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ABSTRACT

Nanocomposites based on the biomimetic brick and mortar architecture are gathering great
attention recently due to the outstanding properties of the natural analogues. Thanks to the very
high in-plane orientation of nanoplatelets and the low matrix content, these materials exhibit
good mechanical performance combined with excellent functional properties based on the
nanoplatelets characteristics. Key feature of these materials is the presence of a regular
nanostructure that consists of alternated nanoplatelet and matrix layers.

This thesis addresses the study of mechanical and functional properties of nacre-like
composite materials based on graphite nanoplatelets (GNPs). Particular attention is devoted to
providing an insight into stress transfer mechanism in high filler content composites and
describing the parameters that influence the efficiency of stress transfer. GNPs have been
chosen as filler thanks to the good combination of mechanical, thermal and electrical
properties, and the very low cost. This would allow the mass production of graphene-based
material with remarkable properties that could give a breakthrough in the materials field and
industrial applications. In particular, nacre-like GNPs/Epoxy thin films at different filler
content have been prepared by a top-down manufacturing technology and their mechanical
properties in tension have been experimentally evaluated. The elastic modulus has been found
to exhibit a maximum of ~15 GPa between 53-67 vol% filler content and then it starts dropping
at higher loadings. This is attributed to a discontinuous polymeric matrix layer, and thus to an

incomplete GNP surface coverage at high filler content. As a result, the effective area for stress-



transfer is considerably reduced at the expense of the reinforcement efficiency. To better
understand the quality of stress transfer between the two phases, a microscopic investigation
has been carried out by micro Raman spectroscopy, highlighting the poor stress transfer
between the two phases at high filler content. In the light of this, a model is proposed for
predicting the stress transfer characteristics in brick-and-mortar systems by paying attention to
possible non-uniform matrix distribution over the nanoplatelets. It has been observed that at
relatively high filler content, the elastic modulus of these systems drops after a critical
concentration deviating from the expected behaviour, which dictates that the higher the filler
content the higher the macroscopic elastic modulus. Thus, understanding the mechanism at the
base of stress transfer in composite with brick and mortar architecture is of great importance
and allows the definition of design strategies for the optimization of the mechanical properties
of this class of material. The proposed analysis captures well the observed effects and paves
the way for the development and further improvement of this new class of engineering
materials.

The material architecture of GNPs based films also contribute to the excellent thermal end
electrical conductivity of the material. Also, the high anisotropy between in plane and cross-
plane conductivities of GNPs is reproduced at the macroscale by the thin films. In fact, at 70
vol%, GNPs/Epoxy films exhibit in plane and cross plane thermal conductivities of 216 W/mK
and 8 W/mK respectively and sheet resistance of 0.33 /sq. This makes the material an
excellent shield for high radiative heat flux and electromagnetic waves. Therefore, these
exceptional multifunctional properties and the good structural performances of GNP/Epoxy
films, can be exploited to improve those of FRP. They can be easily integrated into fibre
reinforced polymers (FRP), without adding any additional steps in the fabrication process, and
without compromising the weight and mechanical performances of the material. In this thesis,
it has been investigated the possibility of improving fire resistance of composites by integrating
on their surface protective coatings. Graphene rich films have been bonded on the heat-exposed
surface of Carbon Fibres Reinforced Plastic (CFRP) laminates observing a significant
reduction of the temperatures on the heated surface and of the damaged area when exposed to
high power radiative heat fluxes. The behaviour of CFRP composite has also been assessed
through cone calorimeter test and the effect of graphene films protection has been investigated.
In addition, the reaction of CFRP composite to high power radiative heat flux have been further
investigated by laser spot heating. The effect of the protective layer thickness has been tested
with different laser power (25, 50, 75, 100, 150 kW/m?), simulating standard testing conditions
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(AC 20-135 and ISO 5660-1 Standards). Finally, damage level and residual mechanical of
exposed samples have been assessed as a function of the level of protection. A significant
improvement of the post-heat flexural moduli and a significant reduction of the damaged areas

have been obtained in graphene films protected laminates.
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Mimicking Nature: Nacre-Inspired Materials

1. MIMICKING NATURE: NACRE-INSPIRED

MATERIALS

1.1 Introduction

Recently, innovative materials inspired from nature have raised huge interest thanks to their
remarkable mechanical properties and impressive performance [1]. Their hierarchical and well-
organized structure provides interesting structural properties. In particular a great deal of
attention is paid to composite materials consisting of 95 vol% of inorganic filler and 5 %vol
of organic binder, such as nacre and mollusc shell [2—4]. Actually, the material architecture at
high filler content involves complex deformation mechanisms: the coexistence of a soft-
domain (mortar) and a hard domain (bricks) affects the molecular mobility leading to an
increase of ductility and energy dissipation. Moreover, the well-oriented microstructure and
the low matrix content in brick-and-mortar materials ensure also other functionalities, such as
gas barrier characteristics and good electrical and thermal conductivities, at reduced weight.
The combination or structural and multi-functional properties makes this class of materials

promising for several industrial applications.
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1.2 Overview of hierarchical structure of nacre

In the last decades, many researchers have shown a huge interest in biomimetic materials.
These are innovative materials inspired from nature, which have interesting structural
proprieties and are organized in a hierarchical structure.

Among all biomimetic materials, nacre has drawn great attention of the scientific
community, thanks to superior levels of strength and toughness and its brick-and-mortar
(B&M) architecture. Nacre is the iridescent inner shell layer of many species of seashells from
the gastropods and bivalves groups. It consists of a 3D assembly of hard lamellar aragonite
(CaCO:s) tablets glued together with a low amount (5 vol%) of soft organic materials (proteins
and polysaccharides). This hierarchical organized microstructure and the small fraction of
biopolymers are responsible for the unique mechanical behaviour. In addition, the mineral
bridges that connect the different tiles at nanoscale level are capable of preventing crack
extension and provide toughness and impact resistance [3,4]. Although nacre is composed by
fragile material, it exhibits a ductile behaviour, allowing plastic deformations and exhibiting
high toughness, which is three order of magnitude higher than its main constituents.

Nacre consists of a brick-and-mortar like (B&M) structure, in which hard aragonite tablets
are glued together with soft organic materials to form tiles. Lamellar micro-architectures of
hard composite tiles with soft organic layers in between prevent crack deflection and ensure
slip in order to provide toughness and impact resistance [3][4]. Therefore, the shells of molluscs
offer a perfect example of a lightweight, tough armour system. It denotes how species have
adapted to the external environment among years, turning brittle minerals into much tougher
materials, capable to protect themselves from external agents.

From the engineering point of view, the exceptional behaviour of the material is given by
the complex hierarchical structure, organized over several length scales: from macroscale to
nanoscale.

1. Macroscale (Figure 1.1a). At the macroscale, the shell is composed by three main layers:
the outer layer (periostractum) composed of hardened protein is brittle and hard and
provides resistance to penetration from external impact; the middle layer (prismatic) is
composed of columnar calcite; the inner layer (nacre) composed by aragonite and organic

material provides toughening, by allowing the dissipation of the mechanical energy [1].
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Figure 1.1. Hierarchical structure of red abalone nacre at macroscale (a) and microscale (b) [3]

Mesoscale. At this level some hardening mechanisms take place. The surfaces of the
tablets are rough with many nano asperities, forcing bricks to climb obstacles in order to
slide on one another. Either in tension or shear, strain hardening is the key to large
deformation and is essential for the remarkable mechanical performance of nacre. In
addition, the organic material at the interface have to maintain strong adhesion with the
bricks, also over long sliding distances [4].

Microscale (Figure 1.1b). It is represented by the 3D brick and mortar architecture where
the bricks are the aragonite polygonal grains held together by biopolymers matrix. There
are two structures of nacre: columnar nacre or sheet nacre, depending on the stacking mode
of the tablets.

In the columnar nacre platelets are stacked in columns such as it is possible to identify a
core and overlap regions, while in the sheet nacre platelets are stacked in a more random
arrangement without well-defined core and overlap regions. In both configurations, the
bricks are perfectly oriented in plane direction.

Generally, columnar nacre is found in gastropods, whereas sheet nacre occurs more in
bivalves. In columnar nacre, viewed from the top, the polygonal tablets form neighbouring
layers overlap in such a manner that the inter-tablet boundaries form tessellated bands
perpendicular to the lamellae boundaries, shown in Figure 1.1b. While in sheet nacre, the
inter-tablet boundaries are distributed randomly. The overlap region in columnar nacre
covers around 1/3 of the area of a tablet, whereas in sheet nacre no distinction can be made
between the core and overlap areas [3,5]. The distinction between these two regions is
important as they experience significantly different stress states. The tablets in nacre are

often described and modelled as being flat on the microscale; it was actually observed that
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the interfaces between the tablets show significant waviness, contributing to energy
dissipation [5].

4. Nanoscale. In both nacre types there are mineral bridges connecting different tiles. These
bridges, which protrude through the organic matrix, not only allows continued
mineralization on the organic layers, but also improve their mechanical properties and

prevent crack extension of nacre [3].

During the growth of the shells, the prismatic layer is deposited first, and the nacreous
layer is added as the shell thickness increases with time. Successive nucleation of aragonite
crystals gives birth to the aragonite component of the composite. The formation process
differs in columnar nacre and sheet nacre; in the first tablets grow following a “Christmas-

tree pattern” [6,7], while in the second tablets grow forming lower tower (Figure 1.2).

(b)
Figure 1.2 Formation process in columnar nacre (a) and sheet nacre (b) [3]

1.2.1 Mechanical properties and fracture mechanisms

Due to its structure, nacre behaves differently according to the direction of the applied
compressive or tensile load. In general, nacre’s compressive strength is higher when the load
is applied perpendicular to the tiles, while tensile strength is higher when loaded parallel to the
tiles [3]. Compressive strengths are also generally higher than tensile strength in both parallel
and perpendicular directions. These results were obtained by Barthelat et al. [5], who
performed tests on sample cubes of 5 mm sides. These tests were done under two different

conditions: dry (ambient condition) and hydrates (soaked in water).

180
160 ; Pure Aragonite - Dry Nacre
= / V\ %
~ 120 / <
@ f Dry Nacre Hydrated -
g 100 /) & Nacre L2 b4
4 P
3 80 &
~
E 60 E
ki 40 w
20
0
0 0.002 0004 0006 0.008 0.01 0 0.05 01 015 02
Tensile strain Shear strain yxz
(a) (b)

Figure 1.3. Tensile (a) and shear (b) stress-strain curves for nacre in red abalone [3,5]
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Figure 1.3 shows the behaviour of nacre under tensile and shear stress. Nacre behaves
differently when under dry or hydrated conditions. In Figure 1.3a there is a comparison of
stress-strain behaviour of pure aragonite, dry nacre and hydrated nacre. The behaviour of dry
nacre is similar to that of pure aragonite, which exhibits a brittle failure. On the other hand,
hydrated nacre exhibits a ductile failure with an initial linear response, similar to dry nacre,
followed by a region of larger inelastic strain, starting from a stress of 70 MPa. This points out
not only the importance of water for the ductile behaviour of nacre, but also the relevance of
the organic matrix. Even though it represents only 5% of its composition, it is responsible for
the high toughness of nacre.

Also shear test highlighted the influence of water on shear modulus and shear strength. The
behaviour of both hydrated and dry nacre in shear is reported in Figure 1.3b. It shows that the
mechanical properties of nacre reduce in case of hydrated nacre, with respect to dry nacre.

Nacre behaviour at nanoscale is described through nanoindentation test [8]. The elastic
modulus of tiles is between 60 and 80 GPa, which is similar to the one of pure aragonite (81
GPa), while the elastic modulus of the organic matrix is between 2.85 and 15 GPa. From the
test, it also appears the viscoelastic nature of nacre, which is subjected to plastic deformations
and pile-ups. Figure 1.3a also shows the deformation of nacre sample during tensile test. In
particular, when the stress reaches 70 MPa the organic matrix yields and the tablets locally
slides on one another, until nacre fractures as tablet pull-out mode.

Wang et al. [9] proposed a model to describe two different fracture mechanisms based on

the aspect ratio of the platelets. In particular, they defined a critical value of the aspect ratio:

s, =—2 (1.1)

If the actual aspect ratio, is greater than the critical one (s>s.), fragile fracture is dominant
and the platelet fracture occurs, while if s<s. the platelets starts sliding one on the another until

they are pulled out from the soft matrix (Figure 1.4).
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Figure 1.4. Fracture mechanisms [9]
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1.2.2  Inter-tile toughening mechanism

The peculiarity of nacre is its high toughness, which is three order of magnitude higher than
its main constituents. The high toughness of nacre is related to different mechanisms: (i)
nanoasperities of the aragonites tiles; (ii) organic layer acting as viscoelastic glue after the
elongation of biopolymer; (iii) mineral bridge relocking after fracture; (iv) tile interlock due to

the microscale waviness and dovetail of tiles.

nanoasperities

i
organic layer acting as viscoelastic glue

Figure 1.5. Different model for sliding between tiles [6]

Mechanisms (i) and (iii) make the sliding of contiguous tiles more difficult and increase
friction; in fact, they are responsible for shear resistance. Whereas the stretching of
biopolymers fibrils is responsible for the load transfer across nacre’s structure, in fact the
polymeric layers acting as a strong adhesive, increases the tensile strength of the composite.
Another mechanism which contribute to nacre high toughness is the incremental thickness of
tiles near the edges with a shape similar to a dovetail [3]; in this way, when tiles are pulled their
sliding is limited because they locks. All these mechanisms allow inelastic deformation,
contributing to the enhancing of the nacre toughness.

In substance, nacre represents a perfect example of the evolution of species over millions of
years, where animals had to adapt to the external environment. The highly sophisticated
microstructure ensures optimal performance, such that it inspires the design of the next
generation of synthetic composites material. It follows, the interest in material engineering to
mimic nacre’s architecture, with the purpose of fabricating nacre-like materials with

exceptional structural and functional properties.
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1.3 Biomimetic materials

Synthetic materials, inspired by the complex structure of nacre, gave rise to a new trend in
biomimetic materials, which includes several nanoparticles and polymers, different fabrication
methods and design strategies, with the sole purpose of producing a novel material which
combines the good mechanical properties with other functionalities.

In particular, paper-like structures have been widely investigated. They are composites with
high content of lamellar nanofillers, organized in a well-oriented microstructure and bonded
with low amount of polymer. Their structure, which resembles the brick-and-mortar
architecture of nacre, is able to reproduce at the macroscale the behaviour of the nanoscale
reinforcement, also ensuring other functionalities, such as good electrical and thermal
conductivities, and gas and vapour barrier characteristics at reduced weight. Such behaviour
makes this class of materials promising for several applications, such as protective coatings for
fire-resistance, thermal interface materials (TIM), EMI shielding, lightning strike protection,
heat spreader and thermal barrier [10,11].

Among 2D nanoplatelets, graphene represents the most promising candidate as filler, due to
its exceptional combination of physical properties [12]. Actually, graphene is the strongest
material ever produced exhibiting a tensile strength of 130 GPa and a Young’s modulus of 1
TPa [13,14], and shows excellent thermal [15,16] and electrical properties [17]. In light of that,
graphene and its related materials have widely been adopted for the fabrication of nacre-like
materials [18-27].

For instance, graphene oxide (GO) [18,19] and reduced graphene oxide (rGO) [20,21]
graphite nanoplatelets (GNPs) [22] [23], but also ceramic brick, such as montmorillonite
(MTM) [28], alumina [29], boron nitride [30] have been employed as nanofillers, combined
with a broad variety of polymers, both thermoset and thermoplastic. The common parameters
are the well-aligned microstructure and the high filler content (>50 vol%).

In order to reproduce a material with such behaviour at very high filler content, given the
low amount of polymer, an exact control of the structural organization (both vertical and
lateral) of the two phases should be ensured. Both bottom-up and top-down technologies have
been employed, the first are more able to fine-tune the nanometric alternance of the two phases
[31] but remain mostly confined to the lab, while the second are more suitable for an industrial
scale-up, but still ensuring a well-aligned architecture.

Design strategies [32-34] and models [35-37] to predict the elastic modulus and strength of

brick and mortar composites have also been proposed for nacre-like architectures. These
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models assume perfect bonding between the two phases and efficient load transfer to the
particles, and that the matrix consists of a uniform and continuous layer between the
nanoplatelets. Under these assumptions, the strength and the elastic modulus of the composites
increase with the amount of filler, reaching the best performance, equal to those of the
reinforcement, at very high filler content (90-95 wt%). Modelling the mechanical behaviour of
the material, enable to better understand the complex mechanism at the base and to establish a

design process, aimed to optimize the mechanical properties of the composites.
1.4 Aim of the thesis

The PhD programme is part of the project “Dottorati innovativi-PON Ricerca e Innovazione
2014-2020” supported by MIUR. This activity has been carried out in collaboration with
NANESA (Arezzo), a company that produce graphene-based nanomaterials and with professor
Galiotis of Department of Chemical Engineering of University of Patras, and the
FORTH/ICEHT institute (Greece).

The aim of this thesis is to fabricate composites with laminated nano-biomimetic
architecture capable of retaining at the macroscale the structural and functional properties of
its main constituent. Graphite nanoplatelets (GNPs) have been chosen as filler thanks to the
good combination of mechanical, thermal and electrical properties, and the very low cost. This
would allow the mass production of graphene-based material with remarkable properties that
could give a breakthrough in the materials field and industrial applications.

However, the main challenge is to obtain a material, which dissipate energy with localized
plastic deformations, without experiencing global failure. In fact, as described before, nacre
toughening behaviour is associated with several mechanisms, which are difficult to reproduce
in synthetic composite materials. The material architecture involves complex deformation
mechanisms, which underline a novel composites concept. Particular attention must be focused
on the nature of the matrix, because it can affect not only the composite behaviour, but also the
interface and so the stress transfer between the two phases. In fact, a very strong interface,
although allows efficient stress transfer, enable crack propagation through the nanolaminate,
decreasing the toughness. On the contrary, a weak interface improves the fracture toughness.

For this purpose, an accurate critical analysis of literature data has been conducted in
Chapter 2, providing an insight into stress transfer mechanism in high filler content composites
and describing the parameters that influence the efficiency of stress transfer and the strategies

to improve it. In fact, the mechanical response of brick-and-mortar materials is influenced by
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many factors, such as the filler content, the matrix molecular mobility and the compatibility
between the two phases, in terms of interaction at atomic level.

According to this, in Chapter 3 the mechanical response of composites with high graphite
nanoplatelets (GNPs) content have been investigated. First, a set up procedure for the
production of films with high lamellar filler content has been assessed, following a top-down
approach, then the material has been widely characterized through experimental investigations.
Morphological analyses have been conducted in order to assess the resin distribution within
nanoplatelets, using Scanning Electron Microscope (SEM) and Atomic Force Microscopy
(AFM). Particular attention has been paid to the mechanical behaviour and in particular to the
reinforcement efficiency vis-a-vis filler content (v/> 50 wt%). For this purpose, films with
different amount of resin have been prepared and mechanical properties in tension have been
evaluated. Also, the thermal conductivity of the material as function of filler content and the
electrical properties have been investigated.

To better understand the quality of stress transfer between the two phases, a microscopic
investigation has been carried out by micro Raman spectroscopy, in Chapter 4. This technique
has been found to be a very powerful tool for the study of micromechanics of composite; it is
an excellent instrument for the evaluation of the mechanism of stress transfer in graphene-
based material [14]. It is a reliable, well-established and non-destructive testing methodology
for composite micromechanics since reinforcement can be actually adopted as a strain or stress
sensor embedded into the composite.

In Chapter 5, the effectiveness of reinforcement has been discussed by invoking a shear-lag
load transfer mechanism, suitably modified to take into account the actual resin distribution
between the particles, evaluated through Atomic Force Microscopy (AFM). The accuracy of
the proposed analytical model has been then assessed through comparison with experimental
and literature data, and the influence of polymer distribution and nanoparticle surface coverage
on the efficiency of stress transfer has also been examined. In addition, design strategies able
to improve the structural organization of the matrix have been described and implemented with
the production of a more mechanically efficient composite.

Finally, in Chapter 6, possible industrial applications of high content GNP papers have been
reported. In particular, regarding the improvement of fire performances of CFRPs. In fact,
GNP/Epoxy films can be easily integrated into common composite process, such as autoclave,
without adding any additional steps. The addition of a thin layer on the surface of CFRPs, can

significantly improve the performance of the material, without impacting its mechanical
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properties and weight, while offering a new surface protection approach for additional
applications. Consequently, the excellent properties of films with brick and mortar architecture
can be exploited to improve the thermal and electrical conductivities of other materials, such
as CFRPs, making them competitive for different applications, such as fire resistance, thermal

barrier coatings, EMI shielding effectiveness, and lightning strike protection.
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2. STATE OF ART ON HIGH FILLER
CONTENT COMPOSITES: NACRE-LIKE

MATERIALS

Inspired to nature, a new broad class of biomimetic materials was born. In the last decades,
researchers have made many attempts in mimicking the hierarchical structure of natural
materials, such as mussels’ shells and bones, in order to fabricate materials with exceptional
structural and functional proprieties. Specifically, a new class of materials, called nacre-like
materials, inspired to nature has developed.

As already described in Chapter 1, these materials have a laminated architecture, constituted
by well-oriented thin laminae. Although nacre is composed by fragile material, it exhibits a
ductile behaviour, allowing plastic deformations. In fact, it is able to dissipate energy without
experiencing global failure [38], thanks to the mineral bridges that connect the different tiles
at nanoscale level, which are capable of preventing crack extension and provide toughness and
impact resistance [3,4]. Most importantly, these materials are capable of reproducing at the
macroscale interesting mechanical properties and impressive performance [39,40].

As it will be explained in this chapter, artificial nanolaminates are constituted by a high
quantity of stiff but brittle nanoparticles, bonded together by a small amount of soft polymeric

phase. To guarantee optimal mechanical performances, the interface mechanisms have to be
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accurately adjusted, to allow stress and strain transfer from one phase to the other. Particular
attention has also to be paid to the nature of the matrix, because it can affect the interface, and
thus the overall composite behaviour. However, nacre toughening behaviour is difficult to
reproduce in synthetic composite materials since it is associated to several mechanisms acting
at nanoscale.

In the following sections, a review on nacre like composite materials is reported,
highlighting fabrication methods employed and raw materials used and comparing structural

and functional properties.
2.1 Engineering materials based on 2D nanoparticles

Inspired to nacre several synthetic materials with brick-and-mortar structure, have gathered
the attention of scientists worldwide. In particular, a large variation of systems has been studied
and several platelet/polymer structures have been investigated. Particular attention has been
devoted to paper-like materials reinforced with lamellar fillers, which are able to reproduce on
the macroscopic scale the mechanical characteristics of the nanoscale reinforcement.

The mechanical and functional properties of this class of material can be designed according
to the filler and matrix nature [41], as described in Table 2.1. The mechanical performances in
terms of strength and stiffness are regulated by the filler properties, while the energy dissipation
is regulated by the matrix brittle or ductile behaviour. However, the overall behaviour depends
on the quality of stress transfer between the two phases and on their interactions. On the other
hand, thermal and electrical properties depend only on the nature of the filler, due to the low
amount of polymer, and are characterized by high anisotropy between in plane and cross plane

conductivities [42,43].

Table 2.1. Mechanical and functional behaviour of composites with high content 2D nanofiller

Polymeric matrix  Composite mechanical

Filler Composite conductivities

behaviour behaviour
" Brittle Pseudo-elastic Electrically Conductive in
Gragggcfg}(igfyifoj plane — High ratio in
ohi Ductile Plastic plane/trough thickness
Graphite...) thermal conductivity
Ceramic (MTM Brittle Pseudo-elastic .
Alumina, Silica...) Ductile Plastic Isolating

12
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Table 2.2. Comparison between 2D nanoplatelets

Particle Costs Geometry Elastic In plane - Therm. Elec.
modulus Cond. Cond.
Graphene  200-300 € Monolayer 1 TPa [44] 5000 W/mK [44] 10108
per flake S/m [44]
GO 2-5 layers 2-5 layer 250 GPa[45] 72 W/mK with an 270 S/m
48 €/g BET 420 oxidation degree of [47]
m?/g 0.35 [46]
RGO 2-5layers  2-5 layer 250-350 GPa 670 W/mK with an 4480 S/m
68 €/g BET 1562  [48] oxidation degree of [49]
m?/g 0.05 [46]
GNP 6-10 €/g >10 layer 25-40 GPa 300-470 W/mK [43] 2x10° S/m
BET 30 m%g  [50] [22]
MTM <l €/g BET 750 m? 207 GPa[51] 16 W/m [52] 25 to 100
very high (nm mS/m [52]

X um) aspect

ratio

In literature several attempts have been done to mimic and design artificial nacre. For this
purpose, different materials have been employed as bricks and mortar. The most employed
nanoparticles used as reinforcement are listed in Table 2.2 and a comparison in terms of costs,

mechanical properties and thermal and electrical conductivities is presented.

2.1.1 Graphene

A huge number of works based on graphitic nanoparticles can be found in literature. After
the discover in 2004 by the scientists Geim and Novoselov, graphene has been in the spotlight
involving many researchers for possible applications in several industrial sectors thanks to its
outstanding electronic, optical, thermal conductivity and mechanical properties. Graphene is
an allotrope of carbon in the form of a single layer of atoms in a two-dimensional hexagonal
lattice [53]. The sp? hybridisation and the very thin atomic thickness (of 0.345 nm [54]) enable
graphene to break so many records in terms of strength [14,44], electricity [17] and heat

conduction [15,42,55]. In nature, isolated graphene sheets do not exist, they represent the

13



State of Art on High Filler Content Composites: Nacre-Like Materials

stacking of sheets which form graphite, held by weak interactions, van der Walls forces, that
can be easily broken. With the discover of fullerene in 1985, a new allotropic form of carbon
has drawn the attention of the scientific community [56]. This interest grew when other
nanostructure has been discovered: single, double and multi walled carbon nanotubes,
(SWCNTs, DWCNTs, MWCNTs) [57]. The single graphene sheet was isolated for the first
time in 2004 by Geim and Novoselov at the University of Manchester [12], who awarded the
Nobel Prize in Physics in 2010, and was prepared by using the scotch tape method. The sub-
nanometric thickness of carbon-carbon bonding, makes graphene the strongest material in the
world, stronger than steel and Kevlar, with tensile strength of 130 GPa and a Young’s modulus
of 1 TPa [14,44]. It is elastic, returning to initial dimensions after the stretching and it
lightweight (0.77 mg/m?) [58] and able to absorb light [59].

Those characteristics make the material very attractive for scientific research and industrial
applications especially in development of optical electronic materials. However, all these
properties refer to an ideal material, since producing monolayer graphene sheets without
defects is extremely expensive and challenging. For this reason, other graphitic particles, with
similar characteristics are widely employed in the research field. Graphene based materials
[60] are classified according to physical and chemical parameters: average lateral size, number
of layers and carbon/oxygen ratio (C/O) as shown in Figure 2.1.

They are graphene oxide (GO), reduced graphene oxide (RGO) and graphite nanoplatelets
(GNPs). They differs from graphene for physical and chemical features such as average lateral
size, number of layers and carbon/oxygen ratio (C/O) [60]. In fact, by increasing the number
of layers of graphene, i.e. the thickness, or by decreasing the C/O ratio, both mechanical
properties and conductivity of the material are negatively affected [61]. The average lateral
size ranges in a quite large interval, from nanometric to micrometric scale (10 nm to 20 um)
and influences the strain of the material. The number of layers determines the thickness and
the superficial, specific surface area (BET), and the elasticity of the material. In fact, reducing
the number of layers it is supposed that the tendency of grafting other molecular and polymeric
species increases. This parameter also influences the thermal and electrical conductivities
which are maximum for graphene monolayer. The C/O ratio refers to the chemistry of the
material and its surface, influencing the hydrophobicity and the capacity of interact with other
polymeric and molecular species. GO, in fact, is characterized by hydrophobic areas

incorporated into hydrophilic areas, with different reactivity. It is a chemically modified
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graphene, with several oxygen distributed on the surface and on the edges. It is characterized

by excellent solubility and dispersibility in aqueous solution and reasonable colloidal stability.
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Figure 2.1 Graphene based material classification [60]

In general, graphene synthesis can be carried out via four different methods: (1) scotch tape
method which mechanically exfoliates graphene sheets from highly-oriented graphite flakes
[53]; (2) chemical vapor deposition (CVD) on metallic catalyst [62]; (3) epitaxial growth of
graphene films on an electrical insulating substrate (e.g. Si) [63]; (4) mechanical and chemical
exfoliation of graphite [64]; (5) oxidation of and chemical reduction of natural graphite flakes.

No defects graphene sheets can be prepared with CVD and epitaxial growth techniques.
These methods, however, are not suitable for mass production. More in detail, CVD consists
in depositing gaseous reagents, made of hydrocarbon, on a surface [65]. Usually, a mixture of
methane and hydrogen are used and channelled on polycrystalline nickel films, previously
heated at 900-1000°C. During this process, hydrocarbons break and the single carbon atoms
dissolve on the metallic film forming a solid solution. Then a cooling process with an inert gas
allows the diffusion of carbon atoms toward the solid solution, which aggregate forming
graphene (Figure 2.2). More controlled formation of monolayer graphene can be obtained using

copper as catalysator, thanks to the lower solubility of carbon on it.
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Exfoliation of graphite along the crystalline planes is guaranteed by the low intermolecular
interactions, van der Waals forces (2 eV/Nm?) between the graphitic layers. Different
approaches can be followed to exfoliate graphite: mechanical and chemical, such as
intercalation with organic or inorganic elements [64]. These methods are less expensive than
the others, because of the cheap raw material (graphite), and are also versatile and suitable for
mass production.

