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Abstract — Graphene nanoparticles have been widely studied for their all-round promising

positive effects. In this study, the effect of adding functionalised 2% NH2-graphene nanoparticles to
carbon fibre/epoxy composite was assessed, before and after hygrothermal and ultraviolet exposure.
The interlaminar shear strength and glass transition temperature of the filled and unfilled were
experimentally determined, after being immersed in water at 25°C, 40°C and 70°C until partially
saturated. Other samples were exposed to ultraviolet for 700 and 1400 hours. With graphene,
samples showed up to 43.9% better water uptake resistance. The interlaminar shear strength
decreased after immersion in water by an average of 5.8% with graphene, however, after ultraviolet
exposure the ILSS loss commonly attributed to UV exposure was reduced by 12.1% with graphene.
This improvement can be explained by the GNPs offering stability against free-radical ageing,
slowing the rate of scissions and the eventual transformation to constituent monomers. Dynamical
mechanical analysis on immersed samples showed that the graphene reduced glass transition
temperature by only 1%. Filled samples exposed to UV for 1400 hours suggested a reduction in glass
transition temperature of 1°C. Scanning electron microscopy revealed good dispersion of the GNPs

in the epoxy matrix but with no strong bonding.
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1. Introduction

The Engineering industry is constantly striving to find new, lightweight materials to provide
alternatives to more conventional means of manufacturing. This leads to increased efficiency with
less fuel being used to lift, for example, aircraft, where the Airbus A350 XWB has an airframe
constituting 52% reinforced plastics [1], [2] such as carbon fibre reinforced polymers (CFRP), which
this paper will focus on. To conceive a plausible weight saving option for CFRP could be valuable to
not only the aerospace industry, but to all engineering disciplines that would benefit from weight
saving techniques. For these new materials, it would be essential to test how well they resist common
engineering environmental conditions, namely hot and wet and UV exposed, and how these compare
with the original materials.

The use of graphene nanoparticles (GNPs) in CFRPs, which is carbon arranged in a hexagonal
lattice with covalently bonded atoms [3], is of particular interest largely due to its superior strength;
with a tensile strength of 130.5 GPa it is the strongest material ever tested [4]. This fact increases the
likelihood that this material arranged in a nanoparticle format will be able to retain, at the least, the
material’s mechanical properties when dispersed correctly. To further the development of these
CFRPs, these nanoparticles can be added to potentially enhance certain properties of the material,
such as the interlaminar shear strength (ILSS), glass transition temperature (Tg) and water uptake
rate, which this paper will mainly cover. This is important as, for example, the ILSS is a major factor
contributing to the onset and propagation of delamination [5]. As the research of using GNPs in
composites is still in its infancy, there are relatively few studies assessing how a CFRP with GNPs
mechanical properties are affected by hygrothermal and UV exposure. This gap in the literature

offers new research opportunities that will be addressed in this study.



The more general positive effects of adding reinforcing nanoparticles on a polymer composite’s
mechanical properties has been studied before [3], [6], with resounding fatigue and tensile strength
improvements of 91.2 and 38.2% respectively. Here, assuming correct particle dispersion and matrix
bonding, their improved mechanical properties were attributed by high levels of energy absorption
and a positive influence on grain growth. Other particulate reinforcement can come in microscale,
and their general mechanical property changes have been studied [7], [8] however in less depth than
for nanoscale. This lack of research can be attributed to studies [9], [10] suggesting decreasing
particle size in general leads to an improvement in the mechanical properties of the material.

More specifically to this paper, numerous studies [11], [12], [13], [14] have shown the positive
effects that nanoparticles have on the ILSS of composite materials. Using 0.3 % wt. graphene oxide,
0.5 % wt. carbon nanotubes, or 42 % matrix wt. nanosilica and 25 % matrix wt. core shell rubber
respectively, ILSS had a range from 47.4 — 74.8 MPa, with percentage increases over standard CFRP
of up to 102.9%. Here, the nanofillers were used to connect the epoxy and the fibres, creating a
network of bridges that are used to share load and hence increase the ILSS. However one study [15]
suggested a 3.14 and 12.21 % decrease after the inclusion of 10% wt. and 20 % wt. silica
nanoparticles respectively.

