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Abstract

In the present paper, experimental investigations were conducted to assess the effect of
nanomodification on the impact behaviours of hybrid composite plates. Graphene nanoplatelets
(GNPs) of two different sizes, 5 and 30 um, were used to modify a composite material made with
64 wt.% of unidirectional fibres and a low-viscosity epoxy resin. The effect of the nanomodification
with 30 um GNPs was also studied on composite plates prepared with a higher viscosity resin. Three
laminate thicknesses (4, 8, and 16 layers) were tested with a standard drop dart testing technique.
The peak forces as well as the absorbed energy and the fracture surfaces, observed with a Scanning
Electron Microscope (SEM), were compared. Experimental results showed that nano-modification
with 5 um particles had a detrimental effect on both the peak forces and the absorbed energy,
whereas the addition of 30 um GNPs increased the absorbed energy, especially for a laminate
thickness of 16 layers. Overall, the experimental results demonstrated that the size of graphene
nanoparticles has a significant effect on the impact response of composite laminates.

1. Introduction

During the last decade, much effort has been made to provide lightweight designs and materials for
the automotive, marine, and aerospace industries. This effort was a direct consequence of the strict
regulations regarding the environment, safety, and fuel reduction by the EC [1]. Jambor and Beyer
[2] showed that a 7% reduction of vehicle mass can be achieved with structural optimization, while
a maximum reduction in the range of 30-50% can be obtained by using advanced high strength
steels and aluminium. Larger weight reduction, above 50%, can be obtained only by using composite
materials [3, 4], which are characterised by high specific strength and stiffness as well as high
resistance to a wide range of environmental conditions and, in some cases, chemical agents [5].

Recently, the nano-modification of composite materials with small weight percentages of particles
has been widely investigated to enhance the mechanical and physical properties of the matrices
used within composite materials. The use of nano-clays, for example, can lead to an increase of the
flexural, compression, and tensile strengths as well as of the moduli, even at high strain rate
conditions [6-9]. Carbon nanofibres have been successfully used to improve the delamination
resistance, fracture toughness, and flexural strength of glass fibre composites [10-13]. Manero et
al. [14] studied the effects that multi-walled carbon nanotubes (MWCNT) had on the energy
absorption of a composite made with Kevlar fibres. Comparing the modified panel with the baseline,
an 8% increment of the absorbed energy with just 1 wt.% addition of particles, was observed.
Kostopoulos et al. [15] studied the effects of the addition of MWCNT in carbon fibre composites.
They found that the damage resistance, as well as other mechanical properties of the considered
material, can be improved by adding 0.5 wt.% carbon nanotubes. Rahman et al. [16] found that the
addition of 1 wt.% oxidized carbon nanofibres improved the impact behaviour of carbon fibre
composite laminates.



Furthermore, in the last ten years, the research on nano-modification with the use of graphene
nanoparticles has rapidly grown and the study of its effect on the mechanical properties of nano-
modified composite materials has been widely researched [17-22]. Graphene particles are
characterised by high thermal conductivity (5000 W/mK), high electron mobility, high modulus of
elasticity (around 1 TPa), and efficient electrical conductivity [17-22]. One of the most researched
areas is that of graphene nanoplatelets (GNPs) due to their ease in production. GNPs are small stacks
of exfoliated graphite with a high aspect ratio: although the properties of the single nanoplatelet
are exceptionally high, the implementation of graphene in composite materials provides two main
challenges. The first is the method used to mix GNPs within the matrix of composite materials, the
second the ability to obtain chemical bonds with polymers.

Many authors have studied how to improve the mechanical properties of composites by using
graphene particles. Yavari et al. [23] studied the addition of GNP particles in a glass fibre epoxy
composite, by spraying graphene particles onto the glass fibres or by infiltrating graphene into the
epoxy matrix. They showed that a very low weight fractions of graphene, enhanced nanomodified
composite materials were obtained, with notable improvements in their flexural bending fatigue
characteristics. Mannov et al. [24] showed that the nano-modification of carbon and glass fibre
laminates via the graphene particles had a toughening effect on the composite laminate.
Papageorgiou et al. [25] demonstrated that the addition of GNPs (from 5 to 20 wt%) in a
polypropylene/glass fibre composite significantly increased the tensile modulus and strength.
Pathak et al. [26] carried out experimental tests on hybrid carbon-fibre composites which were
reinforced with graphene particles. These reinforced composites were subsequently impregnated
with the modified epoxy resin. They showed that the addition of 0.3 wt.% of graphene particles
supported the increase of the flexural strength and modulus close to 70%. The impact response of
nano-modified composites containing graphene particles was also investigated in the literature [12],
with particular attention given to relatively thick plates. Although the investigation of thick
composite plates has been widely used, little work has focused on thin hybrid composites.