Mechanical exfoliation consists in subjecting graphite to an external force able to break the
interaction between the layers. The most diffused techniques are ultrasonication, intercalation
and thermal treatment. During ultrasonication, micrometric bobbles apply shear stresses on
graphite particles dispersed in a liquid, causing separation of the layers, as shown in Figure
2.3a. This method allows the production of high-quality graphene with high crystallinity and
conductivity and low defects. Exfoliation of graphene can also be done starting from expanded
graphite or from intercalated graphite (Figure 2.3b). Atoms and molecules, such as sodium or
potassium or inorganic acids, are infiltrated between graphite layers, increasing the distance
between them, and thus weakening their interactions [66]. In this case, the performances of the
technique are higher than the direct exfoliation, but the material has more defects.

Thermal exfoliation of graphite has more advantages than mechanical exfoliation and allows
the production of monolayer graphene. It is time saving and the process at very high
temperature last few seconds. Furthermore, thermal exfoliation method produces graphene in
gas environment, which can be advantageous for some application such as electrodes and

lithium-ion batteries, where graphene must be dry.
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Figure 2.4 (a) Graphene oxide (GO) and reduced graphene oxide (RGO); (b) Oxidation and reduction
of graphene

GO is produced by direct oxidation of graphite (Figure 2.4), following Hummer’s [67] and
Brodie’s [68] methods, developed in 1957 and 1859 respectively. The difference between the
two methods is based on the initial treatment, the first is done with a mixture of sulfuric acid,
sodium nitrate and potassium permanganate while the second with potassium chlorate and
fuming nitric acid. During the oxidation, the interactions between graphite layers are weakened,
allowing the exfoliation of monolayer GO sheets. Although graphite is strongly hydrophobic,
GO is hydrophilic, because of the oxygen functions, and thus can be easily exfoliated in water.
GO can be considered as an insulating material because contains several oxygen atoms which
interrupts the carbon atoms lattice [69].

By chemically reducing GO [70], it is possible to partially recover the electrical conductivity
of the material, obtaining reduced graphene oxide (RGO), which still maintains the defects of
GO (Figure 2.4). By using GO as precursor, thermal exfoliation produces directly reduced
graphene oxide. During heating, functional groups bonded to graphitic layers are decomposed
and produce gasses, which generates pressure on the adjacent layers. For this reason, GO,
expanded graphite and intercalated graphite, are preferred to simple graphite as raw materials

in the thermal exfoliation processes.
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Figure 2.5 Electrochemical exfoliation (a) and supercritical fluid-facilitated exfoliation (b)

In addition to mechanical, chemical, and thermal methods, recently other processes have
been developed for producing graphene. Electrochemical method consists in applying a
potential difference to graphite electrodes in a conductive solution, gradually destroying the
graphitic planes and generating graphite nanosheets (Figure 2.5a). Supercritical fluid-
facilitated exfoliation consists in intercalating graphite with supercritical fluids, which expands
applying pressure and separating the layers (Figure 2.5b).

Consequently, the price of graphene is linked to its quality and to the technique used for its
production. Mechanically exfoliated graphene (obtained with “scotch tape” technique [12])
comes in small, high-quality flakes, not nearly enough for applications with price of the order
of several thousand euros per flake. Whereas GO and GNPs, produced by oxidation and
exfoliation of graphite, can be mass-produced, cutting the costs to tens euro per grams.

According to the desired application, the production method and thus the graphene
characteristics have to be chosen. For example, scotch tape methods are widely used for
physical and mechanical characterization of graphene on laboratory scale. CVD and epitaxial
growth techniques, which are able to produce large graphene sheets with no defects can be
employed in case of electronic devices. Thermal exfoliation, which produces graphene in gas
environment, can be advantageous when graphene must be dry such as in case of electrodes
and lithium-ion batteries. Mechanical exfoliation and oxidation can easily scaled up to mass

production and thus, can be employed in the composite fields.

2.1.2  Ceramic bricks

Also, nanoclays are widely used to fabricate nacre-like composites, thanks to their low costs
(<1 €/g) combined with remarkable mechanical properties. These are a broad class of natural
inorganic minerals, of which montmorillonite (MTM) is the most commonly used as

reinforcing material in composite applications [71]. According to the nature of the clay the
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nanoplatelet elastic modulus ranges from 50 to 180 GPa [51]. MTM nanoplatelets consists of
~1 nm thick aluminosilicate layers stacked together to form a thicker multilayer (700 nm-10
um) plate-like nanoparticles with very high aspect ratio. They exhibit low thermal and
electrical conductivities (in the order of mS/m), thanks to the porous nature of clay minerals,

making it a good candidate for thermal barrier and flame-retardant applications [52].

2.2 Technologies enabling industry applications — Fabrication processes

By combining the knowledge of the biological materials with the processing technique,
synthetic materials with remarkable mechanical and functional properties can be designed.
Several methods have been used for the production of nacre-like materials, capable to
reproduce the hierarchical well-organized microstructure of nacre, with particle aligned in the
longitudinal direction and bonded together by a thin matrix layer [40,72].

Generally, production methods follow two different approaches: top-down and bottom-up.
For definition, top-down methods go from a general to a specific level, while bottom-up begins
at a specific and moves to a general level. More specifically, in top-down technologies the
material is fabricated starting from a suspension of nanoparticles and polymer mixed together
and assembled in such a way as to ensure a layered structure (Figure 2.6a). Whereas, in bottom-
up technologies the material is specified in great detail, by alternatively arrange the two phases

and build up a layered structure (Figure 2.6b).

(a) Top-down approach (b) Bottom-up approach
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Figure 2.6. Top-down (a) and bottom-up (b) approaches
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In general, bottom-up technologies are more able to fine-tune the nanometric alternance of
the two phases [31] but remain mostly confined to the lab. Differently, top-down manufacturing
processes are suitable for an industrial scale-up but are still far from obtaining the expected
material architecture. In the following section are reported a summary of some of those

methods [40,72].

2.2.1 Bottom up
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Figure 2.7. Bottom up methods: (a) Layer by Layer [73]; (b) Langmuir-blogdett [74]; (c)
Electrophoretic deposition [73]; (d) Freeze casting [46]

Composites fabricated with bottom-up technologies, exhibit excellent mechanical
properties, and are able to reproduce rigorously the brick-and-mortar structure of nacre by
accurately alternating layers of polymer and nanofillers. They exploit the interactions between
the phases, such as hydrogen and covalent bonds or m-m, electrostatic and hydrophobic
interactions. Thanks to the good control during the stratification process, this method allows
the production of homogeneous nanocomposites with very high filler content. The most widely
used techniques are layer by layer, Langmuir-blogdett, electrophoretic deposition and freeze

casting.
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Layer by Layer (LbL) deposition process is based on electrostatic attraction between
nanometric thick monolayers [73]. It consists in alternatively dipping a clean substrate into two
solutions, constituted by positive and negatively charged polyelectrolytes, several times in
order to obtain a film with a practical thickness and a multi-layered structure (Figure 2.7a).
This process is governed by the absorption time of each layer, which can vary from several
seconds to few hours, according to the concentration of the solution, making the whole process
time-consuming. The principle at the base of the process is the interactions between the phases.
Typically, these are hydrogen or covalent bonds or m-m, electrostatic or hydrophobic
interactions. Thanks to the good control during the stratification process, this method allows
the production of homogeneous nanocomposites with very high filler content.

The Langmuir-blogdett (LB) technique is based on the principle of the molecular film
balance on water surfaces [74]. It is an assembly technique, consisting in dipping a substrate
into a solution, which contains a floating film of molecules. Once the molecules layer reaches
a suitable constant surface tension, the molecules are transferred on the substrate by dipping it
into the solution (Figure 2.7b). The obtained deposition has nanometric thickness, which
depends on to the number of dipping steps (i.e. number of layers). The method allows to
accurately control the molecules orientation for each layer as well as their nature and the
molecular interaction within the film optimizing its properties, such as the wettability and
conductivity [75].

The electrophoretic deposition (EPD) process is simple, cheap and easily replicable to large
scale [76]. With this technique it is possible to fabricate films with a stratified and well-aligned
microstructure. The deposition process is regulated by the formation of an electric field in a
particle suspension: the suspended particles, which are attracted by the electrodes, are
deposited on them to form a nano-laminated structure (Figure 2.7c¢). Nanocomposites
fabricated with electrophoretic deposition have lower mechanical properties than those
produced by LbL deposition due to a low interface optimization and to the not perfect
alignment of the particles. Although the method is simple and scalable, the achievement of low
mechanical properties limits its use for industrial application.

Freeze casting process, also named ice templating [77-79], exploits the anisotropic
solidification of water to create porous, layered materials. The process consists in freezing in a
controlled manner a suspension of particles in water (Figure 2.7d). When freezing, ice crystals
are formed, and the particles are intercalated and trapped between them. After water

sublimation, the structure becomes homogeneous, forming a layered scaffold, which
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architecturally represents the negative replica of the ice structure. This structure can be filled
with a soft phase, having a hard-soft layered composite with B&M architecture. By controlling
the speed of the freezing front, it is possible to manipulate the thickness and roughness of the
lamellas. Roughness influences the relative sliding between bricks, which is the dominant

mechanism for controlling the ductility of the material.

2.2.2 Top down
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Figure 2.8. Top-down methods: (a) Vacuum assisted filtration [80], (b) Doctor blading [29], (c)
Magnetically assisted slip casting [81] and (d) Spray deposition [82]

Top-down technique allow the production of thick and robust film in a single-step process,
which would be very laborious to achieve with bottom up technique. It is worth mentioning as
top-down methodology vacuum assisted filtration, doctor blading, magnetically assisted slip
casting and spray deposition. These are easily scalable to mass production and are able to
fabricate composites with very high filler content and well-aligned microstructure.

Vacuume-assisted filtration process, usually used in laboratory to separate a solid phase from

a liquid, has been adapted for the fabrication of film with high level of nanoplatelet orientation

22



State of Art on High Filler Content Composites: Nacre-Like Materials

and with high filler content. The process consists in pouring a mixture of particles, polymer,
and solvent into the Biichner funnel and filter with a filter paper (Figure 2.8a). Thanks to the
vacuum pump, the solid part accumulates arranging in an ordered manner on the filter paper,
while the liquid is pulled in the flask. The simplicity and rapidness of this method allow the
fabrication of astonishingly well-aligned self-assembled structures. Composites fabricated with
this technique exhibit excellent mechanical properties on par with LbL technique [80].
Furthermore, because it consists in a single step process, it allows the fabrication of thick
materials (fraction of millimetres), which would be extremely laborious with LbL or other
sequential approaches.

Doctor blading (or tape casting) [29] is one of the most used technique for making thin films.
The process is very fast and allows the fabrication of large area films with constant thickness
very. It consists in spreading a paste on a substrate by means of a blade or a spiral bar (Figure
2.8b). The relative movement between the blade and the surface allows the deposition of a thin
film, whose thickness varies from 20 to 100 pum according to the geometry of the device, the
wettability of the substrate and the rheological properties of the paste. The actual thickness of
the deposition is about 60-70% of the nominal one, while the final thickness of the coating
depends on the dry weight content. Doctor blading systems are equipped with a blade or a spiral
bar. The second one is generally used for coating of leather, fabrics, or other flexible materials
with irregular surface.

The magnetically assisted slip casting (MASC) is employed to produce materials with
complex shapes and architecture, controlling the orientation and distribution of a particle
suspension through magnetic field. This method also allows the production of composite
functional materials with high filler content [81]. Initially, a particle suspension is deposited in
a mould with a defined geometry through a slip casting process, as shown in Figure 2.8c. The
mould is porous, and the dimension of the holes must be lower than that of the particles. The
porosity of the mould generates in the suspension capillary forces, which absorb the liquid
phase depositing a particle layer on the mould walls, called “cake layer”. By applying a
magnetic field on the outer side of the mould in the desired direction it is possible to monitor
the orientation of the particles. To do that, the particles must be magnetic; thus, a layer of
superparamagnetic iron oxide (SPIONSs) particles can be added. Changing the direction of the
magnetic field, it is possible to obtain heterogeneous composites with the desired orientation

of the particles.
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Figure 2.9. Spray deposition processes classification [82]

Spray deposition process is easily scalable to industrial application. According to the
velocity and temperature used, it can be classified in thermal and cold spray processes (Figure
2.9). Thermal spraying (TS) was primarily used to produce coatings or thin films before the
invention of cold spraying (CS). The process is typically used for superficial treatments of
metallic and not-metallic coatings. The treatments are divided in three categories, according to
the heat: flame spray, electric arc spray and plasma arc spray [82]. It is a fusion-based
technology, where the material, once heated, is sprayed at high velocity on a surface. The
impact with the surface allows the formation of a coating with lamellar structure, which
microstructure depends on the process conditions such as, impact velocity and cooling rate.
The main advantage of thermal spray process is the possibility of using a variety of materials
and thus its versatility. However, it is not able to cover small and deep cavities outside the line-
of-sight areas.

Cold spraying (CS) deposition process is a relatively new technique, which exploits the
supersonic fluid dynamics and the high-speed impact dynamics [83]. It allows the deposition
of ductile materials, such as metals and polymers, but not of fragile materials like ceramics. It
consists in spraying relatively small particles in the solid state, ranging in size from
approximately 1 to 50 um in diameter at high velocities (typically 300 to 1200 m/s) on an
appropriate substrate. High temperature compressed propulsive gas passes through a nozzle,
generating a supersonic flow inside and outside the nozzle. The cold spray system basically
consists of a compressed gas delivery system, a gas heater, a powder feeder, a supersonic
nozzle, a robot arm, and an operation system as schematized in Figure 2.8d. The mechanism
of bonding of the particles with the substrate is associated to the impact at high speed, which

creates an atomic contact thanks to the pressure and temperature of the interface during the
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process. The cold spray process, differently from hot spray process, enables to produce coatings
at low temperatures, in the range of 0 to 700 °C, a range that is generally lower than the melting
temperature of the particle used for the coating. The nozzle exit temperature is substantially
lower than the gas preheat temperature, such that deleterious effects of high temperature
associated with thermal spray method and which employs a liquefaction step are minimized or
eliminated [82].

In Table 2.3 a comparison between bottom-up and top-down techniques is reported. Top-
down technologies are easily scalable to mass production and are not time consuming. The
assembly of the material, though, is not easy to control, making it impossible to fine tuning the
nanometric matrix layer. On the contrary, bottom-up technologies are much more accurate at
nanometric level, ensuring a good alternance between the two phases. However, the level of

precision is at expenses of the velocity of the process and consequently to its scalability.

Table 2.3. Comparison between top-down and bottom-up techniques

Top-down Bottom-up

Time required Rapidness Time consuming

Scalability Yes No

Accuracy (polymer film) Impossibility of fine tuning the =~ Nanometer-level control over
nanometric matrix layer the architecture.

Particles alignment Very good alignment Very good alignment

%vol filler >50%wt >50%wt

Nevertheless, the final assembly of the bulk material is governed by different driving forces,
which are involved during the fabrication process, both in bottom-up and top-down
technologies. Suter et al. [84] found that the formation of highly-ordered brick and mortar
structure depends on the interaction forces between the two phases. If the flakes are relatively
uncharged, the bonds between the flakes and the polymer drive the self-assembly to the final
highly ordered structure. This means that the properties of a macroscopic bulk material strongly
depend on the interaction at atomic levels, including Van der Waals (vdW) force, hydrogen,
ionic and covalent bonds and in most cases, on their synergetic effect. Of all the assembly
interaction, vdW bond and nt-m interactions are the weakest and covalent bond is the strongest,

while hydrogen and ionic bond are in between them [85-87].
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2.3 Mechanical performances — Experimental observation of literature data

Experimental evidence demonstrated that the mechanical performances of brick-and-mortar
composites depend on filler and matrix nature and on their interactions. The choice of the two
phases and their compatibility is fundamental for achieving the desired performances.

Figure 2.10 shows an Ashby plot of strength and elastic modulus of artificial nacre with
bricks of various nature. Graphene oxide (GO) nanoparticles, and in particular reduced
graphene oxide (RGO), guarantee the best performances in terms of strength of the material,
while exhibit elastic moduli in the range of 15-40 GPa and 3-15 GPa, respectively. On the other
hand, composites with ceramic bricks, such as montmorillonite (MTM) show low values of
strength but high elastic moduli (10-35 GPa). Finally, graphene nanoplatelets (GNPs)
composites exhibit the lowest values of strength but discrete elastic moduli in the range of 20-
30 GPa. The low number of points indicates that they are not widely used as reinforcement in
brick-and-mortar composite because of the difficulty of the nanoplatelets to be well dispersed

in polymers.
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Figure 2.10 Ashby plot of strength vs modulus of brick-and-mortar composite with bricks of various
nature: GO [24,25,95-98,26,88-94]; RGO [49,88,106-109,96,99-105]; MTM [28,110-115]; GNP
[23,116,117]

Anyway, these ranges are wide and depend on different factors, such as: volumetric filler
content, range of motion of the polymeric chains and the filler/matrix compatibility. The best
performances can be achieved by improving the compatibility between nanoparticles and the
polymers and their interaction, for example by chemically functionalizing the nanoplatelets or
improving crosslinking. In fact, the highest values of elastic moduli are achieved when the

chemical affinity between the two phases is improved, for example by using glutheraldeyde
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(GA) [108,111], or boric acid (BA) [92] or water (H20) [93] or by functionalizing GO with
polydopamine (P-GO) [26], as emerged from Figure 2.10.

2.3.1 Influence of filler content

From a critical analysis of the mechanical behaviour of composites with nano-lamellar
reinforcement at relatively high filler content, it emerges that the elastic modulus of these
systems drops after a critical concentration deviating from the expected behaviour, which
dictates that the higher the filler content the higher the macroscopic elastic modulus. This
unusual behaviour is reported by many authors in literature.

Wu and Dzral [22] fabricated a self-standing graphite paper consisting of graphite
nanoplatelets by vacuum filtration and impregnated it with different amount of polyetherimide
(PEI). By adding 30 wt% of polymer the tensile modulus reaches 22 GPa but then drops for
further increase of PEI content. Likewise, Li et al [23] produced high content GNP
polyetherimide (PEI) papers by filtration and hot-press. They investigated the tensile properties
at various filler contents and showed a maximum in the elastic modulus for filler content of 60
wt%. This behaviour was observed also in composite prepared with graphene oxide and
alumina. In fact, highly ordered GO/PV A papers, with high nanofiller concentrations, prepared
using vacuum-assisted self-assembly technique, showed a reduction in the elastic modulus
from 36.4 GPa to 27.6 GPa for 50 wt% to 75 wt% filler content respectively [24]. In the same
way, GO/PVA paper fabricated through simple solution-casting method showed a maximum
at 80 wt% of GO with an elastic modulus of 11.4 GPa [25]. Tian et al. [26] fabricated graphene-
based paper via vacuum filtration with low amount of polymer (<45 wt%). They used GO
doped with polydopamine (PGO) to prepare PGO/PEI papers and functionalized them by a
crosslinking reaction. The mechanical properties increased with the addition of PEI, showing
a maximum in strength (209.9 MPa) and modulus (103.4 GPa) for PEI loading of 14.7 wt%.
GO/Thermoplastic polyurethane (TPU) films, with nacre-like laminated structure, are
fabricated via solution casting with different matrix content achieving the best performances
for 20 wt% of polymer [89]. Also in alumina/chitosan nacre-like composite fabricated with
doctor blading technique, the mechanical properties are found to drop at high filler content
[29]. In fact, at very high tablet concentration (>50 vol%), the material failed in a brittle fashion,
due to a misalignment of the tablets and inability of the polymer to infiltrate the open spaces
between tablets. Cao et al. [101] fabricated RGO/PVA composite with an ordered layered

structure and with a molecular level coupling between RGO sheets and PVA molecules. PVA
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chains strongly couple with RGO sheets at the molecular level and the neighbouring RGO
sheets are linked by PVA molecules through hydrogen bondings and the C—C covalent
bondings in the PVA polymer chains, forming a stronger multi-connected bridge as a
continuous load-transfer pathway. The films display extremely high strength and Young's
modulus and the optimal content of PV A was found to be 70 vol%. Wang et al. [114] fabricated
Montmorillonite/poly(vinyl alcohol) (MTM/PVA) nanocomposites spanning the complete
range of MMT content (0—100 wt%) by simple evaporation-induced assembly. In the range of
30-70 wt%, the nanocomposites show a nacre-like layered structure with alternating MTM
platelets and PV A layers. Composites reached the maximum value in terms of elastic modulus
and strength for MTM content of 70 wt%, then for higher filler content the layered structure is
transformed to tactoids, which deteriorate mechanical properties. This suggests that partial
MTM platelets are restacked and form tactoids, probably because the PVA is too little to fully
cover all the MTM platelets.

These evidences demonstrate that the mechanical performances of composites with high
content of 2D nanoparticles are regulated by the efficacy of the thin polymeric layer to transfer
load, via shear transfer mechanism. In particular, the efficiency of reinforcement, #, is defined,
according to the modified rule of mixture and is based on elastic modulus of the composite,
E.):

_E,-E,(1-v,)

vaf

2.1)

Figure 2.11 shows the unusual behaviour of this class of material for which with the
increasing filler content, the efficiency drops below one, indicating that the stress transfer
between filler and matrix is poor. As a consequence, the elastic modulus deviates from the rule
of mixture, exhibiting a decreasing behaviour (Figure 2.11b). The drop of elastic modulus at
high volume fraction is due to a bad interaction between the two phases and specifically to a
bad compatibility. This compatibility is governed by the chemical interactions between
nanoplatelets and matrix and also by the matrix wettability and its capacity to cover the entire

nanoplatelet surface.
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Figure 2.11. Drop of elastic modulus (a) and efficiency (b) at high filler content, state of art [22—
26,29,89,101,114,118]

2.3.2  Influence of matrix - Effect of matrix molecular weight

Also, the matrix choice can be discriminating for the optimal mechanical performances of
the material. The higher is the molecular mobility of the polymer and the capacity to intercalate
between nanoplatelets, the better will be the stress transfer at the interface and thus the
performances of the material even at high filler content. Short polymer chains are able to diffuse
between nanoparticles during assembly, while very long polymer chains ability to navigate
around the layered nanosheets is more limited [24,119]. Evidence of this behaviour can be
found by comparing the volumetric filler fraction for which the drop of efficiency occurs, and
the matrix molecular weight (Figure 2.12). It can be seen that for high molecular weights (150-
300 kDa) the drop of efficiency occurs for very low volumetric filler content (20-30 vol%).
Whereas for low molecular weight (<100 kDa), the drop occurs for filler content greater than
40 vol%.

This indicates that the matrix molecular mobility affects the efficiency of reinforcement,
which decreases as the molecular weight increases. The dependence of the efficiency from the
matrix molecular weight is also shown in Figure 2.13, for different nanoplatelets, especially
for MTM and GO. In case of RGO, there is little evidence of this behaviour since the efficiency
is very low (<10%) (Figure 2.13c).
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This phenomenon has been found by other authors in literature. Podsiadlo et al. [120]
observed that the polymer flexibility directly affects the stress dissipation and load transfer
from the organic matrix to the inorganic nanoscale component. In particular, they compared
the mechanical response of B&M composites reinforced with MTM, observing that the elastic
modulus of MTM/PDDA is greater than that of MTM/Chitosan (CS), even though the elastic
modulus of CS is higher than that of PDDA. This can be explained by the high rigidity of CS
and the poor MTM/CS interactions, which contribute to lowering the mechanical properties.
The CS chains cannot find an optimal conformation on the surface of the MTM, due to lack of
flexibility, which instead is possible for PDDA, where the strength of adhesion is about four
time higher than that of MTM/CS and the attraction energies include electrostatic attraction,
hydrogen bonding, and van der Waals forces.

Also, Putz et al. [24] investigated the hydrophilicity and hydrophobicity of polymers,
fabricating GO films with poly(vinylalcohol) (PVA) and poly(methyl methacrylate) (PMMA).
They observed poor interactions between GO sheets with hydrophobic PMMA, which limits
improvement in stiffness at high nanofiller concentration.

The importance of matrix molecular weight in the fabrication process of this class of
material can also be understood by comparing the theoretical and the measured matrix layer
thickness at different filler content. According to the representative volume element (RVE) of
Figure 2.14, matrix thickness decreases with increasing filler content and is computed with Eq.

2.2).

'tm

Lyp
Figure 2.14. Representative volume element (RVE) of composites with high filler content
1-v,
t, =—>t, (2.2)
Vr

In reality, from experimental data reported for GO/PVA [24], PGO/PVA [26], RGO/PVA
[101] systems, this value deviates from the theoretical one starting from the volumetric filler
fraction which corresponds to the drop of mechanical properties, as shown in Figure 2.15. In
fact, when the matrix content is very low, the polymer thickness should be very small (< 1 nm),
but it is incompatible with the mobility of the polymeric chains, especially when the matrix

molecular weight is high. In fact, Putz et al. [24] found that at high filler content the polymer
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thickness is almost twice in composites with PMMA (17 nm) with respect to PVA (9 nm) due
to the higher molecular weight, which is 254 kDa for PMMA and 70 kDa for PVA.
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Figure 2.15. Comparison between experimental and theoretical matrix thickness in GO/PVA
composites as function of filler content

Consequently, the polymer reaches a minimum thickness, which depends on matrix
molecular weight, after which it does not decreases anymore. This results in a partial
uncovering of nanoparticle surface at high filler content. In other words, the matrix thickness
must be compatible with the gyration radius of the polymer [121], otherwise dewetting of
nanoparticles surface can occur. This condition prevents full covering of the nanoparticle and
compromises the performance of the brick-and-mortar material. Parameters influencing the
wettability of the thin polymeric films include molecular weight, temperature, film thickness,
substrate interaction and a combination of these parameters [122,123]. This negatively affects
the stress transfer and thus the composites mechanical behaviour, leading to a drop of strength
and stiffness, especially at very high filler content (>70 wt%).

Another interesting observation that emerges from Figure 2.13a is that the best mechanical
performances are achieved when the nanoparticles are functionalized. This is the case of
Podsiadlo et al. [111] and Walther et al. [28] who used glutaraldehyde (GA) to improve PVA
crosslinking to connect nanoclays. GA is an efficient cross-linking agent for PVA, because it
improves the interaction with MTM platelets and the load transfer between particles. Despite
all, the improvement of mechanical properties is more significant in sample prepared by
Podsiadlo et al., where both strength and elastic modulus improve of about three times and ten

times respectively at the expense of the ultimate tensile strain, maximizing the efficiency, rather
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than those prepared by Walther et al. This difference is attributed to the process. In fact,
Podsiadlo et al. used LbL to produce MTM/PV A composites and immersed it in GA solution
gradually, every 0.05 pum, for about 30 steps. On the other hand, Walther et al. produced
MTM/PVA composites with doctor blading and directly immersed the 200 um thick paper in
GA solution. The excellent barrier properties provided by the well aligned microstructure of
the material, make it difficult to GA to penetrate in the bulk, especially in samples prepared by
Walther et al. Thus, the treatment done by Podsiadlo et al. is much more rigorous than the
second one and involves a higher the volume, justifying the significant improvement of the

mechanical properties.

2.3.3  Filler/matrix compatibility — chemical bondings

As shown so far, the best mechanical performances are achieved when the chemical
interactions between the two phases are improved [85]. It was found in literature that,
functionalization with glutheraldeyde (GA) [111], boric acid (BA) [124], water (H2O) or
polydopamine are very efficient, as can be seen in Figure 2.10. This effect can also be observed
in GO films without binder. In Figure 2.16 is reported the efficiency for GO films with chemical
bonds of various strength: covalent bond using BA [125], hydrogen bond using H,O [24] and
ionic bond using AI**, Mg?" ions [126], and GA [127]. As expected, BA crosslinking creates
strong covalent bonding, which significantly improve the elastic modulus of 240% with respect
to not functionalized GO films. On the other hand, functionalization with H>O slightly
increases the modulus of 25%, while ions lower the mechanical properties of the material due

to the increase of the spacing between nanosheets.
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Figure 2.16. Effect of functionalization on the efficiency and elastic modulus of GO films without
binder
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Graphene oxide (GO) free-standing paper [128] with macroscopic flexibility and stiffness
are fabricated via vacuum filtration exhibits average modulus, strength, and maximum strain
of 32 GPa, 120 MPa and 0.6% respectively, thanks to the unique interlocking-tile arrangement
of the nanoparticles. The use of a very low quantity of borate (0.0094 wt%) significantly
improves stiffness and strength of the material. Remarkable improvements arise from the
formation of covalent bonds between borate ions and the hydroxyl groups on the graphene
oxide nanosheet, similar to the borate cross-links in plants. Therefore, these improvements are
at the expense of ductility. In fact, the strain to failure in the borate modified material is about
0.24%, while in the unmodified is 1.4%. In the absence of borate, graphene oxide thin films
exhibit plastic deformation because hydrogen bonds can adapt to strains during tension testing
and can accommodate high amounts of deformation. Cross-linking with borate ions strongly
reinforces the thin-film structure, improving strength by nearly 25% to 160 MPa. However,
once broken, these covalent bonds cannot be readily reformed, leading to a more brittle
behavior under tension [124].

