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Introduction and Synopsis

The subject of the present Thesis is “Reinforcement of fibrous laminated
composite structures using graphene nanoplatelets”. The Thesis’ main language is

English, followed by an additional short version in Greek.

The reasons for this language selection are two. Primarily, the rendering of key
terms of international terminology for this scientific field in Greek is in many cases
problematic or even impossible. Therefore, in order to maintain the fidelity of the
international terminology, it was necessary to writing the Thesis in English. Also, since
the English language is the only official language of all reputable international
scientific journals and conferences, it is obvious that the international scientific
community is mostly familiar with the use of English language and terminology. Thus,
the second objective of the above selection is to facilitate access of the international

scientific community to the present Thesis.

The research work presented in this thesis is reflected through publications in
prestigious international journals and international conferences. It also includes
papers that have been submitted for publication in international scientific journals,
but the preview process is not completed yet. This Thesis is a synthesis of the above

works, bridged together through discussion, annotations and analytical explanations.

After the present section, the main body of the Thesis follows in English
language. In this part, the reader can find all the research work conducted, together
with the required theoretical and analytical background, as well as comparisons with
the current literature where required. At the end of each chapter, the literature used

is presented.

The shortened Greek version can be found at the end of the present

manuscript. Thus, the reader will obtain an overview of the materials used, the



production/fabrication, control and evaluation of nanoscale materials methods and
processes, the computational methods (finite elements analysis, analytical, statistics,
etc.), as well as the most important results. All the above is presented analytically in

the main body of the Thesis.



Chapter 1. Introduction to the subject

Abstract

Fibrous composite materials have a long history as regards their applications and the
research performed on subjects related to them. The main reason for this is their unique
properties. Their roots can be detected in the ancient years and civilizations, when they were
finding service in both static (use of composite materials as structural elements) and
dynamic applications (use of fibrous laminated composite materials in body armor
applications, such as the famous “Linothorax” of Alexander the Great). In the modern world,
fibrous composite materials see service in numerous everyday life and industrial
applications. Heavy weight lifting ropes, thermal isolation products, fire retardant elements
and products and industrial floors are only some of these applications. However, the
“conventional” composite materials of this type, i.e. the fibers or fibrils reinforced matrices,
have almost shown their best performance, leading as a consequent both researchers and
industry to a pursuit of different ways and methods to further reinforce them. Recently,
worldwide research tends to focus on the “double” reinforcement of these composite
materials using microparticles and nanoparticles. This “double” reinforcement is an
attempt to combine the nature of fibrous and particulate composites in a single composite
material. This kind of matrix (the material in which the reinforcing particles or fibers are
embedded) reinforcement has lead to the production of composite materials with even
more impressive properties, combining the unique properties (mechanical, thermal,
electrical, etc.) provided by both fibers and particles reinforcement. One of the most
important materials for such reinforcing applications is graphene, since the properties of
the graphene based composite materials are extremely impressive as compared to all
known “competitor” reinforcing materials. For this reason, a great part of current research
activities has focused on the development of new graphene structures, which could provide
even better properties. The newest graphene structure developed is known as “graphene
nanoplatelets”. This structure consists of several layers of single-layer graphene, of about
the same dimensions, which are stuck together with weak Van der Waals forces. Due to
their young age, these graphene particles have not been widely used yet in research
applications. The present Ph.D. Thesis examines the possibility of using the specific graphene
nanostructures for reinforcing epoxy matrix fibrous laminated composite materials.




1.1. Aims and objective of the Thesis

The aim and scope of the present Thesis is to investigate the reinforcement of
epoxy matrix laminated fibrous composite materials using graphene nanoplatelets
(GNPs). This Thesis focuses on the Materials Technology and Materials Processing

fields.

Graphene nanoplatelets are of the newest kinds of graphene nanoparticles.
Graphene is a perfect 2-D lattice of sp2-bonded carbon atoms (Part and Ruoff 2009,
Shahil and Balandin 2012) forming a honeycomb arrangement with excellent
properties. Such a honeycomb arrangement is presented in Figure 1.1. Graphene
nanoplatelets (GNPs) with two-dimensional structure and high aspect ratio are
composed of several layers of graphite nanocrystals, which are ideal reinforcing and
conducting fillers, stacked together by van der Waals forces through the (002) plane
(Part and Ruoff 2009, Shahil and Balandin 2012, Seretis et al. 2017a). A typical
arrangement of graphite nanocrystals in a graphene nanoplatelet (GNP) is presented

in Figure 1.2.

Figure 1.1. Typical honeycomb structure of the carbon atoms in graphene.

Due to the very “young” age of the GNPs, literature on the reinforcement of

composite materials using graphene nanoplatelets can hardly be found. Especially on



the field of mechanical reinforcement, the research community has recently started
giving its first efforts. However, year by year the number of the related scientific

references rapidly increases, mostly due to the graphene nanoplatelet structure itself.

Figure 1.2. Graphene nanoplatelet (GNP) in the epoxy matrix (Seretis et al. 2017a).

Although the impresive bending performance improvement caused by the
current reinforcements of composite materials using graphene nanofillers, the
structure of which is monolayer, their main disadvantage is the simultaneous
reduction of the tensile performance of the reinforced composites. This is mostly due
to the greatly different stiffness values between the graphene particle and the
polymer matrix, which consequently lead to a stress accumulation mechanism taking
place at the graphene particle/polymer matrix interface. Without losing the
extraordinary properties of the monolayer graphene, since their structure is
compossed of several graphene layers, GNPs can provide an additional stress releasing
mechanism. The graphene layers of a GNP are stuck together with Van der Waals
forced, which provide a weak bonding between them. Therefore, under loading
conditions, the graphene layers of a GNP can slide on the surface of the neighbour
graphene layers. As a result, a single GNP can performe as a spring element while
embedded in a polymer matrix, leading in this manner to the maintenance or even the
increase of tensile performance of the GNPs reinforced nanocomposite (Seretis et al.

2017a).



1.2. FEM models for graphene monolayer and graphene nanoplatelet
reinforced epoxy unit cells

In order to make the above described mechanism more clear to the reader and
to explain the differences between a monolayer graphene and a graphene
nanoplatelet, when they are embedded in an epoxy matrix, a unit cell finite elements
model of a nanocomposite materials of both these cases is presented below. The FEM
software used was ANSYS Workbench 17.0. From the following analysis it becomes
clear that graphene nanoplatelets could be a considerably more effective

reinforcement for epoxy matrices, as compared to graphene monolayer fillers.

Figure 1.3 presents the geometriesdesigned for each case of graphene filler
reinforcements described above. The matrix material, i.e. a common epoxy resin for
general applications, and thickness were the same for both cases. The mesh used for

the unit cells analysis is also presented in Figure 1.4.

Figure 1.3. Nanocomposite epoxy matrix unit cell geometry model with monolayer graphene (up) and graphene
nanoplatelets (down) filler.

In both unit cell models a tensile displacement of 1 um was applied to both sides

of the unit cell, as presented in Figure 1.5. Additionally, a bending model was



examined by applying two opposite torques of 5 UN x um to the same sides of the unit

cells.

Figure 1.4. Mesh model for nanocomposite epoxy matrix unit cell with monolayer graphene (up) and graphene
nanoplatelets (down) filler.

Figure 1.5. Tensile displacements applied in the unit cell models.

All the graphene/epoxy interfaces of the monolayer graphene reinforced epoxy
matrix unit cell finite elements model, see Figure 1.6, were considered bonded. For
the graphene nanoplatelet (of three graphene layers/levels) reinforced epoxy matrix
unit cell finite elements model, all the graphene/epoxy interfaces were considered
bonded as well, as presented in Figure 1.7. However, for all the graphene/graphene

interfaces of this model, see Figure 1.8, a frictional sliding was allowed.
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Figure 1.6. Graphene/epoxy interfaces of the monolayer graphene reinforced epoxy unit cell model, which were
considered as bonded.
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Figure 1.7. Graphene/epoxy interfaces of the graphene nanoplatelet reinforced epoxy unit cell model, which were
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Figure 1.8. Graphene/graphene interfaces of the graphene nanoplatelet reinforced epoxy unit cell model, where
frictional sliding in the in-plane level was allowed.

Literature on the finite elements analysis of a microstructural unit cell of
nanocomposites can hardly be found. Therefore, the described above frictional sliding
selection for the graphene/graphene interfaces of the graphene nanoplatelets
reinforced epoxy unit cell model was made based on both analytical and theoretical,
older and recent, research works (Levitov 1989, Lessel et al. 2013, Sheehan and Lieber
2017). In these articles it has been proved that when the surfaces of two bodies are
bonded with Van der Waals forces, then the relative movement of these two bodies
on the Van der Waals bonding interface level can be characterized as frictional. Since
the Van der Waals bonding interface level is the in-plane level in our model, frictional
relative movement was allowed only on this level. On the vertical direction no
movement was allowed, since, by simultaneously supporting the graphene layers due
to the existence of the epoxy matrix, the forces caused by the Van der Waals bonds

(Leviton 1989, Lessel et al. 2013) cannot be overcome on this direction.



1.3. Results and discussion on the unit cell FEM models

As regards the results of the unit cell FEM bending models, see Figures 1.9 and
1.10, it is obvious that graphene nanoplatelets provide a much better support
(reinforcement) to the epoxy matrix, as compared to the support provided by
graphene monolayers, which are commonly used today worldwide. Using graphene
nanoplatelets the maximum stress in a specific time and under the same loading is
considerably lower (39.9 MPa) in comparison to the respective one occurred using

graphene monolayer (259.07 MPa).

The results of the unit cell FEM tensile models, see Figures 1.11 and 1.12,
indicate that, again, the maximum stress is considerably greater in the case of
monolayer graphene reinforced epoxy unit cell, as compared to the respective one

reinforced with graphene nanoplatelet.

-

Figure 1.9. Results of the FEM bending model of the monolayer graphene reinforced epoxy unit cell.

o

Figure 1.10. Results of the FEM bending model of the graphene nanoplatelet reinforced epoxy unit cell.
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Figure 1.12. Results of the FEM tensile model of the graphene nanoplatelet reinforced epoxy unit cell.

As can be seen in Figure 1.13, a slight dislocation of the graphene layers that
constitute a graphene nanoplatelets occurs after tensile loading. This dislocation
occurs due to the frictional interface relative movement of the graphene layers in the
in-plane level. As result, a stress relaxation mechanism takes place at the boundaries
of the graphene nanoplatelets, leading in this manner to a considerably lower

maximum stress, as compared to the monolayer graphene model, see Figure 1.14.
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Figure 1.13. Focused view of Figure 1.12 at the boundary of the graphene nanoplatelet.

Figure 1.14. Focused view of Figure 1.11 at the boundary of the monolayer graphene.

Due to this graphene layers sliding, and the consequent stress relaxation
mechanism, the stress accumulation at the boundaries of the embedded in epoxy
matrix graphene nanoplatelet is quite lower than the boundaries of a monolayer
graphene. Therefore, graphene nanoplatelets can provide a further increase of the
flexural strength of the reinforced nanocomposite without decreasing the tensile
performance (Seretis, 2017a), which is a quite common problem of graphene

reinforced polymer nanocomposites.

1.4. Introduction to the research subjects of the Thesis

In order to provide applicable research results, both in the industrial field as well

as in a wider group of general applications, the research work presented in this Thesis
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is based on the most commonly used production method for fibrous laminated

composite materials.

In this Thesis, the “hand lay-up” method, i.e. hand-rolling interlaminar
fabrication method, was used to produce the fibrous laminated composite materials.
This method is one of the most commonly used methods for applications in the field
of composite and nanocomposite materials. There is a great variety of general
applications for which this method is the only one applicable. The graphene
nanoplatelets used for epoxy matrix reinforcement were pre-dried, i.e. the humidity

of the nanoparticles (graphene nanoplatelets) had been removed.

Another graphene nanoparticles preparation method used was “sonication”.
Specifically, a sonication bath process was applied to the graphene nanoplatelets,
before the application of the hand lay-up fabrication method, to modify the
morphology of the graphene layers. The current graphene monolayer related research
has shown that the above process turns the surface of the graphene monolayers into
a wavy form (Moriche et al. 2015). The sonication conditions/parameters are known
to affect the characteristics of the surface waves occurred by this process. However,
since the research in the specific field has just recently started, measured or accurate
results as well as analytical methods have not been risen yet. Therefore, in this Thesis,
the effect of specific sonication times, i.e. different specific durations of the sonication
bath process, were investigated as per the morphological characteristics of the
graphene nanoplatelets themselves as well as the properties and mechanical response
of the produced laminated nanocomposite materials, which were produced using this

process.

A part of the Thesis deals with the curing behavior of the graphene nanoplatelets
reinforced laminated fibrous nanocomposites. Specifically, the significance of the
curing cycle (multi-step curing process) parameters, i.e. the duration, the temperature
and the heating rate, for the properties of the produced nanocomposites is
investigated. The results are compared to the respective ones of laminated fibrous
composites without graphene nanoplatelets reinforcement. In this section, the
research conducted is also focused on the optimization of both kinds of composite
materials, i.e. with and without graphene nanoplatelets reinforcement. Regression
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and multi-regression models, as well as a multi-objective genetic algorithm are used
for multi-parameter (optimization of one property each time) and multi-objective
(optimization of all investigated properties simultaneously) optimization, respectively.
The optimization results are analyzed for each case. Additionally, a multi-regression
model which is commonly used in phycology, sociology and financial sciences, i.e. the
Poisson regression model, is introduced to create properties prediction models able
to achieve greater accuracy. Using this model in the field of composite materials
processing for the very first time, the prediction accuracy of the regression models
reached a value greater than 97% (Seretis et al. 2017d, Seretis et al. 20183, Seretis et
al. 2018b).

Also, the post-curing behavior of the graphene nanoplatelets reinforced
laminated fibrous nanocomposites is investigated. Literature can hardly be found in
this field. The very few research works of this field have been conducted for different
composite materials, such as of ceramic matrix or without reinforcing fillers, and they
conclude that a post-curing process can only be used to estimate or evaluate the
natural (i.e. in performance conditions) aging process of a composite material. This is
because in these works the post-curing process significantly worsen the mechanical
performance of the investigated composite materials (Yagoubi et al. 2010, Rudd et al.
2013). In this Thesis, post-curing processes of specific parameter values are suggested
as part of the nanocomposite materials manufacturing processes (Seretis et al. 2017b,
Seretis et al. 2017c). This section of the present work was based on the consideration
that graphene nanoplatelets could perform as cooling points of the epoxy matrix
during a post-curing process, leading in this way to different results than the already
known. Glass transition temperature (Tg) of the epoxy matrix was used as a reference

value for temperature selection for the post-curing processes investigated.
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Chapter 2. Effect of graphene
nanoplatelets reinforcement on the
mechanical response of glass
fabric/epoxy laminated composites

Abstract

Bending properties are of the most significant properties in structural elements. On the
other hand, in a great variety of structural applications the weight of the structure is
necessary to be kept as low as possible. Due to this necessity for light weight structures, in
most of the cases the use of composite materials as structural part is imperative. However,
composite laminates often fail in bending when in structures. Therefore, in last decades a
need for new composites with improved flexural performance has been raised. As a result,
new nano-reinforced and hybrid composites have been widely appeared recently both in
general and applied research worldwide. These composite materials have further increased
specific mechanical properties, such as bending.

2D particles/nanoparticles are mostly used as fillers to increase the bending properties
of the reinforced composites. One of the most commonly used 2D materials for such
applications is graphene, mostly in the form of monolayers, due to the extraordinary
properties of graphene itself as well as the matrix properties improvement can be achieved
by using it. However, the use of 2D materials as filler has some extremely important
withdraws. Specifically, a wide stress accumulation mechanism takes place at the
boundaries of 2D nanofillers, when embedded in a polymer matrix, under tensile loading. As
a result, even if the bending performance appears greatly improved, its tensile performance
is always significantly decreased.

The present Chapter of the Thesis aims to investigate the possibility of enhancing the
bending and tensile performance of an epoxy matrix laminated composite produced by a
hand lay-up process by matrix reinforcement with GNPs. The response of the produced
nano-composites is being explained by the settling of the GNPs onto the surface of the
fiberglass filaments, as it was observed by a scanning electron microscope. Due to the
different settlings while increasing GNPs content, different fracture modes of the filaments
were detected.
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2.1. Introduction

Recently, many efforts to enhance properties of polymer matrices using
graphene particles have been recorded (Dichiara et al. 2012, Rafiee et al. 2009, Rafiee
et al. 2010, Yang et al. 2011, Zhao et al. 2010). When used as fillers with polymer
matrix, such as thermoplastic polyurethane (TPU) (Kim et al. 2010), polycarbonate
(Kim and Macosko 2009) or epoxy (Miller et al. 2010, Yu et al. 2007), graphene greatly
enhance the electrical conductivity of the composites. Effects of various factors (e.g.
aggregation of filler, the presence of functional groups on graphene sheets,
concentration of filers, aspect ratio of the graphene sheets, inter-sheet junction,
distribution in the matrix, wrinkles and folds, processing methods, etc.) on the
electrical conductivity and the percolation threshold of the composite have been

confirmed by experimental results (Kuilla et al. 2010, Singh et al. 2011).

Graphene nanoplatelets is one of the newest graphene particles used for this
purpose, in order to make polymer matrices both electrically and thermally
conductive, simultaneously enhancing their mechanical properties (Mukhopadhyay
and Gupta 2011, Potts et al. 2011, Shahil et al. 2012). However, GNPs morphology and
therefore properties as well are highly affected by the manufacturing/preparation
method (Moriche et al. 2015). It is newly reported that waviness affects both thermal
properties (Chu et al. 2012) and electrical conductivity (Martin-Gallego et al. 2013) of

the GNPs reinforced nanocomposites.

Bending properties are of the most important properties of structural elements.
Due to their increased bending properties and their light weight, fibrous composite
materials are the most commonly used materials for such applications. However,
when in structures, they often fail under bending loading (Omrani et al. 2015). This
has brought a need for further improvement of the flexural behavior of the composite

materials or for new composites with improved flexural performance.

2D particles/nanoparticles are mostly used as fillers to increase the bending
properties of the reinforced composites. One of the most commonly used 2D

materials for such applications is graphene, mostly in the form of monolayers, due to
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the extraordinary properties of graphene itself as well as the matrix properties
improvement can be achieved by using it. However, the use of 2D materials as filler
has some extremely important withdraws. Specifically, a wide stress accumulation
mechanism takes place at the boundaries of 2D nanofillers, when embedded in a
polymer matrix, under tensile loading. As a result, even if the bending performance

appears greatly improved, its tensile performance is always significantly decreased.

The aim of this Chapter of the Thesis is to investigate the possibility of enhancing
both the bending and tensile performance of an epoxy matrix laminated composite
produced by a hand lay-up process by matrix reinforcement with GNPs. Graphene
nanoplatelets (GNPs), which are used in the work presented in this Chapter for epoxy
matrix reinforcement, due to the weak Van der Waals forced that bond the graphene
layers that constitute them, allow their graphene layers to slightly slip frictionally in
the in-plane level (Lessel et al. 2013, Levitov 1989, Sheehan and Lieber 2017), reducing
the nanoparticle stiffness under tensile loading. Thus, a stress releasing mechanism
takes place at the boundaries of the GNPs, maintaining or even increasing in this
manner the tensile performance of the GNPs reinforced epoxy nanocomposites

(Seretis et al. 2017a).

The response of the produced nano-composites is being explained by the
settling of the GNPs onto the surface of the fiberglass filaments, as it was observed by
a scanning electron microscope. Due to the different settlings while increasing GNPs

content, different fracture modes of the filaments were detected.

2.2. Materials

The matrix material used for the experimental study of the present chapter was
the medium viscosity epoxy system ES35A/B (ES35A resin and ES35B hardener) for
general applications. The term “epoxy system” indicates the use of epoxy resin
combined with a hardener. The resin/hardener proportion was 2/1 w.t., according to

the manufacturer recommendations.
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Two different types of E-glass fabrics were used for matrix reinforcement.
Specifically, a unidirectional (UD) of 520 g/m? density and a Twill 2 x 2 (T2 x 2) of 280
g/m? density were used. These two fabric types together with their orientations
(positioning angles) employed in the stacking sequence of the laminated composite
materials are presented in Figure 2.1. The properties and the characteristics of the

fabrics used can be found in Table 2.1.

Figure 2.1. The E-glass fabric used: UD in orientation 0° (a) and 90° (b) and T2x2 in orientation 0° (c), 45° (d) and -
45° (e) (Seretis et al. 2017a).

Table 2.1. Properties of the E-glass fabrics used (Seretis et al. 2017a).

Fabric type Twill 2x2 (T2x2) Uni-Directional (UD)
Filaments/yarn 1141 3230
Average yarn linear density 1.9 dtex — 1.66 denier 2.3 dtex — 2.03 denier

For the reinforcement of the epoxy matrix, before the composite specimens’
fabrication procedure was applied, graphene nanoplatelets (GNPs) by Alfa Aesar of
surface area (S.A.) 500 m?/g were also used as filler material. A typical graphene
nanoplatelet in the epoxy matrix is presented in Figure 1.2. In this Figure the multi-

layer structure of a GNP can be observed.
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2.3. Preparation of E-glass fabric reinforced GNPs/epoxy laminated
nanocomposites

To prepare the GNPs-reinforced epoxy matrix, weighed amount of pre-dried
graphene nanoplatelets were stirred gently into the epoxy resin using a laboratory
mixer for mechanical stirring for a process time of 25 min at 200 rpm. Subsequently,
the hardener was added in the mixture at the manufacturer recommended
resin/hardener proportion, which was a 2:1 by volume ratio, followed by a 5 min
mechanical stirring process at 200 rpm before using the epoxy matrix mixture. The
above fabrication process was used to ensure homogeneity of the suspension (Seretis

et al. 2017a).

The GNPs w.t. contents used for UD laminates reinforcement were 1%, 2%, 3%,
4%, 5%, 10%, 15%, 20%, 25% and 30% and for T2x2 laminates reinforcement were 1%,
2%, 3%, 4%, 5%, 10%, 15% and 20%. The initial specimen’s series produced were
fabricated using a GNPs content increasing step equal to 5% w.t. for nanocomposites
of both E-glass fabrics reinforcement. Due to the constant performance which was
observed from the very first contents tested, a necessity for a considerably lower GNPs
content increasing step was risen. Therefore, for the nanocomposite specimens of low
GNPs contents, a content increasing step equal to 1% was used. Using this mixed
increasing step, the above described nanocomposite specimens’ series were

produced.

The composite laminates used for investigation were manufactured using a
hand lay-up procedure. Under constant stirring, the prepared GNPs reinforced matrix
mixture was coated and hand-rolled on E-glass fabrics in layer sequence. The hand-
rolling procedure was carried out using a metallic rod. The hand lay-up procedure
applied is schematically presented in 3D in Figure 2.2. Before the above procedure
was applied, the surface on which the nanocomposite specimens were fabricated was
cleaned and coated using a mold releasing wax to facilitate the release of the

produced specimens after the solidification process was completed.
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Metallic Rod —— UD [90°]

Epoxy S

Figure 2.2. Layer sequence and fabric orientation on the tested [0°/90°], laminates (Seretis et al. 2017a).

Four layers of E-glass fabric were employed for each specimen in
[0°/90°/0°/90°]r, or equivalently [0°/90°],, sequence in the case of UD fabric, see
Figure 16, and in [45°/0°/0°/-45°]r sequence in the case of T2x2 fabric. In order to
achieve a 40+1% by volume epoxy reinforcement in all specimens, both the fabric and
the amount of resign used for coating were weighed before each hand lay-up process
as well as after solidification. Due to the same GNPs/epoxy matrix content of all
specimens, the repeatability of the mechanical testing results was great and accepted

according to the ASTM international standard test methods used.

The total size of each UD specimen (i.e. UD fabric reinforced specimen) which
underwent 3-point bending tests was 129 x 12.7 x 1.6 mm, as in accordance with
ASTM D790-03 test method. According to the same international standard, the total
size of each T2x2 specimen (i.,e. T2x2 fabric reinforced specimen) was 93.6 x 12.7 x1.1
mm. All specimens which underwent tensile test were prepared in accordance with
ASTM D3039/3039M. Specifically, the dimensions of UD specimens were 126 x 13 x
1.6 mm and of T2x2 specimens were 102 x 6 x 1.1 mm. All specimens were cut at their
testing dimensions using a Struers Discotom-2 along with a 40A25 cut-off wheel,

according to the guidelines of the Struers company for such materials.

According to the aforementioned ASTM standard test method for tensile
testing of composites, the theoretical tab limits were marked on each tensile

specimen, see Figure 2.3, in order to specify if tabs are needed to support the holding
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regions of the specimens. If the break occurs in any region of the specimens but the
region between the theoretical tab limits, the use of tabs is necessary. Since the break
occurred between the theoretical tab limits, no tabs are recommended from the

above ASTM standard test method.

Holding Region
Boundary

Theoretical
Tab Limits

B Holding Region Holding Region

Boundary Tab Limit Boundary

 ——— Lﬁ

Figure 2.3. Holding region boundaries and theoretical tab limits for both types of composite laminates: UD fabric
reinforced (up) and T2x2 fabric reinforced (down) (Seretis et al. 2017a).

In Figure 2.3, the theoretical tab limits are schematically explained as well as
the holding regions and the control regions (gage length), i.e. the regions between the

theoretical tab limits, for specimens of both types of E-glass fabric reinforcement.

After the hand lay-up process, each specimen was allowed to cure at ambient
conditions for one week, according to manufacturer guidelines. At least five
specimens of each GNPs content and of each fabric type were prepared and

underwent each test.

2.4. Experimental set-up and tests for laminated nanocomposites

An Instron 4482 test machine of 100 kN capacity was used for the tensile and
3-point bending tests. The support span was set at 108 mm in the case of UD
specimens and at 78 mm in the case of T2x2 specimens, to meet the test method’s

span-to-depth specification. The test speed for both tensile and 3-point bending tests
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was calculated equal to 2 mm/min, according to the aforementioned ASTM test

methods.

The support span as well as the morphology of the support contact rods and
the head contact rod used for the 3-point bending tests are presented in Figure 2.4.
Both support and head contact rods had a 5 mm radius, according to the standard test

method used.

The Instron 2716 series manual wedge action grips used for the tensile tests are
schematically presented in Figure 2.5. In the focused region of this Figure, the

morphology of the holding region lower boundaries is also schematically presented.

All tests were performed in the standard laboratory atmosphere of 23+1°C and
50+5% relative humidity and in accordance with ASTM D790-03 and D3039/3039M

test methods. Test conditioning was kept constant for 6 hours before each test.

A FEI Quanta 200 Scanning Electron Microscope was used for microstructural
investigation of the specimens, in order to evaluate the dispersion of the particles, the
near failure regions characteristics in terms of the fibrils failure mode in the region

under the load application point and the size of possible GNPs aggregates formed.

Test speed

A 4
"‘( Support span . |

Figure 2.4. Supports and head used for the 3-point bending tests.
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Figure 2.5. 2716 series manual wedge action grips used for the tensile tests.

2.5. Method of “plateau” evaluation

In order to evaluate if diagram regions that seem stable are presented
unchanged values or not, Tukey’s tests were applied. Tukey's method is used in
ANOVA to create confidence intervals for all pairwise differences between factor level
means while controlling the family error rate to a level you specify. It is important to
consider the family error rate when making multiple comparisons because your
chances of making a type | error for a series of comparisons is greater than the error
rate for any one comparison alone. To counter this higher error rate, Tukey's method
adjusts the confidence level for each individual interval so that the resulting

simultaneous confidence level is equal to the value you specify (Seretis et al. 2017a).

2.6. Results and discussion on nanocomposite laminates

Both the fabric type and the additive content are of great importance as final
laminated nanocomposite properties are strongly dependent on them. Additionally,
good repeatability of its mechanical performance is strongly dependent on the
dispersion of particles. Therefore, a study on different supporting fabric types with

different GNPs contents is presented.
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Additionally, a good repeatability of the results is closely correlated to the
dispersion of the nanoparticles in the matrix material. Another significant factor that
greatly affects the repeatability of the results is the interlaminar humidity between
the graphene layers that compose a graphene nanoplatelet. Therefore, in order to
enhance the repeatability of the results, pre-dried graphene nanoplatelets were used

for the epoxy matrix reinforcement.

2.6.1. Effect of GNPs content on T2x2 nanocomposite laminated specimens

The GNPs addition improves in any case the bending performance of the
composite. Specifically, as can be seen in Figure 2.6, in the case of T2x2 specimens the
increase reaches the value of about 140 percent for GNPs contents ranging from 5%
to 15% wt. In this region of the Figure 2.6 diagram (from 5% to 15% w.t. GNPs) the
flexural strength can be considered unchanged, as in accordance with Tukey's test
results. Therefore, this region could be characterized as a “plateau”. Before this
plateau, by increasing the GNPs content the flexural strength is being increased in a
parabolic manner. After this plateau, the bending performance of the composite is
being reduced but still there is a significant improvement of about 90 percent in

comparison with the flexural strength of T2x2 specimens without GNPs addition.

Since the flexural strength of a composite laminate is majorly controlled by the
strength of the outer layer which is in direct contact to bending load (Mallick 2008,
Murugan et al. 2014), it could be concluded that the recorded flexural strength majorly
depicts the flexural strength of the outer E-glass/epoxy layer and, therefore, its
increase depicts the lamina reinforcement and not the reinforcement of the

interlaminar surface.

The tensile properties of the composite are being slightly increased as well. As
can be observed in Figures 2.7-2.8, both the Ultimate Tensile Strength (UTS) and the
strain at break were slightly increased in the case of 5% w.t. GNPs. After this content,
the increase remains between the standard error (SE) limit values of the previous

content each time and, therefore, according to Tukey's test as well, it could be
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considered non-evaluable. In other words, both UTS and strain at break seem to be

unchanged for GNPs contents ranging from 5% to 20% w.t.
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Figure 2.6. Flexural strength for Twill 2x2 E-glass fabric supported specimens of [45°/0°/0°/-45°] layer sequence
with different GNPs contents (Seretis et al. 2017a).
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Figure 2.7. Ultimate Tensile Strength for Twill 2x2 E-glass fabric supported specimens of [45°/0°/0°/-45°] layer
sequence with different GNPs contents (Seretis et al. 2017a).
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Figure 2.8. Strain at break for Twill 2x2 E-glass fabric supported specimens of [45°/0°/0°/-45°] layer sequence
with different GNPs contents (Seretis et al. 2017a).

2.6.2. Effect of GNPs content on UD nanocomposite laminated specimens

Similar effect of the GNPs addition on the flexural performance can be observed
in the case of UD specimens as well, as presented in Figure 2.9. More specifically, an
almost linear increase of the flexural strength can be observed by increasing the GNPs
content until 5%. After this content, a “plateau” is being formed, according to Tukey's
test results, for GNPs contents ranging from 5% to 20%. For GNPs contents greater
than 20% w.t. the flexural strength of the composites is being extremely reduced, even
in comparison with UD specimens without GNPs addition. In this case, GNPs can be
observed in groups in the interlaminar surface performing as stress accumulation

regions. These specimens had a brittle early collapse under bending loading.
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The size of the plateau as well as the increase rate to it are different in the case
of UD specimens compared to the respective ones of T2x2 specimens. This implies a
slightly different effect on the aforementioned kinds of specimens. However, by
increasing the GNPs content, the improvement of the flexural strength of the
composite is running in the same manner as in the case of T2x2 specimens, i.e.

“increase-plateau-decrease”.
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Figure 2.9. Flexural strength for UD E-glass fabric supported specimens of [0°/90°/0°/90°] layer sequence with
different GNPs contents (Seretis et al. 2017a).

The tensile performance of UD specimens considerably differs from the
respective one of the T2x2 specimens, as can be seen in Figures 2.10-2.11. GNPs
addition seems to weaken the performance of the laminated nano-composite, with
only exception the 5% w.t. content. After a significant UTS drop in the case of 1% w.t.
GNPs, the tensile performance is being progressively increased until the value that
corresponds to 5% w.t. GNPs, which was the maximum UTS recorded. For greater
GNPs contents a progressive drop in the UTS values can be observed. Strain at break
values seem to be less dependent on the GNPs content. Besides a considerable drop
in the case of 1% w.t. GNPs and a significant increase in the case of 2% w.t. GNPs, no
considerable variation was observed in the recorded values that correspond to the

rest of the investigated GNPs contents.
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Figure 2.10. Ultimate Tensile Strength for UD E-glass fabric supported specimens of [0°/90°/0°/90°] layer
sequence with different GNPs contents (Seretis et al. 2017a).
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Figure 2.11. Strain at break for UD E-glass fabric supported specimens of [0°/90°/0°/90°] layer sequence with
different GNPs contents (Seretis et al. 2017a).
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2.6.3. Microstructural characterization of nanocomposite laminated specimens

Using a FEI Quanta 200 Scanning Electron Microscope, a graphene nanoplatelet
(GNP) is presented in Figure 1.2. Some aggregates of a very small size were detected
in the epoxy matrix. The uniform dispersion of the GNPs and the small GNPs

aggregates formed are presented in Figure 2.12.

Yarns just under the loading regions were examined in composites with
different GNPs contents and representative results are presented in Figures 2.13-2.15.
For GNPs contents greater than 20%, through-breaks were observed on the filaments,
which were, in this case, highly damaged. For GNPs contents that correspond to the
aforementioned “plateau”, i.e. ranging from 5% to 15%, medium destroyed filaments
could be detected under the load contact regions. Finally, for very low GNPs contents,
i.e. under 5%, no significant damage of the filaments was found. This behavior can be
explained by the longitudinal settling of the GNPs onto the filaments. Figure 2.16
shows a longitudinal view of a filament into a specimen with 25% w.t. GNPs. A
representative filament view for a specimen with 10% w.t. GNPs is given in Figure 2.17.
As can be easily observed, in the case of 25% w.t. GNPs there is a great number of
GNPs onto the surface of the filaments that could wound it under a small compression,
which occurs when a flexural load applies on the region above these filaments.
However, for a GNPs content within the “plateau”, for instance 10%, a considerable
lower number of GNPs can be detected onto the filaments. Therefore, the same
compression would cause much less damage to the filaments in comparison with the

case of 25% w.t. GNPs.
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Figure 2.12. GNPs and small GNPs aggregates dispersion in the inter-laminar region of UD specimen (Seretis et al.
2017a).

Figure 2.13. Break of the filaments under the flexural loading region for a specimen of 25% wt GNPs. Initial
filament condition is presented in Figure 2.16 (Seretis et al. 2017a).
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Figure 2.14. Break of the filaments under the flexural loading region for a specimen of 10% wt GNPs. Initial
filament condition is presented in Figure 2.17 (Seretis et al. 2017a).

Figure 2.15. Break of the filaments under the flexural loading region for a specimen of 1% wt GNPs (Seretis et al.
2017a).
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Figure 2.17. GNPs settling onto a filament of specimen with 10% wt GNPs (Seretis et al. 2017a).
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2.6.4. Conclusions on nanocomposite laminated specimens

Graphene nanoplatelets (GNPs) reinforced epoxy matrix composite laminates
of different GNPs contents were produced in two different stacking sequences using
two different E-glass fabric types. The produced composites underwent three-point
bending and tensile tests and examined using scanning electron microscopy. Based on

the experimental observations the following general conclusions may be drawn:

GNPs addition improves in any case the bending performance of the
composites. By increasing GNPs content, the flexural strength of the composites is
being increased as well for both fabric types used until 5% w.t. GNPs. For specimens
with twill 2x2 fabric this increase runs in a parabolic manner and for specimens with
uni-directional fabrics in an almost linear one. A region of constant flexural
performance starts at this content, until the content of 15% in the case of twill 2x2
fabric and 20% in the case of uni-directional fabric, which could be characterized as a

“plateau”. After this plateau, the bending performance is being reduced.

A slight increase of Ultimate Tensile Strength (UTS) can be observed in the case
of specimens with twill 2x2 fabrics after GNPs addition to a 20% w.t. content.
However, in the case of uni-directional fabric reinforced specimens similar behavior
was not observed. The tensile performance of these specimens weakened, with only

exception the 5% w.t. content where a slight increase detected.

Filaments just under the loading region were fully damaged with through-
breaks in the case of 25% w.t. GNPs. For the within the “plateau” contents, i.e. for
GNPs contents ranging from 5% to 15% (T2x2) or 20% (UD), medium damaged
filaments were detected in the same region. Under 5% w.t. GNPs content, no
significant damage of the filaments was detected. This response of the near load
application regions could be explained, in every case, by the longitudinal settling of

the GNPs onto the filaments.
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2.7. Preparation of E-glass fabric reinforced GNPs/epoxy
nanocomposite laminae

To ensure homogeneity of the suspension (GNPs) in the matrix material,
weighed amount of pre-dried graphene nanoplatelets were stirred gently into the
epoxy resin (monomer) at the constant speed of 200 rpm for a process time of 25 min
using a laboratory mixer. Subsequently, the hardener was added in the mixture at a
2:1 by volume ratio, which was the manufacturer recommended monomer/hardener
proportion, followed by a 5 min mechanical stirring at 200 rpm before using the matrix
mixture (Seretis et al. 2017a, Seretis et al. 2017b, Seretis et al. 2017c). The GNPs

contents used for both fabric reinforcements were 1%, 2%, 3%, 4% and 5%.

To produce the nanocomposite laminae, the prepared matrix mixture was
coated under constant stirring and hand-rolled on E-glass fabrics using a hand lay-up
procedure. One layer of E-glass fabric was employed for each specimen in [45°]
stacking sequence. The total thickness of the produced composite laminae was 0.4
mm in the case of UD fabrics and 0.27 mm in the case of T2x2 fabrics. The final
dimensions of each specimen which underwent tensile tests was 250 x 50 mm (Seretis
et al. 2016). To achieve a 40 + 1% by volume epoxy reinforcement in all specimens,
both the fabric and the amount of resign used for coating were weighed before each

hand lay-up process as well as after solidification.

After the hand lay-up process, each specimen left to cure in ambient conditions
for one week, according to manufacturer guidelines for the curing process. Five
specimens of each GNPs content and of each fabric type were prepared and

underwent tensile test.

2.8. Experimental set-up and tests for nanocomposite laminae

An Instron 4482 test machine of 100 kN capacity was used for the tensile tests.

The holding surfaces of the 2716 series manual wedge action grips used were 50 mm
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x 50 mm, leaving in this manner a control area of 150 mm x 50 mm on each specimen.
All tests were performed in the polymer matrix composites’ standard laboratory
atmosphere of 23+1°C and 50+5% relative humidity. Test conditioning was kept
constant for 6 hours before each test. The test speed for the tensile tests was set at 2

mm/min.

A FEI Quanta 200 Scanning Electron Microscope equipped with an EDAX device
for energy dispersive X-ray spectroscopy and a DME DS 95-E Atomic Force Microscope
were used for microstructural investigation of the specimens, to evaluate the coating

depth and the dispersion of the particles.

2.9. Results and discussion on nanocomposite laminae

Both the fabric type and the additive content are of great importance as final
composite lamina properties are strongly dependent on them. Therefore, different
supporting fabric types with different GNPs contents are investigated in the present

study.

2.9.1. Microstructure of nanocomposite laminae

To evaluate the proper embodiment of the GNPs into both the epoxy matrix
and the fibers, i.e. whether the GNPs were located between the fibrils, microstructural
investigation of the produced nanocomposites was carried out using a scanning
electron microscope (SEM) and an atomic force microscope (AFM). A typical example
of the observation of a GNP using the above equipment is given in Figure2.18. On the
left of the figure, see Figure 2.18(a), a SEM micrograph showing a GNP in the epoxy
matrix is provided. The marked region is also presented focused using AFM, see Figure
2.18(b),(c). In the AFM 3D micrographs, the multi-layer structure of a GNP can be easy
observed. There are surfaces formed on different heights as indicated by the height

bar on the right of the micrographs.

37



The way in which the GNPs were located into the fibers, i.e. between the fibrils,
is presented in Figures 2.19 and 2.20. In Figure 2.19 AFM micrographs on the
longitudinal section of a fiber of a nanocomposite lamina, after the application of a
South-East Laplace gradient FIR filter, show GNPs on the fibrils' surface and between,
together with the recorded height distribution. The height distribution corresponds to
the region marked with a red square, i.e. the region around a GNP. Fig.3 shows a cross
section of a fiber, in which a few fibrils and GNPs on their boundaries can be found.
As can be observed in the 3D micrographs the GNPs are located on the fibrils surfaces

and not in the inter-fibril regions.
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Figure 2.18. SEM micrograph showing a GNP in the epoxy matrix (a) and AFM micrographs showing details of its

boundary (b,c).
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Figure 2.19. AFM micrographs showing GNPs on the fibrils' surface, after South East Laplace gradient FIR filter
(longitudinal section), together with the recorded height distribution.
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Figure 2.20. AFM micrographs with smoothing filter applied showing GNPs on a fibril surface (cross section).

The GNPs embodiment in the epoxy matrix is presented in Figures 2.21 and
2.22. In Figure 2.21 four GNPs in the matrix material can be observed, together with
the linear height distribution of the line indicated with a red arrow, which includes a
GNP and the regions before and after it. Figure 2.22 shows a region of the matrix with
GNPs around a pore. The linear height distribution of this figure corresponds to the
line marked with a red arrow, which includes same regions as before, i.e. a GNP and
the regions before and after it. The height distribution before and after the peak that
corresponds to a GNP is described by a constant height profile, indicating that no voids
were found at the GNPs boundaries. Therefore, it can be concluded that the

embodiment of the GNPs in the epoxy matrix was proper.
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Figure 2.21. AFM micrographs with smoothing filter applied showing GNPs on a fibril surface (cross section).

o
N
s

0 [pm] 218

39



[ 276 nm ] 503 nm

Image Profile

s'st

oow [ wu)
00e ooy [wu]

[wr]
00€

00z

00l

0pZ 092 08 00 OZE Ove [wu]

8.
o 10 20 [pm] I

0 [um] 155 -

Figure 2.22. AFM micrographs with smoothing filter applied showing GNPs on a fibril surface (cross section).

To ensure the existence of GNPs in the investigated regions EDS analysis was
carried out in each one of them. Figure 2.23 presents the EDS analysis results for a
GNP located in an epoxy matrix region and Figure 2.24 for a GNP located on a fibril

surface.
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Figure 2.23. EDAX analysis results for a GNP in the epoxy matrix.
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Figure 2.24. EDAX analysis results for a GNP on the fibrils surface.
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2.9.2. Effect of GNPs content on T2x2 reinforced nanocomposite laminae

For the specimens reinforced with Twill 2x2 fabric, a GNPs content equal to 1%
w.t. leads to a considerable increase in Ultimate Tensile Strength (UTS), as can be
observed in Figure 2.25. For further increase of the GNPs content UTS progressively
decreases. This indicates a progressive increase of the inter-yarn friction while GNPs
content increases. Due to this increasing frictional behavior, the wear of the fibrils is
getting progressively greater, leading to the failure of the specimens at lower tensile

loads.
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Figure 2.25. Ultimate Tensile Strength of all GNPs contents of T2x2 specimens. The average UTS value for each
GNPs content is noted on the graph.

