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Chapter

Mechanically Improved and
Multifunctional CFRP Enabled by
Resins with High Concentrations
Epoxy-Functionalized
Fluorographene Fillers

Junhua Wei

Abstract

To meet the maximum potential of the mechanical properties of carbon fiber rein-
forced plastics (CFRP), stress transfer between the carbon fibers through the polymer
matrix must be improved. A recent promising approach reportedly used reinforcing
particles as fillers dispersed in the resin. Carbon based fillers are an excellent candidate
for such reinforcing particles due to their intrinsically high mechanical properties,
structure and chemical nature similar to carbon fiber and high aspect ratio. They have
shown great potential in increasing the strength, elastic modulus and other mechani-
cal properties of interest of CFRPs. However, a percolation threshold of ~1% of the
carbon-based particle concentration in the base resin has generally been reported,
beyond which the mechanical properties deteriorate due to particle agglomeration.

As aresult, the potential for further increase of the mechanical properties of CFRPs
with carbon-based fillers is limited. We report a significant increase in the strength
and elastic modulus of CFRPs, achieved with a novel reinforced thermoset resin that
contains high loadings of epoxy-reacted fluorographene (ERFG) fillers. We found that
the improvement in mechanical performance of CFRPs was correlated with increase
in ERFG loading in the resin. Using a novel thermoset resin containing 10 wt% ERFG
filler, CFRPs fabricated by wet layup technique with twill weaves showed a 19.6% and
17.7% increase in the elastic modulus and tensile strength respectively. In addition,
because of graphene’s high thermal conductivity and high aspect ratio, the novel resin
enhanced CFRPs possessed 59.3% higher through-plane thermal conductivity and an
81-fold reduction in the hydrogen permeability. The results of this study demonstrate
that high loadings of functionalized particles dispersed in the resin is a viable path
towards fabrication of improved, high-performance CFRP parts and systems.

Keywords: CFRP, functionalized graphene, tensile properties, hydrogen permeability,
through-plane thermal conductivity
1. Introduction

Carbon Fiber Reinforced Plastics (CFRP) have been widely used as lightweight
materials replacing metals because of their superior specific strength, stiffness, and
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corrosion resistance [1]. In recent years, their application has been extended from
high-end industries, like aerospace, aircraft, sports, and military to cost-sensitive
industries, like automotive and energy [2]. This new trend requires reducing the
cost of parts made from CFRP. This price reduction can be achieved through two
approaches: 1) enhancing mechanical properties of CFRPs resulting in lower usage
for same function and 2) eliminating functional parts by enabling CFRPs with these
functions.

Improving the stress transfer between the carbon fibers (CF) and improvement
of stiffness of polymer matrix are most popular research topics. Besides develop-
ment of highly efficient CFRP fabrication techniques, low price CF manufacturing
and material-saving structure designs, these studies also aim at cost reduction via
decrease in CFRP usage. Due to the weak interfacial interaction between the load
bearing CFs and the polymer matrix that integrate the structure, delamination is
one of the major failure modes for CFRP. One of the key reasons for this failure
is that CF has relatively low density of surface functional groups, which result in
lesser surface interactions. To address this problem, increasing the interface interac-
tion through sizing, a polymer coating that improves stress transfer through chemi-
cal bond and physical interlock, is required as part of the CF manufacturing process
[3]. Inspired by the sizing mechanism, rigid particles have been added either into
polymer sizing or by spraying on the CFs, to encourage strong physical interlock.

New approach to lower the cost and weight of systems containing CFRPs is to
make CFRP a functional part in the system. For example, Type V storage vessels
used for hydrogen storage are designed with only a single layer of CFRP which
endures the compressed gas pressure and simultaneously acts as an efficient
hydrogen barrier. Compared with other tank designs (e.g. Type IV), Type V tank is
more cost competitive via process, material, and weight saving through limiting the
hydrogen barrier liner. However, to realize this design, a large amount of fillers with
good gas barrier properties need to be present into the CFRP to form an effective
gas barrier layer.

