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Abstract: Carbon fibre reinforced polymer composites have high mechanical properties that make
them exemplary engineered materials to carry loads and stresses. Coupling fibre and matrix together
require good understanding of not only fibre morphology but also matrix rheology. One way
of having a strongly coupled fibre and matrix interface is to size the reinforcing fibres by means
of micro- or nanocarbon materials coating on the fibre surface. Common coating materials used
are carbon nanotubes and nanofibres and graphene, and more recently carbon black (colloidal
particles of virtually pure elemental carbon) and graphite. There are several chemical, thermal,
and electrochemical processes that are used for coating the carbonous materials onto a carbon fibre
surface. Sizing of fibres provides higher interfacial adhesion between fibre and matrix and allows
better fibre wetting by the surrounded matrix material. This review paper goes over numerous
techniques that are used for engineering the interface between both fibre and matrix systems, which
is eventually the key to better mechanical properties of the composite systems.

Keywords: polymer composites; carbon fibre; carbon nanotube coating; graphene coating; chemical
vapor deposition; fibre/matrix interface; mechanical properties

1. Introduction

Carbon fibre (CF) reinforced polymer composites have been consistent in gaining
high importance in the area of composite science and technology [1-3], particularly in
aerospace [4], defence [5], sports goods [6], and automotive industries [7]. The combi-
nation of polymer matrix and reinforcing fibres results in high-performance materials
that offer weight reduction of more than 50% compared to those of aluminium and steel,
respectively [3]. CF reinforcement commands the strength and modulus properties of CF
reinforced polymer composites and is the primary load element. The composite material
performance usually depends on the interfacial characteristics of the reinforcement and ma-
trix material [8]. It is imperative to have a high-volume fraction of fibres (around 55-60%) to
obtain high mechanical performance [9]. Nevertheless, the low interfacial strength and the
shortage of interfacial covalent bonds are caused by the even and unreactive characteristics
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of the CF surface, thereby affecting the mechanical properties of composites [10,11]. Itis a
long, prevailing, and highly important issue needed to address for the continuous progress
of CF reinforced polymer composites in prospective advanced applications. Several re-
search works have been focusing on examining and comprehending the physicochemical
interactivity at the fibre/matrix interface [12-16]. The sufficient amount of hydrogen bond
and Van der Waals forces between the CF and matrix are essential throughout composite
processing for strong interfacial adhesion. The fibre/matrix interfacial adhesion energy
should be higher than the cohesive energy of the matrix [17-20]. The high-performance
polymeric composites’ mechanical properties can be improved by modifying CF surface
and structure [21,22]. Still, the importance of controlling the fibre/matrix interfacial charac-
teristics is a key task. CF has a non-polar surface with the structure of crystallized graphitic
basal planes. The chemical inertness of the CF is caused by the high-temperature car-
bonization or graphitization during manufacturing [23]. In addition, inadequate bonding
with the matrix materials during the manufacturing is triggered by the surface lipopho-
bicity, extreme smoothness and low adsorption characteristics of CF [24]. Thus, strong
fibre /matrix interfacial adhesion for successful transfer of stress at the interface is executed
by the modifications at the fibre surface to resolve the inertness of CF hierarchically rein-
forced composite structures [25-30]. Significant advancements have been attained in CF
reinforced composites for the fibre/matrix interfacial strength and matrix governed by
the thickness performance, for example, fracture toughness, fatigue life, impact strength,
and interfacial shear strength on the basis of their distinctive structures and modulus and
outstanding strength [31-33].

Sizing technology has been recently appraised for the modification of CF surface
through micro- or nanocarbon materials coating and improvement of fibre/matrix inter-
facial adhesion [34]. In regard to sizing, in the presence of fibres, retardation of the main
crack and an increase in fracture work because of the debonding of fibre and matrix pull
out can be possible due to the dissipation mechanism of main energy under mechanical
load [35]. It is important to ensure good adhesion of coating onto fibre (in this limiting case;
chemical bonding) for resisting the fibre oxidation, otherwise the chance of fibre getting
deboned and pull out from the matrix will be higher [15,36—40].

The technologies of fibre coating were established a long time ago for numerous
purposes. Carbon nanomaterials such as carbon nanotubes (CNTs), carbon nanofibres
(CNFs), graphene, carbon black, and graphite have been popularly employed [41-49].
Of them, CNT and graphene have increased noteworthy developments in the electrical
characteristics, tensile strength, and barrier performance of fibre [50,51]. CNTs are the
precursor in this regard, due to their extraordinary inherent properties; for example, me-
chanical, physical, electrical, thermal, opto-electronical, and field emission [52-56]. The
complications related to the matrix predominating properties can be minimized by the
advanced fibre reinforced polymer composites materials through this coating technique.
The utilization of CNT in the large volume of polymer composites is an established tech-
nique and is utilized well by researchers in-depth [57-64]. Depending on the types of
precursor coating materials, several coating techniques have been proposed, including
chemical vapour deposition (CVD) [65-71], dip coating [70,72], electrophoretic deposi-
tion [73-75], and spray coating [76]. The highly crystallized graphite basal plane sites can
be functionalized by these methods and raises their surface energy. Due to the addition
of reactive functional groups or pitting, the fibre surface becomes roughened. As a result,
mechanical interlocking between fibre and polymer, which imparts interfacial strength
to the composite materials, is improved [77-79]. The largest batch of nanocarbon coated
fibre reinforced composites are developed by using traditional hot-walled chemical vapor
deposition, which coats CNFs over woven CF materials, with composite lengths restricted
to the magnitude of the stable hot zone [68]. The volume of the material to be coated can
be maximized using rolled or scrolled woven fabric upon employing tubular furnaces [80].
Regarding the polymer composite matrix, they can be divided into two overarching classes:
thermosetting and thermoplastics polymers [81]. Curing involves the development of
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a cross-linked molecular, three-dimensional structure in both cases. A few obligations
are required to be performed as a matrix. It includes the transfer of loads between fibres,
protecting the notch sensitive fibres from abrasion and framing a protective boundary
between the filaments and environment [82]. Preventing assaults from moisture, chemicals
and oxidation is also an essential requirement for matrix as a protective barrier [83]. The
composite is needed to be provided with shear, transverse tensile, and compressive proper-
ties by the matrix. Their performance governs the behaviour of the composite under the
influences of temperature [84,85].