Another excellent crosslinker for GO sheets is dopamine (DA). The DA molecules not only
react with GO sheets creating strong covalent cross-linking, but also self-polymerize into long
chain polymer of PDA, suppling enough space for GO sheets slippage and absorbing much
more energy during the loading. Strong integrated artificial nacre based on graphene oxide
(GO) sheets and dopamine (DA) cross-linking are fabricated via evaporation-induced assembly
process obtaining GO/PDA composite [49]. Similar criterion has been followed by Tian et al.
[26], who used polydopamine to functionalize GO (PGO). They fabricated graphene based
PGO/PEI paper via vacuum filtration and with low amount of polymer (<45 wt%), showing
excellent mechanical properties, with a maximum strength of 209.9 MPa and modulus of 103.4
GPa for PEI loading of 14.7 wt%. Also Wang et al. reduced GO with simultaneous coating by
polydopamine (PDA) obtaining PDA reduced GO, called PDG [104]. PDG nanoplatelets has
been assembled with PVA with a vacuum-assisted process, obtaining a nacre-like structure.
This treatment acts on the hydrogen bonding, improving the adhesion and friction between
PDG nanosheets and PVA chains. The stress in PDG—PVA materials could be effectively
transferred due to the strong interface interaction. The adhesion of PDA and strong covalent
cross-linking between PDA and GO enhance interlayer contact and interactions of sheets, also
increasing the friction between adjacent PDG sheets. When the paper is loaded, PDG
nanosheets extensively slide against each other and the PVA coiled long-chain molecules,

which are interpenetrated into the interlayer, stretch along the sliding direction. The
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nanocomposite shows enhanced mechanical properties thanks to the interface mechanisms
between PDG and PV A, exhibiting tensile strength, elongation at break and toughness of 327
£19.3 MPa, 8 £0.2% and 13.0 £0.7 MJ/m? respectively, with 7.3 wt% PVA.

Although in GO paper without binder the mechanical properties of the film reduce when a
small amount of these divalent metal ions is added, in other cases modification with a Mg?"
and Ca’" ions is possible, thanks to their ability to bind readily to oxygen functional groups
[126]. In fact, the effect of ions crosslinking on mechanical properties, can be seen in the case
of GO/carboxymethylcellulose (CMC) composites [129]. Multivalent cationic (M"") ions,
cross-linking with plenty of oxygen-containing groups, serve as the reinforcing evocator,
working together with other cooperative interactions (e.g., hydrogen-bonding) to strengthen
the GO/CMC interfaces. GO nanosheets serve as bricks, while CMC polymers are taken as
mortar, and M" ions are invoked as the reinforcing evocator. Graphene
oxide/carboxymethylcellulose (GO/CMC) films are prepared via vacuum filtration and then
intercalated with three different types of M"" ions. The measurements of
macro—micromechanical properties show that the chemical cross-linking reactions between
M"" ions and oxygen-containing groups of the two components can dramatically
strengthen/toughen the GO/CMC interfaces, which significantly restrict the relative slip of
between GO nanosheets and CMC layers, resulting in a great improvement of strength and
toughness. The reinforcing strategies of different types of M™" ions reflect the diverse increases
in mechanical properties. Gong et al. also fabricated GO— CMC films [106] and placed them
in a manganese chloride solution in order to improve the synergistic hydrogen and ionic
bonding. After introducing ionic cross-linking with Mn?*, the mechanical properties of GO—
CMC- Mn*", nanocomposite films are dramatically enhanced, with a tensile strength of
329MPa and a toughness of 3.64MJ/m?, thanks to the synergistic effect of intermolecular
hydrogen bond crosslinking and ion-crosslinking. Wan et al. improved the synergistic
interfacial interactions of covalent and ionic bonding, effectively suppressing the crack
propagation in the fatigue process, by using small amount Ni** ions (0.7 wt%), achieving
maximum tensile strength of 417.2 MPa and toughness of 19.5 MJ/m>.[105].

However, the strength of chemical bonds also depends on the nature of the filler. For
examples, graphitic nanoplatelets, such as GO, RGO, GNP, are really different from a chemical
point of view. In particular, GO contains oxygen atoms on the surface, which interact with the
polymeric matrix, establishing covalent, ionic or hydrogen bonds. After oxidation, the oxygen

content of RGO reduces significantly and with it the possibility to create strong chemical bonds
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with the matrix. As a consequence, the mechanical performances are very poor, as
demonstrated previously (Figure 2.13c¢).

Consequently, the efficiency of reinforcement sharply decreases with increasing
carbon/oxygen ratio (C/O) as shown in Figure 2.17. Typical values C/O ratio lies around 2 for
GO and increases in case of RGO being greater than 4 [130].
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Figure 2.17. Influence of chemical interactions between filler and matrix: efficiency vs C/O
ratio in GO and RGO/PVA films

Suter et al., investigated the variation of GO/PVA structure with C/O ratio [84]. They found
that GO self-assembly can be controlled by changing the degree of oxidation, varying from
fully aggregated to intercalated assemblies with polymer layers between sheets. The
architecture varies according to the degree of oxidation. In case of zero oxidation (RGO) it
comes predominantly aggregated, with no polymer resident between the flakes and with the
majority of flakes directly interacting with each other via attractive van der Waals interactions.
When increasing the degree of oxidation, systems preferentially self-assemble, with a tendency
toward forming intercalated morphologies, with GO flakes lying directly above each other and
with the polymer between the flakes. The high oxidation degree allows highly attractive
interaction between PVA molecules with the hydroxyl groups on GO flakes, leading to a very
dense layer of immobile polymer on each flake [93].

Same discussion can be done for GNPs, which can interact only with weak vdW bonds and
n-n interactions. Current performance of GNPs as a reinforcing filler is limited by their
agglomeration and weak interfacial interaction with certain polymer matrices. Kim et al. [131]
proposed an approach to produce noncovalently functionalized GNPs (F-GNPs), by one-step
functionalization process with melamine, to improve the interfacial adhesion and dispersion in
an epoxy matrix. They used a conventional ball-milling process, in which GNP flakes are

functionalized through the aromatic ring in melamine by n—r interactions. The amine groups
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(NH2) react with the epoxide groups to provide strong chemical adhesion at the interface
between the GNP flakes and the polymer matrix, improving the mechanical properties of
nanocomposites of 94.3% and 35.3% enhancements in Young’s modulus and tensile strength,
respectively than those of the unfilled pure epoxy. Addition of 2 wt% provides the best
improvement, the Young’s modulus and ultimate tensile strength of the nanocomposites reach
3.49 GPa and 63.32 MPa, which further increase when melamine functionalization is
employed. Vadukumpully et al. [132] fabricated GNP/poly(vinyl chloride) (PVC) ultrathin
composite films of surfactant via solution blending, drop casting and annealing route with 2
wt% loading. This material exhibits Young’s modulus of 2 GPa, which corresponds to an
increase of 58% with respect to the pure PVC film. A lightweight and flexible composite paper
has been successfully fabricated by incorporating nanofibrillated cellulose (NFC) with graphite
nanoplatelets (GNPs) using vacuum filtration [ 133]. Specifically, the hybrid film with 75 wt%
GNPs a satisfactory tensile strength of 46.39 MPa. The network formed of NFC even at a small
amount of 25 wt% makes great contribution to the mechanical properties of the composite
paper. The neat GNP paper has very low values of tensile strength and Young's modulus, which
is attributed to the weak interaction between the GNPs. With the addition of NFC, the tensile
strength and Young's modulus of the composite papers increase. It is believed the enhancement
of the mechanical properties is mainly originated from the NFC networks formed in the
composite paper. Prolongo et al. [134] studied the advantages and disadvantages of the addition
of graphene nanoplatelets to epoxy resins according to the GNP content (from 1.5 to 8.0 wt%).
They found that the storage modulus increases when GNPs are added to epoxy, while strength
and elongation at break reduce due to the poor interface between the nanofiller and matrix.
Debelak et al. [116] investigated the influence of particle sizes and filler content (from 0.1 to
20%wt) on GNP/Epoxy nanocomposites. The addition of exfoliated graphite gradually
increased the modulus of the base polymer after the percolation threshold was achieved.
However, the strength seemed to reduce within an increase in concentration due to slip in the
graphite planes and to a lack of interface between graphite and polymer. The excellent
conductivities achieved in the polymers can be attributed to the dispersion of graphitic sheets
throughout the polymer, forming a unique conductive network. Multilayered GNP/NFC,
produced via vacuum filtration, followed by pressing, showed excellent tensile mechanical
properties without any surface treatments [135]. The optimum composition was found at 1.25
wt% graphene multilayers, giving a Young’s modulus of 16.9 GPa, ultimate strength of 351
MPa, strain of 12%, and work-of-fracture of 22.3 MJ/m?>. Physical interaction between NFC
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and graphene multilayers generates the basis for the excellent mechanical properties. These
remarkable properties suggest that the mechanical strength of the composite is improved
through interactions that are mediated by binding between graphene and NFC (w-interactions).
Also an increase of toughness is showed thanks to the non-covalent bonding between GNPs

and NFC fibrils, which allow relative sliding.

2.3.4 Ternary systems

Ternary artificial nacre are hybrid materials fabricated by coupling bricks of different
nature. An example is the robust ternary artificial nacre constructed through synergistic
toughening of graphene oxide (GO) and molybdenum disulfide (MoS>) nanosheets via a
vacuum-assisted filtration self-assembly process [90]. The ternary GO-MoS,/TPU artificial
nacre shows an excellent integration of tensile strength and toughness, much higher than the
binary GO-TPU nanocomposites. The tensile strength and toughness of binary GO-TPU
increase with GO content. Thus, the initial inorganic content was determined to be 90 wt% for
constructing the GO-MoS,/TPU composite. By reducing GO, the tensile strength and
toughness of RGO-MoS,/TPU reach 235.3 MPa and 6.9 MJ/m?, respectively, which are 40%
and 100% higher than RGO-TPU (90:10).

Wan et al. synthetized an ultrahigh fatigue resistant graphene-based nanocomposite via
tungsten disulfide (WS) [136]. The graphene-based freestanding GO-WS; hybrid film (Figure
2.18a) was assembled via vacuum-assisted filtration of a dispersion of GO and WS> nanosheets
and then was grafted with PCDO via esterification reaction by soaking the GO-WS; hybrid
film into premixed tetrahydrofuran/PCDO solution. After reduction with hydriodic acid (HI),
the mechanical properties significantly improve, reaching tensile strength of 413.6 MPa, elastic
modulus of 14 GPa and toughness of 17.7 MJ/m>. The WS, nanosheets contributes to the
stretching of the material improving toughness, while the coiled cross-linked PCDO chains
bridges the crack propagation during the stretching of the material as shown in Figure 2.18.
Moreover, compared with the physical van der Waals’ force between graphene nanosheets and
lubrication of WS> nanosheets, the covalently cross-linking via the PCDO long chain could
provide much stronger interfacial strength, dissipating much more energy during the fatigue

testing process.
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Figure 2.18. Example of ternary systems: (a) GO/WS,/PCDO [136]; (b) ALO3;/GO-PVA [137]

Likewise, Duan et al. [138] introduced covalent bonding between adjacent GO nanosheets
through synergistic toughening of graphene oxide (GO) and nanofibrillar cellulose (NFC).
Binary GO-NFC layered nanocomposites were assembled via evaporation process and then
were covalently cross-linked through 10,12-pentacosadiyn-1-ol (PCDO), resulting in the GO-
NFC/PCDO ternary nacre-like nanocomposites. After chemical reduction with hydroiodic acid
(HI), the RGO-NFC-PCDO ternary artificial nacre nanocomposites with 94.7 wt% GO content
demonstrates ultimate stress of 314.6 MPa and a toughness of 9.8 MJ/m? and high electrical
conductivity 162.6 S/cm.

Another strong and tough ternary bioinspired nanocomposite was fabricated by Gong et al.
[139], who exploited the synergistic toughening and covalent bonding of reduced graphene
oxide and double-walled carbon nanotube (DWNT). GO-DWNT hybrid layered materials are
fabricated through an evaporation process, then immersed into the 10,12-pentacosadiyn-1-ol
(PCDO)/tetrahydrofuran (THF) solution and finally chemically reduced by hydroiodic acid
(HI). PCDO chains under UV irradiation form the covalent cross-linking between adjacent GO
nanosheets, leading to the GO-DWNT/PCDO nanocomposites. After covalent cross-linking
with PCDO, the mechanical properties of RGO and DWNT films were dramatically enhanced.
The tensile strength and toughness of this kind of ternary bioinspired nanocomposites, with
only 2.24 wt% of PCDO reaches 374.1 MPa and 9.2 MJ/m®.

Ming et al. [140] combined graphene oxide (GO) and montmorillonite (MMT) bricks with

poly(vinyl alcohol) (PVA) via a vacuum-assisted filtration self-assembly process, obtaining a
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multifunctional bioinspired nanocomposite (GO:MMT:PVA=81:9:10). By reducing GO with
hydroiodic acid (HI) the RGO-MMT/PVA ternary bioinspired nanocomposite was obtained
exhibiting tensile strength and tensile toughness of 356.0 MPa, and 7.5 MJ/m?, high fatigue-
resistant properties.

Alumina microplatelets—graphene oxide nanosheets—poly(vinyl alcohol) (Al.O3/GO—PVA)
artificial nacre was successfully constructed through layer-by-layer bottom-up assembly, in
which AlO3; and GO-PVA act as “bricks” and “mortar”, as shown in Figure 2.18b,
respectively [137]. The artificial nacre exhibits excellent strength (143 + 13MPa) and
toughness (9.2 + 2.7 MJ/m?), maintaining plastic deformation of PVA. The sharp reinforcement
by GO nanosheets and strain amplification by AloO3; microplatelets are therefore combined
simultaneously bringing about high strength and toughness.

Li et al. [141] fabricated low cost hybrid composite with GO noncovalent functionalized
boron nitride nanosheets (BNNS) by means of vacuum filtration. The addition of small amount
of PVA (1.7 wt%) into the composite films, fills gaps between the packed nanosheets to
connect GO and BNNS, improving the mechanical properties of the material and showing

tensile strength and modulus of 41.0 MPa and 14.0 GPa.

2.4 Multifunctionalities and applications

As well as for mechanical properties, experimental observations indicate that to obtain
composites with a high thermal and electrical conductivities, it is necessary to comprehensively
consider the filler intrinsic properties and dispersion, the filler/matrix interface compatibility,
and the filler content and orientation [142].

First of all, the intrinsic nature of the filler determines the thermal and electrical conductivity
of the material, as described in Table 2.1. Bidimensional lamellar nanoparticles, such as
graphene are characterized by high thermal and electrical conductivities and have intrinsic
barrier properties. Their excellent properties can be reproduced on the macroscale by
assembling nanoparticles into a brick-and-mortar architecture. Oriented nanoplatelets form a
conductive path along the in-plane direction, resulting in a higher in-plane conductivity rather
than the out-of-plane conductivity [30,43]. As for mechanical properties, the functionalization
of filler/matrix interface is beneficial and improves the thermal conductivity of the composites.
In fact, it ensures the formation of effective heat conduction paths, reduces interfacial thermal

resistance between the two phases and prevent agglomerations. In addition, the well aligned
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microstructure, and the low amount of polymer of brick-and-mortar materials creates a tortuous

path, which ensures gas barriers properties and water resistance.
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Figure 2.19 Anisotropy of thermal conductivity

Brick and mortar architecture makes the thermal conductivity of the material highly
anisotropic, with high ratio between in-plane and through-thickness thermal conductivity. This
behaviour is shown in Figure 2.19, where both conductivities are reported for films with
graphitic nanoplatelets. In graphene papers the low cross plane thermal conductivity depends
on the excessive van der Waals interfaces and plentiful air pockets among sheets, which
increase the phonon scattering and further limit the heat transport [104]. Song et al. [143]
fabricated RGO/nanofibrillated cellulose (NFC) membranes by means of layer-by-layer (LbL)
technique, with in-plane and the cross-plane thermal conductivity of 12.6 W/mK and 0.042
W/mK respectively, such that the ratio kx/kz is 279. Likewise, ultrathin and highly aligned
RGO/cellulose nanofiber (CNF) films [107] show strong anisotropy of thermal conductivity.
With 50 wt% RGO composition, films showed anisotropic index of kx/kz =56, with in-plane
thermal conductivity of 7.3 W/mK and low cross-plane thermal conductivity of 0.13 W/mK.
At the same time, the material in-plane electrical conductivity reaches 4057.3 S/m, and
markedly increases with an increase in the RGO content. In addition, the large number of highly
aligned RGO layers and excellent electrical conductivity ensure that the electromagnetic
microwaves that penetrated the sample, decay, thus resulting in an excellent EMI shielding
performance.

To improve the thermal properties, Wang et al. [144] proposed sulfuric/nitric acidification
of graphite films. This treatment improves the through thickness thermal conductivity of 19%
from 0.528 W/mK of the control film to 0.626 W/mK after 5 min, while decreases the in plane
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thermal conductivity from 641 W/mK to 501 W/mK. Same behaviour has been observed by Li
et al. [133] for GNP/NFC films and by Wu & Drzal [117] for GNP/PEI films, in which the
ratio between in plane and cross plane thermal conductivities (kx/kz) was ~93 and ~184
respectively. The anisotropic behaviour makes this material ideal for thermal interface
application (TIM) [145].

As stated before, thermal and electrical conductivities of graphene-based material often go

hand in hand, especially in brick-and-mortar material, as reported in Figure 2.20.
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Figure 2.20. Thermal and electrical conductivities of graphene-based brick and mortar material

Kumar et al. fabricated RGO/poly (vinylidene fluoride-co-hexafluoropropylene)
(rLGO/PVDF-HFP) composite films through simple solution casting with low polymer content
(27 wt%), showing excellent thermal and electrical conductivities [18,146]. Xin et al. [147]
prepared graphene papers by electro-spray deposition (ESD) with excellent thermal and
electrical conductivities to 1434 W/mK and 1.83 x 10° S/m ideal for heat spreading
applications. The alignment of the graphene nanosheets in the paper structure can be controlled
by electrospray deposition and further improved by mechanical press and high temperature.
The effect of annealing temperature on the thermal conductivity of RGO films was investigated
by Song et al. [21]. The thermal conductivity increases up to 1043.5 W/mK with the annealing
temperature up to 1200°C, which is attributable to the removal of the oxygen-containing
functional groups with a simultaneous restoration of the graphite lattice. Annealing under
mechanical compaction [148], diminishes the holes, eliminates the vacancies, decreases the
interlamellar spacing and crosslinks the adjacent graphene sheets, resulting in higher thermal

conductivity [149,150]. At higher annealing temperature (2000°C), reduction and
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graphitization of GO occurs as shown in other works [19,151], providing to the material
excellent electrical and thermal conductivities and EMI shielding effectiveness. This indicates
that the graphitization of GO film could be considered as an alternative way to produce
excellent thermal conductive material with efficient EMI shielding.

However, thermal and electrical conductivities depend on the filler content. When
increasing the amount of reinforcement in the composites, the number of contacts between the
particles increases, allowing heat flows and promoting phonon diffusion [152,153]. Zhu et al.
[154] showed that there is a nearly linear relationship between the mass fraction and the thermal
conductivity of composite. Even though the thermal conductivity increases with filler content,
the best performances are achieved with a small amount of polymer. In fact, it acts as a solder,
connecting the adjacent graphene sheets via covalent bonding and evolves into oriented
graphitic structure after the graphitization treatment [155].

Enhancements in thermal conductivity can be achieved either by improving the filler/matrix
compatibility or by exploiting the synergistic effects of multiple filler. Upon this, some authors
investigated the possibility of incorporating glycidyl methacrylate-grafted graphene oxide (g-
GO) in the PI matrix, showing better performance compared to GO, particularly when the filler
content increases [156]. Alternatively, other authors [141,157] demonstrated that by adding
boron nitride sheets (BNNS) to GO significantly improve the thermal conductivity of the
material, since these particles acts as thermally conductive bridges, connecting GO particles
and allowing better heat transfer. Likewise, hybrid CNT/GO films [158] combine high thermal
conductivity (up to 1056 W/mK), excellent mechanical properties. The alternance of CNTs GO
sheets ensure a mechanically strong and conductive scaffold, in which aligned CNTs act as a
strong and conducing skeleton, and graphene sheets provide an efficient connection path for
heat, electricity and force. However, the electrical conductivity is influenced by the interactions
between the particles and the matrix. In fact, by reducing GO [102] [136] and by improving
the bonding and the synergistic interactions between the two phases, the electrical conductivity
enhances [88,99] as well as by annealing the material at high temperature [47].

In addition to thermal and electrical conductivities, nacre-like materials also possess good
barrier properties [159-161] and optical transmittance [115,162], thanks to the well aligned
structure of the platelets and to the binder function. These multifunctionalities combined with
good mechanical properties, opening the possibility of employing the material for several
applications (Table 2.4), such as fire-resistant coatings [163,164], thermal interface materials

(TIM) [142,145], EMI shielding [64,76,77,79], and lightning strike protection [165-167].
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Table 2.4 Multifunctionalities and corresponding applications of brick-and-mortar composites

Multifunctionalities Applications

Thermal conductivity anisotropy, gas and Fire resistant coatings, Thermal interface
vapour barrier materials (TIM), Heat spreader

Electrical conductivity EMI shielding, Lightning strike protection

2.4.1 Applications

Thanks to the anisotropic thermal behaviour [30,43], and vapour and gases barrier properties
[168,169], in the latest years has risen a great interest for the use of materials with brick and
mortar architecture as fire resistant coatings [28,170]. These engineered properties may
favourably influence the fire resistance by managing the conductive heat exchange, block the
oxygen and pyrolysis products diffusion towards the flame [171] and reflecting the incoming
radiative heat flux.

When the material is exposed to a flame, the high temperatures spread on the entire surface,
exploiting the high in plane thermal conductivity of the material. The preferential conduction
path in plane with respect to cross plane direction, slow down the increase of the temperature
from the outside atmosphere to the inside, lowering the possibility for the internal samples to
contact with oxygen and thus difficult to ignite. This results in high fire-retardant performance.

Good fire retardant properties have been showed by RGO-MMT/PVA composites [140].
When exposed to open flame, the film initially burnt quickly and generated a certain amount
of gas due to the presence of PVA and residual oxygen groups of RGO. After that, it retains its
shape and did not burn any more even when exposed to fire, owing to the formation of an
inorganic framework composed of a high content of interlocked MTM nanosheets and RGO
sheets. In the same way, laminated structure with alternated layers of clay and nanofibrillated
cellulose (NFC), fabricated by vacuum filtration [113,172], showed exceptional fire retardance
and oxygen barrier properties. The cellulose nanofiber network forms the continuous matrix
phase with random-in-the-plane fibril orientation distribution, conferring toughening, while
MTM guarantees fire retardance and oxygen barrier properties. The clay nanopaper showed
self-extinguishing characteristics when subjected to open flames delaying thermal degradation
of cellulose, thanks to the favorable gas barrier properties of ordered clay platelets. Although
the oxygen barrier properties of pure cellulose nanopaper are exceptionally good in the dry
state, the addition of montmorillonite improves barrier properties considerably at higher

relative humidity.
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High demand of material with high thermal conductivity materials interests the
microelectronics fields. In fact, a serious problem involving thermal management in this fields,
is associated to the heat generation, which is responsible deterioration of device efficiency and
service lifetime. Consequently, effective heat transfer technology is an essential requirement
for a reliable operation of electronic devices. Thermal interface materials (TIMs) come to the
aid for reducing the thermal contact resistance between the chip and heat spreader. They should
have high thermal conductivity with a minimal thickness, without leakage from interface, and
should not deteriorate over time, all this guaranteeing good mechanical characteristics
[173,174]. An example of thermal interface material widely diffused on the market, there are
Panasonic thin flexible graphite sheets [175]. They are used to provide thermal management or
supplemental heatsinking in addition to conventional means. Made from pyrolytic graphite,
they exhibit very high in plane thermal and electrical conductivity, which strongly depend on
the film thickness. However, low through-plane thermal conductivity limits the direct use of
B&M composites for TIM applications. Gao et al. [173] fabricated lightweight TIM based on
hierarchically structured graphene paper with superior through-plane thermal conductivity, by
inserting thermally conductive materials between horizontal graphene layers, made up of a
randomly oriented small graphene sheets. The practical performance test achieved a
remarkable enhancement in cooling efficiency by = 2.2 times compared to the state-of-the art
commercial thermal pad.

Another interesting field is that of electromagnetic interference (EMI) shielding. Nacre-like
materials, in fact, respond to the rising demand of EMI shielding materials, followed by the
advancements in wireless technology and increased signal sensitivity in electrical/electronic
devices, especially for the safety of aircraft and other structures. Also, lightning strike damages
are becoming the major concern, thus multifunctional structural composites are required to act
as an EMI shield for the avionic equipment such as flight recorders, navigation units, flight-
control systems [165,176].

Composites with brick-and-mortar architecture work as efficient EMI shielding, being ideal
candidate for these applications. They are capable of replacing metals, thanks to their low
weight combined with excellent electrical conductivity, high thermal stability and anti-
corrosion properties [18].

In general, attenuation of an incident EM wave is given by three contributions: absorption,
reflection, and multiple reflections. Reflection is a surface phenomenon, while absorption

happens in the composite’s volume, and consequently is dependent on the thickness of the
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material (Figure 2.21). A quantitative measure of the EM shielding is the shielding
effectiveness (SE), which is measured in decibels (dB) [177]. Typical values of SE for many
industrial applications are around 30 dB and provides an attenuation EM waves of 99.9% [178].
The EMI shielding ability is positively related to the electrical conductivity and thickness
according to theoretical Simon’s formula. The electrical conductivity of the materials needs to
be at least higher than 1 S/m to obtain excellent EMI shielding performance.

Ceramic materials are electrical insulators and do not absorb well the EM waves in the
microwave spectral region, while carbon allotropes such as graphene and few-layer graphene
demonstrated better performance, since they are characterized by high electrical and thermal
conductivity. Barani et al. [179] investigated the SE of graphene/epoxy composites with 19.5
vol% filler. The material exhibits total shielding efficiency in the X-band frequency of 65 dB
in sample of 1 mm thickness, which even improves with increasing temperature. Same
behaviour was observed in GNP/PEI papers [180], which exhibited good SE increasing with
paper thickness. GNPs composites also works as microwave absorber in S-band for practical
applications. Parida et al. [181] investigated the EM shielding effectiveness of GNP/ethylene
vinyl acetate (EVA)/Ethylene-octene copolymer (EOC) blend composite in S-band and
observed that at 30 wt% of GNP loading a SE of 67.63 dB and was achieved mainly due to
absorption mechanism. This is attributed to increase in electrical conductivity, that reaches 455
S/m, thanks to the formation of a conducting network within the insulating the matrix.

Good EMI shielding performances are also exhibited by flexible multi-layered
MXene/thermoplastic polyurethane (TPU) films with brick and mortar architecture, prepared
via a simple layer-by-layer spraying technique [182]. Samples with 28.6 wt% MXene content
and 52-um thickness exhibit high electrical conductivity of 1600 S/m, excellent EMI shielding
effectiveness of 50.7 dB in the X-band, and outstanding specific shielding effectiveness of
7276 dB cm?*/g. In addition, the composite films have stable EMI shielding performance during
continuous bending.

With increase in concentration of filler loading, the gap between the fillers decreases,
impedance mismatch and multiple reflections increases and contribute to the absorption rather
than reflection. Moreover, absorption is the primary mechanism where fillers are unevenly
distributed, and reflection is the major contributor where fillers are uniformly distributed in the
polymer matrix. In a laminated compact structure as Figure 2.21a, the SE is mainly governed

by reflection, since the densely stacked platelets are more favourable for reflecting the EM
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waves. On the other hand, in porous structure (Figure 2.21b), waves pass through the surface

of the material, moving a in cell-like configuration.
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Figure 2.21 Schematic representation of microwave transfer across in nacre-like paper with
compacted [183] (a) and porous architecture [184] (b)

The EM wave attenuation repeats in the internal layer, which acts as a reflecting surface and
gives rise to multiple internal reflections. In addition, the repeated reflection and scattering
greatly enhance the transfer of EM energy, which is dissipated as heat in the form of
microcurrent, leading to the enhancement in SE absorption. The entrapped EM waves continue
to bounce off the graphene cell walls until they are completely absorbed within this structure.
Finally, Lai et al. [184] investigated the SE of GO paper with porous architecture. These
materials are able to block and absorb 99.99995% of the incident radiation, and exhibit a SE
of 63.0 dB and a very high specific SE/thickness of 49750 dB cm?*/g.

2.4.2 Integration in FRP

Brick and mortar composites can be easily integrated into common composite processes,
such as autoclave, without adding any additional steps. Adding a thin layer on the surface of
FRPs, can significantly improve the performance of the material, without impacting their
mechanical properties and weight, while offering a new surface protection approach for
additional applications. Consequently, the excellent properties of these type of material can be

exploited to improve the thermal and electrical conductivities of other materials and making
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them competitive for different applications, such as fire resistance, thermal barrier coatings,
EMI shielding effectiveness, and lightning strike protection.

Even if fire resistant properties of such thin films have been published
[28,113,115,140,185,186], only few papers have been devoted to evaluate the effect of the
application of such coating on the fire resistant properties of CFRP composite. The addition of
a protective coating on the surface of the laminate has several advantages: the fire-resistant
properties are concentrated at the surface eliminating compatibility issues with the matrix and,
more importantly, the functional and structural properties of the composite are not impacted.

Previous works have demonstrated that bucky papers are an optimal solution to improve the
electrical and thermal conductivity of CFRP [187], but the addition of GNPs can further
improve the behavior of the material. Multi wallet carbon nanotube (MWCNT)/GNP coating
on CFRP [163] can significantly improve the fire resistance, especially in terms of peak on heat
release rate (HRR); 7.5 wt% GNP causes a reduction in PHRR of 35% with respect to CFRP.
In particular, MWCNT/GNP hybrid membranes have better barrier effect compared to
MWCNT, since GNPs create a tortuous path in the structure improving the barrier effect of the
buckypaper.
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Figure 2.22. Use of brick and mortar coating as fire retardant [164]

Clay nanopaper composed of montmorillonite and cellulose nanofibers, characterized by
brick and mortar structure has been used as fire protective coating for wood [164]. The authors
demonstrated a strong increase in the time required to reach ignition and a reduction (—33%)
in the total heat release during combustion when exposed to a heat flux typical of developing

fires (35 kW/m?). The heat transmitted to the wood substrate is substantially reduced (—81%).
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The clay nanopaper also has favourable gas barrier properties, hindering diffusion of both
oxygen and degradation products coming from the flame. Both functions, of thermal shielding
and gas barrier, contribute to delayed thermal degradation of substrate and delayed emission of
volatile combustible gases.