However, this constantly increasing frictional behavior seems to have a
positive effect on the tensile strain. Specifically, the strain at break progressively
increases until a GNPs content equal to 4% w.t. and, subsequently, it shows a
reduction trend, see Figure 2.26. Since the fibers can rotate in the in-plane level until
they reach a specific angle (Seretis et al. 2016), which is constant for a specific kind of
specimens, by increasing the GNPs content, and consequently the inter-yarn friction,
the fibrils reach this specific angle value at greater tensile stain. On the other hand,
the greatly increased friction values in the case of 5% w.t. GNPs seem to cause an early

collapse of the fibrils, before they reach the locking angle.
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Figure 2.26. Strain at break for all GNPs contents of T2x2 specimens. The average strain at break value for each
GNPs content is noted on the graph.

2.9.3. Effect of GNPs content on UD specimens

The structure of the Uni-Directional fabric constituted by a high-density warp
direction (main direction) and a low-density weft direction. Therefore, in this fabric

the weft direction was used only to keep the structure of the warp direction.
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Figure 2.27. Ultimate Tensile Strength of all GNPs contents of UD specimens. The average UTS value for each
GNPs content is noted on the graph.
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Similar behavior was observed for the nanocomposite specimens with UD
fabric reinforcement, see Figure 2.27. Specifically, after an initial UTS increase, that
occurred for the specimens with 1% w.t. GNPs, a subsequent progressive UTS
decrease was observed while further increasing the GNPs content. This seem to be a
result of the progressively increasing inter-yarn friction. However, due to the structure
of the UD fabric, there is a considerably lower number of weaving nodes (Seretis et al.
2016) and, consequently, much lower inter-yarn frictional interactions in comparison
with the T2x2 fabric. Therefore, the UTS reduction rate while increasing the GNPs

content is quite lower for this kind of fabric.

As regards the tensile strain, it seems to be affected by the GNPs content
increase similarly to the T2x2 fabric reinforced specimens, as can be observed in
Figure 2.28. After an initial slight tensile strain drop, strain at break increases while
GNPs content increases up to 4% w.t. The constantly increasing inter-yarn friction,
while increasing the GNPs content, lead to a subsequent increase in tensile strain.
However, since there are much lower inter-yarn interactions for this kind of fabric, the
increase rate is considerably lower as compared with the T2x2 fabric reinforced
specimens. Further increase in GNPs content, which causes an even greater frictional
inter-yarn interaction, lead to a significant strain at break decrease, indicating an early

collapse of the fibrils.
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Figure 2.28. Strain at break for all GNPs contents of UD specimens. The average strain at break value for each
GNPs content is noted on the graph.
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2.9.4.

Conclusions on nanocomposite laminae

Graphene nanoplatelets (GNPs) reinforced glass fabric/epoxy nanocomposite

laminae of different GNPs contents were produced using two different E-glass fabric

types. The produced nanocomposite specimens were investigated as per their tensile

performance and examined using a scanning electron microscope (SEM) and an

atomic force microscope (AFM). Based on the experimental observations the

following general remarks may be drawn:

(a)

(b)

(c)

(d)

(e)

The AFM measured height distribution before and after the peak that
corresponds to a GNP is described by a constant height profile, indicating that
no voids were found at the GNPs boundaries. Therefore, the embodiment of
the GNPs in the epoxy matrix was proper.

As can be observed in the 3D micrographs, into a fiber, the GNPs are located
on the fibrils surfaces and not in the inter-fibril regions.

For the specimens reinforced with both types of E-glass fabric, i.e. Uni-
Directional and Twill 2x2, a considerable increase in Ultimate Tensile Strength
(UTS) can be observed for w.t. GNPs contents up to 1%. For further increase of
the GNPs content UTS progressively decreases. This indicates a progressive
increase of the inter-yarn friction while GNPs content increases. However, this
progressively increasing inter-yarn frictional behavior positively affects the
tensile strain.

For the Uni-Directional fabric reinforced specimens, since there are much
lower inter-yarn interactions for this kind of fabric due to the considerably
lower number of weaving nodes in this case, the tensile strain increase rate
was considerably lower as compared with the Twill 2x2 fabric reinforced
specimens.

For the same reason, i.e. due to the lower number of weaving nodes and
therefore of inter-yarn interactions, the UTS reduction rate while increasing
the GNPs content is quite lower for Uni-Directional fabric reinforced

specimens.
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Chapter 3. Effect of graphene
nanoplatelets reinforcement on the
curing of glass fabric/epoxy laminated
composites

Abstract

Graphene is of the newest and most commonly used nanofillers, due to its extraordinary
properties as well as the matrix properties improvement can be achieved by using it.
Graphene is a 2-D layer of sp2-bonded carbon atoms arranged in a honeycomb-like form.
Graphene nanoplatelets (GNPs) are of the newest graphene based nanoparticles. Each GNP
is comprised from several layers of graphene nanocrystals which are stack together by Van
der Waal’s forces through the (002) plane. Due to the “young” age of the specific
nanoparticles, graphene nanoplatelets (GNPs) reinforced nanocomposites have been
limited investigated as per the dispersion techniques and methods, which are still being
developed, and their mechanical and physical properties.

GNPs morphology and therefore properties as well are highly affected by the
manufacturing/preparation method. This is because of the effect of the manufacturing
process/method on the nanoparticle/matrix interface interaction and interface strength. It
is newly reported that nanoparticle/matrix interface interaction affects both thermal
properties and electrical conductivity as well as mechanical response of the GNPs reinforced
nanocomposites.

In this Chapter of the Thesis, a multi-parameter analysis of the curing process (regular
curing using heating as an energy source) of both fibrous laminated epoxy composites and
GNPs reinforced nanocomposites is conducted. The investigated parameters are duration
(time) of the curing process, temperature of the main curing process step and heating rate
(for increasing the temperature from the ambient one to the curing temperature). In other
words, the sensitivity of the curing process, and consequently of its results/products, to the
above process parameters as per the mechanical properties of the produced composites and
nanocomposites. Three Multiple-Regression model were tested in order to create a highly
accurate prediction model; two widely used in composite materials production processes
and machining, the prediction accuracy of which was found about 65% (R? ~ 65%), and the
suggested for the first time Poison Multiple-Regression model, the prediction accuracy of
which was found greater than 97% (R > 97%).

48



3.1. Introduction

One of the most important processes for epoxy composites production is
curing, since most of the final properties of the composites are controlled and affected
by the curing cycle applied (Gao et al. 2016, Fu et al. 2011). Many different parameters
that affect the curing cycle and its results, such as the relation between the curing
temperature (Tcure) and the glass transition temperature (T,) (Mousa et al. 2012), have
been widely investigated (Ellis 1993, Maljaee et al. 2017, Moussa et al. 2012,
Wisanrakkit and Gillham 1990).

Regular curing processes, which apply heating to the composite materials, are
not the only applicable, since curing could be take place even with different energy
sources. Such alternative curing processes, e.g. curing process using microwaves as an
energy source, have been studied as well (De Vergara et al. 2014, Johnston et al. 2015,

Kwak et al. 2015, Mijovic et al. 1992).

Taguchi design of experiments and analysis has been used in many cases to
predict the response of composite materials, evaluate the significance of affecting
parameters and calculate the optimum conditions/parameters for various types of
composite materials and related processes. A.Q. Barbosa et al. (2017) used a Taguchi
design of experiments to understand the influence of each parameter under study
(amount, size and presence of surface treatment) and the interaction between them.
The finite element (FE) simulation, the Taguchi technique, and the analysis of variance
(ANOVA) techniques were carried out by Thipprakmas (2010) to investigate the
degree of importance of V-ring indenter parameters. A. K. Parida et al. (2015) applied
response surface methodology (RSM) to determine the optimum machining
conditions leading to minimum surface roughness in drilling of GFRP composite. The
experimental plan and analysis is based on the Taguchi L, orthogonal array taking
spindle speed (N), feed (f) and diameter of drill bit (d) as important parameters. Rout
and Satapathy (2012) describe a Taguchi design methodology to determine optimal
parameter settings in the development of multiphase hybrid composites consisting of

epoxy reinforced with glass-fiber and filled with rice husk particulates. R.A. Kishore et
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al. (2009) performed a Taguchi analysis of the residual tensile strength after drilling in
glass fiber reinforced epoxy composites. V.N. Gaitonde et al. (2008) investigated and
analyzed the parametric influence on delamination in high-speed drilling of carbon
fiber reinforced plastic composites. Tsao and Hocheng (2004) investigated the
delamination associated with various drill bits in drilling of composite materials using
Taguchi analysis. Davim and Reis (2003) investigated the drilling process on carbon
fiber reinforced plastics manufactured by autoclave, performing an experimental

study followed by a statistical analysis of the results.

Several different methods have been used to analyze the influence of the curing
parameters on the final properties of the produced composites. Full factorial
approaches are the most commonly used although they employ limited number of
levels for each factor, due to the considerably large number of experiments (Aruniit
et al. 2012, Davies et al. 2007, Kumar et al. 2015). Some studies control only one factor
per time, i.e. per experimental series?. The central composite rotatable design
combined with a quadratic response surface model has been also used (Sultania et al.
2011). Finally, Taguchi design of experiments has been used combined mostly with

linear or quadratic regression models (Barbosa et al. 2017).

The commonly used Multiple Regression Analyses are based on many different
regression models (Guo et al. 2017, Li et al. 2015, Li et al. 2016, Luangpaiboon et al.
2016, Sharma et al. 2016, Tangjitsitcharoen et al. 2017). Many efforts have been made
in order to achieve a highly accurate multiple regression model (Jurkovic et al. 2016,
Li et al. 2015, Li et al. 2016, Luangpaiboon et al. 2016). However, the widely used
regression models are quite trivial and their accuracy is in many cases quite low

(Barbosa et al. 2017).

In this Chapter of the Thesis, a multi-parameter analysis of the curing process
(regular curing using heating as an energy source) of both fibrous laminated epoxy
composites and GNPs reinforced nanocomposites is conducted. The investigated
parameters are duration (time) of the curing process, temperature of the main curing
process step and heating rate (for increasing the temperature from the ambient one

to the curing temperature). In other words, the sensitivity of the curing process, and
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consequently of its results/products, to the above process parameters as per the

mechanical properties of the produced composites and nanocomposites.

The first step of the multi-parameter analysis conducted was a Taguchi design
of experiments for each case, i.e. composite and GNPs reinforced nanocomposite
materials. Subsequently, the significance of each parameter of the curing process was
investigated using Analysis of Variance (ANOVA). Using Multiple-Regression model the
curing process, i.e. the investigated parameters, was optimized as per the tensile and
three point bending performance of the produced composites and nanocomposites.
Three Multiple-Regression model were tested; two widely used in composite
materials production processes and machining, the prediction accuracy of which was
found about 65% (R2 = 65%), and the suggested for the first time Poison Multiple-
Regression model, the prediction accuracy of which was found greater than 97% (R >
97%). The Poison model was used together with the “backward elimination” method,
which was applied to all the variants included in the regression. Using this method, all
the non-significant variants, i.e. the variants with the least effect on increasing the

residual mean square (MSyes), were removed (Seretis et al. 2018).

3.2. Taguchi Design of Experiments

In order to study the entire process parameter space with a small number of
experiments only, Taguchi’s method uses a special design of orthogonal arrays
(Douglas 2001). The Taguchi approach is a more effective method than traditional
design of experiment methods such as factorial design, which is resource and time
consuming. With this method the number of experiments to evaluate the influence of
control parameters on certain quality properties or characteristics is markedly
reduced compared to a full factorial approach. For example, a process with 8 variables,
each with 3 states, would require 38 = 6561 experiments to test all variables (full
factorial design). However, using Taguchi's orthogonal arrays, only 18 experiments are
necessary, i.e. less than 0.3% of the original number of experiments. Taguchi

recommends the use of the loss function to determine the deviation between the
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experimental value of the performance characteristic and the desired value. The loss
function is further transformed into an S/N ratio, which is used to rank the influencing
parameters according to their impact on the measured value. After that, the
significant parameters can be separated from the parameters which are negligible
using ANOVA. This allows a prediction of the optimal manufacturing or process
parameters (Rashmi et al. 2011). To verify the predicted optimal testing parameters,
a confirmation experiment with these parameters should be employed (Naghibi et al.

2014, Olivia and Nikraz 2012).

In the calculation of the loss function there are three ways of transformation
depending on the desired characteristic of the measured value. The characteristic of
the desired value can either be the-lower-the-better, the-higher-the-better or the-
nominal-the better. The loss function of the ‘“‘the-nominal-the-better” quality
characteristic (y«) with m as the mean of the target quality parameter is calculated as
shown in Eq. (3.1) where Lj is the loss function of the i performance characteristic in

the ji» experiment.

The loss function of the “the-lower-the-better’” and the “the higher- the-
better” from the target value of the quality performance characteristic are shown in

Egs. (3.2) and (3.3), respectively.

1
Lij =+~ k=1(yij —m)? (3.1)
1
Lij = ;Zﬁ:ﬂ’ijz (3.2)
1 1

In the Taguchi method, the S/N ratio is used to determine the deviation of the
performance characteristic from the desired value. The S/N ratio n; for the iw
performance characteristic in the ji experiment can be calculated using the following

equation:
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Regardless of the category of the performance characteristic, a larger S/N ratio
corresponds to a better quality performance. Therefore, the optimal level of the
process parameters is the level with the highest S/N ratio (Kim et al. 2004, Mehat and
Kamaruddin 2011).

The selection of control factors is the most important part in the design of
experiment. Therefore, a large number of factors are initially included so that the non-
significant variables can be identified easily. Factors like heating rate (a), temperature
(T1), time (hz) largely influence the mechanical behavior of the epoxy matrix and,
consequently, of the laminated composite. The impact of these three factors on
tensile and fracture stresses in glass fabric/epoxy composites is, therefore, studied in
this work using an Ls orthogonal array design. The selected levels of the three control

factors are listed in Table 1.

Table 3.1. Parameters and Design of Experiments (DOE) Levels.

Level
Control factor Units
| Il 1] v Vv
A: Heating Rate 1 2 3 4 5 °C/min
B: Temperature 50 80 100 120 140 °C
C: Time 2 4 6 8 10 h

3.3. E-glass fabric/epoxy composites

3.3.1. Materials

The low-viscosity Araldite GY 783 epoxy resin combined with the low-viscosity,
phenol free, modified cycloaliphatic polyamine hardener was used as matrix material

for the composite specimens. The glass transition temperature (Tg) was 100°C and the
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gel time for the specific matrix composition at 20°C and 65% relative humidity (RH),
conditioning requirements which were obeyed during the preparation of the
composites laminates, was 35 min. Woven E-glass fabric of 282 g/m2 density was used
for matrix reinforcement, as presented in Figure 3.1. Figure 3.2 presents an explosive
view of the fabrication process together with the E-glass fabric (P) orientations in the
composite laminates. The characteristics of the fabric used can be found in Table 2.
Since the warp direction is the enhanced one, see Table 2, it is clear that this is the
main weave direction. Therefore, the laminae orientations in the stacking sequence

of the composites will be based on the warp direction.

3.3.2. Preparation of E-glass fabric/epoxy composites

Weighed amount of hardener was added into the epoxy resin at the
manufacturer recommended resin/hardener proportion, which was a 100:50 by
weight ratio, and stirred gently using a laboratory mixer for mechanical stirring for a
process time of 5 min at 200 rpm. Subsequently, the matrix mixture was coated and
hand-rolled on E-glass fabrics in layer sequence under constant stirring. For each hand
lay-up procedure, four layers of E-glass fabric were employed in [0°/45°/-45°/0°]t
sequence. Before the first layer coating, the surface on which the specimens were
produced was covered by release paste wax. The hand lay-up procedure applied,
along with the stacking sequence of the specimens, is presented in Figure 3.2 through

a 3D model in explosive view mode.

Table 3.2. Parameters and Design of Experiments (DOE) Levels.

Warp Weft
Fiber description Glass EC11 204 fiber Glass EC11 204 fiber
Thread count (ends/cm) 8 6
Weight distribution (%) 57 43
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To achieve a 40+1% by volume epoxy proportion in all specimens, both the
fabric and the matrix mixture used for coating were weighed before each hand lay-

up process and after solidification (Seretis et al. 2017a).

O IO

Figure 3.1. Strain at break for all GNPs contents of UD specimens. The average strain at break value for each
GNPs content is noted on the graph (Seretis et al. 2018).

Figure 3.2. Layer sequence and fabric orientation on the tested [0°/45°/-45°/0°]r laminates (Seretis et al. 2018).

The dimensions of each specimen which underwent 3-point bending tests were
93.6 x 12.7 x1.1 mm, as in accordance with ASTM D790-03 test method. The
specimens which underwent tensile test had a total size of 102 x 6 x 1.1 mm according

to ASTM D3039/3039M. All specimens were cut at their testing dimensions using a
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Struers Discotom-2 along with a 40A25 cut-off wheel. To evaluate if tabs were needed
on the holding regions of the specimens, the theoretical tab limits were marked on
the specimens, as indicated from the aforementioned ASTM standard method. Thus,
if the failure occurs between the two theoretical tab limits (theoretical control region)
no tabs are needed. As it can be seen in Figure 3.3, the failure occurred into the
theoretical control region and, therefore, no tabs are recommended by the ASTM

standard used.

For each experiment number (run number) of the Taguchi design of
experiments, see Tables 3.3 and 3.4, five specimens were prepared and underwent

each test (five specimens for each tensile and five for each flexural test).

Holding Region Boundary

Theoretical Tab Limits

Figure 3.3. Holding region boundaries and theoretical tab limits for the composite laminates which underwent
tensile tests (Seretis et al. 2018).

3.3.3. Curing of E-glass fabric/epoxy composites

All specimens left in ambient temperature for 6 hours before the curing
conditions of the Taguchi design of experiments, as described in Tables 3.3 and 3.4,

were applied. Therefore, the complete curing cycle applied is presented in Figure 3.4,
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where parameter a, T1 and h; represent the heating rate [°C/min], the temperature of
the first curing step [°C] and the duration of the first curing step [h], respectively. The
selected values for each parameter under study (i.e. the design of experiment levels)

can be found in Table 3.1.

The curing temperature (Tcure) can be either higher or lower of the glass
transition temperature (Tg) (Ellis 1993, Moussa et al. 2012, Wisanrakkit and Gillham
1990). When Tcure > Ty, the reaction proceeds rapidly at a rate driven by chemical
kinetics. When Teure = Ty, vitrification takes place (i.e. material solidifies). Finally, when
Teure < Tg, the reaction rate decelerates and becomes diffusion-controlled. In order to
include all the aforementioned mechanisms in the Taguchi design of experiments,
apart from the Ty temperature, two different temperatures under Ty were selected as

well as two different temperatures over it, see Table 3.1.

3.3.4. Experimental set-up and tests

The test machine used for the both tensile and 3-point bending tests was an
Instron 4482 of 100 kN capacity. In accordance with the ASTM standard methods used,
i.e. D790-03 and D3039/3039M, all tests were performed in a standard laboratory
atmosphere (23+1°C and 50+5% relative humidity). Test conditioning was kept
constant for 6 hours before each test. To meet the test method’s span-to-depth
specification, the support span was set at 52 mm for the flexural tests. The
recommended from the ASTM methods test speed of 2 mm/min was applied on both

tensile and 3-point bending tests.
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Figure 3.4. The curing cycle applied together with the parameters of the Taguchi design of the experiments
(Seretis et al. 2018).

Table 3.3. Taguchi L,s OA response values and S/N ratio for Load in Tensile tests (Seretis et al. 2018).

Run Heating Rate Temperature Time Load S/N Ratio
no a (°C/min) T1(°C) h1 (h) (N) (dB)
1 1 1 1 2612,00 68,3395
2 1 2 2 3690,00 71,3405
3 1 3 3 2797,50 68,9354
4 1 4 4 3397,00 70,6219
5 1 5 5 2971,00 69,4581
6 2 1 2 2736,75 68,7447
7 2 2 3 3059,00 69,7116
8 2 3 4 3643,00 71,2292
9 2 4 5 3275,00 70,3042
10 2 5 1 3122,00 69,8887
11 3 1 3 2894,00 69,2300
12 3 2 4 3178,50 70,0444
13 3 3 5 2831,00 68,7542
14 3 4 1 3307,50 70,3900
15 3 5 2 3309,00 70,3939
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16

17

18

19

20

21

22

23

24

25

2938,00
2769,00
3156,00
3862,33
3629,50
2526,00
2594,50
3409,50
3277,50

3542,50

69,3610
68,8465
69,9827
71,7370
71,1969
68,0487
68,2811
70,6538
70,3109

70,9862

Table 3.4. Taguchi L,s OA response values and S/N ratio for Stress in Flexural tests (Seretis et al. 2018).

Run Heating Rate Temperature Time Stress S/N Ratio
no a (°C/min) T1(°C) h1 (h) (MPa) (dB)
1 1 1 1 143,333 42,7872
2 1 2 2 327,333 50,2998
3 1 3 3 286,333 49,1374
4 1 4 4 442,667 52,9215
5 1 5 5 299,5 49,7259
6 2 1 2 295 49,3964
7 2 2 3 346 50,7815
8 2 3 4 369 51,3405
9 2 4 5 420 52,465
10 2 5 1 371 51,3875
11 3 1 3 307 49,7428
12 3 2 4 362,5 51,1862
13 3 3 5 318,5 49,9065
14 3 4 1 349 50,8565
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15 3 5 2 297 49,4551

16 4 1 4 277,5 48,8653
17 4 2 5 335,5 50,5139
18 4 3 1 235 47,4214
19 4 4 2 402,667 52,0989
20 4 5 3 387,5 51,7654
21 5 1 5 306,5 45,8673
22 5 2 1 149,5 43,4928
23 5 3 2 357,5 51,0655
24 5 4 3 377,5 51,5383
25 5 5 4 477,5 53,5795

3.3.5. Taguchi results

In terms of the S/N ratio for stresses and load value, the higher the better. This
can be calculated as logarithmic transformation of loss function (Eq. 3.2). The
calculated signal to noise (S/N) ratio for each experiment is presented in Tables 3.3
and 3.4 for tensile and flexural test respectively, along with their experimental results.
S/N ratio is an important characteristic in order to achieve robustness in Taguchi
design of experiment, desired output is known as the signal and variability caused by

factors is known as noise.

The main effects plot for the main effect terms in tensile load for factors a, T3,
and h; are shown in Figure 3.5. From the main effect plots, it has been observed that
the tensile load of the composite increases for heating rate values ranging from
1°C/min to 2°C/min and from 3°C/min to 4°C/min and decreases with faster heating.
The curing temperature affects the tensile load increase of the composite material as
well. Specifically, while temperature is ranging from 50°C to 80°C an increase in load

occurred. Subsequently, from 80°C to 100°C the load remains constant and from
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100°C up to 120°C it increases. Further increase in temperature leads to an opposite
outcome, showing downgrading of mechanical properties due to thermal
decomposition of long chains of the epoxy matrix. The temperature increase affects
the increase of the tensile load of the composite material while factor h; is ranging
from 2 to 4 hours. From 4 to 6 hours the tensile load decreases. From 6 to 8 hours the
load increases and for greater values of h; the load decreases. From the main effect
plots of Figure 3.6, it can be observed that the flexural strength of the composite
increases with increase in heating rate ranging from 1°C/min to 2°C/min. For further
increase of heating rate from 2°C/min to 3°C/min a reduction of the flexural strength
takes place. For heating rate values ranging from 3°C/min up to 5°C/min the flexural
strength is constant and independent of the heating rate. The temperature increase
affects the increase of the strength of the composite as well. Specifically, in the range
from 50°C to 80°C an increase in flexural strength can be observed. Subsequently,
from 80°C to 100°C the flexural strength remains constant and from 100°C up to 120°C
it increases. A greater increase in temperature leads to an opposite outcome,
demonstrating downgrading of mechanical properties due to thermal decomposition
of long chains of the epoxy matrix. The h; factor, which represents the curing duration,
has a positive effect in terms of increasing the flexural strength of the composite. For
h; values up to 8 hours a rise of load can be observed and with further increase of h;
factor the flexural strength decreases.
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Figure 3.5. Main effect plots for tensile load for a, T; and h; factors (Seretis et al. 2018).
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Figure 3.6. Main effect plots for flexural strength for a, T; and h; factors (Seretis et al. 2018).
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3.3.6. Analysis of Variance

Analysis of variance (ANOVA) is a statistical tool which examines the
hypothesis that the means of two or more populations are equal. It evaluates the
significance of one or more factors by comparing the response variable means at the
different factor levels. It was observed that the significant factor for tensile and
flexural strength was temperature and time at 95% confidence level, see Tables 3.5
and 3.6. In order to evaluate the analysis, conformation tests were performed (Tables
3.7 and 3.8) by comparing actual values and optimal ones. The optimal values can be

predicted using Eq. (3.5) (Hakimian and Sulong 2012).

Nopt = Ny + Z?=1(ni — Ny) (3.5)

where: nm is the total mean of the response (tensile load and flexural strength

respectively) and characteristic under consideration; n; is the mean values at the
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optimum level and g is the number of control factors that significantly affects curing

process of composite.

Table 3.5. ANOVA for Tensile load value, without interaction, Fos 4 12-326 * Significant at 95% confidence level.

Sum of Mean

Source dF F-value P value C (%)
squares square

A 4 293004 73251 0,80 0,367 6,62

B 4 1447822 361955 3,96* 0,003* 32,71

C 4 1588652 397163 4,34%* 0,010* 35,89
Error 12 1097301 91442

Total 24 4426778

Table 3.6. ANOVA for Flexural stress value, without interaction, Fo,0s,412-326 * Significant at 95% confidence level.

Sum of Mean
Source dF F-value P value C (%)
squares square
A 4 12361 3090 1,18 0,367 6,92
B 4 78612 19653 7,53* 0,003* 44,02
C 4 56284 14071 5,39* 0,010* 31,52
Error 12 31335 2611

Total 24 178591

Table 3.7. Confirmation table for tensile load.

Parameter Optimal Parameter
A4B4C>
Experimental Predicted
Load (N) 3862,33 3878,10
Error % 0,41 %
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Table 3.8. Confirmation table for flexural strength.

Parameter Optimal Parameter
A2B4Cy
Experimental Predicted
Flexural Stress
498,70 501,93
(N)
Error % 0,65%

3.3.7. Poisson Regression Analysis with Backward Elimination

Regression analysis is a statistical process for approximating the relationships
between variables. It is a method for modelling different variables. It helps to
understand how the dependent variable deviates when any one of the independent
variables is changed (Quirogaa et al. 2016). Poisson regression is a regression method,
which employees a logarithmic transformation that compensates for skewness,
prevents a negative predicted value, and also includes the proportionality between

variance and the mean (Hoffman 2015).

Therefore, if Y has a Poisson distribution, then a log-linear model can be

constructed as

InY = a+ B X, + BoXy + -+ L Xk (3.6)

The difficulty of the above form is that the prediction is in terms of log counts.
However, in practice actual counts are needed. To handle this difficulty, both sides

have to be exponiated.
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en? — p(a+P1X1+P2Xz++BiXk) (3.7)

or equally

Y = e(a+ﬁ1X1+ﬁ2X2+”'+Bka) (3.8)

In this form, the predicted value of Y is in counts.

The backward elimination applied to all the variants included in the regression.
The effect of removing a variable on residual mean square (MSrs) was assessed for
each variable, and the variable with the least effect on increasing MS;es was removed
if it did not increase the F ratio for removal, Fout. Fout Was set at 4. The process
continued until removal caused a significant change in MSes, when that variant was

left in and no further removals were done.

Poisson regression analysis, together with backward elimination, was carried
out for tensile load and flexural strength taking all factors (a, T1, h:1) as independent
variables. In the case of flexural strength regression model, only the significant factors
(T1, h1) were kept, since the heating rate factor (a) was eliminated by the backward
elimination process. Normal probability of regression equation was also plotted in
Figures 3.7 and 3.8 for tensile load and flexural strength respectively. The regression
coefficients of tensile load and flexural stress values are provided in Tables 3.9 and

3.10 respectively.

Tensile Load = e"! (3.9)
where

Y = —03—-88xa+ 0.524xT; —0.83 x hy + 0.784 x a? — 0.002901 x T,>
+1.547 x h? +5.31 x a X h; —0.1979 X T; X h;
+0.000003 x ;> — 0.285 X h;> — 0.3327 X a X h?
+0.00099 X T;2 X hy + 0.01975 x T; x h? + 0.0153 x h,*
+0.03159 X a? X h2 + 0.126 x a x h;> — 0.000001 x T;3 x h,
—0.000064 x T;? x h? — 0.000481 x T; x h® — 0.00573 x a x h*
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Flexural Strength = e% (3.10)
where

Y, = 4.6336 4+ 0.009461 x T; + 0.1188 X h; -0.000792 X T; X hy

Taking this data into consideration it is possible to formulate an equation that
allows for the prediction of the mechanical behavior of the composite by altering the
temperature and the curing time. Figures 3.9 and 3.10 present a comparison between
the theoretical model, see Egs. (3.9) and (3.10), and the experimental results for both
tensile and flexural tests. It can be easily observed that the experimental and
theoretical results always show a perfect correlation. Therefore, the equations of the
theoretical model above are a useful tool to accurately predict both the tensile

(R?=97.05%) and flexural (R?=98.11%) response of the cured composites.

Normal Probability Plot
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Figure 3.7. Normal probability of regression equation for tensile load (Seretis et al. 2018).
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Figure 3.8. Normal probability of regression equation for flexural strength (Seretis et al. 2018).
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Figure 3.9. Comparison between the experimental results and the theoretical values of tensile load (Seretis et al.
2018).
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Figure 3.10. Comparison between the experimental results and the theoretical values of flexural strength (Seretis

etal. 2018).

Table 3.9. Regression coefficients of tensile model with all factors (Seretis et al. 2018).

Term Coef SE Coef 95% CI Z-Value | P-Value
Constant -0.30 1.33 ( -2.90; 2.31) -0.22 0.824
a -8.80 2.15 ( -13.02; -4.58) -4.09 0.000
T1 0.524 0.131 ( 0.268; 0.781) 4.01 0.000
hy -0.83 1.12 ( -3.03; 1.37) -0.74 0.461
a’ 0.784 0.167 ( 0.457; 1.111) 4.70 0.000
T -0.002901 0.000848 (-0.004563; -0.001239) -3.42 0.001
hq? 1.547 0.672 ( 0.230; 2.863) 2.30 0.021
a*h; 5.31 1.45 ( 247 8.15) 3.67 0.000
T1*hs -0.1979 0.0484 ( -0.2928; -0.1030) -4.09 0.000
T3 0.000003 0.000002 (-0.000000;  0.000006) 1.94 0.053
h3 -0.285 0.109 ( -0.498; -0.073) -2.63 0.009
a’*h; -0.3327 0.0728 ( -0.4754; -0.1900) -4.57 0.000
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a*h;? -1.177 0.357 ( -1.876; -0.479) -3.30 0.001
Ti2*hy 0.000990 0.000248 ( 0.000504; 0.001477) 3.99 0.000
Ti*h,? 0.01975 0.00507 ( 0.00981; 0.02969) 3.89 0.000
hi* 0.01530 0.00550 ( 0.00452; 0.02607) 2.78 0.005
a*a*h,? 0.03159 0.00741 ( 0.01707; 0.04612) 4.26 0.000
a*h,3 0.1260 0.0403 ( 0.0471; 0.2049) 3.13 0.002
Ti3*hy -0.000001 0.000000 (-0.000002; -0.000000) -3.43 0.001
T:i?*h,? -0.000064 0.000017 (-0.000097; -0.000031) -3.84 0.000
Ti*hy? -0.000481 0.000128 (-0.000731; -0.000231) -3.77 0.000
a*h* -0.00573 0.00183 (-0.00932; -0.00214) -3.13 0.002
Table 3.10. Regression coefficients of flexural model with significant factors.
Term Coef SE Coef 95% Z-Value | P-Value
Constant 4.6336 0.0952 ( 4.4469; 4.8202) 48.66 0.000
T, 0.009461 0.000879 (0.007739; 0.011183) 10.77 0.000
h1 0.1188 0.0135 ( 0.0924; 0.1453) 8.80 0.000
T1*hy -0.000792 0.000126 (-0.001039; -0.000545) -6.28 0.000
3.3.8. Process optimization using a genetic algorithm

The aim of the optimization procedure is to determine the optimal values of

the curing parameters (a, T1, hi1) that contribute to the maximum values for both

criteria; Tensile Load and Flexural Strength. The solution of the aforementioned task

lies on the multi-objective optimization concept. The Poisson regression models for

both criteria, i.e. Egs. (3.9) and (3.10), were converted into a MATLAB® function for

maximizing Tensile Load and Flexural Strength. Therefore, the two-fold function of Eq.

(3.11) was created.

. — . . — . y’
max f(a, Ty, hy) = { max Tensile Load = min(1/Tensile Load) = min (1/e") (3-11)

max Flexural Strength = min(1/Flexural Strength) = min (1/e%)
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where

Y, = —03—-88xa+ 0524 x T, —0.83 X hy + 0.784 x a? — 0.002901 X T,>
+1.547 x h? +5.31 X a X hy —0.1979 X T; X h,
+0.000003 X T, — 0.285 X h,> — 0.3327 X a X h?
+0.00099 X T,% X hy + 0.01975 X T, X h% + 0.0153 x h,*
+0.03159 X a? x k2 + 0.126 x a X h;> — 0.000001 x T, X h,
—0.000064 x T;? x h? — 0.000481 x T; x h® — 0.00573 x a x h*

and

Y) = 4.6336 + 0.009461 X T, + 0.1188 X hy - 0.000792 X Ty X h,

Eqg. (3.11) was the fitness function for the multi-objective optimization GA of
MATLAB® optimization toolbox. For the optimization process a population size of 45
individuals (15 x number of variables) was specified to evolve for 500 generations with
0.8 probability single point crossover and a constraint dependent mutation function.
The algorithmic parameter values were selected as recommended by the optimization
toolbox employed, i.e. the migration interval was set to 20; migration fraction was set

to 0.2 and Pareto fraction was set to 0.35.

The Pareto-optimal solutions obtained together with their corresponding
performance values are summarized in Table 3.11. The average distance between
individuals (candidate solutions) referring to the objective values is depicted in Figure
3.11. As can be seen in Table 3.11, the minimum individual distance was obtained for
solutions 1 and 2. Therefore, the respective Pareto-optimal fonts indicate that the
curing process is optimum, as per the maximization of both tensile and flexural

performance, for a = 1 (°C/min), T1 = 85 (°C) and h; = 10 (h).
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Figure 3.11. Average distance between individuals per generation and Pareto front (Seretis et al. 2018).

Table 3.11. Pareto font-function values and optimal curing parameters (Seretis et al. 2018).

Solution no.

10

11

12

71

a (°C/min) T: (°C) h; (h) Pareto distance
1.001841317 | 139.9999999 | 9.999999959 1.6914
1.000105286 | 85.51085564 | 9.997251776 1.4935
1.001847642 | 139.4348674 | 9.99881099 1.6890
1.001838635 | 135.9951147 | 9.999994125 1.6747
1.000105286 | 85.51085564 | 9.997251776 1.4935
1.001731003 | 137.6706621 | 9.999573415 1.6816

1.00182876 | 135.1332839 | 9.999991494 1.6711
1.001841317 | 139.9999999 | 9.999999959 1.6914
1.008023956 | 136.3610771 | 9.990931862 1.6788
1.014562832 | 126.9283418 | 9.986363612 1.6438
1.001839871 | 138.3768794 | 9.999494526 1.6846
1.079739416 | 118.477614 | 9.971796304 1.6464



13 1.001841216 | 137.2358606 | 9.999992492 1.6798

14 1.00264489 | 133.0118608 | 9.979005419 1.6616
15 1.001839235 | 139.0998201 | 9.999996542 1.6876
16 1.008728622 | 134.1460715 | 9.999806411 1.6706

3.3.9. Comparison between commonly used regression models and Poisson
regression model

Regression analysis is a statistical process for approximating the relationships
between variables. It is a method for modelling different variables. It helps to
understand how the dependent variable deviates when any one of the independent
variables is changed (Quirogaa et al. 2016). In this study, three different Multiple
Regression Models (scenarios) were used for analysis and comparison: a commonly
used multiple regression model involving only the significant factors, the same
regression model as before involving all the factors this time and a Poisson regression
model (which employees a logarithmic transformation and is widely used in

epidemiology, sociology and psychology).

Backward elimination applied to all possible combinations (up to fourth order)
of the variants included in the regression of each scenario. The effect of removing a
variable on residual mean square (MSrs) was assessed for each variable, and the
variable with the least effect on increasing MS;.s was removed if it did not increase the
Fout ratio for removal. For all three scenarios Four was set equal to 0.1. The process
continued until removal caused a significant change in MSes, when that variant was

left in and no further removals were done.
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Scenario 1 (Commonly Used Regression Model Involving Only Significant
Factors)

In this first Scenario, Multiple Regression Analysis was carried out for tensile
load and flexural strength using a commonly used Regression method (Barbosa et al.
2017), i.e. using the model of Egs. (3.12) and (3.13) and taking only significant factors
(T2, h1) as independent variables. Normal probability of regression equations for

tensile load and flexural strength are plotted in Figure 3.12.

Tensile Load = 2439.95+8.86 X T; -0.26 X T; X hy + 0.01 X h; (3.12)

Flexural Strength = 0.01 + 2.68 X T; + 32.37 X h; -0.20 X T; X hy (3.13)
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Figure 3.12. Normal probability plot of regression equations for tensile load (a) and flexural strength (b) of
Scenario 1.

A comparison between the experimental results and the theoretical values
(calculated using the Regression Models of Scenario 1) is provided in Figures 3.13 and
3.14. It is clear that, even if the trendline is almost the same in both cases and
therefore the model can predict the trend for tensile and flexural performance, the
accuracy of the Multiple Regression Models of this scenario is quite low. Specifically,

in both the tensile and flexural case, R? is about 0.65 or 65%.
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Figure 3.13. Experimental and theoretical values of tensile load (Scenario 1).
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Figure 3.14. Experimental and theoretical values of flexural strength (Scenario 1).
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Scenario 2 (Commonly Used Regression Model Involving All Factors)

In this Scenario, Multiple Regression Analysis was carried out for tensile load
and flexural strength using the same commonly used Regression method as in
Scenario 1, but involving all the factors of the Taguchi Lzs (a, Tz, h1) as independent
variables. The regression equations of this scenario are presented below, see Eqgs.
(3.14) and (3.15). Normal probability of regression equations for tensile load and

flexural strength are plotted in Figure 3.15.

Tensile Load = 2311 —432Xxa+0.08XT; +413 X h; +6.63XT; Xa—

454 X axX h;y —253xT; X hy (3.14)

Flexural Strength = 135 +81.8xa+ 1.176 X T; + 51.4 X h; +

0.781 xT; Xa—0.363 XT; X hy (3.15)

Normal Probability Plot

/{’ # o
80 . 80 P
.
80 / 80 :‘p
. . . )
= sg 05’ £ L,ﬁ -
Y 50 ,} £ 50 P
S a0 y‘ & 40 .('
o '-}/ * 30 &
20 3 20 &
- .
o /- o * -
/ P
-~
- =4
1 // 1 ~
500 250 0 250 500 0 100 0 0 100
Residual Residual
a (b)

Figure 3.15. Experimental and theoretical values of flexural strength (Scenario 1).

A comparison between the experimental results and the theoretical values
(calculated using the Regression Models of Scenario 2) is provided in Figures 3.16 and

3.17. It can be easily observed that the accuracy of the Multiple Regression Models of
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this scenario is considerably increased in comparison with the respective one of

Scenario 1.
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Figure 3.16. Experimental and theoretical values of tensile load (Scenario 2).

500

400
350
300
250
200

150

Flexural Strength [MPa]

100

50

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 125

Experiment number

B Experimental —@—Scenario2

Figure 3.17. Experimental and theoretical values of flexural strength (Scenario 2).
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Scenario 3 (Poisson Regression Model Involving All Factors)

The Poisson regression model used for this Scenario has been described and
discussed above in Section 3.3.6, see Egs. (3.9) and (3.10). Therefore, only the results

occurred from the specific regression model (Scenario 3) are provided in this Section.

The Poisson regression model was the regression model of the highest
accuracy. In the case of tensile model R? is equal to 97.05% and in the case of flexural
model R? reaches the value of 98.11%. It can be easily observed in Figures 3.18 and

3.19 that the experimental and theoretical results always show a perfect correlation.
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Figure 3.18. Experimental and theoretical values of tensile load (Scenario 3).
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Figure 3.19. Experimental and theoretical values of flexural strength (Scenario 3).
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Conclusions of the regression model scenarios comparison

Due to the form of the experimental results’ curves, especially in the case of
tensile testing where absolute lack of symmetry and a non-sinusoidal manner of the
curve slope’s change can be observed, the commonly used Multiple Regression model
fails to predict the experimental results with high accuracy. Both in the case of the
involvement of only significant factors in the aforementioned regression model and in
the case where all factors were involved, the low accuracy of the regression model
make it risky to further optimize the curing process, using, for instance, multi-objective
optimization techniques. The use of Poisson regression method, combined with
backward elimination, is introduced to increase the accuracy of the multiple
regression model. In fact, the accuracy (R?) of the Poisson Regression model was about
97 —98%, when the respective one of the commonly used Multiple Regression model
tested was about 65%. Therefore, further process optimization based on such an
accurate model would not be risky, since the correlation of the experimental results

and the theoretical values of the Poisson Regression model was almost perfect.

3.4. GNPs/E-glass fabric/epoxy nanocomposites

3.4.1. Materials

The matrix material used for the nanocomposite specimens was the low-
viscosity Araldite GY 783 epoxy resin together with the low-viscosity, phenol free,
modified cycloaliphatic polyamine hardener. The glass transition temperature (Tg) was
100°C and the gel time for the specific matrix composition at 20°C and 65% relative
humidity (RH), conditioning requirements which were obeyed during the preparation
of the nanocomposites laminates, was 35 min. Woven E-glass fabric of 282 g/m2
density was used for matrix reinforcement, as presented in Figure 3.1. Figure 3.2

presents an explosive view of the fabrication process together with the E-glass fabric
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(P) orientations in the nanocomposite laminates. The characteristics of the fabric used
can be found in Table 2. The warp direction is the enhanced one, as can be seen in
Table 2, and therefore it was the main weave direction. Thus, the laminae orientations
in the stacking sequence of the composites will be based on the warp direction.
Graphene nanoplatelets (GNPs) by Alfa Aesar of surface area (S.A.) 500 m2/g were

also used as filler material.

3.4.2. Preparation of GNPs/E-glass fabric/epoxy nanocomposites

To prepare the GNPs-reinforced matrix, weighed amount of pre-dried graphene
nanoplatelets were stirred gently into the epoxy resin using a laboratory mixer for
mechanical stirring for a process time of 25 min at 200 rpm, to ensure homogeneity
of the suspension (Seretis et al. 2017a). Weighed amount of hardener was added into
the GNPs reinforced epoxy resin mixture at the manufacturer recommended
resin/hardener proportion, which was a 100:50 by weight ratio, and stirred gently
using a laboratory mixer for mechanical stirring for a process time of 5 min at 200 rpm.
Subsequently, the matrix mixture was coated and hand-rolled on E-glass fabrics in
layer sequence under constant stirring. For each hand lay-up procedure, four layers of
E-glass fabric were employed in [0°/45°/-45°/0°]t sequence. The GNPs w.t. contents
used for UD laminates reinforcement were 5%. Before the first layer coating, the
surface on which the specimens were produced was covered by release paste wax.
The hand lay-up procedure applied, along with the stacking sequence of the
specimens, is presented in Figure 3.2 through a 3D model in explosive view mode. To
achieve a 40+1% by volume epoxy proportion in all specimens, both the fabric and the
matrix mixture used for coating were weighed before each hand lay-up process and

after solidification.