There are a significant number of published review articles on carbon-based polymer
composites that demonstrate either the use of carbon fibre, or nanocarbon particles and
nanofibres as the reinforcing fillers. However, there was no emphasize on reviewing the
technology that shows how the nanocarbon are coated onto CF to reinforce polymer ma-
trices. With innovative interface-engineered hierarchical structures, this method allows
CF reinforced composites to have better strength and durability. In particular, the use of
micro- or nanocarbon coating on CF show the potential of using these hybrid fibres in
fabricating high-performance composites for automotive [86,87] and aerospace compo-
nents [88,89], and several other structural applications including construction [32] and
defence [73,90]. The potentiality of such hybrid fibres for reinforcing polymer matrices
are well-demonstrated by many researchers in the form of research articles, books, or
patents. This article reviews those published researches and focuses on the general con-
cepts of carbon materials coated CF reinforced polymer composite. It first summarizes
the different carbon coating types onto CF. It then highlights various coating techniques
such as chemical, thermal, and electrochemical. It further focuses on the different polymer
matrix materials, which are essential to fabricate the polymer composites and enhance the
performance of composite material. The influence of carbonaceous materials coating on CF
on the mechanical properties of their reinforced composites is also discussed. Some future
recommendations are also drawn based on the current limitations relevant to these hybrid
fibres reinforced composite systems.

2. Types of Coating
2.1. Carbon Nanotubes and Nanofibres

Carbon nanotube (CNT) and carbon nanofibre (CNF) coating on CF reinforced poly-
mer composites exhibit excellent properties that are essential in many high-performance
applications including automotive [86,87] and aerospace [88,89]. High strength (>150 GPa),
modulus (~1 TPa), thermal conductivity, electrical capacity and thermal stability are the
common characteristics of this coating [91]. Several research works have been done based
on CNT coated CF reinforced polymer composites [65,67,89]. Importantly, an optimal
loading for CNT coating in the polymer composites is a key criterion to employ its out-
standing mechanical characteristics in the composites. It has been studied that increasing
CNT loading can primarily lead to an increase in tensile strength and tensile modulus,
however, increasing CNT loading has an adverse effect on the tensile modulus and strength
of the composite beyond a critical weight fraction [92]. For example, the deterioration of
tensile strength, failure strain and elastic modulus of polystyrene composites has been
found beyond a critical CNT mass fraction [93]. Nanotubes can cause agglomeration that
decreases the interphase region and produces stress concentration sites of the composites,
thereby leading to failure [94]. This can cause a reduction in the load carrying capacity of
the composite as well. Therefore, it is necessary to grow CNT directly on the CFs surface.
The processing parameters such as the growth time, catalyst, and growth temperature play
an important role in the extent of CNT coating and the fibre surface coverage. Agnihotri
et al. [95] have studied the effects of CNT coating on the CNT-coated CF/polyester com-
posites” properties. The researchers have found that the optimization of the multiscale
composite properties can be achievable by changing the reactor duration for chemical
vapor deposition (CVD). Dispersion, degradation of the CNTs and matrix viscosity are
some challenging issues for CNT coating [96]. In some cases, the dispersion techniques



Polymers 2021, 13, 2771

40f23

500 nm

of CNTs coating in the polymer composites resulted in low CNT graphitization, poor
nanotube alignment, CNT agglomeration, inadequacy to small weight percentage (wt%)
accumulations, deficiency of morphology control, and reduced matrix infusion capability
while using infusion techniques, such as resin transfer molding (RTM) and vacuum assisted
resin transfer molding (VARTM). The role of CF as a substrate for CNT coating permits
well dispersed and high-density CNTs for the incorporation in the composite. The link
among the adjoining CFs, generating electrical and thermal percolation routes throughout
the composite and improving the mechanical characteristics of CF-based composites can
be possible by CNTs. The interfacial adhesion between the resin-dominated (i.e., volume
or weight fraction of resin is much higher than the filler) processes and the CFs can also
be improved by the CNTs. The effect of sonication time on the mechanical properties of
CNTs reinforced multiscale composites. Compared with neat epoxy resin, the residual heat,
rate of reaction and heat flow and conversion at the beginning stage of the cure course has
been enhanced by involving non-woven CNFs in the composites. Sharma and Lakkad [91]
investigated the CF before and after the growth of CNTs/CNFs. According to the TEM
images (Figure 1A), the centre of the CNT has a hollow core, which is very narrow. It is
clear that the CNT covered the fibre surface uniformly and grew long enough with various
diameter and length. As shown schematically in (Figure 1B), the long CNTs may orient
themselves with the direction of drawing of the fibre when it is being pulled out through
the very small orifice of the wire drawing die. The CNTs/ CNFs grown on CF is shown in
Figure 1B(I) whereas the schematic diagram of polymer matrix dipped fibre and its pulling
through the wire drawing die is portrayed in Figure 1B(II). The CNTs/carbon nanofibre
coated CF after pulling out through the die is shown in Figure 1B(III), which displays an
expected partial alignment of long CNTs/CNFs along the fibre axis, whereas the short
CNTs/CNFs are still expected to remain unchanged. The cause of the alignment is due to
the viscous force of the polymer matrix and also the frictional force due to the compactness
of the opening of the die. Throughout the fibre pulling across the die, the exertion of the
forces took place. The increase in the composites’ tensile strength is due to this partial
alignment.

