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RESUMO

A interface em sistemas compositos de matriz e fibra € um componente chave que influencia suas
propriedades e desempenho geral, e a superficie da fibra de carbono (FC) ¢ apolar e leva a
incompatibilidade com matrizes epdxidicas. Os estudos foram realizados para modificar a
superficie de FC com liquidos i6nicos (LI) a base de imidazdlio. A estratégia foi adotada
considerando a superficie de FC recicladas, que sdo disponibilizadas na forma de fibras sem
agentes de acoplamento em sua superficie. Anteriormente, a modificacao em geral criava defeitos
e introduzia grupos funcionais (-OH, -COOH, -NH, etc.). Nesta pesquisa, a superficie de FC e
nanotubos de carbono de paredes multiplas (MWCNT) foram modificadas com LI. A quimica
estrutural inerente de estruturas baseadas em carbono fornece interagdo m com a nuvem eletronica
deslocalizada do cation imidazoélio do LI que ¢ utilizado para a modificacao. No primeiro estudo,
a FC (T300) foi modificada pela aplicacdo de 10% (p/v) de dois tipos diferentes de LI imidazolio,
bis(trifluorometilsulfonil)imida de 1-butil-3-metil imidazolio (hidrofébico) e cloreto de 1-butil-3-
metilimidazolio (hidrofilico). Espectroscopia de infravermelho com transformada de Fourier,
espectroscopia Raman, espectroscopia de fotoelétrons de raios-X e microscopia eletronica de
varredura confirmaram a presenga de LI na superficie de FC. A molhabilidade de FC tratada com
resina epoxi (DGEBA) aumentou significativamente, com uma diminuicdo do angulo de contato
maior que 15°. A resisténcia ao cisalhamento interfacial entre a FC modificada e a epoxi aumentou
em até 56,5% em relacio a FC, sendo comparavel as fibras com agentes de acoplamento
tradicionais. O segundo estudo focou na otimizagdo da concentragio de LI,
bis(trifluorometilsulfonil)imida de 1-butil-3-metilimidazolio, cloreto de 1-butil-3-metilimidazolio
e cloreto de 1-(2-hidroxietil)-3-metilimidazolio, para tratar a FC e analisar as caracteristicas
multifuncionais. O angulo de contato para 1% (m/v) de FC tratada com LI e epoxi DGEBA
diminuiu em até 35%, acompanhado por um aumento de 91% na resisténcia ao cisalhamento
interfacial e diminui¢do na resistividade elétrica de 77%. Essas melhorias foram alcangadas com
o LI hidroxifuncionalizado, mostrando a sintonizagdo das propriedades de FC por meio do
substituinte N-imidazoélio. No terceiro estudo, NCPM tratados com 1% em peso ou 5% em peso
de LI (cloreto de 1-(2-hidroxietil)-3-metilimidazo6lio) foram aplicados como dispersdo em
proporgdes de 0,2 a 2% em massa e de 1 a 3% em massa na matriz epdxi, respectivamente, para
obter laminados compdsitos hibridos baseados em FC. O laminado hibrido contendo 1% em massa
de NCPM modificado com 1% em peso de LI apresentou excelentes propriedades mecanicas e
termomecanicas com aumento de 210% e 151% na resisténcia a flexdo e modulo, e apresentou um
aumento de 101, 116 e 29% do modulo de armazenamento, médulo de perda e amortecimento,
respectivamente. As micrografias eletronicas de transmissdo e varredura mostraram a dispersao e
a estrutura de NCPM aprimoradas no compodsito com baixa porcentagem de LI, justificando suas
propriedades mecanicas aprimoradas. Este estudo demonstrou que a aplicagdo de uma baixa
quantidade de LI disperso ¢ uma abordagem promissora para preparar compoésitos hibridos
NCPM/CF/epo6xi com propriedades aprimoradas. Esta abordagem ndo-covalente de modificagdo
de estruturas a base de carbono com LI ¢ uma maneira promissora de produzir compdsitos de alto
desempenho com caracteristicas multifuncionais.

Palavras-chave: Fibra de carbono, liquido i6nico imidazolio, resisténcia ao cisalhamento

interfacial, compdsito hibrido, nanotubos de carbono de paredes multiplas.
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ABSTRACT

Interface in fiber-matrix composite systems is a key component influencing the bulk properties
and overall performance of composites. Carbon fiber (CF) surface is non-polar in nature and it
indicates an incompatible behavior with epoxy matrices. The present research studies were
designed to modify the CF surface with imidazolium ionic liquids (IL). The strategy was adopted
considering the surface of recycled CF, which are available as fibers without sizing on their
surface. Previously, the modification was in general carried out by creating defects, and
introducing functional groups (-OH, -COOH, -NH, etc.) at the expense of the inherent surface
properties, but in this case has been applied without deteriorating its surface or chemical properties.
In this research, CF and multi-walled carbon nanotube (MWCNT) surfaces were modified with
IL. An inherent structural chemistry of carbon-based structures allows m-interaction with the
delocalized electronic cloud of imidazolium IL cations, which is utilized for the modification. In
the first study, CF (T300) was modified by applying 10% w/v of two different imidazolium IL, 1-
butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (hydrophobic) and 1-butyl-3-
methylimidazolium chloride (hydrophilic). Fourier-transform infrared spectroscopy, Raman
spectroscopy, X-ray photoelectron spectroscopy, and scanning electron microscopy confirmed the
presence of IL at CF surface. Wettability of the treated CF with epoxy resin significantly increased,
with a decrease in contact angle greater than 15°. Interfacial shear strength between the modified
CF and epoxy increased up to 56.5% with respect to the unsized CF, being comparable with epoxy
sized fibers. The second study was dedicated to optimizing the weight percentage of IL, 1-butyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide, 1-butyl-3-methylimidazolium chloride,
and 1-(2-hydroxyethyl)-3-methylimidazolium chloride, to treat the CF and analyze multifunctional
characteristics. The contact angle of optimized 1% w/v IL-treated CF and DGEBA epoxy
decreased by up to 35%, accompanied by an increase of 91% in interfacial shear strength and
decrease in electrical resistivity of 77%. These enhancements were achieved with the hydroxy-
functionalized IL, showing the tunability of CF properties through the N-imidazolium substituent.
In the third study, MWCNT treated with either 1 wt% or 5 wt% of IL were incorporated as filler
in content ranges of 0.2 to 2 wt% and 1 to 3 wt% in epoxy matrix, respectively, to form hybrid
composites based on CF. Hybrid composites containing 1 wt% of MWCNT modified with 1 wt%
of IL showed excellent mechanical and thermomechanical properties with an increase of 210%
and 151% in flexural strength and modulus, and an increase of 101, 116 and 29% in storage
modulus, loss modulus and damping, respectively. Transmission and scanning electron
micrographs showed the composite enhanced MWCNT dispersion and network at low content of
IL, justifying its improved mechanical properties. This study demonstrated that the application of
low amount of IL dispersant is a promising approach to prepare MWCNT/CF/epoxy hybrid
composites with enhanced properties. This non-covalent approach of modifying carbon-based
structures with IL is a promising way to produce high performance composites with
multifunctional characteristics.

Keywords: Carbon fiber, imidazolium ionic liquid, interfacial shear strength, hybrid composites,

multi-walled carbon nanotubes.
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1 INTRODUCTION

Carbon fiber (CF) is a high-performance material used in polymer matrices to produce
structural and functional composites [1]. These composites are used in various industries like
aerospace, defense, sports and leisure, energy, automotive and marine, and have excellent
mechanical, thermal, electrical, dynamic-mechanical and chemical properties. The individual
components (reinforcement, matrix) and the interface between them determine the properties of
CF-epoxy composites. The interfacial bonding strength between CF and epoxy is determined by
the type and strength of the chemical bonds formed at the interface [2]. Surface treatment of CF
significantly affects the adhesion strength with epoxy by promoting bonding between the fiber and
the matrix. Also, the good wetting properties are important to coat the surface of the CF. Poor
wetting can result in voids and weak bonding at the interface. The viscosity of the resin can also
affect the wetting properties and the ability to fill the gaps among CF. A high cross-linking density
of epoxy at the interface region can enhance the chemical bonding between CF and epoxy resin,
result in a higher adhesion strength [3].

Multi-walled carbon nanotube (MWCNT) are used as a reinforcing filler in polymer
composites due to their exceptional mechanical, electrical, and thermal properties [4]. The
adhesion strength of MWCNT depends on the interaction between the surface of MWCNT and the
polymer matrix. The dispersion and adhesion quality can affect the mechanical and electrical
properties of polymer composites [S5]. Poor dispersion can lead to agglomeration of MWCNT,
resulting in weak points in the composite structure. Therefore, it is essential to achieve a uniform
dispersion of MWCNT in the polymer matrix. Adhesion and dispersion characteristics of the
MWCNT can be improved either by functionalization or by using surfactants or dispersing agents.
Dispersing agents are molecules that can adsorb on the surface of MWCNT and reduce surface
tension between MWCNT and the polymer matrix, improving the wetting properties and
dispersion of MWCNT in the polymer [6].

Various methods are used for the surface modification and functionalization of carbon-
based structures such as CF and MWCNT, which can be classified as either chemical or physical
methods. Chemical methods include acidic treatment using HNO3, H>O2, H>SO4[7], grafting, and
electrochemical treatment [8]. Physical methods include plasma treatment [9], gamma irradiation,

and plasma treatment [10]. In these methods, the surface of carbon-based structure is altered due



to etching or the formation of functional groups on the surface, which can decrease the inherent
strength of the structure, but can increase its compatibility with the polymer matrix [3]. The final
strength of the composite depends on the net contribution of both effects. Increasing the roughness
of the fiber increases the surface area, and the presence of reactive functional groups promotes
stronger chemical bonding. However, these treatments are multi-step procedures, sometimes
requiring costly instruments, and strict reaction conditions. Therefore, it is crucial to optimize the
treatment procedure to achieve maximum enhancement in strength and desired functional
properties of the final composite.

Ionic liquids (IL) have become increasingly important due to their potential for a wide
range of applications. Imidazolium-based IL can be applied to modify carbon-based structures,
including CF and MWCNT, and their chemical structure allows for strong interactions via
secondary bonds. In the case of CF, IL can act as a compatibilizing agent for polymer-based CF
composites, providing a balanced interaction with the polymer matrix. For MWCNT, IL can
improve compatibility and dispersion characteristics in an epoxy matrix, reducing self-
agglomeration. A non-covalent modification approach using m-m interactions can improve the
interfacial characteristics of CF and MWCNT in epoxy matrices. The imidazolium cations in the
IL can interact with the epoxy groups of the diglycidyl ether of bisphenol-A (DGEBA) resin through
hydrogen bonding while anion in the IL can interact through electrostatic interactions leading to
improved curing behavior, mechanical properties, and thermal stability of the epoxy resin [11].
This technique can also be applied to produce hybrid composites using IL-modified MWCNT and
CF, increasing interfacial area and providing more strength to the composite in the epoxy-
dominant region of the composite system. Improved dispersion of MWCNT in this case can delay
laminate cracking and delamination, improving resistance to crack growth in CF polymer
composites [12].

One of the sustainable development goals defined by the United Nations Member States is
to ensure sustainable development and production patterns, with a focus on the use of recycled
materials as related to sustainability. Waste is one of the major contributors to climate problems,
and finding practical waste management solutions is crucial. This study also addresses this issue
by developing a versatile and non-damaging method to modify the surface of recycled CF.
Recycled CF has the same chemical structure as virgin CF, but the removal of sizing from its

surface during the recycling process limits its compatibility with epoxy matrix. A nondestructive



and efficient modification method can enable successful reuse of recycled CF with improved
strength.

Imidazolium-based IL have shown potential in the modification of carbon-based structures
with several benefits. First, it improves the surface conductivity of the fiber, making it useful for
smart structures [13]. Second, it enhances the interfacial shear strength of the composite, which is
an essential property for structural composites [14]. For instance, 1-butyl-3-methylimidazolium
chloride IL, in combination with amine functional groups, has been applied to CF, enhancing the
interfacial adhesion between the fiber and the matrix [14]. Another study applied 1-ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide on CF using microwave irradiation,
producing covalent bonds with IL. In this case, IL was grafted on the CF surface by dipping in IL
under microwave irradiation, showing excellent compatibility with the epoxy resin with no
apparent effect on the inherent fiber properties [15]. Previously, imidazolium-based IL were
applied for the surface modification of CF, which improved interfacial adhesion with epoxy matrix
and was comparable to the effect of commercial sizing. The studies were limited to a specific
weight percentage of IL as well as type of imidazolium-based IL. This motivated to fill this gap
and further explore the IL’s potential taking leverage of its chemical structure. Similarly, several
studies have reported on modifying multi-walled carbon nanotubes (MWCNT) with imidazolium-
based IL for improved dispersion. This non-destructive strategy can be further extended to modify
MWCNT for improving dispersion in epoxy and producing CF-based hybrid composites [16, 17].

Based on previous studies, the hypothesis of the present research is to improve the
interfacial performance of epoxy-based CF composites by modifying the surface of unfinished CF
and MWCNT using imidazolium-based IL. Three different IL were applied to modify CF without
sizing: 1-butyl-3-methyl imidazolium bis(trifluoromethylsulfonyl)imide (hydrophobic), 1-butyl-
3-methylimidazolium chloride (hydrophilic), and 1-(2-hydroxyethyl)-3-methylimidazolium
chloride (hydrophilic). In all cases, the anion (Cl, NTf,) provided interaction with carbon-based
structures, while the primary interaction occurred through the imidazolium cation of IL. Study 1
aimed to apply the IL, 1-butyl-3-methyl imidazolium bis(trifluoromethylsulfonyl)imide and 1-
butyl-3-methylimidazolium chloride in percentage (10 wt%) considering the previously used in
literature. Study 2 expanded the work by considering more factors, such as a lower content of IL
and the polar functional group of the alkyl chain of the imidazolium ring. Three IL were used: 1-

butyl-3-methyl imidazolium bis(trifluoromethylsulfonyl)imide (hydrophobic), 1-butyl-3-



methylimidazolium chloride (hydrophilic), and 1-(2-hydroxyethyl)-3-methylimidazolium chloride
(hydrophilic). The study also analyzed the electrical conductivity and stability of IL on CF
surfaces. In Study 3, IL-modified MWCNT were applied in the manufacturing of CF epoxy hybrid
composites, and their effect on the overall composite properties was analyzed. 1-butyl-3-
methylimidazolium chloride (hydrophilic) at two percentages (1 wt% and 5 wt%) was used to

modify MWCNT. Figure 1 provides a summary of the overall study, giving an abstract overview.
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2 OBJECTIVES

To modify the surface of unfinished CF (emulating recycled CF) and MWCNT with

imidazolium-based IL to improve interfacial performance of epoxy-based CF composites via non-

destructive functionalization.

The specific objectives are to:

Establish the potential of IL 1-butyl-3-methyl imidazolium
bis(trifluoromethylsulfonyl)imide  (hydrophobic),  1-butyl-3-methylimidazolium
chloride (hydrophilic) and 1-(2-hydroxyethyl)-3-methylimidazolium chloride
(hydrophilic) to improve the interfacial shear strength with epoxy resin.

Determine the optimum w/v concentration of IL for the treatment of unfinished CF.
Investigate the improvement in interfacial shear strength of CF epoxy.

Study the effect of IL on the electrical properties of CF surface.

Examine the dispersion of MWCNT modified with imidazolium-based IL in epoxy
matrix.

Investigate the mechanical and thermomechanical properties of IL-modified MWCNT

hybrid composites.



3 LITERATURE REVIEW

3.1 CARBON FIBERS

Carbon fiber (CF) typically contains over 92 wt% carbon, with around 7% nitrogen and
1% oxygen exhibiting excellent thermal, mechanical, and electrical properties. Polyacrylonitrile
(PAN) is the most commonly used precursor for commercial CF synthesis, but the conversion
process from PAN to CF is only around 50% efficient. Both the precursor and conversion process
influence the final properties of CF. Moreover, the microstructure of CF is influenced by the
precursor characteristics and processing conditions [18].

CF is produced in the form of fabric, tow, or random distribution after manufacturing. A
single tow of commercial CF can contain thousands of fibers (12K, 24K, 50K), with fiber
diameters typically ranging from ~5-10 um. CF obtained directly after the manufacturing process
has inert surface characteristics, and its final properties are more dependent on crystallinity,
molecular orientation, and carbon content. CF is categorized into three types based on heat
treatment: type [ (graphitization temperature at or above 2000 °C), type Il (graphitization
temperature at 1500 °C), and type III (graphitization temperature at 1000 °C) [19]. The strength
and modulus of CF depend on the graphitization temperature, with type I CF being high modulus
fibers and type III CF being high strength fibers. PAN-based CF typically has a tensile modulus
ranging from 200 to 350 GPa, tensile strength ranging from 3-7 GPa, compressive strength up to
3 GPa, electrical conductivity less than 10° S/m, and thermal conductivity less than 14 W/mK. The
modulus of PAN-based CF can be further improved to 500-600 GPa by graphitization at
temperatures above 2000 °C [20].