Carbon-based materials use in polymer sizing have drawn a lot of attention to
this approach because of their superior mechanical properties, chemical structure
like that of CFs, and most importantly due to their high aspect ratio. Methods
including electrophoretic deposition [4, 5], spray [6, 7], and dip coating [8-12] have
been employed to deposit graphene and carbon nanotubes onto CFs surfaces. CFRPs
made with these coated CFs show ~20-70% improvement on interlaminar shear
strength. Up to 10 wt% of particles laden sizing coated onto CF by such approaches
have been demonstrated [8]. However, this approach generally does not improve the
tensile or flexural modulus [5, 8, 13]. This is because the polymer matrix is much
weaker compared to CF, and as a result, the polymer matrix deforms under stress.
To reinforce both the modulus and strength of CFRP, researchers have tried to add
carbon-based particulate materials directly into the resin matrix as well, [14-19]
but this approach achieved only limited improvement in mechanical properties.
The primary limitation is particle aggregation, which prevents high particle loading
resins [16, 20]. Typically, CFRP with ~1 wt% of carbon-based fillers in the polymer
matrix have shown the best properties. A polymer matrix containing a high loading
of dispersed carbon-based materials would therefore be likely to radically increase
both, strength and modulus, of CFRPs. Meanwhile, carbon-based materials have
been appraised for their excellent properties as electrical and thermal conductors,
gas barrier, fire retardant et al. [21, 22]. The advantages of their multifunction can
introduce CFRP with special properties to replace other functional part and reduce
the device price, when the particle concentrations are high enough.

Fluorographene (FG) is a unique carbon-based material which maintains the
excellent mechanical properties of graphene but with excellent chemical, electronic,
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Figure 1.
Hlustration of CFRP containing a high loading of epoxy-reacted fluorographene (ERFG, orange ovals) in the
polymer matrix.

tribological, and hydrophobic properties, due to the presence of fluorine atoms [23].
One distinctive advantage of FG is that it is easily forms dispersion and exfoliates
because fluorination disrupts the van der Waals forces between FG sheets [24].
Other researchers have studied the electrical, thermal and mechanical properties of
FG-reinforced polyimide [25-27]. We have previously reported on dispersing epoxy-
monomer—functionalized FG in epoxy with 30 wt% loading, which achieved ~90%,
~60%), and ~ 170% improvement in the tensile strength, modulus, and toughness
respectively [28]. In this work, resin containing ERFG was used to make CFRP by
wet lay-up method. The high particle loading in the polymer matrix improves stress
transfer between the CF, both by physically interlocking with the CFs to improve
strength, and by chemical linkage within the polymer matrix to improve modulus
(Figure 1). Additionally, the high particle loading also enables the CFRP to exhibit
properties of FG present within the CFRP, such as low gas permeability, high thermal
conductivity, et al. This mechanically improved and multifunctional CFRP is a very
competitive composite for cost sensitive CFRP applications.

2. Experimentation
2.1 Materials

Graphite fluoride (FG, also called fluorographite), triethylenetetramine
(TETA), and acetone were bought from Sigma Aldrich. Bisphenol A based epoxy
resins (EPON 826) with 178 g/mol EEQ (Epoxy Equivalent Weight [29]) was pur-
chased from Miller-Stephenson Chemical Co., Inc. Fibre Glast 2000 (Epoxy), Fibre
Glast 2060 (Hardener), 2 K 2 x 2 twill weave carbon fiber fabrics and all the materi-
als for wet layup were from Fibre Glast. Toray T700 12 K 2 x 2 plain weave fabrics
and T300 3 K 2 x 2 plain weave fabrics were purchased from Composite Envisions.
T800S 12 K 2 x 2 twill weave fabrics and M55]B 6 K 2 x 2 plain weave fabrics were
supplied by Rock West Composites. MGS L285 (epoxy) and H287 (hardener) were
purchased from Aircraft Spruce & Specialty Co.
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Figure 2.
Synthesis of ARFG and ERFG from fluorographite.

2.2 ERFG particle synthesis

ERFG particles were synthesized using the same experimental procedure as
in our earlier published work [28, 30], and is presented in Figure 2. Briefly, fluo-
rographite was dispersed and solvent exfoliated in TETA, then the C-F bonds on the
fluorographite were substituted with amine groups from TETA at high temperature
under argon gas protection, thereby producing amine-reacted fluorographene
(ARFG). The ARFG particles were recovered from the TETA via filtration, washed,
and then dispersed into epoxy resin (EPON 826), to synthesize epoxy-monomer-
reacted fluorographene (ERFG).