B CNTSs/CNFs grown on fiber

'~

“arbon fiber

Polymer matrix Fiber drawing direction
Il - >

Fiber tow after pulling through the die

Carbon fiber tow Wire drawing die

Fiber drawing direction

Polymer matrix

)
%‘ Carbon fiber

Direction of force on CNTs/CNFs

Figure 1. (A) TEM images of the carbon nanotubes: I. aligned bundles of hollow-core MWCNTs; II. isolated MWCNTs.
(B) Schematic diagram illustrating: I. carbon fibre after the growth of CNTs/CNFs; II. fibre dipped in polymer matrix and

drawn through the die to fabricate a single fibre tow composite specimen; III. carbon fibre after drawing through the die

showing partial alignment of CNTs/CNFs along the fibre axis due to the viscous force of the matrix and the force due to the

smallness of the orifice. Reprinted with permission from ref. [91], Copyright 2011 Elsevier Ltd.
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It has been reported that the tensile strength increased by 69% for the multiscale
composites compared to the reference composites made of CF while undergoing similar
heat treatment processes as the CNTs coated CE. The authors have attributed that the
presence of CNT on the CF surface improved the tensile properties of the composites. It is
without a doubt that the addition of CNTs influences the properties of the composites.
The most simplistic route is to add the CNTs to the polymeric matrix directly before
fabricating the fibre-based polymer composite. Boroujeni et al. [97] have shown noteworthy
enhancements for vibration attenuation (25.8%), impact energy absorption (21.3%) and
axial strain to failure (12%) by adding multi-walled CNTs of 2.0 wt% to an epoxy matrix of
a fibre reinforced polymer.

2.2. Graphene

Graphene coated CF reinforced polymer composites are used due to graphene’s ex-
ceptional electrical, thermal, and mechanical properties [98-100]. Numerous studies have
been done by incorporating graphene or graphene oxide (GO) sheets onto a wide range of
polymer matrices [98,101-103]. He et al. [104] have introduced the graphene/CF hybrid as
a multi-functional interfacial nano-reinforcement of CF reinforced polytetrafluroethylene
composites for the enhancement of the mechanical and electrical properties. A slight
increase in the tensile strength was also observed. Accordingly, an effective method is
necessary for depositing graphene oxide onto the surface of CFs. For optimum improve-
ment in mechanical properties of polymer matrix composites, the major key issues for
favorable interaction are the alignment and dispersion of graphene on the polymer and
the surface modification. Agglomeration of the graphene sheet is often caused by the
entangled structure produced during the synthesis of graphene and interlaminar Van der
Waal forces. While mixing with polymer, major complications arise due to the dispersion
and peeling of graphene in media. Poor agglomeration and dispersion of graphene sheets
can trigger nano defects in laminated composites, which can lead to poor enhancement
of the mechanical properties. Multifunctional sizing agents such as graphene oxide can
be consistently dispersed and robustly adsorbed on the CF surface to form an additional
hierarchical reinforcement. It has the capability to generate in enormous numbers at a
relatively low cost and holds outstanding mechanical properties. For the time being, it
covers numerous oxygen functional groups, for example; epoxide, hydroxyl, and carbonyl
groups. It has been studied that graphene oxide treatment on the surfaces of short CF
can significantly enhance the adhesion at the interface of CF/polyethersulfone compos-
ites owing to the hydrophilic oxygen-functional groups in the basal planes of graphene
oxide. Li et al. [105] has examined graphene coated short CF reinforced polyethersulfone
composites to be used in cryogenic engineering field. The cryogenic mechanical perfor-
mance was examined in the cryogenic tensile and bending test systems (Figure 2A) as
demonstrated by Okayasu et al. [106]. In the work conducted by Li et al. [105], the sizing
was conducted in a method similar to the Hummers method through acid oxidation of
graphite powders. The preparation of pure polyethersulfone was conducted using the
injection molding technique, which helps to observe the effect on the mechanical properties
of the polyethersulfone matrix when an extrusion compounding process is used. Dried
graphene oxide-coated short CFs were re-dispersed in deionized water and intensively
stirred. The coating of short CFs was conducted in order to assess the coating efficiency of
graphene oxide on short CFs in the physical adsorption process. According to Figure 2B,
the graphene oxide was still robustly adsorbed on the short CFs surfaces, as shown in
the SEM image of the collected short CFs. The researchers have reported an increase in
tensile and flexural moduli when graphene oxide coating is used due to their outstanding
elastic modulus. The optimal graphene oxide content of 0.5 wt% can efficiently improve
the overall mechanical performance of the composite. Moreover, the usage of reduced
graphene oxide can improve the interfacial property and mechanical properties of CE. The
reduced graphene oxide coated CF has been found to be more effective than CF to en-
hance the unsaturated polyester-based composites in terms of electromagnetic interference
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shielding property. Chen et al. [98] have obtained that the shielding effectiveness of the
composite at the frequency range 8.2-12.4 GHz (x-band) of reduced graphene oxide-based
CF having 0.75% mass fraction can reach 37.8 dB, which is a 16.3% increase compared to
that of CF unsaturated polyester based composite (32.5 dB) for the same mass fraction.
Directly grafting graphene on CF can contribute to enhancing the mechanical properties of
polymer composites. Figure 2C shows the SEM image of grafted GO on CF by ester linkage
in a low temperature (>100 °C) solvothermal process [107]. Zhang et al. [108] have studied
the novel hierarchical reinforcement of CF on which graphene oxide is directly grafted.
The interphase strength between the CF and resin matrix was boosted due to the grafting
of graphene oxide onto CF. Surface modification can effectively increase the polarity and
wettability of the surface of CF without compromising the tensile strength [1]. The efficient
graphene oxide reinforcement between CF and matrix resin results in these improvements.
The ample potential in high-performance CF polymer composites is demonstrated due to
the enhanced mechanical performance of this kind of hierarchical reinforcement.

Tensile and fatigue test

Bending test Fixture
Loading
g Liquid nitrogen

CFRP Stainless steel

of

Styrofoam

CFRP

Figure 2. (A) Schematic diagrams of cryogenic testing system for three-point bending and tensile tests. Reprinted from
ref. [106], Copyright 1969 Elsevier Ltd. (B) SEM image of GO coated SCFs. Reprinted with permission from ref. [105],
Copyright 2016 Elsevier Ltd. (C) SEM images of graphene oxide grafted on CF. Reprinted with permission from ref. [107],
Copyright 2020 Elsevier Ltd.
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2.3. Carbon Black