The dimensions of each specimen which underwent 3-point bending tests were
93.6 x 12.7 x1.1 mm, according to the ASTM D790-03 test method. The specimens
which underwent tensile test had a total size of 102 x 6 x 1.1 mm in accordance to

ASTM D3039/3039M. All specimens were cut at their testing dimensions using a
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Struers Discotom-2 along with a 40A25 cut-off wheel. To evaluate if tabs were needed
on the holding regions of the specimens, the theoretical tab limits were marked on
the specimens, as indicated from the above ASTM standard method. Since the failure
occurred into the theoretical control region no tabs are recommended by the ASTM

standard used.

For each experiment number (run number) of the Taguchi design of
experiments, see Tables 3.3 and 3.4, five specimens were prepared and underwent

each test (five specimens for each tensile and five for each flexural test).

3.4.3. Curing of GNPs/E-glass fabric/epoxy nanocomposites

All specimens left in ambient temperature for 6 hours before the curing
conditions of the Taguchi design of experiments were applied. Therefore, the
complete curing cycle applied is presented in Figure 3.4, where parameter a, T; and
h: represent the heating rate [°C/min], the temperature of the first curing step [°C]
and the duration of the first curing step [h], respectively. The selected values for each

parameter under study (i.e. the design of experiment levels) can be found in Table 3.1.

The curing temperature (Tcre) can be either higher or lower of the glass
transition temperature (Tg) (Ellis 1993, Moussa et al. 2012, Wisanrakkit and Gillham
1990). When Teure > T4, the reaction proceeds rapidly at a rate driven by chemical
kinetics. When Teure = Ty, vitrification takes place (i.e. material solidifies). Finally, when
Teure < Ty, the reaction rate decelerates and becomes diffusion-controlled. To include
all theoe mechanisms in the Taguchi design of experiments, apart from the T,
temperature, two different temperatures both under and over T, were selected as

presented in Table 3.1.
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3.4.4. Experimental set-up and tests

An Instron 4482 test machine of 100 kN capacity was used for the both tensile
and 3-point bending tests. In accordance with the ASTM standard methods D790-03
and D3039/3039M, all tests were performed in a standard laboratory atmosphere
(23£1°Cand 50£5% relative humidity). Test conditioning was kept constant for 6 hours
before each test. To meet the test method’s span-to-depth specification, the support
span was set at 52 mm for the flexural tests. The recommended from the ASTM
methods test speed of 2 mm/min was applied on both tensile and 3-point bending

tests.

3.4.5. Taguchi results

The main effects plot for the main effect terms in tensile load for factors a, T,
and h; are shown in Figure 3.20. From the main effect plots, it has been observed that
the tensile load of the composite significantly increases for temperature increase from
50°C to 80°C. Temperature increase up to 120°C does not cause any change in the
tensile performance, while further increase again increases the tensile performance
of the nanocomposites. It seems that the nanofillers act like cooling points within the
epoxy matrix, negating in this manner the previously reported negative effect of
temperature increase on E-glass fabric/epoxy composite specimens’ performance.
The heating rate, when it increases from 1°C/min to 2°C/min, results in a slight tensile
increase, while greater increase of its value tend to decrease the tensile performance
of the material. Specifically, for heating rate values ranging from 2°C/min to 3°C/min
a significant performance drop can be observed. Subsequently, for heating rate value
increase up to 4°C/min the tensile performance slightly increases and for further
increase of a it decreases again. Overall, for heating rate values greater than 2°C/min
the tensile load values are considerably low. The curing time increase up to 6 hours

leads to a consequent significant performance drop. However, for further curing time
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increase, up to 10 hours, the tensile performance increases again, overpassing the

performance that corresponds to a curing time equal to 2 hours.
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Figure 3.20. Main effect plots for tensile load for a, T; and h; factors.

The main effects plot for the main effect terms in flexural strength for factors
a, T1, and hz are shown in Figure 3.21. The heating rate increase leads to an initial
flexural performance increase, for heating rate value increase from 1°C/min to
2°C/min, and subsequently, for further increase of the heating rate value, to a flexural
performance drop. Slight curing temperature increase, i.e. from 50°C to 80°C,
dramatically decrease the flexural strength of the material. Further temperature
increase causes a consequent increase in flexural performance. A progressive increase

of the curing time significantly decreases the flexural strength of the material.
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Figure 3.21. Main effect plots for flexural strength for a, T; and h; factors.

3.4.6. Analysis of Variance

The ANOVA results for both experimental series, i.e. for tensile and flexural

tests, are presented in Tables 3.12 and 3.13.

Table 3.12. ANOVA results for tensile tests without interaction, * Significant at 95% confidence level.

Sum of
Source dF Mean square F-value P value C (%)
squares
A 4 661.7 165.4 0.51 0.73 9.23
B 4 423,2 105,8 0.31 0.865 5.9
C 4 2235 558.6 2.26 0.098 31.18

Table 3.13. ANOVA results for flexural tests without interaction, * Significant at 95% confidence level.

Sum of

Source dF Mean square F-value P value C (%)
squares

A 4 2644 661 0.54 0.711 9.68

B 4 8925 2231.2 2.43 0.082 32.67

C 4 5004 1251 1.12 0.374 18.32

3.4.7. Regression Analysis

The above analysis was followed by a regression analysis (Quirogaa et al.
2016), which was applied to create a model for prediction of the performance of the

nanocomposites as regards both tensile and flexural performance.

The commonly used full quadratic regression model, involving only the main

factors as they occurred from the ANOVA analysis, achieved significantly low
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prediction accuracy in the case of the nanocomposite materials (about 62%). Due to
the low accuracy of this regression model led to the necessity for a more leviable and
accurate regression model. Therefore, a Poisson regression model (Hoffman 2015)
was used to improve the prediction accuracy for the flexural performance and the full
guadratic regression model enhanced with the interaction between the second order
terms (modified full quadratic model) was used for tensile performance prediction.

The accuracy of these models was 94.9% and 90.99%, respectively.

The backwards elimination method was applied again on all the parameters

included in the regression. The Fo,: factor for terms removal was selected equal to 4.

All three curing process parameters selected were considered as independent
variables. Therefore, two different regression models were created, i.e. a Poisson
regression model for the flexural performance prediction and a modified full quadratic
regression model for the tensile performance prediction of the nanocomposites.

These two regression models are presented in Egs. (3.16) and (3.17), respectively.

Flexural Strength = e¥3 (3.16)
where

Y = 6.09 —4.10 X a + 0.0054 X T; + 4.703 x h; — 1.105 x a? — 0.001897 X T,* —
0.12 X h? + 0.063 xa x T; — 0.841 x a X h; — 0.03293 X T; X h; + 0.33 x a® +
0.00001 x T;3 + 0.0401 x h;> 4 0.0914 x a? x hy + 0.0001 x a x T, — 0.001283 x
axhy xT; —0.01888 x a* — 0.001775 x hy* — 0.01132 x a3 x h,

Tensile Strength = Y, (3.17)
where

Y, =407 — 166 x a — 10.29 X T; + 2.4 X h; + 55.8 x a? + 0.0491 x T;* — 19.22 x
h? +11.77 X a X T; —84.7 X a X hy + 1.399 X T; X hy — 2.403 x a® X T; + 18.51 X
a? x hy —0.0654 x a X T;2 +9.31 X a X hy* + 0.01051 x a? X T;2 — 1.597 x a? x h;*
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Figure 3.22 presents the performance of the modified full quadratic regression
model used for the tensile performance prediction. Figure 3.23 presents the
performance of the Poisson regression model used for the flexural performance

prediction.
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Figure 3.22. Experimental and theoretical values of tensile strength (calculated using the modified full quadratic
regression model).
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Figure 3.23. Experimental and theoretical values of flexural strength (calculated using the Poisson regression
model).
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3.5.

Conclusions

Based on the experimental and theoretical results of the present chapter, the

following remarks may be drawn:

(a)

(b)

(c)

In composite specimens without GNPs reinforcement curing, the significant
parameters for both tensile and flexural strength are temperature (7:) and
duration (h:), at a 95% confidence level. Therefore, for slow temperature
increase values, i.e. 1-5 °C/min, the effect of the heating rate a on the
performance of the cured laminated composite is not considerable. In GNPs
reinforced nanocomposite specimens curing, the significant parameters for
tensile strength are temperature (7:) and duration (h:), at a 95% confidence
level. However, as regards the flexural strength, the duration (h:) is a non-
significant parameter, since it affects the flexural strength about 5.9%.

In both cases, i.e. composites and nanocomposites, the heating rate (a) affects
equally (at the same percentage) both the tensile and the flexural strength.
However, the percentage in which it affects the result is different for each
materials type. Specifically, in the case of composite specimens this
percentage is about 6.5-7% and in the case of GNPs reinforced
nanocomposites is about 9.5%. Therefore, it can be concluded that GNPs
nanocomposites are more sensitive to heating rate as compared to composites
without GNPs reinforcement.

The commonly used “semi-quadratic” and “full-quadratic” regression models
achieve very low accuracy in prediction of the mechanical response of
composites and GNPs nanocomposites, if the parameters of a curing process
are used as independent variables. The suggested “Poisson regression” model,
which can achieve highly accurate prediction for models with great value
variance, achieved a prediction accuracy greater than 94% in all cases. Only in
the case of nanocomposites’ tensile response prediction model, where the
result values variance is not high, the greater accuracy was achieved using an

enhanced with the interaction of all second order terms full quadratic model.
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Chapter 4. Effect of graphene
nanoplatelets reinforcement on the post-
curing of glass fabric/epoxy laminated
composites

Abstract

Literature can hardly be found on the effect of post-curing parameters on the performance
of graphene reinforced nanocomposites. As has been previously reported, post-curing
processes result in a decrease of the mechanical properties and, therefore, they are
considered mostly as methods to evaluate the natural degradation processes. However, the
use of the graphene nanoplatelets for matrix reinforcement seems to drive this negative
effect of the post-curing processes to begin later, possibly performing as cooling points in
the epoxy matrix.

In this study, the effect of post-curing temperature and time on the mechanical and
thermal properties of graphene nanoplatelets (GNPs) reinforced E-glass fabric/epoxy
nanocomposites is investigated. Tensile, flexural and TGA tests were carried out for the
mechanical and thermal characterization. An opposite relation between mechanical and
thermal properties was observed. Also, the already reported decrease of the mechanical
properties while increasing the post-curing time begins later (after 4 hour and 6 hours for
tensile and flexural tests respectively) for the GNPs nanocomposites.

Research studies on the effect of post-curing conditions on the produced composite’s
properties are very few and focus on the effect of post-curing temperature on the properties
of the produced composites, considering post-curing time as a non-important factor. This
study also applies a Taguchi's design of experiment methodology and multiple regression
analysis in order to perform a post-curing process optimization for GNPs reinforced glass
fabric/epoxy nanocomposite laminae.

92



4.1. Introduction

The most commonly and widely used nano-materials for matrix reinforcement
are carbon (Koo 2016) and graphene (Kostagiannakopoulou et al. 2017, Seretis et al.
2017a) nano-particles. The use of such reinforcing nano-materials for fabrication of
fiber reinforced composites has demonstrated positive effects not only on the
mechanical performance of the composites, but also on thermal and electrical
properties (Adar et al. 2017, Wang and Tsai 2016, Zakaria et al. 2017). Therefore, since
the thermal behavior of the composite materials differs after the addition of such
nano-particles, the effect of the curing process on the properties of the material is
influenced as well (Kugler et al. 2017, Odom et al. 2017, Poornima Vijayan et al. 2017).
Due to the different thermal properties of a nano-composite, the post-curing
processes are also expected to be influenced. Earlier, the post-curing processes were
considered as naturally applied processes, since, most of the time, structures are
exposed to environments where high stresses and temperatures are present
(Sarvestani and Naghashpour 2013). However, recently has been found that post-
curing can significantly change both the mechanical and thermal performance of the
nanocomposites (El Yagoubi et al. 2010, Rudd et al. 2013). Therefore, it now can also

be considered as part of the manufacturing process.

Recently, post-curing conditions and their effect on both mechanical and
thermal properties of different types of composites (El Yagoubi et al. 2010, Rudd et al.
2013) are being investigated. However, the research is still limited only to fabric
reinforced composites. Considering that composite materials used in structures are
likely to fail in bending and, therefore, the development of composites with improved
flexural characteristics is necessary (Omrani et al. 2015), 2D materials, such as
graphene nanoplatelets (GNPs), will be incorporated as additives in both laminae and
laminate composites, since it is well known that these nanoparticles result in the
production of composites with enhanced mechanical performance (Koo 2016, Seretis
et al. 2017a). Therefore, the aim of this work is to investigate the effect of post-curing
conditions on the mechanical and thermal properties of graphene nanoplatelets GFRP

nanocomposites, for which the post-curing effect seems to be quite different in
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comparison with the reported results of the recent works on the same type of
composites but with no nano-additives (Rudd et al. 2013). More specifically, research
was conducted on mechanical behavior, such as tensile performance in the case of
laminae and flexural performance in the case of laminates, under different post-curing
conditions (post-curing time and temperature), in order to investigate if there is a
relation between their behavior and the way in which thermal degradation of the
nanocomposite epoxy resin is influenced by different post-curing cycles. As has been
previously reported (Rudd et al. 2013), post-curing processes result in a decrease of
the mechanical properties. However, the use of the graphene nanoplatelets for matrix
reinforcement seems to drive this negative effect of the post-curing processes to

begin later, possibly performing as cooling points in the epoxy matrix.

Current studies on the effect of post-curing conditions on the produced
composite’s properties are very few and focus on the effect of post-curing
temperature on the properties of the produced composites, considering post-curing
time as a non-important factor. This study also applies a Taguchi's design of
experiment methodology and multiple regression analysis in order to perform a post-
curing process optimization for GNPs reinforced glass fabric/epoxy nanocomposite
laminae. The experiments have been carried out, in the same manner as previously
described in this chapter, according to a Ls standard orthogonal array design with two
factors, i.e. post curing temperature (T,c) and post-curing time (t,c), aiming to improve
the tensile properties (UTS and strain at break) of GNPs/epoxy nanocomposite
laminae. The proposed Multiple Regression models are statistically significant and
adequate because of their higher R? value. The predicted value from the developed
model and the experimental value are almost equal, indicating the significance of the
models developed. For both models it was observed that there was a very good
agreement between the estimated and the experimental values. Both Multiple
Regression models, i.e. for UTS and for strain at break, were converted into a two-fold
function for maximizing both criteria, and used as fitness function for a multi-objective

optimization genetic algorithm.

In this Chapter of the Thesis, it is proven that a post-curing process not only

does not necessarily worsen the mechanical performance of the graphene
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nanoplatelets reinforced fibrous laminated nanocomposites, but also it can
significantly improve its mechanical properties and, therefore, post-curing processes

can be used as part of the manufacturing processes for such nanocomposite materials.

4.2. Materials

The matrix material for the composite specimens of the present study was the
medium viscosity epoxy system ES35A/B (ES35A resin and ES35B hardener) for general
applications. The manufacturer recommended resin/hardener weight proportion was

2/1. The glass transition temperature of the specific epoxy system was T4 = 50°C.

Uni-Directional (UD) E-glass fabric was used for matrix reinforcement, the
properties of which can be found in Table 4.1. Two different series of nanocomposite

specimens were produced: laminae and four-layer laminates.

Graphene nanoplatelets (GNPs) of surface area (S.A.) 500 m?/g by Alfa Aesar
were also used as additives, in the content of 2% w.t., in order to produce a particulate
composite matrix material for both laminae and laminates produced. Characteristic

morphology of a GNP in the epoxy matrix can be found in Figure 1.2.

Table 4.1. Properties of the fabric type used.

Fabric type Uni-Directional
Filaments/yarn 3230
Average yarn linear density [dtex] 2.3
Density [g/m?] 520
Filaments diameter [um] 9

95



4.3. Preparation of GNPs/glass fabric/epoxy nanocomposites

For the production of the GNPs-reinforced matrix, weighed amounts of pre-
dried graphene nanoplatelets (GNPs) were stirred gently into the epoxy resin using a
laboratory mixer for mechanical stirring for a process time of 25 min at 200 rpm, to
ensure homogeneity of the suspension (Seretis et al. 2017a). Subsequently, the
hardener was added to the mixture according to the manufacturer recommended
resin/hardener proportion, which was a 2/1 by weight ratio. This production step was
followed by a 5 min mechanical stirring at 200 rpm before coating the matrix mixture
on the E-glass fabrics. The GNPs wt content used for the reinforcement of both UD
laminae and laminates was the same for all the specimens and equal to 2% by weight.
In Figure 4.1 the GNPs dispersion in the epoxy matrix of a nanocomposite laminate is
presented. Figure 4.2 shows a longitudinal view of a nanocomposite lamina with 2%

wt GNPs reinforcement.

—20.0pm—

Figure 4.1. SEM micrograph showing the GNPs dispersion in the epoxy matrix (Seretis et al. 2017c).
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Figure 4.2. SEM micrograph showing a longitudinal view of a nanocomposite lamina with 2% wt GNPs
reinforcement.

The production method for the composite laminae and laminates of the present
study was a hand lay-up procedure. The matrix mixture, under constant stirring, was
coated and hand-rolled on UD E-glass fabrics. For the preparation of the composite
laminates, 4 layers of UD E-glass fabric were employed in [0°/90°/0°/90°]+, or
equivalently [0°/90°],, sequence. For the preparation of the composite laminae, 1
layer of UD E-glass fabric was employed in [45°] sequence, in order to have the
structure of the lamina tested (stretched) during the experiment and not the fibers
that constitute it (Seretis et al. 2016). The total thickness of the produced composite
laminae was 0.4 mm, and that of the composite laminates was 1.6 mm. In order to
achieve a 40+1% by volume epoxy reinforcement in all specimens, both the fabric and
the amount of resin used for coating were weighed before each hand lay-up process

as well as after solidification.

All nanocomposite laminates which underwent 3-point bending tests were
prepared in accordance with ASTM D790-03. Specifically, the dimensions of these
specimens were 129 x 12.7 x 1.6 mm. All laminated specimens were cut at their testing

dimensions using a Struers Discotom-2 along with a 40A25 cut-off wheel. Regarding
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the nanocomposite laminae, the total size of each specimen was 250 mm x 50 mm,
the thickness 0.4 mm and the size of the control area 150 mm x 50 mm, leaving two
holding regions of 50 mm x 50 mm (Seretis et al. 2016). Five specimens of each
specimen type, i.e. lamina and laminate, were prepared and underwent each test

performed.

4.4. Curing — Post-curing

Both the produced nanocomposite laminae and laminates were allowed to cure
at room temperature for 7 days, as in accordance with the manufacturer’s guidelines.
After curing at room temperature, the composite specimens (laminae and laminates)
were post-cured at different post-curing conditions, which are presented in Table 4.2.
However, due to the big number of the experiments carried out, in order to create
easily readable performance curves, except from the lower and greater durations
tested, i.e. post-curing times, only the crucial ones are denoted on the performance
curves below. For these crucial points, i.e. where change in the curve’s slope occurred
or the behavior of the material was different before and after this specific point, TGA

analysis was conducted using the process parameters which are presented below.

In order to use a curing process driven by chemical kinetics, all post-curing
temperatures (Tpc) were selected greater than Ty (Moussa et al. 2012), except the one
equal to Tg. In this case, i.e. when T, > Ty, the reaction proceeds rapidly at a rate
driven by chemical kinetics (Ellis 1993, Moussa et al. 2012, Wisanrakkit and Gillham
1990).

In general, for curing processes, the curing temperature can be either higher or
lower of the glass transition temperature (Ty) (Ellis 1993, Moussa et al. 2012,
Wisanrakkit and Gillham 1990). When the curing temperature is greater than Ty, the
reaction proceeds rapidly at a rate driven by chemical kinetics. When the curing
temperature is equal to Ty, vitrification takes place (i.e. material solidifies). Finally,
when the curing temperature is lower than Ty, the reaction rate decelerates and

becomes diffusion-controlled.
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Table 4.2. Post-curing conditions applied on the composite laminae and laminates (Seretis et al. 2017c).

Laminae Laminates
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4.5. Experimental set-up and tests

An Instron 4482 test machine of 100 kN capacity was used for the tensile and
3-point bending tests. For the tensile tests the Instron test machine used was
equipped with Instron 2716 manual wedge action grips. All tests were performed in
the polymer matrix composites’ standard laboratory atmosphere of 23+1°C and
50+5% relative humidity. Test conditioning was kept constant for 6 hours before each
test. For the flexural testing of the laminated nanocomposite specimens the support
span was set at 108 mm, to meet the test method's span-to-depth specification. The
test speed for both tensile (laminae) and 3-point bending (laminates) tests was
calculated equal to 2 mm/min, according to the standard test methods ASTM D790-
03 for flexural and ASTM D3039/3039M for tensile testing.
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Samples were characterized as regards their thermal properties using a TGA
4000 Thermogravimetric Analyzer of Perkin ElImer. The process temperature for all
specimens ranged from 50 to 800 °C using a heating step of 20 °C/min and synthetic

air gas.

A FEI Quanta 200 Scanning Electron Microscope was used for microstructural
investigation of the specimens, in order to evaluate the dispersion of the particles and

the size of possible GNPs aggregates formed.

4.6. Results and discussion

Performance curves of post-curing temperature (T,c) and post-curing time (tyc)
that occurred from post-testing computational processing are shown in Figures 4.3-
4.6. In Figure 4.3 the tensile performance of the post-cured composite laminae for
specific values of t,c by increasing the T, is presented. Figures 4.4 and 4.5 present the
Ultimate Tensile Strength (UTS) and the strain at break, respectively, of the post-cured
composite laminae for specific values of Tpc by increasing the tp.. The laminated
nanocomposites’ flexural performance for specific values of Tpc by increasing the t, is

represented in Figure 4.6.

For temperatures ranging from 50°C to 120°C, the thermal expansion
coefficient (a) of graphene is negative (Mounet and Marzani 2005, Yoon et al. 2011).
Specifically, thermal expansion coefficient is about -3.8 x 10-6 x C! for temperature
value 50°C and while temperature increases up to 120°C it progressively increases up

to the value -3.8 x 10-6 x C1.

For temperatures ranging from 40°C to 100°C the thermal expansion coefficient
of epoxy/fiberglass is positive and follows an increasing trend. For temperature values

greater than 100°C it progressively decreases (McElroy et al. 1988).
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Figure 4.3. SEM micrograph showing a longitudinal view of a nanocomposite lamina with 2% wt GNPs
reinforcement (Seretis et al. 2017c).

[=3]
v
"

=

-9

2 55 -

&

E 45 W 50°C
% —@— 80°C
R 35 4 —A—100°C
B -0-120°C
£

=

L]
w
"

15

0 4 8 18
Post-Curing Time [h]

Figure 4.4. SEM micrograph showing a longitudinal view of a nanocomposite lamina with 2% wt GNPs
reinforcement (Seretis et al. 2017c).
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Figure 4.5. SEM micrograph showing a longitudinal view of a nanocomposite lamina with 2% wt GNPs
reinforcement (Seretis et al. 2017c).
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Figure 4.6. SEM micrograph showing a longitudinal view of a nanocomposite lamina with 2% wt GNPs
reinforcement (Seretis et al. 2017c).

4.6.1. Post-cured nanocomposite laminae

For a post-curing time (tpc) up-to 4 hours, UTS was increased for all post-curing
temperatures (Tpc), as can be seen in Figure 4.4. After this t,, a decrease in UTS can
be observed for all Ty, besides Tpc = Ty = 500C, for which UTS remains constant up to
8 hours post-curing time, see Figure 4.4. The section of the curves that represents this
decrease runs in the same manner for all Tpe. The reported results for t,c greater than
4 hours are in accordance with those published in another study that was carried out

by Rudd et al. (2013) on different matrix material. In this study, the UTS of
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phenol/glass fiber composites was investigated and found that increasing post-curing
time results in a decrease in tensile strength. Therefore, all the reported results were
below the performance of the reference sample, i.e. the sample with no post-curing
process applied. However, in this study, all the post-cured samples showed better
performance compared to the reference sample (or equal in the case of t,c= 18 hours
and Tpc= 120°C, conditions for which the value is considered unchanged according to
the Tukey’s test performed (Seretis et al. 2017a)) due to the initial UTS increase for tpc
up to 4 hours. It seems that GNPs perform as cooling points in the epoxy matrix driving
in this manner the negative effect of the post-curing process to begin later (after 4
hours of post-curing). Additionally, even though there is no specific trend that
describes the relation between Tpc and UTS, it seems that post-curing at 120°C leads

to lower UTS values compared to the post-curing at 50°C.

Regarding strain at break, for T,c = 50°C and T,c = 80°C an initial increase
(compared to the reference material) can be observed for tpc up to 4 hours. However,
for tpc 2 8h, the tensile strain (strain at break) of the post-cured nanocomposites
exhibits values lower than those obtained in the case of t,c = 4 hours. Strain seems to
follow a reduction trend as the T, increases, for all post-curing times, see Figure 4.5,

followed by a decrease at an almost constant rate.

Due to the significantly different thermal expansion coefficient between
matrix, fibers and graphene nanoparticles, while extending the thermal exposure
time, voids are formed on the matrix matrix/fiber and matrix/GNPs interfaces [20]

leading to an interface quality drop and, consequently, to a progressive property drop.

For low values of post-curing time, thermal expansion coefficient increases for
temperature increase up to 100°C and, subsequently, for further increase of the
temperature value it decreases. As can be seen in Figure 4.5, for post-curing time
equal to 4 hours strain at break decreases while the process temperature increases.
The increase of thermal expansion coefficient facilitates voids formation, the
boundaries of which perform as stress accumulation regions while the fibers rotate in
the in-plane level as well as during their crimp removal mechanism (in the thickness

direction) (Hearle et al. 1969), and, therefore, leads to a strain at break decrease. This
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strain at break drop occurs as a result of the increased wear degree of the fibers, while

the fabric deforms with the above deformation mechanisms.

All the above seem to be contrary to the thermal measurement results. For all
post-curing times, as the post-curing temperature increases, there is a tendency for a
deceleration of the resin’s combustion, as indicated by the increment of the weight
loss at higher temperatures. More specifically, the reference and post-cured samples
at 50°C exhibit the first weight loss earlier (at a lower temperature), followed by the
post-cured samples at 80°C, and finally (at the greatest temperature reported) the
post cured samples at 100°C and 120°C, as can be observed in Figure 4.7. For a specific
combustion temperature, the higher the post-curing temperature the smaller the

weight loss, for all post-curing times.
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Figure 4.7. SEM micrograph showing a longitudinal view of a nanocomposite lamina with 2% wt GNPs
reinforcement (Seretis et al. 2017c).
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4.6.2. Post-cured nanocomposite laminates

The behavior of the material while increasing t,c seems to be the same as
reported before for the tensile tests. A progressive increase in flexural strength can be
observed for tyc up to 6 hours for both T, investigated, see Figure 4.6. After a t,c equal
to 6 hours, a slight flexural strength decrease takes place, the reduction rate of which
is quite low. Therefore, again, GNPs seem to perform as cooling points in the epoxy
matrix driving in this manner the negative effect of the post-curing process to begin

later (after 6 hours of post-curing).

In general, both Ty, curves, i.e. curves of 50°C and 100°C, run in the same
manner. Therefore, the flexural behavior of the composite is similar for post-curing at

glass transition temperature (Ty) and for a temperature considerably higher.

This observation can be explained on the ground of the laminated composites’
main deformation mechanism. Since the flexural performance of a laminated
composite is mainly controlled by the reinforcing fabric, it is reasonable that the
curves for different Tpc values run in the same manner. The matrix material, which is
the one affected by the thermal exposure (this temperature is too low to affect E-glass
fabric), affects only the values of the vertical axis of the curve, i.e. the flexural strength,
and not the form of the curves. More specifically, it seems that as the post-curing

temperature increases, the flexural strength slightly increases for all tpc.

The performance drop occurs later for the laminated nanocomposites, see
Figure 4.6, compared to nanocomposite laminae, see Figure 4.4. The interlaminar
regions of the laminates include less interface area, due to the lack of epoxy/fiber
interfaces, than the lamina regions. In these regions (interlaminar) the number of
voids formed is significantly lower as compared to the respective one of the lamina
regions. This leads to a consequent reduced percentage of voids in any cross-section.

Therefore, the performance drop starts in greater time.

Regarding thermal properties, in the majority (75%) of the tested post cured
samples, the loss of weight begins later than that of the reference samples that did

not undergo any post-curing. Also in the majority of the post-cured samples, the
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thermal degradation seems to take place earlier (at lower temperatures) for a post-

curing temperature of 100°C than for 50°C (Figure 4.8).

The thermogravimetric analysis also certified the weight percentage of the
graphene-based resin composite of the post cured samples, which was found to be
between 37% and 43% w/w in the 1st series of samples, and between 37.6 and 43.2%
w/w in the 2nd series. The combustion of resin and graphene is completed at 700-
750°C. From 750°C onwards, the combustion is significantly decelerated and reaches
a plateau at 800°C. The material that remains is glass fibers, the combustion of which

takes place at higher temperatures.
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Figure 4.8. SEM micrograph showing a longitudinal view of a nanocomposite lamina with 2% wt GNPs
reinforcement (Seretis et al. 2017c).

4.6.3. Conlusions

Based on the experimental results, it could be concluded that short post-curing
processes are beneficial for the mechanical performance (UTS and strain at break) of
the final nanocomposite laminae. Additionally, for post-curing temperatures greater

than glass transition temperature, the lower the post-curing temperature is the better
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behavior of the nanocomposites can be observed in terms of the mechanical
properties. Also, it was observed that greater values of the post-curing parameters
(temperature and time) lead to deterioration of the nanocomposites’ mechanical
response. This may be related to the different thermal expansion coefficient of all the
involved components, i.e. graphene nanoplatelets, glass fibers and epoxy matrix.
More accurately, while the composite laminae undergo thermal cycles during post-
curing, voids may be formed on the graphene/epoxy or epoxy/fibers interfaces leading
to an interface interruption (Rudd et al. 2013). However, since in previous studies the
negative effect of the post-curing process on the mechanical performance starts
immediately, it seems that GNPs perform as cooling points in the epoxy matrix leading
in this manner this negative effect to start later (after 4 hours for tensile and 6 hours

for flexural performance).

On the other hand, post-curing seems to boost the thermal properties of
nanocomposite laminae in all post-curing conditions. Specifically, there is a tendency
for deceleration of the resin’s combustion rate (smaller slope of the curve and higher
temperature of the first weight drop) not only as the post-curing temperature
increases, but also as the post-curing time increases. This opposite relation between
mechanical and thermal properties has been previously reported for ceramic matrix

composites with fiber reinforcement (El Yagoubi et al. 2010).

In regard to the laminates, an increase in post-curing temperature improves the
flexural strength. Regarding its relation to the post-curing time, it was observed that
the best values were for a set of combinations of post curing temperature and time
100°C/2h and 50°C/6h. This is aligned with the literature since the best results are
expected for post curing of laminated structures in conditions of either lower
temperature and more time, or higher temperature and less time (Yoon et al. 2011).
Regarding thermal properties, in 75% of the post cured tested samples, the loss of
weight begins later than that of the reference samples that did not undergo any post-
curing process. Finally, the thermal degradation seems to begin earlier (at lower

temperatures) for post curing temperatures of 100°C than for 50°C.

Summarizing, the following general remarks may be drawn from the
experimental work described in this section of the manuscript:
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(a) Regarding nanocomposite laminae, greater values of post-curing parameters
(temperature and time) lead to deterioration of the nanocomposites’
mechanical response. This may be related to the different thermal expansion
coefficient of all the involved components which result to an interface quality
drop. Even in this case, it seems that GNPs perform as cooling points in the
epoxy matrix postponing the negative effect to a later time.

(b) On the other hand, greater values of post-curing parameters seem to boost
the thermal properties of the nanocomposite laminae, since there is a
tendency for deceleration of the resin’s combustion rate not only as the post-
curing temperature increases, but also as the post-curing time increases.

(c) For the nanocomposite laminates, the best mechanical performance was
achieved for post-curing conditions of either lower temperature and more
time, or higher temperature and less time.

(d) Regarding thermal properties of laminates, the loss of weight begins later than
that of the reference samples, i.e. the samples that did not undergo any post-
curing process.

(e) The mechanical performance drop occurs later for the nanocomposite
laminates, compared to nanocomposite laminae. The interlaminar regions of
the laminates include less interface area, due to the lack of epoxy/fiber
interfaces, than the lamina regions, which leads to a consequent reduced

percentage of voids in any cross-section.

Investigation of the electrical properties of nanocomposite laminae and
laminates could be of interest for future studies. Since both thermal and mechanical
properties were found to be affected by the post-curing conditions, it is expected that
the electrical properties would be affected as well. Possible relation between
electrical and mechanical properties could potentially indicates that nanocomposite
laminae and laminates could be used towards the development of piezoresistive

sensors, for demanding applications (such as health monitoring structures etc.).
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4.7. Multi-objective optimization of the post-curing process for
nanocomposite laminae

Current studies on the effect of post-curing conditions on the produced
composite’s properties are very few and focus on the effect of post-curing
temperature on the properties of the produced composites, considering post-curing
time as a non-important factor. This study applies a Taguchi's design of experiment
methodology and multiple regression analysis in order to perform a post-curing
process optimization for GNPs reinforced glass fabric/epoxy nanocomposite laminae.
The experiments have been carried out, in the same manner as previously described
in this chapter, according to a Ly standard orthogonal array design with two factors,
i.e. post curing temperature (Tpc) and post-curing time (tpc), aiming to improve the
tensile properties (UTS and strain at break) of GNPs/epoxy nanocomposite laminae.
The proposed Multiple Regression models are statistically significant and adequate
because of their higher R? value. The predicted value from the developed model and
the experimental value are almost equal, indicating the significance of the models
developed. For both models it was observed that there was a very good agreement
between the estimated and the experimental values. Both Multiple Regression
models, i.e. for UTS and for strain at break, were converted into a two-fold function
for maximizing both criteria, and used as fitness function for a multi-objective

optimization genetic algorithm.

The selection of control parameters is the most important part in a design of
experiments. Therefore, a large number of factors are initially included so that the
non-significant variables can be identified easily. Factors like post-curing temperature
(Toc) and post-curing time (tpc) significantly influence the tensile behavior of the epoxy
matrix and, consequently, of the composite lamina. The effect of these two factors on
tensile performance of glass fabric/GNPs/epoxy nanocomposites is, therefore, studied
in this work using an L orthogonal array design. The selected levels of the two control

parameters are listed in Table 4.3.
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Table 4.3. Parameters and Design of Experiments (DOE) Levels (Seretis et al. 2018).

Level
Control parameter Units
I Il 1]
A: Post-curing time tpc 4 8 18 h
B: Post-curing temperature Tpc 80 100 120 °C

4.7.1. Taguchi results

The Taguchi Ls orthogonal array together with its response values and S/N/

ratio for both UTS and strain at break are presented in Table 4.4.

Table 4.4. Taguchi Ls OA response values and S/N ratio for UTS and strain at break in tensile tests (Seretis et al.
2018).

o - = o = 9
<= 7= % &5 &° 7§57 &°§57
1 4 80 58  4.1082 2.77 0.2049 35.2686 8.8496
2 4 100 66.44 4.2987 2.22 0.1891 36.4486 6.92706
3 4 120 51.4 4.9763 1.93 0.1646 34.2193 5.71115
4 8 80 47.11 4.8104 1.94 0.1931 33.4623 5.75603
5 8 100 49.93 4.4598 1.94 0.1972 33.9672 5.75603
6 8 120 43.62 4.3923 1.81 0.2162 32.7937 5.15357
7 18 80 41.55 4.8571 1.76 0.2298 32.3714 4.91025
8 18 100 42.41 4.9168 1.43 0.2363 32.5494 3.10672
9 18 120 40.4 4.6700 1.44 0.2467 32.1276 3.16725

The main effects plot for the main effect terms in UTS and strain at break for
factors Tpc, and t,c are shown in Figures 4.9 and 4.10, respectively. It has been
observed that both UTS and strain at break decrease by increasing the post-curing

time (tpc), showing almost the same reduction rate, since their curves run in the same
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manner. However, the post-curing temperature (Tpc) increase seems to have a totally
different effect. Specifically, by increasing Ty, strain at break decreases, with a lower
reduction rate this time, but UTS increases for T,c up to 100°C and decreases for

further Tpc increase.
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Figure 4.9. Main effect plots for UTS for Temperature (Tp.) and Time (t,) factors (Seretis et al. 2018).
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Figure 4.10. Main effect plots for strain at break for Temperature (T,c) and Time (t,c) factors (Seretis et al. 2018).
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4.7.2. Analysis of Variance

Using Analysis of Variance (ANOVA), the hypothesis that the means of two or
more populations are equal is examined. The significance of one or more factors by
comparing the response variable means at the different factor levels is being
evaluated by this statistical tool. It was observed that the most significant factor for
both UTS and strain at break is post-curing time (tpc) at 95% confidence level, as can
be seen in Tables 4.5 and 4.6. More specifically, post-curing time (tpc) found to control
the 75.42% of UTS and the 61.99% of strain at break. In order to evaluate the ANOVA
results, two conformation tests were performed and presented in Tables 4.7 and 4.8
comparing actual values and optimal ones, which can be predicted using Eqg. (1)

(Hakimian and Sulong 2012).

Nopt = Ny + Z?=1(ni - Ny) (1)

where: nn is the total mean of the response (UTS and strain at break respectively) and
characteristic under consideration; njis the mean values at the optimum level and g is
the number of control factors that significantly affects post-curing process of the

nanocomposite.

Table 4.5. ANOVA for UTS value, without interaction (significant at 95% confidence level) (Seretis et al. 2018).

Source DF Sum o(fsz?uares Mea{\“:;uare F-value  P-value
Time 2 461.5 230.75 20.65 0.008
Temperature 2 90.99 45,5 4.07 0.108
Error 4 44.69 11.17
Total 8 597.18

S =3.34256 R?2=92.52% R? (adj) = 85.03%
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Table 4.6. ANOVA for strain at break value, without interaction (significant at 95% confidence level) (Seretis et al.
2018).

Mean Square

Source DF Sum of Squares (SS) (M) F-value P-value
Time 2 0.87562 0.43781 11.21 0.023
Temperature 2 0.28962 0.14481 3.71 0.123
Error 4 0.15618 0.03904
Total 8 1.32142
$=0.197597 R?=88.18% R? (adj) = 76.36%
Table 4.7. Confirmation table for UTS (Seretis et al. 2018).
Parameter Optimal Parameter
Tp(;= 100 OC, tpc= 4 h
Experimental Predicted
UTS [MPa] 66.44 66.58
Error % 0.21%

Table 4.8. Confirmation table for strain at break (Seretis et al. 2018).

Parameter Optimal Parameter
Toc=80°C, tpc=4h
Experimental Predicted
Strain at break 577 563
[mm/mm]
Error % 5.05%

4.7.3. Multiple Regression Analysis with Backward Elimination

Regression analysis is a statistical process for approximating the relationships
between variables. It is a method for modelling different variables. It helps to
understand how the dependent variable deviates when anyone of the independent
variables is changed (Quiroga et al. 2016). Multiple Regression Analysis was carried
out for both UTS and strain at break considering all factors (Tp, tpc) as independent
variables. Normal probability of regression equation were also plotted in Figures 4.11
and 4.12 for UTS and strain at break, respectively. The ANOVA performed on the
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regression models for UTS and strain at break values versus the independent variables

are provided in Tables 4.9 and 4.10 respectively.

The backward elimination applied to all the variants included in the regression.
The effect of removing a variable on residual mean square (MSres) was assessed for
each variable, and the variable with the least effect on increasing MSes was removed
if it did not increase the a ratio for removal, Fou: (here, a = 0.1). The process continued
until removal caused a significant change in MSy.s, when that variant was left in and

no further removals were done.

The formulated equations that allows for the prediction of the tensile
performance of the nanocomposite by altering the post-curing temperature (T,c) and

the post-curing time (tpc) are the following:

UTS = —439.4 + 66.44 X t,, + 10.88 X Ty — 2.306 X t,.2 — 0.05575 X T,.> —
1.5 X tpe X Tpe + 0.05191 X tp.2 X Ty + 0.007657 X t,c X Tpe” — 0.000264 X
tpc? X Tpe” 2

Strain at break = 19.79 — 3.718 X t,,. — 0.2951 X T, + 0.01655 X t,,.% +
0.001225 X Tpe? 4 0.06399 X tpe X Tpe — 0.002931 X t.2 X Ty, —
0.000277 X tpe X Tpe” + 0.000013 X .2 X Tye” (3)

In Figures 4.13 and 4.14, a comparison between the theoretical model,
comprised from Egs. (2) and (3), and the experimental results for both UTS and strain
at break is presented. It can be easily observed that experimental and theoretical
results always show an almost perfect correlation. Therefore, the equations of the
above theoretical model are a useful tool to accurately predict the tensile behavior

(UTS and strain at break) of the post-cured nanocomposites.
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Figure 4.11. Normal probability of regression equation for UTS (Seretis et al. 2018).
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Figure 4.12. Normal probability of regression equation for strain at break (Seretis et al. 2018).
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Figure 4.13. Comparison between the experimental results and the theoretical values of UTS (Seretis et al. 2018).
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Figure 4.14. Comparison between the experimental results and the theoretical values of strain at break (Seretis et

al. 2018).

Table 4.9. ANOVA for the UTS regression model (significant at 95% confidence level). Source A represents t,c and
source B represents Ty (Seretis et al. 2018).

Source DF SeqSS Contribution AdjSS AdjMS
Regression 8 597.183 100.00%  597.183 74.648
A 1 373.745 62.58% 9.326 9.326
B 1 21.056 3.53% 31.742  31.742
A*A 1 87.756 14.69% 5.932 5.932
B*B 1 69.935 11.71% 33.471 33.471
A*B 1 6.718 1.12% 11.388 11.388
A*A*B 1 0.757 0.13% 7.2 7.2
A*B*B 1 29.72 4.98% 11.904 11.904
A*A*B*B 1 7.496 1.26% 7.496 7.496
Error 0 0 0.00% 0 *
Total 8 597.183 100.00%
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Table 4.10. ANOVA for the strain at break regression model (significant at 95% confidence level). Source A
represents t,. and source B represents T, (Seretis et al. 2018).

Source DF SeqSS Contribution AdjSS AdjMS

1.32142 100.00% 1.32142 0.16518
0.80622 61.01% 0.0292  0.0292
0.27735 20.99% 0.02336 0.02336
0.06941 5.25% 0.03054 0.03054
0.01227 0.93% 0.01617 0.01617

Regression 8
1
1
1
1

A*B 1 0.03609 2.73% 0.02071 0.02071
1
1
1
0
8

A
B

A*A
B*B

A*A*B 0.09901 7.49% 0.02295 0.02295
0.00323 0.24% 0.01554 0.01554

A*B*B

A*A*B*B 0.01785 1.35% 0.01785 0.01785
0 0.00% 0 *

1.32142 100.00%

Error

Total

4.7.4. Post-curing optimization using a genetic algorithm

To determine the optimal values of the post-curing parameters (Tp, toc) that
contribute to the maximum values for both tensile performance criteria, i.e. UTS and
strain at break, a genetic algorithm based optimization process was applied. The
solution of the above task lies on the multi-objective optimization concept. The
multiple regression models for both criteria of Egs. (2) and (3) were converted into a
MATLAB® function for maximizing UTS and strain at break, leading to the two-fold

function of Eq. (4).