UV damage to the epoxy can be a significant factor for composite failure, as shown by previous
studies [16], [17], [18]. It is therefore important to limit this effect, and there are studies [19], [20]
suggesting that nano-scale inclusions in the material may help. The latter study used graphene
nanoplatelets incorporated in an epoxy film at between 0.1% and 1% by weight, and concluded that
there was a strong decrease in damage and loss of mechanical properties. Ultraviolet light (UV) has
shown to have the ability to increase the concentration of free radicals in a polymer, which then leads
to degradation [18]. This is important as if the polymeric surface of the composite is degraded in this
way, the fibres will be exposed, further increasing moisture absorption [21].

When determining the mechanical properties of a material after water absorption at differing

temperatures, it is known as testing its hygrothermal capabilities. Many studies [22], [23], [24], [25]



have reported on the effects of immersing CFRPs and the corresponding diffusion, with [22]
showing a 37% reduction in 90° tensile strain to failure in samples with 1% moisture content after
immersion. A reduction in strength, stiffness and a change in fracture mode was also found in [23],
with the severity of matrix cracking and delamination increasing with moisture content. These
changes can, in part, be explained by reports [24], [26].

The interlaminar shear response is to be tested after prolonged immersion in water for over 1
month, simulating the potential change in humidity that an aircraft may be subject to. There are few
relevant studies looking at how GNPs affect this hygrothermal capability, but one study does suggest
that the strength of a composite without nanoparticles decreases above immersion at 70°C after
testing a range from 20 to 130°C [27]. Furthermore, a study looking at hydrothermal ageing effects
at room temperature [28] showed that composites with functionalised graphene oxide nanoparticles
(1.72 wt.%) had a superior reinforcement efficiency after ageing, and lower water diffusivity (40%)
and leaching effects (70%). There is still, however, a gap in research and an opportunity to compare
the ILSS of an immersed carbon composite with and without GNPs at a range of temperatures. There
has been some research into how graphene’s presence in an epoxy slows the rate of water uptake. A
study [29] showed that the use of graphene nanoplatelets reduces the absorbed moisture content.
Furthermore, it is suggested that maximum water content and diffusion coefficients are decreased.
This opens potential research covered in this study to assess GNPs effectiveness in these areas.

When assessing how the addition of GNPs, in general, affect the Tg, a study suggests that
incorporating graphene up to 1.5 wt.% resulted in an epoxy stiffness increase. This in turn led to a
significant increase in Tg of 40°C [30]. In this case, the dispersion of the graphene was a success,
with particles uniformly dispersed and fully embedded. Whilst there are not many relevant studies
assessing GNPs effect on Tg after hygrothermal exposure, one study suggests that the Tg of a carbon
fibre composite was observed to reduce by about 17% due to being hygrothermally aged in a
chamber at 70°C and 85% relative humidity [31]. This effect will be assessed in this study, whilst

also filling the knowledge gap of how GNPs can effect this change in Ty.



The technique used in this project aims to reduce carbon fibre density in the material, and instead
partially replace them with graphene nanoparticles (GNPs). The hypothesis is that through the
process of functionalization, where the GNPs are evenly spread throughout the resin, they can act as
a load bearer, while also providing obstacles for dislocations and crack propagation, and hence slow
the rate of fatigue induced damage — a process common, for example, in an aircraft’s repetitive
lifecycle. Therefore, the outcome is a material that theoretically provides increased interlaminar
shear strength, reduced weight compared with conventional CFRPs and the added characteristic of
having a significantly increased service life [3]. Furthermore, the rate of absorption was measured for
both materials to assess how GNPs and temperature affect the long-term moisture uptake of the
CFRPs. The hypothesis here is that the introduction of GNPs will hinder the path of the water
molecules and hence slow the uptake. Tq was determined to study the effect that water and
temperature have on it, using Dynamic Mechanical Analysis (DMA). This is important as beyond
this transition temperature, the material may become more flexible with the presence of water
molecules. In general, the hypothesis is that with the presence of GNPs, ILSS and Tg will increase
after hygrothermal and UV exposure, and the water uptake rate will slow. The results will then be