The usage of carbon black coated CF reinforced polymer composites has been con-
sidered in some researches due to their microcrystalline structure and different functional
groups available on the carbon black surface [22]. Comprising virtually pure elemen-
tal carbon, carbon black is found in the form of colloidal particles (pellet or powder)
synthesized by incomplete combustion or thermal decomposition of gaseous or liquid
hydrocarbons [76]. The carbon atoms have hexagonal planes, resembling that of graphite,
and the arrangement of these atoms of carbon black crystallite is ordered in graphite layers
individually [109]. However, quasi-graphite crystals have a disordered array of carbon
atoms in the adjoining layers. A high temperature is required for the manufacturing
process of carbon black [110,111]. The primary structure is formed by the generation of
adjoining particles simultaneously, melted into a chain, and occupying three degrees of
space. This primary structure forms loose secondary structure steadily because of the
Van der Waals force or physical adsorption. These secondary structures can also be called
temporary structures due to their susceptibility to mechanical damage during processing.
Dong et al. [22] applied a carbon black coating on the surface of CF to enhance the mechan-
ical properties of CF/epoxy composites. The interfacial strength between resin matrix and
CFs was calculated using interfacial shear strength (IFSS) tests in this study. As shown in
Figure 3A, IFSS of 5 min modified CF (CF-5) increased by 44.4% (49.45 MPa to 71.91 MPa)
compared to untreated CF (CF). The surface energy was enhanced by the homogeneous
distribution of carbon black, leading to enhanced wettability between CF and epoxy resin.
The development in the surface roughness leads to an increase in bonding between the
fibres and resin. Interface shear strength of 10 min modified CF (CF-10) significantly rose
to 54.05 MPa at increasing carbon black growth time. The variability of the secondary
structures of carbon black created caused the microdroplet composites to slide with rela-
tive ease from the fibre surface, even though the roughness and wettability of the fibres
were improved. The properties of polymeric matrix and CFs as well as the efficacy of the
interfacial adhesion between the matrix and the CFs are completely responsible for the com-
posites” outstanding mechanical properties. Figure 3B illustrates the correlation between
the different growth time of the carbon black and its effect on the CF/epoxy composites’
mechanical properties. The interlaminar shear strength (ILSS) of untreated CF composites
was observed to be 47.6 MPa, however, the shear strength value of CF-5 min was 22.0%
and CF-10 min was 13.55% higher compared to that of untreated CF composites due to
the weak bonding between fibre and matrix. The structural integrity of composites was
improved by the carbon black deposited on the CF surface that shifts the load successfully
from the matrix resin to the fibre. The defects on the fibre surface coverage and stress
concentration reduction can be possible by the carbon black coating, thereby increasing
composites” mechanical properties (Figure 3C). The carbon black’s secondary structure
deteriorated the interfacial adhesive force between the resin and the fibres with time. The
deposition of carbon black on the untreated-CF, CF-5, and CF-10 can be seen in Figure 3D-F.
There was an enhancement in the surface energy of CF and in the wettability between the
carbon black and matrix. As no holes were reported in the composite and epoxy matrix,
we can say that the mechanical properties and interfacial adhesion of CF reinforced matrix
were considerably enhanced. Several gaps between the fibre and the resin were detected
while decreasing the number of voids and drawn fibres. Collectively, carbon black can
increase the surface energy, the wettability, the CF surface roughness and cover the defects
of CF surface [22].
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Figure 3. Mechanical properties of carbon black coated CFs/epoxy composites: (A) IFSS tests results
of the composites. (B) ILSS of the composites. (C) Impact test results of the composites and single
fibre tensile strength. SEM morphologies of the fracture surface of composites (D) the untreated-CF,
(E) CF-5 min, (F) CF-10 min. Reprinted with permission from ref. [22], Copyright 2017 Elsevier Ltd.

2.4. Graphite

Graphite coated CF reinforced polymer composites graphite are gaining interest
because graphite is considered in nature as the stiffest material and has outstanding
electrical and thermal conductivity owing to its layered structure. Exfoliated graphite
nanoplatelets (xGnP) can be formed from graphite flakes interpolated with extremely
concentrated acids which, at high temperatures, can be increased over a hundred times
over their initial volume. The particles can be made of singular or a few layers of graphene
sheets with considerable exfoliation. Park et al. [112] have fabricated xGnP/Cu coated
CFs epoxy composites. Excellent electrical and thermal conductivity and good mechanical
properties of xGnP polymer nanocomposites were found at low xGnP content of even
less than 2 vol%. Due to the high surface area and aspect ratio of xGnPs, a percolated
conducting network within the polymer is generated with a concentration of less than
2 vol%, thereby resulting in outstanding properties of these polymer nanocomposites. In
Figure 4A, the SEM images of the coated CFs with varying applied voltages using the
copper plates as anode are shown. As shown in Figure 4A(Il), except at the applied voltage
of 10 V for 5 min, the surface of CFs treated with different process conditions was seen
to have a relatively good deposition of xGnP with a size of 1 um on the CFs in the ESEM
images. As shown in Figure 4A(V,VI), there is redundant deposition above 40 V for 5 min.
It is provident that the quantity of xGnPs on CFs steadily rises with an increase of the
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voltage applied at constant deposition time. Further investigation of the morphology of
the coated fibres specified that there were additional constituents such as granular and
co-deposited particles, as signified in Figure 4A(IILIV), other than xGnP. It has also been
found that the xGnP/Cu coated CF reinforced epoxy composites” flexural strength and
modulus are greater because of the coating of xGnP/Cu on the CFs, which has a reinforcing
effect. In one study, xGnP coated CFs by using a solution of xGnP was produced, and a 19%
increase in interlaminar shear strength was obtained with 3 wt% xGnPs [113]. In another
research, the thermal conductivity was 13% higher for xGnP coated fibre with the addition
of 1 wt% of xGnP [114]. Kostagiannakopoulou et al. [115] showed that there is a 176%
increase in thermal conductivity in nanomodified polymers and a 48% increase in thermal
conductivity for CF reinforced polymer composite with the addition of 15 wt% GnP into
the epoxy matrix. Due to its conformability, graphite has a very low contact resistance,
which is why, for composite bipolar plates, methods of graphite coating were developed.
Yu et al. [116] have conducted a study for polymer electrolyte membrane fuel cell based on
graphite-coated CF epoxy composite bipolar plate. In this research, the cross-sections of
the composite plate surface were shown (Figure 4B) when the thicknesses of the graphite
layer are 2 pum and 50 um (Figure 4B). It was found that the graphite layers with a thickness
of 2 pym and 50 um coating on the carbon/epoxy composite bipolar plates had 14% and
10%, respectively, of the total electrical resistance compared to that of the composite bipolar
plate without surface treatment under 1 MPa of compaction pressure. This proves that the
composite bipolar plate coated with graphite would be an appropriate substitute to metal
bipolar plates.

