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INTRODUCTION

Motivation and importance of the problem

The demand for polymeric composites has seen an upswing over the past few
decades owing to their light weight, damage tolerance, high specific strength,
durability, maturity in processing, lower gas emissions, lower fuel consumption etc.,
compared to metals [1-3]. However, these materials are prone to sudden failure
because of their delicate and brittle nature; thus, for cautious functioning, higher safety
factors are applied for portions made from fibre reinforced composites. This could
lead to the overdesigned portions in components made of composites, hence altering
their potential weight saving benefits. In this context, introducing ductility into brittle
composites could engineer gradual failure (during impact events) akin to metal, thus
enhancing their usability and expanding their application scope [4, 5].

While being used in day-to-day applications, the composites are subjected to
occasionally low velocity impact. The examples include bird strikes on aircraft
composite parts, tool drops during in station work etc. Even though the damages are
unavoidable, the composite structures are designed to consider the presence of flaws.
During the impact event, the incident energy is expended through various damage
mechanisms [6, 7], and an impact resistant structure should be able to avoid the
damage mechanisms (matrix cracks, delamination, fibre rupture etc.). However,
during an impact event, the initial failure is initiated by the formation of matrix cracks
within plies, and this is due to the out-of-plane shear stresses generated by an out-of-
plane impact force [8]. The matrix cracks latter develop into delaminations initiated
by opening forces, mainly driven by interlaminar shear stress (mode I1) induced by
bending of the laminate [9].

The brittle nature of resins (epoxy) used in composites renders them susceptible
to impact induced damage, such as delamination. Thus, an ideal approach to make
composites impact resistant would be to strengthen the matrix system by enhancing
its energy absorption capabilities. This has been achieved through various filler
materials dispersed within the matrix [9, 10]. In addition to these, through the
thickness reinforcement methods, the nanofillers intended for reinforcements in the
nanoscale are gaining wide scale prominence.

Carbon nanofibers, nanoclays, graphene and carbon nanotubes are a few of the
nanofillers used to strengthen the matrix in composite architectures. Carbon
nanotubes, in particular, are used extensively owing to its properties associated with
large aspect ratio and specific surface area in conjunction with high longitudinal
modulus [11]. Impact strength improved significantly with 0.5% weight of Multi-
Walled Carbon Nanotubes (MWCNT) [12]; likewise, several studies have proven to
positively affect the mechanical properties of composites when reinforced with either
nanotubes or graphenes [13—-20]. However, the downside to both carbon nanotubes
and graphene is that they agglomerate while being dispersed in the matrix, and hence,
they should be either functionalized before being introduced into the matrix, or more
sophisticated mechanical methods, e.g., three roll mills, should be employed [11, 21—
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23]. Hence, more cost-effective methods to develop impact resistant composites
should be explored.

Hybridization of composite architecture could be a cost-effective game changer
to enhance the impact resistance of polymer composites. The basic rationale being the
addition of tough fibres leads to enhanced impact resistance without significant drop
in mechanical properties [24]. Hybrid composite architectures are made by combining
two or more different fibres in a matrix [25]. The stacking sequence of different fibres
to obtain an optimum impact resistance remains unknown, as various combinations
have achieved results, which seem promising and at the same time, have some
drawbacks. Few design parameters in hybrid composites that affect their impact
resistance are stacking sequence, thickness and geometry. Various studies have shown
the ability of hybrid architecture in composites to reduce the impact induced damage
governed basically by the stacking sequence [26, 27]. Hybrid composites were even
found to exhibit a gradual flexural behaviour, which in turn helps to infer their more
gradual behaviour during impact [24, 27], and this gradual behaviour can be termed
as the ductility effect [27]. While being subjected to impact, stresses that are caused
by bending are the major cause of delamination and a matrix dominant phenomenon
[5]. As matrix dominant properties play such an important role in determining the
long-term stability of composites, an alternative to epoxy should be explored to render
these highly engineered materials environmentally friendly. As epoxy-based
composites are hard to recycle, an alternative resin material exhibiting similar
mechanical properties should be investigated, and one such replacement could be
poly(methylmethacrylate)-PMMA. It remains to be explored if the ductility effect can
be seen in other resins, such as PMMA, during the impact event.

Hybrid effect and the effect of waviness in such resins need to be ascertained
to understand the behaviour of resins better when contributing to the long-term
stability of composites, and hence, make them an ideal low weight replacement. Even
though the presence of waviness in composites might mimic out-of-plane
reinforcements, in reality, it is a problem associated with thick composite structures.
The primary cause of such problems is residual stress, originated during curing and
local buckling of fibres during filament winding [28-30]. Loading of composite
structures with ply waviness causes a three-dimensional stress state that ideally
reduces the stiffness and strength [31]. Fabricating composite architectures to achieve
gradual failure with flexural loading could pave the way to make them more
predictable. As mentioned previously, hybridizing the architecture could help in
achieving this, but the effect of waviness can as well lend such behaviour but with
reduced modulus of elasticity. The effect of waviness can help to understand the effect
of shear on the stability of composites better. Thus, matrix dominant properties play
an important role [31, 32] in the presence of waviness, and hence, the effect of
waviness in different matrix should be studied.
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Aim and objectives of the PhD dissertation

The aim of this doctoral dissertation is to explore and analyse the effect of
nanoparticles, hybridizations and waviness on impact characteristics of fibre
reinforced polymer composites.

Polymer composites subjected to low velocity impact loading undergone
damage, which is matrix dominant. The above-mentioned aim was formulated to
understand the effect on matrix and hence the impact damage. Thus, based on the
formulated aim, the following objectives can be established:

1. To determine the effect of carbon nanotubes and graphene on the impact
performance of composites under low velocity impact loading;

2. To ascertain the effectiveness of hybrid architecture in composites under
impact loading with two different matrixes, namely, epoxy and PMMA,;

3. To quantify the hybrid effect in terms of energy and arrive at a quantifiable
term/index;

4. To deduce the effect of waviness (both in-plane and out-of-plane) on flexural
loading prevalent as global bending during the impact loading;

5. To ascertain the effectiveness of in-plane waviness against different fibre
orientations during the impact loading;

6. To develop a numerical model on LS-DYNA to correctly ascertain the effect
of fibre and matrix-based failure strains respectively during flexure and impact
loading.