In the present paper, the impact behaviour of carbon fibre composite plates prepared with a
graphene-based modified matrix was investigated. The impact responses of the composite
laminates focused on the maximum absorbed energies, the peak loads, and the maximum
displacements as established in the ASTM standard D7136 [27]. Two epoxy resins with two different
viscosities, 41 and 49 (Pa's) at 60 °C, were modified by using GNPs. The modified matrixes were used
to fabricate carbon fibre composite plates of different thicknesses. The plates were prepared with
0.5, 1.0, and 2.0 mm thicknesses which corresponded to the plates with 4, 8, and 16 layers. Drop
dart impact tests were performed to analyse the impact response of the CFRP plates, commonly
used in the automotive industry. The used particle concentrations were relatively high due to the
viscosity of the used resin. These concentrations, 0.6%, and 0.8%, were the maximum reachable
concentrations that allowed for a processable resin for the impregnation of the fibres. Two reasons
guided the choice to perform impact tests on these three different thicknesses. The first one was to
understand whether there is an influence of the thickness on the impact response of the laminates.
To the authors’ best knowledge, the effect of the thicknesses of hybrid composites has not yet been
studied. The second one was to investigate impact plates with thicknesses that are effectively



adopted in automotive industries. For instance, the thickness of vehicle roofs varies in the range of
1.2-1.7 mm, and the composite plate used to cover the main structure of the bonnet is between
0.6-0.7 mm. Thus, the thicknesses used in this work are compatible with the thicknesses used by
the car industry. The main objective of this work is to provide indications regarding the
enhancement of the impact response of the composite plates by investigating the number of layers,
the particle size and the resin type. SEM analysis was used to study the particle distribution and the
fracture surfaces after impact. The effects of the two GNP nano-modifications on impact
performance were assessed by comparing the peak forces and the absorbed energy.

2. Materials and methods

The materials and the testing configuration are described in this section. The characteristics of the
resin, fibre, and GNPs are reported in Section 2.1. The preparation of the specimens is described in
detail in Section 2.2. Finally, the description of the impact test equipment and the test configuration
is reported in Section 2.3.

2.1 Materials

Two bisphenol-A based epoxy resins provided by Delta-Tech (Dtech, Italy), commercial name EM120
and EM180, were used for the specimen preparation. EM120 is a relatively low viscosity resin, 41
(Pa-s) at 60°C, with a glass transition temperature of 120 ° C. EM180 is a medium viscosity resin, 49
(Pa-s) at 60°C, with a glass transition temperature of 180 °C. The viscosities of the neat and modified
resins (after the addition of GNPs) have been studied by Elmarakbi et al. [28]. These values are
reported in Table 1. As shown by [28], the viscosities of the modified resins increase with the
addition of the GNPs, and the larger particles increase the viscosity more significantly than the
shorter particles.

Table 1: Viscosities of the basic resins and modified ones [28]

Sample Viscosity (Pa-s) Minimum viscosity

at 60°C (Pa-s) (temperature)
EM120 41 0.7 (107 °C)
EM120-GNaN_0.8% 77 1.1 (105 °C)
EM120-GAvVA_0.8% 50 1.1 (106 °C)
EM180 49 1.1(114°C)
EM120-GNaN_0.6% 68 2.0 (115 °C)

