The heating rates were determined from the applied voltage.

adhesive

—5 03¢ |Power Supply

electrodes CERP adherends

Figure 1. Schematic of the OoA CFRPs repair approach via Joule heat curing of electrically conductive
epoxy nanocomposites.

The ultimate static strength of all the repaired CFRPs was evaluated by single-lap
shear testing using an Instron 3365 machine following the standard ASTM D1002—10
(2019) with a load cell of 10 kN and a crosshead displacement rate of 1.3 mm/min. Two
25.4 x 25.4 mm CFRFs tabs were placed on both ends of the adherends to correct the
alignment and eliminate the effect of eccentricity during the test. In order to evaluate
the repeatability of the test, five specimens per sample were tested. Fatigue tests were
performed on all the samples repaired using an Instron 8802 machine (Wycombe, UK)
equipped with a 100 kN load cell, using sinusoidal waveforms at a stress ratio (R) of 0.1
and a frequency of 25 Hz. The stress level was varied from 0.9 to 0.5 and at least three
specimens per sample were tested. The fracture surface of the samples was characterized
by SEM, using a Tescan SC Mira 3 at an accelerating voltage of 5 kV to investigate the
failure mechanism.

3. Results and Discussion
3.1. Electrical Conductivity of the Epoxy Nanocomposites

For an effective CFRP repair through adhesively bonded joints based on Joule heating,
the adhesives need to be electrically conductive. It is, thus, essential to create an electrically
conductive network of nanoparticles in the epoxy adhesive capable of generating enough
heat through a Joule heating effect when an electric current is passed through them. The
through-thickness electrical properties of ~500 pm thick specimens of the nanocomposites
filled with GNPs and MWCNTs were evaluated, given that this will be the thickness of
a typical bondline in the later mechanical testing. The variation in the through-thickness
(i.e., out-of-plane) specific conductivity of 15 x 15 x 0.5 mm nanocomposites based on
GNPs and MWCNTs with increasing filler loading is shown in Figure 2. Both systems
behaved as electrically percolated systems, showing very low conductivities at low filler
loadings and a rapid increase in conductivity with filler loadings above their percolation
thresholds. The percolation threshold of each of these systems can be calculated using the
classic percolation theory (Equation (2)), which assumes the filler particles are randomly
distributed within the polymer matrix [25,26]:

c=0y(P—P) @)

where ¢ is the specific electrical conductivity, oy is the fitted constant, P and P, are the filler
loading and the percolation threshold, respectively, and ¢ is the conductivity exponent,
which is related to the dimensionality of the conductive system.
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Figure 2. Variation in the out—of—plane specific electrical conductivity of 15 x 15 x 0.5 mm
GNPs/epoxy, MWCNTs/epoxy and hybrid/epoxy (GNPs:MWCNTs = 3:2) nanocomposites.

Using the classic percolation theory, values of ~3 wt.% and ~0.01 wt.% were found for
the percolation thresholds of the systems based on GNPs and MWCNTs, respectively. The
considerably lower percolation threshold found for the MWCNTs/epoxy nanocomposites
relative to the GNPs/epoxy ones was attributed to the higher aspect ratio of the 1D
MWCNTs relative to the 2D graphene platelets [27], which is known to facilitate the
formation of a conductive network of nanoparticles in the polymer matrix at lower loadings.
Indeed, longer conductive nanoparticles can form conductive paths within the polymer
matrix more easily by making contact with each other or through a tunnelling effect when
they are close enough to each other; hence, lower amounts of longer nanoparticles are
necessary to provide an insulating polymer matrix with electrical conductivity. A value of ¢
of ~1.63 was found for the system based on MWNTs from the data plotted in Figure 2, and
a value of ~2.41 was previously found for the GNP-based system [19], suggesting that a 3D
network of conductive particles is developed in the matrix above percolation in both cases,
independently of the filler [19,28]. The higher t found for the MWCNTs system relative
to the GNPs one suggests that the network of electrically conductive nanoparticles in the
matrix develops faster with increasing filler loadings of MWCNTs above percolation due to
the higher aspect ratio of the carbon nanotubes relative to the GNP flakes, which will also
lead to high specific conductivities at lower loadings relative to the system based on GNPs.
It should be highlighted that the maximum conductivities that these nanocomposites can
achieve strongly depend on the intrinsic conductivity of each nanofiller. In this work,
the specific conductivity for the MWCNTs/epoxy nanocomposite with a filler content of
0.3 wt.% (~103 S/m) was found to be two orders of magnitude higher than that obtained
for the GNPs/epoxy nanocomposite with a loading of 3 wt.% (~107> S/m).

