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Since the inception of carbon fiber reinforced polymer (CFRP) composites,
different nanofillers have been investigated to strengthen their mechanical and
physical properties. To date, the majority of research has focused on enhancing
fiber/matrix interface characteristics and/or optimizing nanofiller dispersion
within the matrix, both of which improve the performance of carbon fiber-
epoxy composite structures. Nanofillers can be dispersed into the polymer
matrix by different techniques or nanofillers are chemically bonded to fiber,
polymer, or both via multiple reaction steps. However, a few studies were
conducted showing the effects of different nanofillers on the performance of
carbon fiber-epoxy composites. Here a critical study has been done to explore
different carbon and cellulose-based nanofillers which are used to enhance the
mechanical and physical properties of carbon fiber-epoxy composites. After
giving a short history of carbon fiber production, the synthesis of carbon
nanotubes (CNTs), graphene, cellulose-based nanofillers (cellulose
nanocrystals and nanofibers), their dispersion in the polymer matrix, and
chemical/physical bonding with the fiber or polymer have been extensively
described here along with their processing techniques, characterizations, and
applications in various fields.
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Introduction

Sir Joseph Wilson Swan has been coined as the father of the carbon fiber industry after
he invented new incandescent light bulbs with carbonized paper as the newly used
filament (Keyte et al., 2019). The American chemical inventor and businessman Thomas
A. Edison commercialized the use of carbon filaments in his light bulbs. The use of carbon
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Applications of carbon fiber-epoxy composite structures.

filaments allowed his bulbs to last for over 1200 h in his patent
Electric-Lamp (U.S.P. Office, 1880). Minor discoveries in the use
of carbon fiber were uncovered in the early 1900 s, but the next
major milestone for carbon fiber was with Roger Bacon’s
discovery of graphite whiskers, in the later 1950 s. These thin
cylindrical-like layers of graphene laid the foundation of what we
know today as carbon fibers, as Bacon discovered that when
graphite was heated to arc temperatures, they form incredibly
strong and flexible filaments (Bacon, 1960). In later years, Bacon
also uncovered further discoveries with the microstructure of
graphite (Bacon and Tang, 1964), further aiding to our current
knowledge of carbon fibers. One of such discoveries Bacon and
Wesley Schalamon patented was the use of creating carbon fiber
by heating rayon and implementing a new method of stretching
these fibers at temperatures as high as 2800°C, which resulted in
greater young’s modulus (Schalamon et al., 1970). On the other
side of the globe, researchers were uncovering the intricacies of
carbon in tandem to Bacon. Polyacrylonitrile (PAN) acquired by
Dr. Akio Shindo was researched in 1959 and it was discovered
that it produced the greatest increase in mechanical properties.
Shindo delved deeper in order to compare oxidized PAN fibers to
non-oxidized PAN fibers which helped uncover that the oxidized
fibers were better when simultaneously carbonizing a vast array
of carbon fiber batches (Tanaka et al., 2018). After this discovery,
William Watt and William Johnson, under the Royal Aircraft
Establishment (RAE), spearheaded the commercial use of high-
strength carbon fibers in 1963. It was discovered that heating the
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PAN fibers to 2500°C nearly tripled its stiffness and restricting
the PAN fibers during oxidation allowed full production lines to
be implemented by 1966 (Johnson and Figueiredo, 1990). These
discoveries pushed PAN-based fibers into being the primary
method of forming carbon fibers even currently forming 90% of
all commercially used carbon fibers (Frank et al., 2017).

Rayon was first used to create high-strength carbon fibers
back in the 1960 s, however, these produced low tensile strength
and Young’s modulus relative to the other materials. Rayon is a
cellulose-based carbon fiber, that is, known for having defects
such as large void contents and interfilament bonding (Peng
et al., 2003). However, a better method of creating usable carbon
fiber was through another material called Pitch, which is derived
from petroleum asphalt, coal tar or polyvinyl chloride. Pitch-
based carbon fibers can be formed into either isotropic-pitch-
based ormesophase-pitch-based carbon fibers (Inagaki and
2000).
commercially used to create carbon fiber. Pitch is typically

Inagaki, However, only mesophase pitches are
used to create high-modulus fibers that many critical military
operations need, while PAN allows for high-strength fibers.
Currently, about 90% of the carbon fiber used is PAN-based.
These three materials have led to a key shift in the use of carbon
fiber as a material in popularity similar to aluminum, primarily
due to material’s lightweight and strength properties. Despite its
humble beginnings, the use of carbon fibers in structural
applications has transformed this material into a multi-billion

dollar industry (Mohee et al, 2016). Due to its increase in
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popularity, the PAN-based CF industry has been estimated to
grow by 10% per year (Tanaka et al., 2018). Increasing its global
market from $3.7 billion in 2020 to $8.9 billion in 2031 (Gogoi
et al.,, 2022). This percentage increases within the construction
industry, where estimates of its global usage increases by 12%
(Roberts, 2009). However, due to the recent COVID-19
pandemic, the production of most composite businesses was
halted with decreased production, increased costs and material
and labor shortages.

Let’s discuss present day carbon fiber uses and how their
versatility is displayed around the world. In recent years, (carbon)
fiber-reinforced plastics usage within concrete has been
investigated globally (Hollaway, 2003; Van Den Einde et al,
2003; Sadeghian et al., 2010; Mehdi and Resatoglu, 2022). In Asia,
tests have been conducted on the effects of carbon fiber on their
structures to replace steel (Ueda and Sato, 2002; Wu et al., 2014).
The automotive industry also recognizes the application of
composites, like carbon fiber, for introducing light weight
structures (Alves et al., 2010; Koronis et al,, 2013). As the
price of CFRPs decreases yearly, composite usage is becoming
more and more cost-effective. The main drawback of CFRPs is
their ability to meet the needs of high-volume manufacturability
or low downtime production. Still CFRPs are desired for their
superior mechanical and structural properties relative to
traditional materials (Ravishankar et al., 2019). In fact, when
three Korean manufacturing companies joined together to create
a CF battery pack module carrier, they experienced a 26% weight
reduction, better recyclability, and cost reductions relative to a
standard steel carrier (Koniuszewska and Kaczmar, 2016).
Carbon fiber composites have also found their way into the
sporting industry, once their price decreased to 100 Euro/kg
(Perner et al., 2016). Super lightweight bicycle frames, tennis
rackets and kayaks have been formed with carbon fiber prepreg.
Even sensors and detection systems have been researched, with
the aim of creating sensors that detect deformations within
composite structures. The aviation and space industry are also
looking at the key advantages that CFRPs have, especially Boeing
and Airbus. In fact, 50 wt% of their newer airplanes, such as the
Boeing 787 and Airbus 350, are composed of composites, which
they have been using since the start of 1980 s 28, (Maria, 2013;
Gerard, 2015). Aerospace manufacturers claimed that the use of
these composite materials would help lower operating costs by
20% and lower greenhouse gas emissions by 25% (Marsh, 2007).
Even other classes of airplanes, specifically privatized aircraft,
have responded to this dramatic change from aluminum to
composites. Airplanes can take advantage of carbon fiber’s
high heat capacity and low density to create brake disks that
are 40% lighter and lasts twice as long compared to traditional
steel brakes (Windhorst and Blount, 1997). The defense and
space industry has invested major stakes into CFRPs and their
high strength to weight ratio. The British Aerospace Defense has
spent the last 50 years developing and implementing carbon fiber
composites within their war fighting planes, all to bluster their
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defenses and air superiority (Lewis, 1994). The Moscow based
company AeroComposit is a company focused on researching
and applying stronger components like carbon fiber within
Russian aircraft for next-generation, single-aisle aircraft
(Koniuszewska and Kaczmar, 2016). Due to stipulations put
forth by the FAA, increasing thickness or radically changing
aircraft internal features in favor of increased strength and
mechanical properties incures costly impacts on composites,
while maintaining a factor of safety. These issues are of key
importance to the aerospace and defense industry (Mason et al.,
2004).

One way carbon fiber can increase strength without
increasing thickness is through its fiber orientation. Carbon
fiber has bi-

directional, quasi-isotropic and randomly oriented. When a

four main orientations: uni-directional,
load is placed onto a carbon fiber composite, the load must
be distributed in the direction of the fibers, as opposed to the
weak resin, else delamination occurs, and the component
fails. A uni-directionally oriented composite has fibers
along only one axis (vertically, horizontally, or diagonally),
bi-directional has fibers aligned onto two axes, typically
vertically and horizontally. Most applications have quasi-
isotropic carbon fibers, due to its ability to apply loads in
any direction which is done with different stackups. Most
stackups use a variety of uni and bi-directional fibers assorted
in different orientations.

A more recent approach to increasing the strength of these
carbon composites has been the application of adding nanofillers
between the epoxy matrix—nanoscopic materials that have the
ability to increase the mechanical and electrical properties of
composites. The word nanotechnology has been in use since
the 1970s and was coined to distinguish the difference between
microscale and nanoscale materials (Njuguna and Pielichowski,
2004a). Due to the large area of conventional fillers, it's only
natural that buds and voids can occur randomly, which causes
reductions in the laminate’s strength. Nanoparticles such as multi-
walled carbon nanotubes (MWCNTs) and single-walled carbon
nanotubes (SWCNT's) have gained much popularity and are being
studied globally as an answer to composite reinforcement
(Njuguna and Pielichowski, 2004b). CNTs are cylindrical
hollow structures of pure graphite sheets. CNT structures are
100 times stronger than steel, while being six times less dense
(Mittal et al, 2018). SWCNTs tend to have greater electrical
properties than their multi-walled counterparts, which allows
them to be used in electrical applications. Cellulose nanocrystals
(CNC) are cellulose extracted from plant cell walls or other
biological sources, with length and diameter within the nano
scale (Xu et al, 2013). The properties of CNCs are greatly
subject to change and can vary based on size, structure, and
surface charge (Liu et al, 2011). These changes can occur due
to their extraction method, but as a result of this versatility, CNCs
and CNTs have been used in optical and chemical sensors
(Consales et al., 2006; Cusano et al., 2006; Huang et al., 2015).
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Graphene is another nanomaterial that has been regarded as a
wonder material, when referring to its electrical properties.
Graphene is a monolayer of carbon atoms, which form a two-
dimensional lattice, versus the one-dimensional graphite (Geim
and Novoselov, 2007). Graphene and CNC have shown promising
results as a superconductor with high power and energy density
(Yang et al., 2019). It has also been studied within the nuclear
industry for its uranium absorption (Liu and Mao, 2021).
However, its high cost tends to make others shy from using
this. To produce graphene with the greatest surface area and
nearly defect-free an expensive bottom-up technique such as
chemical vapor deposition, total organic synthesis or epitaxial
growth is needed to synthesize graphene (Lee et al, 2019).
Three bulk
manufacturing have been created, using graphite oxide, liquid-

innovative routes for low-cost graphene
phase exfoliation and an electrochemical route (Zhong et al., 2015).
This paper aims to review the current innovative uses of these
nanomaterials as carbon composite reinforcements. These nano-
reinforcements offer to strengthen the mechanical and physical
properties of CFRPs composites. The paper also seeks an in-depth
analysis of the material synthesis process and processing strategies

utilizing polymer composites along with their applications.