Thus, the current PhD dissertation is an attempt to realise 6 objectives elaborated
above starting with nanofiller reinforcements to using an easier method, such as
hybridization, and studying the effect of associated parameters directly dependent on
resin to improve the impact resistance of polymer composites.

Research methodology

The basic structure of the research could be broken down into two broad
categories where the first part deals with nanoscale reinforcements (chapters 2 and 3)
and focuses on the material characterisation. Even though it does not categorically
form a part of the current study, it helps in further developing ideas for the second part
(which would be chapters 4, 5 and 6). The second part deals with the mechanics of
composite from the perspective of impact loading and further delves deeply on the
role of energies that play an important role in damage formations. The aspect of
sustainability is a common thread that runs through this work from chapter 2 in order
to bring the reader’s attention to the ability of polymer composites to be recycled
effectively.

The effect of matrix on the composite material’s stability while under impact
loading is very crucial, and hence, the way to improve the impact resistance by
enhancing the strength of the matrix is obvious. Thus, the methodology that has been
adopted during this research follows the logical order of published results that are
presented in sub-chapters of chapter 2 to chapter 5. Initially an attempt to evaluate the
mechanical and impact performance of composites with nano reinforcements in the
forms of CNTs and graphene were adopted. In order to study the mechanical
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properties in terms of strength and modulus, ISO 527-2 was adopted as a standard,
while for the impact, the specimen size of 80 x 80 mm with a thickness of 1 mm was
fabricated. The impact energy was kept constant at 50 J throughout the
experimentations to attain complete perforation. Based on the results and conclusions
drawn from these experimentations, the next stage incorporates ductility into
composites. The first stage of the research concludes with chapter 3.

In the next stage, a gradual shift to explore the hybridised composite structures
was initiated with an emphasis on PMMA to study the effect of alternative resin
materials. The energy-based failure characterisation technique was explored, which
could quantify the hybrid effect in composites when subjected to impact loading.
Hence, the term ductility index-DI for composites, which takes into consideration the
failure characterisation in terms of elastic and inelastic energies, was recommended.
In order to further understand the hybrid effect, the composite panels were subjected
to impact at higher temperatures, and microscopic characterisations were performed
to study the damage and correlate them to the energy-based failure. Chapter 4 deals
with these aspects and covers the methodology and results that have been obtained.

The same chapter covers a comprehensive review on recycling and
thermoplastic resins to emphasize the role of composites as an alternative and
sustainable material for future green tech revolution in the wind sector. Chapter 5
covers flexural aspects that have been encountered when subjected to impact and
delves on the waviness both in-plane and out-of-plane in determining the role of
matrix in improving the performance of composites while being subjected to impact
loading. This chapter deals with numerical modelling techniques in understanding the
strains related to the matrix and fibre directions in composites in determining
performance under flexure. The conclusions briefly elaborate on relations between
waviness, strains, flexural response and eventually on the impact performances.
Chapter 6 explores in-plane waviness in composites and its performance when
subjected to impact. Thus, in-plane waviness is incorporated into unidirectional
composites, and its impact performance is compared with various other architectures,
such as twill woven, unidirectional etc. The sub-chapters are related to the
methodologies and each of them covers an article published during the course of this
research.

Scientific novelty

o Brittleness in composites is responsible for catastrophic failure: this is reduced by
introducing hybrid architecture.

o The achieved reduction in brittleness is converted to pseudo-ductility, thus
making composite failure more predictable during the impact event.

¢ In-plane waviness introduced in unidirectional composites improves the impact
performance by increasing the impact load and energy absorption characteristics.
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Statements for the defence

e The hybrid effect is quantified through the energy model while under impact
loading.

e The model gives an appropriate amount of energy expended in the form of elastic
and inelastic energies.

e In-plane waviness positively affects the flexural response, while out-of-plane
waviness affects it negatively.

e In-plane waviness increases the impact load and energy absorption when
compared to unidirectional composites.

Practical value of the research

e The introduction of hybrid effect reduces the brittleness in composites, thus
making them tougher and predictable when undergoing failure.

¢ PMMA is an effective alternative to epoxy in composites, thus rendering them
recyclable and more sustainable.

e In-plane waviness in unidirectional composites improved their impact
performance, and hence, the applications involving these composites cannot be
restricted owing to poor impact performance.

Approbation

The scientific results that have been obtained during the course of current
research were published in six publications: 4 of them in international journals
referred in ISI Web of Scinece, one in a local journal referred in ISI Web of Science
and one accepted as a proceeding in an international conference. In addition to this,
the results were presented in two international conferences held in Lisbon (presented
as a presentation) and Riga (online presentation).

Structure of the thesis

The thesis begins with an introduction, then follows six main chapters,
conclusions, summary, list of references, curriculum vitae, list of publications along
with the attended conferences and copies of scientific publications. The volume of the
dissertation is 108 pages, but the main part covers 72 pages, which include 28 figures,
26 equations, 8 tables, 89 bibliographic references and copies of 5 publications.

e The first chapter is a review of two important aspects covered in the thesis,
namely, the study of waviness and numerical modelling. It is a review to establish
the mathematical aspect of waviness and affected composite properties and
understand the Chang—Chang failure criterion that was used to predict the flexure
in sub-chapter 2.5.

o Chapters 2 to 5 elaborate on the five publications covering the aim that has been
set in this thesis. Chapters 2 and 3 deal with nano reinforcements; chapter 4 deals
with the aspects of hybridisation and the two resins. It as well deals with the
aspects of hybrid effect and the necessities of exploring an alternative resin, such
as PMMA, for the purpose of making composites sustainable. Chapter 5 explores
the flexural response that has been seen as global bending during impact and again
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deals with the aspects of hybridisation and the effect of in-plane and out-of-plane
waviness. Chapter 6 elaborates on the 5" objective, i.e., to explore the effect of
in-plane waviness on the impact performance.

e Chapter 7 concludes the thesis based on the set objectives.