X3000, 15 /m bar

a o )
IVA30 V " 2V 50V
. o 2 o4 e

20 um

Carbon 'Ibu‘

>

»

e
N

Figure 4. (A) SEM images for the surface of CFs at different applied voltages for 5 min. Reprinted
with permission from ref. [112], Copyright 2008 Elsevier Ltd. (B) SEM images: 1. composite plate
coated with a 2-pm-thick graphite layer; II. composite plate coated with a 50-um-thick graphite layer.
Reprinted with permission from ref. [116], Copyright 2011 Elsevier B.V.
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3. Coating Techniques
3.1. Chemical Vapor Deposition

Chemical vapor deposition (CVD) is considered to be the most effective method used
to grow carbon nanofibres (CNFs), CNTs (CNTs), and graphene [65-71]. The critical param-
eters of this deposition technique such as growth duration, growth temperature, catalyst
concentration, and flow rate of carbon source gas can be changed to obtain CNFs and CNTs
of varying structures and morphologies. For instance, Ghaemi et al. [68] investigated the
effects of the amount of CNF coating on CF and thickness for the improvement of polymer
nanocomposites on the mechanical properties. For this purpose, the synthesis of CNFs
on the surface of the CF was conducted using the CVD method under varying process
conditions, and afterwards, these nanofibres have been used to fabricate the composite
and as fillers in a polypropylene matrix. During the experiments at various temperatures,
three of them were considered, including keeping the catalyst concentration at 100 mM,
reaction time for 30 min, and flow rate of acetylene at 50 sccm fixed and varying reaction
temperatures of 450, 550, and 650 °C. A dramatic effect on the CNF growth was seen due
to the reaction temperature of the thermal CVD method. It can be understood that the
graphitization and morphology of the carbon nanoparticles have been influenced by the
temperature. However, this technique requires high temperatures (>500 °C) and flammable
gases (carbon feedstock, hydrogen), so this method is limited to small-scale batch pro-
cessing. In many research works, developing a one-step coating process is necessary,
especially in the case of CNTs, as they grow straight onto the CF without the requisite for
the pre-treatment for CF or purification of CNTs after treatment. Different chemical vapor
deposition techniques such as catalytic or thermal, plasma enhanced, and floating catalyst
methods have been introduced to fabricate single-walled CNT and multi-walled CNT.
In the existence of catalysts, organic compounds are decomposed. The development of
CNTs occurs onto the substrate in the catalytic and plasma enhanced method. A significant
amount of CNTs can be produced without the use of any substrate. Hence, the floating
catalyst method is highly economical for synthesizing CNT on a large scale (Figure 5A).
This method has been approached by many researchers. Aziz et al. [67] conducted a study
where the synthesis of CNTs was conducted using a floating catalyst CVD method on the
high-performance CFs surface. This method provides a means to modify a composite’s
mechanical properties on the fibre-resin interface. In addition to dictating CNT morphology
with processing temperature, Aziz et al. [117] also found that the growth time is another
important variable that can be used to both understand the growth process and tailor
the interfacial properties of the resulting composite assembly. Figure 5B displays a set of
images showing CNT morphology as a function of growth time for 2, 5, 10, 15, 20, and
30 min at 700 °C reaction temperature and 100 mL/min hydrogen flow rate. The highest
extent of CNT coating on CF has been found at a chemical vapor deposition at 700 °C
temperature and a reaction time of 30 min. As comparatively new research, Karakassides
et al. [71] fabricated radially aligned graphene nanoflakes, grown directly on carbon fi-
bres via a simple one-step microwave plasma assisted chemical vapor deposition method.
The hybrid fibre gave tremendous increase in mechanical and electrical properties when
reinforced in epoxy matrix.

Nevertheless, monitoring the size and configuration of the catalyst nanoparticles
is a key problem for this method. It is desirable to confirm their aptness to process
CNT, CNF, or graphene coated CF polymer composites. In this regard, CNTs have been
developed directly, using thermal chemical vapor deposition, on the surface of CFs as well
as fabric as described by Bedi et al. [118,119]. Using this technique, a stronger interface
was found between the CNT coated CF and epoxy. This technique is suitable for the
aligned and controlled structure of CNTs. In another research, the elementary concepts
of CNT development by catalytic CVD technique were discussed [120]. The nucleation
of the CNTs took place in the clusters of catalyst and CNT filament development started
at the desired temperature. The growth of filament remains due to the incessant stock of
ferrocene-toluene mixture inside the reactor. By increasing the reaction time from 1 to 2 h
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the filaments started growing in a curled or twisted form. As stated, enhanced structural
properties can be possible in CNTs-polymer composites upon applying this technique.

Exhaust gas Carrier gas
-

Inert gas

CVD furnace Carbon fibre

. .. Carbon source + Catalyst
Heating coil

10.0 ym

Figure 5. (A) Schematic diagram of a floating catalyst CVD. (B) SEM images of CNT morphology on
CF surface as a function of time under 700 °C temperature and 100 mL/min carrier gas flow rate.
Reprinted with permission from ref. [117], Copyright 2014 Society of Plastics Engineers.