Another application can be found in the lightning strike protection (LSP) field. Brick and
mortar composites can be used to replace or reduce the weight of the current metallic mesh
used to disperse lightning strikes at the surface of the composite structure of the aircraft [167].
Thanks to their high electrical conductivity, they form a crosslinked conductive network on the
surface of the material. It has been demonstrated that the lightning damage resistance of CFRP
can be improved by depositing a uniform and sufficient protection layer of RGO on CFRP
through a liquid composite moulding process [166]. The presence of the coating changes the
electrical path, flowing through the conductive layer rather than through the inner CFRP,
significantly improving the electrical conductivity (Figure 2.23). The damage caused by the
lightning strike is extremely reduced, halving the extension in depth with respect to the
uncoated CFRP (Figure 2.24).

Other works [165] showed that the combined use of carbon nanotubes (CNTs) and graphene
nanoplatelets (GNPs) synergistically reduced the CFRPs surface resistivity by four orders of
magnitude and increased the thermal conductivity by more than 7 time, opening up
possibilities for the replacement of metallic mesh structures for EMI shielding and LSP. Long
and tortuous CNTs can bridge adjacent GNPs and inhibit their aggregation, resulting in a larger
specific surface area and more conductive pathways and faster surface heat transfer through
the coating layer. A facile method, for instance, is spray coating, which is able to deliver CNTs

and GNPs into CFRPs in a controllable and scalable manner.
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Figure 2.23. Use of brick and mortar coating to improve LSP of CFRPs [166]
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Figure 2.24. Electrical potential distribution in the cross-section view with and without coating [166]

GNP papers can also be embedded in GFRP composites to improve the EMI shielding
effectiveness [180]. Even though improvements in electrical conductivity were found by
embedding exfoliated graphene nanoplatelet paper in GFRP, the presence of the inner GNP
layer negatively affects the overall mechanical behaviour of the material. This suggests that an
effective way to improve EMI shielding effectiveness of GFRP, without modifying the
mechanical behaviour of the composites could be by inserting the graphitic paper as an outer

layer.

2.5 Strategy to optimize the mechanical and functional properties of high filler content

composites

From a critical analysis of the literature data, it emerges that the best mechanical properties
in composites with high content of 2D nanofillers are achieved when the bonding and
interactions between nanoparticles and the polymer are strong and when the matrix molecular
mobility is such that the polymer intercalates between nanoplatelets, covering their entire
surface. This means that high-performance and mechanical improvements need high interfacial
attraction between fillers and the surrounding matrix able to guarantee the load transfer.

One way to maximize the interfacial interactions is by improving chemical bonds between
the filler and matrix by functionalizing nanoparticles, using covalent, ionic or hydrogen
bonding forces and by accurately selecting the matrix [188,189].

Basically, the filler/matrix compatibility is at the base of the optimal performance of the
material. Both the chemical bonding and the matrix wettability have to be chosen in order to

optimize the compatibility between the two phases (Figure 2.25).
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Figure 2.25. Strategy to optimize the mechanical properties of high filler content composites

At the same time, these features also influence the multifunctional properties of nacre like
material. In fact, both thermal and electrical conductivities strongly depend on the filler
intrinsic properties and dispersion, the filler/matrix interface, and the filler content and
orientation.

In conclusion, by improving the mechanical properties of the material and by exploiting its
functionalities it is possible to fabricate multifunctional innovative materials with outstanding

characteristics that can be employed in different fields and several applications.
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3. MANUFACTURING AND EXPERIMENTAL
CHARACTERIZATION OF COMPOSITES

WITH HIGH GNPS CONTENT

In this chapter, the morphological, mechanical and thermal behaviour of composite with
high filler content is investigated. Experimental investigation is fundamental for the
characterization of materials properties. The objective of the study is to investigate the
mechanical and functional properties of composite reinforced with high content of lamellar
nanoplatelets, in particular, graphite nanoplatelets (GNPs). First, a set up procedure has been
developed for preparing nacre-like materials with high filler content and with well aligned
lamellar architecture. Then, both morphological, mechanical, and thermal analyses are
performed. In particular, the influence of filler content, matrix type and nanoplatelet aspect

ratio on mechanical and thermal behaviour is investigated.
3.1 Materials

Graphite nanoplatelets (GNPs), called G2Nan, used for the experimental campaign are
produced by NANESA srl, industrial partner of the PhD programme. The single particle has
average lateral size and thickness of 30 um and 14 nm respectively and a specific surface area

(BET) > 30 m%/g (Figure 3.1a-b) [190]. GNPs consist of small stacks of graphene layers
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obtained from exfoliation of graphite. The graphene sheet that forms the basal plane of these
platelets is identical in composition to the graphene wall of a carbon nanotube, but in a flat
sheet form. The size and morphology of nanoplatelets makes these particles especially effective
at providing barrier properties, while their graphene structure makes them excellent thermal
and electrical conductors.

The micro-Raman spectroscopy characterization (Figure 3.1c) shows that: D band has a low
density and width, while the G band has high intensity and sharpness, indicating low
concentration of defects on the surface of the material. Furthermore, G2Nan has a Lp ratio of

3.10, which indicates that it is highly exfoliated.
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Figure 3.1 G2NAN characterization: a) SEM micrograph. The scale is 10 um; b) HRTEM micrograph
of G2Nan section. The scale is 20 nm: ¢) Raman spectrum

A sustainable set up fabrication procedure to produce composites with high GNP content is
developed by NANESA S.r.1. Pre-impregnated papers with variable thickness of 10 to 100 pm,
called GPregs are fabricated. They consist in flexible thin sheets with high filler loading,
variable from 50 to 95 wt%, bonded together by a low content polymeric matrix (50 to 5 wt%).
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GPregs with different fillers and matrixes are fabricated in order to investigate different
behaviour. As filler, in addition to G2Nan, other GNPs with higher aspect ratio are chosen:
AVA1240, with lateral size 30 pm and thickness of 4 nm and AVAN GRP 440 with a lateral
size of the single particle of 96 x 42 um and a thickness of 8 nm and a specific surface area
(BET) 56 m*/g, both produced by the Spanish company AVANZARE.

As binder, both thermoset and thermoplastic polymers have been employed in order to
investigate different behaviours: two aeronautic epoxy resin, HexFlow® RTM6 and ALTANA,
a polyurethane ICAFLEX ADB562 and then a thermoplastic vinyl copolymer VINNOL® H
40/50. RTMB6 is a degassed monocomponent resin purchased from Hexcel, specially developed
to fulfil the requirements of the aerospace and space industry in advanced resin transfer
moulding processes (RTM) [191]. ICAFLEX ADBS562 is an aromatic polyester polyurethane
(PU) with high hydrolysis resistance and excellent bending resistance [192]. VINNOL® H
40/50 is an extremely tough vinyl copolymer; it shows permanent flexibility, abrasion

resistance, little tendency to swell in the presence of water and low gas permeability [193].
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Figure 3.2 DCS on: (a) RTM6; (b) ALTANA; (c) VINNOL H40/50; (d) PU ICAFLEX
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All the matrices have been characterized by differential scanning calorimeter (DSC), using
DSC Discovery [194]. Samples are heated with temperature ramp of 10°C/min from room
temperature to a specific temperature, avoiding the degradation of the material. Double scan is
considered, with an intermediate cooling ramp of 10°C/min. RTM6 exhibits high glass
transition temperatures, around 147°C, and a reticulation peak at 243°C with an energy of 439
J/g (Figure 3.2a); ALTANA shows the reticulation peak at 147°C with an energy of 397 J/g
(Figure 3.2b) and the thermoplastic H40/50 shows a fusion peak at 72°C and a glass transition
temperature (Tg) at 59°C (Figure 3.2c). Finally, the polyurethane ICAFLEX, which does not
have the hardener, shows a flat heat flow curve. The peak at 100°C indicates the evaporation
of the solvent, in which it is diluted (Figure 3.2d). For RTM6 a cure cycle at 160°C for 90 min

is chosen, followed by a post-cure cycle at 180°C for 1 hour, as described in ref. [195].

3.1.1 Spray deposition process

GPregs are fabricated by spray deposition process. This process is simple and easily scalable
to massive production. The GNPs particles are dispersed in acetone and mixed with a solution
of epoxy diluted in acetone previously prepared (10 wt% of epoxy) by ultra-sonication (Figure
3.3a). The obtained paste is then deposited on a silicon non-sticky support by means of a
semiautomatic tri-axes pantograph (Figure 3.3b). The material is then dried all night at room
temperature to let the solvent to evaporate (Figure 3.3c). Then, the deposition is calendared to
compact the material, reducing the thickness of four times respect to the initial deposition and
to promote particle orientation; the final pre-impregnated layer is obtained by pressing the layer
at increasing compaction pressure up to 10 bars (Figure 3.3d) [196,197]. Finally, the
GNP/Epoxy films are cured according to the resin polymerization process. This process allows
to produce paper of 20 x 20 cm? of variable thickness (Figure 3.4), from 10 to 100 um, with
different matrix content (from 50 wt% to 90 wt%) [43,118,198]. Pure GNP films (100 wt%)
are fabricated in a similar manner: firstly, the film is prepared with a very low amount of resin
(<5 wt%) and then it is burned in order to eliminate the polymer.

This process allows the fabrication of flexible thin paper reinforced with high content of
lamellar nanoparticles. Their geometry (i.e. high aspect ratio) combined with the processing
technology ensure that the nanoparticles are well aligned in plane, thus resembling the nacre
nanoarchitecture. Therefore, these materials exhibit an isotropic behaviour in plane, and an

anisotropic behaviour out of plane, as it will discussed in the following sections.

55



Manufacturing and Experimental characterization of composites with high GNPs content

(d)

Figure 3.3. GPres manufacturing process: a) Dispersion and mixing of GNP particles in acetone with
epoxy; b) Cold spray deposition; ¢) Solvent evaporation at room temperature; d) Calendaring

G

Figure 3.4. GNP-Epoxy thin film: a) Compacted paper; b) SEM image of film cross section
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3.1.2  Evaluation of GPregs uniformity and of resin distribution

Thermogravimetric analysis (TGA) is employed both to evaluate the actual content of GNP
in the samples and to evaluate the resin distribution within the paper. GPreg is divided in three
main areas as shown in Figure 3.5: centre, side, corner. For each part, three square specimens

of side 1 cm and a weight of 7-9 mg are cut.

Figure 3.5. GPreg mapping

All the analyses are performed in inert atmosphere, using nitrogen gas, with a temperature
ramp of 10°C/min from room temperature to 800°C. The weight loss is evaluated at 600°C,
temperature at which the percent residue from heating the pure resin is 10.3% [195,199].

During the fabrication process, (deposition phase and calendaring) the samples can be

affected by inhomogeneity:

— During the spray deposition, the flow could be not uniform in terms of quantity and
content, making the deposition thicker in the centre with respect to the edges (Figure
3.6a).

— During calendaring process, the very small gap between the rollers, while reducing the

thickness, can cause a resin flow from the centre to the edges (Figure 3.6b).
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Figure 3.6. Causes of not uniformity of resin distribution within GPregs before (a) and after (b)
calendaring

However, from the analysis, it appears that the resin distribution in the paper is almost

uniform, as shown in Figure 3.7, confirming the good quality and reproducibility of the process.
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Figure 3.7. TGA mapping results on GPregs with 70%wt GNP: a) Before, b) After calendaring

3.2 GPreg characterization

Table 3.1 GPreg charachterization test list

Mechanical properties

TGA SEM \ . Thermal properties
in tension
Filler content v v v v
Binder type v X v X
Filler aspect ratio v X v 4

3.2.1 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) (TA Instruments Q500) is adopted to evaluate the actual
content of GNP in the samples. All the analyses are performed in inert atmosphere, using
nitrogen gas, with a temperature ramp of 10°C/min from room temperature to 800°C and the
weight loss is evaluated at 600°C. When calculating the real matrix content in GPregs and
laminates, the weight loss of epoxy is considered. In particular, at 600°C it is 90% as shown in

Figure 3.8.
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Figure 3.8. TGA in nitrogen for RTM6
The residual weight, obtained from TGA on composites, is the sum of the residual weights
associated to the filler and to the matrix:
residual W/‘ +Y-W, =
=w W +Y-w, W = (3.1)
=w W +Y-(1-w )W,

Where Wy is the filler weight, Y is the residual weight obtained when burning only the
polymer, W, is the resin weight, W is the composite weight and w,, e wrare the filler and resin
weight fractions.

Consequently, the filler weight fraction can be expressed as follow:

Wy =(—WW Y j-(l—Y ) (32)

C

Finally, the volume fractions vr are computed starting from the real weight fractions and
according to Eq. (3.3).

w
VvV, = f

f Wf+(1_wf)'& (3-3)

m

Where prand pm are the filler and matrix densities (equal to 2 g/cm® for GNPs and 1.4 g/cm®
for RMT6).
Thermogravimetric analysis on GNP/Epoxy (RTM6) films shows that the nominal filler

content slightly underestimates the real one, as shown in Figure 3.9 and Table 3.2.
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Figure 3.9. TGA for GPregs for different filler/matrix content

Table 3.2. Real matrix content in GNP/Epoxy films
Nominal weight fraction Actual weight fraction = Volume fraction filler

W nominal Wf.real vr
[Yowt] [Yowt] [Yovol]
50 56 42
60 67 53
70 78 67
80 89 82
90 94 91
100 100 100

3.2.2 Morphological assessment (SEM; AFM)

The morphology of GNP/Epoxy films has been investigated employing scanning electron
microscopy (SEM) (FEI Quanta 200 FEG). Samples are fractured in nitrogen to have a picture
of the internal section. Figure 3.10 shows SEM images of the cross section (fractured surface)
of GNP/Epoxy films with nominal filler content of 50, 60, 70, 80 wt%. The morphological
analysis shows that the particles are highly oriented in the longitudinal direction, with a
laminated inner architecture and uniform texture. A closer inspection reveals that the particles
are aligned, but wrinkled. Therefore, albeit the distribution of lamellar particles is overall good,
some empty areas can be detected which can, in principle, affect the bonding between the
nanoplatelets. In particular, by decreasing the resin content, the inner structure becomes
organised with nanoplatelets leaned on the film plane up to a critical GNP content (70 wt%).

Above this critical content the inner structure is threaten by dry spots and empty areas.
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10pum

Figure 3.10. SEM images at two different magnifications of GNP/Epoxy filler with different nominal
filler content: a) 50 wt%; b) 60 wt%; c) 70 wt%; d) 80 wt%

Atomic force microscopy (AFM) is employed to investigate the topography of the sample
and the resin distribution within the films. High-resolution pictures are taken to investigate the
topography of the samples using Bruker Dimension Icon atomic force microscope with
ScanAsyst in the PeakForce Tapping mode (tip stiffness 0.4N/m, frequency ~70kHz). Analysis
of morphological features has been carried out using the cross-section tool of the Gwyddion
software.

AFM allows for better investigation of material morphology. The topography of an internal
layer of the GNP/Epoxy film with 60 wt% and 70 wt% filler content is shown in Figure 3.11a-
b, confirming that it consists of an assembly of stacked GNPs, with typical structural
corrugations (wrinkles and folds). A further inspection into higher resolution AFM images

(Figure 3.11c-d) reveals the presence of several droplet-like features, which could be attributed

61



Manufacturing and Experimental characterization of composites with high GNPs content

to a discontinuous polymeric phase. The morphology of the material does not vary in samples
with 60 wt% to 70 wt% filler content, but the average size of the droplets decreases with the
increase of filler content. In particular, the sample with 60 wt% filler content showed several
clusters of lateral size of about 650-1000 nm. Accordingly, the matrix partial coverage of the
nanoplatelets could affect the mechanical properties of the composite, causing the observed

reduction of the elastic modulus and tensile strength at very high filler content.

Cluster 106 nm
~]1 pm
X -145nm

Cluster
700 nm

Cluster \

680 nm

(© (d)

Figure 3.11. AFM images of GNP/Epoxy films: Topography of sample with 60 wt% (a) and 70 wt%
filler content and respective magnification with droplet-like features (c, d)

3.2.3  Mechanical characterization

Mechanical characterization of the GNP/Epoxy films is performed by using a micro-tensile
tester (DEBEN MT200), equipped with a 200 N loadcell. Tensile tests are conducted by
applying an incremental strain rate of 0.012 min"'. Rectangular specimens of dimensions 5 mm
x 40 mm are clamped at both ends and are aligned with dual threaded leadscrews. Thickness
is measured with a digital micrometre in several locations of the gauge length and ranges

between (0.06-0.08) pum.
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Figure 3.12. Tensile tester: (a) Instrument; (b) Sample positioning; (c) Schematic representation of
clamping system
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Figure 3.13. Force-elongation plot acquired from the tensile test
Samples are mounted horizontally, clamped to a pair of jaws, and supported on stainless
steel sliding bearings, as shown in Figure 3.12. A dual threaded leadscrew drives the jaws
symmetrically in opposite directions, keeping the sample centred in the field of view. The load
cell and elongation sensors’ high sensitivity allow the measurements of small force and
displacement changes. The acquired force-elongation data of Figure 3.13 are analysed, and

stress-strain data are computed according to Eq. (3.4) [200].
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Al
=T

F (3.4)
=1
A

The elastic moduli at very low strain (0-0.05%) are evaluated according to Eq. (3.5):
0.05%
- 2005%) (3.5)

O T0.05%

Stress strain curves (Figure 3.14a) obtained from tensile tests show that the material has a
pseudo-elastic behaviour: for small deformations, the behaviour is linear, as shown in Figure
3.14b, then the slope slowly decreases until a brittle failure occurs [118]. The elastic modulus
at very low strain, evaluated in the range 0-0.05%, exhibits a maximum for filler content of 67
vol% (Figure 3.14c). For low filler content, the elastic modulus of the composite is well
approximated by the rule of mixture with GNP modulus of 25 GPa, resembling that of graphite
[50]. With the increasing filler content the elastic modulus of the composite drops, deviating
from the rule of mixture, as shown in Figure 3.14c. Likewise, the tensile strength exhibits the
maximum value for filler content of 53 vol% (Figure 3.14d). Similar mechanical behaviour has
already been observed in literature for nacre-like composites [22-27,29] where at very high
platelet concentration, the material failed in a brittle fashion, due to possible misalignment of
the bricks and issues associated to polymer infiltration between the nanoplatelets [29].

This phenomenon could be ascribed to an inefficient load transfer between matrix and
nanoplatelets attributable to a discontinuous resin distribution within the nanoplatelets, as
observed from AFM analysis. Therefore, since nanoplatelets are partially covered, the stress
transfer is negatively affected and the mechanical properties at high filler content are

deteriorated.

Table 3.3. Results of tensile test on GNP/Epoxy films
Volume fraction filler Elastic modulus Tensile strength Elongation at break

vr E. c £
[vol%] |GPa] [MPa] [%]

42 11.28+0.61 26.72+1.48 0.37+0.02

53 14.39+1.55 32.98+2.68 0.35+0.04

67 14.76+1.03 24.44+1.49 0.25+0.02

82 12.11£1.70 23.38+1.61 0.33+0.06

91 11.53+1.43 20.73£3.30 0.30+0.06
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Figure 3.14. Mechanical properties in tension of the produced GNP/Epoxy films: (a) Stress-strain
curves; (b) Enlargement in the range of 0-0.05% strain; (c) Tensile strength; (d) Young’s modulus

The dissipative behaviour of GPregs with no binder and of GPregs with GNP content of 80
and 70 wt% has been evaluated by dynamic mechanical analysis (DMA) with TA Instrument
Q800. Test were conducted in bending studying the frequency response at room temperature.
Table 3.4 compares the storage modulus and the damping factor, tand, of manufactured
laminates. The storage modulus shows a trend dissimilar to the elastic modulus evaluated by
tension film tests: it increases with compaction pressure, but the increase of the resin content
results in a slight decrease of the bending modulus. GNP neat paper shows a very high capacity
to dissipate mechanical energy in bending mode. The damping factor of GPregs strongly
decrease respect to the neat paper, but it keeps the same order of magnitude of the damping

factor tand of the polymer matrix (RTM6 @room temperature @1 Hz tan6=0.021). The
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damping effect of GNP in high content composites may be attributed to the heterogeneity of
the system during dynamic loading and to an excellent intrinsic damping property of GNPs. In
addition, the coexistence of a soft-domain (polymeric mortar layer) and a hard domain

(graphitic bricks) could affect the molecular mobility leading to an increased energy dissipated.

Table 3.4. DMA data for GPregs at different filler content
Filler content P=1 bar P=100 bar
[wt%] E [MPa] tand [-] E [MPa] tand [-]
100 0.71+0.64 0.44+0.04 - -
80 0.55+0.30 0.04+0.02 17.8£7.0 0.027+0.014
70 0.50+0.19 0.02+0.01 11.2+4.7 0.018+0.006

Also, the effect of variation of nanoplatelet aspect ratio and matrix type has been
investigated. GPregs with different fillers and matrices are fabricated with filler/matrix content
of 70/30 wt/wt. Varying the aspect ratio of GNPs particles from 2143 for G2Nan to 7500 for
AVA, the mechanical properties of the composite do not show significant modifications.
Comparing the results in Figure 3.15a, there is not a substantial difference in terms of modulus,

while strength slightly increases for sample with higher aspect ratio. On the other hand, the
influence of the matrix type is significant. The behaviour changes from brittle to ductile
according to the nature of the matrix (Figure 3.15b). In fact, the overall behaviour of the
composite is governed by matrix behaviour, whether it is linear elastic as in the case of epoxy,

or elastoplastic as in the case of vinyl copolymer and polyurethane. For all the samples, a good

reproducibility of the results is observed.
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Figure 3.15. Results of tensile tests on GNP-Epoxy film varying filler aspect ratio (a) and matrix type
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3.2.4 Thermal properties

The film thermal diffusivities, in plane and cross plane, have been investigated through light
flash analysis (LFA), with NETZSCH instrument. This technique is currently the most widely
accepted method for precise measurement of the thermal diffusivity. The principle at the base
of the measurement is described by Parker et al. [201]. A few millimetres thick specimen is
heated by a high-intensity short-duration light pulse, and the resulting temperature history of
the rear surface is measured by a thermocouple and recorded [202]. The time needed to heat
the rear surface is correlated to the thermal diffusivity of the material and the thermal
conductivity is computed as the product of the heat capacity, thermal diffusivity, and the
density, according to Eq. (3.6). The higher the thermal diffusivity of the sample, the faster the
energy reaches the backside.

GNPs display intrinsic anisotropic thermal behaviour, which is reproduced in GPregs thanks
to the good alignment of the nanoplatelets in plane direction respect to cross plane. The in plane
thermal diffusivity of GPregs linearly increases with the increasing filler content (Figure 3.16a)
as it is expected. In fact, the addiction of polymer, reduces the thermal diffusivity, it means that
for high filler content, there are lots of GNP-GNP bridges which allow the heat transfer.
Whereas the cross plane thermal diffusivity (Figure 3.16b) is quite constant and slightly
increases in the case of pure GNP paper, indicating that the polymer does not affect the thermal
properties in the cross plane direction [43]. GPregs with filler content greater than 70 wt%
exhibit high thermal diffusivity, higher than that of copper (115mm?/s). The higher is the filler
content the higher is the in plane thermal diffusivity, while cross-plane diffusivity has not a
real trend fluctuating close to that of pyrolytic graphite (0., =3.6mm?/s) [203].

Figure 3.17 reports the thermal conductivity as function of the content of GNPs. It is

computed as [204]:
K=c, p-a (3.6)

€= 2o (3.7)
Where p and o are the density and the thermal diffusivity of GPregs and are measured
experimentally. ¢, is the global thermal capacity of the composites; it is calculated as a
combination of the thermal capacities of the single components according to their weight
fractions, wi. The thermal capacity of GNPs and epoxy are 0.71 J/gK and 1.67 J/gK

respectively.
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Figure 3.16. Thermal diffusivity trend of GPregs for different filler content: a) In plane; b) Cross
plane

Table 3.5. Thermal conductivity of GPregs for different filler content

Filler content p POl’OSity Olin plane Kin plane Olcross plane Keross plane
[vol%] [g/cm’] [-] [mm*s] [W/mK] [mm%s] [W/mK]
42 1.4 7% 67 146 4.00 8.57
53 1.5 6% 90 181 2.17 4.37
67 1.4 18% 108 216 3.90 7.88
82 1.4 24% 123 232 2.83 5.36
100 1.8 10% 148 242 6.11 4.37
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Figure 3.17. In plane thermal conductivity of GPregs
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Also, thermal conductivity has an increasing trend with increasing filler content, as shown
in Figure 3.17, reaching a maximum of 242 kW/mK for GNP content of 100 wt%.

Therefore, the adopted fabrication route is able to reproduce the anisotropic thermal
properties of the graphite nanoplatelet, the only issue is the high porosity detected (Table 3.5).
It is evaluated as the variance of the measured density from the nominal density. The voids
negatively affect the cross-plane diffusivity, while the good alignment guaranteed by the

calendaring stage ensure good correlation between the resin content and the material

diffusivity.
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Figure 3.18. Influence of filler aspect ratio on in-plane (a) and cross-plane (b) thermal diffusivity and
conductivity

Also, the influence of nanoplatelets aspect ratio is investigated. Thermal behaviour in plane
and cross plane of composite produced with G2Nan and AVA nanoplatelets is reported in
Figure 3.18. Results show that the increasing of platelets aspect ratio, negatively affected the

thermal behaviour.

3.2.5 EMI shielding

GNP/Epoxy films could respond to the rising demand of EMI shielding materials. They would
be capable of replacing metals, thanks to their low weight combined with excellent electrical
conductivity, high thermal stability and anti-corrosion properties [18]. In fact, GNP/Epoxy film
with 70 wt% filler content and 65 pum thickness shows a sheet resistance (Rsheet) of 0.33 ()/sq.
This measure is representative of the electrical resistivity of bidimensional systems, which

thickness is very small compared to the plane area.
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The EMI shielding ability is positively related to the electrical conductivity and thickness of
the material, according to theoretical Simon’s formula. The electrical conductivity needs to be
at least higher than 1 S/m to obtain excellent EMI shielding performance. In general,
attenuation of an incident EM wave is given by three contributions: absorption (A), reflection
(R), and multiple reflections (B). Reflection is a surface phenomenon, while absorption
happens in the composite’s volume, and consequently is dependent on the thickness of the

material.

Figure 3.19 X-Band waveguide measurement setup

In this section, the shielding ability of of GNP/Epoxy films with different filler content (from
10 wt% to 90 wt%) is investigated, following the X-band waveguide measurement technique.
Preliminary tests are performed at Department of Electrical Engineering and Information
Technology of University of Naples Federico II. The X-band refers to a band of frequencies in
the microwave radio region of the electromagnetic spectrum within 8-12 GHz. It is used for
radar, satellite communication, and wireless computer networks. For these measurements,
rectangular samples of dimensions 22.86 mm x 10.16 mm are placed in the middle section of
a rectangular guide of the same size (Figure 3.19). During the test, an electromagnetic wave
(EM) passes through the guide from one side (1) and is detected at the other side (2). The
reflected signal (S11) and the transmitted signal (S21) are recorded, and five measurements are
collected for each sample. The signal analysis gives an estimation of the capability of the
material to attenuate the electromagnetic waves. The reflection, absorption and transmission

contributions are computed according to Eq. (3.8) [179].

R=|S11
T=S21f (3.8)
A=1-(R+T)
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Figure 3.20 and Figure 3.21 report the signals S11 and S21 for samples with 10 wt% and 90
wt% filler content. Test showed that for high GNP content, the EM is mostly reflected, while

for low GNP content this contribution is lower. In both cases the trasmitted signal is low.
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Figure 3.20 Reflected and transmitted signals in GNP/Epoxy films with 10 wt% filler content
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Figure 3.21 Reflected and transmitted signals in GNP/Epoxy films with 90 wt% filler content

The absorption contribution, computed according to Eq. (3.8), for different filler content is
reported in Figure 3.22. This contribution decreases with the increasing filler content, since it
is associated to the inner structure of the material. In fact, while the reflection efficiency is
directly related to the surface electrical conductivity, the absorption efficiency depends on the
thickness of the sample and involves the overall volume of the composite. By observing the
SEM images of Figure 3.23, it appears that for high filler content, the material has a well-
ordered nanostructure with nanoplatelets oriented in plane direction. In this configuration,

when the EM wave crosses the material, it is mainly reflected. On the contrary, for low filler
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content, the nanostructure is less organized, with nanoparticles randomly oriented in the
volume. In this case, a small absorption contribution appears, highlighting the ability of the

GNPs to dissipate the EM waves in the plane direction.
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Figure 3.22 Absorption contribution vs filler content
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Figure 3.23 SEM images (10 pm) of GNP/Epoxy films with filler content from 10 wt% to 90 wt%
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Figure 3.24 Schematic representation of electromagnetic field in GNP/Epoxy films for different filler
content
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Consequently, at low filler content, given the randomly orientation of nanoplatelets within
the volume, the EM waves are partly absorbed. On the contrary at high GNP content, given the
high level of organization and alignment in the plane of the nanoparticles, the EM waves are

mostly reflected (Figure 3.24).

3.2.6 Contact angle
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Figure 3.25. Contact angle measurements on GPreg with 70 wt% GNP (a) and 100 wt% GNP (b) and
results (¢)

Contact angle measurements on GPregs with 70 wt% of GNP and 100 wt% GNP are taken,
using optical contact angle measuring (OCA 20 DataPhysics) and contour analysis systems.
Contact angle, 0, gives information about the wettability of the material. Test are conducted
using distilled water drops of 1 mL. The contact angle is geometrically defined as the angle
formed by the liquid with the solid surface. Results of Figure 3.25, show that the material

wettability changes according to the polymer content. In fact, samples with 30 wt% resin
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content showed an average contact angle of 83° and samples without binder showed and
average contact angle of 59°. This suggests that the polymer hydrophobicity affects the
wettability of the material, compared to pure GNP paper. In fact, the angle reduces of about

30% from paper with 70 wt% to 100 wt% [205].