Author’s contribution

Al: “High-performance fibreglass/epoxy reinforced by functionalized CNTSs for
vehicle applications with less fuel consumption and greenhouse gas emissions” [33].
Sharath P. Subadra contributed to the experimental study (data curation, mechanical
and impact assessment), software. Samy Yousef contributed to the conceptualisation,
formal analysis, writing of the original draft. Paulius Griskevicius contributed to the
writing, reviewing and editing, and lastly, Vidas Makarevicius contributed to the
visualisation. This article is reviewed in chapter 2.

A2: “Superhydrophilic functionalized graphene/fibreglass/epoxy laminates
with high mechanical, impact and thermal performance and treated by plasma” [34].
Second co-author Sharath P. Subadra was involved in the formal analysis,
investigation (experimental, mechanical and impact assessment), methodology
formulation, writing of the original draft. Samy Y ousef dealt with the formal analysis,
funding acquisitions, investigation, methodology, writing of the original draft, review
and editing. Paulius Griskevicius as well dealt with writing of the original draft.
Sarunas Varnagiris dealt with the investigation, methodology, writing of the original
draft and formal analysis. Darius Milcius was involved in writing the original draft
and formal analysis, and lastly, Vidas Makarevicius dealt with the methodology and
visualization. This article is reviewed in chapter 3.

A3: “Low velocity impact and pseudo-ductile behaviour of carbon/glass/epoxy
and carbon/glass’lPMMA hybrid composite laminates for aircraft application at
service temperature” [35]. Sharath P. Subadra was involved in the methodology
(ductility investigations, energy model formulation), formal analysis, investigation
(experimental), visualisation (optical microscopic investigation), writing of the
original draft. Paulius Griskevicius was involved in the original draft editing and
review, formal analysis and investigation. Samy Yousef dealt with fund acquisition,
formal analysis, methodology and formal analysis. This article is reviewed in chapter
4.

A4: “Sustainability of polymer composites and its critical role in revolutionising
wind power for green future” [36]. Sharath P. Subadra dealt with the formal
analysis, review of articles, writing of the original draft. Paulius Griskevicius dealt
with reviewing and editing of the article. This article is reviewed in chapter 4.

A5: “Effect of hybridization and ply waviness on the flexural strength of
polymer composites: An experimental and numerical study” [37]. Sharath P.
Subadra dealt with the conceptualisation, methodology, software (LS DYNA),
validation, formal analysis and investigation, resources, data curation
(experimentation), writing of the original draft, visualisation. Paulius Griskevicius
dealt with conceptualisation, validation, reviewing, editing, project administration and
fund acquisition. This article is reviewed in chapter 5.
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1. ABRIEF REVIEW OF COMPOSITE APPLICATION AND RELATED
MECHANICS IN THE PRESENCE OF FIBRE WAVINESS AND
NUMERICAL MODELLING

1.1. Applications of fibre reinforced composites and involved challenges

Fibre reinforced composites are widely used in many applications due to their
light weight, high specific strength and stiffness and their ability to impart design
flexibility. The composites could be tailored to the specific necessities by tweaking
the fibre orientations, using different resins etc. Thus, the composites have found their
acceptance in the aerospace, wind energy, automobile sectors, and similarly, many
other sectors are gradually adopting them. To put this into perspective, Boeing 787
has 50% of its structure made from composites, and wind turbine blades have their
components made of glass fibre reinforced composites [1-3].

Different fibre and resin types make up a composite structure; the choice is
being made on the specific requirements and could range from the mechanical
properties to the costs involved. Glass, carbon, aramid and natural fibres are the
different reinforcement materials that are available. The resins are either thermoset or
thermoplastic: the former is the most widely used due to their low costs and good
mechanical properties that they exhibit, while the latter is gaining prominence due to
being recyclable. Thermoplastics resins (polypropylene, polyether ether ketone) are
known to be highly productive, since they could be reused, and this makes them a
viable alternative in the automotive sector. In addition to the two basic components
mentioned above, nanofillers are used to enhance the internal architecture and hence
minimize the classic damages suffered by these materials, such as delamination,
debonding etc., when in service [38-40].

During their service life, the composites are subjected to various loading
conditions, such as fatigue, impact etc. This leads to a gradual deterioration of the
material not by wear and tear as seen in the metals but through delamination,
debonding and fibre rupture. These mechanisms are unique to composites; thus, a
combination of these damages and ultimate catastrophic failure of the material makes
them brittle in nature. A case in study for fatigue loading is the wind turbine blades
subjected to high cycle fatigue loads over their operational life [41]. Thus, the failure
that is accumulated is non-linear and leads to structural damage and material
degradation. In order to predict the failure of composite under fatigue, there are
several models available to study the evolution of the damage based on the
experimental research [42]. This forms one of the major limitations of composites
being used on a large scale, as the catastrophic failure needs to be accounted for while
designing by incorporating larger safety factors.