ratified using SEM imaging, assessing the dispersion and bonding of the GNPs in the matrix.

2. Materials and Methods

The material tested in this study is carbon fibre/epoxy composite reinforced with 2% NH2-GNPs. It
used a 2x2 twill carbon fibre woven fabric of 0.28mm thickness and orientation [0, 90], with each
fibre having a 7 um filament diameter, and tensile strength 4120 MPa. Furthermore, it used an IN2
epoxy infused resin, where the tensile strength was between 63.5 — 73.5 MPa, and T4 onset was 92-
98°C. Both fibres and epoxy were supplied by Easy composites. The nanoparticles used were oxygen
functionalised graphene nanoparticles with a surface area of 500 m?-g* provided by Perpetuus
Carbon Technologies Ltd. Amine-GNPs contained the amine functional group, consisting of basic

nitrogen atoms, which are able to hydrogen bond with other hydroxyl groups, hydrogen atoms and



molecule [32]. They were prepared using plasma-processing in a multi-electrode dielectric barrier
discharge plasma reactor [33]. Here, the graphite powders are exposed in an argon plasma for 60
minutes at 3 and 6 KW. This exfoliates the graphite and negates the van der Waals forces between the
layers. Oxygen plasma is then used to introduce Oz functional groups to reducing agglomeration
[34]. The 2% amine GNPs were first mixed with epoxy using shear mixing and a three-roll mills
mixer. The composite panels were then manufactured by resin infusion moulding. The sheets were
cured first at room temperature using UV lights for 24 hours followed by 6 hours curing in an oven

at 60°C.

Samples were cut using a waterjet into approximately 20mm length, 20mm width, and 2mm

thickness. They were first dried in an oven at 70°C with desiccants and weighed periodically until

the sample weights stabilised. Fifteen samples of each material were then immersed in distilled water

at different temperatures 25°C, 40°C, and 70°C. The weight of the samples was monitored

periodically until saturation. The percentage weight gain, Wq%, was calculated using equation (1).
We—W,

W,% = *==2. 100 (1)

o

Where, Wt is the weight measured after immersion at a time t, and Wo is the initial weight before

immersion.

Ten samples of each material were also subjected to UV radiation in a QUV accelerated weathering
tester using UVA lights. Half of the samples of both materials were removed and tested after 700

hours and 1400 hours.

For the interlaminar response of the material, short beam shear testing was used with a Hounsfield
testing machine (Figure 1), and all procedures followed BS 2563. This method is based on classical

beam theory, and causes transverse shear failure through three point bending, a method that also



allows easy comparison to other studies [12], [13]. The samples were placed in the shear holder, with

the span width set to 10mm according to equation (2).

Iv=5-h+0.1 2)

The strain rate was then set to Imm-min™ and programmed to record load every 0.2 seconds. The

maximum shear strength was determined using equation 3.
T="— 3)

Where, PV represents the maximum load at the moment of first failure (N); b represents the width of
the specimen (mm); h represents the thickness of the specimen (mm). This ILSS was calculated in

the longitudinal orientation, that is the crack propagation is perpendicular to the fibres.

