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ABSTRACT: The continuous growth in the use of preimpregnated semielaborated products to manufacture continuous carbon
fiber-reinforced polymer parts has led the industry to face an important challenge in the management of the prepreg scrap, as the
amount of waste produced can reach almost 75% due to the inefliciency of the cutting phase. In this context, this industry is pushed
to move toward a circular economy approach by conferring a new use to their waste. The main problem arises from the fact that
shortening carbon fiber leads to nonefficient mechanical reinforcement and that other thermal or chemical recycling approaches are
environmentally hazardous. In this work, mechanical recycling of carbon fiber prepregs from expired virgin prepregs or scrap from an
automated manufacturing operation is proposed as an economical and environmentally efficient method to obtain multifunctional
coatings with Joule effect heating capabilities, which are demanded by different industries as a high-value product. As a coating,
mechanical performance is not so relevant; nevertheless, obtaining high electrical conductivity by the incorporation of proper size
and distributed short recycled carbon fiber can lead to a self-heating coating that could be used for anti- and deicing purposes or any
other thermally activated function with very low power consumption. In this way, electrical conductivities up to 2 S/m were
obtained, which allowed for achieving temperatures of 200 °C by the Joule effect in all samples in less than 17 s by the application of
voltages below 48 V for bulk materials and 100 V for the coating.

1. INTRODUCTION

In the last years, the use of carbon fiber reinforced polymer
(CFRP) composites is constantly increasing.1 An expansion in
the European market of 7.5% per year from 2019 to 2025 is
expected,” and most of these demands come from the wind
energy, aerospace, and automotive industries. Normally, this
type of composite is used in these industrial sectors due to
their high performance, such as high specific stiffness and
strength.” CFRP final properties are strongly linked to diverse
parameters such as fiber content, orientation, or the selected
manufacturing process.”” In this way, focused on structural
parts, the use of preimpregnated fibers, so-called prepregs, is
one of the most well-known methods to develop high-
performance CFRPs. Parts made from prepregs present unique
features, such as high fiber volume content and relatively easy
manufacture.’ Normally, to achieve better quality parts and
higher manufacturing velocities prepregs are combined with
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automated processing technologies such as automated fiber
placement or automated tape laying, especially in the aerospace
industry where high-quality requirements are imposed.”® At
this stage, the volume of production of CFRP has increased
along with a corresponding rise in waste generation associated
with its manufacturing process. This presents important
challenges from both an economic and environmental

perspective and underscores the need for sustainable
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approaches to the production, processing, and reuse of
materials.

As previously mentioned, the growing demand for carbon
fiber (CF) is associated with some issues related to the relevant
environmental impacts of their manufacturing processes.”® In
this way, the development of recovery and recycling systems is
highly necessary to recover the residual end-of-life value of
these materials.””"' The Directive 2008/98/EC of the
European Parliament””'” promotes both the prevention of
waste production and the reuse and recycling of CFRPs. When
prepregs are used, it is interesting to pay special attention to
the prevention of waste production, due to their limited shelf
life and their manufacturing process. Usually, epoxy prepregs
present a shelf life of around 20—40 days at room temperature
and 1-2 years at low temperature (—20 °C storage condition),
depending on the matrix system and the manufacturer.
Moreover, the cutting operations of virgin prepregs roll (as
off-cuts, trim waste, or end-roll waste), which are necessary for
the CFRP manufacturing process, can constitute between 20
and 70 wt % of the virgin prepreg used.”'*~"> Given the
substantial volume of prepreg waste generated during the
manufacturing of each CFRP part and the high number of
parts produced worldwide, this study aims to identify strategies
for repurposing this waste into value-added products. Such
efforts are particularly important from an economic and
environmental perspective, as they can help to minimize waste
generation, optimize resource utilization, and promote
sustainable materials processing. By developing innovative
approaches for repurposing prepreg waste, this study aims to
contribute to the advancement of sustainable materials
manufacturing and processing practices and support the
transition toward a circular economy. For a very long time,
landfilling or incinerating have been options for waste
management but not the best ones,'® with negative impacts
in terms of environmental impacts and economic costs.
Nowadays, there exist three different ways for recycling a
CFRP or prepregs:17 chemical,'®**° thermal,*"** and mechan-
ical.”® From an energy consumption point of view, the last
process is the one that consumes the least with a consumption
ranging between 2 and 4 MJ/kg.”* Moreover, it is the only
technique with no emission of toxic gases, the material can be
fed in different forms or geometries and, finally, it is the easiest
and cheapest to use.'””* However, this process induces a
significant deterioration of different mechanical properties due
to the fiber surface damage and shortening of fiber length.
Crushing imgairs the CF properties, such as their mechanical
resistance.”*® Recycled fibers are short in comparison to the
originals, and by this fact are assumed to be less effective than
long fibers from a mechanical point of view.'””” As a result, the
short fibers obtained from mechanical recycling are typically
unsuitable for use in the production of structural components,
although short CF can provide an increase in mechanical
strength when used as reinforcement of polymeric matrices,
both thermosetting and thermoplastic. On the contrary, it must
be pointed out that the other recycling methods (chemical or
thermal) ideally can recover the long fibers and, therefore,
ideally could be reused in applications that involve high
mechanical resistance.