3.1.1 PROPERTIES

The microstructure of CF depends on the precursor and processing conditions used to
manufacture the fiber, as discussed above. The quality of CF can be defined by the size and
orientation of graphite crystals, interlayer stacking of graphite layers, microvoids, and other
defects. Various models in the literature explain the characteristic microstructure of CF and its

relationship with the precursor and end properties [21]. One model proposes that CF has graphite



layers aligned parallel to the fiber direction but stacked randomly in the transverse direction. In
the transverse direction, microdomains separated by microvoids, while in the longitudinal
direction, regions are separated by zones of extensive bending and twisting of the basal layers. The
relationship between the orientation of graphite crystallites, crystal size (La), and stack size (Lc) in
PAN suggests that crystallites closer to the fiber axis have larger L. TEM studies show the
existence of a wrinkled ribbon structure in PAN-based CF, and a 3-D model was proposed to
demonstrate the microdomains. In high-strength PAN-based CF, there are interlayer links between
the graphite sheets and amorphous carbon. In high-modulus PAN-based CF, the stacking of
graphitic sheets is in high order and oriented along the fiber axis [20].

CF are composed of layers of carbon atoms that are arranged in a hexagonal pattern
resembling graphite, as illustrated in Figure 2. The planar structure of CF can be either turbostratic,
graphitic or a hybrid of both, depending on the precursor used during synthesis. When the
crystalline structure is graphitic, the layer planes are stacked parallel to each other in a regular
fashion. The atoms in each plane are arranged parallel to each other and covalently bonded through
sp? bonding, while the interaction between the sheets is relatively weak van der Waals forces [22].
However, the fundamental structural unit of many CF comprises a stack of layers with a
turbostratic structure. In this case, the parallel graphene sheets are stacked in an irregular manner,
folded, tilted, or split. Studies have indicated that the presence of sp* bonding and irregular stacking
can increase d-spacing to 0.344 nm. Van der Waals forces are present in the transverse plane
direction, as shown in Figure 2a. The PAN precursor generally promotes the formation of a
turbostratic structure in CF, making it the most crucial factor in determining the end properties
[20].

CF with graphitic crystallites and turbostratically layered basal planes exhibit non-polar
characteristics. The strong covalent bonding between carbon atoms in CF results in high
mechanical strength and modulus along the longitudinal axis of the fiber. However, achieving very
high strength and modulus simultaneously is difficult. Typically, increasing the carbonization
temperature enhances the degree of crystallinity of the graphitic-type layers, leading to increased
modulus [23]. However, higher crystallinity also increases the sensitivity of the fibers to flaws,
which can decrease the strength of the material. The high-strength PAN-based CF types have
interlayer links between graphite sheets and amorphous carbon, which results in a suitable

microstructure among the graphite crystallites to form connections among the graphite sheets and



crystallites. This allows all the graphite structure to be active upon applied stress on the CF.
Conversely, in high-modulus PAN-based CF type, the graphite sheets stack in high order and are
oriented along the fiber axis, reducing deformation upon applied stress on the CF. During
stabilization, carbonization, and graphitization of PAN precursor fibers, the oxygen, nitrogen, and

hydrogen atoms are excluded, which typically results in voids in the resulting CF [18].
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Figure 2 - Representation of building blocks of CF: (a) molecular surface, (b) unit cell.

CF possesses a distinctive black or dark grey color and is often sought after for its aesthetic
appeal as well as its functional properties. Its density typically falls within the range of 1.7-2.0
g/cm®, making it an excellent material for weight-sensitive applications. Its high strength-to-weight
ratio and stiffness provide resistance to bending and deformation under loading. The high modulus
of CF is attributable to its highly crystalline plane with covalent bonds oriented in the fiber
direction, whereas strength primarily depends on the crystallinity and the presence of defects in
the structure. Due to weak van der Waals forces between graphene layers and its fibrillar structure,
CF exhibits low compressive strength [19]. CF has a low thermal conductivity, making it an
excellent insulator that can reduce heat transfer in certain applications. Its coefficient of thermal
expansion is -1 x 10K in the axial direction and 10 x 10K in the radial direction due to the

highly crystalline arrangement in the fiber direction, making it suitable for use in extreme thermal
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circumstances. This low coefficient of thermal expansion also makes it a suitable material for
applications where dimensional stability is critical. While the electrical conductivity of CF is good,
it cannot match metals such as copper or aluminum. However, the small diameter of CF imparts
specific characteristics, with a large surface area that could enhance surface reactivity. Moreover,
it has good corrosion resistance, making it an excellent material for use in marine or other corrosive

environments [23].

3.1.2 LIFE CYCLE

The life cycle analysis assesses the environmental impact of CF throughout its entire
lifespan. In accordance with the United Nations policies, adopting a life cycle approach that
prioritizes resource efficiency and environmental waste management is crucial. Therefore,
evaluating the sustainability of CF has a significant impact on the concept of a circular economy
(CE). The CE concept pertains to wastes that are recycled and converted into resources, either
through a technological feedback mechanism or a natural ecosystem feedback mechanism, with a
focus on maintaining a constant stock of resources or increasing it over time [24].

CE has gained increased attention in recent years as a means to advance efficiently towards
sustainable consumption and production patterns and contribute to achieving sustainable
development goals. Coherent application in the development, adoption, and implementation of CE
is necessary to progress more effectively and efficiently towards environmental sustainability [25].

Ensuring the continued utilization of resources is crucial for maximizing their utility. This
objective can be attained through recycling, which can occur either within the economy via
interlinked industrial sectors, or through natural ecosystem processes. This may necessitate
extending the lifespan of products to minimize the need for recycling waste activities. Although
recycling CF using mechanical, chemical, or thermal methods demands significant capital
investment, a high recovery rate of fibers from composite waste helps to reduce its environmental
impact [26].

A comprehensive analysis of recycling methods serves as the foundation for life cycle
assessment methods such as cradle-to-grave and cradle-to-cradle analysis. To assess the life cycle
of CF, three critical indicators of life cycle assessment are human toxicity, global warming
potential, and acidification. The global warming potential indicator is used to measure the direct

impact of associated environmental change and recycling costs [27].



The scientific community and composite industry have started incorporating recycling
techniques to recover fibers, and government policies are encouraging the adoption of a life-cycle
approach for waste fibers through recycling. The most sustainable way to manage the
accumulating composite waste is by recycling fibers as an alternative to virgin fibers and reusing
them in the form of composite materials [26]. The recycling and reuse of CF not only mitigates
the waste of CF composites but also provides a fiber raw material that can be utilized in the
production of new composite products [28].

There are two types of CF waste: one is produced at the end of a component's life cycle,
while the other is produced during the manufacturing of composites, accounting for around 40%
of all CF waste. In both cases, recycled CF has a different apparent structure; it is typically shorter
in length and has different mechanical properties compared to virgin CF. Closed-loop recycling
processes can enable efficient usage of recycled CF in the future. The concept of the circular
economy ensures the reuse of CF at the end of its life cycle by recycling composites, as shown in
Figure 3. The production of CF requires a high amount of energy, while obtaining recycled CF
requires only 10-30% of the total energy required for virgin CF (which ranges from 198-595
MJ/kg) [24, 26].

The surface characteristics of recycled CF are distinct from those of virgin CF whereas the
chemical structure of the recycled CF is same as that of virgin CF. The fibrillar structure of the
fiber is difficult to observe and there may be binder residues on the surface of the virgin fiber. The
recycled CF has a smoother surface and a specific orientation to the fiber axis, unlike virgin CF.
Raman studies indicate a decrease in the Ip/lg ratio, which suggests an increase in the degree of
graphitization of the CF. Surface oxidation and sizing also affect the surface characteristics. During
recycling, the surface functional groups on the oxidized CF decompose and create surface defects
on the fiber, which can reduce its tensile strength [29, 30]. Furthermore, the recycled CF may have
a defective surface without sizing, which can cause weak interaction between fiber and matrix,
leading to fiber pull-out and composite delamination. Improving the fiber-matrix adhesion is

critical to establishing strong interactions and efficient load transfer through the interface [31].
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Figure 3 - Circular economy implementation by recycling loop for CF.
3.2 CARBON FIBER-MATRIX COMPOSITES

3.2.1 INTERFACE

The combination of the physical and chemical properties of the fiber and matrix produces
mechanical properties that cannot be achieved individually. Due to the difference in their chemical
nature, an interface appears between them. The interface is a boundary region between the two
materials that occupies only a few atomic layers. Due to the presence of different components at
the interface, its properties differ significantly from those of the bulk materials. This interface
region is crucial in maintaining the bond and transferring the load from the matrix to the fiber.
Therefore, the study of the interface as a critical component is a major focus of interest in
composites. However, understanding the interface is not easy due to its unique composition and
properties, which are mainly governed by the chemical/morphological nature and
physical/thermodynamic compatibility between the components. Considerable work has been
done regarding the influence of the interface on the fracture mechanics characteristics of

composites. Thus, there is a need to understand the structure-property relationship at the interface
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region. The qualitative design of the interface can be accomplished by using various chemical-
physical and thermodynamic-mechanical principles [32, 33].

Interface has unique physical and mechanical properties different from those of fiber and
matrix. The contact surface combined with the near-region of finite volume is termed as interphase
(Figure 4). The chemical, physical, and mechanical properties vary either continuous or in
stepwise manner between those of bulk fiber and matrix [34]. In other words, the interphase exists
from some point on the fiber through the actual interface into the matrix, embracing all the volume
altered during fabrication process from the original fiber and matrix material. Interfacial area in
composite material is a design parameter determined by the geometric surface area of the fiber.

The equation for calculating the geometric surface area S is given as:

Se= 4p' D" (1

where p and D are the fiber density and diameter, respectively. The rugosity factor of CF can be
calculated by the ratio of specific surface area and the geometric area which generally lies between
1 to 50 [32].

Carbon exists in various forms, such as coke, char, carbon black, synthetic graphite, glassy
carbon, fibers, and filaments, and they all contain more than 90% carbon. These materials have a
common basic lamellar structure consisting of polycondensed hexagonal rings. The surface of
these materials inherently contains various defects such as vacancies, dislocations, edges, and

steps, which create "prismatic planes" or the "active surface area." To study the surface
characteristics of carbon, two approaches are considered. The first approach is based on the
principles of solid-state chemistry, which considers carbon to have a crystalline ordering. The
second approach is based on surface organic groups, which explain the surface properties of carbon
as a less-ordered structure. In the solid-state chemistry approach, the defects in the aromatic basal
planes are considered an "active site" of the carbon surface. The carbon atoms located at grain
boundaries are more reactive than those at basal planes. The active surface area of CF depends on
its structural properties and thermal history. The approach of organic surface groups depends on

the nature and functionality of oxygen complexes chemisorbed on carbon atom edges, in addition

to other atoms such as hydrogen, nitrogen, and sulfur. PAN-based CF contains nitrogen, which
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forms nitrile groups on the surface and contributes to its surface properties through bipolar

interactions [35].
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Figure 4 - Components of three-dimensional interphase.

The surface structure of CF plays a vital role in its wetting behavior with the polymer
matrix, and consequently, its adhesion. In a fiber-matrix composite system, the degree of adhesion
at the interface is crucial for the mechanical behavior, owing to the presence of physical or
secondary interactions such as van der Waals attractions. This interaction can be categorized as
physical interaction due to mechanical interlocking and the chemical bonding interaction. Increase
in the physical interaction due to mechanical interlocking can be achieved by increasing the
roughness of the CF surface [36]. The increase in roughness on the CF surface increases the
surfaces available for bonding between the fiber and the epoxy. However, a high increase in the
surface roughness of the fiber can create stress concentration areas leading to the premature failure
of the composite. In case of CF composite, high roughness can lead to localized stresses at the
fiber-matrix interface, resulting in the formation of micro-cracks or delamination. This can
possibly weaken the composite material and reduce the overall mechanical properties of
composite. Therefore, an optimum level of roughness to avoid stress concentration and premature
failure of the composite materials is always essential. Moreover, increase in the roughness increase
the surface area that leads to a stronger interfacial adhesion, resulting to an improved load transfer
between the fiber and the matrix. Improved interfacial adhesion can reduce the probability of
interfacial debonding or delamination, leading to a more reliable and durable composite material.
However, a very high roughness of CF can lead to poor wetting characteristic of the fiber by the

epoxy that can form voids between the fiber and the matrix, reducing the contact area between
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them [37]. Therefore, it is essential to maintain an optimum level of roughness to ensure proper
wetting of the fiber with the matrix. Furthermore, an increase in the roughness of the CF surface
enhances the moisture absorption behavior of the composite [38]. Therefore, surface treatments
are inevitably applied to CF to modify their surface properties or enhance their surface free energy,
alter roughness, thereby achieving suitable wetting and a robust composite system [3].

Surface properties of carbon materials in general and CF in particular are strongly
influenced by the presence of functional groups on the surface. It has been observed from
experimental studies that basal planes of CF (untreated) have least (~ 0) contribution to the polar
component and the total surface energy is only from its dispersive component. Noticeably, the
polar component also increases and, in some cases, becomes the major contributing component in
the total surface energy of CF. After treatment, its surface energy becomes much higher than epoxy
(y* = 40 mJ m2), which increases wettability. The other factor of importance is the lowering of
surface energy due to adsorbed species on the surface [39, 40].

To make an interfacial bond between CF and polymer matrix, the key parameter to consider
is the wetting characteristic of CF with matrix. The attraction between fiber and matrix can be
understood by the attraction that arises from the quantum-mechanical effect of the valence
electrons present in the constituents as a free gas. Wetting of matrix on fiber is followed by bonding
which involves short-range interactions of electrons which develops at atomic scale.

Thermodynamic work of adhesion of a liquid on a solid can be expressed by Dupre equation:

Work of adhesion (Wa)=1vy1+v2- 712 ?2)

Wetting is dependent on two key factors: contact angle and viscosity. Wetting behavior of

the liquid droplet on solid surfaces can be determined by the Young’s equation:
Ysv="Ysl+ YIv cOSO A3)
Surface free energy between solid and vapor (ysv), surface free energy between solid and

liquid (ys1) and surface free energy between liquid and vapor yiv define O, the contact angle of

liquid-vapor interface as shown in Figure 5. For non-wetting surface condition, contact angle is
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(> 90°), for wetting (< 90°), and for spreading (~ 0°). Lower contact angle between the liquid and
the solid indicates higher wetting of the solid [34, 41].

Figure 5 - Contact angle and surface energy of a liquid drop on solid surface [34].

Combining Equation 2 and 3, leads to the Young-Dupre Equation:

Wa=7yw (1 +cosO) 4)

With this equation, it can be estimated that the higher work of adhesion determines strong
interactions between matrix and fiber. It can be calculated by measuring the surface energy and
contact angle. Introduction of spreading pressure, which is the adsorption of vapors in equilibrium,

which reduces the surface free energy of the solid as given by:

Ts = Ys=Ysv (5)

where subscript s is the hypothetical case of solid in contact in vacuum. To more readily estimate

the work of adhesion, Young- Dupree equation can be modified to:
Wa=ywv(1+cosO) + ms (6)
The equation above mainly describes the thermodynamic behavior between fiber and
matrix. Practically, the composite system consists of large number of fibers with small diameter

fibers and its adhesion with the resin is dependent on the infiltration process and a small gap can

arise capillary pressure which can alter the surface energy of the system [38, 42].
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Measurement of the contact angle for wettability of fiber surface of the order of 10 um in
diameter requires a sophisticated approach. A simple and direct method of contact angle
measurement proposed by Carrol in 1976, called the “droplet aspect ratio method” can be applied
to measure the initial contact angle. The liquid droplet on a monofilament (fiber) is assumed to
form a symmetrical droplet about its axis as shown in Figure 6. Neglecting the effect of gravity,

the droplet shape can be defined by the following expression:

L= 2[aF(®,K) + nE (P,K)] @)

whereL=é,n=x—2 q =250 1= (a/n)? and@zsin"M.F(@,K) and nE

x1 x2—x1cos6’ V(nr2-ar2)
(D, k) are the elliptical integrals. © can be calculated by measuring the relative dimensions of the

droplet, x; and x>.

Figure 6 - Epoxy droplet on a cylindrical shape monofilament to measure contact angle
[34].

3.2.2 FIBER SURFACE TREATMENTS

Surface treatments can significantly impact the physical, chemical, and morphological
properties of the fiber surface. Such modifications result in improved composite properties with
enhanced fiber surface area, chemical bonding, and adhesion between the fiber and matrix.
Commonly employed surface treatment methods include acid oxidation, plasma treatment, rare
earth treatment, and gamma irradiation [21]. These treatments function by removing weak
boundary layers, such as contaminant species or gas molecules physically adsorbed onto the fiber

surface, entangling the polymer matrix with the molecular network of the polymer coating on the
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fiber, increasing interlocking at the fiber-matrix interface through surface roughness, and creating
additional active sites to promote chemical bonding with the polymer matrix [43]. Below are some

of the detailed treatment methods.