3.3 Laminates characterization

Table 3.6 Laminates charachterization test list

raa  sew  Mehicdproperics
Filler content v v v v
Binder type v v v v
Filler aspect ratio v v v v

Since GPregs are impregnated with polymer, they can be assembled to fabricate laminates of
1 mm thickness, through compression moulding process. GPregs laminae of 20 mm width and
65 mm length are stratified as shown in Figure 3.26, and placed in a mould, consisting in two
metallic plates and a frame of 1 mm thickness. The system is placed in a platen press (P200E
Collin) and the resin cure cycle is applied. To improve the alignment of GNPs within the
material and to decrease the porosity, during the processing a pressure of 40-50 bar is applied.
Both samples with filler content from 50 to 80 wt% and with different binder and nanoplatelets
are manufactured at a nominal thickness of 1 mm. Also in this case, the effect of resin content,

filler and matrix type on the final mechanical performances is investigated.

Figure 3.26. Laminate’s fabrication process
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3.3.1 Thermogravimetric analysis (TGA)
Thermogravimetric analyses are conducted according to §3.2.1. Figure 3.27 shows that the

nominal filler content of laminates underestimates the real one, as also reported in in Table 3.7.

Table 3.7. Matrix content of GNP/Epoxy laminates

Nominal weight Real weight Volume fraction
fraction fraction filler
Wf.nominal Wf.real vV
[Yowt] [Yowt] [%vol]
50 61 47
60 70 57
70 78 68
80 89 81
100 —
90 -
80 +
e\? W nominal
- —50 W%
= 70 +
§ 60 wt%
60 L 70 wt%
80 wt%
50 f f f } 1
0 100 200 300 400 500 600

Temperature [°C]

Figure 3.27. TGA for laminates (GNP/Epoxy) with different filler/matrix content

3.3.2 Morphological assessment (SEM)

Morphological analyses are conducted in order to study the alignment of the particles and
the bonding between plies for samples with filler content of 50, 70, and 80 vol%.

Figure 3.28 shows SEM images of the cross section (fracture surface) of thick GNP laminate
with actual matrix content of ~50 vol%. To achieve the final thickness at least 25 GNP films
were stacked and the compacted, the micrograph shows an inner structure where the single
layers are clearly recognizable. Border lines which identify the contact between adjacent layers
is evident indicating a bad adhesion between layers. Furthermore, Figure 3.28b shows two
different textures, an area where the particles are well aligned reproducing a nacre-like
structure and the other where with wrinkles, indicating a worse alignment. Figure 3.29 shows

fracture surface at a matrix content of ~30 vol%. Here, the alignment of GNP in the plane is
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greatly improved, the cross section exhibits a uniform texture. Even if the overall distribution
of lamellar particle is good some voids are still present. Empty areas represent weak points and
affect the bonding between layers. A further increase of GNPs content does not improve the
material architecture, in fact, the resin seems to be worse dispersed (Figure 3.30) entailing an

inner structure not perfectly aligned, moreover some voids are still detectable.

(a) _, (b)

(b)
Figure 3.30. SEM Fracture surfaces, actual composition GNP/Epoxy 80/20 vol%
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3.3.3  Mechanical characterization

Mechanical characterization of laminates is performed with TA instrument DMA-Q800
equipped with 3-point bending clamp. Three-point bending tests were preferred to tensile tests,
in order to avoid cracking of the sample in the clamp. The sample is supported at both ends and
loaded in the middle section. Monotonic tests at room temperature were performed on
rectangular specimens (50 mm x 10 mm x 1 mm) at room temperature with a displacement rate
of 500 pum/min. Data are elaborated according to the ASTM D790 standard for flexural
behaviour of composites [206]. Moduli at very low strain (0-0.05%) are evaluated according
to Eq.(3.5). Also, the dynamic behaviour of the material has been investigated in the Multi-
Frequency Strain mode, heating the sample from room temperature to 250°C with 3.00°C/min
speed.

Mechanical tests carried out on laminates follow the trend of those conducted in the single
ply (cfr. §3.2.3), as shown in Figure 3.31. The higher compaction load improved the
mechanical performances of laminates with respect to GPregs. The increase in stiffness is
probably related to the higher ordering achieved and to the decrease of void content.

Figure 3.32 shows the results of flexural tests conducted on laminates in terms of elastic
moduli, evaluated at very low strain (0-0.05%). For filler content lower than 70 vol% the elastic
modulus follows the direct rule of mixture, while at higher filler content (>70 vol%) the elastic
modulus abruptly drops. The reduction of the modulus can be associated to low resin content,

which is not able to efficiently transfer load.

100

Vr
68%

87 1).0

47%

Stress [MPa]

0 f 1 f f

0.0 0.2 0.4 0.6 0.8 1.0
Strain [%]
(b)

Figure 3.31. (a) Bending test set-up; (b) Stress strain curve of bending test conducted on laminates
with G2/Epoxy (RTM6) at different filler content
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Figure 3.32. Flexural moduli of nanolaminates in bending evaluated in 0-0.05% strain range

Mechanical tests on laminates, varying the filler aspect ratio and the matrix type (Figure
3.33), are in accordance with the results obtained on GPregs of Figure 3.15. In fact, varying
the aspect ratio of GNPs particles from 2143 for G2Nan, 7500 for AVA to 8600 for AVA440
there is not a substantial difference in terms of modulus, while strength slightly increases for
sample with higher aspect ratio. On the other hand, the influence of the matrix type is
significant. The behaviour changes from brittle to ductile according to the nature of the matrix.
However, toughness is almost the same for all samples, it slightly increases with filler aspect

ratio, as reported in Figure 3.34a.

120 120
100 + / 100 +
80 + R0 +
- / -
I
[-» o]
2 60 | 2 60 T
P g
£ g
= 10 1 W 40
) —AVA440/RTM6 - 70/30 G2Nan/ALTANA - 70/30
20 | / AVA/RTMSG - 70/30 20 1 G2Nan/RTMG - 70/30
G2Nan/RTM6 - 70/30 G2Nan/H4050 - 70/30
0 , : } } 0 : : 1 :
0.0 02 04 0.6 0.8 o 0.0 0.2 0.4 0.6 0.8 1.0
' ' Strain [% ] ' ‘ Strain [%]

(2) (b)

Figure 3.33. Results of bending tests on laminates varying a) Filler aspect ratio; b) Matrix behaviour
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Furthermore, dynamic analyses conducted on the same samples showed that the composites
fabricated with the thermoplastic vinyl copolymer (H4050) have the highest dissipative
capacity. Damping values are reported in Figure 3.34b.

= Toughness [MJ/m3]
0.25

0.20

0.15
0.10
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AVA/EPOXR-30 G/EPOXR-30 G/H4050-30

® tand [-]
0.07

0.06

0.05
0.04
0.03
0.02
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0.00

AVA/EPOXR-30 G/EPOXR-30 G/H4050-30

Figure 3.34. Influence of matrix and filler type on toughness (a) and damping (b)
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4. MICROMECHANICAL INVESTIGATION USING

MICRO RAMAN SPECTROSCOPY

4.1 From macro- to micromechanical investigation

The macro-mechanical characterization of GNP/Epoxy (RTM6) films showed that for high
filler content (>50 vol%) there is a drop of efficiency of reinforcement, with consequent
reduction of the Young’s modulus. This phenomenon could be ascribed to an inefficient load
transfer between matrix and nanoplatelets. From AFM analysis it has been observed that the
resin distribution within the nanoplatelets is discontinuous due to the presence of polymeric
several droplet-like features. Therefore, since nanoplatelets are partially covered, the stress
transfer is negatively affected and the mechanical properties at high filler content are
deteriorated.

For this reason, a micromechanical investigation based on micro Raman spectroscopy (LRS)
has been carried out and the quality of stress transfer has been investigated. Micro Raman
spectroscopy is widely used to investigate the deformational processes in nanocomposites,
particularly in case of graphitic reinforcements, since the peak frequencies of the Raman bands
in these materials are sensitive to the level of applied strain [207]. This technique is based on
the fact that the frequencies, or wavenumbers, of the Raman bands shift under the application

of a macroscopic strain (or, analogously, stress). In other words, when the material is subjected
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to an external load, the particles and their chemical bonds are stressed, resulting in a translation
of the spectrum peaks [14].
Consequently, this technique is adopted to determine the efficiency of stress transfer in

GNP/Epoxy films at different filler content in order to assess the macroscopic response of the

film.

4.2 Fundamentals of Raman spectroscopy

Raman spectroscopy is an inelastic scattering technique that probes the vibrational modes
of chemical bond into materials [208,209]. Raman spectroscopy takes its name from the
scientist who first observed the inelastic scattering in 1928: the Indian scientist C. V. Raman,
who also won the Nobel Prize for Physics in 1930 for his work on the scattering of light.

In the last decades it has been drawing particular attention since its versatility in providing
a fingerprint of molecules over several ambient conditions. For this reason, it can be used to
identify specific substances. Nowadays this technique is employed in several fields, from
medical diagnostic to solid state physics and materials science and not only for academic
purpose, but also for industrial analytical purposes, for example to identify contaminants
appearing during production. Thanks to Raman’s high chemical selectivity, it is possible to
study many different types of polymers and other substances. Therefore, this technique not
only provides basic phase identification, but also can be used to assess nano-scale structural
changes and characterize micromechanical behaviour.

Based on light scattering, Raman spectroscopy can provide information on the molecular
structure and characteristics of the material, exploiting the specific vibrations of molecules and
their relative movements. When light hits the molecules, most of the photons are dispersed and
diffused with the same energy and vibration of the incident photons, determining the “elastic
scattering” or “Rayleigh scattering”. Only one photon on one million, scatters with a different
frequency, which represents the “inelastic scattering” or “Raman effect” (Figure 4.1). Raman
scattering allows the examination of specific vibrational characteristic of a molecule, giving

information of its structure and of the interaction with adjacent molecules.
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Figure 4.1 Light scattering

Phonons are collective excitations, often designated as quasiparticles, that occurs in a crystal
and can be represented by the superposition of plane waves that virtually propagate to infinity
[210], called normal modes of vibration. Modes can be classified as either stretching (v),
bending (), torsional (1) or librational (R'/T" pseudorotations/translations) and lattice modes
(the latter include the relative displacement of the unit cells). There are modes characterized
by in-phase oscillations of neighbouring atoms (acoustic vibrations) and modes characterized

by out of phase oscillations (optical vibrations), as shown in Figure 4.2.
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Figure 4.2 Phonons movements
As a group of atoms vibrates, the electron cloud, and thus the polarizability, changes
instantaneously. The interaction of the periodic change in the charge distribution with an
imposed electromagnetic field is the origin of several types of light scattering phenomena
including infrared (IR) and Raman effects.
In other words, when a solid is excited by an energy source E the dipole moment vector P

can be defines as:

~l
I

S?H
oo

(4.1)

where & is the polarizability tensor.

In particular, in the case of a laser input of amplitude E, and frequency vo, the polarization

vector P of the dipoles becomes:
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P=a-E,cos(2nv,t) (4.2)

If the nuclei are not fixed, but oscillate with their own frequency v i, the internuclear
distance, r, can be expressed as follow:

r=r1,cos(2xv ,t) (4.3)

The polarizability varies with the internuclear distance and can be written as:
a=a,+ e r,cos(2mv ,t) (4.4)
r

By substituting Eq. (4.4) in Eq. (4.2), the dipole moment caused by the induced electrical

field becomes:
— : oa ) = , ,
P=a,-E cos(2v' 1)+ Fa E,-r,cos2nv' , t)cos(2zv't) (4.5)
0
Manipulating Eq. (4.5), the dipole moment vector can be rewritten as the sum of three terms:

P=a, 'Eo cos(2v' 1) +%(88_a) EO I COS[27Z'(V '0+V'vib)t] +
A

_ ' (4.6)

a

+_(8_j E “rycos[27(v'y—v',, )]

In Eq. (4.6) are defined the two components of scattered light: the quasi-elastic of frequency

v', and the inelastic of frequency v',xv', , which occurs only if the exciting vibrations
produce a variation of polarizability (85/81’;&0). The first term indicates the Rayleigh

scattering, the second and third the anti-Stokes and Stokes scattering respectively [211,212].

Raman spectroscopy

(a) Inelastic collision (b) Elastic collision (¢) Inelastic collision

Vy, =V =V <V, v V, =Vt V>V,

hv, PV +V..5)
hv, hv,
n=1 ———— n=1
| n=0 n=0 n=0 Yy n=0

Figure 4.3 Energy level diagram of various vibrational spectroscopic transitions
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Thus, when a material is excited, the molecules vibrate and the polarizability changes
instantaneously. According to quantum mechanics, the excited molecules move to a superior
virtual energetic level (n # 0). In this condition, different situations can occur, as shown in
Figure 4.3:

(a) Stokes scattering. When the system is excited, the electrons move to a different

vibrational energetic level (from #n=0 to n=1). In this case the frequency of vibration

changes being lower than the initial one (v',—Vv',, <v')). The difference between the

energy associated to the incident and the scattered photons is the Raman shift.
(b) Elastic scattering. When the molecule is excited with a vibration frequency equal to its

natural frequency (v', =v',), it remains to the initial energetic level.

(c) Anti-Stokes scattering. In this case, the system, which is already in an excited state
(n=1), move to a lower energetic virtual level (n=0). The frequency of vibration changes
being higher than the initial one (v'y+v', >v')).

In an excited system, the elastic scattering is preponderant and only 1/10° photons has

inelastic scattering. For this reason, the frequencies have to be filtered in order to eliminate v,

and acquire only the Stokes (or anti-Stokes) ones.

Raman spectroscopy is based on the polarizability variation of the molecular bonding. When
the laser light hits a molecule, it deforms the electronic cloud, causing a polarizability variation.
The condition for a vibrational mode to be Raman active requires that its molecular
polarizability should be neither maximum nor minimum when the atoms are at their
equilibrium positions.

It is commonly used to refer to vibration modes by their wavenumber (expressed in cm!
unit):

v=v/c 4.7)

Where c is the speed of light. By using this notation and considering the electromagnetic

theory of radiations from oscillating dipole, the Raman peak Lorentzian shape is described by

the following expression:
d’k
2
_ =7 (T (4.8)
v+v(k) | + 2
[7+7(k)] [J

where \7(12 ) represents the dispersion branch to which the mode belongs and I'y is the half-

1(5):10[

width for the ordered reference structure.
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4.2.1 Harmonic model

The harmonic model can be adopted to study the oscillation of chemical bonds. It considers
that all vibrations are purely harmonic, and the potential energy of the system is the sum of the
quadratic terms whose coefficients are the force constants. The bonds can be modelled as a
spring of length /5, reduced mass x, and constant stiffness ks, as shown in (Figure 4.4).

A
[, y

Y

Figure 4.4 Harmonic oscillator

In this model, potential energy is a parabolic function (Figure 4.5), which expression is:

1
V=§kb(l—lo)2 (4.9)
and
oV
k, = 4.10
T (4.10)
_ 1 |k
= —— b (4.11)
2re | u
m, -m,
H=—T"7" (4.12)
m, +m,

This oscillation is harmonic, and its frequency v does not depend on the distance from the
equilibrium position /o. The quantum theory of the harmonic oscillator has a selection rule that
allows only one transition between adjacent energy states (Av=t 1). These energy states are
represented in Figure 4.5 by the green line.

Actually, in the real system the oscillating masses (1 and m) are not comparable, and the
selection rule is not valid. Also, phenomena like overtones, combination bands, or difference
bands cannot be explained by the simplistic harmonic theory; the real interatomic potential is
not harmonic but includes attractive and repulsive contributions. In addition, concepts like
bond breaking at high deformations demands a different approach for the potential energy

function. Thus, an anharmonic oscillator gives a better approximation of this behaviour. Such
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an approximation is the Morse function (Figure 4.5), where the potential energy is a function

of the dissociation energy D., or the energy required to break the bond:
2
V=D, (1-5““”) (4.13)

Where Al is the displacement of the interatomic distance / from the equilibrium value /,, and
a is a constant, which controls the width of the potential function.
In this model, the quantum theory accounts for more than one transition between energy

levels.

Dissociation Energy

Energy

I, Internuclear distance, /

Figure 4.5 Harmonic and Morse potential
4.2.2 Stress dependence of the vibrational frequency
In the harmonic model, the stiffness ks is constant and does not depend on the relative
displacement A/ (Eq. (4.10)). Consequently, the wavenumber does not depend on the distance
from the equilibrium position. In the case of Morse potential, the second derivative of Eq.

(4.13) with respect to Al is:
k, =2a’D, (2¢ ) ) (4.14)

It changes gradually with the Al. Figure 4.6a shows the trend of the force constant with the
interatomic distance for both models. Therefore, if the bond distance is increased (A/ > 0) by a

tensile force, the corresponding force constant slightly reduces, as shown in Figure 4.6b,

resulting in a low frequency shift of the stretching vibrational mode (Vv,;, « k,). From a

macroscopic point of view, a tensile (or compressive) stress is expected to decrease (or

increase) the wavenumber v .
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Figure 4.6 Dependence of force constant ks on interatomic distance

The above principle provides the theoretical background for the frequency shift of distinct
Raman bands when the molecule is subjected to external load. The theoretical calculation of
the expected shift has been presented for simple molecules [213,214]. More complicated
analyses include the lattice dynamical theory to predict stress induced shifts in polymeric
chains.

For small displacements, the stress dependence may be regarded to a good approximation
as proportional to the applied stress field. Bretzlaff and Wool [215] propose the following:

Av, =v(o)-v(0)=a, o (4.15)

Where Av_ is the mechanically induced peak frequency shift, o, is the mechanically
induced frequency shifting coefficient at constant temperature 7, and o is the applied uniaxial
stress.

The key feature that links the stress dependence of the molecule to any macroscopic induced
deformation is whether this deformation affects the material at a molecular level. Amorphous
materials do not show detectable stress sensitivity, while highly crystalline materials, such as
carbon, exhibit measurable stress sensitivity [207].

Experimental calibration curves may be employed to correlate Raman frequency shifts and
absolute strain. In most cases, a direct proportionality of the shift to the applied strain is
adequate [216]. In particular, there is a proportionality factor that links the wavenumber shift
to the macroscopic strain in isotropic material:

Av =S°-A¢g (4.16)
where S° [cm™/%)] is the proportionality factor and Ae [%] is the macroscopic strain. For
elastic materials, the validity of the Hooke’s law, lead to a direct relationship between the stress

induced Raman shift and the bond stiffness or the Youngs modulus of a macroscopic structure.
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AV =S° Ao (4.17)
These relationships allow for universal plots that correlate the strain induced Raman shift

with the moduli of known fibres [217].

4.2.3 Raman technique and instrumentation

Since the Raman effect is intrinsically weak, the optics components of Raman spectrometer
must be optimized and combined. In particular, such applications require often a high spatial
resolution that can be achieved by focusing monochromatic light with standard optical
microscopy techniques. The so-called micro Raman spectroscopy (uRS) is characterized by a
spatial resolution that typically ranges between 1 and 5 um and is limited by the quality of the
optical components and the optical arrangement used to focus the beam. This high spatial
resolution makes uRS the best tool to map phase and strain distributions in many materials.
Raman spectroscopy is a non-destructive, non-invasive, and fast technique and can be applied
on solids, powders, liquids, gas without any preparation, at ambient pressure and temperature.
The principal components for Raman spectroscopy are: (1) sources (Figure 4.7), (2)
monochromators, (3) sampling systems, (4) detectors, (5) systems for data managing and
elaboration.

For micromechanical investigation of composites two systems are commonly adopted
(Figure 4.8): the conventional Raman microprobe set-up and the remote Raman microprobe
(ReRam) [218]. In the conventional microprobe set-up, the laser beam is directed to a
microscope that focus it, through a micrometric spot, on the sample mounted on a tensile jig.
The scattered beam is then collected by the microscope, sent to the spectrometer and finally
directed to a charged coupled device (CCD). The ReRam apparatus utilizes fibre-optic cables
for laser delivery and collection; as previously, the laser is first focused on the sample, sent to
the spectrometer and then collected by the CCD. However, the use of a flexible fibre optic
permits operation of the microprobe in horizontal, vertical and multi-angle position, thus
allowing investigation of specimens of different size and shape, mounted on common universal
testing machine, and under different environmental conditions. The first system has high spatial
resolution and allows depth investigation on a volume lower than 1 pm?®, while the second
system is useful for in-situ analysis, for industrial process monitoring and in art and forensic

applications.
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Figure 4.7 Common laser used in Raman spectroscopy
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Figure 4.8 Schematisation of micro Raman spectroscopy experimental set up: (a) conventional
microprobe; (b) ReRam
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By analysing the Raman spectrum in terms of band position, intensity, shift, and width, it is
possible to collect qualitative and quantitative information about a certain material. The band
position is used in qualitative studies, allowing the identification of functional groups; the band
intensity gives information about the concentration and molecular orientation. The band shift

is useful for stress and strain measurement and band width identifies amorphous/crystalline

phases (Figure 4.9).

Band position

Band Position
shift

InTensi'r-y

Raman shift

Figure 4.9 Raman spectrum analysis
This technique interests academic and industrial field and allow the study of relationships
between microstructure and macroscopic physical properties in polymers and composite. In
fact, has opened the way for a powerful technique for the micromechanical studies at the

fibre/matrix interface [219].
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4.3 Raman spectroscopy in composites

In the last decades Raman spectroscopy has been gained ground among all the experimental
techniques for micromechanical investigation of composites. In particular, a new branch of
uRS, the so called ‘micro Raman extensometry’ (URE) was born, by exploiting the dependence
of Raman band shift with the macroscopical solicitation [217]. As described before, the
frequencies or wavenumbers of the Raman bands of many high-performance fibres shift when
an external solicitation in applied, due to the application of stress in the fibres [216,220,221].
In other words, given the anharmonicity of atomic bond, the variation of the vibrational
frequency (or wavenumber) is determined by a change in the interatomic force and interatomic
distance caused by the macroscopical applied strain. Therefore, this technique is a valuable tool
for understanding the relationship between the macroscopic deformation and the deformation
mechanism at molecular or microstructural level.

Based on this approach, the reinforcement in a composite acts as a ‘mechanical probe’ [222].
Once the Raman peak shift is calibrated for the specific fibre (or nanoplatelet) by loading it
individually, it acts as internal stress/strain sensor in the composite. However, the matrix must
be reasonably transparent (or must not interfere with the Raman spectrum) and the
reinforcement must possess a high crystallinity. Consequently, by monitoring the Raman
wavenumber shift with applied stress or strain for the fibre embedded in the matrix and by
comparing this value with that of the reference value (fibre tested in air), it is possible to
understand the quality of stress transfer between the two phases.

Since the mechanical performances of composites are regulated by the matrix efficacy to
transfer load, via shear transfer mechanism, the effective performances of the material can be
investigated through Raman spectroscopy, quantifying the efficiency of stress transfer between
the matrix and the filler, thanks to the sensitiveness of the Raman band to the level of applied
strain [207]. When the material is subjected to an external load, the particles and their chemical
bonds are stressed, resulting in a translation of the spectrum peaks [14]. By monitoring the
wavenumber shift of the Raman bands when a macroscopic stress/strain is applied, it is possible
to determine the stress level within the particles and thus the capability of the matrix to transfer
load. Specifically, when the particle is loaded in compression, the peak shifts to higher
wavenumber, while when it is loaded in tension, the peak shifts to lower wavenumber (Figure

4.10) [14].
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Figure 4.10 Raman band shift of graphene spectrum when loaded in tension
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Figure 4.11 Fundamental steps of micromechanical investigation with Raman spectroscopy

The steps for the micromechanical investigation of the quality of stress transfer via Raman
spectroscopy are summarized in Figure 4.11.

First, Raman spectra are acquired in the midpoint of the sample at different level of axial
strain (1< &<... &) (Figure 4.11a) and a graph of Raman peak position (wavenumber) as a
function of the applied strain in built, as shown in Figure 4.11b. Then, the stress strain curve
of the material is determined by means of tensile test performed by imposing an effective strain
rate equivalent to the one adopted in the Raman test (Figure 4.11c). Finally, knowing the
relationship between stress and strain, it is straightforward to calculate the dependence of
Raman peak position on stress (Figure 4.11d). From this, it is possible to plot the stress profiles

along the fibre/nanoparticle.

4.4 Graphene Raman spectrum
Raman spectroscopy has been employed extensively for the study of the micromechanics of

reinforcement in nanocomposites, especially in case of graphitic nanoparticles.
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Graphene’s electronic structure is uniquely captured in its Raman spectrum [223]. The
strong resonant Raman scattering, even from a one-atom-thick graphene flake, produces a well-
defined Raman signal and enables the observation of several interesting phenomena under
various conditions. Raman fingerprints for single-, bi- and few-layer graphene reflect the
changes in the electronic structure and electron-phonon interactions allowing unambiguous,
non-destructive identification of graphene layers. Consequently, Raman spectrum changes with

increasing number of layers.
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Figure 4.12 Comparison of Raman spectra of: (a) bulk graphene and graphite [224]; (b) graphene
oxide and graphite [225]
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Figure 4.13 Relative motion of sp” carbon atoms in graphene planes (E», phonon mode) [226]

Figure 4.12a compares the Raman spectra of graphene and bulk graphite. The two most
intense features are the G peak at 1580 cm™ and a G’ (or 2D) band at 2700 cm™. The G peak is
related to the doubly degenerate E>; phonon mode at the Brillouin zone centre (Figure 4.13).
The symmetry of the E>g modes restricts the motion of the atoms to the plane of the carbon
atoms [227]. Zone-boundary phonons give rise to a peak at 1350 cm™ in defected graphite,
called D peak [227]. The defect-induced D band is usually found in different forms of graphitic
carbon, in particular in the case of imperfect graphene prepared by methods such as chemical
vapour deposition (CVD) and thermal expansion, while it is very prominent in graphene oxide

(Figure 4.12b) as a result of defects, vacancies and distortions induced during oxidation [225].
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Finally, the strongest feature in the second order spectrum is at 2 x 1350 cm™'. It represents the
2D band, which has nothing to do with the G peak, but is related to the second order of zone
boundary phonons. Since zone-boundary phonons do not satisfy the Raman fundamental
selection rule, they are not seen in first order Raman spectra of defect-free graphite [228].
Raman spectroscopy is a useful tool to characterize the different number of layers of
graphitic flake, because each nanoparticle has typical features that allow to distinguish them.
Figure 4.14 shows Raman spectra of monolayer, bilayer and many-layer graphene. For the case
of monolayer graphene, the intensity of the characteristic 2D band is twice the intensity of the
G band, while in the case of bilayer graphene flakes, the 2D band is comparable or even weaker
than the G band. It changes in shape and intensity because of the resonance effects in the
electronic structure. In particular, it is characterized by 4 components, which could be
attributed to two different mechanisms: the splitting of the phonon branches [228,229] or the
splitting of the electronic bands [226]. On the other hand, in bulk graphite the 2D peak consists
of two components 2D and 2D, [228], roughly 1/4 and 1/2 the height of the G peak,
respectively. With increasing number of layers, the 2D band shifts to even higher
wavenumbers. For more than five layers the Raman spectrum becomes hardly distinguishable
from that of bulk graphite, in fact, many-layer graphene spectrum resembles that of bulk

graphite [227].
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Figure 4.14 Raman spectra of graphene (mono- ,bi-, multi-layer)
The average number of layers of multilayer graphene could quantitatively be estimated, by

calculating a metric, M, related to flake thickness [150]:

1 1
M — graphene(wzwp,graphite) graphene(wzwssg”aphit“)

1

. Y
graph’te(w:wp,graphile)/ graphlte(w:wﬁ'vgmphi"’)

(4.18)
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The factors [ are the intensities of graphite and graphene 2D peak (p) and 2D shoulders
evaluated with Raman analysis. The average number of layers is then calculated starting from
M according to an empirical equation:

NG — 100.84M+0.45M2 (419)

The sensitiveness of the Raman bands of graphene to the level of applied strain [14], allows
to quantify the stress level in the nanoparticles by monitoring the shift of the band’s
wavenumber when a macroscopic stress/strain is applied.

The Raman shift rate in graphene related materials, depends on the number of layers of the
nanoparticle and on the nature of the matrix support. In particular, it decreases with the
increasing number of layers. Monolayer graphene deposited on a flexible substrate exhibits the
highest downshift of 2D band in tension of =60 + 5 cm /% strain [230], which is consistent
with a modulus of the order of 1 TPa. This value, confirmed in several studies [14], is generally
considered in literature as a reference value of the Raman 2D band shift of graphene under

tensile strain and is used as the calibration value for the evaluation of strain within monolayer

graphene.
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Figure 4.15 Raman band shift in monolayer, bilayer, tri-layer and many-layer graphene, for simply
supported (a) and embedded nanoparticles (b) [231]

However, Raman band shift rate decreases significantly for bilayer and many-layer
graphene, because of weak van der Waals forces, low internal stress transfer, and slippage
between layers. Gong et al. [231] studied the effect of number of layer on the Raman band
shift. They observed that from monolayer to bilayer graphene there is not a significant decrease

of the 2D band shift, while starting from tri-layer it reduces, as shown in Figure 4.15. The tri-
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layer graphene possesses a higher bending rigidity compared to the monolayer and its critical

strain is four times smaller than the one found in single layer graphene.