This work is focused on the mechanical recycling process of
CF-epoxy prepregs. The specific conditions related to the use
of prepregs for the manufacturing of CFRP composites,
previously detailed, entail the presence of tons of waste derived
from the manufacturing process, even before the end-of-life of

the composite. So, it is an interesting material to recycle, thus
avoiding its arrival at landfills and significantly improving the
management of this waste. More specifically, the aim of the
present work consists of the development of new multifunc-
tional materials by using the obtained recycled short CF as
reinforcement of a polymeric matrix to mainly improve their
mechanical, thermal, and electrical properties and confer new
multifunctionalities to the original polymeric matrix. As
previously suggested, considering the probable impaired
mechanical behavior of these new composites reinforced with
short CF in bulk with regard to the long fiber reinforced ones,
these materials were also manufactured as functional coatings
for which the mechanical performance in terms of stiffness and
strength is not so important. Using the obtained short CF as
reinforcement in coatings seems an interesting application to
take advantage of not only the common protective properties
sought by coatings (such as chemical and abrasion protection)
but also new functionalities over the substrates. Integrating
different functions in one material system is a challenge,
especially if those functions seem to exclude each other”® (ie.,
polymer with high electrical conductivities). Understanding
function-structure relationships and developing a competence
in the system approach for multifunctionality enables many
modern applications, which can improve quality of life and
address important global challenges.28 In this case, taking into
account the used material (epoxy matrix and recycled CFs)
multifunctionality can be reached by combining the barrier
behavior (from the epoxy matrix) or the wear resistance (from
the CF) with new functionalities/applications such as surface
heaters for anti-icing and deicing surfaces”””” and heating
devices.>*> To achieve optimal performance in these
applications, it is common to use carbon fillers.”® Using
carbon nanotubes (CNT) moderate heating up to 150 °C can
be achieved through the joule effect at low voltages (25—100
V).**** Another alternative is the use of graphene nano-
platelets (GNP), which can achieve higher temperatures but
also require higher voltages (180 °C at 150 V).>> CFs were
also used for these applications being the most common
practice the use of a virgin continuous reinforcement, instance
of short fibers, achieving temperatures exceeding 200 °C even
with voltages below 10 V.*® Other interesting new function-
alities/applications for this type of filles can be electromagnetic
shielding,3’7’3’8 lightning protection,”’40 and antistatic electrical
conductors surfaces,”’ among others.”

Thus, the goal of this study is to explore sustainable
approaches for the management of waste generated by the use
of prepregs in the manufacture of CFRP. The study aims to
identify alternatives that are environmentally sound, econom-
ically viable, and technically feasible. To this end, mechanical
recycling has been investigated as a potential solution, and the
recycled material has been utilized in two distinct applications:
as a bulk material and as coatings. As a functional coating, the
high-value obtained product can give a second opportunity to
the recycled carbon fibers as the mechanical requirements are
no longer required, thus allowing a shortening effect during
mechanical recycling. To achieve this goal, first, the effect of
the milling cycle on the recycled product has been analyzed.
Subsequently, the impact of adding different amounts of
recycled short CF to a polymeric matrix was evaluated in terms
of changes in its mechanical, electrical, and thermoelectric
properties.
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2. EXPERIMENTAL SECTION

2.1. Materials. The study aims to develop multifunctional
materials, bulks, and coatings based on the combination of a
polymeric matrix with a carbon fiber reinforcement achieved
from the mechanical recycling of expired prepregs. The
selected matrix for the fabrication of the samples was the
Araldite LY 556, a Bisphenol-A-based epoxy resin, and the XB
3473, a polyamine-based hardener, provided by Huntsmans
industry. The carbon fiber epoxy prepregs used to obtain short
carbon fibers by a milling process were obtained from an
expired virgin prepreg roll and manufacturing cutting process.
Moreover, Triton X-100, purchased from Sigma-Aldrich, was
used as a surfactant to achieve a better dispersion of the milled
carbon fibers on the LY 566/XB 3473 epoxy system. All
chemicals were used as received without further purification.
Finally, glass fiber-epoxy laminate Durostone EPC 203,
provided by Rochling Composites, was used as a substrate
for the application of the developed coatings. Moreover,
Loctite EA 9466 was used as the adhesive to evaluate the
adhesion resistance of the applied coatings.