3.2.2.1 OXIDATIVE TREATMENT

Oxidation treatment adds acidic functional groups on CF surface. The effectiveness of
treatment in improving the surface properties depends on the concentration of oxidative medium,
treatment time and temperature as well as the fiber itself. Generally, oxidation is achieved with
gases (by air, oxygen, ozone, etc.) or liquids (by nitric acid, hydrochloric acid, etc.). It has been
evidenced that the tensile strength of fiber generally decreases with the oxidation time and that the
surface of fibers is pitted and fragmented. The surface area of CF after oxidation increases
compared to virgin fibers. Roughness and oxygen concentration increase which enhances
adhesion. Oxidation treatment introduces various functional groups (—O—C—, —C=0, -O—-C=0) on
the CF surface, which increases total surface energy and polarity and thus, enhance the wettability
of CF with the polymer matrix [8].

Electrochemical oxidation of CF in ammonium oxalate solution improves adhesion
strength in 8.6% and tensile strength in 16.6% due to the removal of weak carbonaceous layer and
refinement of graphitic crystallites in the sheath region [8]. CF treated with O3 introduced carboxyl
groups on CF surface which enhanced the interfacial strength by 60% with polyamide 6 matrix
[44]. In another study, the oxidative treatment in the presence of H2SO4, KC1Os3 and silane coupling
agent improved the interfacial strength by 47.2% with phenolic matrix. It also improved chemical
activity at the surface, oxygen content, surface area as well as roughness [45]. A combined
oxidative treatment and sizing on CF reduced tensile strength in up to 16%, and increased
interfacial shear strength with epoxy matrix in 12.35% [3]. CF oxidized with strong oxidant
K>S>0s 1n the presence of a catalyst AgNOs3 introduced carboxyl and hydroxyl functional groups.
It preserved the tensile strength and surface morphology, improved oxygen concentration and [FSS
with epoxy matrix up to 62.5% [46]. In another study, a maximum of 45% increase in IFSS with

polyaryletherketone has been achieved by electrochemical oxidation of CF [47].
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3.2.2.2 PLASMA TREATMENT

CF surface treatment is performed in an electrically conducting medium consisting of
electrons, positively charged ions and neutral atoms. The purpose of plasma surface treatment of
fibers is to modify the chemical and physical structures on their surface, altering fiber matrix
adhesion strength. The mechanisms activated by plasma treatment are removal of surface
contaminants, enhanced degree of mechanical keying due to surface roughness, increased surface
energy, and deposition of functional groups on fiber surface [48]. With oxygen plasma, reactivity
between fiber surface and matrix takes place due to the presence of functional groups like COOH,
-C-OH and =C=0 groups. Microscopy analysis showed striations, micropitting and roughness on
the fiber surface which is proportional to surface area with oxygen plasma etching. Active species
in the plasma gas aggressively attack the defect rich or the edge carbon site which increases surface
area. Increase in the time of plasma treatment increases the amount of oxygen content on CF, and
the presence of polar components, etching and deeper crevices on fiber. A small reduction in
tensile strength occurs due to plasma treatment and Raman analysis showed a slight distortion in
graphitic structure of CF after treatment. CF treated with plasma improved interfacial strength up
in 29.7% with polypropylene matrix due to the increase in hydroxyl groups on the fiber surface
[49]. He/O2 atmospheric plasma of carbon fiber increased oxygen-containing functional groups
and IFSS with polyimide matrix in up to 21% [50]. Treatment of CF with oxygen plasma
introduced oxygen functional groups, increased roughness and enhanced interfacial strength with
epoxy up to 21% [51]. CF treated with helium plasma for 1 min improved interfacial strength with

epoxy in up to 27.9% [52].

3.2.2.3 GAMMA TREATMENT

Fibers are exposed to high energy gamma irradiation which introduces roughness as well
as chemical functional groups such as carbonyl at the fiber surface. It also increases roughness due
to radiation. In the presence of nitrate solution, oxygen groups are generated due to gamma
irradiation and increased amount of oxygen containing functional groups on fiber surface
strengthen the chemical bonding [53]. CF irradiated in oxygen atmosphere and ambient
temperature affected the crystal lattice by displacing atoms within the lattice or electronic

excitation. The electrons stripped from the atoms believed to cause dimensional change in CF and

18



create active sites at the surface bounded with functional groups with 69% increase in oxygen
content after gamma-ray radiation. Fibers showed the presence of carboxyl group and hydroxyl
group and increased ratio carbon/oxygen as confirmed by XPS. Degree of roughness is also
increased by lower absorbed dose and Raman spectroscopy confirmed the slight distortion in
graphitic structure possibly indicated by the increased Ip/lg ratio. Gamma treatment improved
adhesive wear resistance and the interfacial strength in up to 60% with polyetherimide matrix at
absorbed dose of 300 kGy, whereas, tensile strength reduced in 18% [10]. CF treated with gamma
irradiation increased the roughness of the fiber surface, the O/C ratio, the amount of oxygen
functional groups, as well as interfacial strength with epoxy matrix up to 29.5% at 250 kGy [54].
In another study, gamma irradiation increased the CF modulus due to the increase in graphitization

character which also increases density at high radiation doses [53].

3.2.2.4 RARE EARTH TREATMENT

The chemical activity of rare earth elements allows adsorption on the fiber surface and
promotes chemical bonding due to increased reactive functional groups. It increases compatibility
with the polymer matrix and in turn increases adhesion. A high effective nuclear charge and a
strong ability to attract a structure with delocalized electrons of rare earth elements provide a
mechanism of modification of CF. The treatment of CF in alcoholic solution of LaCls has shown
an increase in surface roughness and surface area with the increased content of -C—-OH, —-C-O—
C—, bridged structure, C=0 and —COOR. Also, Raman spectroscopy showed an increase in the
disorder structure of CF due to the treatment with rare earth elements. CF treatment with LaCls
solution improved tensile strength, elongation as well as bending strength of the composite with
polytetrafluoroethylene matrix in 16% [55]. Treated CF with alcoholic solution of LaCls (0.3 wt%)
improved the O/C ratio up to 38.4%, showing an improvement in oxygen concentration [56]. CF
treatment with praseodymium nitrate solution, increased roughness and oxygen containing groups
and praseodymium element on the surface. An improvement of interfacial adhesion with epoxy
matrix in 15.8% was obtained [57]. Another study showed the formation of disorder surface due
to rare earth treatment which was confirmed by Raman spectroscopy. CF surface was found
rougher and surface crystallinity was reduced. An improvement of 13.1% in interfacial strength
with an epoxy matrix has been achieved [58]. Also, 61% increase in interfacial strength has been

observed with the treatment of carbon fiber with rare earth salt (YbF3). The treatment introduced
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changes in surface topography of fibers and inclusion of oxygenated functional groups such as

ether, carbonyl and carboxyl [59].

3.2.2.5 SOLUTION SIZING

Commercial CF are always coated with a thin film of sizing consisting of a polymer
solution or emulsion and assistant components. Generally, 0.5 to 1.5% of the sizing material is
applied on the surface of fiber to provide protection from damage, for strand integrity, and to
improve adhesion and composite processability. Coupling agent is added in sizing to create
covalently bonded oxy-carbonated functional groups at the CF surface that promote chemical
interactions with the matrix polymer. Weight average molecular weight of the sizing also
influences the interfacial properties, and if it is low, it creates a soft interface region while if it is
high, there is lower compatibility with matrix and more susceptibility to fiber/matrix debonding
[60].

Commercial sizing is mainly based on bifunctional epoxy resin, usually DGEBA, with
other components. In one of the studies, a slight difference is observed for interlaminar shear
strength of composites treated with 0.7 wt% of tetraglycidyldiaminodiphenylmethane (TGDDM)
and diglycidylether of bis-phenol-A (DGEBA) compared with commercial sized fibers [61]. A
modified polyacrylate sizing (added organosilicone and fluoropolymer) caused an improvement
of 14.2% in interlaminar shear strength. Sizing applied by aqueous dip coating of vinyl ester resin
emulsion synthesized by phase inversion emulsification reduced the surface energy of the fibers
and increased ILSS in 20.7% [60]. Latent curing of epoxy sizing based on ethylenediamine with
butylacrylate improved ILSS of CF/epoxy composites in 10% with improved interface toughness.
The drawback of sizing is that sometimes interdiffusion of fiber sizing and polymer matrix results

in a formation of a weak interphase region that limits interfacial strength [39].

3.2.3 EFFECT OF SURFACE TREATMENT ON INTERFACIAL ADHESION
The surface treatment of CF is critical in achieving strong interfacial adhesion with the
polymer matrix in composite materials. Adhesion refers to the attraction between different atoms

or molecules, while cohesion refers to the attraction between the same type of atoms or molecules.
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Strong adhesion at the interface requires more energy to cause separation and can be categorized
based on physical, chemical, and/or mechanical bonding processes [62].

While chemical bonding is generally preferred over physical bonding forces, the latter still
plays an important role in achieving strong interfacial adhesion between the fiber and polymer
matrix in composite materials. To improve physical adhesion, it is essential to create a clean and
rough surface, which increases the surface area and enhances wetting and bonding characteristics.
Additionally, the surface free energy of the fiber is crucial for achieving good adhesion, as it
represents the active available atoms on the surface. Chemical bonding mechanisms, such as
covalent, ionic, and in some cases chelation bonding, are also important for achieving strong
adhesion. However, the theoretical bond densities in chemical bonding are often quite small and
are overshadowed by the contribution of mechanical bonding [2].

Various approaches can be adopted to achieve good adhesion, such as the use of organo-
silane coupling agents and creating rough surfaces. Rough surfaces promote mechanical bonding
and can be characterized at different levels, including macro-mechanical retention, micro-
mechanical retention, and nano-interdigitation [63]. Additionally, nano-interdigitation occurs
when adhesive monomers diffuse into existing polymer phases, polymerize, and become
molecularly intertwined with existing molecules [10]. Permeability is another parameter that
influences adhesion at the interface, and determining parameters such as the permeability
coefficient can help predict the contributions of diffusion bonding.

Overall, the surface treatments applied to carbon fiber (CF) surfaces significantly improve
the mechanical properties of high-performance polymeric composites. However, controlling the
fiber/matrix interfacial properties remains a major task. Sometimes, a 'multi-scale' coating
consisting of nano-particles, carbon nanotubes, and graphene modifications is applied to the CF
surface using techniques such as electrophoretic deposition (EPD), chemical vapor deposition
(CVD), and dip coating. The efficacy of fiber/matrix adhesion at the interface depends on the
simultaneous action of various parameters that entail physical adsorption and chemical interaction
[21].

Most conventional carbon fiber (CF) treatment methods improve fiber/matrix interfacial
strength, but often at the expense of a significant loss in fiber strength. This is because these

methods can create pits and flaws on the fiber surface, which act as stress concentration points for
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crack initiation and propagation. Therefore, it is essential to balance physical and chemical means

of enhancing adhesion to achieve optimal composite properties [64, 65].

3.3 TREATMENT OF CARBON-BASED STRUCTURES WITH IONIC LIQUIDS

Ionic liquids (IL) are a class of compound that consist of ions and exist in liquid state below
100 °C [66]. They have unique physical and chemical properties such as non-toxicity, low vapor
pressure, high chemical and thermal stability, and high ionic conductivity, which makes them
suitable candidates to develop advanced functional materials. These ILs are very promising also
in terms of environmental perspectives [67-69].

IL are basically formed by the combination of cations and anions. In task specific ionic
liquids, cations and anions are combined according to the desired properties required for a certain
application. The most common cations are: imidazolium, ammonium, pyridinium, pyrrolidinium
whereas the anions associated can be any one of CI-, [BF4]", [PF¢]", Br-, or organic-based such as
trifluoromethylsulfonate, bis (trifluoromethyl) sulfonyl imide. ILs are being used in a wide range
of applications, e.g., electrodes preparation [70-76], energy storage [77], anti-wear and antioxidant
[78]. Liquid crystalline properties can also be induced in IL which adds new function and superior

properties [79].

3.3.1 TREATMENT OF CARBON FIBERS

The inert nature of CF is made reactive by its modification with an external agent which
increases its adhesion with a polymer matrix. Imidazolium-based IL can be applied for the
modification of CF where it can provide benefits in several ways. First of all, it will improve the
surface conductivity of the fiber which will be beneficial for its application in smart structures
[13]. Secondly, it will improve the interfacial shear strength of the composite [14]. With IL
treatment, CF chemical structure will not be affected, retaining its tensile strength and modulus.
Cation shows stronger attraction when placed above the m-electron-system of carbon materials
whereas the anions provide attraction to hydrogenated edges due to electrostatic charge
distribution. 1-Butyl-3-methylimidazolium chloride IL applied to CF enhanced the interfacial
adhesion between the fiber and the matrix [14]. It is worthwhile to note that coating with only IL
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improved the interfacial shear strength up to 106% compared to unmodified CF epoxy composite
with the synergistic effect of the surface chemistry and IL with the epoxy matrix (Figure 7).
Various other modification methods were also applied with and without functionalization
of epoxy sized and unsized CF. And various used imidazolium-based IL with different
combination of cations and anions [14]. In one study, 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide has been applied on CF by microwave irradiation forming
covalent bonds with IL. IL in this case was grafted on the surface of CF by dipping in IL under
microwave irradiation. This functionalization showed an excellent compatibility with the epoxy
resin with no apparent effect on the inherent fiber properties. Efficient grafting on the surface of
fiber increased the crosslinks with the epoxy matrix. With this modification, 28% increase in
interfacial adhesion was achieved compared to untreated CF. It is also expected that Tf2N which
is non-polar in nature has strong attraction with carbon surface [15]. These studies provide a strong
basis to apply more ILs with imidazolium cation, different anions (hydrophobic or hydrophilic)

and alkyl chains with different functional groups for the modification of CF/recycled CF.
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Figure 7 - Interfacial shear strength of CF and treated CF in epoxy resin [14].

3.3.2 TREATMENT OF CARBON-BASED NANOSTRUCTURES

IL can be used for the modification of carbon-based structures in general. The most widely

used ILs for that are based on imidazolium cation. Broadly, there are two ways to accomplish that:
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(1) covalent bonding in which a primary bond forms between the imidazolium ring and the carbon
on the hexagonal structure as shown in Figure 8, (ii) attachment of IL with the graphite structure
via non-covalent forces such as hydrogen bonding, n—n stacking, electrostatic forces and van der
Waals forces. The second way is quite efficient and more practical [80, 81]. In one of the studies
[82], graphene was covalently functionalized with 1-butyl-3-aminopropyl imidazolium chloride.
The bonding is possible since the structure of graphene has sp? — hybridized carbon atom with p-
electronic architecture. It has an additional advantage over chemical methods that it avoids the
disruption of m-electronic conjugation of CNT [83].

The microscopic interaction between graphene and IL can be explained by short-range
interactions involving delocalized electronic cloud of IL cation and carbon nanomaterials and by
long-range dispersion interactions. Fedorov and Lynden-Bell have proposed the mechanisms by
molecular dynamics simulation of the formation of an interfacial layer between neutral graphene
and 1,3-dimethyimidazolium chloride. Vibrational spectroscopy and contact angle measurements
suggest a significant interaction of the alkyl chains of the cation with graphene, which are extended
parallel to the surface. The imidazolium ring slightly tilted to the surface plane of graphene
enabling m—x interactions between imidazolium ring and the surface [72, 84].

The crosslinked IL consisted of the mono cationic IL, 1-vinyl-3-butylimidazolium
bis(trifluoromethanesulfonyl)imide as the monomer and the dicationic 1,12-di(3-
vinylimidazolium) dodecane bis(trifluoromethanesulfonyl)imide as the IL crosslinker, were also
applied for CNT modification to promote covalent bonding. Despite the advantages, the covalent
poly IL functionalization of CNT has drawbacks since it is time consuming and the chemical
treatment employed can disrupt their m-conjugation, causing destabilization of the structure,

change in electrical and mechanical properties, surface defects and CNT shortening [85].
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Figure 8 - Possible covalent bond/link of imidazolium IL with CF [86].

The non-covalent functionalization of carbon-based nanostructures (MWCNT, SWCNT,
graphene) has been reported for use in various applications. Some of the imidazolium IL with
applications from literature are explained below with structures listed in Table 1. In one of the
studies, 5 to 15 phr of 1-butyl-3-methyl-imidazolium tetrafluoroborate was used for the non-
covalent functionalization of MWCNT. MWCNT was then added as filler in epoxy and enhanced
dispersion, electrical and thermomechanical properties were achieved. The dispersion was
attributed to cation-m interactions between the surface of CNT and the imidazolium ions [87].