2.3 CFRP fabrication

The formulation was prepared by a two-step procedure. Firstly, ERFG particles
were added into an epoxy resin by centrifugal mixing. Immediately before use
for CFRP fabrication, the epoxy resin containing ERFG particles was mixed with
a hardener. The optimum weight ratio between the epoxy/ERFG mixture to the
hardener was determined by a dynamic DSC screening for the maximum curing
enthalpy. The CFRP panels were fabricated according to literature [31]. Next, the
formulation consisting of epoxy with ERFG particles and hardener was spread onto
each layer of CF fabric. After piling and spreading, accessories like the vacuum
bagging were added. The impregnated CF fabrics were cured at room temperature
for 5 hr. under vacuum, and then post-cured at 100°C for another 5 hr. The cured
CFRP was removed from vacuum and bagging and was then cut into specific shapes
according to ASTM D3039 by a water-cooled diamond saw for tensile testing.

2.4 Characterization

The chemical functionalization of the particles was characterized by an ATR
FT-IR (Perkin Elmer). The morphology of the ERFG particles was imaged by a TEM
(Jeol 1200).

The mechanical properties of CFRP were measured according to ASTM 3039
using a universal tester (AGS-X, Shimadzu). The through-plane thermal conductiv-
ity was measured as per ASTM D7984 using a thermal conductivity analyzer (TCi,
C-Therm). Hydrogen permeability tests were performed by a professional testing
lab (Versaperm Ltd.) in accordance with ASTM G148.
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3. Results
3.1 Particle characterization

The mechanism of attaching molecular amine groups to fluorographene through
substitution of surface fluorine atoms has been previously reported [32]. In this work,
TETA served both as solvent to exfoliate fluorographite and as a reagent for intro-
duction of amino functional groups onto the exfoliated fluorographene to produce
Amine Reacted Florographene (ARFG) particles. The color of fluorographite changed
from white to black during this substitution reaction. In the second step, the amine
groups on ARFG were capped with EPON 826, a low molecular weight diglycidyl
epoxy resin derived from bisphenol A. FT-IR spectroscopy was used to identify the
chemical groups present on the particles during each step of synthesis. In Figure 3a,

a prominent feature at 1260 cm™" characteristic of covalent C-F stretching of fluo-
rographite was detected [33]. There are three identifying absorptions peaks for TETA:
1050-1200 cm ™, 1450 cm ™", 1600 cm ™" representing C-N stretching, C-H bending,
and N-H bending, respectively [34, 35]. In the ARFG FTIR spectrum, a broad absorp-
tion peak appears from 1000 cm™ to 1200 cm ™" as a result of C-N stretching appeared
in place of C-F stretching. The C-F stretching absorption peak at 1260 cm™ is greatly
diminished in comparison to the starting material, fluorographite. The 1580 cm™
absorption on the ARFG is inherited from TETA representing N-H bending. In the
FTIR spectrum of ERFG, the epoxy functionality display a large number of additional
absorptions peaks: 1034 cm ™, 1184 cm ™' and 1241 cm™, 1300 cm ™, 1509 cm ™ repre-
senting C-O-C ether stretching, C-C-O-C stretching, stretching of cyclic ether, and
C-C stretching of aromatic ring, respectively [36, 37]. In ERFG, the C-O-C absorp-
tions extended the broad feature seen in ARFG (1000 cm™ to 1200 cm™) to a broader
range (1000 cm ™ to 1300 cm ™), which indicates the presence of epoxy groups onto
the ERFG particles. The high aspect ratio, single-digit microsized, and few-layer sheet
[38] ERFG was shown in the TEM micrographs of ERFG particles (Figure 3b).

3.2 CFRP characterization

CFRPs were fabricated with Fibre Glast CF fabrics and Fibre Glast 2000/2060
resin base with different weight loadings of ERFG according to the procedure
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Figure 3.

FT-IR spectra of ERFG and. its synthetic precursors (a), and TEM image of an ERFG particle (b).
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Figure 4.
Fabrication of CFRP using wet layup method.
Sample Pure (0 wt% S5wt% 10 wt% 15wt%
ERFG) ERFG ERFG ERFG
Elastic Modulus (GPa) 51.5 (1.3) 55.1 (76) 61.6 (4.4) 63.9 (3.1)
Tensile Strength (MPa) 500.7 (15.6) 536.3 (14.9) 608.9 (22.8) 583.9
(22.0)
Thermal conductivity (W/(m x k)) 0.425 (0.005) 0.578 0.677 NA
(0.001) (0.006)
Hydrogen permeability (mol/ 1.79E-14 NA 2.20E-16 NA
(m x s x Pa)) (0.01) (0.02)

Note: the carbon fibers take 37 vol% to 42 vol% in the tested CFRPs.

Table 1.
Mechanical properties, through-plane thermal conductivity, and hydrogen permeability of CFRP made by
Fibre Glast CF fabrics and Fibre Glast 2000/2060 vesin with different wt% of ERFG (standard deviation).

shown in Figure 4. The mechanical, thermal, and gas barrier properties of these
samples were investigated and are summarized in Table 1.