3.2. Spray Coating

Spraying methods are considered as the simplest procedures to deposit and scatter
nanomaterials onto substrates. The utilization of strong airflow to produce very tiny
droplets can produce a spray that can be distributed onto films, fibres, or fabrics directly.
Zhang et al. [121] achieved enhanced mechanical properties by utilizing this technique
for CNT deposition on CF prepregs (Figure 6A). This technique provides a means to
introduce CNTs into fibre composite laminates and has a key benefit over conventional
methods on the basis of CNT modified resins. Spraying the CNTs can be restricted to zones
susceptible to damage rather than dispersed throughout the entire composite structure.
Consequently, this technique permits the formation of truly hierarchical nanoengineered
composite systems with custom-made CNTs localization for the enhanced composite
performances. Additionally, it develops the viability of scale-up in industrial applications
for the greatly successful usage of nanofillers. Among the spray coating processes, thermal
(flame) spray techniques are used extensively to deposit thick coatings so as to enhance the
surface of components made from various types of materials. This technique comprises of
a group of coating methods wherein a source of heat is involved to melt the material in the
form of powder, wire or rod and propel the molten or semi-molten particles by intensifying
the process gases toward a prearranged substrate to generate a build-up of coating. The
spray techniques were limited to be applied only on metal alloys, cermets and several
low-performance polymers to produce a defensive coating on the substrate. It forms a
high-performance coating on parts or regions that would be difficult or expensive to be
coated by other methods. This is considered as one of the main benefits of this spraying
coatings. It is recommended to use this technique to deposit a metallic coating on the
surface of fibre reinforced polymer even if there are some challenges. During the spraying
process, the protection of materials of fibre reinforced polymer against erosion, fracture of
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fibre and thermal degradation can be possible by adding filler particles layer as a layer on
the top surface or as a bond coat. The improvement in the adhesion of the coating/fibre
reinforced polymer and the decrease of the thermal and mechanical degradation of the
substrate throughout the spray process are the major objectives for the extension of spraying
processes as a manufacturing method for the coating of fibre reinforced polymer composite.
Hu et al. [32] have demonstrated the CNT deposition onto the CF surface (Figure 6B) and
then compounded into CF reinforced high-density polyethylene (HDPE) composites by
the process of extrusion and injection molding. The surface morphologies of raw CFs were
level or smooth. The morphology of CFs had been significantly changed with surface
modification, with the deposition by spray coating of CNTs onto the surface of the fibre.
Li et al. [122] observed that the surface modification of CFs yielded similar results. In this
research, commercial carbonxylic- and hydroxyl-functionalized CNTs were chosen to coat
the CFs of similar lengths by utilizing an aqueous suspension deposition method. Overall,
the spray coating of CNTs onto CF exhibited a promising method of surface modification,
which can be used to fabricate the composites with enhanced interfacial properties to
improve the mechanical performance of the hierarchical composites.

[ [ [ % \ Spray coating
Sonication N7

CNTs solution|

Deposited CNT
" 3

| CNTs spray

EE Se——

Air brusher
Fibre preforms

MWCNTs

i

CNT Solution |
Spray Coating Qr
=y

Deposited CNTs
2
.
Chopped CF

Sonication

Figure 6. Schematic illustrations of CNT spray coating. (A) Onto CF prepreg. Reprinted with permission from ref. [121],
Copyright 2014 Elsevier Ltd. (B) Onto chopped CFs. Reprinted with permission from ref. [32], Copyright 2019 Elsevier Ltd.

The spray coating technique can also be useful to coat graphene materials on CF
for composite reinforcements [123-125]. Altin et al. [123] modified the surface of CF
with graphene oxide through the spray coating method. The CF reinforced epoxy matrix
composites were prepared by hand layup technique, and it was observed that graphene
oxide particles were homogeneously coated on the surface of the carbon fibres. Young's
modulus and tensile strength of the composite were found to be significantly increased
when CF was coated with graphene.

3.3. Electrophoretic Deposition

The electrophoretic deposition technique has received widespread attention due to its
capability to fill great amounts of nanomaterials on complex, three-dimensional surfaces
with a short process time to confirm high levels of flexibility. Charged nano reinforcements
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can be promptly coated on electrically conducting CFs through this technique under
an electric potential. CNFs, CNTs, aramid nanofibres, and graphene oxide sheets have
been effectively added onto CFs for making reinforced polymer with improved interfacial
properties using this method [73-75]. In one study, the researchers coated CNTs onto
the surface of CFs using this technique and produced multiscale hybrid composites that
showed an enhancement of ~17% of the interlaminar shear strength [74]. Pre-treatment
is required to incorporate electrically charged functional groups while using CNTs. The
weakening of CNTs is unavoidable since covalent functionalization of CNTs requires carbon
sites that are non-conjugated to create covalent bonds with the preferred functional species.
Unfortunately, major works related to CNT coated fibre composites have illustrated the
chemically modified CNTs to coat on the fibre surface. This is caused by the well-dispersed
CNTs before coating, which develops electrical charges in the solution. In fact, covalent
functionalization is responsible for the unavoidable inherent deterioration and degradation
of CNTs. Kwon et al. [88] presented the preparation of graphene oxide/CNTs hybrid
materials and coating on CF surfaces using this technique to enrich both the mechanical
and electrical properties of the CF reinforced polymer. Both the quantity and thickness of
this hybrid fibre on the CF surface were tailored by controlling electrochemical deposition
conditions, for example, the applied voltage, time, the solution concentration, and the
electrodes distance. The quantity of this hybrid fibre onto the surface of the CF became
negligible while proceeding with the deposition for 1 min at low voltage (5 V). By increasing
the time of application to 2 min and the applied voltage to 10 V, correspondingly, these
hybrids were coated on individual CFs homogeneously. This deposition technique can
be described as a simplistic and easy process where the coating amount and the surface
morphology can be regulated and is very efficient in terms of coating the CF surface
with graphene/CNT hybrids. Sui et al. [126] have demonstrated the CNT-toughened
transition layer on the carbon hierarchical fibre/epoxy composites via electrophoresis
deposition method. Oxidized multiwall CNTs were built to enhance the interfacial and
fatigue-resistant performance of CF/epoxy composites synergistically. As found, the
hierarchical composites exhibited an increase of 33.3% in interfacial shear strength, 9.5%
in flexural strength, 10.5% in interlaminar shear strength, and after fatigue tests, a 4.5%
improvement in residual bending strength retention. Overall, this technique is a successful
and multipurpose method for the deposition of CNTs onto the CF surface that can be
speedily automated and applied for industrial applications.