An effective strategy to improve conductivity and thermal properties was to incorporate 1-
(3-aminopropyl)-3-methylimidazolium bromide and 1-(3-aminopropyl)-2-methyl-3-
butylimidazole modified MWCNT in poly(etheretherketone). This system provided good
dimensional stability and considerable interfacial interactions [88]. An improvement in dispersion
was achieved in styrene-butadiene rubber by applying 1-decyl 3-methyl imidazolium chloride as
a coupling agent for MWCNT. The resultant composite showed improved electrical and
mechanical properties [89]. 1-Ethyl-3-methylimidazolium tosylate has been applied as a
modification agent of MWCNT and resulted in increased viscosity when MWCNT are well-
dispersed and the bonding can be disrupted by an increase in temperature to weaken hydrogen and
electrostatic interactions [90]. 1-Butyl-3-methyl imidazolium chloride was used for the
disentanglement of CNT bundles based on the dispersing and lubricating characteristics of the IL.
The high local shear increases the spaces among CNT and the IL adsorption further enlarges the

space which lead to separation of CNTs. The adsorption is enhanced due to m-stacking of the
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hexagonal structure of carbon atoms on the surface and in case of 1-butyl-3-methyl imidazolium
chloride, imidazolium rings having chloride anions, interaction via n-n electron bonding promotes
dispersion in epoxy matrix [16].

Ionanofluids, a class of heat transfer fluids, have been prepared by dispersing MWCNT in
various imidazolium IL. 1-butyl-3-methyl imidazolium bis(trifluoromethanesulfonyl)imide
containing MWCNT successfully enhanced thermal conductivity in 26% at 3 wt% content. The
interaction between ionic liquids ions and dispersed MWCNT plays an important role for the
enhancement of the thermal conductivity of ionanofluids [91]. Amine-terminated IL was applied
for the modification of MWCNT incorporated in epoxy to produce thermal management material
for high power applications improving thermal conductivity of epoxy in up to ~211% [92]. The 1-
hexyl-3-methylimidazolium tetrafluoroborate with different concentration of cation and anion
adsorbed on carbon nanotubes was used to improve thermoelectrical properties. The amphoteric
doping of carbon nanotubes with imidazolium IL has been done with different CNT surface states.
The increased number of anionic surfactants induced negatively charged surfaces, whereas the
imidazolium cation induced favorable p-doping to optimize thermoelectric power factors. In this
case, a high performance the produced flexible carbon nanotube film thermoelectric generator
exhibited enhanced p-type thermoelectric power factor of up to 762 uW m' K2 [93].

Thermoelectric properties of polypropylene-based nanocomposites have been studied for
1-allyl-3-methyl-imidazolium chloride, 1-methyl-3-octylimidazolium tetrafluoroborate, 1-methyl-
3-octylimidazolium chloride, and 1-allyl-3-methylimidazolium dicyanamide modified SWCNT.
The highest Seebeck coefficients achieved were +49.3 uV/K for p-type composites and —27.6
uV/K for n-type composites, and the type of IL is decisive in whether p- or n-type thermoelectric
behavior is achieved [94]. The conductivity and electromagnetic shielding effectiveness can be
modulated by improving the dispersion of the conductive fillers. Also, the heterogeneous interface
plays an important role in absorbing electromagnetic radiations due to dipoles formation. The
addition of 1-benzyl-3-methylimidazolium chloride modified MWCNT in styrene-butadiene
rubber exhibited a stable high dielectric constant and AC conductivity in the wide frequency range
due to the fine dispersion and the formation of a three-dimensional continuous network of
MWCNT in the matrix, improving electromagnetic shielding effectiveness up to 35.06 dB [95].

In biomedical application, 1-ethyl-3-methylimidazolium acetate and 1-butyl-3-

methylimidazolium hydrogen sulfate was applied for the modification of MWCNT to make
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nanocomposite with polyetheretherketone. An improvement of 37% in elastic modulus of the

nanocomposite was achieved with 1 wt% IL modification [96].

Table 1 — Imidazolium-based IL used for the modification of carbon-based nanostructures.

Cation Anion Ionic liquid Ref
H.C /\/\N/\NICH:S S) 1-butyl-3-methylimidazolium 79
3 Y/ BF, tetrafluoroborate
H.N ACUNAN -CH; © 1-(3-aminopropyl)-3-methylimidazolium 20.81
2 &/ Br bromide ’
* © 1-(3-aminopropyl)-2-methyl-3-
HNS"NON TS By butylimidazole 80
(CH; )o o
H3C/ \N/@N,CHa, Cl 1-decyl-3-methylimidazolium chloride 82
(o
(CH,) . .
’ C/ \:I/S\N’CZHS © 1-hexyl-3-ethylimidazolium 33
3 \ @D, BF, tetrafluoroborate
CH,
LNAN’CH"' o 1-allyl-3-methyl-imidazolium chloride 84
\ D), Cl
CH
/( \z)/7\ _CH, =) 1-methyl-3-octylimidazolium 84
HC N ®N BF, tetrafluoroborate
(CH ) o
7/ Ny y-CHs 1-methyl-3-octylimidazolium chloride 84
=
CH,
L,NAn'CH3 N:C\ﬁ/CZN 1-allyl-3-methylimidazolium dicyanamide | 84
(]
An-CHs & 1-benzyl-3-methylimidazolium chlorid 85
NN cl -benzyl-3-methylimidazolium chloride
()
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HC NN @j\ hyl-3-methylimidazol
b 1-ethyl-3-methylimidazolium acetate 86
\_@/ O~ “CH;
N\ CH e 9 C .
HyC ACUNANT3 0-S-OH 1-butyl-3-methylimidazolium  hydrogen 36
Y/ 1 sulfate
)
CH © 1-butyl-3-methyl
AN, A h T
HyeN"NGN" | R SN0 F | imidazolium bis(trifluoromethanesulfonyl | 87
F (o)o) %F )imide
F F
©
?
0=S=0
A\ -CH;
Hsch‘ N 1-ethyl-3-methylimidazolium tosylate 88

3.4 HYBRID COMPOSITES WITH MWCNT

Hybrid composites are a class of composites consisting of three components, such as the
introduction of a nanofiller in a CF composite. These laminates are of great interest due to the
significant property improvements in the epoxy region of the laminates. Generally, matrix
properties dominate composite performance in the thickness direction, and the interlaminar
region's performance depends on the epoxy's properties, which may decrease in-plane laminate
properties [97].

There are two approaches to producing hybrid composites based on carbon fiber and epoxy.
One approach involves depositing a nanofiller on the surface of carbon fiber and then impregnating
it with an epoxy matrix. The nanofiller can be deposited on the fiber surface using techniques such
as chemical functionalization, electrospray, or chemical vapor deposition. The second approach
involves dispersing the nanofiller in the epoxy and then using it to impregnate the carbon fabric.
The presence of a third phase contributes to the strength of composites at the interfacial region and

provides a more effective load distribution. Additionally, modification of the interfacial behavior
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with the nanofiller significantly impacts the mechanical behavior of the composite. A more
homogeneous dispersion produces a composite with good mechanical properties in the transverse
direction [97]. In case of CNT as a filler, the self-interaction of nanofiller is high due to its chemical
structure and high aspect ratio. This gives rise to the problem of dispersion in epoxy and even after
mechanical dispersion there is a possibility of re-agglomeration of CNT. This reduces the viable
amount of CNT in a composite and also the threshold value for maximum increase in electrical
and mechanical properties [4].

Various methods are in practice to disperse CNT and produce hybrid laminates. MWCNT
dispersed in epoxy matrix with probe sonication improved 28% interlaminar shear strength by
effectively sharing the stress from matrix to the CF [12]. Improvement in toughness and flexural
strength has also been achieved by dispersing MWCNT under rotation in ultrasonic treatment at
60°C [98]. The interlaminar shear strength of unidirectional laminates are improved by
incorporating plasma treated MWCNT in epoxy which provided better dispersion and distribution,
improving the resistance to crack propagation in epoxy [99].

Various mechanical mixing approaches for the dispersion of CNT in epoxy have been tried,
including ultrasound, mechanical stirring, roller machine, gears machine, and combined ultrasound
and high-speed stirring. Among these techniques, ultrasonic treatment combined with high-speed
stirring was found to be an efficient method [100]. In another study, an increase of 19% in
interlaminar shear strength was achieved through mechanical mixing at 55°C in a controlled
environment [101]. Incorporating hydroxyl-functionalized multi-walled carbon nanotubes
(MWCNTs) (1%) in epoxy using a three-roll mill at different contents reduced agglomeration and
increased flexural strength by 11.94% [102]. Additionally, recent studies have reported on the
modification of MWCNTs with imidazolium-based ionic liquids and their improved dispersion in

epoxy matrices [16, 70, 87, 103]. Therefore, this method is considered very promising [104].
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1. Introduction

Surface treatment of carbon fiber (CF) is an interesting area of research due to its
importance to enable high-performance structural applications. The CF surface is
inherently chemically inert, non-polar and highly stable, limiting its interaction
with polymer matrices and the resulting interlaminar shear strength of CF-
reinforced composites. Improved interfacial properties promote efficient load
transfer from the matrix to the fiber by shear ultimately improving the mechanical
properties.

One of the most widely used treatments is the use of an epoxy-based polymer
sizing, which produce an interphase region with stronger interactions [1,2]. This
increases stress transfer to the fiber by providing an alternative way for the crack to
proceed into the matrix. Nevertheless, several treatments have been studied to
improve the referred interaction including physical methods, which increase rough-
ness and provide mechanical interlocking, or wet chemical processes sometimes
introducing chemical functional groups [3]. The various methods attempt to
increase the interfacial shear strength (IFSS), interlaminar shear strength (ILSS)
and toughness of fiber matrix composites [4], but most of them are complex or
unsuitable for large-scale implementation [5], or have a detrimental effect on the CF
strength [5,6]. The surface and microstructural characteristics of the fibers altered
due to these treatments directly influence the overall mechanical properties of the
composite [7]. Methods such as oxidation, plasma deposition and irradiation graft-
ing [6] create defects, increase the oxygen content or introduce chemical bonds at
the CF surface [8,9]. Other recent techniques include electrophoretic deposition and
microwave- plasma enhanced chemical vapor deposition. These techniques were also
employed to deposit carbon nanotubes on the fiber surface, producing a transition
layer at the fiber/matrix interface to enhance IFSS of the composite [10-13].

In this context, alternative treatment methods are still demanded, and the use of
ionic liquids (IL) may be a promising approach. IL are salts that exist in the liquid
state at 100 °C [14,15], being considered designer materials since their properties
can be altered via changes in their chemical structure, in both anion and cation, for
a particular application. Such IL can interact with non-ionic compounds by
a combination of ion-dipole and dipole-dipole forces, hydrogen bonds, m-n inter-
actions and dispersion forces. In the case of imidazolium IL, the electron poor
aromatic imidazolium ring favors their interaction with aromatic carbonaceous
fillers (fullerenes, graphene and carbon nanotubes) via m-m stacking [16]. These
fillers with non-covalently attached imidazolium IL have a more active surface for
interaction with polymer matrices [17]. Since this surface functionalization does not
modify the original filler microstructure, this approach is also of interest for poly-
mer composites with CF [18].

In this work, non-covalent surface modification of CF has been carried out using
two  different imidazolium IL, 1-n-butyl-3-methyl imidazolium bis-
(trifluoromethylsulfonyl) imide (hydrophobic) and 1-n-butyl-3-methylimidazolium
chloride (hydrophilic). The chosen IL have distinct hydrophobic nature, varying the
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adsorption on the CF surface due to a weak ion pair association. The comparison of
both the hydrophobic and hydrophilic behavior of IL will provide a better under-
standing in terms of interfacial shear strength between CF and epoxy.

2. Experimental

Intermediate modulus CF (modulus = 230 GPa; density = 1.76 g/cm?; filament dia-
meter = 7 pm) roving (T300) with 1% epoxy sizing from Toray was used. 1-n-Butyl-
3-methylimidazolium bis(trifluoromethanesulfonyl) imide, CyMImNTf,, 295% purity
and 1-a-butyl-3-methyl imidazolium chloride, CMImCI, = 95% purity, were acquired
from Sigma-Aldrich. Acetone (99.5% purity) and methanol (99.5% purity) were pur-
chased from Sigma-Aldrich. DGEBA epoxy resin (AR260) was used for contact angle
measurements and fiber pull out testing.

As-received CF (designated as CF-8) yarns were washed with acetone for the removal
of sizing. The yarns were cut (12 cm length), placed in a beaker containing 50 mL of
acetone for 25 min followed by manual stirring for 34 min. The CF yarns were squeeze
dried followed by heating in an oven with air-circulation for 30 min at 30 °C to remove
excess solvent. This sample was designated as CF-U and conditioned in a desiccator.
Some CF-U fibers were then treated by immersion in methanolic 10% (w/v) IL solution
(50 mL) for 10 min at room temperature. Afterwards, the samples were removed and
dried in a vacuum oven for 30 min at 50 °C. The CF treated with C;MImNT{, and C,
MImCI were designated as CF-NTf; and CF-Cl, respectively. To study the presence of IL
on the CF surface, IL-treated CF samples (with BMImCI and BMImNT{;) were placed in
a Soxhlet apparatus to perform the extraction process with methanol for 5 h. After the
extraction process the samples were dried in vacuum oven at 60 °C for 60 min. The
weight of the samples was measured before and after the extraction process in dried
condition until gaining a constant weight.

Fourier-transform infrared spectroscopy was performed in a Perkin-Elmer equip-
ment, model Spectrum-GX, in the 500-3500 cm™ range with 116 scans at a constant
spectral resolution of 6 cm™'. Raman spectroscopy was performed in a Horiba apparatus,
model Lab Ram, equipped with a helium-neon laser at an excitation wavelength of
632 nm.

X-ray photoelectron spectroscopy (XPS) (Model: VG ESCALAB MKII) analysis was
performed using an Al-K,; (1486.6 €V) X-ray source and a SPECS PHOIBOS 150
hemispherical electron analyzers at 15 eV pass energy. In the XPS analysis, no charge
neutralization was used. The samples were fixed onto the sample holder using
a conductive carbon tape (5 x 5 mm?), where a bundle of fibers of the same size were
carefully placed and aligned to cover the entire tape on the sample holder. The samples
size was around 8 x 6 mm’. A conventional X-ray source was used and therefore a large
area was radiated, basically the whole sample. The analyzer spot size was set to 6 mm
diameter and aligned at the center of the samples, monitoring this whole area in each
analysis. The spectra were analyzed using the CasaXPS software with a charging correc-
tion setting the adventitious Cls component at 284.5 eV binding energy (Ep) and
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a Shirley background. The value 284.5 eV used for referencing in this study is the value
indicated in the Perkin Elmer XPS Handbook [19]. The fitting procedure also addressed
the peaks line shape considering a 30% asymmetry.

Scanning electron microscopy was carried out in a JSM 6060 electron microscope atan
operating voltage of 5 kV. Samples were gold-coated, and images were acquired in
secondary electron imaging mode. Contact angle evaluation of epoxy droplets on single
CF were performed aided by a Carl Zeiss axio Lab optical microscope. The obtained
images were processed with the Image | software. Contact angle was calculated by the
method of droplets geometry in cylindrical filaments generally referred to as Carrol
method and Wagner method [19,20].

To calculate interfacial shear strength (IFSS) of the unmodified and modified CF,
fiber tow pull-out test was performed in a universal testing machine (Emic/Instron 23—
5D). Samples were prepared by placing the tow in a perpendicular position in relation
to a block of epoxy (DGEBA) cured in a silicon mold. Ten samples of each type were
tested at a strain rate of 2 mm/min. Finally, the IFSS was calculated by the following
equation:

IFSS = Frey /mdp.le

where F ., is the maximum pull-out force value, and dg, (2.43-2.89 mm) and 1, (3.43-
3.57 mm) are the diameter and the length of the fiber tow embedded in epoxy. Both
values were measured with a digital caliper (accuracy = 0.0125 mm). Images of the fiber
tow before and after pull-out have been taken aided by a digital microscope (image
resolution 1920 x 1080) and an optical microscope (Carl Zeiss axio Lab A).

3. Results and discussion

The increase in the effectiveness of fiber surface modification demands enhanced
fiber interaction with the modifying agent. The overall purpose of the CF surface CF
surface treatment is to protect the CF surface, and to improve fiber adhesion with
matrix. IL as a modifying agent may be beneficial by introducing a plasticizing effect
around the fiber used with epoxy matrices [21]. Figure 1 shows the expected m-n
bond stacking between the ILs’s imidazolium ring and CF (sp® hybridized carbon

"@ . Y®W
INET N e N
o =
. Cl
w-m interactions n-m interactions

Carbon Fiber

Figure 1. Interaction of IL with CF.
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atoms) surface. That kind of interaction is expected to keep the IL adsorbed on the
CF surface and at the same time will provide improved intermolecular interactions
with epoxy matrix [22,23].