As with fatigue induced damage, the impact event causes damage as well, which
has a profound effect on the structural integrity of composite materials. Impact loading
suffered by composites can be classified into three groups, namely, low, intermediate,
and high velocity impacts. Low velocity impacts as well termed as large mass impact
are synonymous with tool drops during composite manufacturing or repair, and
velocity is limited to 10 m/s. Secondary blasts debris, hurricane and tornado debris,
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debris on roads and runways can be classed under the intermediate velocity impact,
and the velocity ranges from 10 to 50 m/s. This impact event is a characteristic of both
low and high velocity impact. Impact event resulting from small firearms or blast
fragments debris can be classed under high velocity impact (ballistic): a typical
velocity in this case is between 50 and 1000 m/s. The mass associated with this event
is very small when compared to the low velocity impact event. Each of these velocities
is characterised by different damage mechanism. Delamination growth (Fig. 1.1 a, b)
is associated with low velocity impacts, while high velocity impacts are characterised
by localised damages. The impact induced delamination damage occurs after the
threshold energy is reached. Delamination is usually preceded by the matrix cracks
and is initiated as mode-I fracture. This is due to the presence of high out-of-plane
normal stresses caused by the presence of the matrix cracks and high interlaminar
shear stresses along the interface. The matrix crack-initiated delamination is normally
due to the development of the interlaminar normal and shear stresses at the interface
[31].

b)

Fig. 1.1. a) Carbon fabric with a crack in the mid layer, b) glass fabric with delamination in
the mid layer

1.2. Composites under impact loading in the presence of nano-fillers,
hybridization and fibre waviness

Fibre-reinforced composites in structural applications (aerospace, vehicular
etc.) are subject to low velocity impact resulting from bird strikes, while the aircraft
is parked and taxiing from dropped tools during the assembly and maintenance works
(while fabrication or repair of composite parts) or runway debris encountered during
the take-off, which can cause damage even at very low impact energies [5]. Laminated
composites are more prone to the impact induced damage than its metallic
counterparts. These damages are internal in nature, depending on the intensity of the
impact event; thus, they are not visible through visual inspection. The damage would
have reduced the load bearing capacity of the material to a great extent leading to
unforeseen situations in the structural applications [5]. The impact design procedure
considering knockdown factors are generally adopted to design impact-resistant
structures. The procedure in the beginning includes testing small coupons against
impact to determine the energy and load history, damage and flexure. This is followed

18



by a post-impact compression test, and hence, a limit on allowable strain is determined
for design purpose. Allowable laboratory scale strain is applied to the material that is
susceptible to the impact failure. Thus, according to the observed behaviour of large
scale, the impact requirements will be modified. Since the structure is defined before
the actual impact test, the iterative process that has been elaborated above leads to a
very conservative design [43]. In this cyclical process, the major reason underlying
damage formation is less explored; the role of matrix, especially vis-a-vis matrix
cracks and its contribution to delamination, is not given prominence.

The brittleness of the epoxies used in polymeric composites makes them
susceptible to damage under various loading conditions. During impact loading of
composites, delaminations are a major source of damage, and to make them resistant
to such damages, strengthening the matrix would be an ideal solution. This can be
achieved by dispersing nanofillers within the resin [9-10], such as graphene, carbon
nanotubes (CNTSs) etc. Large aspect ratio and specific surface area along with high
longitudinal modulus [11] makes CNTSs an ideal choice for different applications [16—
20]. Along with CNTs, graphene as well enhances the mechanical properties of
composites, but both are limited in their applications because of agglomeration when
dispersed in matrix. Functionalisation could be an ideal choice to disperse nanofillers
uniformly in addition to using three roll mills and such different sophisticated methods
[11, 21-23]. A reliable method to fabricate impact resistant composites should be
explored, and this method should inculcate ways to make them more predictable
(tougher) while undergoing damage.

Service conditions play a role in determining the initiation and propagation of
damage in composites. This becomes a critical factor when they are used in marine
and aerospace applications. The stressing conditions along with the environmental
conditions play a role in determining the impact performance of polymer composites
and subsequent failure [24]. The damage suffered by polymer composites at room and
higher temperature vary and are complicated [24, 44-47], for instance, the impact
induced delamination area decreases as the temperature increases. Thermosets and
thermoplastics are the two major classes of resins in use: the formers use exceeds of
the latter because it can impregnate the fibres better and allows itself to be moulded
into complex shapes. Thermosets are proven to lend itself to the high strengths and
stiffness after curing; they have proven chemical resistance, fibre adhesion and good
service temperature properties. A blend of thermosets and thermoplastics have been
in use to improve the impact performance of composites. Thus, thermosets have been
in continuous use, but they are not an environmentally friendly solution, as they are
not fully recyclable when used in composites. Thus, a need arises to find better
replacements, which are as good as epoxy. Acrylic resins could lend themselves to
good wetting of fibres and are known to possess high strength, and hence, they have
been used to make ultralight orthopaedic appliances. Poly(methyl methacrylate)-
PMMA is an acrylic resin and has been widely used to make prostheses and is non-
toxic in nature. It could act as a replacement for epoxy, and its impact properties at
room and higher temperatures are studied in this research. An energy-based model
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could describe this aspect considering the amount of damage suffered by the material
in its entirety better.

Moreover, the inherent limitation of polymer composites is its brittle nature,
which makes the failure catastrophic in nature without significant visible damage or
warning [48]. Thus, in order to ensure safety, a wider design margin is applied to
composites. A pseudo-ductile failure is more desirable, as it makes the material more
predictable when vis-a-vis damage is concerned. In order to achieve a pseudo-ductile
behaviour, a modification of the composite structure can be carried out. This can be
done by hybridising the structure, which is commercially viable when costs and
processes are considered. Hybridized composites fail in a gradual manner over a range
of strains, and this effect, termed as the hybrid effect, was first demonstrated by
Hayashi et al. [49] on a unidirectional glass and carbon hybrid composites. Generally,
hybrids show an enhanced strain to failure than those seen in pure single fibre
composites. Thus, hybrid effect is defined as an apparent increase in the initial failure
strain of low elongation fibres in the hybrid composites, relative to the composite with
only low elongation fibres. The hybrid effect is characterised by suppressed
delamination and localised fibre ruptures in low strain fibres. The ideal composite
architecture for such a scenario is a thin low strain fibre in the middle and high strain
fibres stacked on both sides symmetrically with total thickness of high strain fibres
exceeding that of the low strain fibres. The ductility to composites, imparted through
hybridisation, influences the impact performance of the composites by complicating
the damage mechanisms that have been involved during failure. Since there is
suppression of delamination when hybridised, the influence of matrix is less explored,
and the energy-based model could be relied upon to quantify the hybrid effect during
the impact at any given temperature studied.