Figure 1: A sample during ILSS testing on Hounsfield tester

DMA testing was performed to determine how GNPs affect T in several conditioning environments:
without environmental consideration, after immersion in water at different temperatures, and
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exposure to UV light. Two immersed samples of each material from the temperatures 25°, 40° and
70° were tested, along with one UV exposed sample from each material at both 700 hours and 1400
hours. A Perkin EImer 8000 DMA was used with a single cantilever to determine the glass transition
temperature Tg, and all procedures followed 1SO 6721. The samples were heated up to 160°C at
5°C/min. The frequency used was 1 Hz and at 0.03% strain. The samples were placed in the

machine, and two samples of each were tested.

A Crossbeam 540 FIB-SEM by Zeiss was used to evaluate the dispersion and bonding of the GNPs
to the matrix. The samples were prepared, and sputter coated in 5nm of platinum to avoid charging
on the SEM. This conductive layer of metal increases the number of secondary electrons that can be
detected, leading to an improved signal to noise ratio. This process also leads to a reduced beam

penetration which has the effect of improving edge resolution [35].

3. Results and Discussion

3.1. Water Uptake

Error! Reference source not found. showing water uptake rate shows that the absorption seen here
is lower than that seen in other studies on nanoparticle reinforced epoxy composites [36], [37] that
show water uptake up to 6%. This can be explained to be from the presence of the carbon fibres and
the higher crosslinking in higher grade epoxies [29]. The weight gain initially followed Fickian
behaviour, where there exists a linear relationship between average weight gain and the square root
of time. After this, however, there is evidence of a longer-term, second-stage absorption as the
weight gain continues to increase past the linear section. Studies by Korkees et al [25], [38] explains
this could have been due to polymer chain relaxation, where the absorbed water in all samples is
believed to induce structural relaxation in the resin, allowing water molecules to take up any new

space. Other studies [39], [40] also explain the two-stage water uptake trend with resin relaxation.
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Figure 2: Water uptake curves for specimens in water at 25°C, 40°C and 70°C against the
square root of time
Therefore, a graphical method [38] can separate the Fickian and long-term behaviour and be used to
come to a new maximum moisture content, Ms, which coincides with the theoretical Fickian
diffusion curve maximum, figure 3. As an example, with GNP at 70°C is shown, and was also
applied to all curves at the various temperatures and compositions.
After Mr values were obtained, the gradient, G, of the initial half section (short term absorption)

of the curve was calculated using equation (4). The diffusion coefficient, D was determined using

equation (5).

Mt2-Mt1
¢ =T (4)
.G2.h2
= 1;6-Mf2 (5)

Where h is the thickness of the sample. The D values are calculated using their respective

gradients at each temperature and material.
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Figure 3: Water uptake curve for specimens in water at 70°c with extracted Fickian behaviour
from long term measurements

As mentioned, the initial uptake (Figure 2) of both materials at 70°C follows Fickian behaviour,
followed by a brief period of early saturation levelling and then a progression to long term
absorption. The 25°C and 40°C samples show less Fickian behaviour (Figure 2), with less of the
characteristic initial uptake as well as not levelling off as clearly. For this study, the maximum
moisture content, Ms, will be taken at the longest time possible. This assumes the curves level off
soon after. Using the equations (4) and (5), the average diffusion coefficients were determined from
table 1, and presented showing a decrease in the diffusion coefficient at each temperature with the
presence of GNPs (Figure 4). The results suggest that beyond 40°C, an increase in temperature led to
an increase in coefficient, found also in [38]. This agrees with [24] that suggests diffusion is a
thermo-active process, that’s sensitive to temperature of immersion, and related to the Arrhenius
equation, which suggests that increasing the temperature accelerates short term diffusion.