2.2. Sample Preparation. As previously detailed, the aim
of the study is to develop multifunctional materials based on
the combination of the reinforcement of a polymeric matrix
with carbon fibers achieved from the mechanical recycling of
expired prepregs. The milling of the expired prepregs used for
the recycling process was carried out with a Universal Cutting
Mill PULVERISETTE 19 with a speed revolution of 3000 rpm.
The mill was equipped with a disk milling cutter rotor with
fixed knives made of hard metal tungsten carbide and a
recuperation sieve cassette of 2 mm with trapezoidal
perforation. The utilization of an inferior speed causes poor
fiber milling and an accumulation of noncrushed fibers inside
the machine. A total of 10 milling cycles were used for each
recycled material batch to ensure a homogeneous fiber length,
allowing increasing the process’s reproducibility. Details about
the obtained product are reported in Section 3.1. Different CF
contents, between 2.5 and 12.5 wt %, were mixed with the
epoxy resin to generate new composite materials and evaluate
their influence on the mechanical, electrical, and thermo-
electrical properties of the synthesized composites. For a better
dispersion of the CF, avoiding the presence of agglomerates, a
nonionic surfactant, Triton X-100, was used in a proportion of
S wt %. The surfactant was manually mixed with the epoxy
monomer (LY 566), and, after the incorporation of the carbon
fibers, the mixture was left under ultrasound by means of a
sonication horn for 15 min until the CFs were fully dispersed
and homogeneously incorporated into the monomer. The
mixture was degassed by a vacuum pump before and after the
incorporation of the CFs to eliminate the air contained inside
of the mixture, 15 min each cycle, avoiding the presence of
porosity on the final composite. After the second degasification
step, the hardener (XB 3473), was incorporated into the
mixture and then poured into a mold or applied as a coating,
The epoxy system LY 556 and XB 3473 were mixed in the
following mass proportions, 100:23. For the preparation of the
coating samples, a special rectangular metal film applicator
with a width of 100 mm and a 1 mm thickness gap was used at
a constant speed of 1.5 mm-s™. Glass fiber-epoxy laminates
were used as substrates for the application of the coatings.
Finally, all samples, bulks, and coatings, were cured at 140 °C
for 8 h in a convection oven to allow the reticulation and the
formation of a cross-linked resin.

2.3. Characterization. Different characterization techni-
ques were carried out to analyze the samples before and after
composite manufacturing. First, it was necessary to character-
ize the obtained carbon fibers from the different milling cycles
applied. Then, different characterization techniques were used
to analyze the performance of the new upcycling materials,
which were presented in two different morphologies: bulk and
coatings.

Optical microscopy (Leica DMR) is used to analyze the size
distribution of the obtained carbon fibers after the milling
process. Samples were prepared by dispersing a few grams of
fibers in a tetrahydrofuran (THF) solution and then dropping
a few drops of this suspension in a small glass. Using optical
microscopy measurements were made with XS and X10 lenses,
and subsequently, the Leica Application Suite software was
used to determine the length of the fibers. Despite using two
different lenses, the same area was analyzed with both lenses
and different fiber length ranges were evaluated with each one,
with the aim of not duplicating measures during the process. A
thermogravimetric analyzer TGA from Mettler Toledo was
used to determine the mass loss of the recycled fibers during a
heating cycle up to 800 °C. In this way, the remaining prepreg
matrix content in the samples after the different milling cycles
carried out can be evaluated, thus analyzing the matrix-fiber
separation on the recycled product after the milling process.

A Hitachi S-2100N scanning electron microscope (SEM)
was used to analyze the obtained milled carbon fibers, the
cross-sectional view, and the fracture surface of the
manufactured composites. Additionally, a field emission
gun—SEM (FEGSEM) Nove NanoSEM FEI 230 was also
used to acquire images at higher magnification and resolutions.

Thermomechanical properties of the manufactured compo-
sites were characterized by dynamical mechanical thermal
analysis (DMTA) performed on bulk samples thanks to Q800
equipment supplied by TA Instruments. This equipment
allows to evaluate the storage modulus (E) and the glass
transition temperature (Tg), the last one obtained from the
peak of the tan 6 curve. DMTA tests were performed according
to the ASTM 5418 standard in the dynamic single cantilever
mode at 1 Hz for 35.0 mm X 12.0 mm X 1.7 mm specimens
with a temperature range from 30 to 200 °C at 2 °C/min
speed.