3.4. Dip Coating

Dip coating is considered one of the most cost-effective and facile approaches for
the deposition of nanomaterials on a target substrate [70,72]. It describes the removal of
a substrate from a liquid coating medium that deposits a wet liquid film. A consistent
liquid film is entrained on the removal of the substrate from the coating of the fluid that
combines by accompanying chemical reactions and drying. Additional curing is required
to achieve the final material of coating. The basis of the film formation is a fluid mechanical
equilibrium between the entrained film and the receding coating liquid. The equilibrium is
regulated by some forces. Of them, the viscous drag and the gravitational force are the most
important. However, different forces such as surface tension, inertial force or the disjoining
press play a critical role as well. This technique can also be useful for complex shapes to be
coated with modified techniques. Although this is a classic batch process, it can also be
operated as a semi-uninterrupted process. The material of the substrate usually has to be
considered by the chemical resistance to the solution of coating and the heat resistance to
endure the consequent curing or post-treatment. Awan et al. [127] prepared the CNT coated
CF reinforced epoxy matrix multiscale composites. By using dip coating and spray-up
processes, the deposition of multiwalled CNTs on micrometer-sized CFs was obtained. Non-
uniform coating of CNTs along with the presence of their clusters and other carbonaceous
impurities were also noticeable through the spray-up process. An even coating of CNTs
was attained after the dip coating process. Since dip coating exhibited a better deposition
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quality, 12 sheets of CFs were coated with multiwalled CNTs and subsequently filled with
epoxy resin to make multiscale composites. The researchers observed a 14% increase
in interlaminar shear strength in composites containing CNTs as compared to reference
composites. In several research works, CFs were dip-coated with graphene oxide and
used to fabricate polymer composites [70]. Since the implementation of CF reinforced
composites is reliant to a great degree on the properties of the fibre/matrix interface, it is
important to improve the interfacial properties in CF-based epoxy composites. The sheets
of graphene oxide are arbitrarily distributed, adjoining the individual fibre surfaces by
treating them with the modified sizing agent of graphene oxide. Kwon et al. [88] found an
enhancement of the interfacial shear strength of those composites of 70.9% compared with
that of the virgin CF composites and 36.3% compared to commercial, sizing agent modified
CF composites. Importantly, there was an improvement of 12.7% of the interlaminar shear
strength when graphene oxide sheets were incorporated into the interfacial regions of
matrix and CFs compared to commercial-sizing-modified CF composites. Tensile strength
and tensile modulus were also obtained to be greater than that of the normal composites.
The researchers attributed that this technique is an effective means to improve the interfacial
and tensile properties of the composites.

4. Matrix Materials
4.1. Thermoplastics

Thermoplastic matrices along with CFs have increasing significance in their appli-
cation since they have a high distortion temperature [128-134]. The composite strength
with more or less perfect continuity is often controlled by the fibre/matrix interface. The
polymer normally acts as the matrix, while CF acts as the discontinuous phase in CF
reinforced composites. Thermoplastics can be classified into common plastics, for example,
polyethylene (PE), polypropylene (PP), acrylonitrile butadiene styrene (ABS) resins, engi-
neering plastics, such as polycarbonate (PC), polyamide (PA), polyetheretherketone (PEEK),
polyetherimide (PEI), polyphenylene sulfide (PPS), and polyethersulfone (PES). The lack
of a curing stage and their less hazardous chemical compositions, enhanced recycling
suitability and mass production proficiency in comparison with conventional thermoset-
ting resins can be found in thermoplastics. Therefore, it has been gaining attention as
polymer matrices. Conventional molding procedures, such as rotational molding, injection
molding, extrusion molding, vacuum forming, and compression molding are usually used
to fabricate thermoplastic resins. In several studies, the researchers have investigated PP as
a thermoplastic matrix to develop CNT coated short CF reinforced polypropylene hybrid
composites [32,67,117,135-137]. PP is a member of conventional thermoplastics and is
produced in large amounts. It is not very susceptible to chemical stress cracking. For these
reasons, CF reinforced PP composites have widespread applications that include body con-
structions and interior trim for vehicles, fuel cells, fuel tanks and several other mechanical
uses. Hu et al. [32] demonstrated the development of hierarchical CNT-based CF reinforced
high density polyethylene (HDPE) composites. HDPE is considered a potential thermoplas-
tic material for its great impact strength, low friction coefficient, low density, outstanding
chemical resistance, and suitable fatigue resistance. Researchers have investigated the
influence of CNT coating on the extrusion of CF reinforced thermoplastic composites. To
deposit CNT on the surface of CF, spray coating technique was used while extrusion and
injection molding employed for CNT coated CF reinforced HDPE was used. As shown in
Figure 7A(I), poor interfacial adhesion was found in the uncoated CF reinforced HDPE
composites. In contrast, the difference between CFs and HDPE matrix became considerably
reduced for the CNT coated HDPE composites than those counterparts that were uncoated,
as shown in Figure 7A(II). The noticeable growth of toughness inside the HDPE matrix
can be recognized when introduced with a very low amount of CNTs. Several CNTs were
removed from the fibre surface and dispersed into the matrix to generate the toughness of
the polymer matrix throughout the twin-screw extrusion of hierarchical CNT coated CF
HDPE composites. Consequently, it encouraged the release of stress concentrations and
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hindered the propagation of the crack to form a stronger interphase. The better fibre /matrix
adhesion has increased the tensile strength (Figure 7B) and flexural strength (Figure 7C) of
the composites when the reinforcing CFs were coated with CNTs [32].

Another special engineering thermoplastic is polyethersulfone (PES); an amorphous,
amber-colored, pristine material. It exhibits relatively large mechanical strength, has
a high glass transition temperature (Tg, ~225-230 °C) [138,139], great dimensional and
outstanding thermal stability, and chemical resistance. Moreover, it is less susceptible to
creep, has great flame retardancy, outstanding insulation property and great dielectric
strength. In addition, CFs, glass fibres and graphene oxide are added to PES to create
composites with improved mechanical properties. CF reinforced PES composites have
been extensively employed in fields such as the automobile and aerospace industries,
sports, off-shore- technology, and chemical engineering areas because of their exceptional
mechanical and physical properties. Li et al. [140] introduced the graphene oxide coated
short CF reinforced PES composites by using the melt blending and injection molding
methods. The researchers found that the graphene oxide coating on short CFs can enhance
the short CF and PES interfacial adhesion. As a result, the mechanical performance of the
composite can be augmented by improving short CF reinforced PES composites.
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Figure 7. Effect of CNT coating on morphological and mechanical properties of CF reinforced HDPE composites: (A) Fracture
morphologies: I. Neat CF/HDPE composite; II. CNT coated CF/HDPE composite. (B) Comparison of tensile strength.
(C) Comparison of flexural properties. Reprinted with permission from ref. [32], Copyright 2019 Elsevier Ltd.

