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Introduction

In recent decades, the offshore oil and gas production
has moved sharply away from shallow water
reserves towards ‘deep water’ production [1]. How-
ever, current steel tether design is unable to work
deeper than 1500 m without a large-size platform
that counterbalances high axial tension mechanics. In
this case, substituting materials with lightweight are
in demand to provide essential savings [2]. As a
consequence, for the ‘deep water’ (up to 1500 m) and
‘ultra-deep water” (3000 m) offshore exploration and
production, non-metallic and lightweight composite
materials are needed urgently for easier transport
and installation [3].

Carbon-fibre-reinforced polymer (CFRP) compos-
ites have been investigated and utilized extensively,
with their key advantages including lightweight,
high specific strength and stiffness, good corrosion
resistance, etc. The superb properties of CFRP com-
posites enable them to be employed for high-end
applications, such as aerospace and automotive.
After decades of research, the manufacturing tech-
nology of CFRP composites has been improved with
more economical production, which paves the route
for its applications in oil and gas industry [4].

Since monolayer graphene was first isolated in
2004 [5], it has been widely studied due to its
exceptional mechanical, electrical and thermal prop-
erties. Recently, graphene and its related materials
have been widely applied into polymer composites
[6-26]; however, scale-up of single- or few-layer
graphene remains a challenge. Graphene nanoplate-
lets (GNPs) are nanoparticles consisting of stacked
2D graphene which is the most impermeable material
[27], with the thickness ranging from 0.34 nm (i.e.
single-layer graphene) to 100 nm [19, 28, 29], which
can be mass-produced by various techniques (e.g.
ball-milling, chemical exfoliation, thermal exfoliation,
etc.). The large aspect ratio of GNPs, along with their
low cost, facilitates applications in the field as gas
barrier materials, which have been studied widely in
polymers, such as high-density polyethylene (HDPE)
[30], low-density polyethylene (LDPE) [31], poly-
amide 11 (PA11) [32], polyethylene terephthalate
(PET) [33], polypropylene (PP) [34], fluoroelastomer
[35] and epoxy [36]. As a result of increasing the
tortuosity of gas pathways, significant reductions of
gas permeability have been achieved [30-34, 37, 38].

Considering its storage and transportation appli-
cations, gas permeability of the CFRP composite has
also been investigated. For the well-cured composite,
gases could pass through the free volume of the
epoxy matrix under diffusion-controlled mechanism,
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driven by the concentration gradient [39—43]. In order
to improve the barrier properties, thin-ply [44], Al,O3
nanoparticles [45], clay-based film [46, 47], alu-
minium foil [48] and surface coatings [49] have been
applied to the CFRP composites. Zhang et al. [36]
quantified the effect of GNPs on the gas permeability
of epoxy resin and achieved 66% reduction at the
loading of 3 wt%. However, using GNPs to improve
the gas barrier properties of CFRP structural com-
posites, which is significant for the non-metallic pipe
systems in oil and gas industry, has not yet been
reported.

Regarding the composite fabrication, obtaining a
uniform GNP dispersion is a key challenge, and
diverse techniques have been developed accordingly.
Pathak et al. [20] and Prusty et al. [26] initially mixed
graphene oxide with epoxy, then utilized a hand lay-
up technique followed by hot pressing to prepare
composites. Qin et al. [21] coated carbon fibres (CFs)
with GNPs by passing the CFs through a coating
solution, then forming a prepreg, and prepared the
composites through a hand lay-up and autoclave
processing. Chu et al. [50] mixed graphene with resin,
then formed the prepreg and cured by autoclave. The
composites obtained by either autoclave or hot
pressing resulted in a compact structure attributed to
the applied pressure, which limited the sample size
and shape. Eaton et al. [16] mixed carbon nanofillers
with resin, then fabricated the CFRP composites by
direct resin infusion, claiming that the resin infusion
could be used to make the hybrid composites. Zhang
et al. [23, 24] investigated the filtration effect of GNPs
during resin infusion and found that for small fillers
and low fibre volume fractions, large flow length
could be achieved before severe filtration started to
occur. However, when it comes to large-scale indus-
trial productions, the filtration problem can never be
neglected. As an alternative, a spray coating method
was proposed and contributed to a better GNP dis-
tribution [23, 24].