Unlike the carbon fiber surface particle coating from previous reports, adding
particles to the polymer matrix increased both the elastic modulus and the tensile
strength. The increase of the elastic modulus of the CFRP made by ERFG resin corre-
lated well with the increase of the ERFG loading below 15 wt%. However, the tensile
strength decreased for CFRP with 15 wt% ERFG. There are two possible explanation
for this phenomenon. First, the viscosity of resin with ERFG particles increased when
adding more particles. For highly viscous resin, higher vacuum pressure and elevated
temperature are required for uniform wetting. Second, 15 wt% of particles in the
resin can form aggregates or liquid crystal domains. Both these structures prevent
the uniform distribution of the particles through the CF fabric. Since the enhanced
interfacial interaction between CFs and polymer matrix is based on the premise of
attachment of the ERFG present in the polymer matrix to the surface of CF to form
a physical interlock. The formation of aggregates or liquid crystal domains decreases
the density of ERFG coated onto the CF surface and causes less effective stress trans-
fer and results in decrease of CFRP’ overall tensile strength. Further investigations
are underway to reveal which mechanism dominates at higher particle loading CFRPs.

The in-plane thermal conductivity of C FRP can reach ~1000 W/(m x K) due
to the continuous nature of the carbon fibers [39]. In contrast, the through-plane
thermal conductivity of CFRP is in the 0.2-0.5 W/(m x K) range [40] because the
polymer matrix separates the carbon fiber tows. Historically reported approaches
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Material Hydrogen permeability Ref.
10E-16 mol/(m x s x Pa)
ERFG-enhanced CFRPs 2.20 This work
HDPE 11.20-8.09 [44, 45]
LDPE 24.50 [45]
PA 6.69-2.23 [45]
PTFE 36.20 [46]
Table 2.

Hydrogen permeability of conventional polymer liner for COPV tanks [43].

added highly thermally conductive particles like graphene [40] or diamond [41] into
the polymer matrix to increase the through-plane conductivity, but this compromises
the other properties of CFRP, mainly mechanical properties. In this work, a signifi-
cant improvement in the through-plane conductivity is achieved. The ERFG particles
serve as bridges to facilitate the conduction of heat between individual carbon fibers.
A 60% improvement in the through-plane thermal conductivity was realized in this
way (Table 1). This significant improvement on the through-plane thermal conduc-
tivity can improve the CFRP stability under thermal cycling and will enable the
replacement of metal built electronic box in weight essential applications [42].

The 2D structure and high aspect ratio of the ERFG particles dispersed within
the cured epoxy matrix were efficient in blocking the through-plane permeation of
hydrogen gas. The hydrogen permeability of CFRP made with 10 wt% ERFG was
81 times lower than that of CFRP made with pure, unfilled epoxy resin (Table 2).
These results make ERFG-enhanced CFRPs as state-of-the-art hydrogen barrier
materials, far exceeding the properties of conventional polymer liner used in COPV
(Composite Overwrapped Pressure Vessels) tanks [43, 47, 48]. The decreased hydro-
gen permeation is a huge benefit for building COPV tanks for hydrogen or natural
gas storage. Additionally, use of ERFG-enhanced CFRPs eliminates one manufactur-
ing step — polymer liner pre-molding — required to manufacture the current Type IV
COPV tanks. This multifunctional CFRP is very promising for direct manufacturing
of liner-less Type V COPYV tanks.

4, Discussion

In this work, the idea of adding high loadings of graphene derivative into the
polymer matrix to increase both the elastic modulus and tensile strength of CFRP
has been achieved with Fibre Glast fabrics and 2000/2060 resin. To further dem-
onstrate the universality of this idea, we tested the tensile properties of CFRP made
with another widely used resin system, MGS 285/287, and with different classes of
CFs. To maintain consistency, all CF fabrics used were made with Toray CF. In these
carbon fibers, T300 and T700 represent the standard modulus CF. T300 is primar-
ily used for automotive parts and sports products, and T700 is used in gas tanks.
The T800 represents the intermediate modulus carbon fiber used in aircraft appli-
cations. The M55 is a high modulus carbon fiber mainly used in spacecraft. MGS
resin systems have been widely used in CFRP wet layup fabrication with applica-
tions in aircraft. By testing CFRP made using widely popular commercial resin with
different grades of CFs, we demonstrated the universality of our idea.