Furthermore, Raman shift rate of graphene with more than one layer also depends on the
nanoparticle configuration, whether it is simply supported (uncoated) or embedded in a matrix
(coated) [231]. It was observed that in bilayer graphene, Raman shift rate is different in the two
configurations, in particular it passes from —60 cm™'/% when the particle is coated with polymer
to —53 cm™/% when it is uncoated (Figure 4.16b). When bilayer graphene is uncoated, the
stress transfers is affected by the poor stress transfer between the two graphene layers; this
effect is more pronounced when the number of layer increases. On the contrary, when the
bilayer nanoparticle is encapsulated in the polymeric matrix, no slippage between the layers
occurs and the Raman shift rate is equal to that of monolayer graphene. Generally, the band
shift rates are slightly higher in case of coated specimens but, even if when the number of layers
increases, as for GNPs, this value is still very low. Differences with respect to the monolayer
will therefore principally be a result of the efficiency of stress transfer between the different

graphene layers.
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Figure 4.16 Raman shift with strain of 2D band of graphene monolayer (a) and bilayer (b) in the
simply supported and embedded configuration [231]

Most importantly, Raman shift rate depends on the matrix mechanical behaviour [232]. For

low stiffness matrix, such as thermoplastic elastomers (TPE) it is around —0.05 cm™/%, while
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for high stiffness matrix, such as polypropylene (PP) or epoxy [233] it increases up to —5 cm’

1/% and 8 cm™/% respectively, as summarized in Figure 4.17.
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Figure 4.17 Raman band shift from monolayer to multilayer graphene

However, there is always the possibility that a variations in 2D band may be due to
inhomogeneities or uneven stress transfer due to slippage [234]. Variations in the band shift
are also known to occur due to differences in excitation wavelength, relative orientation of the
graphene lattice to the straining direction, and direction of laser polarization [230,235].

There is a proportional correlation between the 2D Raman shift rate (dw2p/de) and the
effective Young's modulus of the graphene (Er). The effective Young’s modulus of carbon-
based materials can be estimated from the slope of the 2D Raman band position against strain.
For graphene-related materials, where the characteristic downshift of the 2D band is in the
order of =60 ¢cm /% the effective modulus can be estimated according to the following

relationship:

do E h
E — 2D grapnene
ode (dey,/de) (4.20)

Where dw,,, /de is Raman shift rate of the 2D band, Egraphene is the modulus of graphene of

1 TPa and (da)ZD /de) = —60 cm/% is the characteristic downshift of the 2D band of

ref

graphene.
4.5 Experimental investigation

4.5.1 Materials and methods
Raman spectroscopy is employed to investigate the stress transfer in GNP/Epoxy (RTM6)
films by monitoring the 2D peak position of GNPs during stretching of the material with

inVia™ confocal Raman microscope by Renishaw.
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The stress transfer efficiency has been assessed with Raman spectroscopy on GNP/Epoxy
films for different filler content, from 40 vol% to 90 vol%. For each composition, five sample
are tested. Rectangular specimens of dimensions 5 mm x 40 mm x 0.08 mm are clamped at
both ends and are aligned with dual threaded leadscrews of DEBEN MT200 instrument,
following the same procedure described in Chapter 3.

Raman spectra are acquired at different strain starting from unloaded configuration, with
steps of 0.1%. Setting parameters are tuned in order to obtain the adequate spectra and to
minimize the fluorescence effect associated to the epoxy resin (Figure 4.18a). The 2D peak
position (~2635 cm™') of GNPs is monitored while the films are stretched, thus the spectral
windows range is set from 2100 to 3000 cm™!. For each step, 25 spectra are acquired on the
surface of the sample, considering a rectangular grid of 25 points, using the 785 nm laser line
and x100 objective lens (Figure 4.18b). To avoid the heating of the sample during the
measurements, the power is kept under I mW with an exposure time of 30 sec. The 2D band

is fitted to a single Lorentzian peak.

Table 4.1. Raman analysis settings

Laser 785 nm
Microscope objective lens x100
Spectral window 2D ~ 2600
Exposure time 30s
Intensity 1%
Area Rectangular grid — 25 points

700

600

500

Counts

400

300

200

2200 2400 2600 2800 3000
Wavenumber [cm™]

(a) (b)
Figure 4.18 (a) Typical Raman spectra of GNPs/Epoxy (RTM6) films; (b) Rectangular grid
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Figure 4.19 Raman shift rate for GNP/Epoxy film with different filler content: (a) 42 vol%; (b) 53
vol%; (c) 67 vol%; (d) 90 vol%

Table 4.2. Raman shift of GNP/Epoxy film with different filler content

Filler content Raman shift
[Yovol] [em™/%]
42 6.50
53 4.30
67 2.20
90 1.70

Figure 4.19(a-d) report the shift of the 2D peak position with applied macroscopical strain
(e=0.1, 0.2, 0.3%), for GNP/Epoxy films with different filler content. Raman band shift rate,
which represents the slope of the plot, gives information about the quality of stress transfer in

the composites. These values are listed in Table 4.2, for filler content from 40 to 90 vol%.
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As stated before, Raman band shift is strongly dependent on the nanoplatelets number of
layer and on the matrix in which they are embedded. For this reason, the Raman band shift
associated to the optimal stress transfer that occurs between GNP and epoxy (RTM6) must be
identified. For this purpose, two ideal systems have been considered:

(1). Isolated nanoparticle embedded in the resin (Figure 4.20a);
(i).  Interacting nanoplatelets aligned in the direction of the load (Figure 4.20b).

The first system is represented by nanocomposites with 0.5 wt% of GNPs fabricated via
solution casting (Figure 4.20a). GNPs are dispersed in epoxy using dip sonication; then the
mixture is poured in a mould and cured according to the resin cure cycle [195]. The second
system is represented by GPregs coated with a thin layer of RTM6 (~10 pm) by means of spin
coater (Figure 4.20b). The resin, diluted in acetone to reduce the viscosity, with an acetone-
resin ratio of 10:1, is spin coated on the uncured GPregs with 2500 rpm for 1 minute and then
cured according to the resin cure cycle [195]. The thickness of the resin layer is measured
posteriori by using a digital micrometre in several locations.

ee el /

(a) (b)
Figure 4.20 (a) Nanocomposite (0.5%wt); (b) GPregs coated;

Rectangular specimens of dimensions 40 mm % 5 mm are cut for both systems, and their
thickness, (0.06-0.08) um, is measured with a digital micrometre in several locations of the
gauge length. Tensile tests have been performed on them using the micro-tensile tester
(DEBEN MT200), equipped with 200 N loadcell and Raman spectra are acquired following
the same procedure described before.

For system (i) the Raman shift rate obtained from the analysis is of ~8 cm™'/% (Figure 4.21a),
and is consistent with literature data for GNPs embedded in epoxy [233]; while for system (ii),
the Raman shift rate is higher (~11 cm™/%) (Figure 4.21b). The reason why the system with
GPreg coated with epoxy is characterized by higher value of Raman shift rate is related to the
good alignment of the nanoplatelets and to their interactions unlike the dilute system.

In addition, for the second system, Raman spectra are acquired on coated sample with
different filler content (from 40 to 90 vol%). These results show that the Raman shift rate is
independent from filler content as shown in Figure 4.22 and equal to ~10.5 cm™'/%. This finding
is associated to the fact that Raman measurements on graphitic nanoparticles as GNPs are

localized on the very superficial part of the material, and hence are representative exclusively
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of the stress transfer between the GNPs on the surfaces of GPreg and the resin thin film.
Consequently, Raman band shift does not depend on filler content but only on the stress transfer
that occurs at the upper surface of the sample, i.e. between the aligned nanoplatelets and the

thin resin film.
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Figure 4.21. Raman shift rate for (a) nanocomposite with low filler content (0.5%vol) and (b) GPregs
(90 vol%) coated with RTM6
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4.6 Efficiency of stress transfer

In Chapter 3 it has been found that the mechanical response of GNP/Epoxy films deteriorate
with the increasing filler content, showing a drop of efficiency for filler fraction greater than
53 vol%, both for moduli evaluated in strain range of 0-0.05% and 0.2-0.3%. The same
behaviour is found from Raman measurements as depicted in Figure 4.23b. In fact, the Raman
shift linearly decreases for high filler content meaning that the stress transfer is poor. In
addition, the values of Raman shift rate obtained from the analysis are lower than the optimal
values calculated on both the ideal systems ((1) and (i1)). This indicates that the matrix is not
able to efficiently transfer load to the particles and there is poor stress transfer between particles
and matrix as shown in Figure 4.23.

The efficiency data obtained from tensile test are calculated according to Eq. (4.21). By
comparing these results, referred to the composite elastic modulus evaluated in the range 0.2-
0.3%, with Raman measurements in terms of efficiency (Eq. (4.22)), it appears that there is a

strong correlation between the results (Figure 4.24).

_E ~E,(1-v,)
nTe;z.viletest - (421)
Vy
. _ (day, /de),
Raman —
(doyy/de) i (4.22)
Where (dw,,/ds) .. =10.5cm™/%

Consequently, this analysis allows a better understanding of the micromechanical behaviour
of GNP/Epoxy films. It confirms the results obtained from tensile test, highlighting a bad stress

transfer between the two phases, starting from filler content of 50 vol%.

101



Micromechanical investigation using micro Raman Spectroscopy

12.5
1.0 + + ® GPregs
n “ 10 * A gystem (1)
08 L + 3 ¢ System (ii)
& A
— 0 T 75 %
I ty | 3B .
— ol
04 + + £ 57 .
+ ] =
5
02 + [e&=0-0.05% % g 257 ¢
me=02-03% 4 2 ¢
0.0 : : : : 0 , , , ,
0 20 40 60 80 100 0 20 40 60 80 100
Filler content, v, [%] Filler content, v [%]
(a) (b)
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Figure 4.24 Affinity between the results obtained from tensile test and micro Raman spectroscopy
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5. MODELLING OF MECHANICAL
BEHAVIOUR OF HIGH FILLER CONTENT

COMPOSITES

5.1 Mechanics of composite materials

The simplest way to evaluate the mechanical behaviour of composite materials is by
characterizing them experimentally. In this way, the obtained properties refer to a specific
system, constituted by a certain amount of reinforcement. Therefore, for the material design,
there is the need of a tool for the estimation of the mechanical properties, which links the matrix
and filler properties and their respective contents. In this respect, it is necessary to build
analytical models, based on micromechanical considerations, that describe the composites
behaviour from a macroscopic point of view. Although the material is microscopically
inhomogeneous, because it is composed by two different phases, globally it can be considered
homogeneous, and the composite elastic modulus can be evaluated as an average of the elastic
moduli of the material in different points.

The analytical equations are derived from micromechanical considerations and constitute
the contact point between micro- and macro-mechanics, they are based on the inhomogeneity

of the material, and provide macroscopic moduli and strength.
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Composites are divided in two main classes according to the length of the reinforcement.
Long fibre composites are characterized by continuous oriented fibres immersed in an isotropic
matrix (Figure 5.1a). Short fibre composites are characterized by discontinuous fibres that can
be randomly or well oriented in the isotropic matrix, according to the filler content (Figure
5.1b-c). In the first case, for low filler content, the overall behaviour of the material is isotropic;
in the second case, for high filler content, the preferential orientation of fibres/nanoplatelets
conferees to the material an anisotropic behaviour through plane and isotropic in plane.

GNPs/Epoxy films are included in the last class, since nanoplatelets are well oriented in
plane (Figure 5.1c). For this reason, this chapter will be focused on the macro and micro

mechanical behaviour of this type of material.

(b)

(c)

Figure 5.1 (a) Long fibre composites; (b) short fibre composites with randomly oriented particles; (c)
short fibre composites with oriented particles

5.2 Long fibre composites: micro-mechanical model and rule of mixture

In long fibre composites, for the evaluation of the elastic modulus of the material in plane
direction, some assumptions are made: (i) matrix and fibres are linear elastic; (i1) all fibres have
the same elastic modulus Ef; (iii) perfect bonding between the two phases [236].

The last hypothesis means that when the film is loaded in tension, in the direction 1, the
level of strain in the matrix and the reinforcement is the same:

5 =6,=4 (5.1)

Where the subscripts f'and m refer to the fibre and the matrix, respectively.
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According to the Hooke’s law, the strain in the fibre and matrix can be defined as follow:

_%r

&= Ef
(5.2)

O-m

&g, =—"

" E

In the direction 1 of the lamina, the elastic modulus (Young’s modulus) E1; is defined:

0,

& = E, (5.3)
Where o1 is the average stress in the generic cross section of the lamina.
From Eq. (5.1) and (5.2) it has:

ok

— (5.4)

Thus, the stress in the fibre and in the matrix are distributed according to their elastic moduli.
When the material is loaded in tension, in direction 1, the total load P applied to the lamina

is divided in two parts, Prand Pm, supported by the fibre and the matrix respectively:

P=P +F, (5.5)
Being:
P=0,4
Py =04, (5.6)
Pm = O-VIZAW!

Where Arand Am are the area occupied by the fibre and the matrix respectively and A4 is the
total cross section area.
Substituting Eq. (5.6) in (5.5) it has:
0, Ad=0,4,+0,4, (5.7

Considering the filler and matrix volume fractions vf and v:

A
Ve = 7/
5.8
. (58)
v = —
"4
Eq. (5.7) becomes,
Gl = O-fo +vam (5‘9)
According to Eq. (5.2), Eq. (5.9) can be rewritten:
glEll :ngfV/ +ngmvm (5.10)
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Which can be simplified according to Eq. (5.1):
E11=Ec=Efo+EV (5.11)

m-m

Eq. (5.11) is called rule of mixtures. It gives a simple reliable estimation of the Young’s
modulus of composites based on the modulus and volume fraction of each component.

It is the simplest and most straightforward relationship for the description of elastic modulus
on composite with high modulus infinitely long and aligned fibres immersed in a low modulus
matrix, for stress parallel to the fibre direction. Despite its simplicity, this relationship has been
confirmed on numerous occasions to be effective in describing the essence of fibre
reinforcement, especially at low fibre contents. Thus, when strain is applied to both the fibre
and the matrix, the stress in the fibres is much higher than that in the matrix, with the fibres
carrying most of the load and subsequently reinforce the low modulus matrix. The filler
modulus scales with the matrix modulus, and stress is transferred more effectively when the
matrix is stiffer.

According to Eq. (5.11) when vr tends to 1, i.e. when the amount of matrix is very low, the
elastic modulus is equal to that of the filler. This extreme value cannot be achieved for long
fibre with circular section packed in a hexagonal lattice, since the occupied volume is of 0.906.
Furthermore, for technological limitation the best content of fibre is between 0.6-0.7; for higher

content fibre come into contact damaging.

5.3 Short fibre composites: modified rule of mixture

The rule of mixture is valid for long fibre composite and for low matrix content (<70 vol%).
In reality, there are many factors, which affect the Young’s modulus of the composite,
particularly in the case of short fibres composites, such as the orientation, aspect ratio, particles
shape and agglomeration. For these reasons, the rule of mixture has been modified, introducing
an efficiency parameter, #:

E =Eyv,+n Ev, (5.12)

The efficiency, 7, was theorized by many researchers and specializes according to the
orientation, length (or aspect ratio), agglomeration, waviness, and wrinkles.

The spatial orientation of the nanoparticles in polymer nanocomposites is very important,
since the effect of reinforcement enhances when the particles are oriented in the direction of

strain. The orientation factor, 7., introduced by Krenchel [237], depends on the average
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orientation and shape of the particle. It has a value between zero (for orientation perpendicular
to the stress axis) and unity (for alignment with the stress axis). For aligned nanoplatelets or
nanotubes it is equal to 1, for nanoplatelets and nanotubes oriented in two dimensions is equal
to 1 and 3/8 respectively and finally for randomly oriented nanoplatelets and nanotubes is equal
to 8/15 and 1/5 respectively, as shown in Figure 5.2 [238]. This factor can also be evaluated
experimentally by Raman spectroscopy, correlating the degree of special orientation of the

reinforcement with the mechanical properties of the nanocomposites [239].

b. aligned NT
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,\\/\\./\ o

d. 2D random NT
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\:

Figure 5.2 Krenchel orientation factor [238]

As agglomeration is dependent on the lateral dimensions and spatial orientation of the
nanofillers, an agglomeration factor, 7., can be introduced in Eq. (5.12). It is defined between
0 and 1: 7. = 0, indicated that all the particles are agglomerated hence they do not act as particle
(nanoplatelets, nanotubes) but as bulk material instead, reducing the stress transfer. When 7, =
1, there is no agglomeration and all the particles are well dispersed in the matrix enabling
efficient stress transfer [240]. In this case, the product #.vr can be considered as the effective
volume fraction, i.e. the volume fraction of the particles that bear load effectively as result of
good dispersion.

The waviness and wrinkling induced during manufacturing especially for fillers at nano or
micro-scale can also affect the mechanical properties of nanocomposites. Omidi et al. [241]
modified the rule of mixture introducing shape function, length efficiency, orientation
efficiency and waviness parameters and accounting for a non-linear relationship of the elastic

modulus with filler content, especially at high loadings.
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— xvy
E /m — (’CIKOKW Ef/m_l) vfe

C

With £, L
E, (5.13)
E
a= Infp and = chom
v, (K‘IK'OK‘W-Ef/m—l)-Vf

In Eq. (5.13), the parameters &, k, are the length and orientation factors described before,

while «, is the waviness factor and assumes values from 0 to 1.
K, =1-— (5.14)
Where a and w are indicated in Figure 5.3.
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Figure 5.3 Curved CNT for evaluation of waviness factor

Wrinkles can significantly affect the roughness and the properties of the nanoplatelets.
Although wrinkles reduce the aspect ratio of the platelets, they can affect the stress distribution
around the matrix and improve the stress transfer due to enhanced filler/matrix adhesion and
interlocking at the interface [242].

As it is known from numerous experimental studies on fibre-reinforced composites, short
fibres are less effective in reinforcing composites compared to longer or continuous fibres. This
phenomenon has been explained in detail by the shear lag and other theories, indicating that
exists a critical length beyond which nanoparticles do not act as a reinforcement. The major
parameters that affect the critical length are the aspect ratio of the nanoparticles and the
interfacial interaction between the filler and the matrix. This effect is contained in the length
factor, 71, described by Cox equation [243]. The derivations of the efficiency of reinforcement

in case of lamellar nanoplatelet are reported in the following section.

5.3.1 Shear lag theory applied to nanoplatelets
Passing from continuous to discontinuous composite materials, the assumptions at the base
of the stress transfer between filler and matrix change. As discussed in the previous section

there are some factors that negatively affect the mechanical behaviour of composite in terms
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of interfacial adhesion. In particular, when the reinforcement length reduces to a finite length,

the stress transfer drops.

(a) (c)

=
:

(b) (d)
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—B

vorey o

dx
T

Figure 5.4 Short fibre composite material (in dilute condition): (a) undeformed state; (b) deformed
state; (c) representative volume element of a platelet immersed in a matrix; (d) infinitesimal element

Kelly [244] discussed for the first time the stress transfer in discontinuous composites. When
the material is loaded along fibre direction (Figure 5.4a-b), the fibre deforms the most in the
central part and less in the edges, with consequent relative displacement between filler and
matrix. The increment of axial stress is balanced by shear stress at the interface, which is
highest at the edges.

This theory is at the base of shear lag model, which consider that the stress transfer from
matrix to fibre is governed by interfacial shear stresses. An accurate model has been developed
by Cox, for cylindrical fibre of length / and radius » [243], and by Kotha for rectangular
platelets [245]. The models consider a fibre/nanoplatelet completely embedded in a continuous
solid matrix, as sketched in Figure 5.4c. It is assumed that the interface does not carry tensile
stresses and that the axial stress in the matrix is constant. The RVE is symmetric with
overlapped platelets uniformly distributed and aligned in the direction of applied load and
perfectly bonded by a uniform matrix layer. The matrix at the ends of the platelet is considered
as an imaginary platelet with same thickness of the brick and with the mechanical properties
of the matrix that acts as a shear spring transferring load from one platelet to the other. When
the platelet/matrix system is loaded, the matrix strains homogeneously, but locally, around the
platelet, the load transfer generates a perturbed state. The rate of transfer of load depends on

the relative displacement between fibre and matrix. The stress field, which act on the
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infinitesimal nanoplatelet element of length dx and thickness #np consists in normal stress, or,
and shear stress, 7 (Figure 5.4d).
For equilibrium in x direction, on the infinitesimal element dx, it is possible to derive the

shear stress:

t-dx=(0,+do,) t\ (5.15)
do,
r:—d—x'-tNP (5.16)

It shows that, the build-up of tensile stress in the nanoplatelet is determined from the
distribution of interfacial shear stress.

The strain field around the fibre can be defined in terms of the displacement u of the matrix
in the x-direction, relative to the original configuration. The displacement variation, du, along
the z axis is connected to the shear strain y, and hence to shear stress by the matrix shear

modulus Gm. Thus, in the z direction, the shear strain can be expressed as follow:

_du _ T 5.17
4 dz G (5.17)

By integrating Eq. (5.17) in z, the difference between the displacement in the matrix and in
the platelet is given by the follow:

U, T2 T Tr—t, 1
u —u,=\|"du= dz = NP
. L/ G, e (5.18)

m

The distance 7/2 represents the far-field location, where the matrix is assumed to be uniform
and not influenced by the presence of the platelet.

Integrating Eq. (5.18) with respect to x axis, it has:

du, _duf _t, dr 519
dc dx 2G, dx (5.19)

Where dun/dx and duydx are the strain in the far field matrix and in the nanoplatelet

respectively:
du,,
d = gﬂl
x
du, (5.20)
dx

By substituting Eq. (5.2) and (5.20) in (5.19):
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2
Ll np d O
g —&, =—H——" 5.21
"G, dx? (>21)
Multiplying by the elastic modulus of the filler E¢:
t 1, d°0,
Es,~Es =-E 2or— (5.22)

Thus, the stress in the in the nanoplatelet can be evaluated by solving a second order

differential equation in the unknown or.

dzo-f _ 2GthP L

dx? Eit, t (Gf _ngf)

5.23
dZO_f nz ( )
a et

NP

Where 7 is the shear lag parameter for nanoplatelet.

2G, ty
n=
/ Er (5.24)

The ratio tvp/tn depends on the nanoplatelet distribution within the matrix and their volume

fraction vr. In particular, the exact relationship between #vp/f, and ve depends on the platelets’

arrangement. According to the RVE of Figure 5.4c, for platelets oriented in the x direction:

= (5.25)

The solution to the differential equation (5.23) is:

o,(x)=E ¢, +Csinh [Mj+Dcosh [M] (5.26)
. . Z‘NP tNP
The constant C and D are evaluated by imposing the boundary conditions, i.e. normal
stresses at the nanoplatelet edges are zero:

x=0->0,(0)=0

x=L—>o,(L)=0 (5.27)
Substituting Eq. (5.27) in (5.26):
0=E¢, +Csinh (0)+Ccosh(0)
0=E/.gm+cSinh[”'L]+Ccosh£”'L] (5:28)
' Inp Inp
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D=-E¢,

sinh(”'L]
. 2, (5.29)

fCm
cosh n-L
2ZNP

Therefore, the stress in the nanoplatelet is given by:

. n-L
sinh (ﬂj
o,(x)=E ¢, +E¢, N”sinh[nixJ—Efgm cosh[n'xJ:
| cosh (n 'L] I NP
2tNP
sinh( n-L ]sinh[“] - cosh[ n-L jcosh (HJ
— E e 1_ 2tNP tNP 2ZNP ZNP _

FEm cosh(;l'Lj - (530)

ZNP

cosh(n.L _n-x}
:E e 1 2l‘NP tNP

fém|t
cosh n-L
2tNP

It builds up from 0 at the edges reaching a maximum in the middle of the platelets, as shown

in Figure 5.5.

\0 12
|

Figure 5.5 Typical example of axial and shear stress according to shear lag theory

The average stress in the nanoplatelet is calculated by integrating Eq. (5.30) between 0 and
L and averaging on the whole platelet length L:

n-L
J-LG‘(x)dx tanh(zt j
G,=0 T g |1 (5.31)
an L T m n-L .
'[O dx 5
Inp

The stress in the composite is defined by the rule of mixture:
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O-C = vam + O_-fvf (5.32)
By substituting Eq. (5.31) in (5.32):
tanh[ n-L J
2tNP
O =&y | BV, | 1-—7—= | Ev, (5.33)
2tNP

Since nanoplatelets and matrix in the longitudinal direction are acting in series, they carry

the same strain ¢, =¢, =&, thus:

tanh(;'L]
t
E=6"=Ev +1-———"Y" 2 Fy

Ce nlo\ (5.34)

2yp

=Ev, +77-Efvf

Where,

tanh [;IJJ
S Nt A (5.35)

2typ

Eq. (5.35) define the efficiency of reinforcement based on shear lag for rectangular platelet
embedded in a matrix. Introducing the aspect ratio AR=L/tnp, Eq. (5.35) can be rewritten as
function of the platelet aspect ratio:

1_tanh(n-AR/Z)
n-AR/2

n= (5.36)

Eq. (5.34) defines the modified rule of mixture for lamellar nanoplatelets. Eq. (5.34)
indicates that larger flakes are more effective in reinforcing polymer composites, as a result of

better stress transfer than their smaller counterparts.

5.3.2  Semi-empirical models

In addition to shear lag models, there are other theoretical models that predict the elastic
moduli of nanocomposites based on experimental observations, such as the Halpin-Tsai model
[246] and the Mori-Tanaka relationship [247]. The assumptions at the base of the models are

the same of the rule of mixture: particles and matrix are liner-elastic, isotropic and there is

113



Modelling of mechanical behaviour of high filler content composites

perfect bonding between the two phases. The particles are also perfectly aligned in the direction
of load and not agglomerated, and do not interact with each other.

Halpin-Tsai model [246] was obtained from the observation of micromechanical results of
experimental tests. This model considers that the particles are ellipsoidal, have a constant
aspect ratio and are aligned. It works better for relatively high aspect ratios.

The elastic modulus of the material is expressed as a function of the matrix and filler moduli,

Ew and E¥;

1+&-n-v,
E=—"—"LE
R et (5.37)
E,|E, -1
f m
n=——r- - 5.38
E/‘/Em_g ( )

The value of {'varies from 0 to infinity. If (=0, Eq. (5.37) reduces to the rule of mixture and
if (=0, it reduces to the transverse rule of mixture. It depends on the geometry of the
reinforcement, particularly on the aspect ratio. For aligned short fibre composites the parameter

€ 1s estimated to be:
/
§=2-+40-, (5.39)

For low volume fraction it becomes ¢ =21/d [248].

These models usually slightly overestimate the experimental data, because of the
assumption of perfect bonding between the fibres and the matrix. This effect was taken into
account in the Lewis-Nielsen model [249], by introducing other coefficients. The elastic

modulus of the composites is given by:

1+(k, —1)- B-v,
E=—H"—"""1E (5.40)
1=f-p-v,

Where kg is the generalised Einstein coefficient and £ and u are constants. The first takes
into account the relative modulus of matrix and fibres, while x4 depends on the maximum

volume fraction of the particles, Vmax:

5 E,/E, -1
E,JE,~(k; -] (5.41)
P 3 B
e /R (i ((E] (5.42)

The value of vmax is tabulated in Nielsen and Landel book [250] for a range of particle shapes

and types of packing. It is the ratio between the true volume and the apparent volume occupied
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by the filler. The lowest values, of 0.37, is for random close-packed agglomerated particles,
while the highest, of 0.74, is for hexagonal close packed spheres. The Einstein coefficient kg
varies with the degree of adhesion between matrix and particle. For matrix with a Poisson ratio

of 0.5, the coefficient is 2.5 if there is no slippage at the interface and is 1.0 if slippage occurs.

5.4 Analytical models for the prediction of mechanical properties of nacre like

materials

All these models are not suitable for the predictions of the elastic properties of nacre like
materials. At high filler content, the material architecture involves complex deformation
mechanisms. The coexistence of a soft-domain (polymeric layer) and a hard domain (bricks)
could affect the molecular mobility leading to an increase of ductility and energy dissipation.

Composites with brick-and-mortar architecture consist in a uniform assembly of bricks
glued together by a uniform matrix thin layer (mortar), as schematized as in Figure 5.6. Actual
biological and engineering structures, such as nacre, display spatial variations in overlap
lengths, with different distributions which can be relatively narrow, as in the case of columnar
nacre or very wide and even uniform, as in the case of sheet nacre.

However, modelling these complex micro-structures with a single unit cell gives a
reasonable representation of the mechanical response of the material, which is sufficiently

reliable to examine trends and establish broad design guidelines.

Generic

Bricks *—\ RVE

Figure 5.6. Schematic illustration of brick-and-mortar composites
Their behaviour in tension is described in Figure 5.7. At small strain both bricks and mortar
move in the elastic field and the behaviour is linear. Then, four different failure mechanisms
can occur [251]. If the brick is weaker than the matrix, there is an instant failure, which lead to
a fragile behaviour of the structure. Otherwise, the matrix in the vertical interface yields,
making the behaviour more ductile. In this case, for linear elastic matrices, the composite

exhibits a pseudo-elastic behaviour and failure is attributed to the vertical junctions. Whereas,
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for matrices with elastic-plastic behaviour, yielding in the horizontal direction occurs, allowing
sliding between bricks. The composite failure can be attributed to the mortar break either in the
vertical junctions or in the horizontal interfaces. In both cases, large strains are reached with

consequent sliding between bricks and final pull-out mechanism.