In order to keep consistent with the current pipe
manufacturing processes, such as filament winding
and braiding, dry woven fibres were selected in this
work. Meanwhile, three different fabrication methods
were investigated, including direct vacuum-assisted
resin infusion (VARI), wet lay-up and spray coating
followed by resin infusion (SCRI). After comparison,
the SCRI method was selected and applied to CFRP
composites with various GNP loadings, varying from
0 to 10 wt% relative to carbon fibres. Afterwards, the
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tensile, flexural and CO, gas barrier properties of the
composites were discussed.

Materials and methods
Materials

The GNPs were purchased from XG sciences (USA),
with an average particle diameter of ~ 6.6 pm [25],
thickness of 6-8 nm (~ 20 layers of graphene) and
density (p,) of 22 g cm . Plain weave carbon fibre
was purchased from Sigmatex (UK), which used
Hexcel (USA) HexTow® carbon fibre, with a density
of 199 g m 2. Araldite epoxy resin and Aradur
hardener from Huntsman (USA) were used as the
low viscosity epoxy resin and hardener. Acetone was
supplied by Fisher Scientific (UK).

Sample preparation

Eight layers of the plain weave carbon fibre with a
quasi-isotropic lay-up ([0/90]/[£ 45]1),s were selected
for mechanical testing sample preparation. Consid-
ering the thickness limitation of the testing rig for gas
permeability, composites with three layers of the
carbon fibre ([0/90]/[£ 451/[0/90]) were prepared as
well. For both direct VARI and wet lay-up methods,
GNPs were initially dispersed in the resin by a high-
speed vacuum mixer (Fig. S1), followed with adding
the hardener for further mixing, with mixing condi-
tions shown in Table S1. For the spray coating
method, a Paasche VL airbrush system connected
with an Iwata Power Jet Lite compressor was
employed. GNPs were dispersed in pure acetone, at
the concentration of ~ 5 mg mL™', through ultra-
sonication for 40 min, afterwards, the mixed solution
was sprayed onto the internal surfaces of the plain
weave carbon fibres, as shown in Fig. 1. Then, the

GNP/acetone
after
sonication

Layup of
the spray
coated CF

|

for 40 min

Figure 1 Schematic of the spray coating process. All internal
surfaces of the carbon fibres were coated with GNPs.
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carbon fibres were left overnight to allow the acetone
to evaporate completely. Carbon fibres were weigh-
ted before and after the spray coating to evaluate the
amount of GNPs coated onto the fibres. Subse-
quently, the composites were fabricated through lay-
up and resin infusion.

The direct VARI method resulted in a severe fil-
tration effect, in which a large fraction of GNPs were
filtered and stayed in the infusion mesh, rather than
being distributed throughout the carbon fibre com-
posites (Fig. S1). Regarding composites made with
the wet lay-up method, visible voids were observed
in the cross-section analysis (Fig. S3). Details of these
two methods can be found in the Supplementary
Information. In comparison, composites fabricated
through the SCRI method tend to achieve in-plane
aligned GNP distribution (Fig. 1) and no visible
voids, this method was therefore used for further
studies in this work. CFRP hybrid composites with
carbon fibres spray coated by 0-10 wt% (relative to
the carbon fibre) GNPs were prepared, with 0 wt%
GNP representing the control sample.

Characterization

Transmission electron microscopy (TEM) bright field
images and diffraction patterns were obtained for the
GNPs, using a FEI Tecnai G2 20 (LaBe). Raman
spectroscopy of the GNP was obtained by a Ren-
ishaw InVia Raman system equipped with a 633 nm
laser. A TESCAN MIRA3 SC Scanning Electron
Microscope (SEM) was used to observe the mor-
phology of CFs, GNPs and fracture surfaces of the
composites.