Types of failure and strengthening of
carbon fiber reinforced polymer
composites

In the advanced composites sector, continuous fiber-
reinforced composites play a larger role than nanocomposites
when it comes to mechanical qualities. The CFRP manufacturing
process has multiple varying elements, of both chemical and
physical inputs, which can affect things like surface quality due to
coefficient of thermal expansion, wetting, efc. These defects can
also contribute to various flaws in the composite laminate.
Moreover, the failure modes found in composites are
considerably more complex. It depends on the types of loads,
physical qualities, and element microstructures. (Talreja, 1994).
Typically, the failure mechanism of polymer composites is a fully
random process, with damage dispersed throughout the
composites (Dzenis, 1996). Before the final catastrophic
breakdown, damage accumulates and combines to form
macroscopic cracking. Moreover, the types of failure in
composite materials differ significantly from those of metals.
Here, the failure was governed by the propagation and expansion
of a single crack until catastrophic failure occurred. As depicted
in Figure 1, FRP composites typically experience multiple types
of failure over their lifetime, including fiber/matrix debonding,
interlaminar delamination, fiber breaking, and matrix cracking
(Dzenis and Qian, 2001).

Matrix cracking theoretically occurs when the polymer
tensile stress exceeds the matrix’s ultimate tensile strength.
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Fiber rupture occurs when the normal stress exceeds the
ultimate tensile strength of the fiber. Moreover, fiber/matrix
debonding depends on interfacial bonding or strength
parameters. Due to the fact that fiber reinforcement is a two-
the
properties (interlayer fracture toughness and shear strength)

dimensional architecture, out-of-plane  mechanical
of typical laminated composites are significantly lower than the
in-plane properties. Interlaminar fracture has thus been
identified as the most catastrophic and severe failure
mechanism in composite materials. Due to these limitations,
considerable effort has been devoted to identifying the failure
modes of FRP composites for applications that are superior and
more plausible. In addition, recent advances in nanotechnology
have provided a promising avenue for improving the chemical,
thermal, electrical, and mechanical properties of CFRP
composites. Mechanical parameters such as shear and
flexural strength and interlaminar fracture toughness can be
enhanced by incorporating nanomaterials into laminated
composites. In practice, nanostructured materials can either
replace the resins used to produce composites or integrate
within the interlayers of resin sandwiching the composite
plies. Nanoscale materials such as nanoclay, nanofilaments,
and carbon nanotubes (CNTSs) have been investigated for the
reinforcement of composite materials (Dzenis and Qian, 2001;
Wu, 2003; Wu, 2009). Among a variety of nanomaterials,
electrospinning-produced continuous nanofilaments have
garnered considerable interest over the past decade. ENFs
offer distinct advantages over other nanostructured materials,
such as carbon nanotubes and clay nanoparticles, including
flexible

characteristics, and fiber diameter. In addition, an overview

low-cost production, continuity, material
of nanofiber production through electrospinning and other
techniques is presented in this article.

Standard one-dimensional nanostructure materials include
organic and inorganic nanoparticles, nanorods, carbon
nanotubes, polymer, and Carbon nanofibers. The division of
these varying types of organic and inorganic nanofillers can be
shown in Figure 2. Among the aforementioned nanomaterials,
carbon nanotubes are the most studied for increasing the
mechanical properties of engineering materials. Non-etheless,
due to the many factors such as agglomeration and poor
dispersion properties, increasing experimental data have
projected growing uncertainties regarding the CNTs’ impact
on the reinforcement of structural materials. In addition, the
expensive cost of CNTs inhibits their widespread application in
large structural components such as aviation or aerospace
components. Clay nanoparticles are widely considered an
evolution in terms of the reinforcing phase when it comes to
innovative polymer nanocomposites. These nanoparticles can
improve the stiffness, fracture toughness, and tensile strength of a
wide variety of polymers (Subramaniyan and Sun, 2007). Since

the first research in Toyota Inc., Japan, clay-reinforced polymer
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FIGURE 2

Different types of nanofillers (Ehsani et al., 2021).

nanoparticles have found uses in numerous industries, including
automobile components. However, an experimental study on
fiber-reinforced polymer composites found that nanoparticles of
clay have a limited effect on interlaminar fracture toughness
because clay platelets are equivalent to strengthening fibers
2008).
demonstrated that functionalized carbon nanotubes strengthen

(Subramaniyan and Sun, Recent research has
the interlaminar characteristics of FRP composites (Sager et al.,
2011) and electrospun polymer nanofibers (Wu, 2009) can be
utilized. There has been no prior study on the interfacial
toughening/strengthening of woven fabrics/epoxy structures
made using electrospun thermoset CNT/epoxy nanofibers. As
a result, we are very interested in employing the low-cost
continuous nanofibers electrospinning technology to improve

the mechanical characteristics of FRP composites.
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Carbon nanotube integrated polymer
composites

Carbon is an incredibly versatile and resourceful chemical
that can be used in most scientific situations and applications.
Carbon can diverge into many different allotropes with varying
properties and configurations (Zhang and Jiang, 2018). One
allotropes that has been garnering much attention are carbon
nanotubes (CNTs). In fact, many researchers have explored the
potential of integrating CNTs into carbon fiber. A comprehensive
table displaying many of their results can be shown in Table 1. It
is well known that the base chemical structure of carbon consists
of a one-dimensional (1D) layer of graphite, and when these
layers are oriented in such a way that they “roll” onto each other,
they form a cylindrical tube-like structure. When only one layer
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TABLE 1 Summary of mechanical properties improvement of carbon fiber-epoxy composite by carbon nanotubes.

Material Flexural strength Flexural modulus  Tensile strength ILSS/IFSS References
increment (%) increment (%) increment (%) increment (%)
MWNT/PEI 5.5% — — — ILSS: 170% Kamae and Drzal,
(2012)
CNT 1% — — — ILSS: 12% Dong et al. (2014)
CNT-COOH 0.5% 59.2% 54.3% — 27.2% Zhang and Jiang, (2018)
MWCNT-T300 0.1% 15.1% 3.1% 17.6% 12.6% Xiao et al. (2018)
CNTs — — — — 94% An et al. (2012)
MWCNT 2.0% — <5% <5% — Tehrani et al
Silanized CNT — 55 11 — — Kim et al. (2020)
CNT 0.1% 7/11 3.3/-1 7/-3.8 ILSS: 7.7/5.6% Sénchez et al
(Functionalized/
non-F)
MMWCT (avg) — — — 7.53 ILSS: 6.2% Zhang et al. (2019a)
CNT/PI-BDA 0.5% — — — ILSS: 102.9% Wang et al. (2017a)
CNT — — — 16 IESS: 68.8% Guo et al
CNT 0.5% — — 38 PFT (by CC): 24.1% Kermansaravi et al
MWCNTs/GO-CF/E  0.25% @ — — — ILSS: 4.7% Rodriguez-Gonzalez
(Mode I) et al. (2018)
Gi:16.7%

of graphite is rolled, it is called a single-walled carbon nanotube
(SWCNT), and multiple layers of graphite form multi-walled
carbon nanotubes (MWCNTSs) (Ahmad, 1999). The diameters of
these cylindrical tubes typically range within the nanometer
range, more than a billionth of a meter, and several microns
in length. Research has shown that these tubes can reach
diameters as narrow as 4 A, the lowest it can theoretically be,
while remaining energetically stable (Qin et al., 2000), and these
small diameters have elevated CNTs into a prominent role within
the composite industry. However, relative to graphite powders
of these
nanomaterials remain a hindrance for its usage within the

and soot products, the manufacturing costs
manufacturing industry (Hammel et al, 2004). Despite this,
the outstanding properties that CNTs offer, branches the gulf
of price and usability. Kamae and Drzal (2012) showed the
development of carbon nanotube coated carbon fibers and the
evaluation of their adhesion. A carbon fiber bundle was dipped
into the solution, then squeezed and dried, obtaining MWNT/
polyelectrolyte coated CF, which was then evaluated. As a result,
the use of repulsive forces between the polyelectrolyte-treated
MWNTs achieved a good dispersion of the MWNTSs in water.
Using the charge differential between the MWNTs and CF
resulted in a uniform coating of MWNTs to the CF, also resin
sizing and the MWNT coating combined resulted in good

adhesion to the epoxy matrix. Incorporating MWNTs at the
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CF/matrix interface resulted in improved mechanical properties,
such as shear modulus and strength, increasing stress transfer,
and subsequently IFSS. Also, using PEI as a cationic polymer
caused high interfacial shear strength (IFSS), given the strong
interaction between its amine groups and epoxy groups. The
novelty of the experiment and research in this paper is to be able
to coat CFs with CNTs by a process in which the CF is dipped
into a water/CNT suspension.