GNPs did show some sign of beneficial physical behaviour. They decreased the diffusion
coefficients markedly at 70°C (Figure 4), a result directly leading from a slower water uptake, and

reduced the maximum water content. The reasons for the increase of water resistance due to GNPs
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can be summarised by the GNPs acting as barriers against water absorption and impairing the
intermolecular movements of the surrounding epoxy. A similar effect can be seen in [41]; carbon
nanotubes gave a 20-30% decrease in water uptake rate compared to without, citing the same cause
as above but also suggesting the formation of strong chemical interfaces between the epoxy matrix
and amine-functionalised carbon nanotubes, hindering water molecule diffusion further. Here, any
primary crack induced by a temperature rise has the nonreinforcements as an obstacle, increasing the
energy required for local crack deviations. The diffusion decreasing affect was found also by [24]
where the addition of carbon fibres to resin reduced the diffusion values, and so the presence of
fibres may have hindered water movements through the resin by constraining polymer chain
movement. The same argument was used by [42], showing rigid carbon fibres may constrain matrix

movement.

Table 1: A table showing the Mf and corresponding D values

D (107-
Samples Mf % 14mn2/s)

25°C With GNPs 1 0.41 3.0814
25°C With GNPs 2 0.46 2.4479
25°C Without GNPs

1 0.49 3.0132
25°C Without GNPs

2 0.52 3.1030
40°C With GNPs 1 0.89 3.4684
40°C With GNPs 2 0.95 2.964572368
40°C Without GNPs

1 0.94 3.445172778
40°C Without GNPs

2 1.13 3.725030673
70°C With GNPs 1 0.78 19.29190959
70°C With GNPs 2 0.76 18.91154855
70°C Without GNPs

1 0.88 35.45258706
70°C Without GNPs

2 0.86 32.69259021
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Figure 4: Average diffusion coefficient determined from gradient and maximum moisture content
3.2. Interlaminar Shear Test

ILSS tests were undertaken before immersion and UV exposure, to determine the normal comparison
between the two materials, without environmental intervention (Figure 5). Specimens with and
without GNPs followed the same ductile behaviour to failure, although the maximum loads that the

material can withstand reduced slightly by the presence of GNPs. Figure 6 shows a decrease with

GNPs in ILSS of 3.5%.
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Figure 5: Average load against displacement (dry) — with and without GNPs - no environmental
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Figure 6: Average ILSS values for samples with and without GNPs - no environmental intervention

ILSS tests were also undertaken after the immersion in water at the three different temperatures.
It can be shown that increasing the temperature at which the samples were immersed in, on average,
reduced the load able to be withstood by the samples before failure, seen here by the peak. The
results are in good agreement with [43] where the ILSS for CFRPs decreased after hygrothermal

ageing while immersed at 70 and 85°C for 14 days by approximately 32% compared with the initial
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state sample. This can be explained by heat mobilising chains in the polymer, allowing the greater
diffusion of water into the material. This can then lead to matrix plasticisation, micro-cracking, and
voids.

Furthermore, it can be seen (Figure 7) that GNPs affected the ILSS in a way that was not
hypothesised, that is, the ILSS decreased at each temperature with the presence of GNPs, compared
to without. An average percentage of how GNPs reduced the ILSS can be calculated to be 5.8%. The
strength reduction seen after the inclusion of GNPs isn’t unknown to literature, with Keledi et al [44]
suggesting a reduction in tensile properties due to poor dispersion and/or adhesion/bonding. This
would have led to easier delamination through stress concentrations building at the sites that have
separated between mediums, thus leading to failure initiation. This is important as it can be shown
that delamination causes reductions in ILSS, where the residual strength can be predicted from the

area of delamination using a fracture mechanics model [45].
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Figure 7: ILSS determined from pv and dimensions at 25°c, 40°c and 70°c — with and without
GNPs — after immersion