Mechanical testing

Mechanical properties of the composites, including
tensile and four-point flexural properties, were eval-
uated based on the standards of ASTM D3039 and
ASTM D7264, respectively, each test with three
specimens. For the tensile tests, the specimen size
was selected at 250 mm x 25 mm x 2 mm following
the recommendation from the standard, and the tests
were undertaken with constant temperature of 23 °C
and relative humidity of 50%. A video extensometer
was employed to monitor the extension, with the
gauge length calibrated at 50 mm, and a testing rate

of 2 mm min.
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Based on the instructions from the standard, the
specimen size of 100 mm X 12.7 mm X 2 mm was
selected for the flexural testing, with the support
span and load span set at 67.2 mm and 33.6 mm,
respectively. Afterwards, the testing rate (Y,
3.59 mm/min) was calculated based on Eq. 1 from
the ASTM D6272:

Y =0.167ZL%/d (1)

where L is the support span (mm), d is the depth
(thickness) of beam (mm), and Z is the straining rate
of the outer fibres (0.01 mm/mm min).

Gas permeability testing

In order to evaluate the gas barrier performance of
CFRP/GNP hybrid composites, the gas permeability
was measured based on the standard BS ISO
15105-1:2007. Carbon dioxide (CO,) was used as a
model gas and a differential pressure testing system
(Fig. 2) was used to characterize each of the samples.
The testing specimen was cut from the composite
panel into a circular sample with a diameter at
29.5 mm (Fig. 2) and tested for 24 h.

Before starting the measurement, the testing sys-
tem was evacuated to 10~ mbar, then all valves were
closed except number 1 which was opened, allowing
the gas to flow from the high-pressure (HP) cylinder
to the chamber with a fixed volume of 500 mL. Once
the chamber was filled, valve 1 was closed, then valve

High-Pressure (HP)
Gas Cylinder

FE—<

Chamber (500 mL)

HP Chamber

2 Specimen

Low-Pressure
Chamber

O <

Vacuum Pump Cell Volume-Control Device

Figure 2 Schematic of the CO, gas permeability testing setup in
which number 1-6 represent valves, with a photograph of a
representative sample.
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4 was opened and pressure change in the low-pres-
sure chamber was monitored as a function of time.

The gas permeability (P) was determined based
from the following equation:

V. dp
P_RxTxpthand @)

where V. is the volume of the low-pressure chamber,
R is the gas constant (8.31 J-mol ' -K™1), T is the
temperature, py, is the pressure of the high-pressure
chamber (1320 mbar), A is the transmission area of
the specimen, dp/dt is the change in pressure per unit
time of the low-pressure chamber, 4 is the thickness
of the specimen.

Results and discussion
GNP characterization and distribution

The as-received GNPs were characterized by Raman
spectroscopy and TEM for their morphology, crystal
and electronic structures, as shown in Fig. 3. The
Raman spectrum of the GNP (Fig. 3a) shows well-
defined G, 2D and D bands for graphitic materials,
with peaks at around 1580 cm™', 2680 cm™' and
1350 cm™'. The intense G band is the signature
Raman band of the C-C sp” network of the graphene
plane [51]. The 2D band is broad and asymmetric
suggesting that the nanoplatelets consist of many
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layers of graphene [51, 52]. The broad and weak
D band indicates the structural defects present in the
structure, which is related to the zone-boundary
phonons [52]. The TEM bright field images (Fig. 3b, c)
illustrate the GNP lateral size sits in the micron level.
The corresponding selected area electron diffraction
(SAED) patterns (Fig. 3d, e), from the GNPs in
Fig. 3b, ¢, demonstrate that the GNPs have highly
ordered structures consisting of hexagonal arrange-
ments of carbon atoms, which highlights their crys-
tallinity [53].

For the spray coating process, the weight percent-
age of the GNPs was determined based on the weight
of carbon fibres. In order to evaluate the spray coat-
ing efficiency, carbon fibres were weighed before and
after the spray coating process. Losses due to over-
spray and other mechanisms of ~ 70% of the GNP
mass resulted in a coating efficiency of ~ 30%. After
spray coating with different loadings of GNPs, the
carbon fibres were characterized by SEM, as shown in
Fig. 4. It appeared that with increasing loadings, the
coated GNPs tend to form a densely arranged con-
tinuous network, which is considered to be beneficial
to gas hindrance. The final GNP weight fractions
(Wg) of cured composites were evaluated based on
treating the whole CFRP control composites as the
matrix, with the density (p,,) at 143 g cm™> and
1.47 g cm ™ for 8L and 3L composites, respectively.
Afterwards, the GNP volume fraction (V) can be
obtained by:

20 1/

(e)

Figure 3 Raman spectrum (a), TEM bright field images (b, ¢) and corresponding selected area electron diffraction patterns (d, e) of the

GNPs.
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Figure 4 SEM images of carbon fibres spray coated with (a—f) 0, 0.5, 1, 2, 5 and 10 wt% GNPs.