In order to have electrically conductive nanocomposites with the minimum possible
filler loading to avoid processing issues and ensure a good dispersion of the nanofiller
particles in the matrix, the nanocomposites loaded with 3 wt.% GNPs and 0.5 wt.% MWC-
NTs (named as 3GNPs/epoxy and 0.5MWCNTs/epoxy, respectively) were selected to
evaluate their Joule heating properties and their potential as Joule-cured adhesives for
CEFRP repair. (It should be noted that in the case of the GNPs system, a loading close to
the percolation threshold was selected to avoid the large increments in viscosity and the
formation of agglomerates typically observed at very high filler loadings). In addition
to these two binary electrically conductive nanocomposites and taking advantage of the
synergistic effect previously found when nanoparticles with different dimensionalities are
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combined [18,29], a hybrid nanocomposite with a total filler loading of 0.5 wt.% and a
GNPs—MWCNTs ratio of 2:3 was also fabricated. This hybrid nanocomposite containing
0.2 wt.% GNPs and 0.3 wt.% MWCNTs showed an electrical conductivity of 1073 S/m
(Figure 2), which was higher than the conductivities found for the two selected binary
nanocomposites without having to add further filler, clearly showing the advantage of the
hybrid system (i.e., ternary system) over the binary systems, thus also showing promise as
an adhesive for Joule CFRPs repair.

3.2. Microstructure of the Epoxy Nanocomposites

Obtaining insight on the arrangement and level of dispersion of the nanoparticles in
the matrix above their percolation thresholds is key to understanding the Joule heating
properties of the adhesives as well as the mechanical performance of the repaired samples.
Thus, the cryo-fracture surfaces of the epoxy and the three electrically conductive nanocom-
posites selected were characterized by SEM to evaluate their overall microstructure and
assess the level of dispersion of the nanofiller particles in the epoxy matrix. Representative
SEM images (Figure 3) show an absence of voids and structural defects in all the cases,
suggesting that optimal conditions have been employed for the synthesis and processing
of all the samples. A very smooth cryo-fracture surface was found for the neat epoxy
(Figure 3a), whereas rougher surfaces were found for the nanocomposites (Figure 3b-d)
due to the presence of the filler nanoparticles, with the GNP-based nanocomposite showing
the roughest surface amongst all the nanocomposites under study, probably due to the
higher filler loading that needs to be embedded into the matrix to make the GNPs/epoxy
nanocomposite conductive relative to the other two, as discussed in Section 3.1.

Figure 3. SEM images of the cryo-fractured surfaces of neat epoxy (a), and the 0.5MWCNTs (b),
3GNPs (c) and hybrid (d) nanocomposites. (The yellow arrows show the CNT agglomerates, and the
orange arrows show the GNPs flakes and its agglomerates).

SEM images of the 0.5MWCNTs nanocomposite (Figure 3b) show the presence of
some agglomerates of nanotubes in the epoxy matrix, which is attributed to the high aspect
ratio and strong van der Waals forces and 7-7r interactions existing between individual
MWCNTs, which makes their disentanglement into individually dispersed tubes very
challenging. The presence of MWCNTs and small agglomerates of them could be, thus,
easily found in the epoxy matrix even at this low filler loading (0.5 wt.%), with them
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being, however, uniformly distributed all throughout the matrix. In the case of the 3GNPs
nanocomposite (Figure 3c), the graphene flakes were generally well distributed within the
matrix, with a few small agglomerates being found. Overall, the hybrid nanocomposite
(Figure 3d) showed a better distribution of the GNPs and MWCNTs relative to the binary
nanocomposites, which may be due to the lower loadings of both nanofillers incorporated in
this hybrid system. In addition, some GNP flakes in the hybrid nanocomposite were found
to act as bridges connecting small agglomerates of MWCNTs, with the higher conductivity
found for the hybrid nanocomposite relative to the two binary systems being attributed to
this arrangement of filler particles.

3.3. CERPs Repair by Joule Heat Curing of the Conductive Epoxy Nanocomposites

The 3GNPs, 0.5MWCNTs and the hybrid nanocomposites were used as Joule-cured
adhesives for CFRP repair. In a typical repair process, the conductive epoxy/nanofiller
uncured mixtures were homogenously spread on the bonding area between two laminates
of CFRPs, as described in Section 2.3, and a direct electric current was passed through the
adhesive along the out-of-plane direction. In order to mimic the oven curing conditions
recommended by the manufacturer, the applied voltage was carefully controlled to reach
100 °C and hold the temperature for 4 h.