Figure 2a shows the FTIR spectra obtained for CF-§, CF-U, C4MImNTf; and CF-
NTf;. Comparison of CF-§ and CF-U spectra shows that the epoxy finish was largely
removed after washing with acetone since no peaks related to the sizing are observed in

the latter [24]. The characteristic peaks of C4MImNTf; at 2879-3157 cm™!, 1300-
1500 cm™! and 1000-1150 cm™ confirm its presence on the surface of CF-NTf,. The
characteristic peaks of C,MImCI at 2868-3059 cm™!, 1563 cm™', 1453 cm™' and
1170 ecm™ also confirm its presence on the surface of CF-Cl, as shown in Figure 2b
[16,25].

Weight gain measurements have been performed to identify the amount of IL on
the fiber surface after treatment. For the C4MImCI treatment, a weight gain of 58.6%
was observed whereas, for C;,MImNTTf,, a weight gain of 61.0% was observed. The C,
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Figure 2. FTIR-ATR transmittance spectra for: (a) CF-5, CF-U, C,MImNTf; and CF-NTf;; (b) CF-U, C4
MiImCl and CF-Cl.
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MImCl and C4MImNTH; on the CF surface will provide good compatibility to allow
stronger interfacial interaction with polymer matrices e.g., epoxy, which will improve
strength of the polymer matrix composite [21]. Moreover, the Soxhlet extraction
performed for IL modified CF showed weight loss that corresponds to the extraction
of IL from the CF surface. It also shows a greater ionic association of ILs with
methanol as compared to CF. Afterwards, the IL was recovered from the methanol
that confirmed its presence on CF surface.

Raman shift spectra of CF-U treated with IL are shown in Figure 3. The characteristic
CF bands are the D-band at 1345 cm™", associated with the disordered graphite structure,
and the G-band at 1578 cm™, related to the ordered hexagonal carbon—carbon bond
structure of CF [24,26]. CF with IL on its surface (C,MImNTf,; or C,MImCl) showed
a decrease in intensity of the D- and G-bands, although the Ip/I; ratio did not change
significantly, being 1.08 (CF-U), 1.17 (CE-NT£;) and 1.03 (CF-Cl) which indicates an
unaffected CF structure. This confirms the chemical and morphological stability of the
CF structure for the employed surface functionalization procedure [24]. Interestingly, the
presence of IL on the CF surface induced strains that produced an upshift of 4 cm™,
perhaps due to stronger CF-IL interactions [27].

Figure 4 displays the C1s region of the XPS spectra for CF-8, CF-U, CF-NTf; and CF-
Cl. Four distinct carbon chemical states were identified at their surfaces: C-C (284.5 eV},
C-O or C-N (286.0 eV), -CONH- (287.5 V) and C-F bonds (292.3 eV). Table 1 shows
the composition investigated with a large spot size for each sample to obtain average
compositions. The graphitic nature of the carbon is clearly noticeable for sample CF-8
{Figure 4) where a shake-up feature appears in the Cls due to the n-n* character. The
desizing process was successful in concentrating C-C bonds at the fiber surface, as
observed when comparing the results for CF-S and CF-U. Besides, the XPS analysis
corroborated the presence of IL on the surface of the treated fibers (CF-NTf; and CF-Cl
samples) by the enhancement in the C-N chemical component. Particularly for the
former the presence of C-F bonds was quite evident [28].

CF-U
CF-CI
5000 -
D-band CF-NTF,

1000 ~

1} m'n 1600 15IMNINEIN sn:no:s'oou'w
Raman Shift (cm™)

Figure 3. Raman shift spectra of CF before and after treatment with the ILs.
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Figure 4. XP5 spectra of the C1s region for: (a) CF-S, (b) CF-U, (c) CF-Cl, and (d) CF-NTf;,

Table 1. Apparent surface composition [%] of the CF samples as deter-

mined from the XP5 survey spectra.
Sample C o N F a
-5 720 M7 i3
CFu 781 19.1 23 05
CFNTF, 57.8 233 137 12
crcl 75.7 100 87 - 55

Figure 5 shows the micrographs of CF-U and the IL-functionalized CF (CF-NT#; and
CF-Cl). The difterence in the micrographs is evident, a smooth neutral surface without
imperfections for the desized CF and some adsorbed particles on the surface of CF for
CF-NTf; and CF-Cl. However, contrary to many other surface functionalization meth-
ods, SEM micrographs of IL-treated CF taken at different magnifications do not indicate
any detrimental effect on fiber integrity (absence of structural defects) which is expected
to enable stronger polymer-based composites. Also, the imidazolium-based IL offered
a unique way of attachment with the CF surface through n-w bond stacking. The presence
of IL on the surface is beneficial since it provides protection and many sites for mechan-
ical entanglement at the interface, and also by enabling intermolecular forces.
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Figure 5. 5EM micrographs of CF-U, CF- Cl, and CF- NTf; at magnification of 2000 (left column, scale
bar = 10 pm) and 25,000 (right column, scale bar = 1 pm).

The influence of the IL treatment on the wettability of CF was determined by contact
angle measurements of epoxy resin on CF, whose results are shown in Figure 6. The
mean contact angle of CF-U was calculated as 31.5°. The untreated carbon fiber has
a surface tension close to 40 m].m? [29], whereas polymeric resins, such as epoxy, have
a surface tension in the range of 35-45 mJ.m . Due to a similar surface energy, suitable
wetting of the fiber by epoxy is not expected. The ion-pair formation constant (K;p) is an
important parameter to define the association of oppositely charged ions in IL quantita-
tively. This Kjp value is directly related to the adsorption coefficient (K,) characteristics of
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Figure 6. Contact angles of epoxy resin on CF-U, CF-5, CF-Cl and CF-NTf2 fibers.

IL. A strong binding energy between the imidazolium-based cation and NTf; leads to
a strong ion pair association which leads to higher adsorption of IL onto a carbon-based
structure [30].

After the IL treatment, the contact angle decreased to 14-16° what is a clear indication of
the increase in surface energy of the CF. This decreased contact angle corresponds to
increased wettability, enhancing secondary interactions such as van der Waals attraction
and hydrogen bond force at the interface. Since the decrease was similar for both IL anions,
with different hydrophilic/hydrophobic character, the anion and the imidazolium ring were
most likely involved in the interaction with the CF surface. In this case, the N-n-butyl side-
chain of the imidazolium cation would be available to interact with epoxy in a composite.

26 P =0.05

18 -

IFSS (MPa)

16 <

14 -

12 -

10 -

CF-5 CF-U CF-Cl CF-NTf2

Figure 7. IFS5 value of CF-U, CF-5, CF-Cl, CF-NTf2.
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Figure 8. Fiber pull-out sample: (a) before pull-out; (b) after pull-out.

Fiber pull-out tests were carried out to evaluate the interfacial shear strength (IFSS)
between CF and epoxy resin, and the results are presented in Figure 7. The load-
displacement curves (Figure S1 in the supplementary material) show that the load
increased mostly linear until a peak value was reached, and the carbon fiber tow started
being pulled out from the epoxy block. Moreover, these results are in good agreement with
the contact angle measurements that showed a decrease in contact angle with IL [31].

The values of IFSS of commercially sized CF, C,MImCl modified CF (CF-Cl) and C,
MImNT; modified CF (CF-NTf;) were 19.67 MPa, 21.02 MPa and 21.90 MPa, all above
13.98 MPa found for the unsized CF, as expected. That represented an IFSS increase of
40.7%, 50.3% and 56.5% in IFSS, respectively. The increase in IFSS due to IL modification is
similar as that reported in another study for carbon fiber treatment [21]. Furthermore, the
IFSS values of the IL-treated CF were slightly higher than that of the commercially sized CF.

The chemical characteristic influenced the corresponding mechanical strength
parameters at the interface between fibers CF and polymer [32]. At the interface
region, the association of cation and anion of IL influence the absorbability. The
imidazolium ring with hydrophobic anion serves as a strong scaffold that promotes
adhesion on CF surface. The interfacial bond strength formed as a result, is
sufficient for the load to be transferred from the matrix to the fibers, being
comparable with the fiber having an epoxy sizing. The improved behavior in
terms of adhesion strength is expected due to its hydrophobic nature. The presence
of water molecules reduce inter-ionic interactions in Cl anion-based IL can be
a limiting factor for effective interfacial properties with epoxy whereas the hydro-
phobic behavior of NTF, anion in IL avoids that limitation. This behavior is also
interesting in terms of defining toughening characteristics such as debonding and
premature fiber pull-out which are generally affected in strong interfaces [33].
Indeed, IL may act as a plasticizer at the interface, making the system more ductile
and promoting elastic deformation by creating shear tolerant fiber-matrix adhesion
[32,34].

The fracture behavior at the interface zone of the pulled-out fiber sample is
shown in Figure 8. The phenomena of debonding along the full embedded length
in the matrix and breakage of the fiber happened due to the shear forces. Significant
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sliding friction at the interface region due to matrix and the interface region in the
form of multiple cracks with serrated debonding aspects increases the energy
absorption leading to toughening of composite [35]. Certainly, this enhanced energy
dissipation mechanism is the contributing factor for the increased strength at the
interface region.

4, Conclusions

In this study, a practical route for the surface functionalization of CF with imidazolium
IL has been demonstrated. Functionalization occurred without chemical or structural
modification of the CF. The presence of IL on the CF surface improved CF wettability
and the IFSS with epoxy, which is beneficial for making high strength polymer compo-
sites. This work may be a guideline for the use of imidazolium IL for the modification of
the CF surface and this lab-scale study for CF treatment can be easily integrated into an

industrial process.
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Abstract: A multifunctional designing approach is of great importance for advanced composite
applications. This study assessed the use of ionic liquids (ILs) to modify the surface of carbon
fiber (CF) and impart multifunctional characteristics to it. For that, ethanolic solutions of different
ILs, 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide, 1-butyl-3-methylimidazolium
chloride and 1-(2-hydroxyethyl)-3-methylimidazolium chloride, at different concentrations, were
used to treat the CF. Fourier-transform infrared spectroscopy confirmed the presence of IL on the
CF surface. The contact angle for 1% w/v IL-treated CF and DGEBA epoxy decreased by up to
35%, corresponding to an increase in surface energy of fiber, accompanied by an increase of 91%
in interfacial shear strength. These enhancements were achieved with the hydroxy-functionalized
IL, showing the tunability of CF properties through the N-imidazolium substituent. An increase in
crystallite size along the basal plane was also found due to the ordering of the graphitic structure on
the surface. Moreover, there was a decrease in electrical resistivity of 77%. In all, the imidazolium ILs
were considered a promising approach to induce multifunctional characteristics, namely enhanced
interfacial strength and electrical conductivity, to unsized CF, which can also be beneficial for recycled
fibers without deteriorating their inherent surface properties.

Keywords: task-specific ionic liquid; carbon fiber recycling; electrical resistivity; interfacial bonding;

epoxy

1. Introduction

A considerable effort to increase the use of more sustainable materials in various fields
is of prime interest. The neoteric sense of ionic liquids (ILs) can be understood by multiple
aspects like low flammability, neglectable volatility and high thermal stability, providing
safe and robust alternatives to traditional organic solvents. The importance of ILs in terms
of design flexibility is impressive, including structural changes in the IL’s cation, anion,
alkyl chain and functional group. Factors like size and asymmetry of their ions contribute
to complex interactions, including dipole—dipole, dipole-induced dipole, dispersion and
hydrogen bonding. The structural and chemical characteristics of ILs and their interactions
with the liquid-solid interface are a result of these complex Coulombic and intermolecular
interactions [1].

Imidazolium ILs, in particular, have good transport properties and high charge carrier
capacities and ionic mobilities [2]. Their surface activity is mainly dependent on the
molecular structure, i.e., cation, anion, N-alkyl chain length and functional group. Their
interactions are predominantly of ion-ion (cation-anion) and hydrogen bonding nature
(anion-imidazolium cation Cy-hydrogen) [3]. Coulomb forces are dominant, and the
imidazolium cation provides multiple sites for the anion interaction, which is possible from
above and below the imidazolium ring as the preferable and thermodynamically stable site.
The imidazolium ring Cp-hydrogen has an acidic character that favors hydrogen bonding
with an anion through in-plane conformation [4].
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Currently, the ILs have been mostly associated with electrochemical, chemical and, to
some extent, optical applications [5], and not much with structural composite materials.
Carbon fiber reinforced polymer composites (CFRP) are being used in an ever-growing
number of applications in aerospace, automotive, energy and other sectors due to excellent
specific strength and functional characteristics. As a side-effect, an ever larger amount of
CFRP waste is being discarded at the end of the component life [6].

Different recycling methods for CFRP are being developed to mitigate the impact,
including thermal (e.g., pyrolysis, fluidized bed recycling), chemical (e.g., solvolysis, hy-
drolysis) and electrochemical routes [7-12]. Indeed, recycling is a difficult process for
composites prepared with thermoset polymer matrices, and the resulting recovered fibers
commonly have short lengths and hence low aspect ratios. Nevertheless, many sectors
have plans for the use of recycled carbon fibers (rCF) as in urban air mobility, utility poles to
trench covers, engine cradles [13], fuel cells [14], wind turbine blades [15], and cementitious
mortar to increase mechanical properties [16].

The recycling process also modifies the surface characteristics of carbon fibers since it
removes the sizing used to increase compatibility and interfacial adhesion between rCF
and the polymer matrix. This has a direct impact on the mechanical properties of the
future recycled CFRP [17]. In some cases, rCF without any further surface modification is
applied for producing composites [18,19], whereas some studies focused on the treatment
of rCF with nitric acid and a coupling agent [20-23], plasma [17], superheated steam [14],
steam/air [24], and polymer sizing [25], which are expected to partly recover the reinforcing
potential of the original fiber.

The microcrystalline structure of CF consists of layers of sp? hybridized carbon atoms
arranged in a regular hexagonal pattern similar to graphite structure arranged parallel to
each other in a regular pattern having atom in plane covalently bonded atoms and van
der Waals forces in the transverse direction of the plane. Highly delocalized m-electrons
are evident from graphene layers aligned parallel to the fiber axis, and they have a strong
influence on the surface properties of carbon fiber. The overall morphology of rCF remains
the same, and the changes are observed as increased surface defects, reduced lateral crys-
tallite size, and decreased surface oxygen concentration that might decrease the interfacial
shear strength (IFSS) with a polymer [26]. rCF from supercritical methanol has a reduced
tensile strength of 9% and an IFSS of 20% due to the removal of some functional groups [27],
rCF from an electrochemical method retained 80% of the tensile strength with no change
of oxygenated groups on the fiber surface but with a loss in crystallinity [28], and rCF
from pyrolysis showed poorer mechanical properties due to the presence of residue on the
surface, although the surface morphology remained the same [29].

In a previous study of our group, 10% w/v of IL was used to treat CF, focusing on the
effect of hydrophilic and hydrophobic anions [30]. The successful non-covalent modifi-
cation of unsized carbon fiber in a mild treatment with ILs has opened new alternatives
for the CF treatment without harming its inherent properties. An increase in surface free
energy, a decrease in contact angle and an enhanced compatibility with the epoxy matrix in
terms of interfacial shear strength were observed. Other reports on the functionalization of
CF with IL include the use of 10 wt% of a single IL, 1-butyl-methylimidazolium chloride,
as a sizing agent for CF, in which an improved CF/epoxy adhesion strength has been
reported [31]. Another study assessed the CF-functionalization with concentrated 1-ethyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)imide under microwave irradiation at
50 °C and reported an improvement in CF/epoxy interfacial shear strength [32]. The
current study follows on that research, addressing issues like the optimization of the IL
concentration (from 0.25% to 3% w/v) and the effect of different functional groups of
the N-alkyl side chain of the cation on the surface interactions on the microcrystalline
structure of CF, and also assessing the treatment effect on electrical resistivity, focusing on
multifunctional characteristics (Figure 1).
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Figure 1, Chemical structures of IL studied: (a) C4MImClI, (b) C4MImNTf, (¢) C;OHMImCI.

2. Experiment
2.1. Materials

Commercially available carbon fiber roving (modulus = 280 GPa; tensile strength = 4.8 GPa;
density =1.78 g/ cm?; filament diameter = 6.6 pum) (SIGRAFIL C T50-4.8 /280-UN) without
sizing was selected as the base material to emulate a rCF. 1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide (C4MImNT®,; purity > 99%; water content of 500 ppm;
liquid) and 1-butyl-3-methyl imidazolium chloride (C4MImCL purity > 98%;
water content < 1%; solid) were acquired from Sigma-Aldrich. The 1-(2-hydroxyethyl)-3-
methylimidazolium chloride (C;OHMImCI; purity > 98%; solid) was synthesized, and its
TH NMR spectrum (shown as Figure S3 in Supplementary Materials), and characteriza-
tion data were in agreement with those reported [33] Anhydrous ethanol (99.5% purity)
was purchased from Sigma-Aldrich. DGEBA epoxy resin (AR260) and hardener (AH260)
purchased from e-composites (Brazil) were used for contact angle measurements and to
produce samples for pull-out testing.