In another study of manufacturing and characterization of
carbon fiber/epoxy composite prepregs containing carbon
nanotubes, it was shown that Epoxy was added to the CNT/
acetone solution, mixed by ultrasonication, and degassed in a
vacuum oven to remove acetone completely (Siddiqui et al,
2011) as shown in Figure 3B. To further disperse the CNT, a
shear speed mixer was used. To select the optimal matrix material
and prepreg parameters, four types of resin blends were studied,
0 wt%, 0.5wt%, 0.7wt%, and 1.0 wt% CNT. The viscosity
changes were measured, and the effects of shear mixing speed,
type of epoxy, and CNT functionalization were evaluated. Also
evaluated were the effects of CNT on curing during the prepreg
process. The study concluded that increasing the CNT content in
the epoxy resin increased its viscosity. Such viscosity was lowered
by using high-speed shear mixing and functionalization of the
CNT. It was also concluded that the adverse effects of the higher
viscosity could be mitigated by increasing resin temperature,
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(A) Examples of anticipated property enhancements of CFRP due to CNT incorporation; (B) schematic of prepregger (Siddiqui et al., 2011), (C)
Dispersion state of carbon nanotubes in fiber/epoxy composites: primarily in interface and matrix, demonstrating CNT morphology between fibers
before (upper) and after (lower) epoxy was introduced into fabric (Dong et al., 2014). SEM images of unsized carbon fibers, displayed on top, and
untangled vs aligned MWCNTSs displayed on the bottom respectively (De Greef et al., 2011).

fiber tension, and the exit dies gap of the prepreg. Also, the
catalytic activity of surfactant treated CNT only became
prominent at a CNT content of 1.0 wt%. The novelty of this
study was to analyze how resin type and CNT content would
affect various parameters in the whole prepreg process. The
preparation of continuous carbon nanotube networks in
carbon fiber/epoxy composite was shown in another work
(Dong et al., 2014) as shown in Figures 3C, D. The materials
used were polyacrylonitrile-based carbon fiber, plain cloth woven
in a 0°/90° satin-weave. A CNT paste was used, with a CNT,
water, polyvinyl pyrrolidone dispersant, weight ratio of 5:95:1,
and CNT diameter between 10 and 30 nm and length between
1 and 5 um. A glycidyl epoxy resin was used with a methylnadic
anhydride curing agent. The mix ratio of curing agent to epoxy
was 135 to 100 g. The CNT paste was diluted using deionized
water, with concentrations of 1 wt% to 2 wt%. The CF fabric,
fixed by glass slides, was immersed into this solution under a
vacuum, then dried by freeze-drying, followed by heat-treatment
under an argon atmosphere. Liquid epoxy resin was introduced
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into three types of CF and cured. The process resulted in a
significant increase in the electrical conductivity of the
composite. It is also stated that an appropriate CNT network
could increase the interlaminar shear strength of the composite.
The study assesses that the process in question is expected to
provide a new method to optimize the CNT dispersion rate in
fiber fabrics and composites. The novelty of this study is the use
of the freeze-drying method in the preparation of continuous
CNT networks, and how feasible the process would be.

The effect of carbon nanotubes on the damage development
in carbon fiber/epoxy composites was shown in another work
(De Greef et al., 2011). The materials used in this study were a
balanced carbon twin 2/2 fabric, with an areal density of 300 g/
m?, woven from 6 K yarns of AS4C GP carbon fiber. A CNT
modified resin was used, based on liquid Bisphenol-A epoxy
resin, with a high concentration of NC 700 multi-walled carbon
nanotubes. The CNTs have an average diameter of 9.5 nm. The
no-CNT composites utilized Epikote 828LVEL epoxy and 1,2-
diaminocyclohexane Dytek DCH-99 hardener. The experimental
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methodology utilized consisted of three steps. The first step
of tensile static tests and acoustic emissions
The identifying

characteristic thresholds of damage from the first step. The

consisted
registration. second step focused on
third step investigated the damage patterns by using X-ray
and SEM. The results of the study showed no improvement of
the young’s modulus in the fiber direction, but a slight
improvement in strength (3.1%) and strain-to-failure (4.6%).
An improvement in the three damage development thresholds
(Emin> €1> €) 30%, 42%, and 56% were observed, as well as a
reduced number of medium energy events and an increase in low
energy events in non-engineered fiber reinforced composites
(nFRC). A reduced density of transverse cracks was also
observed (15.7%-10%), but isolated debonded fibers were
found. The novelty of this study was the use of acoustic
emissions as a method to investigate the effects of CNTs on
transverse cracking in nFRCs.

One study found that controlling the orientation and length
of carbon nanotubes grown on carbon fibers increased the
interfacial strength of carbon fiber/epoxy composites (Lv
et al., 2011). The materials used were carbon fiber based on
polyacrylonitrile with a high modulus and an average diameter of
7.5 m. Thermal treatment at 800°C in the presence of argon yields
CFs without dimensions. A matrix of bisphenol-A epoxy resin
was utilized. ICVD in a reactor corundum tube furnace was the
method for the growth of MWCNTs on CFs. To align the
MWCNTs on CFs, the surface of the CNTs was treated by
immersing them in toluene containing 5% tetraethoxy silane
and 5% silicon tetrachloride. The CFs were coated with a solid
SiO2 layer after hydrolysis and pyrolysis. The chemical
composition before and after the treatment was characterized
using X-ray photoelectron spectroscopy. SEM and TEM were
used to analyze the properties of the MWCNTs and surface-
modified CFs. The surface characteristics of unsized CFs and
MWCNT-CF hybrids were determined by nitrogen absorption,
and the wettability of such hybrids with epoxy resin was
measured in a drop-on-fiber system using the generalized
drop length-height method. The tensile strength of each fiber
was measured using a WDW-50/100 Microcomputer-Control
Electronic universal Testing Machine to determine the effect of
CNT growth on axial properties. In addition, single fiber
fragmentation tests were conducted to evaluate the fiber/
matrix interface. The MWOCNT-CF hybrid increased the
specific surface area by two orders of magnitude, according to
the study’s findings. The contact angle test demonstrated
excellent wettability. Depending on the orientation and length
of the MWCNT arrays, the IFSS improvement between the
MWCNT-CF and the epoxy resin varied. With MWCNT
arrays measuring 47,2 m in length, the IFSS was enhanced by
as much as 175 percent. The novelty of this study was the analysis
of IFSS in MWCNT-CF hybrids based on the orientation and
length of the CNTs, as well as the analysis of the hybrid’s physical
properties.
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The
composites has been investigated utilizing a simple approach

interfacial enhancement of carbon fiber/epoxy
for depositing commercially functionalized carbon nanotubes on
the fibers (Li et al., 2013) as shown in Figure 4A. The materials
used for this study were two types of carbon fiber, T700SC yarns
of 1200 filament count (7 um diameter, circular cross-section),
and T300B yarns of 3000 filament count (7 um diameter,
irregular circular, or elliptical cross-section). Both have a
sizing content of 1 wt%. Two types of MWCNTSs were used,
MWCNTs functionalized with carboxylic acid (COOH-CNT)
and functionalized with hydroxyl groups (OH-CNT), with
lengths varying from 0.2 to 2pum, and diameters between
20 and 40 um. For the matrix, a diglycidylether of bisphenol
A based epoxy resin (YD-128) was used, as well as a polyether
amine-based hardener (EC301). The preparation process began
with the CNTs being dispersed in de-ionized water, obtaining a
concentration of 0.05 wt%. After, the CF bundles were immersed
in a bath with the CNT suspension, then dried at two different
temperatures. The CNTs in suspension had their structures
examined by a TEM. Another suspension was prepared to
contain a non-ionic surfactant polyoxyethylene octyl phenyl
ether to increase CNT content. TEM and FTIR were used to
observe the dimensions of functionalized CNTs and to confirm
the functional groups on the surface respectively. With the CNT-
depositing completed, the bundles were examined by an SEM, to
evaluate the adherence of CNT onto the fiber surface. Surface
roughness was determined by an AFM. To test the dynamic
contact angle and determine wettability, the modified Wilhelmy
plate method was used. FTIR was also used to confirm if the
functionalized CNTs can react with the industrial sizing of CF.
Single fiber-composite fragmentation was used to assess the
influence of CNTs on the interfacial bonding by testing its
IFSS. The results of the study show that the CNT deposition
process improved the interfacial shear strength of the composite.
It also showed that the increased interfacial bonding between the
CNT-hybridized carbon fiber and epoxy matrix is due to the
interfacial friction, chemical bonding, and resin toughening near
the interphase. There were also improvements in the tensile
strength and interlaminar shear strength of the composite.
The novelty of the study is the use of evaluation methods
such as investigating IFSS, focusing on the interfacial reinforcing
mechanism, effects of CNT depositing on fiber surface
morphology, wettability of epoxy on fiber, chemical bonding,
and fracture pattern to improve the interfacial strength between
CNT-deposited CF and epoxy matrix. Improving interfacial and
mechanical properties of nanotube-sized carbon fiber/epoxy
composites as studied (Zhang et al., 2019a) in Figure 4C. The
study utilized materials that were unsized, commercial JH-T800
carbon fiber, with an average 5 um diameter and sizing content of
approximately 1 wt%. Multiwalled carboxyl-functionalized CNT
(MWCNT-COOH) with 10-30 um diameter and MWCNT-NH,
CNTs were used. For the matrix, a diglycidyl ester of aliphatic
cyclo tri-functional epoxy, with 4,4'-diaminodiphenylmethane
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(A) Schematic of the CNT-depositing process on carbon fibers (Li et al., 2013), (B) Schematic of manufacturing sized carbon fiber (Yao et al.,
2015) and (C) The molecular structure of the trifunctional epoxy resin TDE-85 and the amine curing agent DDM (active functional groups are
represented by circles) with the CNT-COOH and the CNT-NH, groups (Zhang et al., 2019a).

curing agent was used. The samples were prepared by dispersing
both MWCNTs in the sizing agent at 0.5 wt%, then immersing
the CFs in the solution for a set time, followed by drying it. Both
single fiber and unidirectional composite samples were created
(average volume fraction of CF of 60%). Dimensions and
chemical composition of functionalized CNTs were observed
by a TEM and XPS respectively. Fracture morphology and CF
surface were analyzed via SEM, and surface roughness was
determined by an AFM. To evaluate the IFSS of single fiber
composites, single fiber fragmentation tests were performed
under shear loading. For unidirectional composites,
interlaminar shear strength (ILSS) and flexural properties were
tested by a universal testing machine. A model was created to
investigate the relationship between components, structures,
properties of the system, and the effects of functionalized
CNTs in the sizing agent. The MD simulations were
conducted using Material Studio 6.0 Software. The interaction
and interfacial bonding energy, mean-squared displacement,
radial distribution function, and relative concentration were
calculated using different equations. The results of this study
showed that CNT-COOH-sized CFs had a significant
performance improvement of 10%, 27%, and 59% in the
IESS, ILSS,
compared to commercial CF. CNT-NH,-sized CF showed
adverse effects on IFSS and ILSS and a smaller improvement
in flexural strength when compared to CNT-COOH-sized CF.

The interfacial bonding between fiber and matrix still needs to

and flexural strength respectively when

be clarified. The novelty of the study is the use of experiments

Frontiers in Materials

09

and simulations to investigate and detail the mechanisms of
different functionalized CNT-reinforced composites on the
surface of CFs, and their effects on the molecular structure of
the matrix and the properties of the composites.