. 1
max UTS _ min (<)

] - . 1
max Strain at break min(———)
Strain at break

maXf(Tpc» tpc) = { (4)

Eg. (4) was the fitness function for the multi-objective optimization GA of
MATLAB® optimization toolbox. For the optimization process a population size of 30

individuals (15 x number of variables) was specified to evolve for 750 generations with
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0.8 probability single point crossover and a constraint dependent mutation function.
The algorithmic parameter values were selected as recommended by the optimization
toolbox employed, i.e. the migration interval was set to 20; migration fraction was set

to 0.2 and Pareto fraction was set to 0.35.

The Pareto-optimal solutions obtained together with their corresponding
performance values are summarized in Table 4.11. The average distance between
individuals (candidate solutions) referring to the objective values as well as the
formulation of the Pareto-optimal front consisting of the final solutions set is depicted
in Figure 4.15. As shown in Table 4.11, the minimum individual distance was obtained
for solution 9. Therefore, the respective Pareto-optimal fonts indicate that the post-
curing process is optimum, as per the maximization of tensile performance (i.e. of both

UTS and strain at break), for Tpc = 80 (°C) and tpc = 4 (h).

Table 4.11. Pareto font-function values and optimal post-curing parameters (Seretis et al. 2018).

1 4.00000 80.00000 1.2939
2 4.00012 96.63306 1.4103
3 4.00012 96.63306 1.4103
4 4.02245 83.59961 1.3223
5 4.00000 80.00000 1.2939
6 4.00026 81.16243 1.3017
7 4.01114 88.57950 1.3545
8 4.00153 82.64197 1.3119
9 4.00011 92.45425 1.3800
10 4.00025 93.82278 1.3898
11 4.00797 90.02413 1.3641
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Figure 4.15. Average distance between individuals per generation and Pareto front (Seretis et al. 2018).

4.7.5.

Conclusions

Based on the UTS and strain at break experimental results as well as the

subsequent statistical analysis and genetic algorithm optimization the following

remarks may be drawn:

(a)

(b)

(c)

The parameter that affects most the performance of the post-cured
nanocomposite specimens is the post-curing time (t,c). However, both
parameters (tpc, Tpc) are significant.

The estimation of the post-curing parameters (tyc, Tpc) for optimum tensile
performance, i.e. for maximum UTS and strain at break, can be achieved with
a very low error.

Multiple Regression Analysis, combined with Backward Elimination, led to a
theoretical model, the correlation of which with the experimental results was
almost perfect. Therefore, the regression theoretical model can accurately
predict the tensile performance, i.e. both UTS and strain at break, of the post-

cured nanocomposites.
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(d) The optimum post-curing process, regarding the maximization of both UTS and
strain at break, can be obtained for temperature Tpc considerably greater than
the glass transition temperature T, (highly chemical kinetics controlled
reaction). However, even if the multi-parameter analysis shown that short
post-curing processes are needed to achieve UTS or strain at break maximum
values, in order to achieve a combined UTS and strain at break optimum

performance, a long post-curing process is required.
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Chapter 5. Effect of sonication process on
GNPs/glass fabric/epoxy laminated
nanocomposites

Abstract

Graphene nanoplatelets is one of the newest graphene particles used for this purpose, in
order to make polymer matrices both electrically and thermally conductive, simultaneously
enhancing their mechanical properties. However, GNPs morphology and therefore
properties as well are highly affected by the manufacturing/preparation method. It is newly
reported that waviness affects both thermal properties and electrical conductivity of the
GNPs reinforced nanocomposites.

The morphology of the embedded in a polymer matrix graphene nanoplatelets affects
significantly the properties of the nanofillers and, consequently, the properties of the
composite material. The waviness of the GNPs surface strongly affects the electrical
conductivity, as well as the thermal properties of the graphene nanoplatelets reinforced
nanocomposite. Since GNPs are of the newest graphene particles, very few studies have
been conducted to investigate their effect on each different property of the composite
matrix.

The morphological changes of a graphene nanoparticles are closely correlated with the
dispersion method applied. Of the most commonly used dispersion methods for graphene
nanoparticles is the dispersion through sonication. A sonication process modifies the
graphene surface morphology, giving the graphene a more wrinkled form. One of the two
forms of the sonication dispersion method, which are widely applied, is the sonication bath.

In the present study, the effect of different sonication bath process times on the
mechanical properties of GNPs/glass fabric/epoxy nanocomposites has been investigated.
Using a pure sonication bath dispersion method, this study focuses on the effect of
sonication process time on the above described characteristics and properties. Specifically,
three different times, 20, 40 and 60 min, were tested. The rest of the sonication process
parameters were kept constant, i.e. 100 W and 28 kHz. The effect of the sonication time on
the morphology of the graphene nanoplatelets was investigated using both a scanning
electron microscope (SEM) and an atomic force microscope (AFM). Based on the
microstructural investigations, the effect of the sonication time on the mechanical
performance was explained and discussed.
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5.1. Introduction

The morphology of the embedded in a polymer matrix graphene nanoplatelets
affects significantly the properties of the nanofillers and, consequently, the properties
of the composite material (Moriche et al. 2015, Prolongo et al. 2014). The waviness of
the GNPs surface strongly affects the electrical conductivity (Martin-Gallego et al.
2013), as well as the thermal properties of the graphene nanoplatelets reinforced
nanocomposite (Chu et al. 2012). Since GNPs are of the newest graphene particles
(Seretis et al. 2017, Shahil and Balandin 2012), very few studies have been conducted
to investigate their effect on each different property of the composite matrix.
However, for other carbon and graphene nanoparticles such as multi-walled carbon
nanotubes, which are commercially available for more time, experimental studies
have been carried out to investigate the effect of the nanoparticle morphology on the
final mechanical properties of the nanocomposite (Montazeri and Chitsazzadeh 2014,
Tang et al. 2013). The morphology of the nanofiller significantly affects the
nanoparticle/matrix interface interaction (Li et al. 2013, Starr et al. 2002, Wan et al.
2014) and, consequently, the deformation mechanism and the mechanical properties

of the nanocomposite.

The morphological changes of a graphene nanoparticles are closely correlated
with the dispersion method applied (Li et al. 2013, Monti et al. 2013, Moriche et al.
2015, Starr et al. 2002, Wan et al. 2014, Zegeye et al. 2014). Of the most commonly
used dispersion methods for graphene nanoparticles is the dispersion through
sonication (Li et al. 2013, Moriche et al. 2015, Starr et al. 2002, Wan et al. 2014, Zegeye
et al. 2014). Two different forms of the sonication dispersion method are widely
applied, the sonication bath and the probe sonication (Montazeri and Chitsazzadeh
2014, Vaisman et al. 2006, Yu et al. 2012). A sonication process modifies the graphene
surface morphology, giving the graphene a more wrinkled form (Moriche et al. 2015,

Pinto et al. 2013, Zegeye et al. 2014).

In the present Chapter of the Thesis, the effect of different sonication bath

process times on the mechanical properties of GNPs/glass fabric/epoxy
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nanocomposites has been investigated. Current research on this field lacks analytical
studies on the relation between the morphological characteristics occurred from a
pure sonication process (i.e. a sonication process which is not combined with other
dispersion methods (Moriche et al. 2015) and the final mechanical properties of the
produced nanocomposites. Additionally, one of the two most commonly used
sonication processes, i.e. using a probe sonicator (Li et al. 2013, Moriche et al. 2015,
Starr et al. 2002, Zegeye et al. 2014), cannot be easily applied on large scale
productions. Therefore, the sonication bath dispersion method (Montazeri and
Chitsazzadeh 2014, Vaisman et al. 2006, Yu et al. 2012) was used for this study to
facilitate the application of the results on such productions. Using a pure sonication
bath dispersion method, this study focuses on the effect of sonication process time on
the above described characteristics and properties. Specifically, three different times,
20, 40 and 60 min, were tested. The rest of the sonication process parameters were
kept constant, i.e. 100 W and 28 kHz. The effect of the sonication time on the
morphology of the graphene nanoplatelets was investigated using both a scanning
electron microscope (SEM) and an atomic force microscope (AFM). Based on the
microstructural investigations, the effect of the sonication time on the mechanical

performance was explained and discussed.

5.2. Materials

The matrix material of the nanocomposite laminates was the low-viscosity
Araldite GY 783 epoxy resin combined with the low-viscosity, phenol free, modified
cycloaliphatic polyamine hardener Aradur 2965, both purchased from Huntsman. The
glass transition temperature (Tgy) of the matrix mixture was 100°C and its pot life, i.e.
the time after mixing the matrix ingredients during which the matrix mixture remains
liguid in temperature 20°C and relative humidity (RH) 65%, was 35 min. These
temperature and relative humidity conditions were used during the manufacturing

process of the nanocomposite laminates produced.
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A Twill 2x2 (T2x2) E-glass fabrics of 280 g/m? density was used for matrix
reinforcement. The fabric used as well as its orientations in the nanocomposite
laminates can be seen in Figure 5.1. The properties of the fabrics used can be found in

Table 5.1.

.....
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0 45° -45

Figure 5.1. The E-glass fabric in the orientations used for the stacking sequence of the laminated nanocomposite
specimens, i.e. 0°, 45° and -45° (Seretis et al. 2018).

Table 5.1. Properties of the fabrics used.

Fabric type Twill 2x2 Uni-Directional
Filaments/yarn 1141 3230
Average yarn linear 1.9 dtex — 1.66 denier 2.3 dtex — 2.03 denier
density

Graphene nanoplatelets (GNPs) of surface area (S.A.) 500 m?/g, which were
also used as filler material, were supplied by Alfa Aesar. The average graphene flake
thickness within the structure of a GNP was 8-10 nm. Typical morphological

characteristics of these nanoparticles are presented in previous sections.
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5.3. Sonication process

Weighed amounts of pre-dried graphene nanoplatelets (GNPs), which were
used for matrix reinforcement, were stirred gently into the epoxy resin using a
laboratory mixer. For the above mechanical stirring process, the speed was 200 rpm
and the process time was 25 min (Seretis et al. 2017, Seretis et al. 2018) to ensure
homogeneity of the suspension. Subsequently, the resin/GNPs mixture underwent
different sonication bath processes (Montazeri and Chitsazzadeh 2014, Seretis et al.
2018, Vaisman et al. 2006, Yu et al. 2012). One of the main parameters for all
sonication processes is sonication time (Yu et al. 2012). Therefore, three different
commonly used process times were employed for sonication processes at 100 W and
28 kHz, which are commonly used sonicator characteristics (Bittmann et al. 2009,
Durge et al. 2014, Yu et al. 2012). Specifically, the sonication process times used were
20, 40 and 60 min (Bittmann et al. 2009, Durge et al. 2014, Moriche et al. 2015, Seretis
et al. 2018, Yu et al. 2012).

5.4. Fabrication of the nanocomposites

After the sonication process was completed, the hardener was added in the
mixture at the manufacturer recommended resin/hardener proportion, i.e. a weight
ratio 2:1. A additional 5-min mechanical stirring process at 200 rpm was applied to the

resin/GNPs/hardener mixture before it was used for the preparation of the specimens.

Five different GNPs w.t. contents, i.e. 1%, 2%, 3%, 4% and 5%, were used to
produce the laminated nanocomposites. Nanocomposites of each GNPs content
included specimens, the matrix mixture of which was produced using different
sonication times, i.e. 20, 40 and 60 min (Seretis et al. 2018). For each GNPs content,
an additional specimen series without any sonication process applied was produced

for comparison.
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All specimens were manufactured using a hand lay-up procedure. The prepared
matrix mixture was coated under constant stirring and hand-rolled on E-glass fabrics
in layer sequence. Four E-glass fabric layers in [0° /45°/-45°/0°]T sequence were
employed for each specimen. In order to achieve a 40+1% by volume epoxy
reinforcement in all specimens, both the fabric and the amount of resign used for
coating were weighed before each hand lay-up process as well as after solidification

(Seretis et al. 2017).

The total size of each specimen which underwent 3-point bending tests was 126
x 12.7 x 1.3 mm, as in accordance with ASTM D790-03 test method. The dimensions
of all the specimens which underwent tensile tests were 126 x 13 x 1.3 mm according
to the ASTM D3039/3039M standard test method. All specimens were cut at their

testing dimensions using a Struers Discotom-2 along with a 40A25 cut-off wheel.

The evaluation of whether the use of tabs in the holding regions was necessary
for the specimens which underwent tensile tests was carried out according to the
aforementioned ASTM standard test method for tensile testing. The theoretical tab
limits were marked on each specimen, see Figure 5.2. If the failure occurs between
the holding region and the theoretical tab limit, tab should be applied to all specimens.
As can be seen in Figure 5.2, since the breaks occurred in the control region (gage
length), i.e. between the theoretical tab limits, no tabs were recommended from the

standard test method.

After the hand lay-up process, each specimen was left to cure at ambient
conditions for five days, according to manufacturer guidelines. Eight specimens of
each GNPs content and of each sonication time were prepared and underwent each

test (tensile and 3-point bending).
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Figure 5.2. Holding regions, theoretical tab limits and control region (gage length) of the nanocomposite
specimens for tensile testing. The failure, which is used for evaluation of tabs necessity, occurred in the center of
the control region (Seretis et al. 2018).

5.5. Experimental set-up and tests

An Instron 4482 test machine, the capacity of which was 100 kN, was used for
the experiments. All tests, i.e. tensile and 3-point bending tests, were performed in
the standard laboratory atmosphere of 23+1°C and 50+5% relative humidity in
accordance with ASTM D3039/3039M and D790-03 test methods. Test conditioning
was kept constant for 6 hours before each test. The support span was set at 78 mm to
meet the span-to-depth specification of the test method. The radius of the support
rods and head contact rod was 5 mm. The test speed for both mechanical tests (tensile
and 3-point bending) was selected equal to 2 mm/min, as recommended in the above

ASTM test methods.

A FEI Quanta 200 Scanning Electron Microscope equipped with an EDAX device
for energy dispersive X-ray spectroscopy and a DME DS 95-E Atomic Force Microscope

were used for microstructural investigation of the specimens, in order to evaluate the
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dispersion of the particles, the coating quality and the morphological changes of the

nanoparticles after sonication.

5.6. Results and discussion

The nanofillers content are of great importance, since the final laminated
nanocomposite properties are strongly dependent on them. Another factor that
affects these properties is the morphology of the nanoparticles used as filler materials.
Therefore, a study on different GNPs contents with different sonication dispersion
processes, which affect the morphology of the graphene nanoplatelets (Moriche et al.

2015, Seretis et al. 2018), is presented.

5.6.1. Microstructural characterization of the GNPs

The sonication process was found to significantly affect the morphology of the
graphene nanoplatelets. Specifically, the sonication time increase leads to a more
wrinkled structure of the GNPs (Pinto et al. 2013, Seretis et al. 2018, Zegeye et al.
2014). This effect was clearly observed using Scanning Electron Microscopy (SEM).
However, it was difficult to extract specific conclusions for the GNPs structure after
short sonication times, i.e. 20 and 40 min, using SEM. For these two cases, additional

observations and measurements carried out using an Atomic Force Microscope (AFM).

The surface of a GNP after 20 min of sonication is presented in Figure 5.3. The
surface of the nanoparticle can be observed almost flat, with possible small curvatures
close to its boundaries. Figure 5.4 presents the surface of a typical GNP after 40 min
of sonication. In this case, the curvatures of the surface can be observed on the whole
surface area of the GNP and the structure of the nanoparticle looks more wrinkle.
However, it is difficult to have specific conclusions drawn from these pictures and,

therefore, additional observations have been made for these two cases using AFM.
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Figure 5.3. SEM micrograph showing typical GNP surface after sonication time 20 min (Seretis et al. 2018).

10.0pm

Figure 5.4. SEM micrograph showing typical GNP surface after sonication time 40 min (Seretis et al. 2018).

A typical GNP after sonication time 20 min can be seen in Figure 5.5. GNPs in
the epoxy matrix for the same duration of the sonication process can be found in
Figure 5.6. The surface of the nanoparticles could be characterized by a slight
curvature, as can be observed in the linear height distribution along its surface, see

Figure 5.7. The wrinkled surface of a typical GNP after sonication time 40 min, together
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with its linear height profile, are presented in Figure 5.8. Measurements on the
boundaries of the GNP, which show the GNP’s thickness, can be found in Figure 5.9.
The sonication process alters the Van der Waals interactions between the graphene
layers that constitute a GNP (Zegeye et al. 2014), allowing such surface modifications
and consequent defects like the wrinkled topology at the nanoscale (McAllister et al.
2007, Schniepp et al. 2006). However, even this nanoscale surface roughness can be
considered as a defect (McAllister et al. 2007, Schniepp et al. 2006, Zegeye et al. 2014),
it may enhance the mechanical interlocking of the GNPs with the polymer chains

resulting in a better adhesion quality (Starr et al. 2002).
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Figure 5.5. AFM micrographs showing typical GNP surface after sonication time 20 min (Seretis et al. 2018).
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Figure 5.6. AFM micrographs showing typical GNP surface after sonication time 20 min (Seretis et al. 2018).
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Figure 5.7. AFM micrographs showing the linear height profile of a GNP after sonication time 20 min as well as
the GNP boundaries using an edge detection filter (Seretis et al. 2018).
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Figure 5.8. AFM micrographs showing typical GNP surface after sonication time 40 min together with its linear
height profile (Seretis et al. 2018).
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Figure 5.9. AFM micrographs showing height measurements at the boundaries of a typical GNP after sonication
time 40 min (Seretis et al. 2018).

The effect of the sonication process on the GNPs’ morphology differs in the
case of sonication time 60 min. The structure of the nanoparticles is presented non-
continuous due to several fractures detected on the surface of the GNPs. Typical GNP
after sonication time 60 min can be seen in Figure 5.10. The developed residual
stresses (Moriche et al. 2015) for this sonication process are quite high and the

wrinkles very sharp leading to the fracture of the graphene layers (Seretis et al. 2018).
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The wavy/wrinkled surface still exists, but due to the fractures there are several sharp

edges on the GNPs’ surfaces, see Figure 5.10.

Figure 5.10. SEM micrograph showing typical GNP surface after sonication time 60 min (Seretis et al. 2018).

5.6.2. Effect on the tensile performance

The morphological changes caused to the GNPs because of the sonication
processes consequently affect the tensile performance of the produced
nanocomposites. This is mostly due to the different interaction between the graphene
nanoplatelets and the epoxy matrix that occurred for the morphologically modified
nanoparticles (Pinto et al. 2013, Yu et al. 2012, Zegeye et al. 2014). The planar
morphology of the graphene layers that constitute a GNP lead to a very weak
graphene/epoxy matrix interface (Pinto et al. 2013, Prolongo et al. 2014, Raza et al.
2012). This weak interface prevents the load transfer from matrix to nanofiller and,
therefore, the nanofillers perform as stress concentrators leading to a decrease of the
mechanical properties of the nanocomposite (Prolongo et al. 2014). To avoid this
effect, the enhancement of the graphene/epoxy matrix interaction is required (Li et
al. 2013, Prolongo et al. 2014, Wan et al. 2014). The wrinkled graphene nanoplatelets
surface after sonication can increase the graphene/matrix interface strength due to

an additional mechanical interaction it provides.
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The effect of the GNPs content on the tensile performance of the produced
nanocomposites for all different sonication times tested is summarized in Figure 5.11.
For all sonication times Ultimate Tensile Strength (UTS) increases with GNPs content
increase. This effect is known for bi-directional fabric reinforced GNPs/epoxy
nanocomposites without sonication process applied (Seretis et al. 2017). However,
this effect is not significant since the UTS increase is quite low, as can be also seen in
Figure 5.11. While the sonication time increases the UTS increase becomes more

significant, taking its maximum value for sonication time 60 min.
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Figure 5.11. Ultimate Tensile Strength VS GNPs content for all different sonication times tested (Seretis et al.
2018).
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The effect of the sonication time per GNPs content on the tensile performance
of the composites is also summarized in Figure 5.12. For all GNPs contents UTS
increases with sonication time increase. Curves for all GNPs contents run exactly in
the same manner. While the sonication time increases the morphology of the GNPs is
changing taking a progressively more wrinkled form. This leads to a consequent
stronger graphene/epoxy matrix interface. Due to this strong interface the wrinkled
graphene nanoplatelets may perform as spring elements on the in-plane level,
increasing the tensile performance of the nanocomposites. Additionally, a graphene
inter-layer frictional sliding can take place due to the Van der Waal’s forces between
the graphene layers that constitute a GNP, since Van der Waal’s forces can lead to
frictional move on the in-plane level (Lessel et al. 2013, Levitov 1989, Sheehan and
Lieber 2017). Because of this sliding mechanism, a subsequent stress releasing
mechanism is expected to take place on the GNPs boundaries, improving the stress

distribution on any in-plane direction, including the tensile direction.

5.6.3. Effect on the flexural performance

The morphological changes caused to the GNPs due to the sonication
processes affect the flexural performance of the produced nanocomposites as well.
The flexural strength of the nanocomposites increases with GNPs content increase up
to 4% w.t., while higher GNPs percentage lead to a consequent performance drop, see
Figure 5.13. This behavior, which can be observed for all different sonication times, is
common on composites reinforced with nanofillers and is possibly associated to
dispersion problems (Moriche et al. 2015, Seretis et al. 2017). Aggregates, which
perform as stress concentrators, are formed at high nanofiller contents due to the
decreased dispersion degree of the nanocomposites (Moriche et al. 2015, Seretis et

al. 2017). As a result, the flexural performance of the composites decreases.
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Figure 5.12. Ultimate Tensile Strength VS sonication time for all different GNPs contents tested (Seretis et al.
2018).

A sonication process changes the surface morphology of the GNPs from planar
to wrinkled (Moriche et al. 2015, Prolongo et al. 2014, Seretis et al. 2018).
Consequently, when a vertical flexural load is applied, there are regions where stress
accumulation is high, i.e. the edges of the wrinkled surface. The wrinkled surface of
the GNPs has sharper edges while sonication time increases, see Figures 5.7, 5.8 and
5.10. Therefore, the above described stress accumulation on the surface edges of the
wrinkled GNPs is getting greater values for progressively greater sonication times,

leading to a subsequent progressive drop of the flexural performance, see Figure 5.14.
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Especially for the sonication time of 60 min, the surface edges have the sharper form

they can get, due to the fractures occurred on the surface of the GNPs, as presented

in Figure 5.10.
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Figure 5.13. Flexural Strength VS GNPs content for all different sonication times tested (Seretis et al. 2018).
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5.7. Conclusions

Graphene nanoplatelets (GNPs) reinforced glass fabric/epoxy nanocomposite
laminates of different GNPs contents were produced using different sonication bath
times for the nanofillers dispersion. The produced nanocomposites underwent three-
point bending and tensile tests and examined using scanning electron (SEM) and
atomic force microscopy (AFM). Based on the experimental observations the following

general conclusions may be drawn:
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(a).

(b).

(c).

(d).

(e).

5.8.

The sonication process was found to significantly affect the morphology of the
graphene nanoplatelets. While the sonication time increases, the morphology
of the GNPs is getting a progressively more wrinkled form. For 60 min
sonication time the wrinkled form still exists, but the structure of the
nanoparticles is presented non-continuous due to several fractures detected
on the surface of the GNPs.

For nanocomposites with no sonication process applied, a GNPs content
increase improves the tensile performance of the nanocomposites. However,
the UTS increase is quite low.

While the sonication time increases, UTS shows the same increasing trend.
However, the UTS increase values are getting greater for greater sonication
times. Therefore, the maximum UTS increase can be observed for the
maximum sonication time and GNPs content tested, i.e. 60 min sonication and
5% w.t. GNPs. The progressively more wrinkled form of the GNPs surface
morphology, while the sonication time increases, leads to a consequent
stronger graphene/epoxy matrix interface, which allow GNPs to perform as
spring elements on the in-plane level, increasing in this manner the tensile
performance of the nanocomposites.

For nanocomposites with no sonication process applied, by increasing GNPs
content, the flexural strength is being initially increased and subsequently,
after the GNPs content of 4% w.t., it considerably decreases.

While the sonication time increases, flexural strength shows a clear decreasing
trend. This is due to the progressively sharper edges formed on the GNPs

wrinkled surface for progressively greater sonication times.
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Chapter 6. Summary of conclusions and

future works

In this last Chapter of the Thesis, a summary of conclusions is presented at a

higher level, concisely tailored for higher level discussion making. Conclusions and

summaries, which are also mentioned in the introductory section of the Thesis, are

extensively presented within each chapter in great details. Thus, the most important

results and conclusions of the research work performed are presented herein in short.

Together with the results and conclusions, suggestions for future research works are

presented as well:

Based on analytical research works on the Van der Waals forces between the
graphene layers of multi-layer graphene nanoparticles, the introductory finite
elements model showed that a frictional sliding may occur, under tensile
loading, between the graphene layers of a GNP. Therefore, the stress
accumulation on the boundaries of the GNP is much lower as compared to the
respective one on the boundaries of a single layer graphene nanoparticle. Such
numerical models based on experimental accurate measurement results taken
using Raman spectroscopy, which can measure the real stresses on the surface
of a nanoparticle, poses a lot of challenges for future research works.

The mechanism considered using the introductory finite elements model has
been proven correct within the analysis of the experimental work presented in
Chapter 2. The tensile performance of the GNPs reinforced nanocomposites
was found not only to be maintained in comparison with the non-reinforced
composite material, but also to be enhanced in many cases. This is due the

above-mentioned graphene layers sliding, which leads to graphene layers
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dislocations within a GNP, after tensile loading. The experimental measuring
of these dislocations for different tensile loads would be a quite challenging
research work, which could lead to the formulation of analytical models.
Regarding the curing and post-curing process analysis as per the mechanical
properties of the produced composites and nanocomposites, the commonly
used linear and quadratic-type regression models are of low accuracy. In order
to achieve a more accurate prediction, the use of the Poison regression model
was introduced in this Thesis. In practice, the prediction accuracy of the
specific model surpassed the R? value of 97%.

For composites without GNPs reinforcement curing, the significant curing
parameters for both tensile and flexural strength are temperature and
duration, at a 95% confidence level. For GNPs reinforced nanocomposites
curing, the significant parameters for tensile strength are temperature and
duration, at a 95% confidence level. However, as regards the flexural strength,
the duration is a non-significant parameter, since it affects the flexural strength
about 5.9%.

Based on the experimental results, it could be concluded that short post-curing
processes are beneficial for the mechanical performance (UTS and strain at
break) of the final nanocomposite laminae. Additionally, post-curing seems to
boost the thermal properties of nanocomposite laminae in all post-curing
conditions.

Finally, as regards the sonication bath processes, while the sonication time
increases, UTS shows the same increasing trend. The progressively more
wrinkled form of the GNPs surface morphology, while the sonication time
increases, leads to a consequent stronger graphene/epoxy matrix interface,
which allow GNPs to perform as spring elements on the in-plane level,

increasing in this manner the tensile performance of the nanocomposites.
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20voyn AwatpiBic

NepiAnyn

Ta vwdn ouvieta UALkd StavUouv Uio LakpOoxpov LoTopia O€ O, TL ApOopPd OTNV EPEUVA KAl
atn xprnon toug, kupiwc eéautiac twv povadikwy 1dtotitwv toug. Ot pilec Toug evromilovtal
OTOUC apyailouc akOUO XPOVoug, OTou EBPLOKAV EQPAPLOYEG TOOO OTATIKEG (xprion
OUVOETWY UAIKWV w¢ olkoSouULKd UALKA), 000 kal SUuVaULKEG (xprion vwdwv ouvOeTwv
TTOAUOTPWUATIKWY UALKWVY O BwpaKIOELS, LUE SLONUOTEPO EKTTIPOCWITO TO «Atvodwpoka»
tou Meyadov AAeéavbpou). Zto oUyxpovo koouo, to wwdn ouvieta UAika
XPNOLUOTTOLOUVTOL O avapiduUNTeG EPAPUOYEC TNG Kadnueptvng {wng kot tn¢ Brounxaviag
kade tunmou. Qotooo, ta «ouuBatika» cUVIsTA UAIKA otUTOU TOU TUTTOU, Ol EVICYUUEVEG
OnAadn untpeg ue iveg n updouata, Eyouv oxedov eéavtAnoet ti¢c dSuvatotnteg BeAtiwong
TwV 610TNTWV TOUG, 00Nywvtag E£TOL EPELVNTEG Kot Bounxavia va avalhtnoouvv
SLoPOPETIKOUC TPOMOUG evioyuonc Twy. ETol, Ta TEAeuTaia xpovia, n Epeuva EXeL oTpaPE(
otnVv evioxuon Twv eV AOyw oUVIETWVY UALKWV LIE TTIOLKIAEG LitkpodouEG kat vavodousg. H
SuTAn autn evioyuon tnc UNTpac, Tou UAikou dnAadn oto ormoio evowuatwvovtal ot SUo
TTPOaVAPEPIEVTEG TUTOL €evioyuong, €xeL obdnynoeL O UAIKA LE EVIUNTWOLAKOUG
ouvbuaououg SlotNTwv (unyxavikwv, Tepuikwv, nNAekTpikwv, k.d.). Eva amd ta
TIOAUTIUOTEPO UALKG yLa TETOLOU €L60UCG XpnoeLs exel amodeyJel To ypapevio, apou ol
1610TNTEC mou mpoadidel ota oUVIeTa UALkA OEV UITOPOUV va oUYKPLIOUV LUE KAVEVOC QIO
TOUG «QVTAYWVIOTECY» TOU. [ To AGYo auTO, €va ONUOVTIKO KOUUOTL TNG EPEUVAC EXEL
aplepwdel otn Onuioupyia VEwv Souwv ypaeviou, ol omoiec Va umopovoav va
TIPOOWPEPOUV aKOU KAAUTEPeG 1810TNTEC. H IO VEX LOp@n ypapeviou mou EXel
Snutoupynlei eivat ta nanoplatelets ypaeviou, mou amoteAovvtal amo MoAAAMAEG
OTPWOELC UOVOOTPWUATIKOU ypawitn (single layer graphene), (dlou mepimou unkoug kot
TAATOUG, Ol OTT0lEC CUYKpaTOUVTAL UETAEU TOUG UE aoPeveic Seououg Van der Waals. Noyw
™m¢ MoAU «veapnc» nAwkiac toug, oL vavodoueéc autég Oev €youv mpoAdaBel va
xpnouuormoin9el eUPEWG yla EPEUVNTIKOUG okomou¢. H mapouoa SilatplBn eéetalel tn
SuvaToOTNTH XPNOoNG TWV CUYKEKPIUEVWY VAVOSOUWY Ypapeviou yla evioyvon wwdwv
OUVIETWYV MTOAUCSTPWUATIKWY UALIKWV ETTOEELSIKNG UNTPOC.

H moapovoa Sidaktopikn StatpBi pe Bépa «Evioxuon wwdwv olvBetwv
TIOAUCTPWHATIKWY KATAOKEUWV UE VaVOSOUEC ypadeviou» apouctlaleTal apyLkad o
OUVETTUYUEVN Hopdr otnv EAANVLIKA YAWOooO Kal €V CUVEXELX aPATIOETAL TO KUPLWG
ocwpa NG dtatplprnc otnv AyyAwkn YAwooa, KaBwe autr) amoteAel Tnv KUpLa yA\wooa
ouyypadng. H emloyn tng ouyypadnig tng Statppng otnv AyyAki yAwooo £xeL SLTTO
otoxo. Npwrtiotwg, n anodoon kaiplwv 6pwv TG S1leBvolg opoloyiag yla To v Adyw
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ETOTNUOVIKO meblo otnv EAANVIK yAwooa eilval O OPKETEC TEPUTTWOELG
npoPAnuatikn A kot aduvartn. Mpokelpévou, Aowmody, va dtatnpnBel n mototnTA TNG
Slebvoug opoloyiag, NTav amoapaitntn n ouvyypadn tng datpBnig otnv AyyAkn
vAwooa. Eniong, 6edopévou OtL OAa Ta €ykplta SLeBv) EMIOTNUOVIKA TIEPLOSLKA Kall
OUVESPLA £XOUV WG MOV emionun YAwaooa TV AyyAlkn, eival mpodaveég otL n Stebvng
ETUOTNHOVLIKA KOowOoTnTa elval e€oKELWUEVN LE TN XPRoN TNG AyYALKAG YAWooOG Kal
opoloyiag. Q¢ €k ToUTOU, 0 OeUTEPOC OTOXOC TNG AVWTEPW ETUAOYNG €lval n

SleukoAuvon g mpooPaong otn StatplPr) amno tn Slebvr) EMLOTNUOVIKI KOLWVOTNTA.

Aoyw tN¢ mpoPAnuatikig amodoong SlebBvwv Opwv TOU OCUYKEKPLUEVOU
gmoTnUoVIKoU Tediou otnv EAANVIKN YAwooa, elval amopaitntn n enenynon tou
0poU «VvavoOOoUEG ypadeviou» TIOU XpnOLUOTIOLELTOL OToV TITAO NG Slatplpng.
Mpoketal yla amodoon Tou ayyAwoU oOpou «graphene nanoplatelets», mou
XPNOoLUoToLeiTal yia va urtoSeifel TTOANQMAEG OTPWOELG LOVOOTPWHATIKOU ypaditn
(single layer graphene), i6lou mepimou punKoug Kot TAATOUG, OL OTIOLEG CUYKpATOUVTAL

HETAEL Toug pe aoBeveic Seopolg Van der Waals.

H epeuvntik epyaocio mou mapoucldletal otnv moapovoa SLEAKTOPLKN
SlatpBn €xel amotunwbel péow OSnuooleloswv Oe £ykplta SleBvh EMIOTNUOVIKA
nieplodika (Seretis et al. 2017a) kal maykooula cuvédpla (Seretis et al. 2016, Seretis
et al. 2017b). MeplapPavel emniong epyacieg, oL omoiec €xouv UTOPANBEl yla
dnuooievon oe 6leBvny emiotnuovika meplodikd tou xwpou (Seretis et al. 2017c,

Seretis et al. 2017d, Seretis et al. 2018a, Seretis et al. 2018b).

ITn ouvéxela tou kKepalaiov autol akoAouBel cuvormTiki apouciocn OAwY
Twv KepoaAaiwv Tou Kupiwg cwpatog tng dtatppng otnv EAAnvik yAwooa. Etol, o
ovayvwotng Bo  omoKTAOEL Ml OPXLKH OUVOALKH €lKOVA TWV UALKWV TIOU
xpnotgorotdnkav, Twv HeBOSwvV mapaywyng, eAéyxou kal afloAdynong Twv
VAVOOUVOETWVY UAIKWY, TWV UTTOAOYLOTIKWY UEBOSWV (AVAAUTLKEG, OTOTLOTIKEG, K.4L.),
KOOWE KOl TWV ONUOVTIKOTEPWY OMOTEAECUATWY. OAa Ta Tapamavw mapouactalovral

OVAAUTIKA 0TO KUPLwG cwpa tng dtatplpng.



E.1. IKOMAG KoL AvTIKELpeEVO Slatpipng

O OKOMOC Kol TO OVTIKE(HEVO TNG mapouoag SlatplBng eival n HeAETN NG
duvatdtntag evioxuong Wwdwv cUVOETWVY TTOAUCTPWHUATIKWY UAKWVY EMOEELOLKNAG

UATPOG LE vavoSouEG ypadeviou TUMoOU nanoplatelets.

Ta nanoplatelets ypadeviou (GNPs) amoteAoUv tnv o cuyxpovn Hopdn
ypadevikwv vavodopwv. MNpokettat yla tEAeleg SLodlaotates SOUEG ATOUWY AvOpaka
0€ OXNUATLONO KUYPEAOELSOUG Sopng Le e€atpetikeg OLotnteg (Part and Ruoff 2009,
Shahil and Balandin 2012). Mia turmikr) kupehoeldrg Soun T€tolou TUMOU daivetal
oto IxNua 1. Ta GNPs amoteloUvtal omo OPKETEG OTPWOELG HLOVOOTPWHOTIKWY
VaVOKPUOTAAAWV ypaditn, oL omoiot eival én euputata SLadeSOUEVOL WG ECALPETLKA
UALKA yla evioxuon WOLoTNTwY KoL OywyLlHoTnTag, ocuvoedeévwy HETAEY TOUG UE
aoBeveig deopouc Van der Waals (Seretis et al. 2017a, Part and Ruoff 2009, Shahil and
Balandin 2012). Tumkn dwataén diodidotatwy vavokpuotadAlwy ypaditn o éva GNP

napouctlaletal oto IXHua 2.

Zxnpa 1. Tumikn KUWEAOELSNE Soun ATOUWY AVEIPAKA OTO YPaPEVLO.

AOyw NG TMOAU «veapnc» Toug nAwkiag, ot BiPAloypadikéc avadopég yia
EPEUVNTIKECG XpNoeLg Twv GNPs og evioxuon oUVOeTwWVY UAKWV Elval Tpog To apov

OPKETA TIEPLOPLOUEVEG. XpOVO HE TO XPOVO, OUWG, 0 aplBUos Twv avadopwy auTwv



avavel tayutata. Tov KupldtePo AGY0 QTG TNG auénong anoteAel n idta n doun Twv

GNPs.

Zxnua 2. Tumtikn popen nanoplatelet ypageviou (GNP) (Seretis et al. 2017a).

To KUPLOTEPO PELOVEKTNUO TWV EVIOXUMEVWV LE LOVOOTPWHATIKEG VOVOSOUEG
ypadeviou oUVOeTwV UAKKWY, Ta omola mapouctdlouv EVTUTWOLOKN av&non Twv
KQUTTTLKWY TOUG LOLOTATWY, €lval n tautoxpovn umofaduion Twv €eAKUOTIKWV
dlotitwyv Ttoug. Autd odeiletal kuplwg otn peyain Stadopd akauPiag peTall
ypadeviou Kol TTOAUHEPLKAC UNTPAC. XwpPIg var XAVOUV TIC EEALPETIKEC LOLOTNTEC TOU
HOVOOTpWUOTIKOU ypadeviou, adol amoteAoUvtol Ond OTPWOELS YPAPEVIKWV
emunédwy, ta GNPs, Aoyw twv aocBevwy deopwv Van der Waals mou ouykpatouv Tig
OTPpWOELG, TpoodEpouv T SuvatdTNTa CXETIKAG OAloBNoN¢ Twv otpwoswv. Etol,
AslToupywvtag cav va €xouv pia otabepd elatnpiou oto emimedo (in-plane),
HELWVOUV TN OUVOALKA akapia TG vavoSoung EMITPETOVTAC E TOV TPOTO AUTO TN
Statripnon 1 Kat avénon Twv ePEAKUOTIKWY EMISO0EWV TOU VOVOCUVOETOU UALKOU

(Seretis et al. 2017a).

Mpokelévou va yivel cadng 0 aVwWTEPW UNXAVIOUOG Kol va €€nynBouv ol
Slapopec petall povooTpwHatikoU ypadeviou kot GNPs otav autd eivat
EVOWMOTWHEVA O EMOEELSIKN UATPA, TTOPOUCLAlETAL N aVAAUCN HlaG oToLXELWSOUC
povadag oykou (unit cell) evog vavoouvBetou UALKOU amod KABe mepimtwon He xpron

TOU AOYLOULKOU TTOKETOU TEMEPAOHEVWY oTolxelwv ANSYS Workbench 17.0. Ao tnv



avaluon mou akoAouBel amoocadnviletal o Adyog unepoxng Twv GNPs évavtl Tou

HOVOOTPWUATIKOU ypadeviou.

Ito ZxNnua 3 mapoucldalovial oL YEWUETPpleG mou oxedldotnkav ylo KABe
niepinmtwon. To TAXog Kot To UALKO TV KOO Kal yla T SUo UATPEG. To MAEyUA TTOU

xpnotorou0nke mapouaotdaletol oto ZxNnua 4.

Zxnua 3. Newuetpieg oTolXELWOWVY HoVASWVY OYKOU O€ VAVOTUVIETH UALKC UE EVIOXUTN LOVOOTPWUATIKOU

ypapeviou (enavw) kat GNPs (katw).

Zynua 4. MAgyua mou ypnollomotjonke yLa tnv avaiuon twv vavooUvIeTwY UALKWY UE vioxuon

LOVOOTPpWUATIKOU ypageviou (emavw) ko GNPs (kdtw).



Kat ta 6Uo povtéda avaAuBnkav o€ otatik) €GeAKUCTIKA Katamovnon,
edapuolovtag tnv Bla epelkuoTik Hetatomion 1 um oe kABe TMAgUpPd, OMWG
daivetal oto IxNUa 5, Kal KOUMTIKA Katamovnon, ebapuolovroag U0 avtippormeg

pomég 5 UN x um oTtig (Sleg mAeupéc.

Jxnua 5. EpeAkuotikéc puetatomnioelg mou emBAndnkav kat ota SU0 UOVTEAQ.

OL Olemupaveleg  ypadeviou/emoeldikng  pntivng  TOU  HOVIEAOU
HOVOOTPWUOTIKOU ypadeviou, BA. IxAua 6, oplotnkav w¢ cuvdedepéveg (bonded).
JTO MOVTEAO TOU Tplwv oOTpwoewv/erunédbwv GNP OAeg oL  Semudaveleg
ypadeviou/emoleldikng untpag opiotnkay, emniong, wg ouvdedepéveg (bonded), evw
yla tig Sterudaveleg ypadeviou/ypadeviou emAéxBnke duvatotnta OXETIKNAG Kivnong

Ue TNV enidpaon tePNg, PA. Ixnuata 7 Kot 8, avriotolya.

ANSYS
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SYNUa 6. ALETILQPAVELEC YPAPEVIOU/EMOEELSIKIC PNTIVAG TOU LUOVTEAOU LUOVOOTPWUATIKOU YPAQEVIOU TTOU

oplotnkav w¢ ouvéedeuévec (bonded).
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synua 7. Alemipavelec ypageviou/smoelbikric pntivng tou povtéAou GNPS rtou opiotnkay w¢ ouvSEeSEUEVEC

(bonded).

H mopamdavw emiloyn tg OXETIKAG Kivnong umo tnv emidpaocn Tplwv Twv
dUAWV ypadeviou ou amoteAolV éva GNP £ywve BAoeL TOGO MAAALOTEPWY, OO0 Kall
VEWV ETLOTNHOVIKWY ONUOCLEVCEWVY TIOU UTIOSELKVUOUV Kivnon He TPLBEC Otav n
ouyKkpatnon npayuoatornoleital pe deopolg Van der Waals (Sheehan and Lieber 2017,
Lessel et al. 2013, Levitov 1989).TéAoG, OTLG ETULPAVELEG TOU IXAUATOC 7 ETUTPATINKE N
Kivnon povo oto eninedo XZ (in-plane), adou, pe tnv tautdypovn umootnpLen tng

UATPOG, oL SuVAUELS TPLBNG mou Adoyw Ttwv deopwv Van der Waals mapouoialovral



KQTA TNV amopdkpuvon Twv GUAAWV ypadeviou evog GNP (Levitov 1989, Lessel et al.