Impact induced damage, especially delamination, is governed by out-of-plane
properties, such as the interlaminar longitudinal shear stress 613 and the interlaminar
transverse shear stress o235 [31]. These play a prominent role if the laminates are
thicker. The effective interplay of these stress components could be ascertained by
creating scenarios, which would mimic through the thickness fibre reinforcements.
The ideal way could be the introduction of a waviness, which is normally a
manufacturing induced damage. It has been documented extensively that the presence
of waviness both in-plane or out-of-plane affect the stiffnesses in the respective
planes. The presence of waviness reduces the stiffness in the direction of waves, which
is dependent on the wave characteristics, namely, the amplitude and wavelength. This
has been proven analytically and experimentally. However, these waves introduce
large interlaminar shear, which could make a difference when impact performance is
studied. Low velocity impact (sub-perforation impact) causes global bending of the
specimens; therefore, the stresses developed during a three-point bending could be
comparable to that caused by the low velocity impact. In this context, introducing
waviness and studying the out-of-plane shear properties through the standard bending
test will give an insight into the interplay of these stress components [5, 50-51].

The interplay of interlaminar stresses can be simulated by numerical methods
by employing commercial finite element solvers. A model developed using these
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solvers could be easily tweaked to match the test results, thus enabling one to produce
a generic numerical model that could predict a real time situation accurately. Out of
several solvers that are available, LS-DYNA offers several material models for
polymer composites based on progressive failure model (PFM) or continuum damage
mechanics model (CDM). These models are based on the degradation laws, which
degrade the elastic properties of composites, once an initial failure is achieved. LS-
DYNA terms these models as material keywords, and hence, MAT22 and MAT54/55
are based on PFM, while MAT58 and MAT162 are based on CDM. In the context of
this research to study the interlaminar stresses, a generic model based on PFM would
be implemented, and hence, MAT54/55 would be used [52]. The next two sub-
chapters deal with the aspect of waviness and numerical modelling. The sub-chapter
on waviness elaborates on the materials properties derived in the presence of waviness
within composite plies, while the sub-chapter on numerical modelling explains the
Chang—Chang failure adopted to study flexure.

1.3. Determining composite material properties in the presence of waviness

The material properties of composites with waviness should be determined in
order to form an input for determining their behaviour, while in numerical modelling,
the properties were determined using the method adopted by Hsiao et al. [53]. Since
the fabricated specimens had uniform waviness in them, it was sufficient to consider
the representative volume element of one period of waviness as shown in Fig. 1.2.
The volume is divided into small pieces of thickness dx, wherein x is the axis along
the aligned fibre loading directions. There, each slice is treated as an off-axis
unidirectional lamina, and its compliances are obtained from the compliance
transformation operations [54-55]. The elastic properties are obtained from the
average strains integrated over one wavelength in the loading directions.
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Fig. 1.2. A representative volume element with coordinates for a unidirectional composite
with waviness

The fibre waviness is assumed to be a sinusoidal wave in the xz direction with
an amplitude defined by:

v = A.sin (2rx/L); @
where A and L are the amplitude and wavelength of the wavy fibre.

21



The transformation equations on stresses in the three coordinate system are

elaborated as follows:
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In equation (4), [T],and [T]g represent the in-plane and out-of-plane
orientations, respectively. The presence of orientations will mean that the transformed
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matrix eq. (5) will have terms in all positions instead of zeros, making the material
anisotropic. However, the composite is still orthotropic, but with the presence of
undulations, there is coupling between shear strain and normal stresses and between
shear stresses and normal strains known as shear-extension coupling. Thus, in body
coordinates, a normal orthotropic material appears to be anisotropic. In normal
parlance, such a material is termed as generally orthotropic material (in case of
composites) because a composite lamina does have orthotropic properties in the
principal material coordinates. The extensional stiffness matrix can be calculated from
the transformation matrix as seen in eq. (10).

Al] = Zg=1 @ij)k(zk_ Zk—]) (6)

From the extensional matrix, the material properties can be estimated by the
following set of equations:
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From equation (11), the matrix in equation (6) can be filled up. Subsequently,
the material properties in the plane xz coordinates can be obtained by averaging the
properties over one wavelength of fibre waviness; it is important to relate angle 6 to
the wave parameters A and L:

dv 2mx
tan 0 = = = 27 7 Cos—. (8

Thus, m and n from the previous equations can be rewritten as:

1
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The average transformed compliances, S; ; over one wavelength can be
determined by integrating the same over the wavelength L. Thus, from (5), (13) and
integration, the following strains are obtained:
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The effective material properties in xz coordinates can be expressed as follows:
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Thus, the material properties that had been obtained would be used numerically
to simulate the flexure of composites with waviness in chapter 2 (sub-chapter 2.5).
The FEM model to simulate the hybrid effect and composite with waviness was
implemented by using LS-DYNA software. In the materials chapter, two composite
material properties were defined for carbon and glass. The material properties were
determined by static tests for specimens without waviness and for waviness equations
derived in [53] was used, for which the input parameters were the material properties
of glass, carbon, epoxy and PMMA. Thus, based on the tests and equations [53], the
material properties are listed in Table 4.