Another study was conducted on interfacial and mechanical
improvement of carbon fiber/epoxy composites by depositing
multi-walled carbon nanotubes on fibers (Xiao et al., 2018). The
materials used in the study were a monodirectional carbon fiber
fabric, S-MWNT-1020, with a 0.5-2pum length, 10-20 nm
diameter, and a purity greater than 97%. E-44 epoxy resin
(0.44 mol/100 g epoxy value), and a D-230 polyether amine
curing agent were used. The MWCNTs were dispersed in de-
ionized water by ultrasonication to obtain a CNT suspension of
0.1 wt% in the
suspension, for a set time, then dried at two different

concentration. CF fabric was immersed

temperatures. The sample laminates were prepared by
compression molding. After deposition, the CF fabric was
torn apart and examined by a SEM to evaluate CNT/fiber
adhesion. Tensile strength and modulus were measured by the
electronic universal machine, as well as a three-point bending
test. ILSS was also tested. The test specimens had their
mechanical properties tested after being placed in sealed
plastic bags with distilled water at a certain temperature for
24 h and dried. The heat resistance was measured by DSC, and
the micromorphology of the fracture surface was examined by
SEM. The results of the study showed an improvement in the
interfacial interaction and interfacial bond strength between
MWCNTSs-T300 and EP, and a reduction in the contact angle
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(40.3°). The interfacial energy and adhesion work were increased
by 49.5% and 4.7% respectively, compared to original T300 fiber.
The mechanical properties of MWCNT-T300/EP laminated
composite also improved. Flexural strength, tensile strength,
and interlaminar shear strength increased by 15.1%, 17.6%,
and 12.6% respectively. After CNT deposition, the (MWCNT-
T300/EP) composite interfacial strength is improved. The
novelty of the study was using an aqueous suspension
deposition method to coat CF with MWCNTs to improve
interfacial and mechanical properties, evaluating surface
morphology, wettability, and interfacial properties, as well as
testing mechanical properties.

Preparation and characterization of carbon nanotube-
hybridized carbon fiber to reinforce epoxy composite has been
explored (An et al,, 2012). The materials used in the study were
an unsized polyacrylonitrile-based carbon fiber, analytical grade
reagents of ferrocene and acetone, E-51 epoxy resin consisting of
diglycidyl ether of bishenol-A, and phthalic anhydride and
benzyl dimethylamine as curing agents. The preparation of
the CNT-hybridized CF happened in a single zone horizontal
quartz tube furnace, using acetylene (carbon source), ferrocene
and a H,/N,, carrier gas mix. CFs were placed at the center, and a
pure nitrogen atmosphere was created. At 700°C, Ferrocene-
acetone introduced, and an aerosol is formed, ferrocene is
decomposed into catalyst, depositing onto CFs. At 750°C,
C,H, is introduced, and CNT growth starts. After a set time,
carbon source stops being fed, and power is turned off to allow
for cool down. Both a monofilament of CNT/CF hybrid
composite and multifilament unidirectional CNT/CF hybrid
SEM

transmission electron microscopy were used to characterize

composite  were  created. and  high-resolution
the morphology and microstructure of the CNT/CF hybrid.
BET method and an absorption instrument were used to
calculate the specific surface area of CF and CNT/CF hybrid.
Single fiber tensile tests were conducted using a tensile testing
machine, with an optical microscope being used to measure each
specimen’s diameter. To calculate IFSS, single fiber pull-out tests
were conducted using an interfacial micro-bond evaluation
instrument. Using a universal testing machine, the tension
fracture for the cured epoxy composites was performed, and
the morphology and structure of the fractured section were
evaluated by a SEM. The results of the study show that
grafting of CNTs on the CF surface resulted in a near
threefold increase in BET surface area. The CF’s tensile
modulus remained similar while tensile strength had an
10% strength
increased by 94%. The presence of CNTs resulted in different

approximately decrease. Interfacial shear
fracture morphology of the composite. There was an increase in
fiber surface area, providing a stronger interfacial bonding
between the fibers and matrix. The novelty of the study is the
use of a newly developed aerosol-assisted chemical vapor

deposition method to create CNT/CF hybrid composites by
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using several methodologies and instruments to evaluate the
material.

Optimization was done for interfacial microstructure and
mechanical properties of carbon fiber/epoxy composites via
carbon nanotube sizing (Yao et al., 2015). The materials used
in the study were short hydroxyl MWCNT of 95% purity, length
0f 0.5-2 pm, and -OH content of 1.76%, T700S carbon fibers, JC-
02A  modified epoxy, JH-0511 modified 2-ethyl-4-
methylimidazole accelerant, and a tetrahydro phthalic
anhydride curing agent. To remove the commercial sizing and
help CNTs obtain a dispersion in the small inter-fiber-spaces of
CF bundles, CFs were refluxed by acetone. The CNTs were
dispersed in ethyl alcohol and sonicated for 2h forming a
suspension. The CF is then sized with a self-made device,
passed through the sizing agent suspension, wound up on a
roller and dried. The content of CNT on fiber surface was
controlled by number of sizing treatment. Unidirectional CF
composites with volume fraction of 45% were made. A SEM was
used to detect CF surface topography and the fracture surface of
composite specimens. A universal testing machine performed a
short beam shear test and a flexural test to assess the influence of
the sizing process on interfacial properties. Composite interfacial
microstructures were investigated using EDS-equipped SEM and
f-AFM. SEM for the distribution of carbon elements in the
and f-AFM for the
distribution of modulus. The results of this study indicate that

interference layer of composites
the sizing deposition method is a simple and continuous
technique for producing CF/CNTs/epoxy composites on an
industrial scale. In addition, a gradient transition interphase
was discovered, allowing for the possibility of uniform stress
transfer. In addition, it was discovered that a uniform CNT
distribution on a CF surface caused the interface thickness of the
composite’s gradient structure and mechanical properties to
increase gradually as the sizing treatment time increased.
Interlaminar shear strength and flexure strength increased by
13.45% and 20.31%, respectively, in a quintuple-sized CF with a
wider gradient interphase. However, excessive sizing will result in
diminished mechanical properties. This study investigates the
novel aspects of incorporating CNTs via a multi-sizing process
into the interfacial microstructure and its relationship to
composite performance.

Incorporation of graphene in carbon
composites

Graphene has often times been added to CF/epoxy composite
materials to improve their mechanical and electrical properties
(Hadden et al.,, 2015). This is possible due to it being a single-
layered two-dimensional allotrope of carbon, which grants it
greater properties than flax fibers like CNCs. Graphene, outside
of its pristine form, has two main derivatives within the
composites industry, graphene oxide (GO) and reduced
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(A) Grafting of size-controlled graphene oxide sheets onto carbon fiber (Wang et al., 2017a), (B) The functionalized progress of carbon fiber
(Zhang et al., 2016), (C) surface treatments on the interfacial adhesion of graphene oxide/carbon fiber/epoxy composites (Yuan et al,, 2018) and (D)
Preparation process of prGO, CF-PEI, CF-PEI-GO and CF-PEI-prGO (Wu et al,, 2022).

graphene oxide (rGO). Other form of graphene that have been
researched are graphene nanoribbons (GNR) and graphene oxide
nanoribbons (GONR) (Chien et al., 2015). Graphene fibers have
also been explored as a potential substitute for carbon fiber, due
to their large lateral crystal size. This allows it to potentially have
greater mechanical, electrical, and thermal performance (Xu and
Gao, 2015; Xu et al., 2016).

The use of graphene as a nanofiller, specifically graphene
oxide (GO) has caught the attention of many researchers
the like Aduk
investigated the effects of the mechanical properties of carbon
fiber with incorporated GO (Adak et al., 2018). To create the GO,
graphite flakes were dispersed in THF at concentrations of
0.05 wt%, 0.1 wt%, 0.2 wt%, and 0.4 wt%. The GO/carbon fiber
composites were created using the VARTM process. Through

throughout world.  Researchers et al

testing, a maximum of 0.4 wt% GO was used, but the best results
were found at 0.2wt% GO. Tensile testing results show an
increase of 33.8% in tensile strength, a 19.7% increase in
Young’s modulus, and an 83.1% increase in toughness. While
both the flexural strength and modulus testing showed increases
of 35.7% and increases of 31.3% for flexural modulus. This is
similar to the results found by Wang et al. where desized carbon
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fibers and GO were made using carbon fibers and natural
graphite flakes to increase the overall strength of the carbon
fibers (Wang et al., 2017a). D400, concentrated nitric acid, a
coupling agent (HATU), and deionized water was also used to
create the GO mixtures. To facilitate separation, the GO
suspension was placed in a burette. The solution at the
bottom was labeled GO-1. The remaining solution was
separated, centrifuged, then divided into GO-2 and GO-3
subgroups. The preparation of these materials can be visually
shown in Figure 5A. SEM, TEM, and AFM were utilized to
determine the structure, roughness, and thickness of the GO
sheets. XPS analysis revealed a greater concentration of oxygen
functional groups. The FTIR analysis revealed that amino groups
were incorporated into the carbon fibers and that GO was
covalently bonded to them. Dynamic contact angle tests
performed to determine wettability revealed an increase in the
surface free energy. Tensile strength tests revealed an increase in
tensile strength from 4.72 GPa to 5.02 GPa when compared to
GO-2 sheets. IFSS testing revealed an improvement in
compressive strength from 46.8 MPa for untreated carbon
fibers to 82.2 MPa for GO-2 sheets. This group developed a
method for grafting GO onto carbon fibers that was simpler and
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more environmentally friendly than previous methods. Their
methodology made use of fewer resources and chemicals.
Additionally, the separation of the GO solutions is time-
consuming and results in lower quantities of each solution. In
a study by Altin et al. (2020) an advanced Hummers technique
was used to rectify this issue.