Electrical conductivity is measured by a Keithley-2410
source meter instrument on bulks and coatings. Five different
voltages (U) were applied between 0 and 20 V with a current
(I) limit of 1 A, at room temperature. Bulk samples were
prepared with dimensions of 10 X 10 X 1 mm, while coating
presents dimensions of 100 X 50 mm over the glass fiber
substrates. The calculation of the electrical conductivity (o) is
carried out according to an approximation based on Ohs law
supposing a linear response of the current as a function of the
voltage. For the bulk samples, the distance between electrodes
was 10 mm, while in the case of using coatings, the distance
between electrodes was 50 mm.

Using Ohs law, the collected values allow the extraction of
the electric resistance (R), expressed in ohms (2), from eq 1.
The electrical conductivity (¢) measured in S-m™" is obtained
from eq 2, where L (m) represents the distance traveled by the
electrons across the sample and A (m?*) represents the cross-
section of the sample. Finally, the resistivity (p), measured in
Q-m, is obtained as the inverse of the electrical conductivity
(eq 3). Results are obtained from the linear assumption of the
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Figure 1. FEGSEM images of the obtained carbon fibers after 1 (a) and 10 (b) milling cycles. (c) TGA thermogram of the polymeric matrix and

the obtained milled products after 1 and 10 cycles.
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The Joule effect is measured by a current source meter
(Keithley 2410) combined with a thermal camera (FLIR ES0).
The measures are performed on standard voltages of 12, 24,
and 48 V. It is important to point out that to avoid the possible
thermal degradation of the samples (bulks and coatings), a
limit of 200 °C is established, as it is considered that higher
temperatures might degrade the polymer matrix. Moreover, a
pull-out adhesion tester PosiTest AT-A was used to determine
whether the joule effect heating implies changes in the
adhesion properties of the coating. Adhesion tests were
performed on coatings, before and after the Joule effect
heating, using Loctite EA 9466 as adhesive and dollies with 10
mm of diameter.

3. RESULTS AND DISCUSSION

3.1. Study of Milled Carbon Fibers. Milling processes
normally present great difficulties to obtain a homogeneous

product, being necessary to carry out the process more than
once.” In this work, 10 milling cycles were performed to
achieve homogeneity of the obtained carbon fibers (CF). In
order to analyze the morphology variation of the milled
product, FEGSEM images after the first and tenth milling
cycles were acquired (Figure la,b, respectively). As can be
seen, large pieces of a polymeric matrix with carbon fibers
inside were obtained in a single milling cycle (Figure 1a). This
morphology noticeably changes after 10 cycles (Figure 1b),
where individual fibers can be seen without a polymeric matrix
presence. Taking into account that the objective of this work is
the use of recycled milled CF as reinforcement of a new
polymeric matrix, the presence of individual fibers ensures
better integration of the recycled material on the epoxy resin.
Moreover, due to the use of a cutting mill the fiber surface does
not appear to be damaged, remaining straight and smooth until
the cut region. The reduction of the polymeric matrix content
on the milled CF was also analyzed by thermogravimetric
analysis (Figure lc). First, the original epoxy matrix obtained
from the expired prepregs was analyzed, observing a large
reduction in mass from 350 °C; this drop is related to the
thermal degradation suffered by this type of polymeric
material. On the contrary, this pronounced drop at 350 °C
was not observed with the measured recycled CF samples after
1 or 10 milling cycles, indicating a low presence of the original
expired resin in both samples. In addition, the weight loss
observed with the milled prepreg samples after the first cycle is
4% higher than that obtained after ten cycles. So, by increasing
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Figure 2. Optical micrographs at S0X magnification of the milled carbon fiber without (a) and with (b) the measured length. Milled carbon fiber

length size distribution (c).

Figure 3. SEM cross-sectional views of the synthesized composites with different carbon fiber contents: 2.5 (a), 5 (b), 10 (c), and 12.5 wt % (d).

the number of cycles, it is possible to reduce the presence of
the original epoxy matrix from the expired prepregs. This result
is coherent with the previous evaluation of FEGSEM images.

The polydispersity of the final obtained milled CF was
analyzed from more than 250 specimens that are counted and
measured with an optical microscope. Figure 2 shows a
representative example of the obtained carbon fibers without
and with the measured fiber length (Figure 2a,b, respectively).
Analyzing the results, the highest populations were observed
for the length range of 100—150, 50—100, and 150—200 pm,
in this order. The sum of the fibers of these lengths represents

60% of the total fibers. The amount of fiber with lengths
between 200 and 300 um represents 20% of the fibers, while
fibers longer than 300 pm represent 14%. Regarding the
shortest fraction, less than 50 pm, these represent 8% of the
fibers. Figure 2c¢ summarizes the obtained results for the
polydispersity study.