1.4. Numerical modelling approaches

Commercial codes, such as LS DYNA, ABAQUS Explicit etc., offer a wide
range of built-in material models to predict failure in composite structures. The
composites are modelled as orthotropic liner elastic materials within the failure
surface, and beyond it, the elastic properties are degraded according to the degradation
laws [83, 84]. The modelling approaches differ on the specific degradation laws that
were used and hence can be divided into progressive failure models (PFM) and
continuum damage mechanics model (CDM) [56]. This thesis employs LS DYNA
commercial solver for the numerical investigation of composite damage under flexure,
which is prevalent during the impact loading. This solver offers PFM based materials
models, such as MAT22 and MAT54/55, and CDM based models, such as MAT 58
and MAT 162. Progressive damage models take into account three in-plane failure
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modes, namely, matrix cracking, fibre-matrix shearing and fibre rupture. In this case,
the fibre rupture and fibre-matrix shearing, for which the level of property degradation
within the damaged area depends largely on the span of damage predicted by the fibre
failure criterion. Most progressive failure models are defined by the strength-based
criterion, which means that when strength within a ply is exceeded, their respective
properties are degraded. Ply-by-ply failure leads to a progressive failure within a
laminate, and when all plies in the laminate are failed, the respective elements are
deleted. Continuum damage mechanics requires material properties in tension,
compression and shear to define stress-strain behaviour within a laminate. MAT5S,
which is a continuum damage-based model, requires the user to specify the in-plane
elastic modulus and Poisson’s ratio in two directions on LS-DYNA. In addition to
these, the maximum strengths in tension, compression and shear are specified at
corresponding strain values. The response during tension is initially linear elastic with
the modulus being specified as EA. The non-linearity is defined by LS-DYNA,
internally based on the theories on continuum damage mechanics. In order to elaborate
further on this, XT (maximum strength) is reached; the underlying stresses are reduced
based on the value defined for SLIMTL, which is a stress limiting factor. Following
this, the stress is held constant at the reduced value until reaching a strain specified by
the ERODS parameter. Once this point is reached, the elements are deleted and
removed from the solution. Thus, by correctly selecting the SLIM and ERODS, a
plastic-like behaviour is incorporated in the model to avoid premature elements failure
[57].

Based on the above elaborated differences between MAT54 and MAT58, which
in turn is based on PFM and CDM, respectively, the previous model, i.e., MAT54,
was adopted in this thesis. This decision was made due to its wide use [39-42, 56-60]
and its ease of use while defining various parameters associated with this model. Most
of these parameters can be defined by conducting simple static experiments, and the
rest of the parameters can be defined by trial and error, which could finally deliver a
model that could closely resemble failure when under flexure and impact loading,
respectively. As mentioned in the previous paragraph, MAT 54 employs a ply
discount method to degrade material properties. In the failure surface, the values of
elastic properties in the ply material direction are degraded from an undamaged state,
which is 1 to fully damaged state at 0.

In the elastic region, the material stress-strain curves in the fibre region, matrix
direction and shear direction are given as follows:

1
& = E_(UI'V1202)1 (13)
1
1
&= E_(O'TVZIGI)’ (14)
2
i
ey = G—U(TJZ-UT%)- (15)

Beyond elastic region, the Chang—Chang failure criterion is employed by the
material model MAT54 [60] to determine individual ply failure. In the equations
elaborated below, ef, ec, em and ed are termed as history variables and represent

25



tension and compression for 1-direction and tension and compression along 2-
direction. The input parameters: XT-fibre tensile strength, XC-fibre compressive
strength, YT matrix tensile strength, YC matrix compressive strength and SC (Si12)-
shear strength are determined experimentally from unidirectional tape lamina.

In the case of tensile fibre mode (c11 = 0):

2 2 >] failed
7= () B(&E) (= - 16
K (XT) p (512) {<1 elastic’ (16)
where upon failure: E;, =E,=G;, =v;, =v,; =0. In the above provided
equation, g is the shear stress weighing factor, which defines the influence of shear in
tensile fibre failure, this term is determined by trial and error.
In the compressive fibre mode (c11 < 0):
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where upon failure: E; =v;, = v,; = 0.

In the tensile matrix mode, when 62, > 0:
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where upon failure: E, = vy, = Gy, = 0.

In compressive matrix mode (622 < 0):
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where upon failure: E; = v,y =0 = Gy, = 0.

Thus, when one of the above conditions are exceeded in ply and within the
element, all the specified elastic properties of that ply are set to zero. Matrix failure
corresponds to the first ply failure, and FBRT and YCFAC strength reduction
parameters degrade the fibre strengths of the remaining plies, once the matrix failure
takes place. These strengths degradations are expressed as follows:

XT = XT" *FBRT, (20)
XC = YC"*YCFAC; (21)

where in FBRT is terms of percentage reduction of tensile fibre strength that can
vary from 0 to 1. YCFAC used pristine matrix strength YC in determining the
damaged compressive fibre strength; thus, the upper value of YCFAC is not 1, but
XC/YC = 7.4. These two terms cannot be determined experimentally and can be
known through trial and error.

Along with these strength-based criteria, failure occurs if strains exceed the
strain to failure for each ply. For a unidirectional ply, DFAILT and DFAILC are
tensile and compressive failure strains in the fibre direction, while DFAILM is the
failure strain in the matrix direction. DFAILT must be positive, and DFAILC must be
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negative, and when these three parameters are set to zero, the model ignores these
parameters, and the failure is by the Chang—Chang failure criterion. If these
parameters are non-zero, the failure occurs if one of the strains exceeds the strain to
failure. Along with these three strain-based parameters, DFAILS for shear is used in
the model, but it does not appear as a criterion for failure. This means that if the shear
strain exceeds the assigned value of DFAILS, failure does not occur. In the current
research, DFAILT and DFAILM has been investigated, and their influence was
ascertained during flexural loading of composites in chapter 5. A parametric study
was carried out, and the influence of DFAILM to a greater extent was established in
determining the failure when being loaded and hence understanding its effect, while
under impact loading, during which event there is global bending that causes
delamination and failure [61].
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2. FIBREGLASS REINFORCED COMPOSITES WITH FUNCTIONALIZED
CNTS: ASTUDY ON ITS IMPACT RESISTANCE