W, = PeVs
¢ ngg + pm(1 - Vg)

(3)

The carbon fibre volume fractions, along with the
final GNP weight and volume fractions of cured
composites, are summarized in Tables 1 and 2 for the
eight- and three-layer composites, respectively.

Effect of GNP loading on mechanical
properties

Tensile properties

Figure 5a shows the representative tensile stress—
strain curves of the composites with different GNP
loadings, embedded with their fracture images.
Composites filled with GNPs up to 0.52 vol% showed
linear behaviour through the whole tensile proce-
dure, with the tensile strength (normalized by the

fibre volume fraction, see Fig. 54) remained unchan-
ged within error (Fig. 5b). The tensile moduli of the
samples were determined from the linear curves
using the strain range between 0.1 and 0.3%, which
were also normalized by the fibre volume fraction.
With increasing GNP loadings, the tensile modulus
which represents the elastic properties, presented no
obvious change and the values sit within error bars
(Fig. 5b). Truong et al. [54] also reported similar
behaviour, namely adding GNPs did not affect the
tensile strength of the CFRP composites, as the
dominant load-bearing component during the tensile
procedure is the carbon fibres themselves [22].
However, composites with 1.05 vol% GNPs per-
formed nonlinearly when the tensile strain increased
up to 0.8%, i.e. near the final fracture (Fig. 5a). This
nonlinearity was caused by the delamination prior
failure [7, 15], due to the densely arranged continu-
ous GNP network (Fig. 6e) hindered the stress

Table 1 Carbon fibre (CF) volume fraction, GNP weight and volume fractions of cured eight-layer composites

Sample no. CF volume fraction, VT (vol %) GNP weight fraction, W, (wt%) Final GNP volume fraction, V, (vol%)
1 42.07 0 0

2 41.72 0.08 0.05

3 41.51 0.16 0.10

4 41.90 0.32 0.21

5 41.23 0.80 0.52

6 41.05 1.61 1.05
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Table 2 Carbon fibre (CF) volume fraction, GNP weight and volume fractions of cured three-layer composites

Sample no. CF volume fraction, Vf (vol%) GNP weight fraction, W, (wt%) Final GNP volume fraction, V, (vol%)
1 43.49 0 0
2 43.49 0.09 0.06
3 43.35 0.18 0.12
4 43.28 0.36 0.24
5 43.21 0.89 0.60
6 42.60 1.79 1.20
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Figure 5 a Representative stress—strain curves of the composites under tension, embedded with the fracture images. b Normalized tensile

strength and modulus of the composites.

transfer across the thickness direction, which also led
to 8.5% (Fig. 5b, Table S2) decrease in the tensile
strength.

SEM micrographs (Fig. 6a—f) of the fracture sur-
faces illustrate that the control composites failed with
the fibre breakage and fibre pull out, resulted with a
lateral mode (Fig. 5a); similar to the 0.10% compos-
ites which have partial carbon fibre surfaces coated
with GNPs and retained part of the original interfa-
cial connections. While for the 1.05 vol. % sample,
carbon fibres were fully covered by the continuous
GNP network, polymeric chains were unable to
penetrate through the graphene layers, extensive
delamination occurred prior to the final failure, as a
result, fracture failed with an angled surface (Fig. 5a).

Flexural properties

The tensile properties of the composites mainly
depend on the reinforcing carbon fibres, whereas the
flexural performance is typically governed by a
combination of the fibres, the matrix and their cor-
responding interfacial interactions. Figure 7a shows