3.2. Characterization of Composites. 3.2.1. Morphol-
ogy. In this section, the morphology of the fracture surface of
the different synthesized composite materials is analyzed to
verify the distribution of the fiber in the matrix as well as the
matrix-reinforcement interface. All fractures were performed by
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Figure 4. (a, b) Fracture surface by FEGSEM.
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Figure S. Storage modulus (a) and Tan delta (b) as a function of the temperature and carbon fiber content.

submerging the bulk in liquid nitrogen to obtain a flat fracture
surface for the analysis by SEM and FEGSEM. Figure 3
collected four SEM images of the fracture surface obtained by
cryogenic fracture of a bulk sample from each manufactured
CF content. In all cases, a random orientation of the fibers was
achieved but a more uniform distribution in the thickness of
the bulk is achieved when the CF content increases. This is
related to the fact that an increase in the CF content implies an
increase in the viscosity of the resin, which allows the achieved
dispersion to be more stable, reducing the reaggregation and
the sedimentation effects. Regarding the fracture surface,
ductile and brittle fractures refer to the way a material breaks
under stress. Ductile fractures occur when a material deforms
before breaking, while brittle fractures occur when a material
breaks without significant deformation. Many epoxy resins
usually show brittle fracture behavior with smooth fracture
surfaces, very low plastic deformation, and typical cleavage
marks. This is particularly common in epoxy resin with higher
Tg42 which is the case of the LY556/XB3473 system. While the
addiction of the CF can make the material more brittle. This is
because the carbon fibers do not deform significantly under
loads and thus do not contribute to the plastic deformation of
the composite material. CFs can contribute to an increase of
other mechanical properties (discussed in the next section),
but they can activate different energy consumption processes
during fracture, such as crack deviation through the interface,
pull-out of fibers, and so forth. In this way, composites with

46553

low CF content, 2.5 and § wt % (Figure 3a,b, respectively),
presented smoother surfaces with large fracture areas without
significant plastic deformation which may be related to a more
brittle behavior.”> On the contrary, a different fracture surface
can be seen with the highest contents of CFs, 10 and 12.5 wt %
(Figure 3c,d, respectively). In these cases, due to the higher
presence of fibers, the composites show more complex fracture
surfaces with several different fracture planes as a result of
crack deviation during its propagation, associated with the
presence of the fibers. A deeper analysis of the interface region
will shed light on some of the energy consumption
mechanisms during fracture. At the maximum content tested,
12.5 wt % (Figure 4d) some small cracks can be easily
observed in the resin matrix. This effect has been previously
referred to by other researchers as the consequence of lots of
fibers pulled out from the polymer matrix in different
directions during fracture.”” Besides, the interface between
matrix and carbon fiber can be improved through the chemical
reaction between the partially cured resin surrounding the
fibers and the polymer matrix, which could lead to improved
interfacial adhesion in the coating. This improved interfacial
adhesion between polymer and reinforcement through
chemical interaction in coatings has been observed by other
authors in polymer coatings with different carbon-based
reinforcements such as CNF/MXene or graphene oxide.****
Higher magnification analysis of areas surrounding the fibers
reveals a good interface between the fiber and matrix. Figure 4
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shows two examples of matrix fibrillation during fiber pull-out,
which was observed as one of the main strengthening
mechanisms in Figure 3. Figure 4a seems to be a fractured
fiber, which would mean that in addition to the pull-out effect,
some fibers have a good interface and break before detaching
from the matrix. Although the fracture could be also associated
with the initial milling step of fibers, Figure 4b shows
important deformation in the matrix region at the interface,
and the fiber is surrounded by the epoxy resin on the lower
side until the front of the fiber, which would be probably
associated with a fiber breakage after impregnation, that is,
during the material fracture. Analyzing both Figure 4a,b, it can
also be seen how the fiber surface does not seem damaged by
the recycling process, despite having been introduced as
reinforcement in the matrix. All these aspects allow concluding
that the addition of the recycled CFs activates several
mechanisms during fracture such as pull-out and fiber breakage
that in turn would translate into a possible increase of energy
consumption during fracture and reveals a very good adhesion
between resin and recycled CFs. To summarize this section,
although Figure 3 reveals a pull-out effect with the remaining
holes in the resin when fibers are extracted, Figure 4 shows two
important effect: the good integrity of the fiber surface even
after the milling process and manufacturing of the composite
(Figure 4a) and the energy consumption mechanisms activated
in the resin during the fracture process, as fibrillation of the
resin is observed clearly in Figure 4b. This fibrillation of
deformation during fracture of the brittle resin can be
attributed to good interface during the pull-out of the fibers.

3.2.2. Thermomechanical Properties. In order to analyze
the effect on the thermomechanical properties of the different
CF amounts used as reinforcement, Figure 5 shows the
obtained results from the DMTA tests. The percentages of
reinforcements used were 2.5, 5, 10, and 12.5 wt % of the
previously milled CF. It has to be pointed out that, despite
using a surfactant and the long sonication times, reinforcement
percentages higher than 12.5 wt % could not be used due to
the presence of agglomerates in the epoxy matrix and its
unprocessable viscosity. It is important to note that Triton X-
100 was added as a surfactant even in the samples without CFs
where its use would not be necessary, but in this way, the same
methodology was maintained in all samples, allowing analysis
of only the effect of the CF content.