The distribution of the Joule heat generated during curing was obtained using an
IR camera, and the obtained results are shown in Figure 4. It can be seen that when
an electric current is applied through the adhesive mixtures (Figure 4d,e), two thermal
peaks were identified in the bonding area, at 96 °C and 104 °C for the GNPs mixture, and
at 99 °C and 111 °C for the MWCNTs mixture, which are assumed to be related to the
dispersion of the nanofiller in the matrix. As discussed above, SEM revealed the presence
of some small agglomerates of nanoparticles in both the GNP- and the MWCNT-based
nanocomposites, resulting in some regions having a lower density of tubes/flakes than
others, and hence leading to an inhomogeneous distribution of the generated Joule heat in
the bonding area [15]. Furthermore, the fact that the two thermal peaks seen for the GNP-
based nanocomposite are quite close to each other and show similar intensities, whereas
for the MWCNT-based system, the two thermal peaks are more separated from each other
and show considerably different intensities, suggests that the GNP system renders a more
densely packed conductive network, relative to the MWCNT system, which contains a
lower loading of filler particles.

0.5MWCNTs hybrid

120

(d) 0.5MWCNTs (e) 3GNPs (f) hybrid

100 100 100

80 80 80

Counts
3

AN

Counts

60

40
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J
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b

Counts

0
80 85 90 95 100 105 110 115 120
Temperature (°C)

0
80 85 90 95 100 105 110 115 120
Temperature (°C)

0
80 85 90 95 100 105 110 115 120
Temperature (°C)

Figure 4. IR-camera images (a—c) and distribution of the generated Joule heat within the bonding
area (d—f) for the 3GNPs, 0.56MWCNTs and hybrid nanocomposite mixtures during a typical OoA
CFRPs repair.
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For the hybrid system, however, a single thermal peak at ~107 °C was observed
(Figure 4f), suggesting a more homogeneous distribution of the generated Joule heat all
over the bonding area. This behavior may be attributed to the better dispersion found
for the hybrid system relative to the two binary systems, discussed in Section 3.1. The
addition of a relatively low amount of GNP flakes (0.2 wt.%) onto an adhesive containing
0.3 wt.% loading of MWCNTs seems to enhance the overall distribution of the generated
Joule heat within the bonding area, with some of the flakes acting as bridges between the
MWCNTs or their small agglomerates, thus leading to a more uniform conductive network
of nanoparticles in the epoxy matrix and a more homogeneous distribution of the generated
Joule heat. This better dispersion would also explain the higher specific conductivity found
for the hybrid system.

3.4. Mechanical Properties of the Adhesively Bonded Single Lap Joints

The static and dynamic strength of the CFRP joints were evaluated by single-lap shear
and fatigue tests, respectively, and compared with those obtained when neat epoxy and the
nanocomposites were used as adhesives and oven cured.

3.4.1. Lap Shear Tests

The lap shear stress—strain curves obtained for the single-lap shear joints adhesively
bonded by neat epoxy and the nanocomposites show the typical behavior of brittle materials
without a plastic deformation zone, with such behavior being very similar in all the
cases (Figure 5a). As shown in Figure 5b, the lap shear strength (LSS) obtained for the
joints repaired using the nanocomposites as adhesives (~13-14 MPa) was very close to
the LSS value found for the sample repaired using neat epoxy, independently of the
nanocomposite’s formulation. It should be highlighted that, even though higher values for
the LSS of the systems based on GNPs would have been expected a priori relative to those
found for the MWCNT-based one, due to their 2D nature typically providing higher shear
and tensile strengths, the obtained values were very close to those found for the MWCNTs
based system. We attribute this observation to the higher GNP loading required to be
incorporated into the epoxy matrix relative to the MWCNTs to make the nanocomposite
electrically conductive (a considerably higher percolation threshold was found for the
GNP nanocomposite relative to the MWCNT-based one, as discussed in Section 3.1). The
higher GNP loading incorporated into the epoxy matrix (3 wt.%) must, thus, lead to the
formation of more agglomerates, impeding the achievement of its maximum potential
as reinforcement, hence showing LSS values which are very close to those found for the
adhesive filled with a considerably lower loading of MWCNTs (0.5 wt.%). No effect of the
curing method employed to bond the joints on the LSS could be found either, obtaining
very similar performances for the Joule-cured samples and the samples cured in the oven.