Table 3 summarizes the elastic modulus and tensile strength of CFRPs made
with different CF using MGS 285/287 resin with 10 wt% ERFG. the elastic modulus
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CF Elastic Modulus (GPa) Tensile Strength (MPa)

Pure (0 wt% ERFG) 10 wt% ERFG Pure (0 wt% ERFG) 10 wt% ERFG
T300 459 (34) 51.5(0.9) 4029 (14.2) 432.0 (25.1)
T700 51.9 (3.7) 59.1 (71) 586.9 (26.7) 701.8 (48.0)
T800 56.8 (3.1) 65.2 (4.7) 683.7 (45.9) 762.5 (37.3)
M55 94.5 (2.0) 111.8 (2.5) 376.2 (28.7) 4271 (38.0)

Note: the carbon fibers take 38 vol% to 45 vol% in tested CFRPs.

Table 3.
Mechanical properties of CFRP made by different types of CF fabrics and 10 wt% ERFG MGS resin.

of all the CFRP samples made with ERFG show a 15-20% increase in these
mechanical properties, due to formation of highly uniform dispersion of ERFG in
the polymer matrix and from stronger interfacial interaction between polymer and
ERFG through epoxy monomer functionalization. However, the trend observed

in tensile strength is more complex. With T700, T800, and M55 CFRPs, the tensile
strength increased by ~15-20% when 10 wt% ERFG was added in the resin. When
compared, the strength of CFRPs with T300 CF increased by only ~10%. The varia-
tion with use of different carbon fibers could be the result of different sizing used
on the carbon fibers and structure of fabrics. The thickness, stiffness, and chemical
structure of the sizing radically affects the interface between carbon fiber and the
polymer matrix. The addition of ERFG amplifies the effect of sizing on interfacial
interactions. Different CF weaving structure and fabric density (gsm) affect the
resin penetration through the fabric, which together with the increased resin
viscosity due to dispersed ERFG particles, resulted in a non-uniform distribution of
the particles across CFRP thickness.

5. Conclusions

In this work, significant improvements to both the elastic modulus and the
tensile strength of CFRP were achieved through high ERFG particle loadings in the
polymer matrix of CFRP. The low surface tension of C-F groups in the fluorograph-
ite precursor material, the epoxy monomer functionalization, and the small size,
collectively result in high loading of well-dispersed exfoliated ERFG in epoxy resin.
Furthermore, the loading of ERFG is high enough to enhance other properties of
CFRP composite. The through-plane thermal conductivity of CFRP was increased
by ~60% and the hydrogen permeability of CFRP was decreased by a factor of ~81.
This work provides a universal method to reduce the cost of CFRPs by 1) decreas-
ing the weight of CFRP parts through improved mechanical properties, and by 2)
reducing system complexity by having CFRP parts multiple desirable properties
which would ordinarily require separate parts made from different materials. The
approach reported in our work represents a viable strategy for low cost parts made
with CFRP for applications in automotive, sporting goods and energy sectors.



Mechanically Improved and Multifunctional CFRP Enabled by Resins with High Concentrations...
DOI: http://dx.doi.org/10.5772/intechopen.100141

Author details

Junhua Wei
PARC, A Xerox Company, Palo Alto, CA, USA

*Address all correspondence to: jawei@parc.com

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.



Fiber-Reinforced Plastics

References

[1] C. Soutis, Fibre reinforced composites
in aircraft construction. Progress in
Aerospace Sciences, vol. 41, no. 2, pp.
143-151, 2005/02/01/ 2005.

[2] Carbon Fiber Market by Raw
Material (PAN, Pitch, Rayon), Fiber Type
(Virgin, Recycled), Product Type,
Modulus, Application (Composite,
Non-composite), End-use Industry

(A & D, Automotive, Wind Energy),

and Region - Global Forecast to 2029.
MARKETSANDMARKETS2019.

[31Y. Luo, Y. Zhao, Y. Duan, and S. Du,
Surface and wettability property analysis
of CCF300 carbon fibers with different
sizing or without sizing. Materials &
Design, vol. 32, no. 2, pp. 941-946,
2011/02/01/ 2011.

[4] T. Sun, M. Li, S. Zhou, M. Liang, Y.
Chen, and H. Zou, Multi-scale structure
construction of carbon fiber surface by
electrophoretic deposition and
electropolymerization to enhance the
interfacial strength of epoxy resin

composite.s Applied Surface Science, vol.
499, p. 143929, 2020/01/01/ 2020.