The storage modulus of the composites is higher than that of
the pure system (Figure Sa). In all cases, the storage modulus
value slowly decreases with the temperature until proximally
100 °C, then the E rapidly decrees around 85% at 160 °C.
Analyzing the CF content effect, the higher content implies a
higher value in all the studied temperature ranges. A storage
modulus of 2488 MPa was obtained at 40 °C with the sample
without a carbon fiber reinforcement. An increase of around
32% in the mechanical properties was obtained in the case of
using 2.5 and S wt %. Better results were obtained when 10 and
12.5 wt % of CF were used, where improvements in the storage
modulus of 46 and 66% were achieved, respectively. While
milled CFs have shown potential in improving the mechanical
properties of manufactured composite materials, it is important
to note that such reinforcement is not typically pursued with
the primary aim of enhancing mechanical performance with
thermoset polymers. Rather, the addition of milled CF is often
intended to provide other benefits, such as improvements in
thermal or electrical conductivity as well as increased resistance
to fracture or deformation under specific loading conditions.

Furthermore, the use of recycled CF as a reinforcement also
presents significant environmental benefits. The utilization of
these recycled fibers contributes to waste elimination and
management while simultaneously reducing the need for
additional fiber manufacturing, which is a recourse-intensive
process. These benefits align with broader sustainability
objectives in materials science and engineering and highlight
the potential for recycling initiatives to support the develop-
ment of environmentally conscious composites.

On the other hand, the T, of the specimens (Figure Sb),
measured as the maximum of tan & peak, decreases when the
CF content increase. Lower and wider tan 6 peaks were
obtained as a consequence of the CF presence in the polymeric
matrix, which reduce the cross-link density possibly due to the
steric hindrance caused during the curing process. The highest
T, was achieved for the neat sample without CF, this value was
163 °C. Increasing the CF content to 2.5, 5, and 10 wt % the
T, value slightly decreases until up to 153 °C (4—6% drops).
These results can be explained by the presence of short fibers
in the epoxy matrix, which could hinder the curing reaction of
the network. In the case of using 12.5% CF as reinforcement, a
different trend was observed because the T, value slightly
increased with respect to the previous results. The obtained
result with 12.5 wt % samples are 3% higher than that observed
with the 10 wt % of CF, but still lower than the samples
without CF (3% lower). This slight increase in T, value may be
related to the large increase observed in the mechanical
properties and the DMTA method itself, which relates the T,
values to the flexural behavior of the samples. At high
reinforcement contents, they are usually agglomerates,
reducing their effective specific area and therefore decreasing
their negative effect on the curing process.

Additionally, only one peak can be observed on the tan 6
representation (Figure Sb) despite using CF obtained from the
mechanical recycling of expired epoxy carbon fiber prepregs.
Due to the original prepreg resin being completely outdated, it
has been observed that the resin is prone to separation from
the fibers during the milling process. Consequently, the final
composite contains a negligible amount of the old resin
compared with the amount of new resin present in the
material. Thus, just one T, was obtained for each material
despite the use of different CF contents. Moreover, if the old
resin is still activated, then it is perfectly miscible with the new
one, both epoxy-based, justifying, in the same way, the
observation of a single peak on the tan & representation. This
last fact could not have been observed if the recycled CF was
obtained from a used CFRP piece, where the resin is strongly
bonded to the fiber due to the cross-linking process related to
the curing step of the composite.

3.2.3. Electrical Conductivity. The electrical conductivity of
the synthesized bulks was analyzed from 0 to 20 V, using
Ohms law. An increase in carbon fiber content corresponds to
an increase in conductivity, due to the greater presence of
conductive paths. 0.33 and 0.54 S:‘m™" were achieved for the
samples with low carbon fiber content, 2.5 and 5%,
respectively. Higher values were obtained with 10 and 12.5%
CF, where conductivities of 1.92 and 2.08 S-m™! were
obtained, respectively. Table 1 includes a comparison of the
presented results in this study with other experimental data
reported in available literature for a wide variety of epoxy
matrix reinforced with other carbon fillers such as carbon
nanotubes (CNT), graphene nanoplatelets (GNP), carbon
black particles (CB), or carbon fibers (CF). First, note that the
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Table 1. State-of-the-Art in Electrical Conductivity of Epoxy
Matrix with Carbon Particle Reinforcements

electrical conductivity

large difference in the filler amount that can be used with each
filler type, for the composite manufacturing process itself,
clearly increases the complexity of a rigorous comparison. In
general, the use of CB implies the need to use the largest filler