In this study, the production of GO was accomplished using
this enhanced Hummers technique, where spraying 5, 10, and
20 ml of GO onto three samples produced 0.5 wt% GO/CF, 1 wt
% GO/CF, and 2 wt% GO/CF, respectively. The FTIR study
demonstrated that graphite was successfully oxidized by
Hummers’ technique and that oxygen functional groups were
grafted. In mechanical tests, the 2 wt% group had the greatest
gains in young’s modulus and tensile strength at 23.5% and
54.1%, respectively. Calculations using TGA revealed that the
thermal stability of the samples reduced as the amount of GO
increased. This modification process of spraying GO has shown
to be efficient and cost-effective as this process was successful in
coating carbon fibers with GO and improving mechanical
properties. When researching GO, the use of diamines has
been scarcely explored, but Ashori et al. (2015) researched
ways to enhance the properties of carbon fiber and GO
In his
investigation, GO was functionalized in three ways: first with

through functionalization with three diamines.
ethylenediamine (EDA), then with 4,4’-diaminodiphenyl sulfone
(DDS), and finally with p-phenylenediamine (PPD). The
graphene oxide was made with, 1g graphite powder,
combined with 18 ml H,SO,, 9 ml HNO;, and 11 g KClO;.
GO and functionalized GO/CF (FGO/CF) were added at
of 0.1 wt%, 0.3wt%, and 0.5wt%. This
combination was oxidized, washed, and then dried in a

concentrations

vacuum. The fibers were orientated at 0°, 90°, and 0° angles
via hand lay-up. FTIR analysis revealed that GO contains
oxygenated functional groups as well as functional groups
containing EDA, DDS, and PPD. Tensile testing revealed
strength  with 0.3 wt% of
concentration showing the greatest rise, specifically PPD-FGO

increases in tensile each
showing the highest increase of 22.5%, while flexural strength
increased by the greatest amount, 76% when 0.5 wt% PPD-FGO
was used. While GO has been used to improve the mechanical
qualities of CF, the use of three differing diamines is a unique
solution to increasing CF properties, but once again the long
preparation time hinders its usage.

In another study, Yuan et al. (2018) reviewed the results of
GO engaging in oxidative pretreatment and non-oxidative
(EPD) to
enhance CF properties. As shown in Figure 5C, CF went

pretreatment before electrophoretic ~deposition

through surface modifications of acid treatment oxidation,
sizing treatment, APTES coupling agent treatment, and
electrochemical oxidation. The EPD was completed using CF
as the working electrode and a graphite plate as the counter
electrode. Four samples were produced as GO/CF-Acid, GO/CE-
Sizing, GO/CF-APTES, and GO/CE-ECO. Composite laminates
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were then combined with each sample and produced using
VARTM method. SEM and AFM analysis showed overall
increased surface roughness and added topography, but the
APTES group showed a lower Ra value than untreated CF.
Interfacial shear strength testing showed the highest increase
of 50% by the GO/CF-ECO sample. The goal of Yuan et al. (2018)
was to show the effects of surface pretreatments of CF when
combined with EPD of GO, and overall, this process was
successful.

Another successful and novel process was completed by Han
et al., 2017 who for the first time, used GO combined with the
organic solvent THF to boost the ILSS of CFRP. A modified
version of the Hummer process was employed to create GO,
which was then ultrasonically treated. The GO was then
disseminated in the epoxy resin with the aid of. 0.05 wt%,
0.1 wt%, 0.2 wt%, and 0.4 wt% THF, after which, the cured
resins were then painted on carbon fiber textiles. The FTIR
and XPS analyses confirm that GO contains a wide range of
functional oxygen groups. AFM image reveals a GO sheet
thickness of 2-4 nm. When GO levels were low, TEM pictures
revealed good dispersion of GO within the matrix, however
substantial aggregation of GO layers was observed when GO
content increased. After mechanical testing, the ILSS rose by
8.05% at 0.10 wt%, relative to epoxy samples without modifiers.
Researching the use of GO and THF increased the ILSS of CFRP
successfully while creating sheets that were thin and evenly
spread when the weight percent was low, despite the novelty
of this solution. Additional research aimed to do the same
increase the mechanical properties of carbon fiber through
GO (Pathak et al., 2016). Here, GO is added into the matrix
using a wet transfer procedure to increase ILSS and bending
strength by varying GO weights. The GO was produced using the
Hummer’s technique, and then washed in 5% HCI. The cleansed
solution was then dried in an oven to generate GO flakes. Seven
concentrations of CO content were created ranging from 0.0% to
0.6 wt% GO and tested. The creation of said concentrations can
be seen in Figure 6C. The greatest increases were observed at
0.3 wt%, after which, increases were affected at higher GO
ILSS in
containing 0.3wt% was found to have increased by 25%, with

concentrations due to agglomeration. samples
the flexural strength and modulus improved by 66 and
70 percent, respectively. Despite using conventional methods
like the wet transfer method, increases in the mechanical
characteristics of the material were achieved.

The same can be said in another attempt to raise the IFSS of
carbon fiber by Jiang et al. (2017) in which, GO was disseminated
into sizing agents at concentrations of 0, 0.2, 0.5, 1, and 2 wt%.
After preparing a sizing agent with a GO concentration of 2 wt%,
the mixture was combined and placed onto the carbon fibers. The
SEM images of the CF samples revealed that the amount of GO
sheets increased as the GO level rose, but as the wt% reached 2%,
agglomerates were observed. Single fiber pull-out experiments
were conducted to determine the IFSS of each concentration,
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with the highest value found at 1% GO at 110.3 MPa, an 37.2%
increase in strength. When determining impact resistance, this
concentration also gave the highest increase at 79.16 kJ/m? an
of 45%. At 1wt%, results
demonstrating the potential for enhancing IFSS by modifying

increase were maximized,
GO sizing agents. Due to the great importance delamination can
cause studies were also conducted to increase failure mode
resistances (Du et al., 2017). GO was produced from graphite
powder using a modified version of Hummer’s procedure.
Figure 6B visualizes the creation of CF composites, where
graphene powder was disseminated in acetone and epoxy was
subsequently added. Single-edge notched bend (SENB) tests were
used to quantify fracture toughness. The sample with the biggest
gain, 74%, was the 1.0 wt% sample as mode one interlaminar
fracture energy was enhanced by 145% with this percentage. The
could be
characteristics, as samples containing 1.0 wt% exhibited a 30%

same said concerning the samples’ thermal
drop in thermal expansion coefficient. In this investigation, the
thermal reduction method of creating GO proved effective. The
mechanical properties increased the most and the thermal
coefficient decreased the most at a concentration of 1.0 wt%.

It is also of utmost importance that the properties of carbon fiber
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with GO are known in most environments. Qu et al. (2020) at
77 K, studied the cryogenic flexural characteristics of CFRP by
augmenting the material with different percentages of graphene
oxide. Graphite granules were oxidized with acid to produce GO
at concentrations ranging from 0 to 0.5 wt%. The graphite was
disseminated in deionized water, subjected to sonification, dried,
dispersed in acetone, and subjected to sonification once again, to
finally be incorporated into epoxy matrices and carbon fiber.
AFM images determined the thickness of GO nanosheets to be
between 0.5 and 1 nm, with XRD examinations reaffirming that
FTIR revealed the
functional groups responsible for GO’s effective dispersion in

GO effectively formed layered sheets.

the matrix. Three-point bending tests were executed and 0.2%
GO was the best-performing sample, with gains in flexural
strength, flexural modulus, and ILSS of 6.4%, 9.6%, and
17.6%, respectively, at room temperature. At 77K, these
increases were 4.9%, 7.1%, and 8.7% respectively. While the
biggest property enhancements were observed in samples at
the 77K
significant and demonstrate evident application benefits in

ambient temperature, sample increases were

cryogenic environments. Despite determining the mechanical
properties of carbon fiber at extreme temperatures, other
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methods shown in this paper have demonstrated greater
increases in room temperature, and this study could benefit
from employing these approaches.

Other forms of graphene have been explored and used as
nanofillers as researchers looked at additional ways to stretch our
knowledge of graphene’s effect on carbon fiber. Graphene
nanoplatelets (GNP) are one of such forms. A study by
Hawkins and Haque (2014) investigated the fracture resistance
of carbon fiber-reinforced epoxy when reinforced with GNP.
Before testing, G-Ep and C-G-Ep were manufactured using
0.1 wt% graphene, in which G-Ep was formed by mixing
graphene nanopowder and acetone, followed by combining it
with epoxy resin, heating it, and curing it. Other G-Ep samples
with differing graphene concentrations were created without the
use of acetone or high shear mixing, creating three samples:
Carbon-epoxy (C-Ep), graphene-epoxy (G-Ep), and carbon-
graphene-epoxy (C-G-Ep). Using SEM, the roughness of the
fiber surfaces in G-Ep was found to be greater than in neat
epoxy. This suggests increased fracture resistance. Three-point
bending was used and verified that the fracture toughness of G-Ep
rose by 128% relative to carbon fiber epoxy itself. As shown in this
study, incorporating 0.1% graphene nanoplatelets significantly
increased fracture toughness, which could be further improved.
One improvement, suggested by the authors, was to improve the
method of graphene dispersion to reduce graphene aggregation
and enhance its mechanical characteristics. Another reason for
GNP usage is its ability to be functionalized. Hence the usage of
Poly (4-amiostyrene) (PAS) to non-covalently functionalize GNPs,
was utilized by Kim et al. (2020) to boost fracture toughness and
ILSS in CF composites. For the preparation of functionalized
GNPs, PAS was dissolved in DMF, and GNPs were then added.
These GNPs were subsequently dissolved in acetone and epoxy
resin was applied for curing on CF. SEM imaging revealed that
PAS-GNPs were uniformly dispersed inside the epoxy matrix,
whereas GNPs without PAS exhibited aggregation. As a result,
PAS-GNPs were able to further boost mechanical characteristics.
This was verified when the ILSS of 4 wt% PAS-GNPs was raised by
252% and fracture toughness was increased by 142%. The use of
functionalized GNPs and the application of PAS, permitted a more
uniform dispersion in the matrix at high wt%. This resulted in a
significant enhancement of mechanical characteristics.

In fact, Qin et al. (2015) allowed CFs to be coated with GNPs
utilizing a continuous coating technique to evaluate 90° and 0°
flexural strength as well as ILSS. SEM imaging revealed a
homogeneous coating with additional roughness on the fibers.
The flexural strength of GNP-coated CFs was 82% greater than
that of uncoated CFs when tested at 90°. 0° testing revealed a 7%
increase. Compared to uncoated CFs, the ILSS increased by 19%.
GNPs have also been researched and their properties explored
virtually (Hadden et al., 2015). The GNP molecules were
(MD)
micromechanical modeling. This studies the mechanical

modeled  using  molecular  dynamics and

impact of adding graphene nanoplatelets (GNP) to carbon
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fiber and epoxy composites. The molecular structure of GNP
layers was modeled, and their mass density was analyzed. To
validate their findings, experimental tests were conducted. Neat
epoxy used 100 g of EPON 862 with 26.4 g of EPIKURE, the
curing agent. GNP/epoxy used an “appropriate amount” of GNP
mixed with EPIKURE and was incorporated into carbon fiber via
a winding process. This GNP/epoxy/carbon fiber composite was
cut into sheets and then cured. Mechanical testing was then
completed to determine the tensile strength, elastic modulus, and
normalized modulus for this material. This analysis outlined the
potential for computational multiscale modeling of GNP/epoxy
composites to predict elastic properties. Overall, it can be
concluded that the method developed is accurate and can
provide insight into mechanical behaviors, despite some
discrepancies between the model and experimental data.