This chapter forms a review of the article “High-performance fibreglass/epoxy
reinforced by functionalized CNTSs for vehicle applications with less fuel consumption
and greenhouse gas emissions”. The article [33] has been published in the journal
Polymer Testing and is available online since March 16, 2020. The aim of the article
was to ascertain the mechanical and impact characterisations by reinforcing the resin
at the nanoscale (carbon nanotubes). Each author’s contribution has been reported at
the end of the article and at the beginning of this thesis. The first author as well as the
corresponding author is the writer of this dissertation, and he contributed to the
experimentations involving fabrication of composites, mechanical and impact studies.
This article falls into the first stage with the emphasis on nano reinforcements and
studies the impact resistance. Environmental assessments through greenhouse gas
emissions form a part of this article. A numerical model was developed on LS DYNA
to effectively evaluate the effect of impact and hence realise a model that could
effectively mimic the experimental study and serve as a tool to further study the
impact.

2.1. Experimental and numerical materials, composite fabrication, material
characterisation and numerical modelling approach

In this study, CNTs with an average diameter of 30 nm and a few microns in
length were synthesized using CVD, the method is explained in [33] elaborately.
Epoxy resin and its hardener (EPIKOTE Resin MGD® RIMR 135 and EPIKURE
Curing Agent MGS® RIMH 1366), glass fabric, a twill woven 2/2 type, having an
areal weight 163 g/m? was used for the composite panel preparation. The
functionalized carbon nanotubes (FCNTS) were dispersed in epoxy using a sonicator
(concentrations ranging from 0.05 to 0.4 wt%, Table 2.1), and later, the solution of
FCNTs/epoxy was subjected to ultrasonication and hence obtaining a pre-dispersed
solution of the same. The same was later dissolved with hardener according to the
ratio: 3-part FCNTs/epoxy and 1-part hardener using a mechanical stirrer.

Later, the preparation of composites was initiated by cutting the glass fabric in
size of 270 x 320 mm. The solution prepared earlier was later reinforced with four
layers of the cut glass by the vacuum assisted resin transfer method. A neat batch
without any FCNTs was prepared for the sake of comparison, and the average
thickness of the samples were kept constant at 1£0.05 mm. Initial post curing was
carried out by using an infrared lamp at 80 °C for 8 hours. Later, the panels were cured
in an oven at 80-100 °C for 6 hours. Subsequently, the specimens were cut down to
dimensions of 25 x 270 mm for tensile tests as per 1ISO 527-2 and for impact
assessment with specimens bearing a dimension of 80 x 80 mm.
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Table 2.1. Fibreglass/epoxy laminate nanocomposite panel codes

Sample
Code
FGCEO
FGCE1
FGCE2
FGCE3
FGCE4
FGCEO05
FGCES6
FGCE7
FGCES8

o
~
a1

CNTs 0 0.05 0.15 0.20 0.25 0.30 0.35 0.40
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Fig. 2.1. The nano composite panel preparation and characterisation flowchart

In line with the aim of producing composites that are more sustainable, the
environmental performance in terms of Greenhouse Gas emission (GHGE) factor of
the fabricated panels were evaluated for their potential application in the automotive
sector. GHGE factor was calculated based on the approach developed by Turner et al.
(2015) and according to 1SO-14040 [80, 33]. As per this model, each material has an
equivalent CO; value that could be decreased by cutting down either their mass or size
or density [14, 62]. Thus, the reduction of a vehicular mass by 100 kg saves about 0.7
| fuel for each 100 km leading to decreased CO, emissions by 1800 kgCO2-eg/ton
[63]. This model was accounted for the current situation where FCNTs were added
into the resin material, and hence, this model was reworked to suit the current
scenario. More details of this model can be found in the article: after working out the
model, a relation on mass reduction (mg), fuel reduction (Fr) and GHGE factor was
calculated.

The characterisation was carried out using Scanning Electron Microscope
(SEM) (the equipment was from Carl Zeiss AG), which was used to check the
dispersion and morphology of the fabricated panels. Different resolutions were
adopted ranging from 100 um to as low as 3 um; these resolutions were adopted to
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check the fracture, especially those suffered by fibre and check adhesion between fibre
and resin. Mechanical tensile properties (5 specimens from each batch) were
measured by a Lloyd Universal Testing Machine (model LR10K) connected to a high-
resolution camera; the machine had a maximum load capacity of 25 kN. The loading
rate was kept constant at 5 mm/min as per ISO standards. The test was carried out
until final failure, at which the maximum strength was captured by dividing the
maximum load by the cross sectional area of the specimen. The modulus of elasticity
or tensile modulus was captured from the slope along the elastic region of the load
curve expressed in MPa.

The impact test was conducted on a Coesfeld Magnus 1000 high-speed drop
tower with cylindrical steel impactor with 20 mm in diameter and hemispherical end
with a mass of 5.129 kg. The entire construct of the equipment was as per 1SO 6603-
2, and the tests were conducted at a constant impact energy of 50 J at room temperature
and at a drop speed of 4 m/s. The test equipment can reach a maximum speed of 50
m/s; thus, its speed range lies within the intermediate range. The specimen was held
in position by the pneumatically actuated holder, thus ensuring that the specimen does
not slip away due to the speed of impact. The load displacement curve is measured by
the system along with the energy, which is the integration of the area underneath the
load curve.