All the specimens were produced by using unidirectional carbon fibres, 150-UTS50 (F13) UD,
provided by Tenax Europe (Germany). The unidirectional carbon fibres are (UD) tape 600 mm wide,

having a fibre areal weight of 150 %. The resin content of the composite plates is 36 wt.%. The UD

prepregs were used to prepare cross plays with the following configurations [+45 -45],, [+45 -45]4,
and [+45 -45]g. Two different GNPs were chosen in order to verify the effect of particle size on the



mechanical performance of the tested composite materials, GNaN and GAvA. The GNaN particles
have a particle size of 30 um while GAVA particles have an average size of 5 um. The GNaN particles
provided by NANESA S.r.l. (Arezzo, Italy) are produced using a non-oxidative process via liquid-phase
exfoliation (LPE) of graphite. The average lateral size is 30 um (D50=25 um) and the average flake
thickness is 9 nm (about 40 layers). C:O (carbon to oxygen) atomic ratio as measured by X-ray
photoelectron spectroscopy (XPS) is 44:1. GNaN has a bulk density of ~0.02 g/cm3. The GAVA
particles provided by Avanzare Innovacion Tecnologica (La Rioja, Spain) are also produced using a
non-oxidative process via liquid-phase exfoliation (LPE) of graphite. The average lateral size is 5 um
(D50=5 um) and the average flake thickness is 3 nm (about 8-9 layers). C:O (carbon to oxygen)
atomic ratio as measured by X-ray photoelectron spectroscopy (XPS) is 100:1. GAVA has a bulk
density of ~0.02 g/cm?3. No treatments were carried out on the particles.

2.2 Specimens preparation

As a preliminary analysis, three different methods were considered for the dispersion of the GNP
particles within the epoxy matrix, namely, three-roll mill, high shear mixing, and sonication. The high
shear mixing method was identified as the most suitable technique to mix the resin and the
graphene by considering the obtained dispersion of GNP particles. This mixing method consists of
two phases. The particles are mixed with a shaft dispersion system that uses Cowles blades at 2000
rpm for 60 min in the first phase. In the second phase, the nanoparticles were distributed and
homogenized within EM120 resin (weight percent of 0.8%) and EM180 resin (weight percent of
0.6%) using a Silverson high shear mixing system at 3000 rpm for 30 min. The different nanoparticle
weight percentages depend on the viscosity of the resins, the reported values correspond to the
maximum reachable concentration that allows for a processable resin. After the mixing phases, the
nanomodified resins were used to impregnate the carbon fibres and to obtain prepreg layers
(100x100 mm) with the unidirectional carbon fibres and with a thickness equal to 0.125 mm. They
were prepared with neat and the modified resins by Delta-Tech. The layers were then stacked by
using the hand lay-up process and cured in a mechanical press by applying a pressure of 0.3 MPa. In
particular, EM120-based resins were cured under the press for 90 min at 120 °C, whereas EM180-
based resins were cured for 90 min at 135 °C under press and post cured in the oven for 120 min at
180 °C. In both cases, the heating rate was 1 °C/min. Three different laminate thicknesses were
manufactured: 0.5+0.05 mm (4 layers), 1.0+0.05 mm (8 layers), and 2.0£0.05 mm (16 layers). Table
2 reports all the materials tested in this work. Three test replications were performed for each
investigated composition.



Table 2: Summary of the tested specimens

Neat resin 4;8:16

EM120 EM120+GNP 4;8;16
Avanzare [+45 -45];;
EM120+GNP 4; 8; 16 [+45 -45]4;
Nanesa [+45 -45]s

Neat resin 4;8; 16

EM180 EM180+GNP 4;8; 16

Nanesa

The impregnation of the fibres with the composite matrix was verified by using a Scanning Electron
Microscope (Model ZEISS Supra 40). In order to obtain the best resolution, secondary electron
emission signals were used with an accelerating voltage of 1.4 kV. The specimens were properly
coated with gold to have better images [29]. The results of the Scanning Electron Microscope (SEM)
are discussed in Section 3.3.

2.3 Impact equipment

Impact tests were carried out using a free-fall drop dart testing machine (CEAST 9350 FRACTOVIS
PLUS) equipped with a 20 mm hemispherical impactor tup. This testing machine is instrumented
with a piezoelectric load cell (203B by PCB Piezotronics, Depew, United States), located just behind
the impactor tup, to measure the impact force history. The tests were carried out at an impact
speed of 5.7 m/s. It was selected after some preliminary quasi-static tests on the specimens in order
to induce the perforation in all the investigated plates. An impact mass of 22.3 kg was used in order
to have a final impact energy of 362 J. The level of 362 J was chosen after a preliminary quasi-static
test activity conducted on the specimens BL16 and AL16. They presented values of the average
maximum absorbed energies of 181 J and 161 J respectively. For the dynamic tests, the maximum
value of the absorbed energy obtained in the quasi-static tests was doubled to obtain the
perforation.