Other alternatives to graphene oxide are porous graphene
oxide (prGO), silanized graphene oxide (SGO), and reduced
graphene oxide (RGO), with each showing similar increases in
carbon fiber properties relative to GO, if not more. Chemical
grafting and prGO were utilized by Wu et al. to increase the
interfacial adhesion of CFRPs, in which the GO and prGO were
grafted onto CFRP by means of a chemical process (Wu et al.,
2022). After the prGO and GO solutions were prepared, SEM
pictures were captured to investigate the new structure of the
changed fibers. Due to the grafting of GO and prGO, the fibers
exhibited ridges and enhanced roughness. XPS analysis revealed
greater O/C ratios in prGO samples compared to GO samples,
indicating that prGO includes more oxygen groups. According to
contact angle studies, the surface energy of the modified fibers
increased as the contact angles decreased. All these factors
contributed to a 78.64% increase in the interfacial shear
strength of fibers containing prGO, while GO demonstrated a
gain of 48.54%. The innovation was the utilization of prGO to
enhance the CFRP characteristics. As this modifier had never
been done previously, the overall improvement was successful
and substantial. SGO also displayed similar success, when it was
formed in order to increase GO dispersion and adherence to
epoxy (Chen et al, 2014). Here, graphene oxide was
functionalized with silane coupling agents to form silanized
graphene oxide (SGO). After soaking unmodified carbon
fibers into modified epoxy mixtures, samples with carbon
nanoparticle concentrations of 0.2 wt%, 0.5 wt%, and 1 wt%
were obtained. AFM measurements revealed that GO and
SGO have similar thicknesses, with SGO having a greater
thickness on the fibers and the XPS study verified that the
functionalization of GO to SGO was effective. The 0.5 wt%
sample demonstrated greater gains in IFSS, ILSS, flexural
strength, and flexural modulus during mechanical testing than
the other sample groups, at increases of 60%, 19%, 15%, and 16%,
respectively. Chen et al. were able to successfully functionalize
GO with silane and
characteristics, nevertheless, due to SGO’s lengthy curing time,

increase carbon fibers’ mechanical

this technique is not the most effective.
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(A) Fabrication process of CF/E composite laminate with MWCNTs/GO hybrid (Rodriguez-Gonzalez et al., 2018), (B) graphene oxide to rGO and
epoxy/rGO composite (Jenkins et al., 2019) and (C) procedure for the fabrication of CF/Ag/GO (Wang et al.,, 2017b).

RGO offers potential as Jenkins et al. (2019) surveyed its
enhancement of CFRP’s mechanical properties. Graphene
oxide was manufactured using a modified and enhanced
version of Hummer’s technique. A mixture of H,SO, and
H;PO, was added to graphite powder and KMnO,, followed
by 12 h of heated mixing. The cooled, rinsed, centrifuged, and
then filtered mixture was then filtered into CFRP samples
containing 0.1, 0.2, and 0.3 wt% RGO for testing, as shown
in Figure 7B. The SEM images of RGO specimens revealed
uneven, folding structures, which gave the composite stability,
with TEM morphology confirming this. Flexural testing was
conducted at -10°C, 23°C, and 40°C. The sample with the best
performance was the 0.3 wt% set increasing the flexural
strength by 62% and the flexural modulus by 44%. Overall,
the objective of enhancing the CFRP’s shear and flexural
characteristics, with RGO, was achieved between —10°C and
23°C. There were noticeable slight strength decreases at 40°C.

Another RGO
composites for greater mechanical and electrical effectiveness

study explored creating hierarchical
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(Li et al., 2016). In this case, RGO with help of tetrahydrofuran
(THF), was dispersed into an epoxy resin and deposited into the
CF interface. A modified Hummer’s method was utilized to
produce GO. This was then reduced, washed, and dried to
form RGO resin, which was deposited into the CF. Through
mechanical testing, 0.1 wt% was determined to be the highest-
performing sample. ILSS improved by about 10% in RGO
compared to non-modified CF. IFSS was increased by 21% in
RGO. Reverifying that RGO does successfully improve the
mechanical properties of carbon fiber. Finally, laser-induced
graphene (LIG) was used to enhance the fracture toughness of
CF (Nasser et al., 2021). By using a 40 W CO, laser, LIG arrays
with vertical alignment were generated on polyimide substrates,
and the LIG was then transferred manually to CF prepreg. Short
beam strength tests revealed a 300% increase in toughness.
Additionally, mode I and mode II fracture toughness
increased by 41% and 69%, respectively. Through the study,
there was an increase in shear strength, fracture toughness, and
both crack initiation and propagation resistance increased.
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Crossbreeding of graphene with other nanomaterials were
also explored to identify their effects on carbon fiber. Rodriguez-
Gonzilez et al. (2018) did so by using mode one and mode two
interlaminar fracture toughness and interlaminar shear strength
measurements to study the effects of MWCNTs and GO
combinations.  Using unidirectional carbon fiber/epoxy
prepregs, three distinct samples of MWCNTs, graphene oxide,
and MWCNTs/GO were sprayed onto carbon fiber at a
concentration of 0.25wt% relative to pristine carbon fiber,
then cured for testing. A double cantilever beam test was used
to determine the mode I interlaminar fracture toughness, and an
end notched flexure testing was performed on pre-cracked and
uncracked samples for mode II fracture toughness. Short beam
shear tests were used to determine the interlaminar shear
strength. SEM images were used to further assess the results
following testing. Using double cantilever beam testing mode one
toughness rose by 11.5%, 8.1%, and 16.7% for MWCNTs, GO,
and MWCNTSs/GO respectively. The same can be said with Mode
two non-pre-cracked MWCNTs increasing by 14%, 8.1%, and
17.6% along with ILSS was increasing by 3.5%, 3.0%, and 4.7%
respectively. In this article, although the total increase in ILSS was
not as large as in other research, improvements were observed.

Similar to Gonzalez, Kwon et al. (2017) also used GO
combined with carbon nanotubes (CNTs) to enhance the
mechanical and electrical properties within CFRPs. In this case,
GO sheets were produced from graphite flakes. 0.01 wt% of multi-
walled CNT's were mixed into distilled water with 0.0003 wt% GO
sheets. EPD was then utilized to allow the new GO/CNT hybrid to
be deposited on the carbon fabric. After sample fabrication, weight
percentages of 0.01, 0.37, 0.61, and 0.65 of GO/CNT were reported.
Mechanical results from short bean strength showed a decrease
from 62 MPa to 55 MPa due to excessive coating between carbon
fibers. Crack pattern analysis showed that the applied load was
transferred to the fibers instead of the epoxy. Electrical studies
showed an increase of about 1400% in through-thickness electrical
conductivity. Overall, the paper saw successful results in the main
category they were striving for. The electrical properties were
greatly enhanced with the obvious decrease in mechanical
properties tested.

Another test that garnered improvements used silver
(AgNPs),
electrodeposition and electrophoretic deposition, AgNPs and

nanoparticles where  through efficient
GO were deposited onto the surface of CF sheets to enhance
the interfacial shear strength and tensile strength of the carbon
fiber (Wang et al., 2017b). The process started by desizing CF in
refluxed acetone. AgNPs were prepared for electrodeposition
with CF as the cathode, stainless steel as the anode, and a mixture
of AgNO; and PVP as the electrolyte. This deposition was
completed through electrophoretic deposition at times of 10,
30, 60, and 90 s. The samples CF/AG/GO-10, CF/AG/GO-30,
CF/AG/GO-60, and CF/AG/GO-90 were named with respect to
their deposition times. SEM and TEM images confirmed that AG

NPs and GO were successfully deposited onto the CF sheets.
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After this confirmation, tensile testing showed an increase of
36.8% in CF/AG/GO-60 compared to untreated CF. Interfacial
shear strength was increased by 86.1% in CF/AG/GO-
60 compared to untreated CF. This article verified that the
use of nanoparticles and GO together was able to successfully
fill in surface cracks of CF, increase wettability, and overall
reinforce the composite. Other metals, like iron oxide (Fe;O,)
and their effects on the micro-crack behavior of CFs were also
studied (He et al., 2018). To prepare these fillers, solid GO was
obtained after filtration and freeze drying, with the Fe;0,/GO
being magnetically separated and washed. The two mixes were
created by adding either GO or Fe;0,/GO to epoxy in a 0.5:
75 ratio and curing with D-230 in a 1:3 ratio. Through vacuum-
assisted resin transfer molding, an epoxy laminate was
strengthened with carbon fiber. In comparison to pure GO,
Fe;04/GO exhibited a significant reduction in the adsorption
peaks of oxygen functional groups, via FTIR. XRD readings
revealed the formation of a Fe;0,/GO particle during
decomposition. SEM and TEM pictures revealed that the
majority of GO coated with magnetite microspheres was
reasonably uniform and that their distribution was uneven in
shape and exhibited some aggregation. Tensile testing at room
temperature and 77 K revealed an increase in tensile strength for
GO and Fe;04/GO composites. GO increased tensile strength by
6.9 percent at room temperature and Fe;O,/GO raised it by
14.1 percent. At 77K, GO increased tensile strength by 12.1% and
Fe;0,/GO by 18.1%, and both Young’s modulus and the
percentage of failure strain increased as well. Fe;04/GO also
boosted fracture toughness and impact strength at 77K by 75%
and 21.1%, respectively, as well as reducing the coefficient of
thermal expansion by 51.6%. This research provides unique
results by testing at different temperatures and this procedure
was proven successful despite a lengthy and complicated process.

Zhang et al. (2016) also ran a lengthy experiment as this
group investigated the impact of adding polyhedral oligomeric
silsesquioxane (POSS) to multi-scale carbon fiber via graphene
oxide (GO). Both the carbon fiber and GO were functionalized
and prepared for use. Later, SEM images of carbon fiber were
produced before and after the addition of GO, followed by GO-
POSS. This showed the clear structural changes between
unfunctionalized and GO-functionalized carbon fibers. This
was confirmed with an atomic force microscopy (AFM),
which was used to examine the topography and roughness of
the carbon fiber. Additionally, X-ray photoelectron spectroscopy,
thermogravimetric analysis, and dynamic contact angle testing
were performed to detect chemical and contact angle differences
between GO and POSS in order to ensure successful grafting.
Mechanical testing was then used to determine increases in shear
strength, and a considerable increase of up to 53.05% in the ILSS
was demonstrated. The study is innovative in that it makes use of
both GO and POSS concurrently. However, with a total
processing time of 112.83h for functionalizing the carbon
fiber and preparing GO and POSS, the fundamental limitation
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TABLE 2 Summary of mechanical properties improvement of carbon fiber-epoxy composite by graphene/graphene oxide.