filler type filler amount (wt %) (S/m) ref.
CNT 05 L11 X 10 16 amounts. Nevertheless, these epoxy materials with a CB
CNT 0' S 1‘20 < 10-5 u presented the lowest electrical conductivities. On the other
ONT 2' 0 7'90  10-5 e hand, using GNP higher electrical conductivities can be
ONT 07 600 % 10-3 18 achieved, despite using less filler content. The best results were
CNT 2' 0 7' S0 % 10-° 2 observed when the epoxy matrices are reinforced with CNT,
CNT <0 475 % 10-2 2 achieving higher conductivities with smaller filler amounts
GNP 10 260 % 10-5 < (with respect to CB and GNP). These good results also justify
GNP 20 310 x 10~ < the large number of scientific publications on the subject
GNP 80 £00 x 10 a3 focused on the improvement of the electrical conductivity of
CB 40.0 140 X 10~ s polymeric matrices by using CNTs. Anyway, the electrical
CB 700 100 x 10-* 51 conductivities achieved when the milled carbon fibers,
CB 12 630 X 10~ 5 obtained from an expired prepreg, were used as fillers were
CE 10.0 100 % 10~ s3 significantly higher than those observed with the other carbon
CF 20 2,00 X 10°3 54 fillers previously mentioned.
CE 28 330 X 10~ this work 3.2.4. Joule Effect Heating. The results of Joule effect
CE 50 $.40 X 107! this work heating on bulk samples are represented in Figure 6, and
CF 100 192 this work experiments with all carbon fiber contents were performed at
CF 125 2.08 this work 12, 24, and 48 V. In all cases, tests were stopped at 30 s or if
the temperature sample achieved 200 °C, to avoid degradation
problems. First, it must be pointed out that no temperature
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Glass fiber substrate

Figure 7. (a) Cross-sectional view of the applied coating on a glass fiber composite substrate. Experimental setup (b) and Joule effect of the coating

with 12.5% CF content at 100 V after 120 s (c).

increase was observed with the samples without carbon fiber
reinforcement. On the contrary, the Joule effect was observed
for the other materials with CF. In a general way, a greater
amount of carbon fibers as reinforcement and/or a higher
applied voltage on the synthesized materials implies greater
and faster heating.

Using 12 V (Figure 6a) small heating was obtained for the
2.5% CF samples, achieving a homogeneous average temper-
ature sample of 34 °C. Higher heating was obtained with the
other CF content; temperatures of 42, 58, and 59 °C were
achieved for the 5, 10, and 12.5% contents, respectively. Better
results were observed in all cases with the 24 V experiments
(Figure 6b), obtaining higher temperatures more quickly. The
achieved temperatures were 64, 71, 150, and 170 °C, from 2.5
to 12.5% of CF. Finally, using 48 V (Figure 6c) all experiments
were stopped because 200 °C was achieved with all of the CF
contents. Otherwise, significant differences were observed in
the time required to reach that temperature being necessary 17
s for the 2.5% CF samples and just 1 s for the 12.5% CF
contents. These results represent a significant improvement in
comparison with the reinforcement of epoxy resins with
graphene nanoplatelets (GNPs) or carbon nanotubes (CNTs)
where higher voltages were required to obtain lower and
slower Joule effect heating. For example, looking for the ice-
prevention and deicing capacity by using CNTs and graphite
(separated and combined) as reinforcement, some authors did
not observe temperature increases above 66 °C despite
working in higher voltage ranges from 50 to 300 V.>> Another
example where the same application was also searched in the
case of the use of a 10 wt % of GNP, but this case required an
application of 250 V to achieve a temperature sample of only
100 °C.*" On the other hand, by using GNPs and CNTs until
12 wt % (separated and combined) some authors were able to
observe heating due to the Joule effect at low voltages,
specifically using 12 V (as in this work), but in their case only
heating up to 43 °C was achieved.”® In addition to the better
performance shown through the use of recycled fibers from
expired prepregs, it is important to note that unlike the
reinforcement used in this work, none of the materials
mentioned above are recycled materials.

Figure 6d represents the maximum temperatures reached by
joule effect applying 12, 24, and 48 V considering the
previously mentioned experiment limits. These limits refer to
the fact that the reached temperature was taken after 30 s, or if
the sample reaches 200 °C in less than 30 s, the necessary time

to reach said temperature will be recorded. Moreover, Figure
6d also represents the necessary temperature range to be able
to use these synthesized materials in different fields. The 3
selected fields are house heating (20—100 °C), anti-icing
surfaces (60—80 °C), and hot food-keeping devices (50—200
°C). As can be seen in Figure 6d, the obtained results support
the idea that composite materials obtained from CF upcycling
can be applied in industrial and domestic applications for
standard application voltages (200—240 V), but with low
energy consumption, because they can be used with low
voltages as low as 12, 24, or 48 V.