The impact speed was measured using a magnetic encoder for each impact test. The encoder
measures the speed of the impactor just before it comes into contact with the specimen to
accurately evaluate the impact energy. The speed signal was also used as a trigger to start the
acquisition of the load signal, to reduce the amount of data acquired and stored. The tested
specimens were fixed by a mechanical clamping system which ensures uniform pressure all over the
clamping area, as shown in Figure 1.
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Figure 1: Clamping system for the impact tests. In shadowed grey, the clamped area [29].

The load signal was acquired with a sample rate of 1 MHz. According to the procedure described in
[30-32] and by considering the energy balance equation during the impact, the displacement-time
curve was obtained. This was done by integrating twice the acceleration time history, calculated
from the acquired load signal, with respect to time, taking into account the initial value of the
velocity. The absorbed energy was finally obtained through an additional integration of the load
with respect to the displacement.

3.Experimental results

The experimental results are analysed in this section. The results of the analysis carried out by using
the SEM are reported in Section 3.1. Section 3.2 reports the results of the impact tests and the
analysis of the effect of the nano-modification on the impact response. Finally, the fracture surfaces
are analysed in Section 3.3. In the following, the material fabricated with the resin EM120 are
referred to with the letter A, whereas the materials fabricated with the resin EM180 are referred to
with the letter B. Furthermore, the letter L is added to the nomenclature of the material that
embeds larger GNPs (GNaN), whereas the letter S is used for the materials that embed shorter GNPs
(AVA). The neat materials, which are the materials prepared with the unmodified resins and the
carbon fibres, are named NA for the resin EM120 and NB for the resin EM180. The nomenclature is
finally completed by the use of the number of layers, which are 4, 8, and 16. For example, AL4 refers
to the four-layer composites obtained with the resin EM120 impregnated with larger GNPs (GNaN).

3.1 Scanning electron microscope analysis

Representative images of the SEM analysis carried out on the modified matrixes A and B are shown
in Figures 2, 3, and 4. The SEM analysis was carried out on squared samples with a lateral size of 30
mm. This analysis investigated the distribution of the particles. The samples were analysed in
different points to identify possible nonuniform particle distributions. Due to the large area
analysed, Figures 2, 3, and 4 can be assumed as representative of the nanoplatelet dispersion within
the epoxy matrixes. Figure 2a displays a representative image of the dispersion of 30 um GNPs
within the resin A. The presence of the particles looks uniform and no agglomerates are present.
Figures 2b, c and d show higher magnification of the particle dispersion, the particles look well



distributed without the presence of agglomerates. Figures 3a, b, ¢, and d show the distribution of
the 5 um particles within the resin A at different magnifications. Figure 3a shows that the
distribution of the GNPs is quite uniform except for some darker areas, highlighted with red ellipses,
in which a lack of particles is observed. Figure 3b displays one of the areas where the particles were
not uniformly distributed. In particular, a small agglomerate in which some particles are in contact
is visible for the AS matrix. This can be correlated to reduced impact properties of these composites,
that is discussed in Section 3.2. Figures 3c and d show single particles well embedded in the epoxy
matrix. The size of the particle is close to the average value of 5 um reported by the datasheet.
Figures 4a, b, ¢, and d show the distribution of 30 um particles embedded within the matrix B at
different magnifications. Figure 4a illustrates that the particle distribution is quite uniform. Although
the particles are close, no agglomerates were found and the particles do not touch each other as
shown Figures 4b, ¢, and d at higher magnifications.

Figure 2: Dispersion of the 30 um particles in Figure 3: Dispersion of the 5 um particles in
the resin A at different magnifications: a) 1 kX; the resin A at different magnifications: a) 1 kX;
b) 12 kX; c) 16 kX; d) 20 kX b) 8 kX; c) 15 kX; d) 20 kX

.a)"' ,\_ el ey " =

Figure 4: Dispersion of the 30 um particles in the
resin B at different magnifications: a) 1 kX; b) 15 kX;
¢) 16 kX; d) 20 kX
The SEM analysis showed also that the fibres and the nanoplatelets were well impregnated by the
resins, as visible in Figures 5a and b. Figures 5a and b show the presence of the resin over the fibres
and this led to good interaction between matrix and fibres. The SEM image at the bottom, Figure
5c, shows the edge of a GNP, marked with a white arrow, which is fully integrated into the resin,



showcasing the strong interaction between the GNP and the resin. Figures 5a and 11b show that

the fibres are still well impregnated by the matrix also after the impacts.