Material Flexural strength Flexural modulus  Tensile strength ILSS/IFSS REECENE
increment (%) increment (%) increment (%) increment (%)
GO/oCF 20g — — — ILSS: 59.4% Jianjun et al
ACF-Dyg0-GO-2 — — — 6.1% IESS: 59.3% Wang et al. (2017)
Fe;0,/GO/epoxy 0.5% — 31%-58% 18%-14% Kic: 75%-57% He et al. (2018)
(77K - RT)
MWCNTs/GO- 0.25% — — — ILSS: 4.7% Rodriguez-Gonzalez
CF/E (Mode I) et al. (2018)
Gic:16.7%
GO 0.2% 55.5% 19.7% 23.9% — Adak et al. (2018)
GO-POSS 02g — — 53.05% — Zhang et al. (2016)
CF/AG-60 3.36% 28% TESS: 86.1% Wang et al. (2017¢c)
EDA 0.1, -3.8, 12, 6.2% 6.7, 10, 8% 7.3,19.7, 16% — Ashori et al. (2015)
0.3,
0.5%
CF-PEI-prGO — — — — IESS: 78.64% Wu et al. (2003)
SGO 0.2% 13.5% 15.5 — ILSS: 18.6% Chen et al. (2014)
IESS: 60.8%
GO-CFC 2% — 23.5% 53.9% — Altin et al. (2020)
GNP 0.4% 20.8% 20.5% — — Srivastava et al
GO (RT/77K) 0.2% 6.4/4.9% 9.6/7.1% — ILSS: 17.6/8.7% Qu et al. (2020)
rGO (-10°C) 0.3% 62% 44% — — Jenkins et al. (2019)
GO 0.1% — — — ILSS: 8% Han et al. (2017)
GO 1% — — — IFSS: 37.2% Jiang et al. (2017)
GO 0.3% 66% 72% — ILSS: 25% Pathak et al. (2016)
Graphene 1.0% — — — Gic: 145% Du et al. (2017)
PAS-GNP 4.0% — — — ILSS: 252% Kim et al. (2020)
LIG -3% -3% ILSS: 3% Nasser et al. (2021)
GnP 4.0% 7% 3% — ILSS: 19% Qin et al. (2000)
GO — — — — IFSS: 32% Li et al. (2016)
GnP 0.1% 21% 7% — — Tareq et al. (2019)

of this work is its time impracticality. Finally, Tareq et al. (2019)
examined the effects of introducing montmorillonites nanoclay
(MMT), GNPs, and a hybrid MMT and GNP to CFs. To disperse
MMT, a 2% nanoclay was dried and then mixed with epoxy resin.
GNP dispersion occurred from various ultrasonication and
mixing with epoxy resin. These two processes came together
to form the hybrid composite. After material preparation, 0.1 wt
% GNP samples showed the best results of increasing flexural
strength while 2% MMT increased flexural modulus the most
with increases of 21% and 28% respectively. Overall interfacial
bonding was improved in all modified sample types and was
confirmed by SEM. Although both GNP and MMT samples
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performed highest in different areas, the hybrid of the two,
however, decreased flexural modulus by 5%. Table 2 below
displays a culmination of the results discussed in this section.
Showing graphene oxide used for carbon fiber optimization but
with differing methods and results.

Cellulose nanofibers and cellulose
nanocrystals

Many studies aimed at increasing the interlaminar or interfacial
fracture toughness of carbon fiber composites, specifically CFRPs
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with various nanomaterials. However, the high manufacturing and
operating costs of using some of these nanomaterials have led
researchers to study other cost-effective methods of creating
stronger and more optimized composites. This has led to the
creation of hybrid nanofillers, a fusion of two or more nanofillers
that take on the properties of their constituents. A near-infinite
number of these hybrid forms and concentrations can be created to
construct stronger and more affordable components. In this section,
some of these hybrids will be explored.

A key property that carbon fiber manufacturers aim to
increase is the fracture toughness of these composites, to
prevent delamination and ultimately, failure. Gabr et al. aimed
to create tougher polymer matrix composites with epoxy resin,
varying amounts of the nanomaterials bacterial cellulose, BC, (0,
0.5, and 1wt%) and Carboxyl-Terminated Liquid
Butadiene—Acrylonitrile (0, 10 and 20 wt%) or CTBN as
enhancers for these composites (Gabr et al., 2010a). Initially, a
decrease in young’s modulus and tensile strength was found for
all eight combinations, relative to pristine carbon fiber with only
1% BC/10%CTBN having higher tensile strength. Non-
significant increases in flexural strength and modulus were
discovered. However, the initial and propagation experienced
a significant increase of 84% and 72% counteracting the decreases
in other mechanical properties. Gabr et al. also studied the effects
of 0%, 0.5wt%, 1wt%, and 2wt% of microfibrillated cellulose
(MFCs) as the reinforcement of an epoxy polymer matrix and
plain-woven Using the JIS K7073
K7086 standards 2wt% MFC experienced the greatest increase

in mode one interlaminar fracture toughness, crack initiation

carbon fiber. and

force, and glass transition temperature with increases of 44%,
80%, and 12°C respectively.

Researchers at Doshisha University conducted a comparative
study also using BC and MFCs against CNFs to research their effects
on fatigue life (Shao et al., 2015). The weight fractions of both BC
and MFC were separated into 0, 0.3, and 0.8 wt% of the epoxy
matrix and once the carbon fiber was laminated and cut, both
mechanical and fatigue tests were analyzed via ASTM D3039-08 and
ASTM D3479 standards for two million cycles. The high cycle
fatigue life increased greatly for 0.8 wt% MFC and BC, by nearly
10-30 times for 0.3 wt% MFC. The effects of the nanofillers with the
carbon fiber and epoxy adhesion were also realized due to a 76.9%
increase in the interfacial shear strength. There was also an increased
delamination resistance as the energy release ratio increased by
1.6 times. These results exemplify the use of nanofillers to produce
significant increases in carbon fiber fatigue life and are scarcely
found throughout the composite industry.

These same researchers also researched hybridizing 0, 0.5, and
1 wt% MFCs and 0, 10 and 20 wt% CTBN (Gabr et al., 2010b). In this
study, the hybrid nanofillers incurred slight decreases in the young’s
modulus, flexural and tensile strength, relative to pristine carbon fiber
in all but one concentration. However, the mode one fracture
toughness increased by 96% and 127% in both initial and
propagation fracture toughness. These papers show the novelty of
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using other cellulose microfibrils like MFC and BC to create increases
in fracture toughness, with little to no effects, on a carbon fiber
composite’s mechanical structure. Another alternative cellulose that
was explored is nanocrystalline cellulose (NCC) silanized by 3-
(Zhang et al, 2019b).
Continuous coating was a method proposed by Zhang et al. as an

aminopropyltriethoxysilane  (AMEO)

inexpensive way to increase the interfacial properties of carbon fibers,
in which concentrations of 0, 0.1, 0.3, 0.5 wt% AMEO-NCC was dip-
coated onto eight layers of carbon fiber, cured, and cut for testing. This
is accurately displayed under Figure 8C. The greatest mechanical
increases of these hybrid concentrations were incurred by 0.3wt%,
where interfacial shear strength, flexural modulus, and flexural
strength increased by 91%, 23.24%, and 18.21%. Although
continuous coating has been highly utilized, it has not been
adequately studied for NCCs, hence the novelty of this experiment.

Another novel cellulose that has scarcely been utilized with
carbon fiber is carboxymethyl cellulose (CMC). Qiu et al. (2021)
studied the possibility of avoiding stress concentrations by
introducing polar functional groups with 0, 0.025, 0.05, 0.075,
and 1 g of CMC. The methodology of creating CMC-modified
CFRPs can be visually shown within Figure 9C. After testing their
modified carbon fiber samples, tests unveiled that the contact
angle of modified samples decreased as CMC increased, proving
greater wettability as CMC increases. The ILSS of modified CFs
were tested using ASTM D2344 and increased with all amounts
of CMC, most noticeably with an increase of 18% with CF/
0.075 g CMC. Cellulose Nanocrystals (CNC) in combination
with thermoplastic polysulfone (PSF) were used by Cai et al.
(2019). To toughen the epoxy resin with the aim of creating
stronger carbon fiber composites. A 16-layered carbon fiber
composite was prepared using the hand-layup method with
different CNC, PSF, and epoxy concentrations. CNC/Epoxy
bulk composites were divided into 0.1%, 0.3%, 0.5%, 0.75%
and 1%CNC/EP, with supplementary bulk composites
comprised of: 10%PSF/EP, 20%PSF/EP, 10%PSF/0.5%CNC/EP
and 20%PSF/0.5%CNC/EP. After each concentration was
applied onto the composite, it was then evacuated for 30 min,
cured for 16 h at 120°C under a 250 kPa load, and cut for the
following ASTM tests: ASTM D3039, D7264, D5045, D5528, and
D7905. These tests verified that 0.5%CNC/EP garnered the
greatest increase in strength relative to other CNC/Epoxy bulk
composites, increasing the tensile strength and modulus by 13%
and 18%, as well as the critical stress intensity factor (Ki.) by 33%.
Although these increases in strength are apparent, when it comes
to the increases in fracture toughness, the PSF/EP and PSF/CNC/
EP composites display much larger increases. These bulk
composites increased the mode I and II fracture properties of
critical strain energy release rate (Gy.) and Kj. upwards of 126%
and 109% respectively. However, the flexural and tensile
strengths of these composites decrease significantly, limiting
their use. Despite this, the use of PSF for increasing mode I
and II fracture toughness, through electrospinning has been
rarely explored. More researchers also modified carbon fiber
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TABLE 3 Summary of mechanical properties improvement of carbon fiber-epoxy composite by organic nanofillers (CNC/CNF).