4.2. Thermosets

CF reinforced thermoset composites have been broadly incorporated in numerous
advanced technological fields that include wind power, aerospace, and transportation. in
current decades [141-149]. These thermosetting resin matrix composites are categorized by
their specific strength and stiffness, stability of the geometry, and designability. They have
a permanent three-dimensional, cross-linked network structure, good mechanical strength,
thermal stability, and chemical resistance. After crosslinking, they cannot be melted. In
general, the mixture is put into a mold to be heated and forms crosslinks by blending the
resin with different additives and reinforcements. These polymers become solidified at
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room temperature and can be re-melted since crosslinks are formed. Epoxy resins and their
composites are most commonly utilized in aerospace constructions among all thermosetting
resins. They have excellent chemical and mechanical properties, low shrinkage, and adhere
sufficiently to most fibres. Some factors such as physical properties, higher temperature
performance, and environmental resistance need to be considered for this adhesion to the
fibre. Epoxy materials can withstand high temperatures (>200 °C). This is the most widely
used polymer matrix for CFs. Due to their highly aromatic behavior, the benefits of their
strength and their stiffness can be used in the composite. Epoxies can be framed in a range
of properties to serve as materials for the matrix for CF reinforced polymers composites.
The relevant composites are versatile and can be used in numerous engineering structure
applications, for example, anchors for concrete, crack injection, and bond precast concrete
elements. Additionally, such composites have outstanding corrosion resistance and less
shrinkage once cured. Accordingly, these composites have a low tendency to cracking
in thermal loads. Similar to reinforcing thermoplastic resins, carbon materials coated
CFs can also be used to make epoxy-based composites. Many reports used epoxies as the
matric material and CNT coated CF and fabric as hybrid reinforcements [58,69,123,150-154].
Most significantly, CNT coating provides high fibre/matrix anchorage and consequently
increases the mechanical, electrical, and thermal properties. Comparatively new field of
research works used graphene coated CF for reinforcing epoxies. Karakassides et al. [71]
examined the growth of graphene nanoflakes (GNFs) onto CFs as the reinforcing interface
for epoxy composites. GNFs were grown via microwave plasma enhanced CVD method.
800 W microwave power and 600 °C reaction temperature was found most suitable for
making GNFs/CF fibres with the best interfacial adhesion with the surrounding epoxy
matrix. Compared to bare CF, a 28% improvement in the tensile strength was seen for
the hybrid fibres through single-fiber tensile strength tests, while the interfacial shear
strength was augmented by 101.5%. Using the similarly fabricated fibres, the electrical
conductivity of the composite was enhanced by 60.5% for yarns and 16% for single fibre as
well as a 157% improvement in the electrochemical capacitance for yarns. The researchers
have found improvement of the interfacial strength between the graphene nanoflakes
and epoxy resin. Altin et al. [123] investigated graphene oxide-modified CF reinforced
epoxy composites. As examined, the neat CF-epoxy interface on the fractured surface
of the composite is comparatively weak, while the interface of the fractured graphene
oxide modified CF reinforced composites samples is reasonably better. Due to similar
chemical structure, graphene oxide makes stronger chemical bonds through functional
groups such as epoxy on the graphene oxide surface with the epoxy matrix. Indeed, a
strong interface adhesion promotes the effective load transfer from the matrix to the fibre
by decreasing the concentration of the tension, consequently intensifying the structural
integrity in composites. Thus, fibre-thermoset matrix resin has the potential to guarantee
more effective properties such as delamination resistance, interlaminar shear strength,
fatigue, and corrosion resistance in composites due to their strong interfacial interactions.

5. Conclusions and Future Recommendations

Carbon materials coated CF reinforced polymer composites are now being applied
in the automotive and aerospace industries on an extensive scale worldwide due to their
attractive mechanical and physical properties. New polymers, coating materials, and
processing techniques are continuously being developed for these composites. Researchers
are focusing on improving coating techniques, and the bonding between fibres and matrix
materials. In this review, we have discussed the variation in coating material such as CNT,
graphene, carbon black, and graphite for these fibre reinforced composites. Since CNTs
have exceptional mechanical and physical properties, it becomes the most desirable coating
material to enhance the insufficient properties of these composites among all coating
materials. They can impart the required properties to the composites for accurate control
on the process of their synthesis to align them in the optimal direction. They can increase
tensile strength and modulus of the composites. Consideration of critical mass fraction is
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important to avoid the adverse effect on failure strain, tensile strength, and elastic modulus
of the composites. It is also indispensable to grow CNT directly onto the surface of CFs by
considering parameters such as growth time, catalyst, growth temperature, etc., to obtain
the suitable quality of CNT coating. We have also described several research works based
on different coating techniques for these reinforced composites. Direct coating methods that
include chemical vapor deposition, spray-up methods, electrophoretic deposition, and dip
coating have been discussed. Figure 8 shows the carbon coating materials and techniques
used so far by the researchers. Of the coating techniques, CVD and spray-up methods are
the most utilized techniques for direct coating on fibre surfaces. In this review, different
matrix materials comprising thermoplastic and thermoset have been explained. This entails
knowledge of the matrix material, its behavior, and its utilization in the composite field.
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Figure 8. Carbon materials and techniques used for CF coating to fabricate polymer composites.

Although the use of carbon materials coated CFs are widely investigated by many
researchers, there are a few limitations that are needed to consider regarding fibre coating
and/or composite fabrication. For instance, the agglomerative nature CNTs could cause
ununiform coating onto CFs, which eventually results in poor and random interfacial
bridging with the matrix material. Moreover, clusters of CNTs could also be separated
from the CF surfaces while a tensile or bending load is applied to the composite, providing
premature failure of the composite system. In the case of graphene coating on CF, the 2D
nature of graphene hinders the formation of a real 3D distribution of the reinforcing fibres.
Similar to CNTs, graphene has a large surface area and tends to agglomerate due to the
strong Van der Waal cohesive force. This could also result in the delamination of CF-matrix
interfaces. Overall, all the coating techniques investigated so far are batch processes and
incorporate high costs. The particulate forms of carbon materials are also harmful to the
environment when exposed. To overcome the abovementioned limitations, further research
on carbon materials coated CF fibre should be conducted and their usability for polymer
composite reinforcements should be trialed in high-volume production facilities.
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