3.4.2. Fatigue Tests

The dynamic strength of all the specimens prepared was also tested to evaluate the
fatigue properties of the bonded joints. As shown in Figure 6a, when the stress level applied
to the sample during the fatigue tests (defined here as the maximum applied stress, 0y,
relative to the ultimate strength, o,,;;, obtained from the static single lap shear tests) was
decreased from 0.9 to 0.5, the lifetime of all the adhesively bonded joints was found to
increase linearly by several orders of magnitude, reaching the ‘unbreakable’ status (defined
as not failing after 107 cycles) under a stress level below 0.5. These prolonged lives observed
for all the joints under progressively lower stress levels must be attributed to a reduction in
the crack initiation and propagation rates within the adhesives when lower stress levels,
that is when milder conditions, are applied to the samples [30].
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Figure 6b shows the average cycles to failure found for the different samples tested
and their respective deviations across the various stress levels studied. It can be seen that
the joints adhesively bonded with the nanocomposites showed an enhanced fatigue life
relative to those bonded with neat epoxy. In adhesively bonded joints, crack initiation
is known to primarily occur at the end of the bonded area or at the interface between
adhesive and adherend as a result of stress concentration. Once initiated, those cracks
start to propagate through the adhesive, leading eventually to the sample’s failure. When
a propagating crack encounters an obstacle, e.g., a nanoparticle, the crack is, in general,
believed to be deflected around it, resulting in a longer crack propagation path, thereby
contributing to an improvement in the fatigue life of the bonded joints [14,29]. This inter-
action between propagating cracks and nanoparticles effectively retards the progression
of the cracks and has been widely accepted as the failure mechanism in similar nanocom-
posite systems [31,32]. More specifically, the incorporation of CNTs and GNPs into epoxy
resins has been previously reported to effectively increase their toughness at relatively low
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loadings through slightly different mechanisms [33]. In the case of adding CNTs, the epoxy
toughening is believed to be due to their highly flexible elastic performance under both
tensile and compressive loading, with individual nanotubes sliding within the bundles,
with crack-bridging being accepted as the main toughening mechanism. The incorporation
of GNPs was also found to improve the toughness of neat epoxy, also confirming graphene
materials as an effective toughener for epoxies, with crack deflection being suggested as the
major graphene toughening mechanism in this case. Furthermore, this enhanced fatigue
behavior observed when the nanocomposites are used as adhesives, relative to when neat
epoxy was used, was found to be increasingly pronounced under higher stress levels, as
revealed by the higher slopes found from the linear fittings in Figure 6a. Such increasingly
harsh conditions may promote the formation of a higher number of cracks within the adhe-
sive relative to when lower stresses are applied; hence, the difference between the crack
propagation paths in the nanocomposites relative to the neat epoxy will be increasingly
more pronounced. The addition of nanoparticles to the epoxy adhesive seems, thus, to
have an effect on prolonging the samples’ life under all the stress levels studied, with this
effect being increasingly pronounced as the test conditions become harsher.

Amongst the three nanocomposites studied here, the fatigue life of the lap joints
bonded with the 3GNPs one was found to be slightly superior under stress levels > 0.7
than those observed for both the 0.5MWCNTs and the hybrid nanocomposites (Figure 6b),
suggesting that 2D nanoparticles must lead to a more effective crack defection and energy
absorption than 1D nanoparticles, in agreement with previous reports [34]. This observa-
tion can be attributed to the 2D nanoparticles providing larger contact areas between the
filler particles and the epoxy, allowing them to absorb more energy during the sample’s
deformation relative to when just 1D MWCNTs or 1D MWCNTs combined with a low con-
tent of 2D GNPs are incorporated into the adhesive, eventually leading to a more effective
crack deflection and, hence, to a longer fatigue life. In addition, it should be mentioned
that the nanocomposite based on GNPs contained higher filler loading (3 wt.%) than the
other two (0.5 wt.%), due to its higher percolation threshold, which must also contribute to
these more effective crack deflections and longer fatigue lives observed. At lower stress
levels (<0.7), however, similar results were found for all the samples, independently of their
formulation, with their fatigue lives being found to converge (Figure 6a). This suggests
that the adhesives containing MWCNTs (both the one purely based on MWCNTs and the
hybrid) render similar mechanical performances to those found for the adhesive based
on GNPs when low stress levels are applied. Finally, like for the lap shear results, similar
fatigue performances were also found independently of the curing method employed,
which suggests that the Joule cure and the oven-based CFRP repair methods seem to be
equally effective.

3.4.3. Failure Mechanism of the Adhesively Bonded Joints

In order to gain control on the failure of the joints adhesively bonded using neat epoxy
and the nanocomposites, it is important to investigate their failure mechanism. The failure
modes typically observed in adhesively bonded joints include adhesive or interfacial, cohe-
sive, and light-fiber tear failure, as schematically represented in Supplementary Materials,
with a combination of different mechanisms being the most common situation.