A further ILSS test was performed on UV samples to access how the UV radiation affected the
ILSS of the materials. The ILSS results (Figure 8) showed that the UV radiation exposure times had

a minimal effect, but also showed that at both exposure times, the presence of GNPs gave a greater
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resistance to a reduction in ILSS over the samples without GNPs when compared with their pre-
exposure values. An introduction of GNPs in this case had a combined improvement of 12.1% when
looking at ILSS loss resistance. This agrees with [46], that suggested the introduction of GNPs offers
a decrease in the loss of mechanical properties. It is suggested [18] that UV radiation led
photodegradation of the material, caused by free radicals. This secondary reaction relies on the
availability of oxygen molecules in the matrix. Therefore, the improvement over composites without
GNPs was likely due to the reduction in gas permeation through the polymer; the GNPs provided a
‘tortuous path’ that inhibited the gas diffusion in the matrix, reducing the oxygen availability.
Another study [47] using carbon black nanoparticles, which have a similar composition to graphite,
suggested that the nanoparticles acted as free radical ‘scavengers’, which help form peroxides that do
not re-initiate oxidation reaction. Furthermore, it was suggested that the nanoparticles could have
filled micro-pores in the epoxy, limiting water penetration that could accelerate UV degradation by

improving mobility of free radicals.

45
Il With GNPs

Without GNPs
40 | |

t— bt [ [ w2 o
[=1 wn (=) wn (=] N
I T
L |

Average Interlaminar Shear Strength (MPa)

W

<

l
700 hours 1400 hours
Sample Conditioning

Figure 8: ILSS determined from pv and dimensions at 700 hours and 1400 hours UV exposure —

with and without GNPs
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3.3. Glass transition temperature

Figures 9 and 10 show the DMA graphs of GNP-filled and unfilled. The Ty is here determined by the
tan delta peak, signified by a red dotted line. Across both materials, the Ty was highest at 25°C, with
both 40°C and 70°C showing very similar reduced temperatures by an average of 11.1°C, or 13.4%.
This reduction could have been due to the resin becoming increasingly plasticised, as it was shown
that with increasing temperature, the water uptake increased.

The GNPs seem to have not affected the Tg4 substantially with it, on average, being reduced by
1.08% by the presence of GNPs. Due to the superior temperature capabilities of graphene
nanoparticles, however, their introduction should be beneficial. For example, a study by
Karthicksundar et al [48] attributed a 2°C increase in Tq to a 0.5% weight percentage nanofiller
inclusion. The same study did show that nanoparticle inclusions higher than 0.5% led to a decrease in
Tg, perhaps due to various reasons such as an increase in free volume from plasticisation, nanofillers
interacting with the radius of gyration of the polymer chain, reducing the hindrance between atoms in
the polymeric chain, and finally any impurities in the nanofiller. The Tq for both materials at each

temperature is compared and shown (Figure 11).
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Figure 9: Tan delta against temperature at 25°c, 40°c and 70°c — with GNPs — after immersion
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Figure 11: Glass transition temperatures at 25°c, 40°c and 70°c — with and without GNPs - after

immersion

Further DMA was performed after exposure to UV, with the aim to compare how the
introduction of GNPs affected the resultant Tq. Samples were tested having been exposed for 1400

hours (Figure 12). These results suggest a reduction in Tg of 1%, or 0.88°C with the introduction of
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GNPs. This disagrees with the concept that as graphene absorbs the vast majority of the UV radiation
[49], it should then release this as heat, post curing the material and increasing stiffness. The lack of

correct particle/matrix bonding in this case may be the reasoning behind this.
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Figure 12: Tan delta against temperature after 1400 hours— with and without GNPs — after UV

exposure

DMA was performed on a sample with zero environmental intervention, to measure the effect on
the glass temperature after the sample was heated in the machine to 160°C, as was done on the
samples. This is important to determine as the actual process of DMA may post cure the samples
further creating a differing Tg when heating, than when cooling. This sample was post cured before
this at 70° for seven days, as the aim was to try to have similar initial conditions as the other
samples; they were seen to lose most of their moisture content after seven days. The results (Figure
13) suggest that the post curing effect of the heating reduces the Tq by 4.7°C, or more generally by

5%.
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3.4. Scanning Electron Microscopy

The GNPs gave the composite reduced mechanical properties such as ILSS when comparing with
GNP inclusion and without both before environmental intervention and post immersion. To
determine why this is the case, its microstructure was assessed visually using a SEM.