2013) ev eival epLkTo va uttepviknBoUv.
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Sxnua 8. Alemipaveleg ypageviou/ypapeviou tou ovtéAdou GNPs yia Ti¢ omtoie¢ emiAéxdnke SuvatoTnTo OYXETIKIG

kivnong ue tnv enidpaon tpLBrig.

Ooov adopd ota AndOévta anoteAéopata amnod Tig KapuPelg, PA. Ixnuata 9 Kat
10, eival epdaveg ot ta GNPs mapéxouv kKaAUTepn unoaotnplEn otn uRtea, adoul ot
HEYLOTEG TAOELG TIOU avamtuooovtal otov (6lo xpovo kat pe tnv idla dpoption (39.9
MPa) katd tnv kaupn elvol onUAVIIKA ULKPOTEPEG OE CUYKPLON HUE QUTEC TIOU

npogkuPav amnd To LOVIEAO LOVOOTPWHATIKOU ypadeviou (259.07 MPa).

Ita anoteAéopata Twv SU0 HoVTEAwV €vavtl epeAkuoTikng ¢optiong, PA.
Ixnuata 11 kat 12, evkoAa pmopel va StamiotwOel kot aAL n dtadopd peTald Twy
OQVATITUOCOPEVWY TACEWV, OL OMOLEC OTNV TEPIMTWON TOU HOVOOTPWHUATIKOU

ypadeviou eivat atodBntd peyaAuTtepeg.



Zxnua 9. AmoteA€ouara TOU UOVTEAOU UOVOOTPWUATIKOU YPAPEVIOU OE KOUTTTLKI) (POPTLON.

Zxnpa 10. ArtoteAéopata tou UovtéAou GNPs o€ KOUTTTLKT) (OpPTLON.

ANSYS
R17.0

Academic

e

Sxnpa 11. AtoteAéouata Tou LOVTEAOU UOVOOTPWUATIKOU YPAPEVIOU OE EPEAKUTIKY (QOPTLON.

ANSYS
R17.0

Sxnua 12. ArtoteAéauata tou ovtéAdou GNP o€ eQeAKUTTIKN QOPTLON.



Ito Ixnua 13, upmopel emiong va mapoatnpnBel n oxetkn oAioBnon mou
oupBaivel petafy twv GUANWV/oTpWoswV ypadeviou mou amotedovv éva GNP. 3tn
Suvatotnta autr) tou GNP yla oxetikrp oAloBnon Twv CUCTATIKWV-OTPWOEWY TOU
odeiletal kat n Stadopd TwV AVAMTUGCOUEVWY TACEWY OTA OpLa TNG VOVOSOUNG o€

oUYKPLON LE TO LOVOOTPWHUATLKO ypadevio, BA. Zxnua 14.

Jxnua 13. EoTIHOUEVN ATTELKOVION TWV ATTOTEAECUATWY OTA OpLa EVOs GNP.

Zxnua 14. ECTLHOUEV QTELKOVLON TWV QITOTEAECUATWY OTA OPLA EVOG LOVOTTPWUATLKOU YPOAPEVIOU.

AOYyW TNG OXETLIKAG AUTNC OAloBNoNC TwV oTpWoswv Tou cupPBaivel ota GNPs,
otav autd svtaxBoUlv os MOAUPEPLKN LATPA, SNULOUPYELTAL UIKPOTEPN CUGCWPEUON
TOOEWV oTa Opld toug. Etol, ta GNPs amoteloUv pia evioxuon yla ouvBeta
TIOAUCTPWHOTIKA UAIKA TIoU 08nyel ot mepattépw PeATiwon TNG KOUTTTIKAG
ouumeplPopPAC TOUG, O OUYKPLON UE TA NON EVIUTTWOLOKA OTOTEAECHUATA TNG
gvioxuong Ye VOVOSOUEG LOVOOTPWHOTLIKOU ypadeviou, Xwpilg va KOTAoTpEPEL TNV

edpelkuotikn toug enidoon (Seretis et al. 2017a).

10



I pia mpoomnaBela va mapaxBouv anoteAéopata dpeca eGAPUOCLUO TOOO O
Blopnxavikd eninedo, 600 Kol eupuTEPEG EPAPUOYES, N €PEUvVA TTOU TTapouaLaletal
elval Baolopévn otnv eupuTEPA XPNOLUOTIOLOUEVN UEDOSO TTapacKeUNG oUVBETWY

TIOAUOTPWHOTLKWY UALKWV PE Lvwdn evioxuon (uddopata).

Itnv mapouvca SwatplBr}, yw TNV KATAOKEUR Twv OUVOETWV WwWdwv
TIOAUCTPWHOTIKWY UAKKWV edapudobnke n uéBodog mapaywyng «hand lay-up»
(6laoTpwHATIK KATAOKEUN HE TO XEPL), TOU amoteAel pila amod T eupUTtepa
XPNOLLOTIOLOUEVEG HEBOSOUG Ttapackeung Tou kKAadou. Ta GNPs evtaxbnkav otnv
EMOELELOIKN UNTpa o popdn «pre-dried», adol dnAadn eixe adalpebel n vypacia

arno TG VOVOSOUEG.

Mia péBodog mpostolpaciag Twv vavodopwy Tou emiong xpnotpomnolnonke
Atav to «sonication», n €kBeor toug dnAadny og AouTpd UTEPNXWV, HE OKOTIO TNV
Tpomomnoinon tng popdoloyiag Toug. Eivatl yvwoto amo tnv PEXPL TWPO EPEUVA OTO
ypadévio, o povooTpwuatika dnAadn puAla ypaditn, 6tL n mopanavw Stadikacia
TIPOKAAEL KUHATWOELG oTNnV emipavela tou ypadeviou (Moriche et al. 2015). Av kot ot
ouvOnKkeg Tou «sonication» eival olyoupo OTL emnpedlouv Ta XAPOKTNPLOTIKA TWV
KULOTWOEWV QUTWV, N €PEUVO OTO CUYKEKPLUEVO QVTIKE(HEVO PploKeTal akOpa o€
TIOAU TPpWLHO oTadlo Kal dev €xouv e€axBel akplBry cuuMEPATUATA KOL AVAAUTLKEG
pnEBodol umoloylopou. Q¢ €k TouTou, eAéyxBOnke n emibpoaon Sadopwv xpovwv
€kBeong Twv vavodouwy 0To AoUTPO UTIEPAXWYV, KATA TO 0TAdL0 TNG MposToLllaciag,
ooov adopd ota HopPOAOYIKA XOPAKTNPELOTIKA TOUG OAAA Kol oTLG LOLOTNTEC TOU
TEAIKOU vVOVOOUVOETOU UALKOU TIOU TIAPAOCKEUAOTNKE HME TN  XPRon Twv

TpomomnolnUéVwyY popdoAoyikd GNPs.

TuAua tng SatpBrg aoxoAsital miong HUe TN CUUTMEPLPOPA TWV EVIOXUUEVWY
pne GNPs vavooUvOeTwv UAIKWV €MOEELSIKNC UATPOAC KOTA Tn Oepuikn Katepyaoia
«curing». EAéyxetal n onuovtikotnta KABe moapapétpou tng Sdtadikaociag curing,
6nAadn o xpovog, n Bepuokpacia kal o pubuog avénong tng, ywa ta mapaxbévra
vavooUVOETA UALKA KOl CUYKPIVETAL E TNV QVTLOTOLXN ONUAVTIKOTNTA TtIou a.dopq, OE
KaOe mepintwon, otn Stadikaoia curing Twv WBLwv cUVOETWV UALKWV XWPLG evioxuon
He GNPs. Akoun, mpaypatomnoleital BeAtiotonoinon Twv dladlkaolwy curing Kot ylo
TI¢ SU0 Katnyopiec VALKwV (Ue Kot xwpic evioxuon e GNPs) pe xprion TO60 LOVTEAWV
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ToAAQMAWV amokAloewv (yLa otoxeuon otn BeAtiotonoinon piag povo Wlotntag kabe
dopa), 600 Kal YEVETIKOU aAyopiBuou (yla otoxeuon otn BeATioTonoincn OAwv tTwv
dlotNTwy tautoxpova). Ta amoteAéopata Twy BEATIOTONMOINOEWY culnToUVTAL Kall
avaAuovtal ava mepimtwon. ZTo TR auto g StatplPng, mpoteivetal yla mpwtn
dopa n xprnon evog povtédou moAAanmAwv amokAlosewv (multiple regression model)
TIOU XPNOLUOTOLE(TAL KATA KOpOoV oTnV PuXoAoyia KAl TO OLKOVOULKA. MpOKeLTaL yLa TO
HovTéAo moAAamAwv amokAloewv Poisson, n Xprion TOU OMOIloOU ETUTPEMEL TNV
T(POCEYYLON GOLVOUEVIKA OLOUOXETLOTWY ATIOTEAECUATWY OE TTOCOOTO UEYAAUTEPO TOU

97% (Seretis et al. 2017d, Seretis et al. 2018a).

TEAOG, peAeTaTOl N CUUTEPLPOPA TWV EVIOXUUEVWY PE GNPs vavoouvBeTwv
UAIKKWV oe Sladikaoieg «post-curing». Itnv TOAU TIEPLOPLOUEVN OTO €V AOyw
oavtikeipevo umapyxovoa PipAloypadia, n omoia e€etalel ouvOeTa UAIKA Xwpic
evioyuon vavodouwv ypadeviou, ot dtadlkacieg post-curing avtyueTwrni{ovrol wg
duokn pBopad Twv cuVBeTWY UALKWY AOYyw £kBeon¢ oe Bepuokpaaotakd nedia, apou
napouotaletal va umofadbuilouv onNUOVTIKA TIG LOLOTNTEC TOUG. TNV moapouca
StatpLBn, mpoteivetal yla mpwtn opa n xprion TEtolou £i6oug Sladilkaolwy wg TUAM
™¢ dtadikaoiag mapaywyng Twv vavoouvBetwy UALKwy. H mapandvw mpoomndbela
eixe oav Baon t Bswpnon otL ta GNPs Ba pmopouoav duvnTika va AetoupyrnoouV
w¢ mupnves YPuéng tng emofeldikng pntpag kata tn Swadlkacia post-curing,
aAAGlovtag £ToL TN YVWwoTr cupmnepldopd Twv oclvOeTtwv UAKWV. Etol, oploBetiBnke
TiepLoxn Bepuokpactwy otnv onoia Sladikaocieg post-curing evioxUouv TG LIOLOTNTEG
TWV VOVOOUVOETWY UALKWY, ETILTPEMOVTAC LE TOV TPOTIO AUTO TNV €VTagh TOuG oTnV
napoaywylkn Stadikacio (Seretis et al. 2017b, Seretis et al. 2017c). Zav onueio
avadopdg yla tnv oplobétnon autn, xpnoluonoltnke n Bepuokpacia vaAwdoug

petantwong (glass transition temperature, Tg) TG LATPOAS.
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E.2. Enidpaon vavodopwv ypadeviov (GNPs) oti¢ LNXAVIKEG
L6LOTNTEG VWS WV cUVOETWV VALKWV ETLOEELSLKAG LATPOLG

OL KOUTTTLKEG LOLOTNTEC ElvalL ATTO TIG ONUOVTIKOTEPEG LOLOTNTEG TTOU ATALTOUVTOL
0€ KOTOOKEUQOTIKA OTOLXEla. ZuXVA, TO LVWN cUVOETA TMTOAUCTPWUATIKA UALKA, TIOU
CUVOVTWVTAL EUPUTATA OE KATAOKEVUEG, ALOTOXOUV VWPLG 0€ KA KOTA T Xprion Toug
(Omrani et al. 2015). Etol, €xel MPOKUYEL ETUTAKTLKN AVAYKN yla VEQ oUVOETA UALKA
HE BEATIWUEVEG KOUTTTIKEG LOLOTNTEG I YL EVioXUOT TwV NN umapxoviwy. Eva akoua
KOLVO TIPOPBANUA TWV EVIOXUCEWV UE VOVOSOUEG, TTOU armookomoUv ot BeAtiwon tng
KQUTTTIKAG oupmepldopds twv TmpoavadepBeviwy oUVOeTWYV UAKKWY, €lval n
uroBAaduLon TwV EPEAKUCTIKWY LOLOTATWY, KUPLlwE Aoyw NG HeyaAng Siadopdc

oakappiag petal Twv Souwv evioxuong Kal tTng MOAUUEPLKAG LUNTPOG.

210 KepaAalo auto tng SlatpLpng, emxelpeital n xprion GNPs yla tnv evioxuon
NG KOAUMTIKAG OUUMEPLPOPAC WwOWV OUVOETWYV TOAUCTPWHATIKWY  UALKWY
eMo&elSIKNG LATPAC, XWPLS TNV TauTtoXpovn umoBaduion tng ebeAKUOTIKAG EMidoong
TWV vavoouvBeTtwv UAKKWV. Ta GNPs, Adyw twv acBevwv deopwv Van der Waals mou
OUYKPATOUV TLC OTPWOELG LOVOOTPWHATIKOU yYpadeviou amo Tig onoieg anoteAovvTal,
npoodEpouv TN SuVATOTNTA OXETLKAG OALOBNONG TWV OTPWOEWV, AELTOUPYWVTAC, £TOL,
oav va £xouv pia otaBepd ehatnpiou oto eninedo (in-plane) mou PELWVEL TN CUVOALKN
akapia tng vavodouns. Me tov Tpomo auto eival ebiktr n Statpnon [ akopa Kat
N avénon twv epeAKUOTIKWV €TOO0EWV TOU vavoolvBetou UAkoU (Seretis et al.

2017a).

H ocuuneplpopd twv moapaxBévtwv vavooLVOETwV UALKwY emegnyeital Kal
oxoAlaletol pe Baon tnv emk@AuyPn Twv WWvV evioxuong amo ta GNPs, mou
Sladopormnoleital pe avénon tou mocootol GNPs, cUUPWVA UE TIC TTAPATNPIOELS TTIOU
MpoékuPav amo TNV NAEKTPOVIKN UIKpookormia ocdapwong (SEM) otnv omola

umoBAnBnkav ta dokiuLa.

E.2.1. YAwKQ
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To UAKO UNATPOG TIOU XPNOLUOTIOLNONKE yla TNV TELPOUATIKY HUEAETN TOU
mapovto¢ KepaAaiou Atav to peocaiou LEwOouC emMOLelSIKO CUOTNUA YEVIKWVY
edapuoywyv, Ue TNV EUMopLkr ovopaocia ES35A/B. Me to Opo emoeldikd cuotnua
umodnAwvetal o ocuvbuaopog tnNg emofeldikng pntivng ES35A Kal Tou OKANPUVTH
ES35B. H avaAoyia tou piypatog emogeldikng pntivng/okAnpuvtn ftav 2/1 uépn katd

Bapog, cLUdwWVA HE TG 0ONYLEC TOU KATACKELAOTH).

Ma Vv evioxuon tng pNTpag xpnopomnotnonke vakolidaoua tumou «E-glass»
oe OUo Oladopetikol TUTOUC TIAEENG.  ZUYKEKPLUEVA,  XPNOLUOTOoLnOnke
povodieuBuvtikd valolidaopa (UD) mukvéotntag 520 g/m? kot vaholipaopa mAEENG
Twill 2x2 (T2x2) rtukvotntog 280 g/m?2. Ot SVo mapamdvw TUToL UPACUATOC, KOBWE
KAl Ol Ywvieg TOmMoBETNONG TOUC OTA TIOAUCTPWHOTIKA OUVOETA  UALKQ,
napouvotalovtal oto xnua 15. Emiong, otov Mivaka 1 moapouocialovtal to

XOPAKTNPLOTIKA TwV SU0 TUTIWV VaAOUPACHATOC.

T e T

-
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d

1 o

';: <§ ™ IR :w . . .. " Y LXEXX K
3. F:J,5 g ] - e v . iy g iy g ' ‘,' .
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5. L l!1¢mni S A0mme L emm Lt T M 0mmT . L s 0 2 10mm
(a) (b) (c) (d) (e)
Jxnua 15. Yaolgaoua tumou «E-glass» mou xpnotuormotidnke: UD o€ ywvia toro9€tnong 0° (a) ko 90° (b) kait
T2x2 oe ywvia tortodtnonc 0° (c), 45° (d) and -45° (e) (Seretis et al. 2017a).

Mivakag 1. Xapaktnptotikd Twv vadoleaoudtwy mou xpnotuornotiOnkayv (Seretis et al. 2017a).

Tunog vaAoibpacparog Twill 2x2 (T2x2) Uni-Directional (UD)
AplBuog wibiwv ava iva 1141 3230

MEon yPaUULKN TIUKVOTNTA 1.9 dtex — 1.66 denier 2.3 dtex — 2.03 denier
vog
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Mo evioxuon TG €MOEELSIKNG UATPOC XPNOoLomolOnkav eniong vavoSouEg
ypadeviou TUmou «nanoplatelets» (GNPs) amoé tnv etalpia Alfa Aesar, n emupavela
(surface area) twv omoiwv Atav 500 m?2/g. Xapaktnplotiky popdr Twv eV Aoyw
vavoSopwVv mapouclaleTal oto IxAUa 2, Omou sival eudavig n MOAUCTPWHOTLKA

Sdourn toug.

E.2.2. Aladkacio TapaoKEUNG TWV EVIOXUUEVWY e GNPs

VOVOOUVOETWV MOAUCTPWHATIKWY UALKWV

Ma vo TPOETOLOOTEL TO eVIOXUMEVO He GNPs piypa emoeldikng pntpag,
{uylopéveg moootnteg GNPs avauixBnkav oe moodtnta €MoLeLSIKNG PNTivNG HE TN
Xprion epyootnplakou avadeuthipa yla pnxavikn avadeuon. H Stadikaoia avadsuong
npaypatonolionke pe toaxvtnta avadeuong 200 rpm yla xpovikn Sidpkela 25
Aemtwv. Ev cuvexeia, mpootéBnke 0 OKANPUVTAG OTO HiyHa, otnv TpokaBoplopévn
Qo TOV KOTaoKEUAoTH avaloyia, kal akoAouBnoe pia Sevtepn Sladikaoio avauEng
XPOVIKNG Sldpkela 5 Aemtwv pe taxutnta 200 rpm TPW TO HIyHo TNG MATPAC
xpnotgorownBel ywa tnv mapackeun twv Ooklpiwv. H mapamdvw Swadikaocia
xpnotpornotnke yla va StacpaAloTel n opoyevomnoinon tou evalwpnuatog (Seretis

et al. 2017a).

Ta katd Bdpog moocootd Twv GNPs ou cUVOALKA Xpnolponoliénkav Atav yla
Vv nepintwon twv UD valoldaoudtwy 1%, 2%, 3%, 4%, 5%, 10%, 15%, 20%, 25%
Kat 30%, evw yla TV nepintwon twv T2x2 vadoldaocpdtwyv 1%, 2%, 3%, 4%, 5%, 10%,
15% kat 20%. O opxlkog €AeyxoG Tmpaypatonow|Bnke o€ vavoouvOeta
TIOAUGTPWHOTIKA UAIKA pEe mooootd GNPs aufavopeva pe BApa 5% katd Bapog.
Noyw, opwg, ¢ otabepng emiboong mou mapatnpnbnke amod To MPWTO KLOAAG
oo0ooTo, SnAadn 5%, ntav avaykaia n xpron Uikpotepou Briuatog (1%) ota pikpd

nooootd GNPs. Me Tov tpormo auto Stapopdwbnkav oL avwTtEPw OELPEC SOKLULWY.
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H mapackeul Twv VOVOOUVOETWY TIOAUCTPWHOTIKWY  SOKIMiwV  Tou
e€etaocOnkav mpayuatonolOnke pe ™ pEBodo «hand lay-up» (Slactpwpatiki
KATAOKEUN WE TO XEPL). YMO ouvexr avadeuaon, To eVIoXUHEVO Pe GNPs piypa tng
eMOEELOIKNG UATPAG EYXUONKE TPOOSEUTIKA OTI OTPWOEL Tou uaAoldAaopaTod.
AkolouBnoe pia Swadikacio emiotpwong pHe xprion METAAAKOU PoAol KOl HE
Tautoxpovn aoknon ehadpag méEcswg (hand-rolled). ZuvoAwkd, n péBodOG

TIOPOLOKEVUNG TIAPOUCLATLETAL OXNUATIKA O€ TPLOSLAOTATN ATEIKOVION OTOo ZXNua 16.

Epoxy_ Metallic Rod —— UD [90°]

Zxnua 16. Synuatikn tplodlaotatn ammelkovion tne uedodou "hand lay-up" mou xpnotuomnotndnke. Sto oxnua

napouaotaletal eVOEIKTIKA N aAAnAouyia oTpwoewv Twv Sokiuiwv ue vadolioaoua UD (Seretis et al. 2017a).

Téooepelg oTpwoel vaAolpAaopaTog XpnoLlonoénkayv yLa TNV TapooKEUN
OAwv Twv dokLpiwy. TNV mepimtwon tng evioxuong pue UD vaAolidpaopa n aAAnlouyia
otpwoewv (stacking sequence) Atav [0°/90°/0°/90°]+, N toodUvapa [0°/90°],, KatL oTnV
nepintwon twv T2x2 vololdoaopdtwv nAtav [45°/0°/0°/-45°]r. H emloyn twv
TIAPATTAVW AAANAOUXLWYV TWV CTPWOEWV EYLVE AOYW TNG CUXVAG EMavAAnY ¢ Toug oE
OUVOETA TTOAUCTPWHATIKA UAIKA HUIKPOU TIAXOUG, OTIWG OUTH) EVIOMIOTNKE KATA TN

BBAloypadikn LeAETN.

Mpokelévou va emtevxBel amodekt) amd ta Siebvry mpotunma ASTM mou
xpnowomnowtnkav enavoAnPLuoTnTo oTa MELPOUOTIKA AMOTEAECUATA, N Vo)X TNG
KATA BApo¢ amokAlong Tou MocooTol eMOEELSIKNG LATPOG OTA VAVOOUVOETA UALKA

Atav +1%. Etol, To Katd BApOg TOo0oTO TNG EMOEELSIKNC UATPAG NTaV O KABe SokiLo
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Tlou xpnotonoldnke otnv mapovoa Statpfr 40+1%. Mo Tov EAEYXO TOU TTAPATIAVW
TooooToU, Ta valolddaopata Kal n eMofelSIKA LATPO TTOU XpnoLUomoonkav yla
kaBe Sokiplo Tuylotnkav tO600 TPV TN Stadlkacio MAPAOKEUNG, 000 KAl META TN

otepeomnoinon (solidification) tou kaBe mapaxBEvtog Sokiuiou.

Ta vavoouvBeta nmapayBévta dokipta uneBAROnoav o SokluEG epeAkuoUOU
Kal KAUPNG TPLWV ONUELWV KAl N TPOETOaCia Toug £ylve cUMdPwva He Ta SLebvn
npotuna. ASTM D3039/3039M kat ASTM D790-03, avrtiotolya. Ot SL00TACELS TWV
EVIOXUUEVWV Ue valolidaopa UD vavoouvBeTtwv SOoKLUIWY TTOU TIPOETOLUACTNKAV YL
SOKLUEG KAUPNG TPV onuelwv NTav 129 x 12.7 x 1.6 mm, eVw TWV OVTIOTOL{WV HE
evioyuon valolddaopatog T2x2 Atav 93.6 x 12.7 x 1.1 mm. Ta Sokipa mou
TIPOETOLUAOTNKAV YLo SOKLUEC ePeAKUCHOU eixav Staotdoelg 126 x 13 x 1.6 mm, otnv
nepintwon evioxuong pe UD vaholdaopata, kot 102 x 6 x 1.1 mm, otnv nepintwon
evioyuong pe T2x2 valolddaopata. OAa ta Sokipla KOTMNKAV OTLG TEAKEG TOUG
Sl0OTACELG HE TN XPNON €pPyaoTnPLAKOU SLOKOTOUOU TUTou Struers Discotom-2 pe
KOTTIKO Sloko 40A25, KATA TNV UMOSELEN TNG KATAOKEUAOTPLOG £TOlplag ylo Ta

OUYKEKPLUEVO UALKA.

AkoloUBnoe €\eyxog avaykalotntag T xpnong «tabs» (dnAadn, emutAfov
TIPOOTATEUTIKWY OTPWOEWY OE OPLOUEVN ATIO TO XPNOLOTIooU LEVO SLEBVEG MPOTUTIO
Slatagn) oTIc MEPLOXEG CUYKPATNONG TWV SOKIUIWY OO TIC APTIAYEG TNG UNXAVAG
edpeAkuopov. Elval mpodaveg OtL 0 mapanavw EAeyxog adopoloe ota Sokipla mou
nipoopilovrav yla T SokES epeAkuopoU. Tupudwva He To poavadepBEv SleOVEC
nipoturmo (ASTM D3039/3039M), ta BswpnTikd OpLa Twv tabs, ta onueia SnAadn ota
omolia Ba édtavav ta tabs oe mepinmtwon mou xpnotomnotlovvtay, oxedldobnkav oe
kKaBe dokipto. Ta Bewpntikd autd opla Sivovtal amd To ev AOyw TPOTUTIO. ITNV
TEPUMTWON Tou n aotoxia Katd tn Sdoklun PeAKUCHOU EVTOTILOTEL OTNV TEPLOXN
eAéyxou PETOEL TwV BewpnTIKWV oplwv Twv tabs, n xprnon Twv teAevtaiwv dev
KPLVETAL amapaitntn Kal, KAtd cuveEmeLa, dev mpoteiveTal and to mpotumo. Edv n
ootoxia evromoBel petall Twv BewpnTikWV oplwv Twv tabs KoL TNG TMEPLOXAG
OUYKPATNONG amod TG apmayec, €ival amapaitntn n eniotpwon tabs oTIG MEPLOXEC

OUYKPATNONG TWV SOKLULWV.
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Holding Region
Boundary

Theoretical
Tab Limits

Holding Region Holding Region

Boundary Tab Limit Boundary
— —

Zxnua 17. Eneénynon Sewpntikwv opiwv tabs o vavoouvIeta moAuoTtpwuatika Sokiuta pe evioyuon GNPs. 2tnv
elkova napouaotadovrat Sokiuta kat Twv SUo tunwv: ue UD vadolpaouarta (enavw) kat ue T2x2 vaiolpaouata

(katw) (Seretis et al. 2017a).

210 Ixnua 17 eme€nyouvtal oxnUaTika to OewpnTika opla Twv tabs, oL meployég
OUYKPATNONG KOl OL TIEPLOXEC EAEYXOU yla Ta SoKipa Kot Twv dVo KaTnyopLwv (Ue
evioxuon UD kat T2x2 vaAoldaopatwv). Onwe yivetal oadEg and tnv €KoOva TG
aotoxiag oto Ixnua 17, n onola oTLG MTEPLOCOTEPES MEPLTTWOELG EVTOMIOONKE aKPLBWG
OTO KEVIPO TNG TEPLOXNG €AEyXOU, N Xprnon tabs oOTIC TEPLOXEC CUYKPATNONG TWV
Soklpiwv Tou xpnowdomowBnkav dev mpoteivetal anod to mpoavadepBEv SleBvEg

npotumo ASTM.

Meta tnv oAokAnpwaon TnG Stadikaoiag mapoaywyng Twv eVIOXUUEVWY e GNPs
vavooUuVvBeTwV moAuotpwuatikwy Sokiuiwy, akoAouBbnoe edapuoyn tng dStadikaoiag
curing. Na ™ Stadkaoia curing, Ta dokipla mapEpevav o Beppokpaocia dSwuatiou
yla 7 nUEPEC, HEXPL SNAASH va ATTOKTO0OUV TIG TEAIKEG TOUG LOLOTNTEC, cUUPWVA UE
TIC UTtOOElEELG TOU KATAOKEUAOTH TOU €EMOEELSIKOU CUOTNUATOG, ONMWG OUTEC

napouaotalovtol oTo TEXVIKO GpUAAASLO TOU mpoiovToC.

Mpokelévou va emtevxBel n amattovpevn amd ta OSlebvr mpotuma
emavaAnPuotnta kot  va  umoAoyloBel 1o  TUTUKO  OodAApA  EVTOC  TwV
MPOoSLaYEYPAUUEVWY ATIO QUTA Opilwv, TouAdxlotov 5 Sokipla amd kabe TtUMO
vavoouvBeTou UALkoU Ttou apnixOn, dnAadn and kabe tumou vaAolidaoua Kal oo

KAOe meplektikoTNTa GNPS, umtoBARBNKav o KABs punxavikr dokiun.
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E.2.3. Nelpapatikég Statdgerg ko eEOMALOUOG

MNna tig Sokeég epeAkuopol Kal KAuPNG TPLWV onueiwv xpnolpomnolndnke
unxovn epeAkuopol (mpéoa) Instron 4482 Suvapkotntag 100 kN. H amdotoon
HETAEL Twv otnpiewv (support span) ywa Ti¢ SOKIMEG KAUPNG TPV onueiwv
oplotnke, ocuUPwWvVA HE TO Xpnolpomolovpevo SleBvég mpotumo, 108 mm yua ta
Sokipla pe evioxuon UD valolUdaopatog kat 78 mm yia ta Sokipia Le evioxuon T2x2
vaAoldaoparog. H taxutnta tng Kvoupevng kepalng (test speed) Arav oe OAeg TIg
SOKLUEG KAuPNnNg 2 mm/min. Ta XxapakTnpLloTKA t¢ Slatagng mou xpnaotuomnotnonke
yla SokIpéG kapdng tpuwv onueiwv mapouoialovral oto IxAua 18. MNa tig SOKIUES
edeAkuopOU Xpnoldomolnbnkav apmayeg xelpokivntng ocuodEng (manual wedge
action grips) t™ng eumoplkng oelpag 2716 tng etatpiag Instron. Ol GUYKEKPLUEVEG
oapmayeg amelkovilovial oxnuUatikd oto Ixnua 19. H taxVutnta tng KWOUUEVNG

KeEDOAANG yLa TLG SOKLUEG EbeAKUOMOU ATa, ETioNG, 2 mm/min.

Test speed

@
‘]{ Support span .

Zxnua 18. Xapaktnplotikd tne SLATaéng mou xpnoluomotnnke yLa tig SOKIUES KauYnG TPLWV GNUEIWV.
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Zxnua 19. SYnUaTikn aELKOVION TWV QPTTAYWV XELPOKIVNTNG oUo@LenG (oewpdg 2716) mou ypnotuomowdnkay yLa

(3
l.

TL¢ SOKIUEG EEAKUOLOU.

OAec ol SOKLUEG TIpaypaTOomoLOnKav Og TIPOTUTIEG EPYOOTNPLAKEG CUVONKEC.
OL mpOTUTIEG BUVONKEG , OTWG AUTEG opilovtal ano ta debvr mpdtuna ASTM D790-
03 kat ASTM D3039/3039M, rtav: Osppokpaocia 23+1°C kat oxeTikn vypaoia (relative
humidity) 50+5%. Ot ouvBnkeg auteg SlatnpnOnkav otabepég oTovV EPyaoTnPLAKO
XWPO TWV SOKLUWV yla XPOVIKH SLAPKELX 6 WPWV TPV TNV €vapén TwV UNXAVIKWVY

SOKLUWV.

Mikpookorio tumou FElI Quanta 200 Scanning Electron Microscope (SEM)
XPNOLLOTIOLHONKE yla TN ULKPOCKOTILKN TIApaTHPNon Twv SOKLUIWY, TOGO MPLV 000 Kal
HETA TNV aotoxia, mpokelpwévou va aflodoynBouv n Slacmopd twv GNPs otnv
emoeldIKN UNTPA, N TIEPLOXT) KOVTA OTNV aoto)ia Kot Ta EeTalOUEVA XAPOKTNPLOTIKA

™G, KaBwg Kot To péyebog kamolwy mbava eupavilOUEVWY CUCOWLATWUATWV.

E.2.4. M£€0060¢ a§LOAOYNONG TWV TIEPLOXWV TWV SLAYPOAUUATWY UE

opetaBAnTeG TLHEG (plateau)

Mpokelpévou va aflohoynBel edv oL TIHEC TIEPLOXWV TWV SLAYPAUUATWY TTOU
potalouv apetaPAnteg eival mpdypott pn petofarlopeveg, ebapproodnke yla kabe

tétola meploxn teot Tukey. H péBodog Tukey xpnolpomoleital supultata otnv
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avaluon OSwakopavong, n ANOVA (Analysis of Variance), ywa tn &nuoupyia
SlooTNUATWY gUmotoouvnc yla 0Aa ta Leuyn Stadopwv PETAEL TWV HECWV EMUTESWV
TOU KABE MapAyovTa, EVW EAEYXEL TO TOCOOTO OHAALATOC LIAG OLKOYEVELOG TILWV WG
npogG éva mpokaBoplopévo eminedo. H péBodog Tukey mpoooapuodlel to emimedo
EUMLOTOOUVNG YL KAOE PEUOVWUEVO SLACTNUA, £TOL WOTE TO TMPOKUTTOV EMIMESO

gEUmLoTOOUVNG va lval (oo pe tnv mpokaboplopévn Tun (Seretis et al. 2017a).

Itnv mapouvoca Swatplpry, ta Tukey teoT epapuocOnkav HeE TN XPrion tou
EUMOpPLKOU TakEToU Minitab 17. Ekel, oe avaAuon Stakupavong piag katevBuvong
(One-Way ANOVA) emtlAéxBnke w¢ pEBodog moAamAwV cuykpioewv n uéBodocg Tukey.
Me Tov TPOTIO AUTO, OL TLUEG TTou opadomolouvtal otnv idla opdada pe t xprion tg
ueBodou Tuckey pmopouv va BewpnBolv pe aodpAAela OTATIOTIKA APETABANTEG. OL

TIEPLOXEC TWV SLOYPAUUATWY LE OTATIOTIKA AUETABANTEC TIUEC KaAoUvTal «plateau.

E.2.5. AntoteAéopata kKot culntnon

Too0o o TUToG Tou UACUATOG EVioXUONG, OGO KOL TO TTOCOCTO TWV VAaVOSOUwV
OTOTEAOUV  ONUAVIIKOTATOUG TOPAyovieg, adol oL TEAKEC LOLOTNTEG TOU
TIOAUCTPWHATIKOU vavooUvOeTtou UALkoU e€aptwvtal o€ peyaAo Babuod amod autoug.
Onwg mapouatdaletal otnv mapaypado autr, av Kal n enidoon Twv vavoouvOeTwv
VALKV auéavopevou tou tooootol GNPs akoAouBel dpotla mopeia yia kat toug duo
TUTou¢ vaAoUdaopatog evioxuong, n Ueylotn emntteuxbeioa avénon tng enidoong

elvatl onuavtika Stadopetikn yla toug SUo StadopeTikoUg TUTOUG VOAOUPATUATWVY.

EmunpooBétwg, N kaAn emavaAnPLpuoTnTa TwV AMOTEAECUATWY Elval oTevotata
ouvdedepEvn HE TNV KAAR Kol opolopopdn Slacmopd Twv cwHaTSiwv péoa otnv
emofeldik  uNtpa. ‘Evag akoOpa Tapdyoviag Tou  emnpedlel  évtova TNV
emavaAnuotnta sivat n Statipnon uypoaociag HETAED TWV OTPWOEWV TIOU
amoteAouv tnv kaBe vavodoun (nanoplatelet), kaBwc kat ota 6pLa toud. Etay, n xprnon
pre-dried vavodouwv GNPs &laodaiilelt e€apxng KoAéEg TpoUmoBEoelg

emavaAnyuotntag yla to vavoouvBeta dokipta.
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E.2.5.1. Eniépaon tou mocootou GNPs ota dokiuta ue evioxuon T2x2

vadol@douarog

H mpooBnkn mocootol GNPs aufdvel oe KABe TepPIMTWON TOOO TNV KAUTTTIKN
000 Kal TNV epeAKUOTIKN eniboon Tou vavooUVOETOU TOAUCTPWUATIKOU UALKOU. XTO
Ixnua 20 napouotdletal n enidoon Twv napaxBéviwy vavooUuvOeTwY SokLUiwy oTLg

SOKIUEC KAUYPNC TPLWV onUelwy, yla KaBe meplektikotnta GNPs mtou e€eTtdobnkKe.

350

300 = I 1

250 o
200

150 o

100

Flexural Strength [MPa]
H

50

0 1 2 3 4 5 10 15 20
GNPs content [% w.t.]

Zxnua 20. Eniboon twv T2x2 vavooUVIETwVY MOAUCTPWUATIKWY SOKIUIWVY OTLC SOKLUES KAUYNG TPLWV OnUEiwY,

yla kade mepiektikotnta GNPs (Seretis et al. 2017a).

JUYKEKPLUEVA, OTIWG eVUKOAA pmopel va mapatnpnBel oto Ixnua 20, ywa tnv
neplmtwon ¢ evioxuong pe T2x2 valoldaopata n avénon tng avtoxng o kauyn
ayyilel Tnv TN 140%. H ev AOyw aU&non EMITUYXAVETAL YL TIUEG TIEPLEKTLKOTNTAC
GNPs mou kupaivovtat and 5% €wg 15%. Ztnv meploxn auth TLhwy, n enidoon Twv
vavoouVOeTwV SoKLUiwY TTapoUCLAIETOL OTOTIOTIKA AUETAPBANTN, adoU, CUUPWVA LIE

to Tteot Tukey mou edapudobnke, OAEC oL TIWWEG TNG TIEPLOXAG QUTNC
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katnyoplomow}Bnkav otnv dla opdda. Q¢ €k TOUTOU, N TEPLOXN OQUTH UMOpPEL va

XapaKtnpLoBel wg «plateau».

Mpwv amoé autod to plateau, n avtoxn oe kaudn avéavel mapaBoAlkd Ye TNV
avénon tou mocootoU twv GNPs. Meta amd to plateau, n avroxn oe kaudn
TIOPOUCLAIETOL ONUAVIIKA HEWHEVN. Kal otnv MEPIMTWon OHwG auTh, Topd TN
uelwon, n enidoon Twv VovooUVOETWY MOPOUGCLALETAL EVIUTIWOLOKA QUENUEVN OE
oX€0n HE To apxLko Sokiplo avadopadg, o oxeon dSnAadn e to Sokiplo mou dev Exel
evioyuBOel pe GNPs. M0 CUYKEKPLUEVQA, N LECH KATAYEYPOUMEVN TLUN TNG OVTOXNG OF
kapdn ya ta Sokipta pe moocootd GNPs 20% mapouotaletal katd 90% avénuévn o€

oX£0N HE TNV avtioTolyn TN Twv SoKIiwv avadopacg.

Agdopévou OTL N avtoxn o€ KAUYn evog oUVOETOU TTIOAUCTPWHATIKOU UALKOU
eAéyxetal Kuplwg anod tnv e€WTEPLKN OTPWON, N omola eival o aueon enadn HE TO
Kauntiko ¢poptio (Mallick 2008, Murugan et al. 2014), 8a pmopovoe va cuvaxBei to
CUMTEPAOHA OTL N KOTAYEYPOUMEVN avToX o Kaudn amnelkovilel oe peyao Babuod
NV avtoxn o€ Kauyn, Kal, KOTA CUVETELA, TNV EVIOXUON TNG €EWTEPLKNC OTPWONG
(lamina) kat 0xL tng meploxng LeTafL Twv oTpwoewv (interlaminar surface) (Seretis et

al. 2017a).

Emiong, mapatnpeital pwkprnp avénon kat otnv €deAKUOTIK €midoon Twv
mapaxBEviwy vavooUVOETWY TTOAUOTPWLATIKWY UALKWV. XTo ZXAua 21 mapouactdletal
N Héon avtoxn o€ ePeAKUOUO TWV VAVOSUVOETWY SOKLUIWY, pall LE TO TUTILKO opaApa
(SE), kaBw¢ auv&avetal to mocootd GNPs pe to omoio ta dokipla avtd evioxvovtal.
ITNV TEPUTTWON TEPLEKTIKOTNTAC 5% GNPs n péon oavtoxn oe ePeAKUCUO
napouotaletal eAadpws auvénuévn oe oulykplon He to Sokiplo avadopag. MNa
noocootd GNPs peyalUtepa tou 5% ol mapatnpoUpevec auénoelg Bplokovtal eviog
TWV 0plwV ToU TUTILKOU 0PAALATOC TOU TTPONYOUEVOU TTIOCOOTOU KABE dpopd Kal, WG
€k Toutou, Sev elval aflohoynolpeg. To mapandvw e€axbév cuumépacua EpXETAL O
ocupdwvia Kal Pe To anoteAéopata Tou TeoT Tukey, KATA Ta Omola, £0TW KoL OPLOKA
O€ KATIOLEG TIEPUTTWOELG, OAEC OL TLUEG avTOXNG 0 €PEAKUGUO TIOU QVTLOTOLXOUV OE
noocootd GNPs peyalutepa amd 5% evracoovtal otnv (Sta opada Tpwv (gival

6nAadn oTaTIoTIKA OAUETAPBANTEG).
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H (8la ewkova mapatnpeital Kol ylo TNV €MUAKUVON €DEAKUOUOU TWV
VAVOOUVOETWVY TTOAUCTPWUATIKWY SoKLiwy pe evioyuon T2x2 vaAoldpaopatog. 1o
IXNUa 22 mopouolaleTal N LEON EMUAKUVON €PEAKUOUOU TwV SOoKLUiwy, pall LE To
TUTUKO odaApa, kKaBwg auvéavetal to mooootd GNPs pe to omoio ta dokipla autd
evioxvovtat. Kat A, yia meptektikotnta GNPs 5% n péon empunkuvon edeAkuopov
napouotaletal eAadpa avEnuévn oe ouykpLon e to Sokipo avadopds. Na mocootd
GNPs peyalvtepa Tou 5% oL mapatnpoUUeVEG auénoelg Bpilokovtal Eava evtog Twy
oplwv Tou TUTKoU 0PAALATOG TOU TIPONYOUEVOU TTOC0OTOU KABs dopad Kal, wg €K
Toutou, Oev eival aflohoynowuec. To teot Tukey kol otnv meplmtwon auth
emuBePfaiwoe to Mapanavw cupmnépacpa. OAeg oL TIHEG eTunKUvong epeAKUCUOU
TIOU QVTLOTOLYOUV o€ tocooTtd GNPs peyaAUtepa amo 5% opadomotndnkav Kot aAt

otnv (6la opada tpwyv (mapouvoialovtal SNAadn oTATIOTIKA OUETABANTEG).
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xnua 21. Avroxr o€ e@eAKUOUO Twv T2x2 vavooUVIETWV MOAUOTPWUATIKWY SOKLULWY, YLol KATE TTEPLEKTLKOTNTA

GNPs (Seretis et al. 2017a).
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Zxnua 22. Emunkuvon epeAKUOUOU TwV T2x2 vavooUVIETWY MTOAUCTPWUATIKWY SOKLUIWVY, YLa Kade

nieplektikotnta GNPs (Seretis et al. 2017a).