2.2. Fiber Treatment Process

As-received CF (designated as CF) roving was cut (12 cm length), placed in a beaker
containing 50 mL of ethanol for 10 min, followed by manual stirring for 4-5 min. The
treated CF roving was squeeze dried followed by heating in an oven with air circulation
for 3045 min at 60 °C to remove excess solvent. CF were then treated by immersion in an
ethanolic IL solution (50 mL), at different concentrations, for 10 min at room temperature.
Afterwards, the samples were removed and dried in a vacuum oven for 30 min at 60 °C.
The CF treated with C4MImCl, C4;MImNTf; and C;OHMImCI were designated as CF-Cl,
CF-NTf; and CF-OH, respectively. CF was washed with ethanol (designated as CF-W) to
measure its interfacial strength and to establish differences due to the ethanol treatment on
CF. This is the same procedure followed in our previous study [30].

2.3. Characterization Techniques

Fourier-transform infrared spectroscopy was performed with Nicolet 6700 equipment
in the 750-3500 cm ™! range with 120 scans at a constant spectral resolution of 4 cm ™!
in ATR mode using a germanium crystal. Scanning electron microscopy was carried
out in a Carl Zeiss EVO MA10 electron microscope operating at 10 kV, with a tungsten
filament current of 2.004 A, a probe current of 20 pA and a working distance of 5.5 mm.
Samples were gold-coated, and images were acquired in secondary electron imaging mode.
The characteristic X-ray detector (EDS) was used for elemental composition analysis and
compositional mapping of the CF samples. The thermal stability of the samples (minimum
10 mg each) was determined using TA instruments (TGA Q50) in the 30 °C to 700 °C range,
at a heating rate of 10 °C/min under a nitrogen atmosphere.

The electrical properties of single carbon fibers were measured by the transfer length
method (TLM) according to the procedure described in [34]. A single fiber was placed onto
a laboratory glass slide, and electrical contacts were made with small droplets of colloidal
silver paste (60 £ 1% Ag, sheet resistance: 0.02-0.05 Q mm? (25 pm)). The two-terminal
resistance (R) between the contacts separated by an increasing distance was measured with
a multimeter (MD-6200). Then, R was plotted against the distance between the electrical
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contacts and, by linear fitting, the contact resistance (R.) was calculated from the y-intercept
and the electrical resistivity (o,;) from the slope, based on Equation (1). Two samples of
each CF were tested, and an average value was reported.

R= (pt.lA’])-L-&-Rc (1)

where A is the CF cross-section (equal to 38.5 pm?).

Carbon fiber X-ray diffraction analysis was performed by first grinding it to powder
form with a mortar. The grounded fiber was transferred to a glass substrate, ensuring the
initial zero angle for analysis in a Rigaku equipment, model Ultima V (Cu K radiation
with 0.1541 nm). XRD signals were collected in a 20 range from 10° to 60° with a step
size of 0.05° in a continuous scanning mode operating at 40 kV and 17 mA. The Scherrer
equation (Equation (2)) was used to estimate the crystallite size.

KA

Ly=
" BCosB

@

where K is the Scherrer constant, A is the wavelength, f is the full width at half maximum
(FWHM) corresponding to the physical broadening of the fibers, and 8 is the Bragg’s angle.
Contact angle evaluation of epoxy droplets on single CF monofilaments, generally
referred to as the Carroll method and Wagner method, was performed aided by a Carl
Zeiss axio Lab A optical microscope. The obtained images were processed with the Image |
software. To measure interfacial shear strength (IFSS), fiber roving pull-out tests were per-
formed on a universal testing machine (Emic/Instron 23-5D). The samples were prepared
by placing the bundle in a perpendicular position in relation to a block of epoxy cured in a
silicon mold. Ten samples of each type were tested at a strain rate of 1 mm/min. The load
curves were initially linear during the test when the fiber—matrix interface remained intact.
The actual pull-out of the fiber bundle from the matrix takes place when the shear forces
exceed the critical (peak) load, which is used in Equation (3) to calculate the IFSS [34].

o Forax
R 3)

where Fy4¢ is the maximum pull-out force, and dﬂ, (2.17-2.93 mm) and [, (3.15-3.88 mm)
are the diameter and length of the fiber bundle embedded in epoxy, which were measured
with a digital caliper (accuracy = 0.0125 mm).

3. Results and Discussion
3.1. Interfacial Shear Strength

The pull-out test was used to identify the most promising concentrations of IL since it
is an effective and suitable method to evaluate a critical feature of composites, the fiber—
matrix interfacial bonding characteristics. Load-displacement pull-out curves are given as
supplementary data (Figure S1). The carbon fiber-epoxy matrix IFSS results are compiled
in Figure 2, showing the values obtained with CF, CF-W, CF-Cl, CF-NTf,, and CF-OH. The
pristine CF had an IFSS of 20.08 MPa, which is quite comparable to the value reported
in literature for a fiber bundle pullout test of unsized CF and epoxy [35]. Regarding the
chosen method for carbon fiber treatment, the effect of ethanol washing (CF versus CE-W)
was verified and found to be negligible. Initially, to get an optimized IL content for the
surface treatment of CF, various percentages (1, 2 and 3% w/v) were studied with the
ILs C4MImCl and C4MImNTT,. For both ILs, CF treated with 1% w/v of IL (CF-1Cl and
CF-1NTf;) produced the most enhanced effect on IFSS. Lower contents of C4MImCI (0.25%
and 0.50% w/v) were also tested for the surface modification of CF, but the content of 1%
w/v IL was the optimum and most effective in terms of property improvement. From this
outcome, the detailed study was designed to study the effect of 1% w/v of IL on the surface
properties of CF.
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Figure 2. Interfacial shear strength of (a) CF, CF-W and CF-Cl (at different concentrations); and
(b) CF, CF-NTf; (at different concentrations) and CF-10H.

Apart from the contact angle, various other factors like increased crosslinking of the
epoxy matrix and microcrystalline morphology impact the interfacial properties signifi-
cantly [36,37]. In this work, that effect can be initially assessed based on the effectiveness
of m-bridging between carbon fiber and IL influencing bonding at the interface and also
the reactive characteristics of ILs during the curing reaction of epoxy, contributing to its
interfacial strength [38]. The interfacial strength is further influenced by the presence of a
specific anion and a functional group in the imidazolium N-alkyl side chain. The presence
of a nucleophilic functional group, OH, enhanced interaction of the fiber with the matrix,
most likely due to its ability to react with epoxide groups (Figure 2) [39]. This increased
the IFSS value to a maximum of 38.38 MPa with CF-10H, which is the same effect as the
treatment with aqueous ammonia and oxidation of carbon fiber [34,40,41].

The alkyl side chain on the imidazolium cation, on the other hand, has its own
significance, as it has low interionic interactions, which allows a more uniform distribution
over the CF surface with less agglomeration [38]. The enhanced contribution of side alkyl
chains at a low percentage of ionic liquid provided a more balanced approach towards
the modification process in terms of imparting plasticity and elastic deformation in order
to distribute shear stress gradient along the interface, achieving a toughened composite.
A stronger interface bonding would also improve the aging resistance and conduction
properties of the rCF composite [42]. This lab scale treatment was chosen considering
the possibility of its easy adoption for large scale processes, which can be utilized for the
modification of recycled CF that is generally available as random fibers.

3.2. Wettability

To further analyze the effect of IL. on wettability and interfacial properties between
CF and epoxy, contact angle values were obtained for CF treated with the different ILs at
the optimized IL content of 1% w/v. The values of contact angle are presented in Figure 3,
showing the average contact angle between CF and the epoxy of 29.5%, which corresponds
to poor wettability due to the inert fiber surface. After its treatment with IL, a 27.6%,
30.7% and 34.9% decrease was observed for CE-1Cl, CF-1INTF; and CF-10H, respectively,
indicating enhanced compatibility [43]. This also indicates that the chemical nature of
the fiber surface was modified, although only 1% w/v of IL. was used. The maximum
decrease in contact angle shown by CE-10H could be due to the presence of a functional
group with polar characteristics that might enhance its surface polarity compared to the
other samples, enabling dipole-dipole interactions and hydrogen bonding. Indeed, better
compatibility between epoxy and CF from the lower contact angle due to high surface
activity and functionality favors chemical and physical interlocking, contributing to the
interfacial adhesion in the composite [44], helping to justify the previous IFSS results.
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Figure 3. Contact angles of epoxy resin: CF, CF-1Cl, CF-INTf, and CF-10H.

The morphological analysis of the interfacial pull-out region of the samples carried-out
to assess epoxy retention and its interaction with the fiber surface is shown in Figure 4.
Large break gaps and debonded interfaces due to the shear forces can be seen on CE The
micrograph of CF, without sizing, shows large gaps that could result from relatively weak
interface bonding strength and stress transfer efficiency. Clearly, a dense matrix layer
was still there after the pull-out for CF-1Cl, CE-1INTf; and CF-10H, which resulted from
a relatively stronger interaction with the fiber. The serrated bonding aspects were also
evident at the surface of IL-modified samples, suggesting increased energy absorption
leading to composite toughening [34].

3.3. Surface Analysis

After the modification of CF with IL, a weight gain was observed, being 10.94%, 9.34%
and 7.38% for CF-1Cl, CF-1INTf, and CF-10H, respectively. In addition, among all the
studied concentrations, the increase in weight was maximum for CF-Cl with only 1% w/v
of IL, suggesting an optimized amount of IL on the fiber surface that triggered a change
in surface properties. Figure 5 shows the FTIR-ATR transmittance spectra of CF, CF-1Cl,
CF-INTf; and CF-10H, and the transmittance peaks of the studied ILs are detailed as
supplementary material (Tables S1-53) to aid in the discussion. The CF spectrum shows a
straight line with no transmittance peak due to the absence of any functional group on the
CF surface. After the surface treatments with 1% w/v of IL, various transmittance peaks
associated with TL were observed. In the spectrum of CF-1NTf;, peaks due to aromatic
stretching of the imidazolium ring can be seen at 3121 em™! and 3158 cm™!. Specific
peaks related to NTf, appeared at 1349 cm ™! (0-5-0, stretching) and 1056 cm™! (3-N-S,
stretching), and there are other peaks at 2878 cm !, 2941 em ! and 2968 cm ! that belong
to C-H (stretching) of the linear alkyl chain attached to the imidazolium ring. The peak
present at 1571 cm ! is due to the bending of C-N in the aromatic ring [45-47].
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Figure 4. SEM micrographs of the interfacial pull-out region of the samples: (a) CF, (b) CF-1Cl,
(c) CF-INTf; and (d) CE-10H.
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Figure 5. FTIR-ATR transmittance spectra for the studied CF samples.
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For CE-1Cl, in addition to the peaks (2973 em ™!, 2870 em~!, 1600 cm ) corresponding
to the imidazolium ring and linear carbon chain, a broad peak at around 3200 ecm~ 1 is
present, which corresponds to the OH stretching. A broad peak for OH reveals hydrogen
bonding corresponding to the water molecule [5]. For C;OHMImC], the peak at 1340 cm ™!
is due to the bending vibration of the OH functional group, whereas the peak at 3316 cm™*
is due to OH stretching, indicating its hydrophilic nature. The attachment of IL to the
CF surface suggests a favorable interaction between them, which may arise from the
delocalized electronic cloud of the TI's imidazolium ring and sp? hybridized carbon atoms
in the hexagonal structure of CF [48].

The surface morphology of CF samples analyzed with SEM micrographs is shown in
Figure 6. The facile way adopted to modify the CF with ILs produced a significant change
on its surface. The micrographs show a smooth surface containing carbon fiber having
some inherently available oxygen as shown in EDS. The presence of IL can be observed
as a dispersed phase of nanostructured particles attached and uniformly distributed over
the surface of the CF without affecting its surface topography in CF-1Cl, CF-1NTf; and
CF-10H. Careful observation shows that the morphology of the surface of IL-treated CF
was different. C4MImCI was present on the surface as small irregular-shaped particles
and even as some aggregates. C4MImNT(, was present on the surface as a layered type of
structure, whereas C;OHMImCI appeared as a circular particle, comparatively larger than
the others.

Elemental analysis of the carbon fiber surfaces showed the presence of specific ele-
ments belonging to the ILs used. The compositional maps showed chlorine for CF-1Cl,
sulfur and fluorine for CF-1NTf;, and chlorine for CF-10H, in addition to carbon and
oxygen, being distinguishable characteristics to affirm the presence of the corresponding
ILs on the CF surface. The attachment of IL to CF may be possible due to -7 bond stacking,
and this is the only apparent mechanism that can provide interaction [30]. Flexibly, present
on the surface of carbon fiber, its molecular component will provide a bonding mechanism
with the epoxy matrix.

An X-ray diffraction analysis was carried out to investigate the effect of IL on the
crystallite size and microstrains of CFE. The crystallite size is basically the mean size of
coherent-scattering regions in a specified direction of CF. The XRD spectra of the fibers
show two discernible peaks, one at 20 = 43.9°, corresponding to the 002 plane that is
perpendicular to the graphite layers (perpendicular to the fiber axis), and one at 26 = 24.8°,
representing the 100 planes along the graphite layers. The crystallites are mainly oriented
along the fiber axis and the 002 plane basically reflects its turbostratic structure.

The average crystallite size (L) in the direction of the 002 plane is within 2.07-1.89 nm
and the crystallite size (L,) along the 100 plane is within 1.87-1.94 nm. Both the crystallite
size and microstrain have been calculated from FWHM and by using Scherrer’s equation.
A broad peak belonging to the 002 plane is observed for CF, whereas the broadening is
reduced for CF-1Cl, CF-INTf, and CF-10H, as shown in Figure 7. The crystallite size
calculated for CF along L. and L, is 2.04 nm and 1.87 nm, respectively. The crystallite
size (L) was reduced for CF-1Cl, CF-INTf; and CF-10H, whereas a slight increase in
La can be seen compared to CE. This improved microstructure behavior of CF due to IL
means increased surface area of the graphitic structure along basal planes. The alignment
of the hexagonal graphitic structure along the basal plane has the potential to enhance the
electrical and mechanical properties at the fiber surface. Better ordering of the graphitic
microstructure in both directions has contributed to the decrease in strain values [43,49].
An increased crystallite size (L,) decreased the strain between the layers of carbon atoms
and both of these effects have resulted in a broadening of the peak depicting a more relaxed
microstructure [50].
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Figure 6. SEM micrographs, elemental maps and EDS spectrum of the samples: (a) CF, (b) CF-1Cl,
(¢) CF-1NTf; and (d) CF-10H.
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Figure 7. XRD spectrum of the studied samples and zoomed-in view of the 002 peak.

3.4. Electrical Properties

Carbon fiber-based composites are suited for multifunctional applications due to their
inherent electrical and mechanical properties, and it was a primary objective of this study to
increase CF electrical conductivity. The obtained values of electrical resistivity and contact
resistance are shown in Table 1, being 11.30 pAm and 325 ) for the carbon fiber, with 29%
lower than the manufacturer’s value (SIGRAFIL C T50-4.8/280-UN), which is acceptable
for comparison purposes [51].

Table 1. Electrical resistivity and contact resistance of the CF samples.

Resistivity (LAm) Contact Resistance ((2)
CE 11.30 £ 0.14 325
CF-1Cl 8.39 + 3.68 244
CF-INTF» 3.33 + 0.64 297
CE-10H 284 £028 284

After IL treatment, the CF electrical resistivity was reduced, which can be explained
by analyzing the constituents (cation, anion, alkyl side chain, functional group) of the
ILs, being attributed to a more ordered structure long-range ion pair distribution on the
fiber surface [52]. It is worthwhile to discuss the different characteristics of the hydroxyl
functional group (OH) on the alkyl side chain, where the presence of polar groups enhances
the surface polarizability in the presence of an electrical field due to an uneven distribution
of charges. The polarity of the functional group (OH greater than CHj) influences the
overall electrical transport mechanism of the IL [51].

The contribution of ILs towards conductivity can be explained by considering the
electron conduction dominancy over the ion contribution in the dry state. Primarily, the
use of imidazolium cation showed its good charge carrying ability, which is more effective
in the parallel direction of the imidazolium ring than in the perpendicular direction. The
reduced electrical resistivity of CF-1NTF, compared to CF-1Cl is due to its presence as a
layered structure on a planar surface, influencing the differential capacitance inside the
layers [53]. In the case of NTf;, the anion has a greater ability to diffuse and form multiple
H-bonds via oxygen atoms in addition to having a strong delocalized negative charge,
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which reduces the hydrogen bonding with cation and contributes to charge carrying for
electrical conduction [54]. The low percentage of IL (1% w/v) in the present case, provides
reduced ion pairing or aggregation, which increases the number of available charge carriers
and its mobility. Compared to CF-1Cl and CF-10H, the reduced electrical resistivity of
CF-10H is due to better packing with smaller anion and polar nature from the presence of
the OH group [2,55].