SEM analysis was performed on the fracture surface of the joints bonded with neat
epoxy and the nanocomposites after fatigue tests performed under different stress levels
from 0.5 to 1 in order to investigate their failure mechanisms, and representative images are
shown in Figure 7. When neat epoxy was used as the adhesive (Figure 7a), the presence of
fiber tracks, textured microflow and cusps observed on the fracture surface of the sample,
combined with small regions covered by debris from the adhesive, suggests the coexistence
of both adhesive and cohesive failure mechanisms, with the adhesive dominating the
system’s failure over the cohesive [35-37]. The fracture surface of the nanocomposites
tested under identical conditions (Figure 7b—g) showed similar features to those found
for the samples bonded with neat epoxy, with both the cohesive and the adhesive failure



J. Compos. Sci. 2024, 8, 112

12 of 15

mechanisms coexisting. However, in these cases, the SEM images reveal the presence of
more extensive regions covered by debris from the nanocomposites used as adhesives,
suggesting an increased contribution of the cohesive mechanism relative to the adhesive.
This observation indicates an enhanced interface between the nanocomposite adhesive
and the CFRP adherends relative to the interface between neat epoxy and adherend, with
similar results found independently of the stress level applied to the samples during the
fatigue test (shown in Supplementary Materials). Furthermore, no clear effect of the specific
type of nanofiller incorporated into the adhesive or the method employed to cure it on the
failure mechanism could be found.

20 um

Figure 7. SEM images of the fracture surface of the joints bonded with neat epoxy (a), 0.5MWCNTs-
OC (b), 0.5 MWCNTs-JC (c), 3GNPs-OC (d), 3GNPs-JC (e), hybrid-OC (f) and hybrid-JC (g), after
fatigue tests performed at a stress level of 0.9.

In summary, the three conductive nanocomposites studied as adhesives have been
proved to be effective in leading to successful CFRP repair through Joule heat curing, with
the bonded joints showing LSSs which are comparable to those found when neat epoxy is
used as an adhesive and oven cured, and improved fatigue resistance promoted through
a mechanism of crack deflection. No clear effect of the nanocomposite’s formulation
was found though, suggesting that a well-distributed conductive network of any type of
carbon nanoparticles must lead to a successful Joule repair with bonded joints with good
performance. However, the incorporation of MWCNTs vs. GNPs into the adhesive has
been found to considerably reduce the adhesive filler loading required for a successful
repair, due to their much lower percolation threshold. The stronger adhesive—adherend
interfaces promoted by adding nanofillers to the adhesive suggest, however, that in order
to further improve the mechanical performance of the bonded joints, strategies to enhance
the adhesives toughness need now to be developed.

4. Conclusions

The potential of electrically conductive GNPs/epoxy, MWNCTs/epoxy and GNPs-
MWCNTs/epoxy hybrid nanocomposite mixtures as adhesives for OoA and in-the-field
CFRPs repair via Joule heating of the conductive network of carbon nanoparticles embed-
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ded in the epoxy matrix was investigated. Above percolation, the three nanocomposites
showed a good distribution of their conductive networks in the epoxy matrix, which
led to a successful Joule thermoset curing and, hence, to a successful CFRP repair. The
joints adhesively bonded with neat epoxy and the nanocomposites (both in the oven- and
Joule-cured) showed similar lap shear strengths in all the cases, whereas the presence
of nanoparticles in the adhesive was found to enhance the fatigue performance of the
bonded joints relative to when neat epoxy was used as an adhesive, probably through a
mechanism of crack deflection. Similar results were found independently of the adhesive’s
formulation, which suggests that the incorporation of MWCNTs as the only or one of
the conductive components into the adhesive can considerably reduce the filler loading
required for successful Joule repair, due to the lower percolation thresholds typically found
for the hybrid and the MWCNTs/epoxy nanocomposite relative to the one based on GNPs
and reaching similar mechanical performances. The fracture surface of the joints bonded
with the three nanocomposites showed similar features to those found for the samples
bonded using neat epoxy, with both cohesive and adhesive failure mechanisms coexist-
ing, however, with more contribution of the cohesive relative to the adhesive, suggesting
stronger adhesive-adherend interactions. Similar results were obtained independently of
the curing method, evidencing the promise of this thermosets curing strategy based on
Joule heating of conductive nanocomposites as an OoA and in-the-field method for CFRP
repair with improved fatigue resistance relative to when neat epoxy is used as an adhesive
and oven-cured, and with similar lap shear strengths. Strategies to improve their toughness
should now be developed to improve the overall performance of the repaired CFRPs and
make them suitable for highly demanding applications.
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