@ Springer

the flexural stress—strain curves for all the composites
under four-point bending. Initially, the stresses of all
samples increased linearly with the strains, indicating
the elastic deformation. Samples filled with GNPs up
to 0.10 vol% failed elastically at around 1.2% strain.
However, with respect to composites with higher
GNP loadings (> 0.21 vol%), delamination emerged
prior to reaching the ultimate flexural stresses of the
materials. As a result, with the GNP loading
increasing, both flexural strength and modulus (cal-
culated from the strain ranging from 0.1 to 0.3%)
increased at first followed by a continuous decrease
with the inflection point at 0.05 vol%, where
increased by 7.8% and 4.3%, respectively (Fig. 7b,
Table S3). Kamar et al. [7], Kwon et al. [14], Pathak
et al. [20] and Prusty et al. [26] also reported similar
behaviours. As low loadings of GNPs are beneficial to
mechanical anchoring and interlocking between the
carbon fibres and epoxy resin under the bending
load, which contributed to improve the flexural
properties [20, 55]. However, as the loading further
increasing, more and more GNPs formed a ‘densely
packed layer’ (Figs. 4, 6e, 8e) which could internally
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Figure 6 SEM images of
tensile fracture surfaces for (a, b
b) control, (c, d) 0.10% and
(e, ) 1.05% composites.

.

Fy

delaminate, accelerating the delamination during the
bending procedure, and resulted in lower flexural
strength [7, 15].

Effect of GNP loading on gas permeability

Impermeability to gas is one of the key factors for
CFRP to be used in the petrochemicals industry.
Therefore, we have characterized the CO, perme-
ability in the present work for the hybrid composite
materials prepared, as shown in Fig. 8a for the mea-
sured pressure against time and Fig. 8b calculated
permeability of the materials. It is demonstrated that
the CO, permeability of the materials was reduced

19545

re pull

significantly (55.8%, Table S2) with the increasing
GNP loadings up to only 0.6 vol%, indicating that the
GNPs, owing to their 2D geometry, can efficiently
hinder gas migration through the composite struc-
ture. The mechanism underpinning the reduction of
the gas permeability is considered to be the increased
tortuosity of the pathways of the gas molecules being
extended by the GNPs [56], as suggested by the
microstructure shown in Fig. 8c—e.

In comparison, dispersed Al,O; nanoparticles, as a
0D material, did not improve the gas barrier prop-
erties for the composite laminates [45]. In order to
improve the tolerance against damage and leakage of
the CFRP laminates, interleaving has been widely
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Figure 7 a Stress—strain curves of the CFRP composites with different GNP loadings under four-point bending. b Normalized flexural

strength and modulus of the composites.
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Figure 8 a Downstream pressure change against time and b CO, permeability of samples with six different GNP loadings. SEM images
of interfaces for composites with GNP volume fractions of ¢ 0, d 0.06 vol% and e 1.20 vol%.

applied with barrier layers such as aluminium foil,
aluminized Mylar, f-titanium [48] and thin-ply pre-
pregs [44], as well as surface coatings [49]. Ebina et al.
interleaved a dense and highly oriented clay crystal
film into the CFRP composites, and the gas (hydro-
gen) barrier properties were improved by two orders
of magnitude [46, 47]. As a result of the large aspect
ratio and superior gas barrier properties of the GNP,
it was applied into epoxy resin and achieved 83%

@ Springer

(helium, [57]) and 66% (CO,, [36]) permeability
reduction at the loading of 2 wt% and 3 wt%, which is
consistent with the results achieved in this work
when applied GNPs into CFRP composites.

Here, we analyse our results using the Nielsen
model (Eq. 4) that is used to describe the minimum
permeability of gases for platelets-filled polymers
(Fig. 9). The permeability of the hybrid composites
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Figure 9 Relative CO, permeability of the composites (P/Py)
against the volume fraction of GNPs (V) and corresponding fitted
curves of the Nielsen model (s represents the effective aspect ratio
of the GNP). Nielsen model of the molecule diffusing path [S8] for
composites filled with rectangular plates is inset.

(P) with a volume fraction of GNPs (V,) is given by
[36, 58]:
1-V,
=— & 4
T+sV,/2 " (4)

where P is the gas permeability of the sample with
only carbon fibres, V, is the volume fraction of the
GNPs to the composites and s is the effective aspect
ratio (lateral size/thickness) of the GNP, which rep-
resents the aspect ratio contributing to the gas per-
meation hindrance.