The thermal stability of CF and IL-modified CF has been determined by thermogravi-
metric analysis (Figure 8). CF is thermally stable up to 600 °C, and the thermal stability
of IL-modified CF is mainly dependent on the thermal stability of the particular IL [56].
Initially, loss of water has been observed in CF treated with chloride TLs. The onset tem-
perature of degradation of CF-1NTF; is higher compared to that of CF-1Cl and CF-10H,
which can be attributed to the anion. Overall, the IL-treatment provided CF with thermal
stabilities that are high enough for common CF/epoxy composite applications.
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Figure 8. TG results for CF (black), CF-1Cl (red), CF-1INTf; (blue) and CF-10H (green).

4. Conclusions

A procedure for the surface treatment of CF has been developed, in which an optimized
concentration of 1% w/v IL was identified. A large increase in the IFSS between CF
and epoxy was obtained with the IL 1-(2-hydroxyethyl)-3-methylimidazolium chloride,
showing potential use for advanced composites. Enhanced electrical conductivity on the
tiber surface was also obtained, allowing the design of composites with more electrically
conductive interfaces. The obtained characteristics provide an opportunity to use carbon
fiber, including recycled carbon fiber, in wider multifunctional applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/molecules27207001/s1, Figure S1: Load-displacement pull-out
curves of CF, CF-1Cl, CF-1INTf; and CF-10H; Figure S2: Curve fitting of two terminal electrical
resistance vs. distance for CE, CF-1Cl, CF-1NTf; and CF-10H; Table S1: FTIR transmittance peaks
of C4MImCI [5,45-47]; Table S2: FTIR transmittance peaks of C4MImNTf; [45-47]; Table S3: FTIR
transmittance peaks of C;OHMImCI [5,45-47].
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Figure S1. Load-displacement pull-out curves of CF, CF-1Cl, CF-1NTf, and CF-10H.
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Table S1. FTIR transmittance peaks of CsMImCl [5, 45-47].

Wavenumber of the bands
Wave number (cm?) Description
3300 O-H (stretching)
2973, 2870 C-H (stretching-linear)
1635 C=C (stretching)
1600 N-H (bending)
1573 C-N (bending-aromatic)
1169 C-H (strctching-aromatic)
1166 C-H (bending-aromatic)
840 C-H (bending)

60



Table S2. FTIR transmittance peaks of CaMImNTY, [45-47].

Wave number (¢cm™?)

Description

3121,3158 C-H (stretching-aromatic)
2878, 2941, 2968 C-H (stretching-linear)

1571 C-N (bending-aromatic)

1466, 1437 C-C (stretch-aromatic), C-H (scissoring)
1349 0-S-0 (stretching)

1186, 1138 C-N (stretching), C—H (scissoring)
1056 S-N-S (stretching)
790 C-H, -HC=CH- (bending)
883 C-H (bending)

Table S3. FTIR transmittance peaks of C;OHMImCI [5, 45-47]

‘Wave number (em™)

Description

3316 O-H stretching vibration
3148, 3097 C-H (stretching-aromatic)
2059 2874 C-H (stretching-linear)
1568 C-N (bending-aromatic)
1450 C-C (stretch-aromatic)
1340 O-H (bending)
1258 C-N stretching (aromatic)
1167, 1069 C-H (bending). C-N (stretching)
868 C-H (bending)
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Abstract

Hybrid composite laminates with nanofillers are high performance materials for thermal and structural applications. In this
work, multiwall carbon nanotubes (MWCNT) were non-covalently modified by treating them with | wt% or 5 wt% of ionic
liquid (IL), I-butyl-3-methylimidazolium chloride. The treated MWCNT were dispersed in epoxy resin (weight content
0.2-2wt% or | to 3 wt¥%, respectively) and used to obtain hybrid composite laminates based on carbon fibers (CF) molded
by hand layup and vacuum bagging techniques. The hybrid composite laminate containing | wt% of MWCNT modified with
| wt% of IL showed the best mechanical and thermomechanical properties, including an increase of 210% and 151% in
flexural strength and modulus, and an increase of 101%, 116% and 29.3% in storage modulus, loss modulus and damping,
respectively. Scanning and transmission electron micrographs showed the enhanced MWCNT dispersion and network at
low IL content, justifying its improved mechanical properties. The application of a low amount of IL dispersant was found a

promising approach to prepare MWCNT/CF/epoxy composites with enhanced properties.

Keywords

Hybrid composite, imidazolium ionic liquid, multiwalled carbon nanotube, vacuum bagging

Introduction

Carbon fiber reinforced composites (CFRC) are known for
their high specific strength and modulus in longitudinal
direction, which is not the case in through-the-thickness
direction.! To improve that performance of CFRC, carbon
based nanofillers such as single-wall carbon nanotubes
(SWCNT), multi-wall carbon nanotubes (MWCNT), and
carbon black are incorporated. The presence of such
nanofiller in composite structures provides resistance to
mechanical loads and growth of cracks through physical
interlocking in polymer matrices,’ including the thickness
direction.* Indeed, the combination of fiber, matrix, and
nanofiller forming a three-component, or hybrid com-
posite system can form a highly interconnected filler
network that favors a multidimensional, high energy re-
sistant structure.”°

The effective transfer of nanofiller properties to obtain
composites with improved performance is strongly de-
pendent on its dispersion in the matrix, which can be
predicted by the nanofiller surface characteristics.

Dispersion of MWCNT is challenging due to its non-polar
nature and extended network of m-m atfraction causing
agglomeration in epoxy matrices. Methods applied to im-
prove dispersion of MWCNT in epoxy include surface
functionalization, mechanical mixing, and sonication.”®
Functionalized carbon nanotubes provide better disper-
sion, resulting in composites with better resistance to crack
growth. ™' The optimum content of MWCNT in epoxy
composites and the corresponding improvement in flexural
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strength and modulus are dependent on the dispersion
method. Some of the works in the literature mention, re-
spectively, 32% and 98% increase with ultrasonic disper-
sion of MWCNT (0.25 wt%),"' 18.0% and 11.6% for high
energy sonication of MWCNT (0.3 wt%),'> 45% and 17%
for mechanical mixing of MWCNT/carbon nanofibers
(0.3 wt%),'* 25% and 11% for mechanical mixing of
MWCNT (2.4 wt%)," "' 15.4% and 7.15% for ultrasonic/
high shearing of MWCNT (1 wt%),' 15.6% and 10.2% for
mechanical mixing/sonication with amine-functionalized
MWCNT (0.5 wt%),"® and 28% and 19% for sonication
with carboxyl-functionalized MWCNT (1.5 wt%)."”

Recently, ionic liquids (IL) have emerged in the modifi-
cation of carbon-based nanofillers as well as in the preparation
of epoxy resins with improved properties. IL influences the
curing kinetics of epoxy with the hardener and may also act as
a hardener, affecting the overall properties of epoxy.'® This can
improve, for instance, toughness and viscoelastic properties,
thus, under loading at high temperature. "

The cation and anion associated with the IL influence the
properties of epoxy as well as the curing characteristics.”” In
particular, imidazolium-based IL provide a stronger interaction
with carbon-based materials, promoting crosslinking in the
epoxy resin, and causing a plasticizing effect. Imidazolium-
based IL aid the dispersion of nanofillers due to the interaction
of their cation m-electronic cloud with the nanofillers >
Previously, various imidazolium-based IL (1-ethyl-3-methyl-
imidazolium acetate and 1-butyl-3-methylimidazolium hy-
drogen sulfate) have been applied to modify MWCNT for
improved dispersion in polymer matrices.” In another case,
imidazolium-based IL have been employed to modify carbon
quantum dots and graphene oxide to obtain composites with
reduced wear and friction rate. In both cases, the improvement
in properties due to the IL was justified through secondary
interactions with the nanofillers promoting better dispersion in
polymers.”** Since the IL enhanced two-component com-
posites, this strategy could be extended to the manufacturing of
three-component epoxy-based carbon fiber (CF) hybrid
composites with improved overall properties. Even so, studies
related to imidazolium IL-modified MWCNT incorporated
into epoxy/CF composites are not easily found.

Considering that, the goal of the present study was to
modify MWCNT with 1-butyl-3-methylimidazolium chlo-
ride (C4MImCl) at various weight contents (1 and 5 wt%),
disperse it in epoxy resin at various contents (up to 3 wt%o)
and to prepare cost effective improved-performance hybrid
carbon fiber composites through a practical process.

Experimental

Materials

Epoxy resin (Araldite™ 5052-Aerospace grade, Huntsman,
USA), hardener (Aradur™ 5052, Huntsman, USA),

MWCNT (diameter 20-40 nm, length 5-15 pum, pu-
rity >95%, Chengdu Intl, China), polyacrylonitrile-based
3K-plain weave carbon fiber fabric (Toray, Taiwan),
C4MImCl (=95% purity, Sigma-Aldrich, Brazil), acetone
(99.5% purity, Sigma-Aldrich, Brazil) and ethanol (99.5%
purity, Sigma-Aldrich, Brazil) were used as received.

Modification of MWCNT

MWCNT (3g) were treated with C4sMImCI (1 or 5 wt%).
For that, C4MImCl was added to 50 mL of anhydrous
ethanol and stirred for 15 min at room temperature. The
MWCNT were then added in the mixture and stirred for
15 min at room temperature and sonicated at 60°C and
60 Hz for 30 min. Subsequently, the ethanol was removed
under vacuum at 60°C for 1 h. Commercial MWCNT and
MWCNT modified with 1 wt% or 5 wt% of C;MImCl were
codified as MW, 1-MW and 5-MW, respectively, and the
amount in weight of MWCNT added to epoxy is given as
the last number, e.g., “0.2” in 1-MW-0.2.

Fabrication of hybrid composite laminates

The composite laminates were prepared by hand-lay-up
followed by vacuum bagging (Figure 1). Initially, the
treated MWCNT (with 1% of IL, or 5% of IL) were me-
chanically mixed with epoxy resin. The mixture was dis-
persed at 40 kHz for 15 min in an ultra-sonicator bath,
followed by the addition of the hardener (100:38 (g:g),
epoxy hardener ratio). After mechanical mixing for 5 min,
degassing at room temperature was done for 10 min, and the
epoxy matrix with IL-modified MWCNT was applied to the
carbon fabric by manual hand-lay-up. After complete im-
pregnation of four fabric layers, the entire assembly was
vacuum bagged. The laminates were demolded after 24 h of
curing at room temperature followed by a post-curing at
100°C for 4 h, as suggested by the epoxy manufacturer. The
approximate size of each composite laminate was 150 =
150 = | mm. The final hybrid carbon fiber composites are
nominated using HCFC. So, the HCFC in which 1-MW-
0.2 was used, is called as 1-HCFC-0.2. For comparison pure
epoxy resin was also used to produce a CF composite,
which is called EPCF.

Characterization

Fourier-transform infrared spectroscopy was performed
with a Perkin Elmer Spectrum 1000 equipment. The
transmission spectra were recorded with KBr pellets in the
400-4000 cm ™! range with 32 scans at a constant spectral
resolution of 4 cm™', using a LiTaO, detector.

Dynamic mechanical analysis was performed according
to ASTM D7028 for the determination of the epoxy glass
transition temperature (T,). The samples were cut to the
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Figure 1. Schematic representation for the fabrication process of HCFC.

dimensions of 60 x 12 x 1 mm and analyzed with a DMA-
2980 (TA instruments) equipment under dual cantilever
mode and strain amplitude of | Hz. Temperature scan
measurements were performed within 25-250°C at a
heating rate of 10°C/min and a constant frequency of 1.0 Hz
to determine storage modulus (E"), loss modulus (E") and tan
8. The T, was obtained from the storage modulus data.

Three-point flexural testing was performed using a
universal testing machine Emic/Instron 23-5D with 10 kN
load cell. Five specimens (60 x 13 x 1 mm) of each sample
were tested at a constant speed of 2 mm/min according to
ASTM D7264. ANOVA analysis was performed on the
flexural strength and modulus results using commercial
software Origin pro. The groups were compared using the
Tukey test with 5% significance level.

Scanning electron microscopy was performed with a
Carl Zeiss EVO MA10 electron microscope at an operating
voltage of 20 kV. MW, 1-MW and fractured HCFC samples
were gold coated and the images were acquired at various
magnifications in secondary electron mode. EDS analysis
was done for elemental compositional mapping of MW and
1-MW.

Transmission electron microscopy was performed with a
Tecnai T20 microscope under an accelerating voltage of
200 kV. An ultramicrotome (Leica EM UC7) was used to
obtain sectioned samples of =70 nm thickness, and de-
posited on a 200-mesh copper grid (EMS200-Cu). The
dispersion of I-MW and 5-MW in epoxy matrix was an-
alyzed at different magnifications.

Results and discussion

The SEM micrograph and the EDS elemental maps of MW
show an intermingled structure of nanotubes and the
presence of carbon and oxygen, respectively (Figure 2(a)).
In contrast, |-MW exhibited a layered type of structure due
to the presence of IL, as confirmed by the presence of
chloride on its surface (Figure 2(b)). This presence of IL on
the surface of 1-MW was also confirmed by FTIR analysis
(Figure 3). The peak at around 1600 cm™' corresponds to
the aromatic C-C bond of MWCNT, and the one at
3429 cm ™" is related to the hydroxyl group of MW. 1-MW
showed the characteristic IL peaks at 2973 and 2870 cm ™'
corresponding to C-H linear stretching, and at 1573 cm ™
corresponding to C-N bending, whereas an enhanced OH
peak indicates the presence of water. In general, MWCNT
are not easily dispersed in common solvents due to their
strong m-7 interactions. Non-covalent functionalization of
MWCNT is a facile way of modifying them without dis-
rupting their extended n-conjugated structure and retaining
the inherent electrical and mechanical properties. The in-
teraction of the imidazolium IL cation-n cloud and the
n-electronic surface of MWCNT leads to their disentan-
glement and the IL-chxy interaction aids in their dispersion
in epoxy matrices.” C4MImCI favors the isolation of
MWCNT bundles during the ultrasonic treatment which
provides high shear to separates the bundles and, at the same
time, promotes adsorption of IL onto the MWCNT sur-
face.?” Previous theoretical and spectroscopic studies have

64



Journal of Composite Materials 0(0)

200 nm
e

100.00 K X SE1 2000 kv 85mm

200 nm £
—_ 10000KX  SE1

Figure 2. SEM micrographs and EDS elemental composition (carbon = pink; oxygen = cyan; chloride = blue) of: (a) MWV, and (b) I-MW.

Erinrte miibopl
Mw

=
< 1-MW
©
o
c
]
=t €N (bending)
E ]
g : cl
o C-H {stretching) CHy
= | A NN
- | \ Ay © J

|

. |

|

I

o N

1 T 1 T L] T 1
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 3. FTIR transmittance spectra of MW and |-MW.

suggested that cation-7 stacking or electrostatic shielding of

MWCNT by IL are the reasons for those favorable
interactions.”

The dispersion and adhesion in 1-MW and 5-MW, with
the same MWCNT concentration (1 wt%), was analyzed by
transmission electron microscopy (TEM). TEM images
(Figure 4(a) and (b)) show well-dispersed 1-MW

throughout the epoxy matrix, which is important for opti-
mizing the mechanical properties of MWCNT/epoxy ma-
terials. These images shows low degree of entanglement
between 1-MW and the epoxy matrix, enabling stronger
bonding between them. This was most likely due to the
interaction of IL, MWCNT and epoxy at a molecular level,
which increased the mechanical strength due to the adhesion
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Figure 4. TEM micrographs of 1-MW (a), (b) and 5-MW (c), (d) in epoxy matrix.

of 1-MW nanotubes to the polymer matrix. The good
dispersion and adhesion reduced self-agglomeration and
contributed to overall properties.”*>" This improved in-
terfacial strength could be possibly due to the same behavior
as IL-treated CF with epoxy matrix which has been ex-
plained in our previous studies through fiber pull out tests.”’
In the case of 5-MW (Figure 4(c) and (d)) at the same
concentration in epoxy (1 wt%), a comparatively high
agglomeration and concentration areas belonging to
MWCNT were present. Such areas reduce the adhesion,
form stress concentration points and the collective

effectiveness of these points cause a decrease in mechanical
properties of the composite.