Figure 5: Representative SEM images of the composite plates at different magnifications in the
fractured area: a) 2.5 kX; b) 22 kX; c) 190 kX

3.2 Impact response

The representative force-displacement curves relative to the specimens prepared with resin A and
the larger GNPs are presented in Figure 6. The figure confirms that there is an expected increase in

the stiffness of the plates by increasing the number of layers.
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Figure 6: Representative force-displacement curves of the modified resin EM120

The energy — displacement curves which are used for comparing the impact response and
consequently for discussing the effects of the considered factors are shown in Figure 7. In particular,



the energy — displacement curves for the neat, the composite plates nanomodified with small, and
large GNPs are compared in Figure 7a (4 layers), in Figure 7b (8 layers) and Figure 7c (16 layers). All
the tests performed resulted in the final perforation of the specimens, as targeted when the impact
test parameters were selected. As can be seen in Figure 7, the energy absorbed at the perforation
of the plates after the nano-modification with the shorter particles is always lower than the
absorbed energy of the neat and the nanomodified plates with larger particles, as well as the
maximum reached displacement. It can also be noted that the absorbed energies at the perforation
of the composite plates that embed larger GNPs are larger than those of the neat plate for all three
specimen thicknesses considered.

Moreover, Figures 7a and 7b provide evidence that the values of the absorbed energies at the
perforation of the composite plate prepared with 4 and 8 layers are very close. This is mainly due
to the different trends of the force-displacement curves after the peak load seen in Figure 6. The
curve for the composite laminate prepared with 8 layers shows a lower value of the displacement
at the perforation and a rapid decrease of the load after the maximum peak (comparable with that
of the AL16 composite laminate). On the other hand, the curve for the composite laminate prepared
with 4 layers presents a larger value of the displacement at the perforation (comparable with that
of the AL16 composite laminate) and a subsequent smoother decrease. This leads to comparable
values of the absorbed energy despite the larger value of the maximum load reached by the
composite laminate prepared with 8 layers.
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Figure 7: Comparison of the energy — displacement curves: a) 4 layers; b) 8 layers; c) 16 layers.

The peak forces and the absorbed energies for all the neat composite plates tested and the plates
modified with larger and shorter particles are reported in Figure 8. The standard deviations of the
parameters investigated are also shown in the bar plot. As previously highlighted, the absorbed
energy of AS specimens is shorter for the three thicknesses investigated (4, 8, and 16 layers).
Although there is no significant difference in the peak force for the composite plates made of 4
layers, the absorbed energy of AL4 is higher, as reported in Figure 7a. On the other hand, the average
peak force experimentally assessed on NAS8 plates is larger than the peak force measured on AL8



plates but by contrast, the absorbed energy at the perforation of AL is higher. The peak force and
the absorbed energy for the AS8 are smaller than the corresponding values measured on NA8 and
ALS.

The analysis of the peak loads of the composite plates which are made of 16 layers shows that AL16
presents the highest peak load (10% higher than the NA16), while the peak force of AS16 is the
lowest. The same results have been found for the absorbed energy at perforation. The values of the
absorbed energy for AL16 is 10% higher than the neat plate, while the absorbed energy for AS16 is
the lowest (60% lower than NA16).