E.2.5.2. Eniépaon tou mocootoU GNPs ota dokiuia ue evioyuon UD

vadol@douarog

Mapopola eival n enidpacn tng npoobnkng vavodopwv GNPs oTnv KOUITTIKN
enidoon Twv oUVOETWY TMOAUCTPWHATIKWY UAIKWV Kal OTnV Tepimtwon twv UD
EVIOXUTIKWV VOAOUPAOHATWY. 2TO IXAHa 23 MopouolAleTal N KAUTTIKY enidoon Twv
napaxBéviwv vavoouvBetwyv Soklpiwy, yla kdaBe meplektikotnta GNPs mou
e€etaoONKe. TUYKEKPLUEVA, pia oxeSOV ypappkn avénon tng avtoxng os kaugn
umnopei va mapatnpnOet yia mocootd GNPs nmpoodeutikd avavopeva éwg 5%. Meta
TO TOOOOTO QUTO, oxnuatiletal éva plateau, pia eploxn SnAadn apeTABANTWY TILWV
avtoxng oe kauyn, cupudpwva pe to teot Tukey mou edapuocOnke. To plateau autd
napovotaletol ylw mooootd GNPs mou kupaivovtal amd 5% £wg 20%. TNa
nieplektikotnTteG GNPs peyaAutepeg tou 20% n avtoxn o€ kKaudn Twv vavoouvOetwy
HELWVETAL SPAPATIKA. H KOUTTTIKA EMS00N TWV VOVOOUVOETWY OTLG TIEPLEKTIKOTNTEC
OUTEG TWV GNPs gival TTOAU PULKPOTEPN AKOMA KOL ATTO OLUTAV TWV SOKLUIWV avadopag,
Twv Sokiwv dnAadn mou dev evioxuBnkav pe GNPs. Ita Sokiplad autwv Twv
TIEPLEKTIKOTNTWV evtormilovtal GNPs o€ oXNUATIONOUG UEYAAWY CUCOWHOTWHUATWY

OTLG TIEPLOXEG METAEL TwV otpwoewv (interlaminar surface), émou Aettoupyouv cav
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TIEPLOXEG OUYKEVIPWONG TAoswyv. Ta Sokipa auvtd nmapouaotalouv éviova Yabupn

ouunepLPopad He MTPOWPN aAoToxia KATA TG SOKLUES KA NG TPLWV CNUELWV.
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Zxnua 23. Eniboon twv UD vavooUvIeTwV MOAUCTPWUATIKWY SOKLUIWY OTIC SOKIUEG KAUWNG TPLWV onUElwY, yLa

kade meptektikotnta GNPs (Seretis et al. 2017a).

To péyeBog tou plateau kat o pubuog avénong tng emiboong Twv SOKLUIWY HEXPL
To plateau eival StadopeTikd otnV nepimtwon twv cuVOeTwWY SokLuiwv Ye evioxuon
UD vaholdaopatog, oe oxéon pe ta dokipwa pe evioyuon T2x2 valoldaopatoc.
Auto umodelkvuel pia ehadpd Stadopetiki enibpaon otoug VO AVWTEPW TUTIOUG
ouvBeTwV MoAuoTpwHATIKWY Sokiiwv. Qotdoo, auvfavovtag to mooootd GNPs, o
TPOMOG Ue TOV omoilo HeTtafArAetal n kaumtiky enidoon (avioxn oe kaudn) twv
Soklpiwv elval o 6log. Tuykekplpéva, auvéavovtag to mocootd GNPs, kal ot duo
TEPUMTTWOELG SOKLUiwY N KaumTikn eniboon apxikd BeAtiwvetal (av€non avioxng oe
Kaugn), otn cuvéxela mapapével otabepn yia Eva eUpog mocootwv GNPs (plateau)

Kol TEAoG uTtoPBabuiletal (Lelwon avtoxng o kapdn).

Au€avopevou tou mooootol tTwv GNPs, n epeAkuoTikn enidoon twv dokiuiwy
pe evioxuon UD vaholdacpatog Stadépel aobBnTd amd outhiv TwV SOKIUIWV UE
evioxuon T2x2 voholdaopatog. Ito IxAua 24 mapoucldletal n UEon avtoxn o€

epeAKUOUO TWV VaVOOUVOETWY SOKIUIWY autou Tou tumou (UD), pall pe To TUTKO

26



odaApa (SE), kaBwg auvéavetal 1o mooootd GNPs pe to omoio ta Sokipla autd
evioxvovtal. Mevika, ota dokipta avtd n nmpoodrkn GNPs poldalel va umtofabpuilel
Spapatika tnv epelkuotikn enidoon. OAeG oL TIUEG avtoxNG o EHEAKUOUO, UE HOVN
e€aipeon autn mou avtiotoel oe mooootd GNPs 5%, mapouoialovral XapnAOTEPEG

amo TNV TN Twv dokiwv avadopadg (xwpic SnAadn mpoodrikn GNPs).

Zxnua 24. Avtoyn os epeAkuoud twv UD vavooUvBeTwV MOAUCTPWUATIKWY SOKLUIWVY, Yl KATE TTEPLEKTIKOTNTA

GNPs (Seretis et al. 2017a).

Metd amd pila apxilki peyaAn pelwon NG avioxng o€ epeAkuoud, Tou
napatnpenbnke ota dokipla meplektikotnTag 1%, n edpeAkuotiki enidoon auénbnke
TIPOOSEVUTIKA YLa tEpALTEPW avENon tou tocootol GNPs éwg 5%. Ma moocootd GNPs
5% KataypAPpnKe n HEYLOTN TN AVTOXAG 0 ePeAKUOUO, T eEAadpw HeEyOAUTEPN
oo autAv Twv Sokiwv avadopdg, Kal ev cuvexeia, yla peyaAltepn avénon tou

noocootol GNPs, mapatnprnOnke mPoodeuTIKA HELWON TNG OVTOXN G O EHEAKUGHO.
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Jxnua 25. Emunkuvon epeAkuouol twv UD vavooUvIeTwY MOAUOTPWUATIKWY SOKLUIWY, yLa Kade

nieplektikotnta GNPs (Seretis et al. 2017a).

H emunkuvon edeAkuopol, PA. IxAua 25, poldlel va eival Ayotepo
e€aptwpevn anod to mooootd GNPs. EKTOG and o onUavtiki mtwaon oTny mepimtwon
mooootol GNPs 1% katl pia onpavtiki avénon otnv nepimtwon mocootol GNPs 2%,
n empnkuvon epeAkuopol dev mapouotdlel Wlaitepeg SLAKUUAVOELS ylo OAa T

uTtoAourto tooootd GNPs.

E.2.5.3. Mikpookormia

H ULKPOOKOTILKY Tapathpnon Twv SOKIUIWY TTpayUatonolntnke pHe tTn xprnon
€VOG NAEKTPOVLIKOU ULKpOooKoTiou cdpwaong tumou FEI Quanta 200 Scanning Electron
Microscope. Zto Zxnua 2 nmopouotaletal €va GNP evtayuévo og enMoeLSIK UNTPQ,
OTWG TaPATNPABNKE HE TN XPAON TOU OQVWTEPW MLKPOOKOTIOU. XTO IXNua 26
TIOPOUCLAETOL UEPOG TNG EYKAPOLAG TOUAG evioxupévou pe GNPs vavoouvBetou
TIOAUGTPWHATIKOU SOKLUIOU TIOU TTAPOOKEVUAOTNKE e TN HEB0SO Tou meplypadeTal
napanavw. Ta dokipa auvtd xapaktnpilovrat and kain dtacmopd twv GNPs otnv
eno&eldikn pntpa (Seretis et al. 2017a). Zto idlo oxAua (IxAUa 26) mapatnpouvtal

eniong apatd cuoowpatwpata GNPs oAU Uikpou peyeBouc.
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Sxnua 26.Movadeg kat utkpa cuoowuatwuata GNPs otn dtaotpwuatikr teptoxn (inter-laminar region)

vavoouvIetou moAuotpwuatikou Sdokiuiou ue evioxuon UD vadolpdouartog (Seretis et al. 2017a).

Me Tn Xprion ToUu NAEKTPOVLKOU ULKPOOKOTIIOU O0ApwaonG eEeTacbnkav oL veg
OTLG TEPLOXEC TWV SOKIUIWV aKpLBWE KATW amod To onuelo eMPBOANC TOU KAUTTTIKOU
doptiou. O €Aeyxo¢ QUTOC mpayupatormowOnke yia Sokipa pe  Sladopeg
TEPLEKTIKOTNTEG 0 GNPs. Ta OSokipa mou efetacOnkav emAEXOnKav  wg
OVTLTPOCWTIEUTIKA aTtO TIG TIEPLOXEC TWV SLAYPAUUATWY HE SLUPOPETIKA KOUITTIKA
OUUTEPLPOPA TWV UALKWV. ZUYKEKPLUEVA, ETUAEXONKAV SOKIULA ATIO TNV TIEPLOXT TIOU
N KOUMTIKA emidoon apxikd PBeAtwwvetal (avénon avroxng oe kaudn), omo tnv
TIEPLOXN TIOU TIaPAUEVEL oTaBepn yla Eva eVpog moocootwv GNPs (plateau) kat TéAog

amo tnv mepLoxn mou untoBabuiletal (Leiwaon avtoxng o kauyn).
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Jxnua 27. Meploxr katw oo to onueio emtBoAng kauntikoU @optiou ae Sokiuto meplektikotntac GNPs 25%

(Seretis et al. 2017a).

ITo Ixnua 27 mopouclaleTal n TEPLOXN KATW amo to onueio emPBoAng
Kaumtikou doptiov oe Sokiplo meplektikotnTag GNPs 25%. Zta Sokipla mou
ovTlotolyouv o€ ooootd GNPs peyalutepa amo 20% mapatnpouvtal Slapmepeic
PWYHEG oTa vibla, Ta omola otnVv MepimTtwon autr eival epdavwe KATECTPAUUEVA O
HeYAAn é€ktaon. Mapatnpolvral akopo Kol Slaoylopéva TUAUATA Ta omoila €Xouv

armokoAANBel kat SlaxwploTel MANPWE Ao To KUPLWE CWHA TWV WVIdilwv.

3T0 IXAUa 28 mopouclaleTal n TEPLOXN KATW amo to onueio emPBoAng
Kaumtikol d¢optiou oe Sokiplo meplektikotntag GNPs 10%. Xta Sokipia pe
TeplekTkOTNTeG GNPs mou avtiotowoUlv oto mpoavadepBev plateau, dnhadn pe
TEPLEKTIKOTNTEG GNPs amod 5% €wg 15%, WETPIWC KATECTPAUMUEVA VISl
TIAPOTNPOUVTOL KATW ATtO TNV EPLOXN EMLPBOANC KOUTTTLKOU dopTiou. OL pwyHES, KOTA
Kavova, dev mapouotalovtal dtapmepeis kat epdavilovrol Kupiwg otnv mepldépeLa

TWV WISLWV.
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Zxnua 28. Meploxr katw oo to onueio emtBoAng kauntikoU @optiou o€ Sokiuto meplektikotntag GNPs 10%

(Seretis et al. 2017a).

ITo Ixnua 29 mopouclaleTal n TEPLOXN KATW amo to onueio emPBoAng
KOUTTIKOU dopTiou og Sokiplo meplektikotnTAag GNPs 1%. Ytal SoKipLa e TTOAU HIKPO
mooootd GNPs (katw amo 5%) Sev mapatnpouvToLl ONUAVTIKEG GOOPEG TwV WISIWV
OTLG €V AOYW TEPLOXEC. H Soutkn akepaldtnta Twy Widiwv Slatnpeital, Pe KATMOLES

HOVO TOAU HLKPNC €KTaoNG ETLdAVELAKEC POOpPEC.

Sxnpa 29. Meploxn katw amo to onueio entBoAr¢ koumtikoU @optiou o€ SokiLo mepLekTikotnTaG GNPs 1%

(Seretis et al. 2017a).
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Zxnua 30. EntkoAAnon GNPs otnv ewtepikrj emipaveia widiwv oe Sokiuto pe mooooto GNPs 25% (Seretis et al.
2017a).

H mapamnavw meplypadeioa oupnepidpopd pmopel va €nynbet pe Baon t
Sladopetikn emunkn enwdpavelakr emkaludn twv widiwv and GNPs, kabwg Tto
TOO0OTO TWV TeAsutaiwv auvéavel. To Ixnua 30 Mapouolalel TNV ETUUNKN EKOVA
wiblwv oe Sokipo pe mooootd GNPs 25%. Eival epudaveég OTL UTIAPXEL UEYAAOC
aplOuoC emkoAANpEVWY GNPs otnv e€wteptkn emidpavela twv widiwyv, Ta onola Ba
UImopouoay va «TANywaoouv» ta Widla, va toug dnuioupyrnoouv dnladn ¢Bopég kat
Evapén aotoxlwv otnv entdpAaveld, PUe TNV EMLBOAN UIKPAG EKTAONG CUMTieonC. TETola
ouurnieon cupPaivel katd tnv KApPn TPLWV CNUELWV OTNV TIEPLOXT TWV SOKLUIWY KATW

oo to onueio emPBoAng tou Kaumrtikou poptiou.
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Sxnua 31. EmikoAAnon GNPs atnv eéwtepikn empavela widiwv o€ Sokiuto pe mooooté GNPs 10% (Seretis et al.

2017a).

Avtiotolxo avtimpoowmneuTiko deiypa dokiuiwv meplektikdtntag GNPs 10%,
oTo ormolo Sivetal n eMUAKNG EIKOVA TwV WISlwy, amelkoviletal oto Ixnua 31. Onwg
Umopel eUkoAa va apatnpnBel, oe Sokipla pe moocootd GNPs péoa otnv MEPLOXH TOU
plateau (5% €wg 15%) onUavTlkd MIKPOTEPOG aplBuog GNPs pmopet va evtomioBel
ETUKOAANUEVOG OTNV emidpavela TwV WVISLwv. Qg ek TouTou, N dla akplBwg cuprmieon

Ba mpokaAoUoE APKETA UKPOTEPN KATACTPODN TWV WISIWV.

E.2.6. Zupnepdaopota

la To cUVOAO TWV EPYACLWYV TIOU TTAPOUGCLAIETOL OTO CUYKEKPLUEVO KEDAALO,
KATAOKEVUAOTNKAYV OUVOETA TOAUOTPWHATIKA  Sokipla  emoeldikng  UATPOG
gVIOYUUéva  He  vovodopég  ypadeviou  TOmou  nanoplatelets  (GNPs).
Xpnowomow®nkav Siddopa mocootd GNPs kat Svo Siwadopetikol TUMOL
vaholdaopartog evioxuong tumou «E-glass». Ta mapaxBévta vavoouvOeta dokiula
untePANONkav o€ SOKIUEG EPeEAKUOUOU Kal KA NG TPLWV onUElwV Kal eEeTacOnKkav
HE TN XPNon NAEKTPOVLKOU HIKpOooKoTmiou odpwong (SEM). And to kepdlalo autd

UIopoUV YeVIKA va e€axBoUV Ta KOTWTEPW CUUMEPACHATA:
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H npoobnkn GNPs BeAtlwvel o KABe TePIMTWON TNV KAUTTIKN €Midoon twv
OUVOETWV VWO WV TOAUCTPWHATIKWY UAKWV EMOEELSIKAG UATPaC. H avtoxn os kauyn
avéavetal yla ta dokipta Kal Twv §Uo TUMWV VOAOUPACHUATOC 000 TO T0o0oTO GNPs
avéavel ano 1% wg 5%. Zta dokipta pe varoldaopa mAEENG Twill 2x2 n avénon avtn
elvat  mapafoAwkr, evw ota Sokipa pe vadoldaocpa  Uni-Directional
(LovokateuBuvTIKO) elval oxedoV ypappLkr. Me Tepaltépw avénon Tou MOCOCTOU
GNPs mapouaotaletal pia meploxr otabepng kapumtikng enidoonc (plateau). H otaBepn
autn enidoon mapatnpeitatl pExpL mooooto GNPs 15 % otnv nepintwon Twv SoKLiwy
pe Twill 2x2 valoldaopa kot 20% otnv nepimtwon Twv Sokiuiwv pe Uni-Directional
valolipaopa. MNa peyaAltepn avénon Tou mocootol GNPs n KOUMTIKA emidoon Twv
vavoouvBeTwY UAKwWV umoBaBuiletal onupaviikd kot ywo toug OSUo TUToUG

valoUdaopartog evioxuong.

Mwkpry avénon tng avtoxng oe eheAKUCUO KoL €V ouvexelo otabepn
epelkuotikr) emidoon mapatnpeitat ota  Sokipla pe evioxyuon Twill 2x2
valoldaopartog kabwg To moocootd GNPs aufavel ano 5% éwg 20%. Qotoco, ota
Sokipwa pe evioxyuon Uni-Directional vaholddaopatog dev mapatnpeital mapopoLa
ocuuneplpopa. Zta dokipla avta n epeAkuotiki enidoon umoPabuiletal yia KaBe
ooooto GNPs, pe povn efaipeon to 5% Omou n avroxn os epeAKUCUO TTapouaLaleTal

ehadpwg auvénuévn os oxéon Ue To Sokiplo avadopac.

Me avénon tou mooootou GNPs, mapatnpeital avénon kat tou PBabuou
KaTaoTtpodnG Twy WISlwV oTnV MEPLOXA KATW o To onpeio eMBOANRG TOU KAUTTTIKOU
doptiov. ItnV mepimtwon mMoAU peyalou mocootol GNPs (peyalutepo amnd 20%) ta
widla otnv meploxn auth nmapouvotdalovial MARPWEG KOTECTPAUMEVA. MapatnpouvTal
SLOUTIEPELC PWYHEC KAL TIANPWE ATTOOXLOUEVA TUAHATA TwV WISiwv. MNa mocootd GNPs
puéoa oto plateau otaBepng KAUMTIKAG emiboong, UETPLWE KATECTPAUMEVA Vbl
mapoatnpouvtal otnv B meploxn. H ¢Bopd twv wibiwv meplopiletal otnv
TEPLDEPELA TOUG UE ULKPOU PNRKOUG N Slaumepeic pwyUeS. TENOG, yla TIOAD UIKpA
noocootd GNPs (1% £€wg 5%), ta widla Statnpouv TN SOULKN TOUG AKEPALOTNTA KO
mapatnpouvtal Hovo eripavelokd eAattwpata kat ¢Bopég moAU Uikpig €éktaonc. H

ouuneplpopad autr Umopel, os kABe mepimtwon, va £€nynBetl Baoel Tou Babuou
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erukaAuPng twv wisiwv and GNPs, o onoiog dltadopormnoleital yia kaBe StadopeTikn

nooootlaia mpooBrikn nanoplatelets ypadeviou.
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E.3. Enidpaon otn dtadkacia curing

3to kepdlawo autd NG SlaTpPrg  TMpaypaToMoLlElTal  apyka o
TIOAUTTAPOLUETPLK avaAuon tng Stadikaoiag curing, 1600 ocUVOeTWY WWWdwV 600 Kal
EVIOXUUEVWY HME GNPs vavooUVvOeTwvV WwoWV TOAUCTPWHATIKWY UAlkwy. Ot
napapetpol TnG dtadikaoiag curing mou egetalovral ival n Bgppokpacia curing, n
Sapkela (xpovog) curing kat o pubuog avénong tng Bepuokpaciag katd tn peTtapaon
amno tn Bepuokpacia meptParlovtog, otnv omnoia Bpioketal To cUvOeTo/VavooUVOETO
UALKO KOTA TNV TMOPAOKEUN Tou, otn Beppokpaocia curing. E€etaletal, dnAadn, n
gevawodnoila tng Sladlkaoiag curing OTOUC OVWTEPW TAPAYOVTIEG, KABWC Kol n
ONUAVTLKOTNTA TNG EMISpacNC TOU KABEVOCS o aUTOUG OTLE UNXAVIKEC LOLOTNTEC TWV

TapaxBEVIWY UALKWV.

M TV Mpaypatonoinon tTng MOAUTIAPAETPLIKAG AVAAUGNG XpNoLLoTioL0nke
opXIKA n HéEBodoc¢ Taguchi yla to OXeSLAOUO TWV TEIPAUATWY. TN OUVEXELQ,
€€eta0ONKe N onUaAvTkOTNTA TOoUu KABE mapayovta tng dltadikaoiag curing Le xprnon

™G ueBddou ANOVA (Analysis of Variance).

Me tn BonBela povtédou moAAamAng moAwdpounong (Multiple Regression
Model) mpayuatonow}Onke PBeAtiotonoinon ¢ Stadikaciag curing (wg mMpog TIg
e€etalOpeveC MAPAUETPOUG TNG) yia BEATIOTN eTtidoon TO00 o0& epEAKUCUO OCO KOl O
Kaupn Tpwwv onueiwv. EEetaoBnkav tpia Sladopetikd HoOVTEAQ TOAANQTIANG
maAwvdpopnong: U0 eUPEWG XxpnoLomoLloUpeva o SLadLlkaoleg mapaywyrng Kol oTov
€AEYXO KATEPYAOLUOTNTAC CUVOETWY UALKWY, N akpiBela Twv omolwv umoloyilotnke
niepinou 65% (R2 = 65%), KoL TO TPOTEWVOUEVO yla Tpwtn dopd povieAo Poison o€
TETOOU €ldoug edopuoyEC, n akpifela tou omoiou uTtoAoylotnke peyalutepn Tou
97% (R2 > 97%). To teheutaio povtéAo MOAAAMAARG MaAWVEpOUNCNG CUVOUAOTNKE LE
™ nEBodo «backward elimination», KaTd TNV omoia MPAYLOTOTOLETAL EMAVOANTITLKA
€Aeyxo¢ TG onpavtikotnTag Sltadopwv cuvOUACUWY TwV EEETATOUEVWV TTOPAYOVTWV

Kall amoppun Twv KN GNUOVTIKWY OpwV.

T€AOG, UE TN XProNn YEVETIKOU aAyopibuou mpaypatonolOnke BeAtiotonoinon

noAarmAwv otoxwv (multi-objective optimization) ywa tnv evpeon g dadikaoiag
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curing mou odnyel o TaAUTOXpova BEATIOTEG TIUEG EDEAKUOTIKWV KOL KOUTTTIKWY
embooewv tTwv mapaxBeviwy cuvOetwv/vavoolvBetwy VAWV, H BeAtiotomnoinon

TIOAAQITAWYV OTOXWV BACLOTNKE OTA MAPATIAVW HOVTEAA TTOAAATTAN G TaAlvEpononG.

E.3.1. YAlKQ

H xaunAou €wdoug emofeldikn pntivn Araldite GY 783 xpnolpomolibnke wg
UALKO UNTPOG Ylo TO TIELPAMOTA TOU Tapovtog kepahaiou cuvduacuévn He €vav
TPOTOTOLNUEVO OKANPUVTH TOAUauivng xwpis ¢awvoln. H Bepuokpacia vaAwdoug
uetapoaong (Ty) Tou enoeldikov cuotrpatog nTav 100°C kat 0 xpOvog TOPALOVIG TOU
O€ PEUOTN Katdotaon Mpwv TV évapén tng dtadikaoiag moAupeplopou (pot life), oe
Bepuokpaoia 20°C kal oe oxetikn vypaoia (RH) 65%, ntav 35 Asmtd. Ol avwtépw
ouVONKeg TNPABNKAV AUOTNPA KOTA TN SLadLkaoia mapaywyrng Twv cUVOETWY UALKWY,

OTIWG QUTH TIEPLYPAPETAL OE TTOPAKATW UTIOEVOTNTA.

Ma tnv evioxuon tng mapandavw emofelSIKAG UATPAG KL TNV TIAPACKEUN TWV
vavooUVvBeTwY UAKKwV Tou efetdoBnkav oto mapov kedbdAaiwo tng SiatplBng,
xpnotpononkav vavoSouég ypadeviou TUTou «nanoplatelets» (GNPs), BA. ZxAua

2. OL vavobouég auTéG tng etatpiag Alfa Aesar eiyav emudavela (surface area) 500

m?/g.

To Udaopa mMou xpnaotomnoLBnke yla evioxuon tng emofelSIKAC LATPOG ATAV
vaholipaopa amdrg mAéEnG 1:1 (woven), tunou «E-glass» kat mukvotntag 282 g/m?.
Jtov NMivaka 2 mapouctaoviol To XOPAKTNPLOTIKA Tou uoAoldpacpatog Tmou
xpnotpornontnke. Zto Ixnua 32 anelkoviletal To eV AOyw UPOOUA UE ONUELWUEVEC
TIc dV0o KkateuBUvoelg VWV (oTNUovL Kat udpadl) pe SLadOoPETIK KOTOOKEUACTIKA

XOPAKTNPLOTIKA, BA. Mivaka 2.
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Mivakac 2. Xapaktnplotike vadolpaouatoc anArng nAééng 1:1 kat tunouv "E-glass" mou xpnotuomnotndnke (Seretis

et al. 2018a).
Ztnuovi (Warp) Ydadt (Weft)
Meplypadn vwv Glass EC11 204 fiber Glass EC11 204 fiber
AplBuog vnuatwy (ends/cm) 8 6
Katavoun Bapoug (%) 57 43
warp|
X Weft . g
R R et || 1 1 || |

Zxnua 32. Yadolipaoua anAng mAgéng 1:1 kat tumou «E-glass» mou ypnowuormotndnke, Ue CNUELWUEVEG TIC SUO

kateudUVOELG vwV (oTnuove kat upadt) (Seretis et al. 2018a).

To otnuovt (warp) amoteAel TNV evioxupévn katevBuvon MAEENG, AOyw Tou
HEYAAUTEPOU TTOCOOTOU TOU BApouc Tou UPACUATOG TTOU OVTLOTOLXEL 0 auTo (57%).
Ma to AOyo auTo, TO OTNHOVL XPNOLUOTIOLEITAL OTN CUVEXELX WG KUPLA KatevBuvon
TMAEENG, Baoel TnG omolag umoAoyilovtal oL ywvieg TomoBEtnong TnG KABe oTpwong

TWV MOAUCTPWHATIKWY CUVOETWVY Kal VOVOOUVOETWY UALKWV.

E.3.2. Ixedlaopog nepapdatwy Taguchi

Mpokeluévou va HeAeTNBel OAOKANPOG O XWPOG TWV TOAPAUETPWVY TNG
Stadkaolag curing pe éva ULIKPO aplBpd melpapdtwy xpnotpornowdnke n pebodog
Taguchi, n omoila xpnoluomolel €vav €L6IKO OXESLOOUO 0pPBOYWVIKWY UNTPWWV
(mwvakwv) (orthogonal arrays) (Quirogaa et al. 2016). H pébodog Taguchi €xel
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anodexBel TO QMOTEAECUATIK QMO  TAPASOCLOKEG HeEBOSOUC oOXedLAOUOU
TELPOUATWY, OMw¢ n HéBodog «factorial design» (mapayovtikdg oxeSlaopog), ot
ormoleg elval apKeTd akpLBEC kot xpovoPBopeg Adyw Tou HeyaAou aplBpol MEPAPATWY
TIOU QmalLtouvTal yla auteés. Me tn xprnon tng peboédou Taguchi, o aplBuog twv
TEPAUATWY TIOU amaltouvtal ya va aflohoynBel n enibpaon pioag eAeyxouevng
TIAPAUETPOU OE OUYKEKPLUEVOL TIOLOTIKAL XOPOKTNPLOTIKA N LOLOTNTEG, MUELWVETOL
onuavtikd oe ouykplon pe tn «full factorial» péBodo (MARPNG mMapAyOVTLKOG

oXeOLOOMOG).

E.3.3. Mapaokeun oUVOETWV Kol vVavooUVOETWV SOKLUiwY

a TNV mapaokeu Twv ocLVOeTWV SokLpiwy, {UYLOUEVEG TTOCOTNTEG OKANPUVTH
TPOOTEDNKAV OTNV €MOEELSLKN pNTivn o€ avaloyia 1:2, cUpdwva Pe TIG 06nyieg Tou
KOTOOKEUAOTA TOU MOEELSIKOU cuoTUATOG. MNa TtV avaplen pntivng Kat ckKAnpuvtn
XpnolpomoBnke epyaotnplakog avadeutnpag, evw n avadeucon npaypatomno)onke
oe toxutnta 200 rpm ylo Xpovikn Oldpkela 5 Aemtwv. TECOEPEL OTPWOELG
valoUdaopartog tunou E-glass xpnowomnowibnkav oe aAAnAouyia [0°/45°/-45°/0°]r
yld TNV KOTOOKEUN TWV TIOAUCTPWHATIKWY OUVOETWV SoKlpwiwv e tn pEBodO

Slaotpwpatikng kataokeung «hand lay-up».

MNa ta vavoouvBeta okipla pe evioxuon GNPs, akoAouBnOnke n L akplpwg
Stadkaoia. Movn dtadopa amoteAei n emumA£ov Stadikaoio avapEng tne pntivng Ue
TG vavodopEg ypadeviou, n onola edpapuocOnke omwe akplPwg meplypadeTal oTo
kedalalo E.2 tng mapovoag Siatpfrg. H meplektikoOTNTA KABE TTOAUCTPWUATIKOU
Sokipiou o GNPs ntav 5 % katd BAPOC, WOTE VO AVIKEL OTN TIEPLOXN TWV BEATIOTWV

QMOTEAECUATWYV TOU evtomiobnke oto keddAatlo E.2.

Ou dlaotaoelg twv Sokipiwv mou umoBAROnkav os SOKIIEC KAUPNG TPLWY
onueiwv NTav 93.6 x 12.7 x1.1 mm, cuudpwva pe to Slebvég mpotumo ASTM D790-03,
Kal Twv Sokiuiwv mou umoPAnBnkav ce Sokipég ebeAkuopol 102 x 6 x 1.1 mm,

oUpdwva pe to Tpoturmto ASTM D3039/3039M. H Swadkaoia eAéyxou NG

39



QVOYKOLOTNTOC YL TIPOCTATEUTIKA «tabs» oTLG EPLOXEG OUYKPATNONG EPapuocdnke

Omw¢ avaAvetal oto kepaAato E.2.

MNa kaBe aplOud mewpdupato¢ tou mivaka Taguchi, &dnAadn yla kdabe
SL0popeTIkO oUVOUAOUO TOPAUETPWY TIou eAEyxONnKe, 5 dokipla umoBAROnkav ot

Sokiun KapPng tpLwv onuelwv kot 5 og dokiun epeAkucopoL.

E.3.4. Aiadkaoia curing

Ta mapoayxBévta Sokipta unofAnBnkav oe Sladopetikég Sladikaolieg curing,
oUpdwva pe TOo IxAUa 33. Ou mopapetpol NG OSladlkaciag curing TmoU
QVTLUETWTIOONKAV WG METABANTEG OTO OXESLAOUO TIELPANATWY NTaV N Bepuokpacia
TOU MPWTOU MAATO T1, n SLdpKeLla TOUu MPWTOU MAATO hi kol o pubuog avénong tng
Bepuokpaoiag a wg tn Beppokpacia Ti. OL TIHEC TWV MOPAPETPWY KOOWC Kal Ta

enineda ota omola auTtég eEAEyxBnKav mapouoLalovtol CUYKEVTPWTLIKA otov MNivaka 3.

[*C]

Temprature

N

ambient

|
I
|
g
I 6 I } h Time
LS ¥ L 1 [11]

Zxnua 33. KUkAocg curing mou e@apuocdnKke Kot TP AUETPOL TTOU XPNOLUOTTOLINKAY OTO OXESLOOUO TIEPUUATWY
Taguchi (Seretis et al. 2018a).

Apxka, oha ta dokipla mapéuewvav o Bepuokpaocia mepLBAaAAovtog ya 6
WPEC. 2Tn ouVveéxela, epapudodnkav O6Aa ta mpodiA curing (oL kUKAoL curing) mou
oxedlaocOnkav pe tn pEBodo Taguchi. MNa to oxedSL00UO TWV MEIPAUATWY ETAEXONKAV
BepoKpaOieC curing UIKPOTEPEG, LEYOAUTEPEC KL LoEC Ue T Bepuokpacia vaAwdoug

uetapoaong (Tg). H emloyn autn €ylve wote va eAeyxBoUv OAoL oL LNXaVvLoUOL e TouG
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omnolou¢ npaypatomnoleital n Stadkacia curing. OL unxaviopol avtol eAéyxovtat ano
™ oxéon (heyoAUtepn, (on 1 MKPOTeEpPn) NG Oepuokpaciag otnv omola
npaypotonoleital n dadikaoia curing pe tn Beppokpacio valwdoug petaBaong

(Seretis et al. 2017c, Mousa et al. 2012, Ellis 1993, Wisanrakkit and Gillham 1990).

Mivakag 3. Mapauetpot kat enineda tou oxedlaouou nelpauatwy Taguchi.

Eninedo
NopéeTpoc Movada
Il 1 A% \Y
A: Pubuog ad
uBuog aUEjonc 1 ) 3 4 5 °C/min
NG Beppokpaciog
B:0 t
’ epuDKpac”la 50 80 100 120 140 °C
TPWTOU TAQTO
C: Ald '
LAPKELDL TPWTOU ) 4 6 8 10 h

mAato

E.3.5. Melpapatikég Statagerg ko eEONMALOOG

Mnxavry Sokiuwv Instron 4482 Suvapikotntag 100 kN xpnowuomnow)enke yla
OAEGC TIGC pNXOVIKEC OSOKIMEC (OnAadny Soklpég edeAkuopol kot KaupPng TPLWV
onueiwv). H taxutnta ¢ KvoUUevn G KEDAANRG yLat OAEC TLG UNXAVIKEG SOKLUEG ATav 2
mm/min, cUpudwva pe TIg 0dnyieg Twv avtiotolwv Stebvwv npotinwv ASTM mou
xpnowornow)nkav. H emidpavela cuykpAtnong Twv apmaywv Xelpokivntng cuodLeng
TIOU Xpnotuomotnkav yla TG Soklpég epeAkuopol (Instron 2716 manual wedge
action grips) ntav 50 x 50 mm. lNa tig SoKWES KAUY NS TPLWV oNUELWY, N andotacn

HETAL TwV otnpifewv (support span) oplotnke 52 mm.

OAeC Ol UNXAVIKEC SOKIUEC TIpAYUATOTOLONKAV O TIPOTUTIEC EPYAOTNPLAKEG

ouvOnkeg (23+1°C kat 50£5% oxetikn vypaoia), oL omoieg Statnpouviav oTtabepEg yla
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XPOVLKI SLAPKELA TOUAGXLOTOV 6 WPWV TPV TNV TPAYMATOTOLNCN TWV KUNXOVIKWY

SoKLUWV.

E.3.6. AltoteAéopata Kot oulntnon

E.3.6.1. JUvOeta MOAUCTPWUATIKA UALKC

Ta Saypappoata KUpLwv emdpacswv (main effect plots) mou adopouv otnv
epeAkuoTIk eniboon Twv CUVOETWY UAIKWY, yla OAEG TIC TAPOAUETPOUG a, T1 Kal hi,
napouotalovtal oto IxAua 34. Onwg napatnpeital, n enidoon Tou UAKOU aufavel
yla TIHEG Tou a 1-2°C/min kot akoAouBel pilo peiwon ywa Tpég 3°C/min Kal otn
ouvexela 4-5°C/min. H oupmepidpopd autr) Tou uAKoU eival avapevopevn, adou eivort
YVWOTO MWGE Ta EMOEELSIKA cuoThata mapouotalouy evalcbnaoia oto pubuo avénong
¢ Bepuokpaociag. H Beppokpacia tng Stadikaciog curing dalvetal, €miong, va
emdpd otnv emidboon Tou UAKOU. ZUYKEKPLUEVQ, Tlapatnpeital pia mpoodeutikn
avénon tng enidoong kabwg n Bepuokpacia avéavel anod toug 50°C otoug 120°C.
MNepattépw avénon tng Bepuokpaciag otoug 140°C emdpd apvntikd. Kabwg n
Bepuokpaoia auviavel, n Stapkela €kBeong Tou UALKOU otn Bepuokpacia auth ano 2
wW¢ 4 wpeG guVoel TNV enidoon Tou UALKOU. ZTn OUVEXELQ, yla SldpKela amo 4 wg 6
WPEC, N EMIS00N HELWVETAL ONUAVTIKA. AKOAOUBEL pia pkpn avénon yla Stapkela amo
6 w¢ 8 WPEC Kal, TEAOC, Spapatiki pelwon tng emidoong kataypadetal yla €kBeon
TOU UAWKOU o€ peYAAn Bepuokpaocio yla peydAn xpovikn Sidpkela, dnAadn ya

XpOvoug aro 8 w¢ 10 wpeg.
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Main Effect Plots for Means
Data Means
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Zxnua 34. Aaypaupata KUplwy emdpacswv (main effect plots) mou apopolv atnv epeAkuotikn entidoon Twv
oUvOeTwVY moAvoTpwuatikwy UALkwv (Seretis et al. 2018a).

Ta Staypappata kKUpwv enbpacswv (main effect plots) mou agdopouv otnv
KQUTTTIKN €midoon Twv cUVOETWV UAKWY, yla OAEC TG TapapéTpous a, T1 kat hi,
napouotalovtal oto Ixnua 35. Edw, n avé¢non 6co tng Bepuokpaciag 600 Kal TG
Slapkelag €kBeong tou UAKKOU oTn Bepuokpacia autr mpokaAoUV auvuénon tng
KAUTTIKNG emidoong tou UAkoU. Kat otig dU0 QUTEG MEPUTTWOELS, HUELWON TNG
enidoon¢ napatnpeitat povo yla to teAevtaio eninedo tng kAOs mapapérpou. Ooov
adopd to puBUSO avénong Tng Bepuokpaciag, PETA amd pia apxkd avénon tng
enidoong mou AapPavel xwpa oto Seltepo emimedo NG v AOYw TOPAUETPOU
(2°C/min) kot pia emakdAouBn peiwon oto tpito eninedo (3°C/min), yia ta utdAouta

enineda o pubuog paivetal va pnv emnpedlel tTnv eniboon Tou UALKOU.

Main Effect Plots for Means
Data Means
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Zxnua 35. Ataypaupoata kuplwv emibpacswv (main effect plots) mou agopouv atnv kaumntikn eniboon Twv
ouvistwy moAuotpwuatikwy UAkwv (Seretis et al. 2018a).
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Ta amoteAéopata ¢ avaluvong  Siakupavong (ANOVA), Tmou
TipayUaTomolnOnke Kot yla ti¢ SU0 avWTEPW OELPEG TIEWPAUATWY, Ttapouatalovral
otoug MNivakeg 4 kat 5. Eival mpodaveg OtL n KUPLA TIAPAUETPOC YLo TNV EGEAKUOTLKNA
enidoon eivat n dudpkela tng Stadikaciag curing, n omoia ¢aivetal va enidpa oe
Toc0ooTto 35.89%. AvtiBeta, yla TNV KaumTiky eniéoon n MapAUETPOG e TNV KUPLAL
enidpaon ival n Bepuokpacia tng Stadikaciag, n onola emdpd o€ mocooto 44.02%.
Kat otig U0 MEPUTTWOELG, N TAPAUETPOC Tou pubuol avénong tng Bepuokpaciag

elvat n Ayotepo onpavtikn, pe enidpaon 6.62% kat 6.92%, avtiotolya.

Mivakac 4. AnoteAéouarta avaivong Stakuuavonc (ANOVA) yia Ti¢ eeAKUOTIKEG SOKLUEG, Ywpic aAAnAemibpaon
ko o€ eninedo eumiotoouvng 95% (Seretis et al. 2018a).

Sum of

Source dF Mean square F-value P value C (%)
squares

A 4 293004 73251 0,80 0,367 6,62

B 4 1447822 361955 3,96* 0,003* 32,71

C 4 1588652 397163 4,34* 0,010* 35,89

Error 12 1097301 91442

Total 24 4426778

Mivakac 5. AnoteAéouarta avaivong Stakuuavong (ANOVA) yia Ti¢ Kaumtikeés SOKIUES, xwpic aAAnAenibpaon kat
o€ eninebdo eumniotoouvng 95% (Seretis et al. 2018a).

Sum of

Source dF Mean square F-value P value C (%)
squares

A 4 12361 3090 1,18 0,367 6,92

B 4 78612 19653 7,53* 0,003* 44,02

C 4 56284 14071 5,39* 0,010* 31,52

Error 12 31335 2611

Total 24 178591
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Ev ouvexela, mnpayuatormownbnke availuon TmoaAwdpounong (regression
analysis) (Quirogaa et al. 2016) wote va dnuloupynBei éva poviélo mpoPAedng ya
Vv eniboon tou UAKOU ot kaBe mepimtwon. To olvnBeg poviéAo avaluong
naAwdpopnong «full quantraticy pe epmAekOpeEVOUG OpPOUC HOVO QUTOUG TIOU
Bp€Onkav OTATLOTIKA onuaviikol katd tnv ANOVA, mou XpnoLlomoleital o€ TETOLOU
TUmou epyaoieg, mapouciooe MOAU xaunAn akpifela (mepimouv 65%). Zto Zxnua 36
napouaotaletal n emidoon Tou mapanavw PoviéAou otnv npoBAedn TG ebeAKUCTIKAG
OUUTEPLPOPAC KoL 0TOo IXNUa 37 otnv MPORAEYN TNG KAUTITIKAG CUMNEPLPOPAC TOU

oUVOeTOU UAWKOU.
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Sxnua 36. Melpauatikéc kat umoAoyLtoVeioss ano to uovtédo «full quantratic» TIUEG EQEAKUOTLKIG ETiS00NG TwV
ouvdetwy VAkwyv (Seretis et al. 2017d).
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Zxnua 37. Mepauatikés kat umoAoyltodeioes ano to povtédo «full quantratic» TYUEG KAUITTLKIG ETid00NG TWV
ouvIstwv vAtkwy (Seretis et al. 2017d).
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AOyw ¢ oAU xapunAng akpifelag tou LOVIEAOU auToU, TPOoEKUPE N avaykn
yla éva 1o alomioto PoviéAo avaAluong maAlvépounong. 2tnv mapovuoa datplfn,
npoteivetal To pHoviélo «Poisson Regression» TOU XPNOLUOTIOLEITAL EUPEWG OTNV
emudnuiodoyia, otnv kowvwvioloyia kat otnv Puxoloyia. H maAwvdpodunon Poisson
elvat po péBodog maAwdpounong, n omoia XPNOLWIOTOLlel €vav AoyoaplOuko
HUETAOXNMOTIOMO TIOU aVTLOTAOUIleL TNV OmMold OCUMMETPlO, OIOTPEMEL TOV
UTIOAOYLOMO  apvNTIKAG TIPOPAETOPEVNG TIMNAG Kal €miong mepAappavel tnv

avaloylkotnta Hetafl tng Stakupavong Kot Tng péong Tung (Hoffman 2015).

H uéBodog «backwards elimination» (mpog ta niocw e€alewpn) epapuocbnke
og OAeC TIC petaPAnTéC Mou mepAndOnkav otnv maAwvdpounon. H emibpaon tng
adaipeong Hiag METAPANTAG OTO UTOAEUMOUEVO HECO TETPAYWVO  (MSres)
afloloynOnke ylo kABe petafAnTh Ko n LETAPANTH LE TO ULKPOTEPO OTIOTEAECHO OTNV
avénon Twv MSrs adatlpolvtav av Sev avfave TNV avohoyia Four TOU
XPNOLLOTIOONKE WG OPLO YLA TNV ATOUAKPUVON TwV HETOPANTWY. To Four OploTnKe
(oo pe 4. H Swadikacia cuvexlotnke HEXPL TN OTLYUN TIOU N QITOUAKPUVON aUTH
TIPOKAAECE CNUAVTLKI LETOBOAN OTIG MSyes, MEPIMTWON KATA TNV OMola n eAeyXOUEVN

petaBAnTA adalpédnke kal Sev mpayuatonoliOnkav nepattépw e€aleielc.