SEM was used to investigate the dispersion and bonding of GNPs to the matrix.
suggests that in practise, the dispersion was good and as intended with the lighter shaded spots

shown by arrows highlighting the GNPs. As seen in [32], the functional groups O2 and Amine
allowed the breaking of the van der Waal forces between the nanoparticles that would otherwise lead
to agglomeration, and hence improving GNP immersion.

Furthermore, the bonding between the GNPs and the matrix was inspected, Figure 15. The
microscopy image shows a poor bonding between the matrix and GNPs which can potentially lead to
a reduction in the GNPs ability to share load and hence lead to no improvement in ILSS. The poor
interfacial bonding is presented by the large, clean, and smooth GNP surface area shown without
visible matrix attachment as in other studies on GNPs that showed improvement in material

properties [32], [50] meaning it was not efficiently bonded to the matrix. A study [51] showed that
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similarly flat, clean GNP surfaces could be seen, indicating very weak matrix interaction, resulting in

debonding leading to microcracking under load, propagation, and eventual failure.
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Figure 14: SEM image of dispersed GNPs in composite matrix
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Figure 15: SEM image of GNPs incorrectly bonded in composite matrix

4. Conclusion

The purpose of the study was to examine the affect that adding graphene nanoparticles to a CFRP
had on overall mechanical performance, both before and after environmental immersion. Through
experimentation, it has been determined that the modification of carbon fibre composites with GNPs
does change their mechanical properties.

The experiments involved the immersion of both composite samples in water at different
temperatures for one month and exposure to UV radiation for 700 and 1400 hours. From this, the
ILSS and T4 was determined for each condition and for each material, with and without GNPs.
Furthermore, the rate of water uptake was compared between both materials, to determine how GNPs

affected this.
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Firstly, the study calculated the Fickian diffusion coefficient at each temperature and found that
the coefficient decreased with the presence of GNPs, but significantly, at 70°C the water uptake was
slowed by 43.9%.

Secondly, the study found GNPs to reduce the ILSS, for example, by a relatively small amount of
3.6%. Using scanning electron microscopy, this was attributed to incorrect bonding between the
nanoparticles and the matrix; the images clearly show a large surface area of the GNP, proving the
poor bonding between it and the matrix. This has potentially led to a reduction in the GNPs ability to
share and distribute load with the matrix, and reduce their ability to divert cracks, hence leading to
the reduction in strength.

Next, after immersion at 25°C, 40°C and 70°C and averaging the values across this range, the
strength is measured to decrease by 5.8% after the introduction of GNPs. However, further testing
suggested that after UV exposure, the interlaminar shear strength did not decrease nearly as much as
the material without GNPs, with a significant loss improvement of 12.1%. This improvement could
be explained by the reduction in gas permeation through the polymer. Other explanations involved
the nanoparticles blocking free radical re-initiation and them acting as micro-pore fillers, slowing
water uptake and hence UV degradation.

It was found that Tq was highest at 25°C by an average of 11.1°C. Both 40°C and 70°C showed
very similar results, reducing the T4 in comparison to room temperature (25°C). This reduction was
linked with some confidence to the higher temperatures increasing water uptake, and therefore
increasing associated plasticization. The GNPs seem to have not affected the Tq substantially with it,
on average, being reduced by 1.1% by the presence of GNPs, perhaps attributed to a higher than
optimal percentage weight of nanoparticle.

Samples were tested after exposure to UV for 1400 hours. These results suggest a reduction in Tg
of 1%, or 0.9°C with the introduction of GNPs.

Considering the beneficial water uptake and ILSS, UV characteristics of CFRPs modified with

GNPs in this study, an engineering usage recommendation can be formulated for materials utilising
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novel GNP/CFRP nanocomposite blends in the future. For example, it would be beneficial to use
them in the aerospace, marine and automotive industries, where their hygrothermal and ultraviolet

capabilities can potentially lead to safety, structural and economic improvements.
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