Material Flexural strength Flexural modulus Tensile strength ILSS/IFSS References
increment (%) increment (%) increment (%) increment (%)
BC0.5/CTBNO 0.5%/0% | —0.87 —44 -10.8 IF: 84% PF: 72% Gabr et al.
(2010a)
BC 0.8% — — 9 76.9% Shao etal. (2015)
CNF 1.0% — — — 104% Umeki et al.
(2016)
CF/GO/CMC 0.003 g/ — — — IFSS: 58.93% Qiu et al. (2021)
05¢g
ILSS: 50%
CNC 0.5% 8.3 9.5 13.1 — Cai et al. (2019)
CNC-pCNT 0.2-0.2% 34 15 -2.5 34.7% Shariatnia et al.
(2020)
CNC-GnP 4:1 13 - 13 ILSS: 28% Kaynan et al.
(2022)
IESS: 45%
CNC-CNT 10:1 55 — 15 ILSS: 46% Kaynan et al.
(2022)
IFSS: 100%
MEC 2% — — 4 Gic: 79, 75, 66 Gabr et al.
(2010b)
Gicp: 14, 24, 52
MFC/CBTN 1%/10% -5 26 -14 IFT: 96% Gabr et al.
(2010a)
PFT: 127%
AMEO-NCC 0.5% 15 12.9 0.9 IFSS: 94.22% Zhang et al.
(2019b)
CMC 0.075 g — — 8 ILSS: 18.09% Qiu et al. (2021)
APTES-CNC (12k/ | 1% — — — IFSS: 77/81% Batista et al
individual)
CNF/FF-film — — — — 100% Zhang et al.
(Without WE) (2021)

with CNC through functionalizing cellulose nanocrystals with 3-
aminopropyltriethoxysilane (APTES) (Reale Batista and Drzal,
2018).

The APTES-CNC solution concentrations were set at 0.6%,
1%, and 2 wt% for two varying sizing methods. The first was
immersing 12 k CF tow into the solution for 20's, then slowly
raising CFs. The second sequence places the CFs in the solution
at a sequence of 5min with stir/3 min without stir for about
32 min. Respectively, these sequences produce 12 k tow-sized
and individually sized carbon fibers. After ILSS testing was
conducted 1.0 wt% APTES-CNC gave the largest growth at
77% and 81% increase for 12 k tow-sized CF and individually
sized CF, respectively. Work done by Qiu et al. (2020) explored
increasing the interfacial performance of carbon fiber through a
sizing process with Carboxymethyl cellulose (CMC) and
graphene oxide (GO) as the sizing agents. This research
aimed to avoid mechanical damage but to also complete this

Frontiers in Materials

20

task in an environmentally friendly manner. Graphene oxide
sheets were synthesized, and four test beakers were created
containing, 100% CF, 0.003 g of GO, 0.05g CMC and 0.003 g
GO with 0.05 g CMC which were named CF, GO/CF, CMC/CF
and CF/GO/CMC respectively. FTIR spectrometry, SEM
imaging and Raman spectrometry were conducted and
verified that hydrogen bonds were formed in this process,
which increases the composites’ energy absorption. This was
verified through an interlaminar shear strength of the GO/CF,
CMC/CF and CF/GO/CMC increased by 13.2%, 28%, and 50%
With  the
environmental impact, increasing CFs in an environmentally

respectively. rising concern of a product’s
friendly way like this article attempts to has been rarely explored.

Another way to test and optimize carbon fiber composites, in
an environmentally friendly way is to do so virtually. Ahmad and
Bajpai (2018) conducted an experiment electronically simulating
the structural applications of jute fiber woven mats by using
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simulation software such as Simulia Abaqus and Siemens PLM
NX. Varying types of composite sheets were created and
simulated, such as unidirectional jute fiber, Bi-directional
woven jute mat and random oriented short jute fibers; all
with jute amounts ranging from 0% to 100% jute. The tensile
tests conducted under ASM
D3039 standards, and through a simulation, in which the
modeled data was slightly higher than the experimental

were experimentally,

findings. Additional parameters were chosen and studied,
including ply orientation, varying jute fiber reinforcement and
differing weft fiber angles. The methodology as to how the virtual
carbon fibers were composed was extensive but very little is
known about the physical CFs that were tested. Shariatnia et al.
explored the use of producing hybrid composites without
chemical functionalization or inserting surfactants into the
manufacturing process, which can lead to a more cost-
effective composite. Kaynan et al. (2022) also tried a new
approach to create stronger CFRPs by using hybrid
nanomaterials.

Kaynan aimed to insert CNT and graphene nanoplates (GnPs)
via dip coating with CNC:s to stabilize these nanomaterials within
CFRPs. These nanomaterials were categorized via the mass ratio
CNC to CNT/GnP and separated as CNC-CNT 4:1, 6:1, 8:1, 10:1,
and 12:1 with CNC-GnP 1:1, 2:1, 4:1, and 6:1, all to be measure and
tested (Kaynan et al, 2022). The combinations of CNC, CNC-
CNT, and CNC-GnP accounted for 0.2 wt% of the epoxy matrix,
in which the coating and immersion of unidirectional CF fabrics
were applied for 20 min and cured at 120°C for 24 h. These CF
fabrics were stacked in an [0,,90,,0,]; sequence using a VaRTM
process and separated by nanomaterial for testing. The results
showed that 10:1 CNC-CNT and 4:1 CNC-GnP had the greatest
interfacial shear strength increases of 200% and 145% respectively,
with morphology images showing that polar oxygen groups
increase the adhesion of interfacial properties. It was also
determined that flexural and tensile strengths increased as well.
Although the process to create these results are not unique, as
many have integrated nanomaterials onto CFRPs via dip coating,
the results garnered are impactful, relevant, and offer minor
disadvantages. Another plant fiber that has attained greater
attention is chopped flax fibers (FFs). This is due to their
microstructure enhancing the toughness of composites, which is
what researchers at Tongji university aimed to do (Shariatnia et al,,
2020). In their research, these researchers combined pristine
carbon nanotubes (pCNT) and assisting FFs, such as CNC, on
functionalized CNT (fCNTs) to aid in pCNT dispersion onto a
CFRP polymer. Two coating processes were used for this project:
Immersion (I-coating) and Simultaneous Immersion (IS-coating),
for an eight-layered CF composite. After the layers have been
oriented, they undergo a VaRTM process, then encased and
vacuumed to permit resin infusion afterward, where the vent
was operational for 24h To promote curing. After said curing,
the sample was cut via a water jet for various testing and analysis.
Implanting CNC-pCNT onto CF produced increases in flexural

Frontiers in Materials

21

10.3389/fmats.2022.1089996

strength, flexural modulus and interlaminar shear strength by 33%,
15% and 35% respectively. The use of processing-manufacturing
methods for creating CFRPs is not typical for structural
applications but can be an appropriate method to do so, as this
project produces noticeable results in mechanical and thermal
properties, despite its novelty.

Wang et al. (2017c¢) utilized chemical vapor deposition in an
experiment determining the effects of hybridizing polyimide-graft-
(PI-BDA) and SWCNT
concentrations to increase the ILSS of the carbon fiber matrix.

bisphenol A diglyceryl acrylate
The carbon fiber tows were prepared in two different ways, desize
via Soxhlet extraction and the CVD method and separated into
four concentrations of 0.2%, 0.5%, 1.0%, and 2.0% SWNT/PI-
BDA. These concentrations were characterized under FESEM
imaging, Raman spectrum analysis and atomic force
microscopy (AFM). It was hypothesized the coatings allow for
an increase within the carbon fiber and matrix contact area. After
testing, the ILSS analysis showed significant increases in strength
for all concentrations, with 0.5 wt% increasing the ILSS by 103%,
relative to control CF/Epoxy composites. Zhang et al. (2021) also
considered the use of plant fibers comprising of FFs and CNFs for
interlaminar toughening. CNF/FF-film was created when flax
fibers were dissolved into water with a CNF suspension and
waterborne epoxy added. These were then separated into three
interlayers: neat FF mat, CNF-network film and CNF-film for
testing. The Mode II Interlaminar fracture toughness was analyzed
using ASTM D7905 standards and it was discovered that the
fracture toughness of each interlayer, barring CNF-networks
without WE, increased relative to the control. The greatest
increases were in CFRPs that contained WE and were found to
be 38.7%, 69.4%, and 112% increases in mode II toughness.
Lastly, Umeki et al. (2016) expands on previous research to
create a macro-thin composite which was made from plain
woven fabrics and an extremely thin CNFs as combinations of
regular N (120 um) and spread (40 pm) carbon fiber tow. Umeki
classified thick prepreg as a combination of 16 layers of regular CF
tow and both epoxy resin with thin prepreg consisting of 48 layers of
spread CF tow with both epoxy resin, creating four classes of testable
laminates. These laminates were then subject to mechanical and
fatigue life testing, in which minor increases in tensile strength and
modulus were achieved, relative to the unmodified epoxy/regular
tow. The modified epoxy/spread tow reached the greatest fatigue
life, even exceeding the number of cycles to failure. A condensed

culmination of all of these results can be shown below in Table 3.

Future challenges and conclusion

The use of nanofillers within carbon fiber has been studied
and proven to be successful when incorporated into epoxy and
carbon fiber laminates. This paper has explored four main
nanomaterials that have been gaining popularity, with the aim
of providing up-to-date information on the novel studies
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researchers have been conducting. This paper identified the
current uses of pure graphene, CNT, CNC and CNF.
Incorporating the cellulose based nanoreinforcements offered
the greatest potential in increasing mechanical properties and
was shown to increase interfacial interaction and roughness. The
incorporation of graphene as nanoreinforcement was able to do
so as well, irrespective of testing temperature, as well as increase
CF electrical properties such as through-thickness conductivity.
Hybrid combinations varying nanomaterials were shown to
increase ILSS and IFSS. However, most reports showed that
hybridization showed little, none or even negative effects on
other parameters. Overall, the covalent interactions of the
nanofillers with carbon fiber and its matrix led to the
enhancement of its mechanical and even thermal and
electrical properties. All while adding little to the weight and
thickness of carbon fiber. Due to the unique composition of these
nanomaterials, it has been shown that the mechanical properties
of carbon fiber tend to increase with minimal weight percentages.
Despite this, one challenge that was observed was the preparation
time. In many processes to increase the strength of carbon fiber,
long and complicated material preparation were recorded, which
hinders the practicality of these methods. Hence, if timing is
important, a compromise will have to be reached. To conclude,
this comprehensive study on the preparation, testing and
applications of these nanofillers demonstrate the immaturity
of our knowledge, as unique processes are uncovered
continuously. More research is required within this field to
realize the full potential of these nanomaterials.
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