Me tov Tapanmdavw TPOTo, Bewpwvtag Kal T TPEL TIAPAUETPOUG TNG
Swadkaoilag curing wg avefaptnteg petafAntég, umoAoyiobnkav SUo0 povtéAa
naAwvdpopnong Poisson, €va yla TNV ePEAKUOTIKI KAl Eva yLa TNV KOUTTTKN €miboon
TOU oUVBeTOU UALKOU. Ta poviéda auta meplypadovrtal amno tig E€lowoelg (1) kat (2),

avtiotolya.

Tensile Load = et (1)
Omou
Y, =—-03—-88xa+ 0.524x T, — 0.83 X hy + 0.784 x a? — 0.002901 x T,% +
1.547 x k2 + 5.31 X a X hy — 0.1979 X T; X hy 4+ 0.000003 x T;3 — 0.285 x hy> —
0.3327 x a X h% + 0.00099 X T;% x hy + 0.01975 x T; x h% + 0.0153 x hy* +

0.03159 x a? X h% + 0.126 X a X h;> — 0.000001 x T;3 x h; — 0.000064 X T;? x h? —
0.000481 X T; x h® — 0.00573 x a x h*

Flexural Strength = e¥? (2)
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onou

Y] = 4.6336 + 0.009461 X T; + 0.1188 x h; -0.000792 X T; X hy

Ta mapamndvw povtéda nmetuxav akpifela mpoPAedng peyailtepn tou 97%.
JUYKEKPLUEVA, TO HOVTEAD Tou adopd otnv edeAkuoTiKi enidoon Tou UAKOU eixe
akpifela R?=97,05% kal To HovtéAo Tou adopd oTnV KATTTIKY enidoon R?=98,11%.
210 IxAua 38 mapouaotaletal n emidoon Tou MapAAVW HOVTEAOU otnv POoPAedn TG
edeAKUOTIKAG oupmeplpopdg kat oto IxNua 39 otnv mPOPAedn TNG KOMTTTIKAG

ouuneplPpopag Tou cUVOETOU UALKOU.
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Jxnua 38. Melpauatikeég kat utoAoyLoBeloeg armo To UOVTEAD «Poisson regression» TIUEG EQEAKUCTLKIG EmiS00NG
Twv oUvIeTwv UALkWV (Seretis et al. 2017d).
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Flexural Strength [MPa]
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Zxnua 39. MNepauatikeég kat UTOAoyYLOVE(OEG QIO TO UOVTEAO «Poisson regression» TIUEG KAUMTIKNG EMIS00NE TwV
ouvistwv vAtkwy (Seretis et al. 2017d).

E.3.6.2. NavooUvOsta moAuCTpwWUATIKA UALKO

Ta Saypappota KUpLwv emdpdcswv (main effect plots) mou adopolv otnv
epeAkuoTIk eniboon Twv CUVOETWY UAIKWY, yLa OAEG TIC TAPAUETPOUG a, T1 Kal hi,
napouotalovrtat oto ZxNua 40. Onwg napatnpeitatl oto ZxNua 40, Ye Tnv avénon tng
Bepuokpaaiag curing amno toug 50°C otoug 80 °C n edpeAkuoTiky enidoon Tou UAKOU
au&avetal onuavtikd. Avénon t¢ Beppokpaciag wg toug 120 °C dev mpokaAei kamola
Sladopormoinon, evw mepaltépw avénon tng Beppokpaciag (wg toug 140 °C) avavel
Kall TTAAL TV enidoon Tou UAWKoU. O puBuodc avénong tng Beppokpaciag a mpokaAel
HKpn avénon tng epelkuotikng enidoong, 6tav avénbel anod 1 °C/min o 2 °C/min.
AU&non tou a otoug 3 °C/min POKAAEL ONUAVTIKN HElWON TNE OVTOXAG 0 EGEAKUOUO,
EVW YLO TIEPALTEPW AUENCH TOU MOPATNPELTAL APXLIKA PLKPH aUEnon KoL €V CUVEXELQ
ukpn Helwon tng emidoong. Mapad Tig SLAKUUAVOELS OTNV £midoon, n avtoxn o€
€PEAKUOUO TIOPAUEVEL ONUOVTIKA HELWHUEVN YL TIUEC TOU O HEYAAUTEPEG amo 2
°C/min. H ab&€non tou xpdvou curing amo 2 WPEeC o€ 6 WPEC TPOKAAEL LEYAAN pelwon
NG avToXNG o€ €PEAKUCHO, EVW TIEPALTEPW aUENON WG TNV TN Twv 10 wpwv auvavel
ONUAVTLKA TNV €PEAKUOTIKN €miboon Tou UAKOU, emavadEPOVTAG TNV MEPLTTOU oTNV

TLUA TIOU QVTLOTOLXEL O€ XpOVO curing 2 wpwv.
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Zxnua 40. Ataypauuata kuplwv emdpacewv (main effect plots) mou agopouv atnv epeAkuatiki emtiboon Twv
vavooUVIETWY MTOAUCTPWUATIKWY UALKWV.

Ta Saypappota KUpLwv emdpdcswv (main effect plots) mou adopolv otnv
KQUTTTLIKN emidoon Twv cUVOETWV UALKWY, Yyl OAEC TIC TAPAUETPOUG a, T1 Kal hi,
napovatalovrtat oto IxAua 41. AvEnon tou puBuoL avénong tng Bepuokpaciag curing
a TPOKAAEL apXLKA ONUOVTLIKA aUENon TNG KOUMTIKAG €Mi600N¢ Tou UALKOU Kl €V
ouvexela peyaAn peiwon tng. Mikpn avénon tng Bepuokpaciag curing (amd 50 °C oe
80 °C) peLWVEL SPAPATIKA TNV KAUITTIKY €TS00N TOu UALKOU, EVW TIEpALTEPW avénaon
¢ Bepuokpaociog mpokaAel av€naon TG KAUTTIKAG enidoong. H mpoodeutikn avénon
TOU XPOVOU curing MELWVEL ONUAVTIKA TNV €midoon Tou UALKOU, HE KATIOLEG
SloakupAvoelg TG (UEOUELWOELG) TIOU QAVTLOTOLXOUV OfE HMEYAAOUC XPOVOUC TNG

Swadkaoiag curing.
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Zxnua 41. Ataypauuota kuplwv emibpaocswv (main effect plots) mou agopoulv otnv kauntikn eniboon Twv
vavooUVIETWV MTOAUCTPWUATIKWY UALKWV.
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Ta amoteAéopata ™G avdaluong Swakvpavong (ANOVA), Tmou
TipaypoTomnoOnke Kot ylo T SU0 aVWTEPW OELPEC TIELPAMATWY, Tapouatalovtal
otou¢ Mivakeg 6 kat 7. H KUpLa TApAPETPOG Lo TNV EPEAKUOTLKY €MiSoon Tou UALKOU,
OTIWG KOLL OTNV TEPLMTWON Tou 0UVOETOU UALKOU Xwpig evioxuon GNPs mou e¢etaotnke
TIPONYOUHEVWG, lval n dtdpkela tng Stadikaaoiag curing, n onmoila daivetat va emdpa
o€ ooooTo 31.18%. AvtiBeta, yLo TNV KAUMTIKY €nidoon N MapAPETPOC UE TNV KUpLA
enibpaon elvat n Bepuokpaocio curing, n omoila embpd o€ Mocootd 32.67%,
TIAPOTAPNON TIOU KO TIAAL CUUTIIMTEL JE TA amoTteAEéopata mou eAndOnoav yla 1o
oUVBeTo UAIKO Ywplc mpooBnkn GNPs. Itnv mepimtwon Ttou e€deAKUCUOU N
TIAPALETPOG TNG OeppoKkpaoiag eival n AlyOTEPO ONUOVTIKN, HE emidpaon 6.9%, evw
otnv mepimtwon tng KApPng n AlyOteEPO ONUOVTLKY TIAPAUETPOG ElvOl O PUBUOG

av&nong tng Bepuokpaaciag mou emdpd o€ MOcooTo 9.68%.

Mivakag 6. AntoteAéouata avaAvong dtakouavons (ANOVA) yia Ti¢ e@eAKUOTTIKEG SOKIUES, Xwpi¢ aAAnAemtiSpaon
Kat o€ eninedo guniotoouvng 95%.

Sum of
Source dF Mean square F-value P value C (%)
squares
A 4 661.7 165.4 0.51 0.73 9.23
B 4 423,2 105,8 0.31 0.865 5.9
C 4 2235 558.6 2.26 0.098 31.18

Mivakag 7. AnoteAéouata avadvong dtakouavons (ANOVA) yLa tig Kauntikeég SokUES, xwp(c aAAnAentidpaon kot
o€ eninebdo gumntotoouvng 95%.

Sum of

Source dF Mean square F-value P value C (%)
squares

A 4 2644 661 0.54 0.711 9.68

B 4 8925 2231.2 2.43 0.082 32.67

C 4 5004 1251 1.12 0.374 18.32
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Tnv mapanmdavw oavaluvon akolouBnoe pia avaiuon maAwdpounong
(regression analysis) (Quirogaa et al. 2016) mou edapudobnke yia va dnuoupyndel
€va Hovtélo mpoPAsdng yla tnv emiboon tou vavoouvBetou UALKOU o KABe
nepimtwon. To ouvnBeg poviédo avaluong moAwvdpounong «full quadratic» pe
EUMAEKOEVOUG OPOUG MOVO AUTOUC IOV BPEOBNKAV OTATLOTIKA ONUAVILIKOL KOTA TNV
ANOVA mnapouciooce oAU xapnAn okpifela (mepimou 62%) otnv mepimtwon tou
vavoouvBeTou UALKoU. H oAU xapunAn akpifela tou HovtéAou autou dnuiolpynoe
TNV avaykn ylo €va 1o aglomoto HovTtEAO avaAucong maAlvépopnaong. Qg BeAtiwpévo
HOVTEAO XPNOLUOTOLRNONKE yla TNV TEpimTwon tng Kappng to povtédo «Poisson
Regression» (Hoffman 2015), to onoio nétuxe akpifeta 94.9%, kat yla tnv nepintwon
Tou edperkuopol to «full quadraticy evioyupévo pe tnv aAAnAenidpoaon OAwv Twv

deutepofabuLwV 0pwv Tou, To omoio Etuxe akpifela 90.99%.

H uéBobdog «backwards elimination» (mpog ta niocw e€alewpn) epapuoobnke
Kall TLAAL o€ OAEG TIG HeTOBANTEC TTOU epAdOnKav otnv maAwvépounon. H emtidpaon
™mM¢ adaipeong piag METAPBANTAG OTO UTIOAEUTOMEVO HECO TETPAYWVO (MSres)
afloloynOnke ylo kABe petafAnTh Ko n LETAPANTA LE TO ULKPOTEPO ATIOTEAEGHA OTNV
avénon twv MSes adapolvtav av dev avfave TNV avohoyia Four TOU
XPNOLUOTOONKE WG OPLO YLA TNV ATOUAKPUVON TwV UETOPANTWV. To Four OploTnKe
oo pe 4. H Sladkaocia ouvexiotnke PEXPL TN OTWYUN TIOU N QAMOUAKPUVON QUTH
TIPOKAAECE ONUAVTLKN LETOBOAN OTIG MSyes, TIEPIMTWON KATA TNV OTtOLA N EAEYXOUEVN

ueTaPANTA adapéOnke kal Sev mpayuatonoltionkav nepattépw e€aleipelc.

Kau ot tpelg moapdapetpot tng Siadikaoiog curing avilpetwniotnkav wg
ave€aptnteg HeTaPAntéc. Me Ttov TPOMO QuUTO umoAoyicBnkav &Uo HoVTEAQ
naAwdpopnong, €va Poisson ywa tnv mpoPAsdn ¢ Kaumrtikng emidoong tou
vavoouvBetou UALkoU kot éva evioxupévo full quadratic yia tnv mpoPAedn tng
epeAkuoTIKNG emidoon ¢ Tou. Ta povtéda auta neplypadovtal amno tic E€lowoelg (3)

Kal (4), avtiotowya.

Flexural Strength = e¥? (3)

onou
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Y4 = 6.09 —4.10 X a + 0.0054 X T; + 4.703 x h; — 1.105 x a® — 0.001897 x T;% —
0.12 X h? + 0.063 xa xT; — 0.841 x a X h; — 0.03293 X T; X h; + 0.33 x a® +
0.00001 x T;3 + 0.0401 x hy> 4 0.0914 x a? x hy + 0.0001 x a x T2 — 0.001283 x
ax hy xT; —0.01888 x a* — 0.001775 x hy* — 0.01132 x a3 X h,

Tensile Strength = Y, (4)

onou

Y] =407 — 166 X a — 10.29 X Ty + 2.4 X hy + 55.8 X a? + 0.0491 x T;> — 19.22 X
h%2 41177 X a X T; — 84.7 X a X hy + 1.399 X Ty X h; — 2.403 X a® x T; + 18.51 X
a? x hy —0.0654 x a X T;2 +9.31 X a x hy? + 0.01051 x a? x T;2 — 1.597 x a2 x h,*

Ito IxAuo 42 mapoucldletal n €midoon TOU TOPATAVW HOVIEAOU OTNV
npoBAedn tnNg edbeAKUOTIKAG cunePLdOPAC Kol oto IxNua 43 otnv mpoPAedn tng

KOLUTTTIKN G OUUTIEPLPOPAG TOU VOVOOUVOETOU UALKOU.

250
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Zynua 42. Melpauatikeg kot utoAoyLtoUeioes amo To mpooapUooUEVo ovTEAD «Full quadratic» Tiuég
EPEAKUTTIKIG ETTIS00NG TWV VAVOOUVIETWY UALKWV.
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Zxnua 43. MepaUaTikeS kat UTTOAOYLOTEIOEG QO TO UOVTEAOD «Poisson regression» TUUEG KQUITTLKIG EMIS00NG TWV
VaVooUVIETWV UALKWV.

E.3.7. Zupnepdopata

Me Baon Ta TEPAPOTIKA KOl UTTOAOYLOTIKA OmoTeAEoUOTO TOU Kedalaiou

ouToU prmopouv va e€axBouv ta akoAouba cupnepaopata:

Toco otV mnepimtwon Twv oUVOBeETwv 000 KAl OTNV TEPUMTTWON TwV
VOVOOUVOETWY UALKWY, N TIOPAUETPOG TIOU EMNPEALEL TTEPLOCOTEPO TNV EHEAKUOTIKNA
enidoon tou VALKOU eival o xpovog tng Stadikaciag curing KoL aUTr Tou ennpedleL o
peyoAltepo PBabud tnv kaumtikn emniboon eivat n Bepuokpacia. H Ayotepo
ONUOVTLKA TIOPAUETPOC YLOL TNV KAWTTIKY €midoon Kal ot SU0 KATNyopLleg UALKWV
elvat o puBudég avénong tng Bepuokpaciag. Ooov adopd, Opwg T AlyoTEPO
ONUAVTLKA TIAPAUETPO yla TNV eHEAKUOTLKNA €Midoon, autr dtadopormoleital yio kabe
katnyopia UAWoU. Etol, evw n epeAKuoTIKA eMidoon TwV cUVOETWY UALKWVY EAEYXETAL
O£ HLKPOTEPO TIOCOOTO arod to pubuod avénong tng Bepuokpaaciag, ota vavoouvoeta

UALKG N ULKPOTEPN ETOpAON AVILOTOLXEL OTNV MOPAUETPO TNG Bepokpaaciag curing.

Ta kowd xpnolponoloVpeva povieha ToAvdpopnong «semi quadratic» kat
«full quadratic» emtuyxdvouv mMoAU kPO MOo0OoTO akpifelag otnv mpoPAsdn tng

OUUTEPLPOPAC TWV CUVOETWV Kal VOVOCUVOETWY UAIKWYV, TO00 €PEAKUOTIKAG OCO Kal
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KQUTTTLKAG, €AV XpnolomolnBolv w¢ HUeTOPANTEG OL TMAPAUETPOL ML BEPULKAC
Stadkaoiag curing. To mMpoTelVOUEVO HOVTEAD TTAALVEpOUNONG «Poisson regressiony,
mou €xeL tn duvatdtnta va MPoPAEYPEL TIHEG OE HOVTEAQ EVIOVWV SLAKUUAVOEWY,
Xpnolgormoleital otnv mapovoa Statpfr yla va emtuxel peyalutepn akpifela
npoPAedngG, Tou EemepvAEL TO MOCOOTO emutuyxiog 94% oe kabe mepimtwon. Zto
HOVTEAO €PeAKUOTIKNG €MiS00NG TOU VOVOOUVOETOU UALKOU, OTO OTOLO OL TLUEG
TapouoLalouV TILO OUOAEG HETABACEL UE CUVEXN YPOUUIKA TUAMOTO, N LEYAAUTEPN
aKpiBela emITUYXAVETAL HE TN XPHON Tou povtélou maAwdpounong «full quadratic»

EVIOXUUEVOU PE OAEG TIG aAANAeTIOpAOELC TwV SeuTtepoPfabulwy 6pwv Tou.
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E.4. Enidpaon otn dtadkacia post-curing

MNna tn Sadkaocia post-curing ehaylotn SwaBéoun BiBAoypadia umapyel.
Aoyw NG ¢puvong tng, n Sladkaocia auth HEXPL TWPO AVILHMETWI(ETOL WG Mia
Stadkaoia dpuoikng dBopdg Twv ocLVOeTWY UAIKWY, adoU, oTIG EAAXLOTEC LEXPL TWPO
€pyaoieg oTo eV AOYyw avTiKeiheVO, €xel avadepOel pdvo apvntiki emidpaocr] TG oTLg
HUNXOVLKEG LOLOTNTEC TwV oUVBeTWV VAWV (Rudd et al. 2013, El Yagoubi et al. 2010).
Mo ouyKeKpLUEVQA, TO amoTéAeopa piog Stadikaciag post-curing avTLUETWIIIETAL WG
umoBAaduLon Twv LELOTATWY TOU GUVOETOU UALKOU AOYWw TapPATETANEVNG EKBeONG o€
otaBepéc 1 peTaBANTEG OepUOKPACLAKEG OUVONKEG. QG EK TOUTOU, TIOTE HEXPL CUEPQL
Sev €xel avtipetwnoBel w¢ tuRpa ¢ Sladkaoiag mapaywyng €vog ocuvOeTou

UAWKoU.

210 TapPOV KeDAALO, BEWPWVTAG MWCE TA EVTOYHEVA OTNV EMOEELSIKA UNTPA
GNPs pmopoUv va Aettoupyrnoouv wg mupnveg PuEng Kal Pe TOV TPOTMO OQUTO va
Slagpopomowjoouv TNV mpoavadepbeica ocuumepipopd TOU OUVOETOU UAKOU,
efetdoOnkav Slddopeg Stadkaoieg post-curing. Mo cuykekpluéva, eAEyxOnkav
Sladpopec Bepuokpoaoieg (peyoAUtepec 1 loec pe TN Oepuokpacia valwdoug
uetaBaong Ty) o€ xpovoug ekBeong mou avédvovtav Le Brpa 2 wpwv. MNa Tiq Kploleg
Kall LOVo TepLoXEG, Omou dnAadn umrpxe aAlayn TnG KALONG OTLC KOUMUAEC enidoong
TOU UALKOU, TO XPOVIKO PBripa petafAndnke o€ oplopéveG MepUTTwOoEl o 1 wpa,
TIPOKELUEVOU Ta amoTeAEopaTa va gival 66o to duvatov mo akpPr. H dtadkaoia
curing, mou mponynOnke Twv dtadikaowwyv post-curing, Atav dta yla 6Aa ta dokipta
miou uTtoPBANBnkav o Sladopetikég Sladikaoieg post-curing. Ta mapaxBévta Sokiuta

eAEyXONKaAV W TTPOG TILG LNXOVLKEG KL TIC OEPULKESG TOUC LOLOTNTEC.

Ao to oUVOAO TWV TELPAUATWY TOU TTapovtog kepaAaiou, oploBnke meploxn
BepUoKpaCLWY KAl XpOVWV post-curing otnv omoia TOco oL BepuULkEG, 600 Kal oL
UNXOVLKEG LOLOTNTEC TWV VOAVOOUVOETWY UALKWV TOPATNPOUVTAL EVIOXUUEVEC.
OploBnke, Aoumdyv, mMepLOX TWV XAPAKTNPLOTIKWY TNG Stadikaoiag post-curing otnv
omola n Stadikacio autr) oxL povo dev unoBabuilel To VALKO, aAAd Tou Tpoodidel

onuavtiky avénon twv Wothtwy tou. Etol, ya mpwin ¢$opd, CUYKEKPLUEVEG
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Sladlkaoieg post-curing mpoteivovtal wg TUAUA T Sdtadikaoiag mapaywyng Twy

VOVOOUVOETWVY UALKWV.

E.4.1. YAiKQ

To UAKO WNATPOG TIOU XPNOLUOTIOLNONKE yla TNV TELPAUATIK UEAETN TOU
TapoOvTo¢ KepaAaiov Atav to peocaiou Ewdoug emMofeldIKO CUOTNUA YEVIKWV
edbappoywv, Pe TNV eumoplk ovopaocio ES35A/B (emofeldikry pntivn ES35A kal
okAnpuvtr¢ ES35B). H avaloyia tou piypotog emofetdikng pntivng/okAnpuvtr Atav
2/1 pépn katd Bapog, cupdwva He TIg odnyieg Tou Kataokeuaotn. H Bepuokpacia
vaAwdoug petapoaong (Ty) TOU CUYKEKPLUEVOU UIyHATOG ETOEELSIKNG UATPOG glval

50°C.

Mo TNV evioxuon NG HUATPOG Xpnoldomoldnke povokateuBuvtikd (UD)
vaholipaopa tonou «E-glass» mukvotntag 520 g/m?2. Stov MNivaka 4 napouaotdlovtal
TA XOPAKTNPLOTIKAE Tou vaAolddopatog mou xpnotpomnotndnke. MNapaokeudoOnkav
U0 Sladopetikol TUMOL SoKIUIWY: povooTpwuaTtikd (laminae) kal mMOAUCTPWHATIKA

TECOAPWYV oTpwoewv (laminates).

Mivakag 8. XapaktnploTikd Tou UaAoU@AOUATOC TTOU XPNOLUOTTOLINKE.

Tunog vaAoidpacpatog Uni-Directional
AplBuoéc wibiwy ava iva 3230
Méon ypaupLKA TIUKVOTNTA (vag 2.3
[dtex]

Mukvotnta [g/m?] 520
Adpetpog wisiwyv [um] 9 um
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Ma evioxuon TG €MOLELOIKNG UATPOAC XPNOLUOoToOnKav €Miong VAVOSOUES
ypadeviou TUmou «nanoplatelets» (GNPs) amo tnv etalpia Alfa Aesar, n emupavela
(surface area) twv omoiwv Atav 500 M2/g. XapaKTNPLOTIKA Mopdr Twv gV Adyw

vavodouwv mapouotaletal oto IxNnua 1.

E.4.2. AladlKaoio TTOPAOKEUNG TWV EVIOXUUEVWY e GNPs

VOVOOUVOETWY MOAUCTPWHATIKWY UALKWV

Mo va TPOETOLUAOTEL TO €VIOXUMEVO PE GNPs piypa €MOEELSIKNAG UATPOG,
{uylopéveg moootnteg¢ GNPs avapixbnkav os moootnTa €MOEELSIKNG pNTivNG HE TN
XPNoN EpYOOTNPLAKOU avaSeUTHpa yLa Unxavikn avadeuon. H Stadikacia avadsuong
mpayupatonononke pe toxvtnta avadsuong 200 rpm yla xpovikn Slapkela 25
Aemtwv. To katd Bapog mocooto twv GNPs Tou xpnotuomnotnonke yia ta Sokipia tou
kedalaiov autol Atav 2%. AkoAoUBnoe n MPooBrKn TOU CKANPUVTH OTo Uiypo o€
avaloyio Bapwv OMwG autr oplotnKe amd TOV KATAOKEUOOTH TOU E£MoEelSIKoU
ocuotiuatog ES35A/B, 6nAadn pntivn/okAnpuvtng = 2/1. Itn cuvéxela, EAafe xwpa
uio devtepn Stadikaoia avaplEng xpovikng dtapkela 5 Aemtwv og taxutnta 200 rpm
TPV TO Piypa TG LATPAG XpnotpomolnBel yla tnv mapaokeurn Twv dokiuiwv (Seretis

et al. 2017a).

H mopaokeur Twv vavooUVOETWY TOAUOTPWUATIKWY SOKLUiwV Tou KepaAaiou
autou mpayuatonoliOnke pe tn pEBodo «hand lay-up» (SLAOTPWHATIKY) KATOOKEUNA
HE TO XEPL). YIO ouvexn avadeuaon, To eVIoXUUEVO Pe GNPs piypa tng emofeldikng
UNTPag gyxUONKe MPOOSEUTIKA OTL OTPWOELG Tou LaAolddaouatog. H Sladikacia
oautn ouvodeltnke, KaB' OAn tn Slapkeld tng, and pia Stadikacio emioTpwong pe
xprion HeTaAALkoU poAoU Kal LE TauToxpovn doknon eAadpag niecewc (hand-rolled).
IXNUOTIKA TPLOOLAoTATN OMELKOVION TNG avwiepw MeBOSou mapaywyng, yla ta
TIOAUCTPWHATIKA vavoouvBeTa Sokipla Ta omoia eAEyxBnKav wg mPog TNV KAUITTIKN
Toug ouumepldopd, mapouaotaletal oto Ixnua 4. H pikpodoun twv SoKipiwv mou
TAPOOKEVACONKAV e TNV Ttapamavw pEBodo amelkoviletal ota Ixnuata 44 kol 45.

Ito Ixnuo 44 daivetal TUAMA TNG SLACTPWHATIKAG TEPLOXAG VavooUvOEeTou
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TIOAUOTPWHOTIKOU SOKLUiou, evw oto Ixnua 45 smunkng amodn twv widlwv oe

HLOVOOTPWUATIKO VavoouvOeTo Sokiplo.

Sxnua 44. Mikpodopur vavoouvIetou moAuotpwuatikoU Sokiuiou neplektikotntac o GNPs 2% kata Bapog oe

TUNUA TNG SLACTPWUATLKAG TTEPLOXNC.

T€ooepelg oTpwoel VOAOUPACUATOC XPNOLUOTIOWBNKaAV yla TNV TIAPOOKEUN
OAWV TwV SoKLUiwV ToU eAEyXONKOV WG TIPOC TNV KOWTIKY Toug cupnepidpopd. H
gvioxuon ¢ vavoouvbetng pntpag mpoaypotorowidnke pe UD (Uni-Directional)
vaholipaopa, n aAlnhouxia otpwoewv (stacking sequence) tou omolou Atav
[0°/90°/0°/90°]1q, N wobdUvapa [0°/90°]2e. H emhoyn tng mapamdavw arlnAouxiog
OTPWOEWV £YLVE AOYW TNG OUXVAG emavaAnng TnG o€ oUVOETA MOAUCTPWHUATIKA
UALKQ MLKpOU TIAXOUG, OMWG QUTH EVIOMIOTNKE Katd Tn PBiBAloypadikr HeAETN.
Xpnotwornowwvtag 1o 6lo UD uvalolidoopa, KOTOUOKEUAOTNKOV HOVOOTPWHOTIKA
Sokipla (laminae) yia tig Sokiuég epeAkuopol oe aAAnAouyia otpwoswv [45°]. Etal,
SnuoupynOnkav dokipta epeAkuopol plag otpwong He ywvia tormobétnong 45°. H
OUYKEKPLUEVN YwVia TormoBEtnong emAéxOnke wote va eAeyxBel n cuumepldopd tng
Soung tNS KABe oTpwaong, Ke TNV eAdxLotn Suvath emidpacn TwWV VWV IOV armoteAoUV

To Ldaopa evioxuong (Seretis et al. 2016, Seretis et al. 2017c).
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Zxnua 45. Ermunkng amoyn twv wibiwv o€ HOVOOTPWUATIKO VAVOoUVIETO SOKILULO TEPLEKTIKOTNTACG 0 GNPs 2%

kata Bapog.

To katd BAapog mooootd TG eMoLeldIkAG UATPaG RTav 40% oe KABE SOKipLLO TTOU
XPNoLwlomow)Bnke oTO0 OUYKeEKPLUEVO KepaAalo tng Statpfrg. Mpokelpévou va
erutevxBel amodekty amd ta Siebvry mpotuna ASTM mou xpnolpomoldnkav
emavaAnPuoTnTa OTa TELPOUATIKA AMOTEAECOMATA, N avox TNG Katd Bapog
QTOKALONG TOU TOCOOTOU EMOEELSIKAG LATPAG OTA vavooUvBeta UALKA nTav +1%. MNa
TOoV €\eyX0 TOU TOOOOTOU aUToU, Ta vaAoldaopata Kot n emofelSikn UATPO TIOU
xpnowwonow}Bnkav ywa kaBe Sokiplo Cuylotnkav TtOoo Tpwv T Sladikaocia
TIOPOLOKEVUNG, 000 Kal YETA Tn otepeomnoinon (solidification) Tou kabe mapaxBEvtog

Sdokiuiou.

Ta mapayxBévta vavoolvOeta povooTpwuatikd Sokipla umePAnbnoav oe
OOKIUEC edEAKUOHOU, EVW TO TIOAUOTPWHOTIKA Sokipla o SOKLUEG KAUPNG TPLWV
onueiwv. Ou SokweEg kapuPne tpuwv onpelwv mpostolpdotnkav kot Sie€nyxbnoav
ocUudwva pe to Slebvég mpoturo ASTM D790-03. Ot SLaOTACELG TWV EVIOXUUEVWV E
voAolipaopa UD vavoouvBeTwv SOKIUIWY TIOU TIPOETOLUAOTNKAV Yla TIC SOKIUEC
aUTEG ATav 129 x 12.7 x 1.6 mm. Ta vavooUvOEeTa LOVOOTPWUATIKA Sokipla mou
TIPOETOLUAOTNKAV Yot SOKIUEC edpeAKUTpOU ixav Sltaotaoelg 250 x 50 mm (Seretis et
al. 2016) kat to mayog toug Atav 0.4 mm. OAa Ta TOAUCTPWHOTLIKA SOKILO KOTINKAV

OTLG TEALKEG TOUG SLOOTACELG LE TN XPHON €pyaoTtnplakol SLoKOTOMOU TUTIou Struers

59



Discotom-2 pe komtikd 6loko 40A25, KAtd TNV UMOSELEN TNG KOATAOKEUAOTPLOG

€TALPLOC VLA TA CUYKEKPLUEVA UALKAL.

E.4.3. Atadikaoieg curing Ko post-curing

Metd tnv oAokAnpwon TN dladikaoiag mapaywyng Twv eVICXUUEVWY e GNPs
VavooUVBETWV MoAUoTpWHATIKWY SokLpiwy, akoAouBbnos edappoyn ¢ Stadikaciog
curing. Na tn dadikaoia curing, Ta Sokipla mapéuevav os Beppokpacio dwuatiou
yla 7 nUEPEC, HEXPL SNAASH va ATIOKTOOUV TIG TEAIKEC TOUG LBLOTNTEG, oUUdWVA LE
TG UTOSEIEELC TOU KOTOOKEUOOTH] TOU €MOEELSIKOU OUOTAUATOC, ONMWG OUTEC

napouotalovtal oto TEXVIKO GUAAASLO Tou mpoiovTod.

AdouU oAokAnpwOnke n dtadikaoia curing, Ta dokipa ektéBnkav oe Stadopeg
ouvBOnkeg Bepuokpaaciag kal xpovou post-curing, cUpdpwva pe tov Mivaka 9. Adyw tou
HeEYAAou aplBpou nelpapdtwy, mpog SleukOAuveon Tou avayvwotn, ota Sltaypappata
eMidoong tou UAKOU ToU akoAouBoUV ONUELWVOVTAL TOVIOUEVA, €KTOG OO TOV
€AAXLOTO KOl TO WEYLOTO XpOvVo post-curing, povo oL ouvOrkeg post-curing mou
OVTLOTOLYOUV OoTa Kplolwa onueio Twv KapmuAwv. Ymodewvuovtal &dnAadn ot
OUVONKEG EVOC TELPAMOTOC ME YEWUETPKA CUUPOAQ €MAVW OTLG KAUTTUAEG, HOVO
epooov peTa and auto napatnpndnke aAlayr otn cupunepldopd TOU UALKOU, OTIWC
oAayn otnv KAlon tng kaumuAng enidoong, aAAayn TG TAONG TNG KOUTTUANG oo
av&ouoa os pBivouoa (Tomika pHéylota) Kal To avtiBeto (tomka ehdylota), KTA. MNa ta
Kplolwa autd onueia mpayupatomnonke avaAuon TGA (Thermogravimetric Analysis),

yla TNV omola xpnolomnoliénkayv oL TapAUETPOL TTOU TTAPOUCLAIOVTAL TTOPAKATW.

Mpokeluévou va emteuxBel n  amoawtovpevn amd ta Oebvr) mpotumna
emavaAnPuotnta Kot va  umoAoyloBel 1o  TUTUKO OodAApA  EVTOC  TWV
TPOSLAYEYPAUUEVWY ATIO OUTA oplwv, Touldxlotov 5 Sokipla amd kabe tumo
vavooUVBEeTOU UALKOU Ttou tapnxon, SnAadr) LOVOOTPWUATIKO KoL TTOAUCTPWHOTLKO
dlag mepiektikotTnTag GNPs (2% Kk.B.) yla kaBe dtadopetikd cuvbuaouo cuvinkwv

post-curing, urtoBANBNKav og KABs punxavikr SokLun.
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Onwg evkoAa umopel va ylvel avtAnmto anod tov MNivaka 9, eKTOG amod T
Bepuokpaocia vaAwdoug petdafaong tng emoeldikng nNTpag (Ty = 50°C), OAeg oL
UTtOAOLTteG BepOKpaOieg post-curing mou e€etaoOnKkav NTav PEYAAUTEPEG QO TNV
Bepuokpaoia T, Eival yvwotd otL oe OAeg TG Stadlkacieg tumou curing (katd
OUVETELQ. Kol post-curing) elval duvatdév va AdaBouv xwpa tpelg Sladopetikol
unxaviopot. H Umapén tou kaBe pnxoaviopou e€aptdtal anod Tn oxEon HUETAEL TNG
Bepuokpaoiag Tng ev Aoyw Sladikaoiag (edw Tpe) kot TG Bepurokpaociag vaAwdoug
uetapoaong (74) (Moussa et al. 2012, Ellis 1993, Wisanrakkit and Gillham 1990). MNa
kaBe duvatr oxéon LeTaL Twv SVo mapandvw Beppokpactwy, SnAadn Tpe < Ty, Tpe =
Tg Ko Tpe > Ty, €vag SLapOopEeTIKOG UNXAVLOOG curing AapBavel xwpa. Etot, étav Tpe <
Tg n taxutnta ¢ avtidbpaong pewwvetal kat n Stadikacio eAéyxetal amo évav
unxaviopo duaxuong (diffusion-controlled), étav  T,c = Ty mpaypotomnoleital
valomoinon (vitrification) kat 6tav Tpe > Ty N avtidpaon ival taxutotn Kat o pubuog
™G eAéyxetal amo xnukn  kKwntuikn (chemical kinetics). O woxupdtepog
(amoTeEAEOUATIKOTEPOC) LNXOVLIOUOG OO TOUC TPELG TIpoavadepOEVTEG elval AUTOC TNC
nepintwong Tpe > Ty (Seretis et al. 2017c, Moussa et al. 2012). lNa 1o Adyo auto,
TIPOKELUEVOU N Oladlkaoia va TPAYUOTOTIOLETAL E TOV TILO OTTOTEAECUATLKO

HUNXOVLOUO, ETUAEXONKAV OL CUYKEKPLUEVEG BEpOKPATIEG.

E.4.4. Nelpapatikeég SLatagelg ko eEONMALOOG

Mnyxavn dokiuwv Instron 4482 duvauikotntag 100 kN xpnowuomnonke ya tig
SOKIpEC edeAKUOUOU Kal KAUY NG TPLWV onpeiwv. H TaxUTtnTo TG KWVOUEVNG KEDAANC
yla TIg SoKIUEG edpeAKUOHOU ATaV 2 mm/min Kol n emupAveELd CUYKPATNONG TWV
opTmaywV XEWPoKivntnNg olodlEng mou xpnolpomolndnkav (Instron 2716 manual
wedge action grips) ntav 50 x 50 mm. Ol apmadyeg amelkovifovral oXNUATIKA 0TO
Ixnua 19. Mo T SoKIPES KApY NG TPLWV onpeiwy, n anootacn HeTafl Twv otnpiewy
(support span) opiotnke 108 mm, cUudpwva UE TO XPNOLUOTOLOUPEVO OleBVEC

npotunto ASTM D790-03. H taxutnta tng KivoUpevng kedaAng (test speed) ntav oe
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OAec TG SOKWEG KApPng 2 mm/min. Ta Xapaktnplotikd tng Oldtagng mou

xpnotwuomnownke yla SOKIUEC KAUY NG TpLwV onpeiwv mapouaotdalovrtol oto Zxnua 18.

Mivakag 9. SuvBnkeg post-curing mou EETATINKAV VLA TOL UOVOOTPWUOTLKA KOl TO TTOAUOTPWUATIKA VOVOTUVIET

bokluta (Seretis et al. 2017c).

MNoAucTpwHATIKA SOKipLa
Movootpwpatika dokipia (Laminae)
(Laminates)

Osppokpaocioc  Xpovog post-curing | Oepuokpacia  Xpovog post-curing

post-curing [*C] [h] post-curing [*C] [h]

2,4,6, 8,10, 12, 14,

50
16, 18 2,468, 10, 12, 14,
50
2,4,6,8,10,12, 14, 16,18, 24
80
16, 18
2,4 6,8, 10,12, 14,
100
16, 18 2,468 10,12, 14,
100
2,46,8, 10,12, 14, 16, 18, 24
120
16, 18

OAEC OL UNXOVLKEG SOKIUEC TIPAYUOTOTIOONKAV OE TIPOTUTIEG EPYOOTNPLOKEC
ouvOnkec. OLpoTuneg ouvOnkeg, Bepuokpacia 23+1°C kal oxeTIk vypaoia (relative
humidity) 50+5%, opilovtal amd ta &iebvy mpotuma ASTM D790-03 kat ASTM
D3039/3039M. OL ouvOnKkeg auteg SlatnprnBnkav oTabepEg OTOV EPYAOTNPLAKO XWPO
TWV SOKLUWV YL XPOVIKI SLAPKELX 6 WPWV TIPLV TNV EVAPEN TWV UNXAVIKWY SOKLUWV.
IT1¢ (6leg akplBwg ouvOnKeg amoBnkevuTnKav Tt SoKipla yla To XPOoVike dldotnua
HETAEL TNC oAoKANPwWoNG TN dtadlkaoiag mapaywyng ToUG KoL TNV payUatonoinon

TWV UNXOVIKWY SOKLUWV.

Toa SokipLa TTou TPOETOLUACTNKAY YLa TOV EAEYXO TNG BEPULKAG oUUTIEPLPOPAG
unePAnBnoav os BepuoBapUUETPLKY) avaAuaon, yla TV omoia xpnotuomnowtnke o
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BepuoBapupetpikog avaiutng TGA 4000 Thermogravimetric Analyzer tng etatpiag
Perkin Elmer. H Bepuokpacia évapéng tng avwtépw SOKLUNG ATV yio OAa ta SokiuLa
50°C kat n Beppokpacia Anéng 800°C. Na tn petapoaon amno t Beppokpacio Evapéng
™m¢ Sokwng otn Oepuokpacia AnEng xpnowuomowndnke éva otabepod PAua
Bepuokpaotakng  avénong  20°C/min. OL  BepUOPOPUUETPLKEG  SOKLUEG

nipaypatonolOnkav os mepBarlov cuvBeTkoUL agpiov.

TEAOG, €val LLKPOOKOTILO NAEKTPOVLIKAG odpwaong Ttumou FEI Quanta 200 Scanning
Electron Microscope (SEM) xpnotpomotnbnke yla tn HUKPOOKOTILKY) TTapaTHPNon TwWV

SokLuiwv.

E.4.5. AntoteAéopata Kot oultnon

OLKOUTUAEG eMidoong TwV SoKLIWY w¢ TtPog Tn Beppokpacia (Tpc) Ko To Xpovo
(toe) T™nG Swadkaociag post-curing mapoucidlovtal ota IxAuata 46 wg 49. Ta
Slaypdppoto autd mpogkuov Omo TEPAITEPW ENMefepyacia TWV TEPAUATIKWVY

bebopévwv.

Ito Zxnua 46 daivetal n edeAKuoTIK €MS00N TWV HOVOOTPWHUATIKWY
vavoouvBetwy Soklpiwy, peta Tg OSddopeg Swadlkaoieg post-curing, yla
OUYKEKPLUEVOUG XpOVouG post-curing avédavovtag tn Bepuokpacia tng Stadkaoiag.
Ita Ixnuata 47 kol 48 Sivovral n avroxn os epeAkuopo (UTS) kal n mapapdpdwaon
epelkuopov (strain at break) twv 6lou TtUMou vavoouvBetwv Sokiuiwv yla

OUVKEKPLUEVEC BepoKpaoieg post-curing kaBwg avEavel o xpovog Tng Stadkaoiog.
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Zxnua 46. Avroxn oe e@eAkuauo (UTS) HovooTpwuaTikwy vavooUVIETWY SOKLUIWY YLa SLapopes TEpUOKPAOIES

post-curing (Seretis et al. 2017c).

H kapmtik emiéoon twv vavooUVOETWV TOAUCTPWHATIKWY SOKIUIWY yla
OUYKEKPLUEVEC Bepokpacoieg post-curing, kaBwg auavel o xpovog tng dladikaaoiag,

mapouaotaletal oto IxNua 49.

E.4.5.1. MovootpwuaTtiKa vavoouvIsta Sokiuta

Ma xpovoug post-curing wg 4 wPeg N avtoxr o€ ebeAKUOUO aufAveTal yLa KABE
Bepuokpaoia post-curing, BA. Zxnua 47. Na xpovoug HeyaAUTEPOUC TWV 4 WPWV N
avtoxn o€ €beAKUCUO UELWVETOL Yl OAEG TIG Beppokpacieg post-curing mou eival
HEyOoAUTEPEG amo Tn Bepuokpaocia valwdoug petapaong (Tg). MNa post-curing otn

Bepuokpaoia Ty n enidoon mapapével otabepn yla xpovoug post-curing péxpL 8 wpeg.
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Sxnua 47. Avtoxn o€ epedkuoud (UTS) LOVOOTPpWUATIKWVY VAVOOUVIETWY SOKLUIWV yLa SLA@OopouG XpOVou§ post-

curing (Seretis et al. 2017b).
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Sxnua 48. Mapaudpewaon epeAkuouou (strain at break) LovooTPpWUATIKWY VaVOOUVIETWY SOKIUIWV YLa

Stapopouc xpovoug post-curing (Seretis et al. 2017c).
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Jxnua 49. Avroxrj oe kauyn (flexural strength) moAvoTpwWUATIKWY vaAVOTUVIETWY SOKLUIWVY yLa SLdpopous

XPOvoug post-curing (Seretis et al. 2017b).