[5] C. Wang, J. Li, S. Sun, X. Li, F. Zhao,
B. Jiang, and Y. Huang, Electrophoretic
deposition of graphene oxide on continuous
carbon fibers for reinforcement of both
tensile and interfacial strength.

Composites Science and Technology,
vol. 135, pp. 46-53, 2016/10/27/ 2016.

[6] A. K. Srivastava, V. Gupta, C. S.
Yerramalli, and A. Singh, Flexural
strength enhancement in carbon-fiber
epoxy composites through graphene
nano-platelets coating on fibers.
Composites Part B: Engineering, vol.
179, p. 107539, 2019/12/15/ 2019.

[7]1 F. Awan and T. Subhani, Preparation
and Characterization of Carbon
Nanotube Deposited Carbon Fiber
Reinforced Epoxy Matrix Multiscale
Composites. Advanced Nano Research,
vol. 1, no. 1, p. 14, 2017.

10

(8] X. Zhang, X. Fan, C. Yan, H. Li, Y.
Zhu, X. Li, L. and Yu, Interfacial
Microstructure and Properties of Carbon
Fiber Composites Modified with Graphene
Oxide. ACS Applied Materials &
Interfaces, vol. 4, no. 3, pp. 1543-1552,
2012/03/28 2012.

[9] W. Qin, C. Chen, J. Zhou, and J.
Meng, Synergistic Effects of Graphene/
Carbon Nanotubes Hybrid Coating on the
Interfacial and Mechanical Properties of
Fiber Composites. Materials (Basel,
Switzerland), vol. 13, no. 6, p.

1457, 2020.

[10] L. Liu, F. Yan, M. Li, M. Zhang, L.
Xiao, L. Shang, and Y. Ao, Improving
interfacial properties of hierarchical
reinforcement carbon fibers modified by
graphene oxide with different bonding
types. Composites Part A: Applied
Science and Manufacturing, vol. 107, pp.
616-625, 2018/04/01/ 2018.

[11] J. Fu, M. Zhang, L. Jin, L. Liu, N. Li,
L. Shang, M. Lj, L. Xiao and Y. Ao,
Enhancing interfacial properties of carbon
fibers reinforced epoxy composites via
Layer-by-Layer self assembly GO/SiO2
multilayers films on carbon fibers surface.
Applied Surface Science, vol. 470, pp.
543-554, 2019/03/15/ 2019.

[12] C. Xiao, Y. Tan, X. Wang, L. Gao, L.
Wang, and Z. Qi, Study on interfacial
and mechanical improvement of carbon
fiber/epoxy composites by depositing
multi-walled carbon nanotubes on fibers.
Chemical Physics Letters, vol. 703, pp.
8-16, 2018/07/01/ 2018.

[13] A. Ashori, H. Rahmani, and R.
Bahrami, Preparation and
characterization of functionalized
graphene oxide/carbon fiber/epoxy
nanocomposites. Polymer Testing, vol. 48,
pp- 82-88, 2015/12/01/ 2015.

[14] Y. Li, H. Zhang, Z. Huang, E. Bilotti,
and T. Peijs, Graphite Nanoplatelet



Mechanically Improved and Multifunctional CFRP Enabled by Resins with High Concentrations...

DOI: http://dx.doi.org/10.5772/intechopen.100141

Modified Epoxy Resin for Carbon Fibre
Reinforced Plastics with Enhanced
Properties. Journal of Nanomaterials,
vol. 2017, p. 5194872, 2017.

[15] S. S. Reddy, C. Yuvraj, and K. P. Rao,
Design, Analysis, Fabrication and Testing
of CFRP with CNF Composite Cylinder
for Space Applications. International
Journal of Composite Materials, vol. 5,
no. 5, p. 2166, 2015.

[16] E. Bekyarova, E. Thosternson, A.
Yu, M. Itkis, D. Fakhrutdinov, T. Chou,
and R. Haddon, Functionalized Single-
Walled Carbon Nanotubes for Carbon
Fiber-Epoxy Composites. The Journal of
Physical Chemistry C, vol. 111, no. 48,
pp. 17865-17871, 2007/12/01 2007,

[17]1 S. Aldajah and Y. Haik, Transverse
strength enhancement of carbon fiber
reinforced polymer composites by means of
magnetically aligned carbon nanotubes.
Materials & Design, vol. 34, pp. 379-
383,2012/02/01/ 2012.