The experimental results were fitted with the
Nielson model, as shown in Fig. 9. The resulting
relative CO, permeability of the composites (P/Py),
as a function of GNP volume fraction, is bounded by
two Nielsen fitted curves with the effective aspect
ratio (s) of 200 and 500. After taking the median (s =
350), the results fitted very well with the Nielsen
model. The reason why the effective aspect ratio of
the GNP is smaller than the given data (~ 1000,
6.6 um/6-8 nm) could be attributed to the size
degradation and nanoplatelets overlaps during the
sample preparation procedure, which is consistent
with our previous studies [59]. Different from con-
ventional methods, such as mixing of the nanofillers
into epoxy prior to the composite fabrication
[16, 20, 26], with the spray coating of the GNPs, we
ended up introducing ‘impenetrable’ layers of the in-
plane tentatively highly aligned GNPs between the
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plies, which enabled the GNPs to maximize path
lengths of the gas. Thus, the composites obtained fit
the application conditions of the Nielson model
which demonstrating the minimum gas permeability.
Details of the validity of Nielsen’s model can be
found in the Supplementary Information.

Discussion

The relative mechanical and barrier properties of the
hybrid composites are summarized in Fig. 10. In
addition, the detailed tensile and flexural strength
and modulus, along with the gas (CO,) permeability
data, are summarized in Tables S2 and S3. The result
indicates that with the increasing GNP loading, the
tensile strength, which was dominated by the rein-
forced carbon fibres, remained unchanged with slight
scattering; the flexural strength increased at first fol-
lowed with a continuous decrease, due to the
delamination before the ultimate flexural strength
achieved, while the CO, permeability decreased
continuously which fits the Nielsen model very well.

0 —u— Relative tensile strength
—o— Relative flexural strength
1.2) —a—Relative CO, permeability

05

2

Figure 10 Relative tensile and flexural strength and CO,
permeability of the composites with the six different GNP
loadings (wt% relative to CFs).
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Conclusions

This work highlights a flexible hybrid nanocomposite
fabrication process, spray coating followed with
vacuum-assisted resin infusion, which is promising
for uniform and large-scale production of hybrid
composites. The proposed technique in this work can
be introduced to any type of fibres, including woven
fibres and unidirectional fibres, without altering their
patterns.

As the tensile property of the CFRP composites
mainly depends on the carbon fibres, no significant
change was observed upon the addition of graphene
nanoplatelets up to 0.52 vol%. While flexural prop-
erties depend on fibres, matrix and interfacial prop-
erties, with increasing the GNP loading, both flexural
strength and modulus increased at first then
decreased with the inflection point at 0.05 vol%,
where increased by 7.8% and 4.3%, respectively. The
high degree of in-plane alignment tendency of the
GNPs achieved through spray coating, combined
with their 2D geometry, led to significant improve-
ments on CO, gas barrier properties with increasing
the GNP loading. In particular, for 0.6 vol% and 1.2
vol% composites, the CO, permeability at the pres-
sure of 1.3 atm, decreased by 56% and 61%, respec-
tively, relative to the pure CRFP. The gas
permeability of the hybrid composites with different
loadings of GNPs was examined by the Nielsen
model, indicating that an average aspect ratio of the
GNPs of 350 can be considered to be effective for the
gas permeability reduction.

Combining spray coating with resin infusion
enables us to optimize the consumption of GNPs
with desired properties. In general, low loadings
(< 0.2 vol%) of GNPs benefit mechanical improve-
ment, while high loadings (> 0.6 vol%) hinder gas
permeation significantly. Considering the overall
performance, the percolation threshold for the gas
permeability appears between 0.2 and 0.6 vol% as
shown in Fig. 9, which we would suggest as the
optimal loading range of GNPs, where gas barrier
properties improved by 17.5-55.8%. In this range,
flexural strength decreased by 13.9-24.3%, while the
tensile strength and modulus as well as flexural
modulus presented no obvious change. When flexu-
ral properties are critically important, GNP loading
of 0.05 vol. % is preferable with the strength and
modulus increased by 7.8% and 4.3%, respectively,
and CO, barrier properties increased by 9.8%. With
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the addition of an appropriate amount of GNPs into
the CFRP system, the mechanical and gas barrier
properties could be tuned effectively. Compared with
dispersing GNPs in the resin, such technique can
make full use of GNPs to maximize the efficiency of
improving gas barrier properties, thus save the usage
of GNPs. Furthermore, the technique is easy to scale
and could be adopted to other 2D fillers, such as
functionalized GNPs with applications in the oil and
gas industry.
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