Scanning electron microscopy was performed in the
fractured composite samples to analyze the dispersion be-
havior of IL-modified MWCNT (Figure 5). Composites
without MWCNT showed a relatively smooth surface with
less epoxy debris (Figure 5(a)) as compared to laminates with
1-MW/5-MW, suggesting a change in physical characteris-
tics that could possibly promote brittle-to-ductile fracture
with increased 1-MW/5-MW content (Figure 5(d)).>? The 1-
HCFC-0.8 sample, Figure 5(b), showed a slightly different
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Figure 5. SEM micrographs of fractured composites: (a) EPCF, (b) I-HCFC-0.8, (c) I-HCFC-1.0, (d) I-HCFC-2.0, (e) 5-HCFC-1.0, and

(f) 5-HCFC-2.0.

surface, with more debris and a stepped fracture with rela-
tively more roughness, depicting a more rigid structure. -
HCFC-1.0 showed a surface morphology that reflects stress
dispersion and restriction of crack movement through the

pinning effect maybe due to a three-dimensional MWCNT
network (Figure 5(c)). > Higher contents of MWCNT
caused inhomogeneous dispersion, agglomeration and
originated stress concentration points. Intertwining of
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MWCNT formed aggregates of micron size, increased wear
debris, deep shallow grooves, cracks as well as adhesive wear
phenomcna."' %3¢ The mentioned conditions, especially poor
dispersion and agglomerate formation of MWCNT in epoxy
negatively impact mechanical properties, which generally
happens at high filler contents (Figure 5(d)).>”% The pres-
ence of a brittle second phase in HCFC, in a disordered
manner, provided resistance to crack growth at certain critical
content, above which it is expected to reduce performance.

The 5-HCFC-2.0 sample displayed an irregular curved
formation of nanotubes, which are highly conductive, being
visible as bright zones due to charge transport
(Figure S(i))."' ? Comparison of the fractured surfaces of 1-
HCFC-1.0 and 5-HCFC-1.0, or 1-HCFC-2.0 and 5-HCFC-
2.0, suggests that a higher concentration of IL (5 wt%) lead
to the presence of MWCNT near the CF-epoxy matrix
interface. Additionally, the HCFC with 1 wt% of MWCNT
displayed a toothed protuberance, suggesting a reduction in
mechanical strength (Figure 5(e)). Furthermore, the higher
content of IL and MWCNT contributed to agglomeration at
the CF-epoxy matrix interface (Figure 5(f)), which is ex-
pected to reduce performance.

Flexural mechanical testing was conducted to analyze
the impact of IL-modified MWCNT on the mechanical
performance of the composite. The flexural strength values
are presented in Table 1 and the relative improvements are
depicted in Figure 6(a). Increases in flexural strength, 57%
210% and 112%—-144%, were obtained for HCFC with 1-
MW and 5-MW, respectively. The maximum increase of
210% was obtained for 1-HCFC-1.0, a significant im-
provement in strength compared to the reported 32% in-
crease,!! and can be attributed to the combined effect of the
MWCNT and IL at optimized content (both 1 wt%).

The flexural modulus of the composites was also ob-
tained. The results are presented in Table | and the relative
mprovements in Figure 6(b). Increases in the range of
17.5%~151% and 68.4% 84.8% were achieved for
HCFC with 1-MW (1-HCFC-1.0, 1-HCFC-2.0) and 5-MW
(5-HCFC-1.0, 5-HCFC-2.0), respectively. The same HCFC
(1-HCFC-1.0) that showed the highest flexural strength also
presented the maximum increase in flexural modulus of
151%, which is higher than the reported increase of up to
92%."" The decrease in flexural properties for higher IL
content may be due to a plasticizing effect of the epoxy,
which increased flexibility of the polymer chain.*

The increase in flexural strength (210%) and flexural
modulus (151%) is significantly higher compared to HCFC
with the IL-free MWCNT.'**! Indeed, MWCNT in polymer
matrices restrict the movement of polymer chains, which
enhances the matrix ’s dominant load-bearing phenomena. A
more dispersed filler provides more blocking points be-
tween polymer chains, increasing resistance to its move-
ment contributing to stiffness.'® High content of MWCNT
also increases the viscosity of the resin, which is an

Table I. Flexural strength and modulus of the studied
composites (mean, standard deviation and percentage increase in
relation to EPCF).

Sample ID  FAexural strength (MPa)® Flexural modulus (GPa)*

EPCF 319.0+£35.0
-HCFC-0.2 518.5+88.8 (62%)
-HCFC-0.4 521.6+103.0 (63%)
-HCFC-0.6 537.7+92.0 (68%)
-HCFC-0.8 708.9+6.5 (122%)
-HCFC-1.0 987.8+109.4 (210%)
-HCFC-1.2 501.2+74.5 (57%)
-HCFC-1.4 601.9+71.0 (89%)
-HCFC-1.6 606.4+27.2 (90%)
-HCFC-2.0 634.2+41.6 (99%)
5-HCFC-1.0 676.3+46.7 (112%)
5-HCFC-2.0 777.0+46.6 (144%)
5-HCFC-3.0 705.9+£80.0 (121%)

36.60£1.52
50.27+4.42 (37%)
45.93+3.57 (25%)

43.01£2.89 (17%)

73.73:11.43 (101%)
91.8714.15 (151%)
50.7417.68 (38%)

68.75+8.48 (87%
48.29+3.57 (31%
62.6619.64 (71%
61.64£521 (68%
67.6414.17 (84%
62.35:422 (70%

==

% improvement in relation to EPCF in parenthesis.

important factor to consider for reduced effectiveness.
Generally, flexural properties of epoxy composite laminates
increase with the MWCNT content until a threshold value is
achieved. After that, further increase of the MWCNT
content results in a sudden decrease in properties indicating
structural inhomogeneity and agglomeration or inhomo-
geneous distribution. In the current work, the limited
content of IL and MWCNT in 1-HCFC-1.0 effectively
contributed to a significant increase in mechanical
stn:rlgt}L"“S“12 Additionally, an increase in the IL content
improved dispersion at higher MWCNT amount, showing a
threshold level for 5-MW at higher filler content (Figure 6(a)
and (b)). This is perhaps because at low amount of MWCNT
with high IL content, self-agglomeration was dominant and
did not provide enough interaction to contribute enough to
disperse the MWCNT in epoxy. At comparatively higher
amount of MWCNT, a balanced interaction has been
achieved with the IL, shifting the threshold to a higher filler
content. So, an increase in the IL content helps dispersing a
higher amount of MWCNT in epoxy matrix and may be also
beneficial for other properties of hybrid composites.**
The storage modulus, loss modulus and tan 3 results from
the dynamic mechanical analysis of the composites can be
found in Figure 7 and are summarized in Table 2. The 1-
MW has a significant positive effect on storage modulus
(Figure 7(a)), increasing the capacity of HCFC to store
energy and resist external loads in the elastic phase. The loss
modulus (Figure 7(b)) followed the same tendency, whereas
the glass transition temperature (Figure 7(c)) decreased. The

1-HCFC-1.0 presented the maximum percentual increase of

101% and 116% in storage modulus and loss modulus,
respectively, bearing in mind that this sample also showed
the highest flexural properties, and optimized MWCNT
dispersion and MWCNT-IL-epoxy interactions. Improved
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Figure 6. Flexural strength (a) and modulus (b) of the studied composites.

dispersion of and interactions through IL contributed to the
enhancement in the viscoelastic properties, possibly due to
better physical entanglement between MWCNT and poly-
mer chains. Higher MWCNT content than 1 wt% reduced
the viscoelastic properties, possibly related to the formation
of agglomerates.

Previously, an increase in storage modulus of 94% at
room temperature was reported for CF-epoxy composite
with 1 wt% of carboxylic acid functionalized MWCNT
(diameter: 5-10 nm). In the current case, the percentage
increase in storage modulus is slightly higher (101%) and
perhaps the MWCNT modification with IL showed high
efficiency compared to previously used methods.*’

Comparing the two IL treatments (at 1 wt% or 5 wt%)
used for the modification of MWCNT, the viscoelastic
properties are comparatively lower for 5 wt% of IL. Perhaps
this could be justified considering that imidazolium-based
IL may provide strong interactions with MWCNT through
n—n stacking of the imidazolium nucleus’ cation-n cloud

with the MWCNT = cloud, together with van der Waals
forces. This imidazolium cation may interact with the
MWCNT along with the epoxy by van der Waals forces with
the N-alkyl chain, whereas the anion provides a bonding
mechanism with the epoxy that will be intensified by its
relative content.* This secondary involvement with the
epoxy through the anion may influence the viscoelastic
properties of composites.*> As observed for loss modulus,
the 1 wt% IL content was found to be most effective in
improving these properties.

The damping curves of the composites are given in
Figure 7(c). An increase in peak value of tan § represents an
improved damping response of the composite and 1-HCFC-
1.0 showed an increase of 29.2%. This MWCNT content
favored damping due to the formation of homogeneously
dispersed and uniform MWCNT networks.*® As the epoxy
chain mobility decreases due to the presence of MWCNT
and imparts stiffness, energy dissipation improves between
the molecular chains due to internal friction. Also, the stick-
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Figure 7. Storage modulus (a), loss modulus (b) and tan & (c) of the studied composites.

Table 2. Storage modulus, loss modulus and tan & values of the studied composites.

Sample ID Storage modulus at 50°C (MPa) Loss modulus (MPa) Tan 5 (°C)
EPCF 2003 193 123.0
I-HCFC-0.2 2360 226 113.2
I-HCFC-0.4 2300 213 113.7
I-HCFC-0.6 2518 232 109.7
I-HCFC-0.8 2490 310 105.3
I-HCFC-1.0 4036 417 108.5
I-HCFC-1.2 2480 305 106.0
I-HCFC-1.4 3248 364 105.5
I-HCFC-1.6 2560 252 104.6
I-HCFC-2.0 3856 369 107.4
5-HCFC-1.0 2677 260 103.0
5-HCFC-2.0 2962 328 102.7

5-HCFC-3.0 2950 317 101.9
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slip mechanism is active between MWCNT and epoxy,
causing an increase in damping, which decreased at higher
MWCNT content due to aggmga!ion.46

High damping properties of HCFC also indicate good
interfacial characteristics, considering the fact of improved
MWCNT/epoxy interaction due to the IL.*7 A decrease in
glass transition temperature was observed with the addition
of IL-modified MWCNT especially at higher IL content.
This trend was the opposite of what is usually reported when
nanofillers are added,® and pethaps is due to a decrease in
surface tension of epoxy with IL, allowing the polymer to
flow more easily and keeping a more plasticized state.”®

Conclusions

The C4MimCl ionic liquid has been successfully applied for
the non-covalent modification of MWCNT and improvement
in mechanical and thermomechanical properties of MWCNT/
carbon fiber/fepoxy composites, retaining MWCNT’s inher-
ent properties. Application of 1 wt% of MWCNT treated with
1 wt% of IL yielded the best performing hybrid composite
laminate showing enhanced strength and stiffness, as shown
by flexural and DMA results. The simplicity of this MWCNT
modification process, with good dispersion characteristics,
has the potential of producing high performance multi-scale
composites.
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7 INTEGRATION OF THE ARTICLES

The objective of the doctorate study was to apply imidazolium-based IL for the
modification of carbon-based structures to improve interfacial interactions and adhesion with
epoxy matrix. During the development of this doctoral thesis, three research articles were
published in high-impact factor journals in the field of polymers and composite materials:

ARTICLE I was published in Composite Interfaces, titled “Surface modification of carbon
fiber with imidazolium ionic liquids”. The main objective of this work was to evaluate the effect
of non-covalent surface modification of carbon fiber (CF) using two different imidazolium ionic
liquids (IL), 1-butyl-3-methyl imidazolium bis(trifluoromethylsulfonyl)imide (hydrophobic) and
1-butyl-3-methylimidazolium chloride (hydrophilic). Subsequently, the sizing of commercial CF
was removed and the as obtained CF was treated with 10 wt% of IL. Contact angle measurements
and fiber pull out tests were performed to evaluate the performance of the CF-epoxy interface due
to the presence of IL.

ARTICLE II was published in Molecules, titled “Multifunctional characteristics of carbon
fibers modified with imidazolium ionic liquids”. After studying in ARTICLE I the effect of non-
covalent modification of CF (without sizing) with 10 wt% of IL, the main objective of this study
was to modify CF with lower contents of IL (0.25-3 wt%). 1-Butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide,  1-butyl-3-methylimidazolium  chloride = and  1-(2-
hydroxyethyl)-3-methylimidazolium chloride were used to treat the CF. Multifunctional properties
of the CF were analyzed at the optimized IL percentage by studying electrical and mechanical
properties at the interface.

ARTICLE III was published in Journal of Composite Materials, titled “Thermomechanical
properties of imidazolium IL-modified MWCNT/carbon fiber/epoxy hybrid composite laminates™.
The main objective of this research was applying a similar strategy of non-covalent modification
to modify MWCNT with an imidazolium IL, 1-butyl-3-methylimidazolium chloride, to improve
adhesion and dispersion with and in epoxy matrix, respectively. The MWCNT treated with 1 or 5
wt% of IL were dispersed in epoxy resin (0.2-2 wt% or 1-3 wt%, respectively) and used to obtain
hybrid composite laminates based on CF molded by hand layup and vacuum bagging techniques.
Various characterization techniques such as microscopic, mechanical and thermomechanical were

applied to test the performance of the hybrid composite laminates.
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8 CONCLUSIONS

The present study provides a versatile and non-damaging route to modify the recycled CF
surface to avoid waste and reduce climate problems, as well as providing a solution for waste
management. The study demonstrated that IL can be used to modify the properties of carbon-based
structures, such as CF and MWCNT, to improve their mechanical, electrical, and
thermomechanical properties. The study also identified an optimized concentration of IL for the
treatment of unfinished CF and demonstrated that a small amount of IL is practical for the
modification process of carbon-based structures. The study has opened up new opportunities for
the use of recycled CF in wider multifunctional applications. Furthermore, the study proposed a
novel idea of modification of recycled CF, ensuring its sustainable use, which is aligned with the
sustainable development goals defined by the United Nations Member States. Therefore, the
present study is of great significance and has contributed to the development of efficient and
sustainable methods for the modification of carbon-based structures.

The study demonstrated a practical method for surface functionalization of CF with
imidazolium IL without chemical or structural modification of the CF. The presence of IL on the
CF surface improved CF wettability and the IFSS with epoxy, indicating its potential for making
high-strength polymer composites. The study identified an optimized concentration of 1% w/v IL
for the treatment of unfinished CF. It was found that the polar functional group present on the alkyl
chain of imidazolium ring of IL is more effective in providing the interactions and property
enhancement.

Further, the study showed that a small amount of IL is practical for the modification process
of carbon-based structures, considering the economic aspects of its use for industrial purposes. The
use of IL for the modification of carbon-based structures presents an efficient alternative
opportunity to be applied with alternative molecular structure, which is strongly supported by the
present studies. The study demonstrated that IL can be used to modify recycled CF surface, which
will ensure their sustainable use, reducing climate problems and providing a solution for waste
management.

The study also analyzed the effect of IL on the electrical properties of CF surface and found
that enhanced electrical conductivity on the fiber surface was obtained, allowing the design of

composites with more electrically conductive interfaces. The good thermal stability of the IL on
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the CF surface indicated its stable presence on the fiber surface. The obtained characteristics
provided an opportunity to use CF, including recycled CF, in wider multifunctional applications.

Finally, the study demonstrated that using an imidazolium-based IL, specifically 1-butyl-
3-methyl imidazolium chloride, for the modification of MWCNT is an effective way of dispersion
in epoxy matrices. Being a good dispersing agent of MWCNT in composite lead to enhanced
interfacial bonding with the polymer matrix. The study found that at a concentration of 1 wt% of
MWCNT treated with 1 wt% of the IL, the maximum improvement in mechanical and
thermomechanical properties was achieved. This suggests that the optimal concentration of both
the MWCNT and IL to significantly impact the properties of the composite material.

The present findings are significant as they demonstrate the potential of imidazolium-based
IL as a promising method for improving the properties of composite materials. By using an IL as
a dispersing agent, the limitation of the agglomeration can be overcome and the improvement in
the overall properties of the composites can be achieved. This could lead to the development of
advanced composite materials with enhanced properties, making them suitable for a range of
applications such as aerospace, automotive, and medical industries.

The IL in both cases provided an excellent and robust option to modify the carbon-based
structures. Especially, the reuse of recycled CF, which is still in stage of infancy, this modification

process will support sustainable use of CF in advanced structural and functional applications.
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9

SUGGESTION FOR FUTURE STUDIES

» 1 wt% of the imidazolium-based IL with various functional groups for the modification of

recycled CF for preparing recycled CF composites with improved strength.

Imidazolium IL on the CF has the ability to directly attached carbon-based nanofillers on
the surface of CF with the noncovalent bonding effect which will result in conductive
interfaces which will be beneficial for the application of electromagnetic absorption panels.
Applying various imidazolium IL with different alkyl chain length for the modification of
carbon-based nanostructures (MWCNT, SWCNT, graphene) and incorporating these
nanostructures in thermoplastic-based polymers to form multifunctional composite
(SCHEME 1).

Applying various imidazolium IL with different functional groups for the modification of
carbon-based nanostructures (MWCNT, SWCNT, graphene) and incorporating these
nanostructures in CF composites to form multifunctional hybrid composites considering

its impact on the electrical properties (SCHEME 2).
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