The experimental results show that the nano-modification of composites containing the shorter
graphene particles had a negative influence on impact response. The effect of the GNP size particles
on the impact response of the composite plates has been investigated by Wang et al. [33] and Ervina
et al. [34]. They found that the particle size significantly affects the mechanical properties of nano
modified plates. Wang et al. [33] studied the effect of two nanoparticles with different sizes. They
found that the quasi-static performance can be enhanced by the use of larger sized GNP particles
with respect to the neat condition. This effect was evident for both Young’s and the flexural moduli,
which are both involved in the damage mechanisms when impact loads are applied. Wang et al. [33]
showed that the dispersion of the larger particles was more uniform compared to the shorter
particles. The experimental results obtained in the present work confirm that the results obtained
in [33], which were quasi-static tests, are also valid for impact tests. Moreover, Ervina et al. [34]
reported that when shorter nanoparticles are not properly and uniformly dispersed within the
matrix, they are not able to transfer the loads between the matrix and the fibre. On the other hand,
the particles may act as defects, leading to a reduction of the impact response after the
nanomodification. Wang et al. [35], in a different work, studied the size effect of two different
graphene nanoplatelets on the mechanical behaviour of glass fibre/epoxy composites. The
morphology analyses carried out by these authors showed that larger GNPs were present between
the adjacent glass fabrics, and were not able to penetrate into the interstices of fibres due to their
large lateral dimension. By contrast, shorter GNPs penetrated inside the intervals of fibres but with
visible agglomerates due to their small size and large specific surface area. The mechanical studies
presented in their work showed that the flexural modulus and storage modulus of the glass
fibre/epoxy composite decreased for the composite plates prepared with shorter particles due to
their presence between the fibres. The presence of the GNP particles between the fibres was also
reported by Elmarakbi et al. [28] that used the carbon fibres and particles (GNaN and GAvA) used in
the present work with a slightly different resin. The work reported that the shorter particles (AVA)
penetrated between the particles as reported. By contrast, the composite plate prepared with larger
GNPs (GNaN) do not present the same behaviour. As showed by Wang et al. [35], this behaviour in
addition to the presence of some agglomerates, which has been reported in Figure 3, led to a
detrimental effect of the mechanical properties. The results obtained in the present study confirm
the effects outlined above.

As a conclusion, the enhanced impact response of nano modified composites with larger particles
is mainly due to their capability of obstructing and deflecting the micro-cracks which initiates during
the impact, thus absorbing a larger amount of energy. This beneficial mechanism is not present for



the nanomodified composite with shorter nanoparticles, where the GNPs act as defects due to their
non-uniform dispersion, thus inducing a reduction of their impact properties.

However, the improvement of impact response due to the GNP nano-modification is only evident
for the plates with the largest thickness (16 layers), as shown in Figures 7 and 8. The nano-
modification with larger graphene particles led to an average increment of the peak force as well as
the absorbed energy of about 10% compared to the neat case for the largest plates. This can be due
to the different damage mechanisms that are involved in thin and thick laminates. During an impact,
different damage mechanisms are involved. For example, delamination starts in the impact region
and grows wider through the thickness, and the nanoparticles placed in the bottom layers are
responsible for the enhancement of the impact response with respect to the neat condition [36].
For this reason, for plates with small thicknesses, the strengthening mechanism resulting from to
the nanomodification is not effective due to the small number of layers. This justifies why the effect
of the nanomodification is evident only for the plate with the largest thickness or, better, with the
largest number of layers.

Moreover, according to [37], for thin laminates, the membrane behaviour dominates and is the
main cause for their initial damage. In this case, the stiffness variation is correlated to differences in
thickness (between the neat and the nanomodified plate). On the other hand, for thick laminates, a
flexural behaviour dominates and is the main cause of damage. In this case, the stiffness variation
among the laminates is supposed to be correlated to the thickness at the third power. Therefore,
for plates with 4 and 8 layers, there could be a possible influence on the impact response and on
the stiffness of the plates, depending on the thickness difference between the neat and the
nanomodified plates. Specific thickness measurements were performed and this difference proved
to be negligible. By contrast, for the plate with the largest thickness for which flexural damage can
be present, even small differences in thicknesses due to the nanomodification can have a non-
negligible effect. This can also be the reason for the larger scatter found experimentally for the 16-
layer plates, by considering, for example, the absorbed energy.

Moreover, the experimental results show that the effect of the nanomodification is more relevant
for the absorbed energy than for the peak force. This result can be explained by considering the
damage mechanism. According to [38], the presence of nanoplatelets mainly induces higher
dissipative mechanisms, that justify the large increment of the absorbed energy and the limited
increment of the peak force.
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Figure 8: Bar plot of the absorbed energy and the peak force of the resin EM120