3.3. Application as Coatings. Given the good results
obtained with the bulk samples, coatings with the epoxy matrix
with 12.5% CF were applied over epoxy-glass fiber composite
substrates. Furthermore, as previously detailed, the use of
discontinuous reinforcements (such as the milled CF used in
this work) is not typically pursued with the primary aim of
enhancing the mechanical performance to match it with the
use of continuous reinforcement, which would be unachiev-
able. Therefore, it has been thought that the use of these
materials as coatings, where the mechanical properties are not
as demanding as that of structural parts, can be a viable and
interesting application at the industrial level for the materials
presented in this work. In order to generate the coating
samples, after the incorporation of the CF on the epoxy matrix,
the mixture was poured at room temperature on the fiberglass
composite surface and slowly applied at 1.5 mm-s™" with a film
applicator device. After that, the resin was cured in the same
way as that of the bulk samples. The cross-sectional view of a
manufactured coating on the glass fiber substrate is collected in
Figure 7a. As can be seen, the coating presents good continuity
with a homogeneous thickness of around 600 ym. Due to the
absence of porosity or delaminated areas, it is difficult to
differentiate between the substrate and the coating, which
implies that a good interface coating-substrate and good
epoxy—epoxy (coating-substrate) compatibility were achieved.

To analyze the electrical conductivity of the coated
substrates, a test was performed in two ranges from 0 to 20
V and from 0 to 100 V applying current limits of 1 and 0.02 A,
respectively. The coatings present a dimension of 100 X 50 (W
X L), so the distance between electrodes was SO mm (Figure
7b). Linear trends were observed to have a regression
coefficient of 0.99 in both cases, so the results were easily
adjusted to Ohs law (eq 2). Similar conductivity values were
achieved in both analyzed ranges, 0.28 and 0.31 ssm~! for 0—
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20 and 0—100 V, respectively. It can be noted that lower values
were obtained with the coating than the bulks samples for the
same CF content (12.5%), this difference can result from the
difficulty of obtaining a homogeneous distribution of the fibers
throughout the volume of the matrix by applying a coating,
which can be more easily obtained by pouring the matrix (as in
the bulk manufacturing). Additionally, due to the large
difference in the surface area between the bulk samples and
the coatings, it is more likely to find a region with a different
CF content or thickness, which can significantly affect the
overall conductivity of the tested sample.

The Joule effect is also studied on the coating (Figure 7b).
Tests were performed at 12, 24, 48, and 100 V. In all cases, the
coating area (50 cm’) was completely heated, and averages
temperatures of 35, 52, 98, and 170 °C were achieved in less
than 3 min. A thermal image of the experiment with 100 V is
shown in Figure 7c, where it is possible to observe the global
heating of the coating, after 120 s, with some areas at
temperatures above 170 °C. Finally, to determine if the Joule
effect heating can influence the adhesion of the coating, pull-off
adhesion tests were carried out on coatings before and after
carrying out the Joule effect heating tests. In this way it was
possible to observe how the heating cycle did not significantly
affect the adhesion of the coating, obtaining a result of 9.36 +
0.14 and 9.73 + 0.48 MPa, before and after the Joule effect
heating, respectively.

4. CONCLUSIONS

In the present investigation, expired CF prepreg waste tapes
were milled, generating recycled short CFs, in the range of 50—
200 pum, which were added into an epoxy resin to produce a
novel multifunctional coating and bulk material as a waste
management alternative to the CFRP industry. Contents up to
12.5 wt % were added to an epoxy matrix as higher contents
were not processable due to the high viscosity and low
wettability of the CF, even though sonication and surfactant
addition were used to improve the dispersion and distribution
through the matrix. The number of milling cycles not only has
an effect in the reduction of the average length but also helps
to reduce the amount of resin from the prepreg waste as
proved by TGA analysis.

Excellent results were achieved on the electrical conductivity
test obtaining values from 0.33 to 2.1 Sm™! results far
superior to those observed in the literature for other carbon
reinforcements, such as graphene or nanotubes, in epoxy
resins. Regarding the Joule effect heating, high temperatures
were achieved quickly in all cases, despite low voltages being
used to perform the experiments (12, 24, and 48 V). Best
results were obtained in the case of using 48 V, where a
temperature of 200 °C was achieved in less than 17 s with all
samples.

These excellent properties of these multifunctional materials,
as bulk or coating, assess their huge potential as a high added
value for the recycled products in different applications, which
in turn would avoid the use of nanoparticles as the values
obtained are in the same value or above those reached by CNT
or GNP reinforced epoxy coatings.
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