1. Brick and mortar elastic with
Eg < Eyy — Brick failure

2. Brick and mortar elastic with
Eg > Ey — Vertical mortar
failure

Stress

3. Elastic Brick and ductile
Mortar — Horizontal sliding
with vertical mortar failure

4, Elastic Brick and ductile
Mortar - Horizontal sliding
with horizontal mortar failure

Linear
elastic

Pseudo
elastic

Strain
Figure 5.7. Stress-strain behaviour of B&M materials in tension

In modelling brick and mortar composites, it is assumed that the bricks behave elastically,
while the mortar can have both elastic and elasto-plastic behaviour. Small plane strain
deformations are assumed with zero strain in the z-direction, and zero stress in the y-direction.
In addition, under uniaxial deformation, the horizontal interface experiences pure shear
according to the relative displacements between adjacent bricks in different rows, while the
vertical interfaces experience pure tension according to the relative displacements between
adjacent bricks in the same rows. Finally, the horizontal mortar layer is considered very small
such that the shear strain is uniform. The representative volume elements (RVE) are accurately
chosen according to the analytical model and are depicted in Table 5.1.

The mechanical performance of these composites is regulated by the efficacy of the thin
polymeric layer to transfer load, via shear transfer mechanism [243]. Thus, models [35-37,245]
and design strategies [32-34] to predict the elastic modulus and strength of brick and mortar
composites, based on the shear-lag theory, have been proposed in literature. These models
assume perfect bonding between the two phases and efficient load transfer to the particles, and

the existence of a continuous uniform matrix layer between the bricks.

116



Modelling of mechanical behaviour of high filler content composites

Table 5.1. Analytical models for the prediction of composite’s elastic modulus

Authors RVE

Elastic modulus

(a) ,
Cox et : t
A RET | T 1

Ls

(b) '

Kotha ot

al. [245] |

(c)

Barthelat

et al.

[32].

Core (region 1)|O_veila_p (_I(']EEIE‘IE)ICOI'G (region 1)

(d) h Ly

Begley

et al. tw

[251] I ¢ .
Lg

g;)el ot Overlaeregion

al. [252]

I > -

[

E =Eyv, +n-Ev,

__tanh(ARy n/2) | \ith 4R, = Ly
AR, -n/2 t

1

E=Ey, —————
¢ "ltcoth /B,
_ Gi Yy . _ Lo
By =py aLw/%_%
E = B,

C1+K{mm@+me_K@ﬂ
B, K

0

_ Gi vf . _Lo
By = py ELWK%_%
Ecz 2k, + kK,
2(1+x)+x,
1-v,)E, L
KZ = Khorizonml = (‘}_}V[M
2E t,,t,
E, L
K =K ZMTB
1 vcrtzcal E h
E =Fv !
o 1+cc>th(/1L0/2)
AL, /2
ﬂZl Gm Vs
t, | E 1-v,

As described in the previous paragraph, shear lag theory has first been introduced by Cox,

who developed an accurate model, for cylindrical fibre [243], and by Kotha et al. [245], who

developed a similar model for the prediction of the mechanical properties of 2D platelet

embedded in a continuous matrix. Based on this theory, several micromechanical models for

the prediction of the mechanical behaviour of discontinuous composites have been developed.

Along this path, Barthelat [32] extended the model to the case of non-symmetric RVE,

highlighting the impacts of the overlap length on the mechanical properties of the material.
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According to the structure of nacre, the RVE is characterized by tablets with a well-defined
arrangement and overlapped on a length Lo. The tablets are assumed linear elastic and brittle,
while the matrix is modelled as a linear elastic-perfectly plastic material. The deformation
mechanism is of shear-tension-shear, where the tablets are loaded in tension and the matrix in
shear. For this reason, the vertical junctions between the tablet are assumed to be empty.
According to the shear lag theory, the tensile stress in the brick and the shear stress at the
interface are not uniform. Focusing on an individual overlap region within the composite, the
distribution of shear stresses along the interface is governed by a non-dimensional elastic shear
transfer number fo, reported in Table 5.1.

When the interface is soft and/or the overlap ratio is small (fo<1), the shear stress is quasi-
uniform along the overlap length. On the contrary, when fo is large, the shear stresses become
more concentrated at the overlap regions edges, accelerating failure. This is the case of low
efficient structures, because in the central region of the overlap region, the interface does not
carry any stress, and does not provide any contribution to the structural performance of the
composite. Furthermore, for high brick concentration, variations in aspect ratio and overlap
ratios have little effects on the overall modulus, leading to high modulus and resulting in more
robust microstructures.

A more complex solution was found by Begley et al. [251], who included the vertical
junctions in the model. A micromechanical analysis was developed for the uniaxial response
of composites composed by elastic bricks bonded together with thin elastic perfectly plastic
layers. The unit cell contains two bricks separated horizontally and vertically by a mortar layer,
interlocked by a distance Ly. The model assumes that bricks are perfectly aligned, but with an
arbitrary off-set between rows, and that the vertical interfaces carry load. The model is valid in
case of very small mortar ratio and small mortar volume fraction and the material failure
corresponds to that of interfaces.

Wei et al. [37] proposed an analytical model, based on shear lag theory in both elastic and
plastic regime, capable of linking the mechanical properties of the constituents, to the
mechanical behaviour of the reinforcement, their geometric arrangement, and to the chemistries
used in their lateral interactions. In particular, the model aims to define design guidelines and
to predict the characteristic overlap length for the optimization of the mechanical performances
of the material. The RVE consists of two tablets connected by the matrix with an overlap length
Ly. The system is subjected to a tensile load applied to the right end of the top tablet and fixed

in the axial direction in the left end of the bottom tablet. The load transfer mechanism resembles
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that of the shear lag model, with maximum shear stress at both nanoplatelets ends and
maximum normal stress in the centre of the platelet, as in common biological composites.

The effect of both geometry and matrix constitutive law on the macroscopic behaviour of
the composite material was investigated by Pimenta and Robinson [36], who developed a
model for brick and mortar structure with nonlinear matrix response. They highlighted the
relevant influence of platelet aspect ratio (AR) on the composite behaviour. In fact, for thick
configuration, the strength increases with the aspect ratio, the overall stress strain curve
resembles the matrix constitutive law and the distribution of shear stresses along the
overlapping region is homogeneous. On the other hand, for slender configuration, the strength
is independent from AR, the stress strain curve does not depend on the matrix behaviour but is
governed by matrix fracture with crack tip at the platelets’ ends and converges to a fracture
criterion, as summarized in Table 5.2.

Furthermore, they highlighted the importance of matrix thickness on the composite
behaviour. In particular, thick platelets and strain hardening matrices leads to a ductile

composite, while thin platelets delay final failure and increase the strength of composites.

Table 5.2. Dependence of mechanical behaviour on aspect ratio

Thick platelets (AR<10) Slender platelets (AR>30)
Strength Increase with AR Independent from AR
Stress-Strain curve Resembl.es ?he matrix Does not depend on the matrix behaviour
constitutive law
Behaviour Ductile (Yield criterion) Fragile (Fracture criterion)
Matrix fracture with crack tip at the
Fracture -

platelets’ ends
Distribution of shear

Homogeneous -
stresses

However, these models assume perfect bonding between the two phases and efficient load
transfer to the particles, and that the matrix consists of a uniform and continuous layer between
the nanoplatelets. Under these assumptions, the strength and the elastic modulus of the
composites increase with the amount of filler, reaching the best performance, equal to those of
the reinforcement, at very high filler content (90-95 wt%). In order to reproduce a material with
such behaviour at very high filler content, given the low amount of polymer, an exact control
of the structural organization (both vertical and lateral) of the two phases should be ensured.
Specifically, the matrix must spread into a continuous nanometric film with full coverage of
the nanoplatelet surface [253] and this may be challenging due to defects associated to the

fabrication process and to the polymer wettability issues [254].
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Experimental data on GNP/Epoxy films at different filler content investigated in Chapter 3
and the critical analysis of the behaviour of other brick and mortar materials of literature
(Chapter 2) have shown that, in reality, the mechanical performances at high filler content drop
diverging from the theoretical behaviour. This trend is attributed to the difficulty of building a
continuous nanometric matrix film able to fully cover the nanoplatelet surface [253,254].

In general, bottom-up technologies (e.g. layer-by-layer assemblies) are more able to fine-
tune the nanometric alternance of the two phases [31] but remain mostly confined to the lab.
Differently, top-down manufacturing processes are suitable for an industrial scale-up but are
still far from obtaining the expected material architecture and final performance. In such
processes, producing stable ultrathin polymer layers may be tricky and requires specific
techniques. Very importantly, since the soft phase thickness must be compatible with the
gyration radius [121], dewetting can occur thus leaving the particle surface partially uncovered.
This condition prevents full covering of the nanoparticle and compromises the performance of
the brick-and-mortar material. Parameters influencing the wettability of the thin polymer films
include molecular weight, temperature, film thickness, substrate interaction and a combination
of these parameters [122,123]. This may lead to a drop of strength and stiffness, especially at
very high filler content. Therefore, knowing the issues associated to the loss of efficiency of
the reinforcement is really important in the design process, in order to optimize the mechanical
properties of these composites.

Starting from these observation, a new analytical model capable of describing the unusual
behaviour (drop of modulus) that characterizes composites with lamellar reinforcement at high

filler content has been developed [198].

5.4.1 Model to predict the efficiency of reinforcement in aligned discontinuous composites
with high filler content

As discussed previously, in discontinuous composite materials, the stress transfer between
matrix and filler is governed by interfacial shear stress [255] and the elastic modulus, E¢, of the
composite is defined by the modified rule of mixtures of Eq. (5.34) [256].

A model for predicting the efficiency of stress transfer in brick-and-mortar systems, which
accounts for a non-uniform matrix distribution over the nanoplatelets is proposed. It is evident
that as the filler content increases, the nominal matrix layer thickness reduces to a fraction of
the nanoplatelet thickness. However, exact control of the structural organization of the matrix
layer at the nanoscale may be fairly difficult since localized non-homogeneous distribution of

components, local dewetting and surface-induced roughening may occur [257]. In particular,
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the minimum stable thickness of the matrix layer must be compatible with the gyration radius
of the polymer and, at a critical thickness, dewetting phenomena may occur [258]. Also uneven
lateral organization of the matrix layer may be due the random movements in the liquid

dispersion film allowing for polymer rearrangements [31].

(a) Fully-covered platelet

K Shear lag
| toxe/2
i t matnx
X

Low/2=Lw/2

(b) Partially-covered platelet

ii) Intermolecular forces

[ ] fone/2
| i
' T matix
X

Figure 5.8. Sketch of resin distribution in GNP/Epoxy film and of the representative volume element
(RVE) in the case of (a) fully-covered platelet and (b) partially-covered platelet

Figure 5.8 shows a sketch of the resin distribution between GNPs particles where the
polymer is not able to wet the entire nanoplatelet surface and accumulates into small pockets
or droplets, the height of which is of the order of magnitude of the gyration radius of the
polymeric chains [123]. This assumption has been supported by AFM observation shown in
Chapter 3. Also, it can be assumed that, in the case of partial nanoparticle surface coverage,
the “wetted” length of the nanoplatelet reduces according to the increase of the filler content.
A reduction of the wet-length of the nanoplatelet causes in turn a reduction of the effectiveness
of the shear load transfer, with a consequent loss of the efficacy of the reinforcement.

For low filler content, the matrix can be assumed to cover the entire particle surface and the
matrix length L, is therefore equal to the lateral size of the particle (L., = Lenp) (Figure 5.8a).
As the filler content increases, the amount of resin decreases and, due to the aforementioned
thermodynamic and/or technological limitations to the minimum polymer thickness and
distribution, partial nanoparticle coverage may occur (L. <Lgnr), as shown in Figure 5.8b. In
the latter case of partial surface coverage, the efficiency of load transfer can be assumed as the

sum of two mechanisms acting on the particle length Lgnp:
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(1) the first active on the length L, at the polymer/nanoplatelet interface described by
the shear-lag theory [243];

(1))  the second acting on the length Loyp—L.w at the nanoplatelet/nanoplatelet interface
based on constant intermolecular forces that develop at the particle-particle contact
[259,260].

According to these assumptions, the average stress in the nanoplatelet of length Lonp [243],

defined in Eq. (5.31), is given by the two contributions and is defined as follows:

L2 Low/2 .
w (i) GNP (i)
_ I o 91 () + .[ L2 o, dx

Oy = =
‘[L /2 d
L,/2 COSh( / GNP) LG.\P/2
IO Ee,|1- dx + 0'(”).[
cosh( j
= I Gw/z 2oy = (5.43)
tanh( j
E¢ 2Gyp (u) Loy — Lw)

L )

GNP

Where o' describes the constant intermolecular forces arising from the contact interactions

at platelet-platelet interface.

By substituting Eq. (5.43) in (5.32):

tanh[ " B @
2tGNP o
1- L, +——
n-L, Efgm
2 grp

o.=¢,|E v, + Ev, (5.44)

c m m
L GNP

(LGNP - Lw )

Since the filler and matrix in the longitudinal direction are acting in series, they carry the

same strain £, =¢&,, = &y thus:
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tanh (n - L/Zt ) (if)
1 GNP I o

- L +——(L.,—L
(I’ZL/ w Efgm ( GNP w)
O, 2tGNP
E=—<=FEv + Ev, =
‘e, M Lo 1 (5.45)
O L, +n" (Lo —L
—Ev +77 w1 ( GNP W)Efo _
LGNP
=Eyv,+n-Ev,
Finally, the overall efficiency is a combination of the two contributions:
@ L An" (L p—L
’7:77 w 77 ( GNP W) (5_46)
LGNP

where # represents the efficiency associated to the shear-lag mechanism defined in Eq.

(5.36) dependent on an effective aspect ratio AR, (ratio between the wet length of the particle,
L, and its thickness, fGyp) and the cohesive parameter n' = O'f(ii) / E, ¢, represents the ratio
between the cohesive forces arising from the contact interactions at platelet-platelet interface
[259,260] and the maximum load carried by the nanoplatelet at a certain level of strain &,.

Thus, introducing the effective aspect ratio AR.=Lw/typ, Eq. (5.46) can be rewritten as

follow:

n= (5.47)

AR, -n/2

AR, (| _tanh(AR,-n/2)) (| AR, o
ARNP

ARy

L, Ly-L,
L,-'\.T

Figure 5.9. Representative volume element of the uncovered nanoparticle.

The effective aspect ratio ARy, is a decreasing function of filler content. According to the
RVE of Figure 5.9, the volumetric filler content is defined as the ratio between the area

occupied by nanoplatelet area and the total area of the RVE:
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V. = Ayp _ Ly Lp —
T4 typ Lyp +1,- L,
1 (5.48)
PR WL
Inp 'LNP LNP

From which it is derived the effective aspect ratio as function of volumetric filler content:

1-v, L
AR, =—L (5.49)

Ve

The model, based on shear lag, incorporates two parameters that inherently capture the
interfacial efficiency: (a) the minimum matrix thickness (#.), which depends on the chemical
affinity between the two phases and the matrix wettability and (b) the cohesive parameter ("),
which contains information about the molecular interactions that occur between adjacent
nanoplatelets. In particular, interfacial properties are introduced in terms of nanoplatelets
coverage, since poor wetting of nanoplatelet inhibits the stress transfer mechanism.

The efficiency, evaluated with Eq. (5.47), and the elastic modulus are compared with the
experimental data for GNP/Epoxy nanocomposites, as shown in Figure 5.10a-b. The
experimental efficiency of reinforcement, #.y, (based on modulus values, E..yp) 1s defined,
according to the modified rule of mixture (Eq. (5.34)), as:

E .  —-E, (1—vf)

c,exp
% fE ;

Mexp = (5.50)

It is interesting noting that the analytical model perfectly matches the experimental data (see
Table 5.3 for properties and parameters) and the minimum matrix thickness is estimated to be
10 nm, which is compatible with the gyration radius of the polymer [123]. The cohesive
parameter 7, which indicates the reduction of the stiffness of the material respect to the GNP
nanoplatelet, £, due to GNP-GNP nanoplatelet poor molecular interaction, is equal to 43%. A
best fitting methodology has been applied to find the best values of parameters, the minimum
matrix thickness, t», and the cohesive parameter, #, that minimize the error between

experimental data and the model.

Table 5.3. GNPs and Epoxy properties and fitting parameters

(ii)

LGNP tonp AR GNP E f Vm E m Gm tmatrix n
[nm]  [nm] [-] [GPa] [-] [GPa] [GPa] [nm] [-]
30000 14 2143 25 0.3 2.89 1.12 10 0.43
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Figure 5.10. Comparison between experimental data and analytical model: (a) Efficiency parameter #
and (b) Elastic modulus of the composite as a function of filler content

The proposed model has been also tested to fit literature experimental data. Li et al. [23]
investigated the mechanical properties of high content GNP/PEI films. Also, in this case the
mechanical efficiency decreases at increasing the nanoplatelet content. The GNP and PEI

properties and the two fitting parameters are reported in Table 5.4.

Table 5.4. GNPs and PEI properties and fitting parameters (Li et al. [23])

Lene teve ARgnp Ey Vi ] E, G Lnatrix @[]
[nm] [nm] [-1 [GPa] " [GPa] [GPa] [nm] n

50000 14 3571 40 0.3 2.60 1.00 15 0.30

Figure 5.11, shows the comparison of the experimental data with the model prediction for
both the efficiency and the elastic modulus with the values of parameters equal to a minimum

matrix thickness of 15 nm and cohesive parameter, 7", of 30%.
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Further evidence of the applicability of the model to other nanoplatelet/polymer systems

with brick-and-mortar architecture are reported in Figure 5.13 and Figure 5.12 and model

parameters are listed in Table 5.5. In both cases, the model adequately predicts the experimental

data.

Table 5.5. Values of t,, and 0" for different materials

tm [nm] n' [
GNP/PEI - Li et al. [23] 15 0.30
MTM/PVA — Wang et al. [114] 1.40 0.10
RGO/PVA - Cao et al.[101] 0.39 0.20
GNP/Epoxy — Our work 10 0.43

5.4.2  Influence of applied pressure on mechanical properties

The wettability of the matrix layer has a significant role in the efficiency of stress transfer.

In particular, the minimum stable thickness of the matrix layer identifies the filler content for

which the loss of the efficacy of the reinforcement occurs: the higher the thickness, the lower

the filler content for which the mechanical efficiency fails. The pocket size can be determined

from wettability measurements [123] and, the ability of the matrix to cover the GNP surface

and to efficiently transfer load to the particles is thus defined. As is well known, the wettability

of a polymer can be regulated by varying temperature or pressure [261] and by introducing

specific adhesive forces that the polymer and the solid surface may exchange. Moreover, the
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wettability is strongly dependent on the effect of the molecular structure (molecular weight and
reticulation) on the viscoelastic polymer properties.

In order to improve the mechanical properties of GNP/Epoxy films, strategies to increase
the wettability should be employed. One possibility is to modify the fabrication process, by
increasing for example the compaction pressure during the curing cycle. In this way, a physical
confinement is applied to the polymer, increasing its conformal contact with the nanoplatelets.
Figure 5.14 shows the comparison between tests carried out on film produced at different
compaction pressures of 10 bar and 50 bar, respectively. Mechanical tests performed [43]
shows that the higher is the compaction pressure during manufacturing the higher is the stress
transfer efficiency at high nanoplatelet content and that the drop in efficiency can thus be
shifted to higher values of nanoplatelet content.

The pressure increase from 10 to 50 bar shifts the onset of drop-off efficiency from ~58
vol% to ~67 vol% coherent with the estimated reduction of the minimum polymeric interphase
thickness from 10 to 7 nm. On the other hand, the cohesive parameter increases up to 53%. The
intermolecular forces contribution is higher when the compaction pressure between particles is

enhanced [262]. In this way, the efficiency curve clearly shifts to higher values.

1.0 ——_—+a
AT

0.8 + _
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Figure 5.14. Influence of external applied pressure on mechanical behaviour of GNP/Epoxy film
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5.5 Final considerations

Wettability issues and difficulties in fully covering the nanoplatelet surface with a thin and
continuous polymer film are responsible of the drop of efficiency at high filler content. It is
thus concluded that the reduction of available effective length for stress transfer between the
matrix and the nanoparticle is responsible for the decrease of reinforcement efficiency in these
composites. Modelling the matrix as a discontinuous layer better reflects the real structure of
the material when filler content is high. Key parameter in the model is the minimum thickness
of the polymeric matrix for which partial coverage of the nanoparticle occurs. The presented
model gives very good prediction of the efficiency versus filler content, matching the
experimental data presented herein and in other pertinent works [23,101,114]. Very
interestingly, the proposed model combined with experimental observation have demonstrated
that, at high GNP content, the efficiency of stress transfer can be improved with proper process
design by promoting the wetting phenomenon and inhibiting the phenomenon of partial
coverage. In fact, in light of the model design suggestion, GNP/Epoxy composite have been
manufactured at higher compaction pressure (50 bar) and experimental data confirmed the
model hypothesis showing an increase of the filler content for which the mechanical efficiency

drops off.
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6. EMPLOYMENT OF GRAPHENE PAPERS IN

INDUSTRIAL APPLICATIONS

6.1 Introduction

As widely discussed in the previous chapters, brick-and-mortar materials, and specifically
GNP/Polymer films, are characterized by exceptional multifunctional properties and good
structural performances that make them competitive in different industrial applications. Also,
they can be easily integrated into fibre reinforced polymers (FRP), without adding any
additional steps in the fabrication process. Consequently, by exploiting their functionalities it
is possible to improve those of FRP. In this chapter, the ability of graphene nanoplatelet coating

to improve the fire performances of CFRP laminate is presented.
6.2 Fire resistance coating

Several disasters, caused by fires, in aircraft and ships demonstrated the importance of
understanding the fire behaviour of composites, and the need for more flame-resistant
materials. In particular, the fire performance of composites materials interests different fields,
such as aerospace, marine, rail, automotive and civil infrastructure [263].

In case of fire, the main problems are associated to:

— Flame propagation;
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— Smoke release and fumes, with concentration of carbon monoxide, hydrogen cyanide
and other toxic gases that can reach a lethal level;
— Loss of load bearing capacity of structural element during and after a fire.

Polymer based composite materials, during fire event, exhibit poor performance: at
temperatures typically above 300-400°C their organic matrix decomposes with the release of
heat, smoke, and toxic volatiles and the composite irreversibly loses its mechanical
performances. Carbon fibre reinforced plastics (CFRPs) are of great industrial interest due to
its specific properties such as: high specific strength and stiffness, good fatigue, and chemical
resistance. Thanks to these characteristics, in the last decades, CFRPs find applications in
various sectors, such as: aerospace, ships, sports equipment, racing automotive, and civil
engineering. However, the applications are still limited by the thermomechanical and fire
behaviour of the polymer matrix and, in particular, by its high flammability and poor fire
resistance [264-266]. This problem becomes particularly heavy when the composite
component is placed in proximity to a radiative flux, since the material can deteriorate and
experiences failure. This could produce severe consequences especially in case of aircraft,
submarine and ship cabins, supercar engine compartment, structural parts of offshore platforms
etc. Several methods have been proposed to preserve the mechanical performance of CFRP
composites from the exposure to temperature, that include modifications of the matrices and
protective coatings [267]. Modifications of the polymer matrices have been generally
demonstrated to produce deterioration of the mechanical performance of the CFRP composites
[268] and segregation problems in manufacturing [269]. On the contrary, the addition of a
protective coating on the surface of laminate has several advantages: the fire-resistant
properties are concentrated at the surface eliminating compatibility issues with the matrix and,
more importantly, the functional and structural properties of the composite are not impacted.

In the latest years a great interest in the study of brick and mortar architecture to develop
fire resistant coatings [28,113,115,140,185,186] has been addressed due to the intrinsic
properties that such kind of architecture may exhibit: anisotropic thermal properties with in
plane thermal conductivity much higher than through the thickness [30,43], and barrier to
vapour and gases due to the exceptional high tortuosity factor associated to the impervious path
created by oriented bricks [168,169]. All these engineered properties may favourably influence
the fire resistance by managing the conductive heat exchange, block the oxygen and pyrolysis

products diffusion towards the flame [171] and reflecting the incoming radiative heat flux.
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In this chapter, the behaviour of CFRP composite when exposed to fire have been assessed
through calorimeter test and the effect of graphene films protection has been investigated. In
addition, the reaction of CFRP composite have been further investigated by laser spot heating.
The effect of the protective layer thickness has been tested with different laser power (25, 50,
75, 100, 150 kW/m?), simulating standard testing conditions (AC 20-135 and ISO 5660-1
Standards).

Finally, damage level and residual mechanical response of exposed samples have been
assessed as a function of the level of protection. A significant improvement of the post-heat
flexural moduli and a significant reduction of the damaged areas have been obtained in

graphene films protected laminates.

6.2.1 Requirement of fire resistance in CFRP

ISO 5660-1 standard specifies the method for assessing the heat release rate and dynamic
smoke production rate of specimens exposed in the horizontal orientation to controlled levels
of irradiance with an external igniter [270]. In the test, specimens, positioned horizontally, are
burned in ambient air conditions, while being subjected to a predetermined external irradiance
within the range 10 to 75 kW/m?, and placed in an aluminium mould, to avoid the polymer
flow during heating. During cone calorimeter tests, the material is subjected to a heat flux by
means of a heating source of conical shape, which allows a uniform irradiation of the specimen
surface and also the aspiration of combustion products in a duct. The thermal degradation of
the material causes gas release, which trigger the flame when in contact with the spark,
initiating the measure.

The ISO 5660-1 standard suggest keeping the distance between the horizontal specimen and
the heat source of 25 mm and sets the sample surface dimensions of 100x100 mm?. The
irradiance shall be uniform within the central area of 50x50 mm? and no prescription are made
on the exposure time. The AC 20-135 standard [271] fix the sample dimension of 250x250
mm? and the heated area of 125x125 mm?®. The irradiated power flux should be Pd =105
kW/m?, and the treatment times should vary from 5 minutes for fire-resistant classification and
15 minutes for fire-proof classification.

Heat Release Rate (HRR) curve is obtained from the measure of oxygen percentage that is
consumed and CO/CO; percentages that is produced during the combustion [272]. It is one of
the most used parameters to evaluate fire behaviour of a material. Cone calorimeter
investigations can be used as a universal approach to ranking and comparing the fire behaviour

of materials. However, the performances of the material depend on the specific characteristics
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of the test, such as ignition source, ventilation, irradiance, temperature and geometry of the
specimen [273]. Also, the horizontal sample positioning, melt dripping prevention, and well-
ventilated combustion are crucial characteristics of the setup, as well as the distance between

the cone heater and the sample surface.
6.3 Cone calorimeter tests

The ability of GNP/Epoxy films to improve the fire performances of CFRP laminate is
assessed with cone calorimeter tests.

Tests were conducted on a Fire Testing Technology (FTT) oxygen consumption cone
calorimeter, compliant with ISO 5660 [270], at Department of Applied Science and
Technology of Polytechnic University of Turin. The value of applied heat flux is 50 kW/m?.
The distance between the horizontal specimen and the heat source is 25 mm.

GNP/Epoxy films (G-Pregs) of standard dimension 20 x 20 cm?, average thickness of 62 +
7 um and with a nominal nanoplatelet/resin content ratio of 70/30 wt/wt are employed as
coating. CFRPs are supplied by Technologycom S.r.l. They consist in high strength carbon
fabrics twill 2/2 of 600 g/m?, impregnated with a standard epoxy resin, suitable for autoclave
and press moulding process and cured for 1 hour at 120°C with a pressure of 3 bar. The tensile
strength and elastic modulus of cured laminate at room temperature are 700 MPa and 61 GPa
respectively. Samples dimensions of 100 mm x 100 mm x 5 mm, coated with one graphene
layer protection are fabricated by compression moulding, according to the cure cycle of the
laminates. G-Pregs are easily integrated in the process, by overlaying them on CFRP surface.
The adhesion is guaranteed without the addition of any binder.

Prior to the cone tests, all specimens analysed were conditioned at 23 °C for several days at
50% R.H. in a climatic chamber. All materials are tested in triplicate.

The tests have the purpose to give an assessment about the combustion behaviour under
cone calorimeter conditions. During cone calorimeter tests, the material is subjected to a heat
flux that is created by an electrical device: the material decomposes and releases gas products

that are ignited by a spark and combustion products are aspirated in a duct.
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Figure 6.1(a-b) report the heat release curve for uncoated CFRP and CFRP coated with 1
graphene layer. The beneficial effect of the coating is relevant, since the intensity of fire (HRR)
reduces of -40%, the total energy of fire (pHRR) reduces of -30%, the delays ignition time
increases of +117% and the total smoke production during the fire reduces of -14.5%.

However, the results could underestimate the capacity of the material to protect the
composite when exposed to fire. According to ISO 5660, the test is suitable to evaluate the fire
performances of bulk materials, while may not work for a coupled material represented by
CFRP panel coated with graphene layer. In fact, during the test, combustible gases are
generated, but, given the good barrier properties of GPregs, they are trapped into the material
and tend to flow towards the edges, triggering the flame. Therefore, since the graphene paper

act as a heat spreader, dissipating heat in plane direction, the frame effects during this type of
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test can be significant. Consequently, an optimized setup, aimed to minimize this effect, should
be considered. A solution could be to consider samples with larger area, such that the heat flux

is localized on a smaller area and the frame effects are negligible.
6.4 Laser spot analysis

To overcome these issues and to better understand the capacity of GNP/Epoxy films to
protect CFRP in case of high heat flux, a new testing procedure based on laser radiation was
developed at CIRTIBS Research Centre of the University of Naples Federico 11 [274].

Also, traditional methods of fire testing of composite materials have proven to be expensive
due to material, equipment, and other costs. The costs put a limitation on the progress in
developing new composite systems [275]. To overcome some of these limitations, laser heating
test have been proposed [276—282]. Laser heating test is a reasonable cost method that uses a
laser as the heating source to produce the desired heat flux. The test is able to simulate sub and
hyper-sonic environment heating, by finely regulating the energy density generating several
heating profile [278]. A small energy consumption and a limited power supply system is
required during the test, thanks to the diode laser yield of about 40% and the compact case.
Both energy spatial distribution and the irradiated area size can be modified, by defocusing or
by properly selecting the focal length/beam expander. The sample size depends only by the
available laser power, allowing the adoption of small samples, which is advantageous in case
of precious materials. Consequently, since the laser energy can be concentrated on a small spot,
it is possible to achieve temperature on the samples up to 3000 °C [276]. In addition, there are
no limitations on the process chamber dimensions, they can be variable allowing a safe
positioning of measuring equipment, such as IR cameras and pyrometers, without risking of
damaging them. All these advantages enable laser heating test to become more and more
popular in evaluating the behaviour of advanced materials, including composites [279-281],
especially in aerospace applications [282,283].