Representative force-displacement curves for the resin B modified with the larger GNPs are shown
in Figure 9. The expected increment of plate stiffness in comparison with the number of layers is
shown in Figure 9. Furthermore, these curves are slightly different compared to those prepared with
resin A. In the authors’ opinion, this could be due to the different properties of the resin, as
confirmed by the analysis of the fracture surfaces (Section 3.2)., Observations of the curve trends
reveal that the main difference is due to the change of the force signal after the peak load in the
BL16 composite, which does not decrease as rapidly as with AL16, AL8, and BLS8. This can be due to
the friction between the intact fibres and the dart tup that prevents a rapid decrease of the load.
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Figure 9: Representative force-displacement curves of the modified resin EM180



The comparison of the energy — displacement curves for the neat composite plates and those
nanomodified with the large GNPs, for the three thicknesses, are displayed in Figure 10. Figure 10
illustrates that the absorbed energy for the composite plates modified with larger particles is slightly
higher than the neat cases for the composite plates prepared with 4 and 8 layers. On the other hand,
the absorbed energy for the BL16 is significantly larger. Furthermore, while the maximum reached
displacements of the NB and BL specimens are almost equal for 4 and 8 layers, the value of the
displacement of BL16 is much larger compared to NB16.
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Figure 10: Comparison of the energy — displacement curves for the modified resin EM180

The average values of the absorbed energies occurring at perforation and the peak forces of resin B
alongside with the corresponding standard deviations are reported in the bar plot in Figure 11. The
values of the absorbed energies and the peak forces change with the same trend as for resin A, the
values for the 4 and 8 layer composites do not change significantly. The nano-modification leads to
an increase of the peak load (8% higher compared to the neat plates) only for the plates with 16
layers as for resin A. On the other hand, the absorbed energy for BL16 is significantly larger, about
80%, compared to the neat plates. The values of the peak forces and the absorbed energy for resin
B (16 layers) are significantly higher when compared.



80

10

——

70 9.1

—

60

50

44 43

30 4

Energy |J]
.
[==]

o
i
Peak force [kN]

I 3.1

20| g59 g 26

10 I
0
NB4

14.0

13.0
13.5
I I |
0
BIL4 NB

8 BLS NB16 BL16

4 layers 8 layers 16 layers

m Energy [J] = Peak force [N]

Figure 11: Bar plot of the absorbed energy and the peak force for the resin EM180

The exponential trends extrapolated by the average values of the peak loads (Figure 12a) and the
absorbed energies (Figure 12b) are presented in Figure 12. The values of the peak loads and the
absorbed energies assessed through the tests performed on resin A are higher compared to those
obtained with tests performed on resin B. Furthermore, they show that the 4 and 8 layer plates had
extremely similar values for peak loads and energy, as shown in Figure 8 and 11, which includes the
standard deviation. On the other hand, the values of the peak load and the energies for the
composite plates prepared with 16 layers are higher for the composite plates that embed larger
particles. To the best of the author’s knowledge, no existing experimental results show the effect of
nano-modification on the impact response of plates with a thickness smaller than 2.4 mm, to
compare the results obtained through tests on plates with 4 and 8 layers. The studies [9], [15], [16],
and [39] reported impact tests conducted on composite plates with thicknesses between 2.4 and
3.1 mm. The increase of absorbed energy by the addition of GNPs was also found in [12], where
glass-reinforced multilayer composites modified with GNPs were studied. A slight increase of the
absorbed energy was also found in [9] and [15] where the modification of the matrix was performed
using nano-clays and multi-walled carbon nanotubes, respectively. Higher absorbed energies were
obtained in [39] by using carbon nano-fibres. However, the maximum increase of the absorbed
energy was 52%, which is lower than the maximum increase obtained in the present work.
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Figure 12: Exponential distribution of the peak load (a) and the energy (b) neat resin and the
modified ones

3.3 Fracture surfaces

Representative fracture surfaces of the composite laminates prepared with resin A for 4, 8, and 16
layers are shown in Figure 13. The three rows illustrated in Figure 13 show the fractured plates of
the neat resin, the modified resin with larger particles, and the modified resin with the shorter
particles. The fracture surfaces can be separated into two typical breaks. The fracture surfaces of
NAS, AL4, AL8, AL16, and AS8 present clear fracture surfaces that are limited to the area related to
the impact tup. On the other hand, the fracture surfaces of NA4, NA16, AS4, and AS16 present
fracture surfaces which also involve some fibres close to the area of the impact tup. All the surfaces
modified with larger particles present a cleaner break. Although two different typical fractures are
identified, there is not a direct correlation between the fracture surfaces, the maximum peak loads
and absorbed energies. In fact, the fracture of the specimen NAS8, AL8, and AS8 look very similar but
they led to different impact responses in terms of peak loads (6.8, 5.8, and 4.4 kN) and impact
absorbed energies (20.7, 22.1 and 16.0 J). For this reason, the enhancement or the detrimental
effects of the impact behaviour is not directly linked to the morphology of the fracture surfaces but
need to be found in the dispersion of the particles or the particles size and their capacity of
obstructing and deflecting the cracks formed during the impact, as has been discussed in detail in