H pelwon ¢ epeAkuoTiknC emidoonc, 6oov adopad TNV avtoxr o€ ePeAKUCUO,
yla XpOVOUG UEYAAUTEPOUG TWV 4 WPWV TPAYUOTOTOLETAL UE TTAPOUOLO TPOTIO yLa
KABe Bepuokpacia post-curing. To KATOYEYPOUUEVA ATIOTEAECLOTA YLO XPOVOUC post-
curing LeyaAUTepoUG amo 4 wpeg £xouv avadepbel kal o maAalotepn epyacia Tou
R.M. Rudd (Rudd et al. 2013) to 2013 yiwa wwdn ouvBeta UAKA SLadOPETIKAG
TMoAUUEPIKNG HATPpag (Phenol-Formaldehyde). Ztnv epyacia auth amodelkvietal
TIELPOLATLKA OTL N aU€naon Tou Xpovou post-curing odnyel og pelwon tng avtoxng os
epeAkuonod (UTS). Eival mpodaveg 6tL OAEG oL KaTayeypapUEVES oo Tov R.M. Rudd
TIEG UTS elval HIKPOTEPEG amd QUTAV TOU avTlotolxel oto Sokiplo avadopdg

(6okipto mou Sev €xel urtoPAnBetl oe Sladikaoia post-curing).

Ze avtiBeon pe v mapandvw avadopd, otnv napovoa Statplpr OAeC ol
KOTAYEYPAUMEVEG TIUEG UTS eival peyaAUTEPEG QMO QUTEG TIOU QVILOTOLXOUV OTO
Sokipo avadopadac. Movn e€aipeon amoteAouv Ta Sokipa pe xpovo post-curing 18
wPEC Kal Bepuokpaocia post-curing 120°C. Ta Sokipla avtd mapouaoidlouv tnv dla
okpBWC T UTS pe ta dokipta avadopds (oL TIHEC TOUC KATNYOPLOTIOLOUVTAL TNV
6l opada pe tn pEBodo moAamAwv cuykpiocewv Tukey). Autd cupPaivel Adyw tng

apxIkAG avénong tou UTS mou napatnpeital yla xpovoug post-curing wg 4 wpec.

Ta ¢awvopevikd acupBifacta amoteAéopata Twv SU0 AUTWV EPYOOLWV
odeilovtal oto akoAoubBo yeyovog: otnv epyacia tou R.M. Rudd bev eixe

npaypatonolnBel evioxuon tng MOAUMEPLIKAG LATPAC UE KATIOLOU TUTIOU VAVOSOUEG.
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Ot vavobdopég GNPs daivetal mwg Aettoupyolv cav MUPAVES YPUENG TNG TIOAUUEPLKNG
UNTPAC, TIPOOTATEVOVTAG TNV KATA TN SLApKEL TWV 4 MTPWTWV WPWV anod tnv nén
YVWoTH apvntikn enidpaon tng Stadikaciag post-curing (Seretis et al. 2017b, Seretis
et al. 2017c). Etoy, n apvntikn enibpacn tou post-curing OTI UNXAVLKEG LOLOTNTEG

kaBuotepel va mapatnpnOel kal mpwtoepudaviletal oe xpovo post-curing 6 wpwv.

Ocov adopd otnv Napapopdwon ebeAKUCHOU, LETA Ao Wi Uikpr avénon
TIOU TIOPATNPELTAL APXLIKA YLO XPOVOUG post-curing w¢ 4 WPEC KAl HOVO ylol TIG
Bepuokpaoieg 50°C kat 80°C, kataypadetal pio MTWTIKA TAoN Pe oXeSOV oTabepo
Héco puBUO pelwong kKaBwg o xpovog post-curing aufavel. H mopamavw

ouuneplpopa napouvaotaletal oto Slaypappa eniboong oto Ixnua 48.
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Zxnua 50.0epuoBapuuetpiko ypapnua TGA mou napouatalsl tn deputkn unoBaduion vavooUvIeTou
UOVOOTPpWUATIKOU UALKOU UE 2% k.6. GNPs, o€ eUpog Uepuokpactwy anod 50°C éwc 800°C, yia Stapopeg

Jepuokpaoisc kat xpovouc post-curing (Seretis et al. 2017c).

H napandavw cupnepidpopd Tou UALKOU, 600V adopd OTLC UNXAVIKEG LOLOTNTEG,
polalel va eival ek Slapetpou avtiBetn pe tn Ogpuikn 1 BOeppofapupEeTPLKN

ocuuneplpopa tou. Onwg paivetal oto Ixnua 50, kabwg n Bepuokpacia post-curing
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avéavetal n anmwAsla Palag Tou VOvVooUVOETOU UALKOU Topouclalel pia taon
uelwong ywo kaBe xpoévo post-curing mou efetdoBnke. Etol, n KAlon NG
BepuoBapupetpikng (TGA) KOUMUANG MEWWVETAL KOL N TPWTN amnmwAegla Bapoug
kataypadetal oe peyaAltepn Bepuokpacia kabwg auvéavel n Beppokpaocio post-

curing.

H avtiBetn aut oxéon HeTafl MNXOVIKWV Kal Ogppikwv LSloTATWY €XEL
nponyouuévwe avadepbel oe pia malaldtepn epyacia tou Yagoubi (El Yagoubi et al.
2010) to 2010, o KeEPAMUIKNG MUATPOG WWwWboN cuvBeta Sokipwa. Kal otnv nepimtwon

OUWG auTn dev unnpée evioxuon TG UNTPOG LE KATIOLOU TUTTOU VAVOSOUEC.

E.4.5.2. MoAvotpwuartika vavoouvista Sokiuta

H ouumepldpopd Twv TOAUCTPWHUOTIKWY VAVOOUVOETWY SoKlpiwy, KabBwg
au&Aavel o xpovog post-curing, elval mapopoLa PE TN cupnepldopd Twv SoKLUIwY TNG
mponyouuevng mapaypddou Evavit epeAkuopol. Mia mpoodeutikn avénon tng
OVTOXNG O€ KA n mapatnpeitoL yla xpovoug post-curing LExpL 6 wpeg, BA. Txnua 49.
ITn oUVEXEla Tapatnpeital mpoodeuTikn pelwon yla xpovoug HEXPL 24 wpPEG, O
puBUOC TNG omolag eival e€atpetika xapunAog. Kat maAl, ot vavodouég GNPs daivetal
TtwG AeLToupyoUuV oav TupnAveg PUEng tTNg MOAUMEPLKAG UATPAG, TTPOOTATEVOVTAC TNV
KATA TN SLAPKEL TWV 6 MPWTWV WPWV amod TNV apvntik enidpaocn tng dtadikaciag

post-curing (Seretis et al. 2017b, Seretis et al. 2017c).

F'eviK@, oL KapmUAEG Tou IxNuatog 49 mou avtiotolyouv os Beppokpacieg 50°C
kal 100°C €xouv tnv 61a popdn. ETol, N KAUTTTIKA oupunepldopd HETA amnod post-curing
elval opola yla Bepuokpacia post-curing ton pe Ty KAl yla BEpUoOKPACLO ONUOVTLKA

peyaAutepn (edw SutAdoia).

H mapandavw napatpnon unopet va e€nynbel pe faon tov KUPLO UNXAVIOUO
KOUTTTIKN G TIPAUOPpPwWonS TwV CUVOETWY TMOAUCTPWHATIKWY UALKWY. H KOUTTTIKA
enidoon evog ocUVOETOU TTOAUCTPWHATLIKOU UALKOU €AEYXETAL KUPLWG amod to Ldaoua

evioxvonc. Eival mpogavég otL eav n Beppokpacia tng Stadikaociog post-curing eivat
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OPKETA XAUNAN WOTE VA UNV EMNPEACEL TO LdACHA Evioxuong, ONwWG CUUPALVEL oTNV
€V AOyw TePLMTWON, N YEVIKA cupnepldopd Tou oUVOETOU UALKOU w¢ TIPOG TO XPOVO
post-curing (xpovog €kBeong otn ouykekpluévn Bepuokpacia) dev Ba aAldtel
AvtiBeta, n emoeldikn pATpa eMnpedletal anod Beppokpacies tng Ta&ng twv 50°C £wg
120°C kat katad cuvenela Ba petapAnbet o,tL autn ennpealet (dnAadn to VYOG TNG

KABe KoUUANG Kal OxL TN popdn TNG).

102
E — No Post-curing

— Post cured 50°C, 2h
””” Post cured 50°C, 4h
""" Post cured 50°C, 6h
"""" Post cured 50°C, 24h
— Post cured 100°C, 2h
""" Post cured 100°C, 4h

Post cured 100°C, 6h

- Post cured 100°C, 24h

Weight Loss (%)

s44+—F71F—F 77— 71—
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Zxnua 51. OepuoBapuuetpiko ypapnua TGA mou napouaoialel tn Fepuikn umoBaduion vavoouvIetou
noAvotpwatikou UALkoU ue 2% k.B8. GNPs, o eupog Ueppokpactwy and 50°C éwg 800°C, yia Stdpopeg

Uepuokpaoieg kat ypovoug post-curing (Seretis et al. 2017c).

Ooov adopa otn Oepuikn (BeppoBapupEeTpLKE) EMISO0N TWV TOAUOCTPWLATIKWY
vavooUVBeTwVY UALKWY, n mpwtn anwAela Bapoug yla dokipla mou €xouv UTIOOTEL
post-curing ekwvael oe peyoAUtepn Beppokpacio o oxeon pe to Sokipo avadopag,
BA. IxAua 51. Emiong, Bepuikn umtoBaduion potalel va AapBAavel xwpa vwpltepa otnv
nepilmtwon post-curing otoug 100°C o€ ocuykplon pe ta dokipta mouv unofAnOnkav oe

post-curing otoug 50°C.

H katd Bapog cuotacn Tou cUVOETOU MOAUCTPWHATIKOU VAVOOUVOETOU UALKOU

emuPBefalwvetal  kal amoé TNV Kavon TOU  TPAyHaTtonmowOnke  Katd  1n
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BepuoBapupetpikn avaluon (TGA), adol PeTA TNV OAOKANPWON TNG TO AKAUGCTO
UAKG (vaholipaopa) avrtiotolyoloe mepinou oto 60% Tou apxlkol BdApoug Tou

Sokiuiov.

E.4.6. Zupnepdopata

Me BAon Ta MEWPAUATIKA ATMOTEAECUATA TOU KEAAQIOU aUTOU UItopolV va

e€axBouv ta akdAouba cuunepacpata:

JUVTOUNG XPOVIKNG Slapkelag dladlkaoileg post-curing (Ewg 4 1 6 wpeg)
AELTOUPYOUV EVUEPYETIKA YLOL TIG LNXOVLKEG LOLOTNTEG, TOOO TIG EHEAKUOTIKEG OGO KOl

TLG KOUTTTIKEG, LVWOWV VAVOCSUVOETWY TTOAUOTPW LOTLKWY UALKWV.

ErutAéov, ylo Bepuokpaocieg post-curing peyaAltepeg ano tn Bepuokpaoia
vaAwdou¢ petaBaong, 600 xaunAotepn eival n Bepupokpacia post-curing T000
KaAUtepn mapouotaletal n eniboon tou vavoouvBetou UALKOU, 6oov adopd OTLg
epeAKUOTIKEC TOU 1OLOTNTEC. M aUTO TO €UPOC TWV OepUOKPACLWY, HEYAAEG
Bepuokpaoieg post-curing odnyolv o€ onuavtiky umoBAadulon Twv EPEAKUOTIKWV
dlotAtwv. Auto, ouudwva pe tov R.M. Rudd (Rudd et al. 2013), eival mBavo va
odeiletal og onuavtikd Babuo otov Stadopetikd ouvieleotr) BepULknG SLAOTOANG
(thermal expansion coefficient) twv emMUEPOUC CUOTATIKWY TWV VAVOOUVOETWV
UVALKwv (emoeldikn pntpa, GNPs, vaAoiveg). Etol, otav to UALKO umoBaAAetal o€
Sladopetikoug Bepuikol ¢ KUKAOUG KaTta TIG Stadikaoieg post-curing eival bavo va
dnuoupyouvtal keva (voids) otic Siemudaveleg ypadeviou/emoeldikng HATPOC Kot

valoivag/emnoeldikng untpag.

e malalotepe epyaocieg, mou Sle€nxbnoav oe ouvBeta UALKKA pn vavo-
EVIOXUUEVNC TTOAULEPLKAG LATPOG, N apvnNTLKA emibpaon tng Stadikaaoiag post-curing
OTLG UNXOVIKEG LOLOTNTEC EeKvdel dpeoa (Rudd et al. 2013). Ztnv napovoa datppn,
he ) xprnon GNPs yla evioxuon t¢ emo€elSIKAG LATPAC, N ApVNTLKN auTh enidpacn
npwtospdaviletal petd anod 4 €éwg 6 wpeg post-curing, adou ta GNPs daivetal va

AettoupyoUlVv w¢ mupnveg Puénc tng LATPaC. Katd To xpoviko diaotnua 8 oto onoio
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n opvnukn enidpacn &ev eudaviletal, mopatnpeital onuavikn avfénon Twv
unxovikwyv wottwy. Etol, olvtopeg dladlkaoieg post-curing Ba pmopovoav va
evtaxBouv otnv Stadikacia mapaywyng Twv vavooUVOETWY UAIKWV WG TUAHUA TwV

TeAevTaiwy.

AvtiBeta, OAeg oL Stadikaoieg post-curing dpailvetal va eVIOXUOUV TIG DEPULKEG
OLOTNTEG TWV VAVOOUVOETWY UALKWV. ZUYKEKPLUEVA, KaBwe n Bepuokpacio post-
curing av&avetal n anwAela palag tou vavoolUVOeTou UALKOU tapouotalel pia taon
HelwoNng ywa OAoug toug Xpovoug post-curing. H avtiBetn autr) oxéon MeTAgL
HUNXOVIKWV Kol BgpikwVy LOLOTATWY €XEL TPonyouUEvwe avadepBel Kal oe pia
nalalotepn epyacia (El Yagoubi et al. 2010) mou &te€nxOn og kepapuikng LATPAC LVWoN

ouvBeTa dokiuLa.
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E.5. Enidpaon tnc dradikaoia sonication (Aoutpd uneprixwv)

H ékBeon twv vavodopwv ypadeviou, evw OUTEC Ppilokovtal péoca OTO
HOVOUEPEC TNG UNTPAG, O AOUTPO UTEPNXWV (sonication) amoteAel pia amod TIg
ONUAVTIKOTEPEG LEBOSOUCG SLaxwPLOHOU TWV CUCCWHOTWHATWY KoL TIOpaAywyng
VaVOOUVOETWY UALKWV pa KOAR SLOOTIOPA TWV EVICXUTIKWY cwHaTdiwyv (Zhou et al.
2015, Moriche et al. 2015). H xprjon tng peboddou autng eivat euputata dtadedopévn
yla OAeg TIc vavodopEég ypadeviou, 6nwg carbon nanotubes, graphene nanoribbons,
graphene nanosheets, graphene nanoflakes, graphene nanoplatelets kat 2-layer

graphene.

Kata tn Stadikaoia tou Aoutpol umepnxwy, OUwE, mapatnendnkav aAAayEg
TWV HOoPHOAOYLKWY XOPAKTNPLOTIKWY TWV eMidaveLwV TwV Slodldotatwy ypadevikwv
Sopwv (Moriche et al. 2015, Montazeri and Chitsazzadeh 2014, Seretis et al. 2018c).
MNa ta GNPs n enidpaon avtr otn popdoloyia toug dev €xel pehetnBel oe Babog kat
HOVO HOKPOOKOTILKI) OTIOTIELPA YEWUETPIKNAG MOVTEAOTOLNONG TNG OUYKEKPLUEVNC

vavodounc €xeL yivel (Moriche et al. 2015).

OL UNXAVLKEG LBLOTNTEC EVOG vOVOOUVOETOU UALKOU WE gvioyuon ypadeVIKwvY
vavodouwyv emnpealovtal amd ta HopPOAOYIKA XOPAKTNPLOTIKA TWV TEAEUTALWV
(Moriche et al. 2015, Seretis et al. 2018c, Zhu et al. 2011). Oa npémnel va AndOei emiong
umoyn oOtL katd tn Sladkaocia Tou AoUTPOU UTEPHXWV KOL TNG KOTA CUVETELL
e€avaykaopuévng HopdOAOYIKNG TPOomomoinong tng vavodoung, otnv TteAsutaia
OVOTTTUCOOVTAL TIOPAUEVOUOEC TACELG TIOU EMNPEALOUV ONUAVTIKA TNV enidoaon ¢

(Glukhova 2016).

Jto Kedpdalalo ouTO, HeAETATAL N £PEAKUCTIKN KOl KAUMTIK emnidoon
vavooUVOeTwV UAKWV e evioxuon GNPs oe meplektikotnteg 1-5 % kata Bapog mou
KOTA TO OTASL0 TNG TPOETOLUOOCIOG TOU €KTEBNKE O AOUTPO UTEPHAXWV YLla
Slapopetikoug xpovouc. Me tn xprion SEM (Scanning Electron Microscope) kat AFM
(Atomic Force Microscope) pehetdral, mniong, n dStadopomoinon otn YEWUETpLA TwV

vavoSopwvV Tou mpogkue yia Toug StadopeTikoU XpOVoUG EKBECNC O UTIEPAXOUG.
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E.5.1. YAlKQ

Q¢ UAKO pnTtpag xpnowomnolntnke n xapnAol €wdoug emoeldIkn pntivn
Araldite GY 783. H pntivn ouvdudotnke HE €vav TPOTOTOLNUEVO OKANPUVTH
moAvapivng xwpic ¢awvoAn, oe avaloyia 2:1, cVpudwva pe TG 0obnyieg Ttou
KOTOOKEVAOTA Tou emoeldikol ouothuatoc. H Bepuokpacia vaAwdoug petapfacng
(T4) Tou emoeldikol cuotrpatog RTav 100°C kat 0 XpOVogG MOPAOVG TOU OE PEVOTN
Kataotoon mpLv tnv évapén tng Stadikaoiog moAupeplopou (pot life), oe Bepuokpacia
20°C kot o€ oxetkn vypacia (RH) 65%, ntav 35 Aemtd. OL avwTtépw OUVONRKEG

™TpnOnkav avotnpd katd tn Stadikacia mapaywyng Twv UVOETWY UALKWV.

Ma TNV MapOoKEUN TWV VAVOOUVOETWY UALKWV TIoU £€€TAOONKAV OTO TapoOv
kedaAalo NG SLatpLPng, n eMoeldIKn UNTPA eVIOXVONKE e VavodopEg ypadeviou
Tumou «nanoplatelets» (GNPs) tng etatpiag Alfa Aesar , BA. IxNua 2, ue emipavela

(surface area) 500 m?/g.

To Udaopa evioxuong tng emoeldIkng uATpag Atav valolidaopa mAEENg Twill
2x2, tumou «E-glass» kat mukvotntag 280 g/m? Ta XOPAKTINPLOTIKA TOU
vaAolddaopatog mou xpnolpomnolidnke nmapouoialovtal otov Mivaka 1. 2to IxHua

15(d) amelkoviletal To ev AOyw Udaopa og ywvia TomoBétnong 45°.

E.5.2. Aoutpo umntepnxwv (Sonication)

OuL vavobopécg evioyuong (GNPs) Tuylotnkav kal ovopixdBnkav pe emiong
{UYLOPEVEC TTOOOTNTEG EMOEELSIKAG pPNTLVNG (LovouEpPEG) pEoa og yuaALvo Soxeio. 2tn
OUVEXELX TOTMOBOETNONKAV OE OUCKEUN UTEPNXWV (sonicator) HE XOPAKTNPLOTIKA
Aettoupyiag 100 W kat 28 KHz, mou eival apketd ouvinBn oe dtadikacieg sonication
(Yu et al. 2012, Durge et al. 2014, Bittmann et al. 2009). Kata t Stadikacio Tou
AouTtpoU uTtepXwV n Bepuokpacia tou peuotou Rtav 25 °C. OLxpodvol sonication ou
eAéyxOnkayv yla kabe moocooto GNPs ntav 20 min, 40 min kat 60 min (Bittmann et al.

2009, Durge et al. 2014, Moriche et al. 2015, Seretis et al. 2018c, Yu et al. 2012).
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E.5.3. Napaokeun Twv vavooUVOeTwv dokipiwv

Meta tnv oAokAnpwon tng Oladikaciog €kBeong Twv vovodouwv o€
UTEPNXOUG, akoAouBnBnke n (Sla dladlkaoio MOPACKEUNG TTOU TIEPLYpAdETAL OTa
Kedpahata 2 kot 3. Téooepelg otpwoelg valolddaopato¢ tumou E-glass
xpnowporotnOnkav o aMnAouxia [0°/45°/-45°/0°]r ywa TNV KOTAOKEUR TWV
TIOAUCTPWHOTIKWY OUVOETWVY SoKIUiwy PE TN HEBOSO SLACTPWUATLKAG KOUTOOKEUNG

«hand lay-up».

JUVOALKQ, TTOPAOKEUAOTNKAV SOKIHLA LE TLEPLEKTLIKOTNTEG 0 GNPs 1%, 2%, 3%,
4% KaL 5%, evw yla KABe SLoPOPETIKN TTEPLEKTIKOTNTA MAPACKEVACTNKAY SOKipLA UE
Sladpopetikolg xpovoug €kBeong oe umepnxoug (20 min, 40 min kat 60 min).
Mapaokeudotnkayv, €miong, Sokipa avadopdg yla Kabe meplektikotnta, SoKipa
6nAadn twv omolwv ol vavodouég bev eiyav ekteBel oe umepnyouc. MNa kabBe
TeEPLEKTIKOTNTA GNPs kal kdBe xpovo sonication mapackeudotnkav TouAdyxlotov 16

Sokipa (8 yia tig SokLpEG kapPng kat 8 yia SoKLUEG epeAKUCUOU).

MEeTA TNV TMAPOOKEUN TOUC, OAa Ta SoKipla TopEpelvav o Bepuokpacia
Sdwuatiou yla 7 nuépeg, wote va oAokAnpwbet n dtadikacia curing cuUpdwva UE TIG

o6nyieg Tou enofelSlkol CUOTHUATOC.

E.5.4. Nelpapatikeg Statael ko e§OMALOUOG

Mnxavry dokiuwv Instron 5969 Suvapikotntag 50 kN xpnowuomnol)Onke yla
OAe¢ TIC OOKIHEG edeAkuopol. Ta TG OOKWWEC KAUYPNG TPLWV OnUEiWV
xpnotpornowdnke enutAéov pia Instron 5944 Suvapikotntag 2 kN. H taxutnta tng
KLVOUUEVNG KEDAANG YLt OAEG TIC UNXAVLKEG SOKLUEG NTav 2 mm/min, cUUdwWVA PE TG
obnyie¢ twv avtiotolywv Olebvwv mpotunwv ASTM mou xpnotpomolndnkav. H
emupavela  ouykpATNONG TwV  apmaywv  XEpokivning  ocvodlng  Tou

xpnotpomnotndnkav yla tig Sokipég epeAkuopou (Instron 2716 manual wedge action
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grips) ntav 50 x 50 mm. lNa tig SoKLUES KapPNng TPLwV onpeiwy, n andotacn Hetafl

Twv otnpifewv (support span) opiotnke 52 mm.

OAeC oL UNXAVIKEG SOKIUEC TIpayaTOTOLOnKaV O TIPOTUTIEG EPYAOTNPLAKEG
ouvOnKkeg (2311°C ko 5045% oxeTikn vypacia), oL omoleg Slatnpouvtav oTabepEg yLa
XPOVLIKN SLAPKELD TOUAAXLOTOV 6 WPWV TPV TNV MPAYUOTOTONCN TWV HUNXOVIKWVY

SoKLUWV.

E.5.5. AltoteAéopata kot culntnon

E.5.5.1. Eniépaon tou Xxpovou EKFE0NC O UMEPHXOUGC OTIC UNXOVIKEG LOLOTNTEC

H edpeAkuotiki eniboon OAwvV Twv vavooUuvOeTwY UALKWY yla KaBe moocooto
GNPs kat yLa kaBe StadopeTikd xpovo sonication mapouaoialovral ota IxRuata 52 kot
53. AvtioTolya, N KOUMTIKA Toug enidoon mapouotaletal yla kabe mocootd GNPs kot

yla kaBe SladopeTiko xpovo sonication ota Ixruata 54 kat 55.

260
250
240
230
220
210
200
190
180
170
160

Ultimate Tensile Strength [MPa}

0 20 40 60

Sonication time [h]

B1%w.t. GNPs B2%w.t. GNPs O3% w.t. GNPs BE4% w.t. GNPs M@5% w.t. GNPs

Jxnua 52. Avtoyn o eeldkuoud yla 0Aeq Ti¢ eplektikotnteg GNPs awéavousgvou tou xpovou sonication.
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Jxnua 53. Avtoyn o epeAkuoud yLa 0Aoug Toug xpovoug sonication auvéavouevou tou mocootou GNPs.

Elvatr epdpavég otL n tdon petaBoAng Twv £DeAKUCTIKWY EMIOOCEWV TWV
vavoouVvBeTwV UALKWY KABe meplektikotntag GNPs eival avéntikn kabwg avéavel o
XpOvog sonication, PA. Zxnuata 52 kot 53. AeSopévwyv TWV KAUMUAWGOEWV TIOU
Snuoupyet otnv enudpavela Twv ypadeviwv n €kBeon Toug o unteprxouc (Moriche et
al. 2015, Seretis et al. 2018c), oL omnoie¢ mMpoodeuTikd audvouv oe PEyebog Ye TtV
av&non tng dlapkelag €kBeang, ol vavodopég Aettoupyolv oav va €XoUV pia otabepd
ghatnpilou mou edpappdletal kata tn StevBuvon tou edpeAkuopol. Ie cuVOUAOUO HE
™ duvatotnTa OXETIKNC OAloBNONG TwWV CTPWOEWV YpadEVIOU TTOU ATOTEAOUV Eval
GNP, oL TAOel{ OTa GKPA TWV VAVOSOUWV YIVOVTOL ONUOVTIKA HLIKPOTEPEC, HE
amotéAeopa Vv mpoavadepbeica avénon tng edeAkuotikng emidoong. Apeco
OTTOTEAECHO QUTOU £lval KAl n mapatneoUpevn avénon tng enidoong Tou UALKOU, yla
otaBepod xpovo sonication, kaBw¢ avéAveL To TOCOOTO TWV VAVOSOUWV TIOU EVIOXVUOUV
™ pntpa. Etol, pe tv avénon tou mocootol GNPs, aufavouv kot ot epappolOUEVEC

otn &tevBuvon tou epeAkuopol otabepég ehatnpiou.
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Sxnua 54. Avtoxr o kaun yla 0Aec Tig meplektikotntes GNPs avéavouevou tou ypovou sonication.
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Jxnua 55. Avroxn og kaun yto 6Aoug toug xpovoug sonication avéavouevou tou mocootol GNPs.

AvtiB€twe, n avtoxn oe kaudn daivetal va ennpedletal apvnTika, yla kabe

nooootd GNPs, kabwg aufdvel o xpovog sonication, BA. Zxnuata 54 kat 55. Ot
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KOQUTTUAWOELG TWV OTPWOEWV TOU ypadeviou dnuLoupyolV OE OPKETEC TTEPLTTWOELG
€vtoveg akpéG (Moriche et al. 2015, Seretis et al. 2018c) ko Tomikég OpavoeLg Tou
AeltoupyoUlV oav CnUELO CUCOWPELONG TAOEWV KaTd TN SleBuvon Tou mAxoug Tou
vavooUVOeTou UALkoU. Me tov Tpdmo autod, 000 aufdvel o xpovog €kBeong twv

VOVOSOUWYV O UTIEPHXOUG N KAUTTTIKNA €Mi6001N TOu UALKOU UTtOBaBuIETAL GNUAVTIKA.

H kauntik eniboon tou UAWoU daivetal va auvfavel pe tnv avénon Tou
noocootol GNPs (Seretis et al. 2017a). Napatnpeitat, Aoutodv, avénon tng enidoong
HEXpL TMooooto 4% w.t. GNPs kot oTn ouvEXeEla n avtoxny o€ KAupn pelwvetal
onMavTika. H avénon autn, péxpt SnAadn neplektikotnta o€ GNPs 4% w.t., ylvetoat

TIPOOSEUTIKA UIKPOTEPN KABWC aufdvel o Xpovog sonication.

E.5.5.2. Mikpookormia

Me tn xprion NAEKTPOVIKOU UIKPOOKOTIioU odpwong tumou FEI Quanta 200
Scanning Electron Microscope (SEM) mpaypotomnolBnKke UKPOOKOTILKI Tapatpnon
TwV Sokiwv yla dtadopetikolg Xpovoug sonication. Emmpoobeta, MPoKeEVOU va
emutevxBel pla moootikomoinon Twv KOUMUAWGCEWY TIOU TIPOKUTITOUV AOYW TNG
€kOeoNC TwWV VOVOSOUWY OE UTEPNXOUC, XPNOLUOTIOINONKE ULIKPOOKOTILO OTOULKAG

Suvapung tumouv DME DS 95-E Atomic Force Microscope (AFM).

Ita IxAuota 56 w¢ 59 mapouotdalovtal amoPell NG MIKPoSoung Twv
VAVOOUVOETWY UALKWY, OMWC aUTH QmoTUNwOnKe HE Tn XPNon NnNAEKTPOVIKOU
HLKpOooKoTiiou cdpwong, yla SladopetikolC XpOVOUG sonication. Ztnv mepimtwon
€kOeong tTwv vavoSopwv O UTEPHXOUC yla Xpovo 20 min 8ev UMApPXEL KATOLA
eudavng arloiwon t™¢ Hopdoloyiag twv GNPs. MBavy eladpd kUpTwon NG
empavelag pmopet povo va unotebel anod tn popdoloyia Twv oplwv TNG Vavodoung,
BA. Zxnua 56. Na xpovo €kBeong 40 min oL emiibpavelakeEG AAAOLWOELS TWV VAVOSOUwWV
elval mAéov gpdaveic, omweg daivetal ota IxAuota 57 kot 58, kot mapatnpouvral
KATIOLEG EVTOVEG OKUEG otV eTidavela, PA. Ixnua 57. Ma xpovo 60 min n emupavela
TwV vovodopwv elval onUOVTIKA aAAOLWHEVN UE OPKETA ONUELD ACUVEXELAG TNG

smupavelag, PA. Ixnua 60, mou eival epdaveg otL anoteAolv onpeia Bpavong Twv
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AVw OTPWOEWV ypadeviou evog GNP. H mpoodeutiky aut dnuloupyla Eviovwy
OKUWV 0TNV ETILPAVELX TWV VOVOSOUWV €ENYEL TN LELWON TNE KOUTITIKA G EMiS00oNG TWV

VaVOOUVOETWY UALKWV LE LEYAAUTEPO XPOVO sonication.

5/10/2017 | M W WD | Spot
11:12:49 AM| 04 ym|[11.3 mm| 5.0 |Mix

Zxnuoa 56. GNP péoa o€ emoéeldikn untpo UETA Ao xpovo sonication 20 min.

e L0 171 —

0.3 mm 5.0

Sxnuoa 57. GNP uéoa oe emoéeldikn untpo UETA Ao xpovo sonication 40 min.
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Sxnuo 58. GNP uéoa o€ emoéeldikn untpo UETA amo xpovo sonication 40 min.

Sk fe—A 1] V111} | 2 M H ol e ——10.0ym——— |

m{10.9 mm| 5 ) 04 pm[10.9 mm| 5

Zxnuoa 59. GNP péoa o€ emoéeldikn untpo ETA amo xpovo sonication 60 min.

AOYw NG TOAU KAk G TtoloTNTOG EMLPAVELOG TTOU TIAPATNPELTAL OTLG VAVOSOUES
yla xpovo €kBeang 60 min kal Twv Bpavoswv Tou evtonilovral, dev eival Suvatov va
TLOOOTLKOTIOLNOEL KATIOLO Ao T LOPPOAOYLKA XOPOAKTNPLOTIKA TG EMLPAVELAG TWV
GNPs yla TG OUYKEKPLUEVEC ouVONKeC sonication. Q¢ ek TouTou, Ta SOKipLA TIOU
g€etdotnkav Pe TN Xprion tou AFM nAtav ta Sokipla pe xpovoug €kBeong twv

vavoSopwv og umepnxoug 20 kat 40 min, BA. Zxnuata 60 wg 65.
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[ 349 nm ] 454 nm Image Profile
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Zxnua 60. GNP ue ypovo sonication 20 min péoa otnv emoéetdikn UNTPA KAl KATAVOUN UYOoUC OTNV EMLPAVELX

Tou.
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xnua 61. GNP ue xpovo sonication 20 min ueoa otnVv €MOEELSLKI) UNTPA KoL KATAVOUL UYOUG OE TUNUA THG

EMUPAVELAC TOU.
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Jxnua 62. GNP ue xpovo sonication 20 min ueoa otnv emMoEeLSLKN UNTPA KoL KATavour UYoug o€ TUNUA THG

ETLPAVELAC TOU.
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[148 nm ] 162 nm Image Profile
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Zxnua 63. GNP ue ypovo sonication 40 min péoa otnv emoéetdikn UNTPA KAl KATAVOUN UYOoUC OTNV EMLPAVELX

Tou.
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xnua 64. GNP ue xpovo sonication 40 min uéoa otnv emoéeLdikn UNTPA KoL KATAvoun UYous oE TUNUA TNG

EMUPAVELAC TOU.
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Zxnua 65. GNP ue xpovo sonication 40 min uéoa otnv emoEELOLKN UNTPA KL KATAVOUR UYOUG OE TUNUA THG

ETLPAVELAC TOU.
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MIKPEC KUPTWOELS TNG eTudpAvelag TNG VAvoSOUNG Tmapatnpouvial otnv
Katavopn uPwv otnV MEPLMTWON Tou Xpovou £€kBeong 20 min, BA. Zxnuata 61 kot 62.
210 IXNUa 61 pumopel va mapatnpnBel pikpn KOUMUAGTNTA KOTA KOG TNG VOVOSOUNG
HE TOAU opoAn UPopeTplk HeTdfaon. Ita Ixnuata 63 kal 64 mapoatnpouvtal
KAUTUAWOELG TIou €xouv SnuioupynBel otnv emudpavela tng vavoSoung HETA amo
XPOvo sonication 40 min. Eival epdaveg otL n enmudpavela tou GNP €xel umootel otnv
TEPIMTWON auth alocdntd peyaAltepn mMapapuopdwaon, KATAANyovToG o pia Evtova

KUMOTOELSN popdoloyia.

E.5.6. Zupnepdaopata

Me BAon Ta MEWPAUATIKA amoTEAEoUATA TOU KEPAAOIOU aUTOU UTtopolV va

e€axBouv ta akdAouba cuunepacpata:

O xpovog €kBeong twv GNPs oe umeprixoug (xpovog sonication) eival évag
TLAPAYOVTAC TIOU EMNPEATEL ONUAVTLKA TN LopdoAoyia TwV vavoSouwV, TTPOKAAWVTAG
TIPOOSEVTIKA EVIOVOTEPN KUUATOELSN HopdoAoyia emidpavelas. MNa peydloug xpovoug
sonication (edw 60 min) &dnuloupyolvTal EVIOVEG QCUVEXELEG OTNV EMIPAVELD WG
QMOTEAECA BpaUCEWV TWV AVW OTPWOoEWV ypadeviou ota GNPs. AtotéAeoua autou
glval onuavtiki Helwon TNg KOUMTIKAC emiboong Twv eVIoXUUEVWVY e GNPs

vavoouVBeTwV UALKwY, KaBwg audvel o xpovog sonication.

Ooov adopa otnv epeAkLOTIKN €Midoon TwV vavooUVOeTwY UALKWY, OXL LOVO
6e paivetal va emnpealetal apvnTKA ano tnv napandavw dtadikacia, aAAd suvoeital
onuavtikd. H kupatoeldng emidaveia Sivel tn dSuvatdtnta ota GNPs va Asttoupyouv
oav va £€xouv pia otabepa elatnpiou kata tn SlevBuvon tou edeAkuopou,
£VLOXVOVTOC £TOL TO UNXOAVIOUO aIeEAEUBEPWONG TACEWYV OO TA OPLAL TWV VOVOSOUWV.
Eldlkd otnv nepinmtwon pHeydAwv Xpovwv sonication, oL 0COUVEXELEG Kal oL BpaUoELg
OTIC Avw OTpwoel; ypadeviou Twv GNPs dnuloupyolv ULKPOTEPNC ETULPAVELOG
TuAuata ypadeviou, ta omoia oAlcBaivouv eukoAotepa AOYyw TA WULKPAG TOUG
EMLPAVELAC, EUVOWVTAC AKOUA TIEPLOCOTEPO TO UNXAVIOUO ATEAEUBEPWONC TACEWV

aro Ta OpLa TWV VAVOSOUWV.
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E.6. Zupnepdaopata Kat LeAAOVTIKA €peuva

210 £B6opo Kat tedeutaio kedpalato TnG SlatpLPrg, mapaTiBevTaL GUVOTTIKA T

KUPLOTEPQ CUUTTEPACHOTO TIOU £€AXONCOV aIo TO GUVOAO TWV EPEUVNTLKWVY EPYAOLWV

nou mepllapPfavovial o authv. Ta CUUMEPACUATO QUTA Tapouctalovtal Kot

oxoAlalovtal avaAUTIKA 0TO Kuplwg cwia Tng Slatplprng otnv ayyAwkn yYAwooa, oTo

TéEAoG Tou KA Be kedpalaiou, evw emiong mapouvolalovial, CUVOSEUOUEVA OO CUVTOUN

avaAuon, oto TéAog Tou KaBe kepahaiou tng mepiAndPng tng StatpPrg otnv eAAnVIKA

vAwooa. Mall pe ta KUPLOTEPO CUUTEPACHATA TOPATIOEVTOL TIPOTACELS yLa

HeEAOVTIKN) €peuva, oL omoie¢ Paoilovtal ota eupnuata ¢ SlatpBig Kat

OTTOCKOTIOUV OTO VO QTTOTEAECOUV EVOUCUO TIEPETOIPW HEAAOVIIKWVY EPEUVNTIKWV

EPYOOLWV:

Baolopévo o epeUVNTIKEG Epyacieg Tepl TNG PUOLKNG TIOU SLETIEL TN OXETLKN
Kivnon Hetafl yeltovikwv GpUAwV ypadeviou, Ta omola cuykpaTouvTal UE
S6eopol¢ Van der Waals, To €l0QyWwYIKO LOVIEAO TIEMEPOOCUEVWY OTOLXELWY
€6elfe OtL pla oxetikp oAioBnon pe tPBEC Twv UMWV ypadeviou TOU
armoteAdovv €va GNP eival mBavo va cupPel unmd edpeAkuotikd doprtio,
odnywvtag £T0L O HETATOTMION TwWV ¢GUAAWV ypadeviou. JUVenmwg, n
OUOCWPEUON TACEWV Ot Opla TNG CUYKEKPLUEVNG vavodoung Ba eival
HULKPOTEPN Ot OUYKPLON HE HMOVOOTPWHOTIKEG vavodoueg ypadeviou. H
Onuioupylas  HOVTEAOU TIEMEPACUEVWV  OTOLXELWV, ouvduoopEvn  UE
TIELPOLLOTLKEG UETPNOELG LIE XPr1ON OTIEKTOUETPOU Raman, To onoio pmopel va
HUETPAOEL TAOELS otnv emudavela vavodopwv, Ba amoteAoUCE ONUOVTLKN
TIPOKANGN OTOV TOHEN TWV VAVOOUVOETWV UALKWV e evioyuon GNPs.

O mapamnavw pnXoviopog emiBefaiwbdnke mepapatikd oto Kedalalo 2 tng
SlatpBnc. H epeAkuotikn eniboon tTwv eVICXUHEVWY e GNPs vavoouvBeTwy
UALKWV, OXL povo dev umtofabuiotnke og ouykplon e To (6lo oUVOETO UAKO
Xwplc evioxuon GNPs, aA\Q 0 APKETEC TIEPUTTWOELG EVIOXVUONKE QPKETA. AUTO
odeiletal otnv npoavadepbeioca oxetikr oAioOnon twv pUAAwv ypadeviou
€vOG GNP. H melpo otk LETPNON TWV LETOTOTIOEWV TWV GUAAWYV ypadeviou

mou odeilovtal otn OXETKR aut oAloBnon Kol n CUCXETLON TOUG UE TO
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edeAkuoTIKO doptio 1 tdon Ba umopouce va odnynoeL otn Snuloupyia
OVOAUTIKWV HOVTEAWV Tou Ba meplypddouv TOo veomapatnpnBév autd
dawvopevo.

Ooov adopad tnv avaluon Twv dtadlkaclwy curing Kal post-curing, w¢ mpog TLG
HUNXAVLIKEG LOLOTNTEG TWV TTaPaXBEVIWY CUVOETWY KoL VOVOOUVOETWY UALKWY,
TO. KOWVA XPNOLUOTOLOUMEVA MOVTEAQ TOAAOMARG moAwdpounong linear
(ypoupiko) kal tumou quadratic metuxaivouv TOAU xaunAn akpifela
npoPAePns. Ma tn Snuoupyia evog poviéAou peyaAlTepnG okpiBelag
npoBAedng, mpotadnke yla Mpwtn Gopd n XPHon Tou UOVIEAOU TOANATIANG
naAwvdpopnaong Poison, To onoio métuyxe akpifela mpoBAedng peyaAutepn Tou
97%.

MNa ta ouvBeTa UALKA Xwpig evioxuon GNPs, ol ONUOVTIKEG TTOPAUETPOL TNG
Sltadikaciog curing yla tnv avioxn og epeAKUCHO Kal yLa TNV avioxn o€ kaun
Tou mapaxBévto¢ ocuvBeTou UAIKOU, €ilval n Beppokpaocio KoL 0 XpOVog e
Sadikaciog. Na ta evioyupéva pe GNPs vavooUVOEeTa UALKA, OL ONUOVTLKEC
TIAPAMETPOL TNG Stadkaoiag curing yla TNV avtoxn o ebeAKUCHO elval Kot
TAAL n Bepuokpaoia kat o xpovog tng dtadikaciag. Qotdoo, yla TNV avtoxr o€
Kaupn o xpovog dev elval onUAVTLK TOPAUETPOG, adol emnpedlel tnVv
enidoon Tou UALKOU Katd 5.9%.

OL bwadikaoieg post-curing Hikpwv Xpovwv dailvetal va AELToupyouv
EUEPYETIKA YlA TIG MNXAVIKEG LOLOTNTEC TWV EVIOXUUEVWV UE GNPs
vavoouvBeTwy UAKwvV. EmumpooBeta, OAe¢ ol Swadikaoieg post-curing
EVIOXUOUV CNUAVTLKA TG OEPULKEG LOLOTNTEC TWV AVWTEPW UALKWV.

T€Aog, 6oov adopad tn Stadkaacio Aoutpol unepnxwv (sonication bath), 6co
au&avel o xpovog ¢ dtadikaoiag, Tooo auvfdvel kat n avroxn o epeAKUOUO
TOU vavooUVOeToU UALKOU. H MpooSEUTIKA €vTovOTEPN KUUATOELWSNG popdn
™¢ emudavelag tou GNP, 600 aufdvel o xpovog €kBeong Tou o Aoutpo
urmepnxwv, odnyel oe Loxupotepn OSilerudavela ypodeviouv/emoleldIkAg
UNTPAC, ETUTPETMOVTOG TAUTOXpova otn vavodour) va AELTOUPYAOEL WG

ehatnpLlo kata tn StevBuvaon tou edpeAkucpoU.
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