[18] T. Glaskova-Kuzmina, A.
Aniskevich, M. Zarrelli, A. Martone,
and M. Giordano, Effect of filler on the
creep characteristics of epoxy and epoxy-
based CFRPs containing multi-walled
carbon nanotubes. Composites Science
and Technology, vol. 100, pp. 198-203,
2014/08/21/ 2014.

[19] A. K. Pathak, M. Borah, A. Gupta, T.
Yokozeki, and S. R. Dhakate, Improved
mechanical properties of carbon fiber/
graphene oxide-epoxy hybrid composites.
Composites Science and Technology,
vol. 135, pp. 28-38, 2016/10/27/ 2016.

[20] J. Kim, J. Cha, B. Chung, S. Ryu, and
S. H. Hong. Composites Science and
Technology, vol. 192, p. 108101,
2020/05/26/ 2020.

[21] J. Wei and ]. Qiu, Allyl-
Functionalization enhanced thermally
stable graphene/fluoroelastomer

nanocomposites. Polymer, vol. 55, no. 16,
pp- 3818-3824, 2014/08/05/ 2014.

11

[22] Y. Cui, S. I. Kundalwal, and S.
Kumar, "Gas barrier performance of
graphene/polymer nanocomposites,"
Carbon, vol. 98, pp. 313-333,
2016/03/01/ 2016.

[23] ]. Robinson, J. Burgess, C.
Junkermeier, S. Badescu, T. Reinecke, F.
Perkins, M. Zalalutdniov, ]. Baldwin, J.
Culbertson, P. Sheehan, and E. Snow,
Properties of Fluovinated Graphene Films.
Nano Letters, vol. 10, no. 8, p.

3001, 2010.

[24] X. Ye, P. Gong, J. Wang, H. Wanga,
S. Ren, and S. Yang, Fluorinated graphene
reinforced polyimide films with the
improved thermal and mechanical

properties. Composites: Part A, vol. 75, p.
96, 2015.

[25] Z. Chen, H. Huang, S. Yan, Z.
Zheng, S. Liu, Y. Yuan, J. Zhao, and Y.
Fu, New Synthetic Approach of Fluorine-
Containing Graphene Oxide for Improving
Dielectric and Mechanical Properties of
Polyimide Composites. Ind. Eng. Chem.
Res., vol. 26, p. 9926, 2017.

[26] W. Li, W. Zhao, L. Mao, S. Zhou, C.
Liu, Z. Fang, and X. Gao, Investigating
the fluorination degree of FG nanosheets
on the tribological properties of FG/PI
composite coatings. Progress in Organic
Coatings, vol. 139, p. 105481, 2020.

[27] X. Yin, Y. Feng, Q. Zhao, Y. Liu, S.
Li, H. Dong, W. Hu, and W. Feng, Highly
transparent, strong, and flexible
fluorographene/fluorinated polyimide
nanocomposite films with low dielectric

constant. Journal of Materials
Chemistry C, vol. 6, p. 6378, 2018.

[28] E. Beh, G. Iftime, J. L. B. Rivest, J.
Wei, and R. Pandey, Composite Materials
Comprising Chemically Linked
Fluorographite-Derived Nanoparticles.
US, 2019, Application number:
16/225125.

[29] E. P. Douglas, H. R. Hamilton, ]. C.
Nino, A. Stewart, and ]. Tatar, Highly



Fiber-Reinforced Plastics

accelerated lifetime for externally applied
bond critical fiber-reinforced polymer
(FRP) infrastructure materials.
Department of Materials, Science &
Engineering University of Florida, 2014.

[30] J. Wei, G. Iftime, J. L. B. Rivest, and
S. Garner, Fiber Reinforced Plastic
Enhanced by Functionalized Graphene. US,
2018, Application number 16/228456.

[31]]. S. Tomblin, Y. C. Ng, and K. S.
Raju, Material Qualification and
Equivalency for Polymer Matrix
Composite Material Systems: Updated
Procedure. DOT/FAA/AR-03/19, 2003.

[32] H. Bares, A. Bakandritsos, M.
Medved, J. Ugolotti, P. Jakubec, O.
Tomanec, S. Kalytchuk, R. Zboril, and
M. Otyepka, Bimodal role of fluorine
atoms in fluorographene chemistry opens a
simple way toward double
functionalization of graphene. Carbon,
vol. 145, pp. 251-258, 2019/04/01/ 2019.

[33] K.-]. Jeon, Z. Lee, E. Pallak, L.
Moreschini, A. Bostwick, C. Park, R.
Mendelsberg, V. Radmilovic, R.
Kostecki, T. Richardson, and E.
Rotenberg, Fluorographene: A Wide
Bandgap Semiconductor with Ultraviolet
Luminescence. ACS Nano, vol. 5, no. 2,
pp. 1042-1046, 2011/02/22 2011.