Section 3.1. All the fracture surfaces present a diameter of 20 mm that is the diameter of the impact
tup.



Figure 13: Fracture surfaces of the composite plates prepared with resin A

The fracture surfaces of the composite laminates prepared with resin B are presented in Figure 14.
All the fracture surfaces are very similar to the fracture surfaces of the plates shown in Figure 12 for
the three cases considered. Also in this case, the differences in the mechanical properties are not
directly linked to the fracture surface but have to be found in the dispersion of the particles that, as
shown in Section 3.1, are uniform and led to improved mechanical properties for the composite
plate BL16. These fracture surfaces display some intact fibres that probably led to an increment of
the load after the perforation in place of the typical drastic reduction to 0 of the force signals. All
the fracture surfaces also here present a diameter of 20 mm, that is the diameter of the impact tup.



Figure 14: Fracture surfaces of the composite plates prepared with resin B

Conclusions

The impact behaviour of hybrid composite laminates made with GNPs and unidirectional carbon

fibres were investigated by using drop dart impact tests. Two GNPs were used for specimen
production: 5 um GNPs (GAVA) and 30 um GNPs (GNaN), supplied by two different manufacturers
and they were used to modify a low viscosity resin, EM120. Furthermore, the second set of
specimens was obtained by embedding GNaN particles within a resin with a higher viscosity, namely

EM180. The main results of this work are summarized as follows:

The addition of 5 um particles to resin EM120 had a detrimental effect on the composite
plates under impact for all the adopted configurations (4, 8, and 16 layers) with respect to
the composite plate without nanoparticles. The worst result regard the 16 layers composite
laminates, which showed a reduction of the absorbed energy (58%) as well as a reduction
of the peak force (38%).

The addition of 30 um particles to resin EM120 allowed an increase of the absorbed energies
in all the composite plates. The effect of the nano-modification is more evident for the
thickest specimens (16 layers), with a 10% increment of both the absorbed energy and peak
load compared to the neat composite material (not nanomodified).

The addition of 30 um particles to resin EM180 shows that the values of the energies and
the peak forces change with a trend similar to resin A. The values for the 4- and 8-layer
plates do not change significantly except for the values of the peak load of BL4, that is 20%
higher. The nano-modification leads to a very large increase in the absorbed energy for BL16
compared to the neat plates (around 80%).

Visual observation of the fractured specimens shows that the fracture surfaces can be
separated into two different types. However, the enhancement or the detrimental effects



of the mechanical properties are not directly linked to the macroscopical evidence
presented in the fracture surfaces. By contrast, they need to be found in the nature of the
hybrid structure of the composite plates that led to detrimental mechanical properties for
composite plates prepared with shorter particles, due to the non-uniform dispersion of the
GNPs.

e The SEM analysis revealed that the fibres and nanoplatelets were still well impregnated by
the resins. The SEM analysis showed the fibres that were still impregnated although they
were pulled out from the matrix. Furthermore, the images of the particle dispersion show
that the larger particles are uniformly dispersed in the epoxy matrix, whereas the shorter
particles were not opportunely dispersed.

Overall, this work demonstrates that the size of GNPs significantly affected the impact response
of the investigated composite plates. Larger GNPs enhanced the impact response of composite
materials, while shorter GNPs had a detrimental effect on the impact behaviour of composite
plates. Furthermore, nano-modification did not affect thin composite plates with 0.5 and 1.0
mm thickness (i.e., the difference is only related to the experimental scatter), whereas it is
evident for the 16-layer composite plates, where there was more than a 10% difference.
Therefore, it can be concluded that the use of large GNPs on composite plates with at least 16-
layer plate, which are the most commonly used, equates to a relevant enhancement of the
impact response.
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