In the follow, a preliminary study on the IR radiation shielding ability of graphene paper is
presented, with the aim to produce CFRPs shielding coating.

Same sample used for cone calorimeter tests are tested. Plates of 400x400 mm? in plane
dimension and about 1.7 mm in thickness, with a different level of protection (from 0 to 2 G-
Preg layers) are fabricated by compression moulding. Also, in this case the adhesion between
the laminate and the graphene paper is guaranteed without the addition of any binder. After

curing, laminates are cut with a diamond saw in square samples of 50 mm side.
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Specimen were tested for 15 minutes changing the power density in the range 25-150
kW/m?, by changing the power percentage of the laser. Test conditions are reported in Table
6.1. During the laser heating tests, an IR camera (FLIR A655SC) was adopted to monitoring
the temperature on the exposed surface of the specimen, while on the opposite surface, two
thermocouples were used to measure temperature, bonded with epoxy adhesive at the centre of

the exposed area and at 10 mm distance. In Figure 6.2 the complete set up is shown.

Laser source

Tie—

Beam Transportation Fiber

IR camera (a)

Beam collimator —>

Beam Expander (b) ———

_ Support arm
Glass windows ————>

Shielding gas nozzle (e)—>%

Smoke extraction
Systems (d) ————>

Dual data logger

s20

GNP paper

CFRP sample (c)

K type thermocouples (f)

Sample holder

Figure 6.2 Schematic and image of experimental set-up

Table 6.1: Testing conditions and samples

Sample Materials Power density [KW/m?]

code CFRP GNP layers 25 50 75 100 150
G0-C8 1.7 mm Uncoated 1 1 1 3 1
G1-C8 1.7 mm 1 1 1 1 3 1
G2-C8 1.7 mm 2 1 1 1 3 1

It is worth noting that, since it was necessary to adapt the test to the irradiation system (i.e.
the laser source), the adopted procedure considers both the AC 20-135 and ISO 5660-1
standards. The proposed laser heating procedure uses a variable irradiated power flux up to 150
kW/m?, an irradiated area about 15 mm radius over the sample surface of 50x50 mm?
comparable to the standard AC 20-135 and an exposure time that is the maximum of AC 20-
135 standard. Although the adopted procedure is not equivalent to any standard, the resulting
condition is very stressful for the material, thus test at Pd=150 kW/m? are also performed.

Figure 6.3a-b show the temperatures trend versus time for the test performed at Pd=100
kW/m? on the uncoated CFRP (G0-C8) and 2 layers coated CFRP (G2-C8) samples.
Temperatures are as acquired by IR camera within the circle of radius 20 mm centred in the
beam of the laser spot. In both cases and for all the distances, R, from the centre of the laser
beam, the temperatures rapidly increase up to a plateau, indicating that the thermal equilibrium

is achieved and remain almost constant up to laser irradiation off. After the heating phase, the
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temperature rapidly drops to the ambient one. The maximum temperatures reached at the centre
of the laser beam are considerably different: Tmax=675°C for the unprotected specimen and
Tmax=500°C for the specimen protected with 2 G-preg layers. In addition, uncoated laminates
reached the maximum temperature after 60 s, while coated samples reached the maximum
temperature much faster after 40 s. Figure 6.3c-d show the time-temperature recorded by the
two channels’ data logger on the opposite surface of the same samples Temperatures recorded
on the opposite surfaces follow the same dynamic maintaining a noticeable difference of the
maximum temperatures reached during the test of about 120°C. The behaviour is common for

all the test conditions.
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Figure 6.3 Time temperature history, in case of Pd=100 kW/m2: temperature map of upper face of (a)
uncoated sample G0-C8 and (b) two graphene layers protected sample G2-C8; temperature at bottom
face of (c) uncoated sample GO- C8 and (d) two graphene layers protected sample G2-CS.

Detailed temperature data analysis has been conducted by considering the average
temperature reached during the last 4 min of the tests. Figure 6.4 shows the temperatures at the
centre of the laser beam, R=0, on the exposed side (Figure 6.4a) and on the opposite side of the
specimen (Figure 6.4b), as a function of the power density and for the different lay-up. The

temperature measured on the upper surface at the centre of the laser beam (Figure 6.4a),
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increases with increasing the power density, for both the uncoated and coated samples.
Moreover, the protection with graphene layers reduces the maximum temperature attained: the
highest is the thickness of the protection, the lowest is the temperature reached for all the power
density investigated. Exception is the one-layer coated sample (G1-C8) tested at Pd=150
kW/m?, that has reached a temperature, of about 1350°C, much higher than the uncoated one
(about 900°C). However, this high temperature value is due to the presence of a hot spot, caused
by the coating perforation and the escape of the matrix vapours formed below the coating.
Thus, the IR camera erroneously reads the temperatures due to the radiation emitted by hot
pyrolysis gases that is different from the gases temperature, since the latter have a different
emissivity coefficient, consistently with [284]. Similar reduction of the maximum temperature
reached during the tests due to the graphene layers protection is showed for the temperatures
reached on the bottom side of the composite specimen (Figure 6.4b).

Figure 6.5 shows the ratio between the peak temperature for R=0, and the averaged value
on the irradiated surface of the specimen as a function of protection level and laser power. The

indicator shows the efficiency of the G-preg layer in redistributing the thermal energy.
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Figure 6.4. Maximum temperature against power laser density, measured on (a) upper face and (b)
lower face
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Figure 6.5 Ratio between the peak temperature at R=0 and the average value on the upper surface of
the specimen as a function of protection level and laser power.

G-preg coating greatly reduces the temperature gradient across the sample surface exposed
to the heat flux for all the power fluxes. The thickness of protecting G-preg coating increases
the effect of heat spreading. In G-preg coated samples, temperatures are less localized under
the gaussian laser beam, but more spread on the entire surface of the specimen, exploiting the
high thermal conductivity of the material, as it is depicted in Figure 6.6. This effect would
efficiently contribute to prevent a major damage of the composite by preventing the
temperature peaks. This effect is showed in Figure 6.7, in the temperature profiles after 13
minutes of both uncoated and coated sample for different power laser density (25, 75, 100
kW/m?). Since the in-plane thermal diffusivity of the graphene layer is much higher than that
of CFRP, (about 100 mm?/s [43] against 1.58 mm?/s), the spatial distribution of temperatures

in coated and uncoated samples is significantly different.
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Figure 6.6 Schematic distribution of temperatures in CFRP sample (a) and CFRP sample coated with
graphene layer (b)
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Figure 6.8. Comparison between (a) the spatial temperatures distribution and (b) the normalised
temperatures distribution, at equal energy input (45-47.5 kW/m?), for the samples GO-C8 and G2-C8

This effect is also well captured in Figure 6.8 that shows the temperature spatial distribution
for uncoated sample (G0-C8) and sample coated with 2 graphene layers (G2-C8). The same
energy input is considered for a better comparison, taking into account the material emissivity,
which is 0.45 for the graphene paper and 0.95 for the uncoated CFRP [169]. In particular, for
the uncoated and coated samples the temperature profile at Pd=50 kW/m? and at Pd=100
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kW/m? are considered, which correspond to an actual power density of 47.5 kW/m? and 45

kW/m? respectively.
6.4.1 Damage assessment

Table 6.2. Damage phenomenology observed during the test

Phenomenon Picture

Graphene layer perforation and fumes escape [f* Graphene layer perforation and fumes escape

Hot spots formation,

production of fumes and/or /.\ " A

Graphene fracture

fractures on the graphene
coating

Graphene fracture

Graphene paper swelling,
followed by:
(a) coating lifting

(b) detachment of part
of the graphene layer on
G2-C8 samples

Absence of matrix on:

(a) upper surface at 25
kW/m?

(b) bottom surface 75
kW/m?
of the uncoated samples

T T TR N TR e R RPN TP RN RN RARNNRTNST)

Achievement of high
temperature (>1000 °C)
confirmed by the presence of
bright red-light emission of
the sample surface on:

(a) uncoated sample;

(b) coated sample.

for Pd > 100 kW/m?

Formation of a white ash
layer on the CFRP sample at
Pd= 50 kW/m?
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During the tests, various phenomena were observed and described in Table 6.2. The G-preg
coating may swell due to its detachment from the composite sample upper surface due to
pyrolysis gasses pressure or it may completely detach from the sample leaving internal surface
exposed to the laser beam. Also, fractures on the G-preg coating may occur due to the
production of pyrolysis gases and their escape produces IR camera hot spots. In addition, for
Pd > 100 kW/m?, temperatures above 1000°C were achieved on the samples, regardless of the
coating. The achievement of so high temperatures was confirmed by the presence of bright red-
light emission of the sample surface.

The tested samples are then characterized in order to assess the level of damage, both with

optical and chemical analyses.

» Optical damage evaluation
Typical damage progression visually detected on both sides of the specimen as a function of

the protection level is shown in Figure 6.9 for laser power density of 100 kW/m?.

Figure 6.9. Samples tested with laser power density of 100 kW/m?: (a) Uncoated; (b) 1 G-Preg layer;
(c) 2 G-Pregs layers (upper side on the left and lower side on the right)

Due to the different optical properties of the resin rich and burned carbon textile it is possible

to estimate from the photograph the damaged area for both the sides of unprotected samples.
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The presence of G-preg layer makes the evaluation of upper surface damage status not
straightforward, but some indications can be given.

The estimation of the damaged area for sample without protection and protected with 1 G-
Preg layer is reported in Figure 6.10. In the uncoated case, the damaged area is clearly visible
and identifiable from an optical analysis of the sample both on the upper and lower surface and
for different laser input density. On the contrary, samples coated with 1 G-Preg layer do not
experience severe damage on the lower surface, which only turns brown as shown Figure 6.10b,
except for Pd=150 kW/m?.
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Figure 6.10. Estimation of damaged area (with respect to the sample area) of: (a) uncoated

sample; (b) and protected with 1 G-Preg layer.

The damaged area linearly increases with the increasing laser power. In the case of
unprotected sample, the upper side happens to be burned even at the lowest laser power, while
the lower side started to be burned from 75 kW/m?. When protected with G-pregs, the damage
is significantly reduced. For laser power of 25 kW/m?, no damage is detected either on the
upper or lower surfaces and both for samples coated with 1 and 2 layers. By increasing the
laser input to 100 kW/m?, the upper side exhibits some bubbles, while the lower side turned
brown in case of 1 layer protection and is undamaged in case of 2 layers protection. Further
increases of laser input to 150 kW/m?, leads to a damage on both upper and bottom surface,

even in the case of sample coated with 2 G-preg layers.

» Chemical assessment
Damage assessment by visual inspection has been checked with a qualitative chemical

analysis.
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Infrared Spectroscopy (FT-IR) (Frontier MIR/NIR Perkin-Elmer spectrometer) is adopted
to investigate the level of damage of all the samples after burning, to determine the presence
of resin peaks. Spectra are acquired on both side of uncoated coupons and only on the bottom
side of the coated coupons and in different points (centre and corner). The spectral window
ranges from 650 cm™ to 4000 cm™!, and corresponds to that of the remarkable peaks of epoxy
resin [285].

Figure 6.11 reports FTIR spectra taken on the surface exposed to heat flux and on the
opposite side of uncoated specimen (G0 samples) after irradiation for 15 min @25 and @100
kW/m?, a reference FTIR spectrum of an unexposed position is also reported for comparison.
Typical FTIR epoxy spectrum, showing peaks @ 829 cm™, 1184 cm™, 1508 cm™, 2871 cm™,
2966 cm™ are recorded in reference position [286].

In the case of the sample heated @25 kW/m? (Figure 6.11a) the spectrum recorded on the
exposed side is flat demonstrating the absence of epoxy matrix features, while the spectrum
recorded on the other side, opposite to heat flux, shows the features of the epoxy demonstrating
the integrity of the matrix. In the case of the sample heated @100 kW/m? (Figure 6.11b) both
the spectrum recorded on the side exposed to heat flux and that recorded on opposite side are
flat, demonstrating the absence of epoxy matrix features. In both the cases FTIR measurements

confirm the visual inspection analysis.
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Figure 6.11. FTIR spectra on surfaces of uncoated coupons heated with laser power of (a) 25 kW/m?
and (b) 100 kW/m?
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Figure 6.12. Comparison between FTIR spectra on lower surface of uncoated and coated coupons
exposed to a heat flux of 100 kW/m?

The beneficial effect of protection is shown in Figure 6.12, which reports a comparison of
FTIR spectra acquired in the centre of the opposite to heat flux surface of G-preg coated and
uncoated samples heated with laser power of 100 kW/m?. The sample without protection was
found fully damaged in fact the polymer signature was lost resulting in a flat curve, while the
samples protected with 1 and 2 G-preg layers preserved their chemical integrity: the resin peaks
of coated samples are still clearly visible, meaning that the polymer is not burnt. The G-Preg
barrier improved the resistance of samples by preventing the decomposition of the polymeric

matrix.

6.4.2 Residual mechanical properties after heating

Residual mechanical properties of tested samples are evaluated with dynamic mechanical
analysis using TA Instrument DMA-Q800 equipped with dual cantilever clamp. Rectangular
specimens of 35x15 mm? are cut from the central area of the burned coupons. Test are
conducted with an initial amplitude of 20 um and at room temperature. Data are elaborated
according to the ASTM D790 standard for flexural behaviour of composites [206].

Figure 6.13 is reported the variation of storage modulus at room temperature for different
levels of protection. It is found that the mechanical properties deteriorate with increasing laser
power, since it corresponds to an increase of the temperature within the composites, as shown
in Figure 6.13(a-c). For the uncoated sample, given the high level of damage, the residual
elastic modulus is reduced of 49% with respect to the reference value, already from laser power
of 25 kW/m?. Further decreases are observed with increasing laser power, where the elastic
modulus reaches 6% of its original value at 150 kW/m?. The effect of protection is evident in

the case of sample coated with 1 layer and 2 layers, where the residual elastic modulus is 81%
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and 86% of the reference value respectively at 25 kW/m? and linearly decreases with increasing
laser power, remaining higher than the uncoated sample (Figure 6.13b). By comparing the
residual stiffness after exposure to 100 kW/m? heat flux, the G-preg protection allows to kept
mechanical performances up to 40 % of the pristine value and 5 times higher respect to the

unprotected sample.
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Figure 6.13. (a) Residual elastic modulus vs average temperature on the upper surface; (b) Percentage
of residual elastic modulus vs laser power density; (c) Elastic modulus vs laser power density.

Pictures of the internal damage of uncoated and coated samples tested at 100 kW/m? are
reported in Figure 6.14. They clearly show that G-Pregs layers act as shielding to radiative flux.
In fact, uncoated sample exhibits a high level of damage, with absence of resin between plies.
On the contrary, coated samples maintain their integrity, only showing lifting and detachment
of the graphene layer. Resin traces can still be found between carbon fibres, especially for the

sample with two G-Pregs coating.
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Figure 6.14. Internal damage of uncoated (a), 1 G-Preg layer (b), and 2 G-Pregs layers (c) samples at
Pd=100 kW/m?

6.5 Conclusions

In this chapter the high-power density radiative flux shielding ability of graphene papers
with different thickness is showed with the aim to enhance CFRP fire protection. The
experimental analysis showed that, thanks to the high degrees of orientation of highly
conductive GNPs within the coating, the maximum temperature, and the temperature gradient
onto the exposed to heat flux surface is mitigated by spreading the thermal energy over the
sample volume. Non-destructive analysis revealed that the presence of a G-preg coating onto
the surface subjected to laser beam preserve the sample from through-the-thickness damages
at energy level up to 100 kW/m?.

Finally, the IR graphene shield preserve the mechanical performance of CFRP when it is
exposed to very high heat fluxes. Specimens extracted from the damaged samples at 100
kW/m?, which is strictly related to the standard testing condition for transport industry, showed
a residual mechanical performance 5 times higher than the CFRP without protection, with a
residual mechanical performance up to 40 % of the pristine. The use of graphene flexible paper
as IR shield was found as an effective technological solution for extend the application of
composite materials when exposed to high heat fluxes such as thermal protection in critical
structural parts subjected to high energy fluxes (i.e. batteries, electronic cabinets, engine
nacelle) and/or protective coating for component subjected to hypersonic field (i.e. turbine

inlet).
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7. CONCLUSIONS AND FUTURE WORKS

7.1 Conclusions

In this work, the mechanical and multifunctional behaviour of composite reinforced with
laminated nano-biomimetic architecture have been investigated. Nacre-like films with high
content of graphite nanoplatelets (GNPs) have been prepared by a top-down manufacturing
technology.

From, an accurate critical analysis of literature data it has been deeply studied the
mechanism at the base of stress transfer in high filler content composites, identifying the
parameters that influence the efficiency of stress transfer and the strategies to improve it. It has
been found that the properties of a macroscopic bulk material strongly depend on the
interaction at atomic levels, including Van der Waals (vdW) force, hydrogen, ionic and
covalent bonds and in most cases, on their synergetic effect. In particular, the formation of
highly ordered brick and mortar structure depends on the interaction forces between the two
phases, which drive the self-assembly to the final highly ordered structure. Consequently, poor
mechanical performances of the material are associated to interface issues, and to the low stress
transfer from the matrix to the nanoparticles. Therefore, improvement of the interface at
chemical level enhances the mechanical response of the material. Thus, the best mechanical
performances in composites with high content of 2D nanofillers are achieved when the bonding
and interactions between nanoparticles and the polymer are strong and when the matrix

molecular mobility is such that the polymer intercalates between nanoplatelets, covering their
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entire surface. Most importantly, it has been found that at very high filler content, brick and
mortar materials exhibit an unusual behaviour. The mechanical properties of the material drop,
deviating from the expected behaviour for which with the increasing filler content, the elastic
modulus of the material linearly increases getting closer to that of the main constituent.

Experimental characterization of composite with high graphene content has been carried
out. Firstly, a set up procedure for the mass production of graphene-based material has been
assessed in collaboration with NANESA S.r.1. and then, the mechanical and thermal behaviour
of the material has been investigated. In particular, different fillers and matrices have been
employed, investigating the effect of nanoplatelets aspect ratio and matrix type on both
mechanical and thermal properties. Also, particular attention has been paid to the variation of
mechanical and functional properties of the material vis-a-vis filler content (v/> 50 wt%).

Mechanical tests in tension have been performed on films with high GNPs content. It has
been found that an increase in platelet aspect ratio does not modify the elastic modulus of the
material, while slightly increases the tensile strength. On the other hand, the matrix behaviour,
whether it is fragile or ductile, significantly influences the overall behaviour of the composite.
In fact, films with epoxy exhibited pseudo-elastic behaviour with fragile rupture, while films
with more ductile matrices, such as those with the vinyl copolymer and polyurethane showed
an elasto-plastic behaviour.

However, for low filler content, the elastic modulus of the composite is well approximated
by the rule of mixture with GNP modulus of 25 GPa, exhibiting a maximum for filler content
of 67 vol%, then it drops, deviating from expected behaviour dictated by the rule of mixture.
To better understand the reason of this unusual behaviour, morphological analyses are
performed. SEM analyses showed that the particles are highly oriented in the longitudinal
direction, with a laminated inner architecture and uniform texture and that the particles are
aligned, but wrinkled. Therefore, albeit the distribution of lamellar particles is overall good,
some empty areas, which can affect the bonding between the nanoplatelets, have been detected.
In particular, by decreasing the resin content, the inner structure becomes organised with
nanoplatelets leaned on the film plane up to a critical GNP content (70 wt%). Above this critical
content the inner structure is threaten by dry spots and empty areas. Further information is
collected with AFM analyses, investigating the topography of an internal layer of the
GNP/Epoxy film at different filler content. These analyses verified the assembly of the
material, with stacked GNPs and typical structural corrugations (wrinkles and folds). Most

importantly, they reveal the presence of several droplet-like features, which indicate that the
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polymeric phase is discontinuous. However, the morphology of the material does not vary with
increasing filler content, but the average size of the droplets decreases with it. Consequently,
the matrix partial cover the nanoplatelets’ surface, affects the mechanical properties of the
composite and causes the observed reduction of the elastic modulus and tensile strength at very
high filler content.

On the same way, the micromechanical behaviour of GNP/Epoxy films was assessed with
a microscopic investigation carried out by micro Raman spectroscopy. The analysis confirmed
the results obtained from tensile test, highlighting a bad stress transfer between the two phases,
starting from filler content of 50 vol%. By comparing the results obtained from tensile test,
with those obtained from Raman measurements, it appears that there is a strong correlation
between the results. In particular, the Raman shift linearly decreases for high filler content
meaning that the stress transfer is poor. This indicates that the matrix is not able to efficiently
transfer load to the particles and thus the mechanical performances of the material deteriorate.

All these experimental observations allow to better understand the behaviour of the material
at high filler content and consequently to define strategies for the optimization of the
mechanical performances. According to this, a model has been proposed for predicting the
efficiency of stress transfer in brick and mortar systems, which accounts for a non-uniform
matrix distribution over the nanoplatelets. Theoretically, as the filler content increases, the
thickness of nominal matrix layer reduces to a fraction of the nanoplatelet thickness. In reality,
experimental observation indicates that at high filler content, the matrix thickness is higher
than the expected value. In means that exists a minimum stable thickness of the matrix layer,
compatible with the gyration radius of the polymer, starting from which dewetting phenomena
may occur. This critical thickness identifies the point for which the loss of the efficacy of the
reinforcement occurs. The reduction of available effective length for stress transfer between
the matrix and the nanoparticle is responsible for the decrease of reinforcement efficiency in
these composites. Therefore, modelling the matrix as a discontinuous layer better reflects the
real structure of the material when filler content is high.

The efficiency of reinforcement has been discussed by invoking a shear-lag load transfer
mechanism, suitably modified to take into account the actual resin distribution between the
particles. The accuracy of the proposed analytical model has been then assessed through
comparison with experimental and literature data.

Furthermore, the knowledge of the mechanism at the base of stress transfer allowed to define

design strategies able to improve the structural organization of the matrix, in order to produce
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a more mechanically efficient composite. The efficiency of stress transfer can be improved
with proper process design by promoting the wetting phenomenon and inhibiting the
phenomenon of partial coverage. In fact, in light of the model design suggestions, by increasing
the compaction pressure during manufacturing of GNP/Epoxy films from 10 bar to 50 bar,
resulted in an improvement of the efficiency of reinforcement. A higher compaction pressure
was able to improve physical confinement of the polymer and therefore to reduce the minimum
matrix thickness. In this way, the drop of efficiency shifted to higher volumetric fraction as
confirmed by experimental data.

At the same time, also the multi-functionalities of the material have been investigated.
GNP/Epoxy films showed high anisotropic thermal behaviour thanks to the good alignment of
the nanoplatelets in plane direction respect to cross plane, which reflect that of GNPs. As for
the mechanical properties, also for thermal properties, the behaviour with filler content has
been investigated. It has been found that the in plane thermal diffusivity of the material linearly
increases with the increasing filler content as it is expected. In fact, the reduction of polymer
content, improves the thermal diffusivity due to the increasing number of GNP-GNP bridges,
which develop at high filler content, and which are favourable to the heat transfer. On the
contrary, the cross plane thermal diffusivity is quite constant, indicating that the polymer does
not affect the thermal properties in cross plane direction. Analogously, thermal conductivity
showed an increasing trend with increasing filler content, reaching a maximum of 242 kW/mK
for GNP content of 100 wt%.

In addition, since the electrical conductivity is dominated by lamella-lamella resistance, the
material showed excellent electrical resistivity, with a sheet resistance of 0.33 €)/sq for films
with thickness 65 um. The high electrical conductivity makes the material a good candidate for
EMI shielding application. In fact, preliminary tests on GNP/Epoxy films with different filler
content showed good shielding effectivness of the material in the X-band. In particular, at low
filler content, given the randomly orientation of nanoplatelets within the volume, the EM waves
are partly absorbed. On the contrary at high GNP content, given the high level of organization
and alignment in plane of the nanoparticles, the EM waves are mostly reflected.

Finally, it has been shown the possibility of employing GNP/Epoxy film as coating to
improve the fire performances of CFRPs. Adding a thin layer on the surface of FRPs, can
significantly improve the performance of the material, without impacting their mechanical
properties and weight, while offering a new surface protection approach for additional

applications. GNP/Epoxy films can be easily integrated into common composite process, such
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as autoclave, without adding any additional steps. For this purpose, the high-power density
radiative flux shielding ability of GNP/Epoxy films with different thickness has been
investigated with the aim to enhance CFRP fire protection.

The experimental analysis showed that thanks to their high degrees of orientation of the thin
GNP/Epoxy films, parts of the incident energy is reflected, due to the lower material emissivity
with respect of CFRP, but also the temperature distribution onto the surface is spread over all
the sample volume. Furthermore, the coating also acts as a barrier trapping pyrolysis gas
formed by the decomposition of layer closer to the laser source. This effect contributes to
improve the safety, by keeping the material self-extinguish and avoiding flames rise-up. Thus,
the presence of a thin graphene coating onto the surface subjected to laser beam preserves the
sample from through the thickness damages at energy level up to 100 kW/m?, which is strictly
related to the standard testing condition for transport industry. Consequently, the graphene film
work as shield preserving the mechanical performance of CFRP when it is exposed to very
high heat fluxes. Specimens extracted from the damaged samples at 100 kW/m?, showed a
residual mechanical performance 5 times higher than the CFRP without protection, with a
residual mechanical performance up to 40 % of the pristine. The fire performances of the
material have been finally assessed through cone calorimeter tests. They showed a significant
shift of the ignition time, passing from 80 sec for unprotected CFRP to 180 sec for CFRP
protected with GNP/Epoxy film and a significant reduction of the intensity of fire and smoke
production.

Therefore, the combination of all these remarkable properties makes material an effective
technological solution to extend the application of composite materials to many industrial
fields. In fact, the enhancement of thermal conductivity draws the attention in de-icing, heated
tooling, and thermal dissipation applications, while the enhancement of electrical conductivity
attracts the transportation sector with lightning strike protection, EMI shielding and

electrostatic coatings.
7.2 Future works

In light of these findings, several steps could be undertaken to further improve the
mechanical performances of the materials and their functionalities in order to further extend
their employment in different fields and several applications.

As it has been found from literature data and then confirmed by the micromechanical model,

the mechanical behaviour of the composites at very high filler content strongly depends on the
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ability of the polymeric phase to spread as a continuous layer within nanoplatelets.
Consequently, further steps will be aimed to the improvement of the filler/matrix compatibility.
Possible strategies would regard the accurate selection of a matrix with low molecular weight,
such that the critical thickness, which causes the partial coverage of the nanoplatelets, and thus
the drop of efficiency, is reached at higher volumetric fractions. Another possibility would be
the functionalization the nanoparticle in order to improve the chemical affinity between the
two phases. An example could be the use of amino acids, such as tyrosine, as cross-linker of
graphene-based materials. In fact, the excellent capacity of tyrosine to self-assemble into 2D
nanosheets, has already been proven, thanks to the chemical reactivity of the side-chain
phenolic —OH functional group. They would lead to good mechanical and energy-storage
properties and represent a cheap and environmentally friendly reactant. Thus, amino-acids
(e.g., tryptophan, tyrosine, and phenylalanine) could act as a binder in nanocomposites since
their aromatic rings strongly interacts with 2D carbonaceous materials via hydrogen bonding,
electrostatic, and hydrophobic interaction and can be easily adsorbed on the surface of
graphene. Furthermore, the tendency of amino acids to orient in parallel with the benzene rings’
plane of graphene nanoparticles, enable the assembly of hierarchical and organized
nanostructures,  with  nanoplatelets bonded by thin  peptide layers (~
Inm)[287][286][285][285][285]. This point could be crucial, since the capacity of tyrosine to
spread as a very thin layer could overcome the issues identified in composites with lamellar
reinforcement in which uncovering of nanoplatelets occurs for very high filler content.

In addition, given the process flexibility, other nanoparticles and/or matrices could be
employed to widen the employment of brick and mortar flexible thin films to other industrial
applications, by creating hybrid nanostructures. Inorganic matrices, such as polysiloxanes and
polysilanes, could be employed to improve the performances at very high temperatures. Boron
nitride (BN) lamellar nanoparticles could be employed to uncouple the thermal and electrical
transport behaviour. In fact, while GNPs combine both thermal and electrical conductivities,
BN nanoparticles are characterized by good thermal properties and poor electrical conductivity.
Thus, by varying the weight fraction of NB, it is possible to obtain a hybrid material with
tunable electrical properties. Also, ferromagnetic nanoparticles could be employed to improve
the attenuation of the electromagnetic waves. In particular, hybrid thin films, composed by
GNPs and ferrite nanoparticles could guarantee high performances in blocking the
transmittance of the electromagnetic waves, thanks to the high electrical conductivity. In fact,

while GNPs give a great contribution in terms of reflection, ferrite nanoparticles are capable of
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absorbing the electromagnetic waves. Consequently, these innovative materials with high
shielding effectiveness could be employed for stealth application, as radar absorber material
(RAM), in military field. Another possibility to enhance the absorption capacity of the material
could be to act on the nanostructure. In fact, as it has showed in the preliminary tests, the
absorption capacity increases when the structure is not well-organized. For this purpose, a
disordered nanostructure, with nanoplatelets randomly oriented could improve the capacity of
the material to dissipate the EM waves and thus, could pave the wave for the use of graphene

coatings for stealth applications.
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