[34] Z. ALOthmana, E, Yilmazb, M.
Habilla, I. Alsohaimia, A. Aldawsaria,
N. Al-Harbic, and M. Soylak,
Triethylenetetramine modified
multiwalled carbon nanotubes for the
efficient preconcentration of Pb(II),
Cu(1I), Ni(1I) and Cd(1I) before FAAS
detection. RSC Advances, vol. 5, pp.
106905-106911, 2015.

[35] N. Ngamkitpinyo and A. Imyim,
Selective extraction of Pb(II) using
triethylenetetramine-modified polystyrene-
divinylbenzene resin. ]. Mater. Environ.
Sci., vol. 6, no. 5, pp. 1562-1569, 2015.

[36] S. Jahanshahi, A. Pizzi, A.
Abdulkhani, and A. Shakeri, Analysis

12

and Testing of Bisphenol A—Free Bio-
Based Tannin Epoxy-Acrylic Adhesives.
Polymers, vol. 8, p. 143, 2016.

(37] R. A. Chowdhury, M. Hosur, M.
Huruddin, A. Tcherbi-Narteh, A.
Kumar, V. Boddu, and S. Jeelani, Self-
healing epoxy composites: preparation,
characterizgation and healing performance.
Journal of Materials Research and
Technology, vol. 4, no. 1, pp. 33-43,
2015/01/01/ 2015.

[38] N. Liaros, A. B. Bourlinos, R. Zboril,
and S. Couris, Fluoro-graphene: nonlinear
optical properties. Opt. Express, vol. 21,
pp. 21027-21038, 2013.

[39] C. A. Silva, E. Marotta, M. Schuller,
L. Peel, and M. O'Neill, In-Plane
Thermal Conductivity in Thin Carbon
Fiber Composites. Journal of

Thermophysics and Heat Transfer, vol.
21, no. 3, pp. 460-467, 2007.

[40] F. Wang and X. Cai, Improvement of
mechanical properties and thermal
conductivity of carbon fiber laminated
composites through depositing graphene
nanoplatelets on fibers. Journal of
Materials Science, vol. 54, no. 5, pp.
3847-3862, 2019/03/01 2019.

[41] M. Srinivasan, P. Maettig, K. Glitza,
B. Sanny, A. Schumacher, M. Duhovic,
and J. Schuster, Out of Plane Thermal
Conductivity of Carbon Fiber Reinforced
Composite Filled with Diamond Powder.
Open Journal of Composite Materials,
vol. 6, pp. 41-57, 2016.

[42] M. Martins, R. Gomes, L. Pina, C.
Pereira, O. Reichmann, D. Teti, N.
Correia, and N. Rocha, Highly
Conductive Carbon Fiber-Reinforced
Polymer Composite Electronic Box:
Out-Of-Autoclave Manufacturing for
Space Applications. Fibers and Polymers,
vol. 6, p. 92, 2018.

[43] N. L. Newhouse, Development of
Improved Composite Pressure Vessels for
Hydrogen Storage. Hexagon Lincoln



Mechanically Improved and Multifunctional CFRP Enabled by Resins with High Concentrations...
DOI: http://dx.doi.org/10.5772/intechopen.100141

Department of Energy Efficiency and
Renewable Energy Fuel Cell
Technologies Office 2016.

[44] P. D. L. Staff, W. Woishnis, Ed.
Permeability and Other Film Properties of
Plastics and Elastomers. Plastics Design
Library, 1995.

[45] H. Saechtling and F. Pabst,
Kunststoff-Taschenbuch (no. v. 24).
Hanser, 1989.

[46] D. O. Stodilka, N. P. Kherani, W. T.
Shmayda, and S. J. Thorpe, A tritium
tracer technique for the measurement of
hydrogen permeation in polymeric
materials. International Journal of
Hydrogen Energy, vol. 25, no. 11, pp.
1129-1136, 2000/11/01/ 2000.

[47] ]. Humpendder, Gas permeation of
fibre reinforced plastics. Cryogenics, vol.
38, no. 1, pp. 143-147,1998/01/01/ 1998.

[48] D. Schultheifd, Permeation Barvier
for Lightweight Liquid Hydrogen Tanks.
PhD, Mathematisch-
Naturwissenschaftlichen, Universit“at
Augsburg, Publikationsserver der
Universit"at Augsburg, 2007.

13