The numerical model (Fig. 2.2) to study the evolution of impact event of the
specimen with 0.35 wt% of FCNTs is accessed using the commercial solver LS
DYNA. The composite plies were modelled by using 4 node shell formulation, while
the mesh size was kept constant at 1 mm (dimensions of specimens were kept similar
to the one adopted during experimentations, i.e., 80 x 80 mm). Normally, thin
composite structures are modelled by using the shell elements against solid elements.
Using this approach, composite lay-up is defined by integration points for each of the
ply, which has a thickness and ply orientation defined [59]. These definitions can be
set in the “Part Composite” card on LS DYNA keyword manager. The fibre
orientations can be set there, which has a direct correlation to the simulation results
as the composites structural performance is a direct outcome of the fibre orientations
and its interaction with the resin. The specimens were constrained in all degrees of
freedom mimicking the experimental reality. The impact was modelled as a rigid
body, falling with a speed of 4 m/s and having a mass of 5.129 kg. The interaction
between the rigid body impactor and composite laminates are modelled using
“Contact_Automatic Nodes To Surface”, where the nodes on the impactor are
selected as the master segment, and the composite surface is selected as the slave
segment. A mass of 5.129 kg is assigned to the impactor in the “Element” section that
is available within the library. The composite failure was analysed by using the
Chang—Chang failure criterion [64]. The model takes 21 parameters that should be
defined, 15 of which are physically based and 6 are numerical parameters. Among the
15 physical parameters, 10 are material constants, and the remaining 5 are tensile and
compressive failure strains in the fibre directions, matrix and shear failure strains. The
6 numerical parameters were set at their default values. Among the ten material
constants, in-plane Young’s modulus (Ex) and in-plane strength (ox) were determined
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from the experiments as elaborated in the previous paragraph. Thus, based on the
experimental results, the Ex and ox were input as 8.76 GPa and 249 MPa, respectively.
The rest of the material constants were adopted from Table 5.2 in chapter 5.

l‘::;;n/ ksg Fixed nodes,
constrained in all
directions

Fig. 2.2. Numerical model as modelled on LS DYNA
2.2. Results and discussions

The dispersion (Fig. 2.3) of the FCNTs was first examined using SEM on the
neat sample, sample with 0.35 wt% and 0.4 wt%, respectively. It was observed that at
higher resolutions of 3 um, the features of FCNTSs start appearing as forms of very
fine particles distributed uniformly inside the panel with strong crosslinking. The
cross section of the composite was examined; the fine distribution of resin was
observed along the cross section with good adhesion that was observed. The fracture
surface was seen to have lot debris, especially those with 0.35 wt% and 0.4 wt% of
FCNTSs in the samples. This could be attributed to the branching out of cracks and its
obstruction by the CNTs and hence strengthening the matrix in the process. It has been
observed that higher concentrations lead to agglomeration and hence make the
composites more brittle and create more debris during failure as the structure is
becoming more brittle.
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Fig. 2.3. (A-C) Surface morphology of FGCEQO, FGCE6 and FGCE7; (D-F) FCNT
dispersions in FGCE®6 at 30 um, 10 um and 3 pm; (G-I) gold coated cross section of FGCE6
to examine fibreglass distribution; (J-L) fracture morphology in FGCE6

The mechanical characterisation led to interesting outcomes: there was
observed no increase in the strain when loaded under tension, but significant increase
in strength and modulus were observed (Fig. 2.4 a). Initially, an increase of ~7% and
~6% (compared to the neat sample) in strength and modulus was observed with the
addition of 0.05 wt% of FCNTSs, while it increased to 30% and 31%, respectively,
with an increase of 0.35 wt%. Any concentrations above 0.35 wt% reduced the
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strength and modulus considerably due to the agglomeration. The observed
concentration of 0.35 wt% to obtain an increase in strength and modulus was lesser
than those reported in literature, which reported an increase only after 0.75 wt% [46—
48, 38, 65-66]. It can be concluded that even though the thickness reinforcements
with FCNTSs are promising, but the process to obtain a uniform distribution on a large
scale can be not feasible and hence remains a drawback.

The impact response of the panels is seen in Fig. 2.4 b. As it is evident from
the impact load characteristics, a steady rise in load was seen in all samples before
reaching the maximum load. After reaching the maximum load, the failure is abrupt
and then again rises sharply to reach a maximum lesser than the previous, and then
the load drops steadily. The first peak corresponds to the maximum impact load that
the specimens take, and the second peak represents the fracture impact load. As it is
evident from the figure, the addition of FCNTs does improve the impact performance
significantly. A 0.35 wt% addition of FCNTSs increased the impact load from 2.13 kN
to 2.80 kN, which is a ~31% increase. This could be attributed to the thickness
reinforcement, which was evident from the SEM observations elaborated above, as
these reinforcements create the bridging to crack front and hence strengthen the
matrix. However, a wt% more than this creates agglomeration, and the intended effect
is not seen. The improvement can be attributed as well to the functionalization of the
nanotubes, which creates good bonding between the nanotube surface and epoxy [38,
67].
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Fig. 2.4. (a) Load displacement curve for all specimen types under tension, (b) load
displacement curve for all specimen types under impact loading and (c) FCNTSs effect on the
mass, fuel and CO2 reduction

The effect of FCNTs on the mass, fuel consumptions and carbon emission
reductions obtained from the fabricated panels based on the improved resultant
strength and density are shown in Fig. 2.4 c. The three parameters were affected by
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the addition of CNTs, for instance, the addition of 0.05 wt% decreased the mass by
~7%, and hence, there was a reduction in fuel consumption and CO; by 4.9% and
7.7%, respectively. Similarly, an increase in CNT concentration to 0.35 wt%
decreased the mass by ~23%, which caused a significant reduction in the fuel
consumption and CO; by 16.1% and 25.3%, respectively. However, an increment in
the concentration of CNT beyond 0.35 wt% did not show any significant mass
reduction, which could be attributed to the agglomeration and hence a comparative
reduction in composite strength. Thus, based on these insights, the application of these
panels in the structure of vehicles can lead to a decrease in CO, emission by -9581 kg
COs-eq/t and decrease the energy consumption by 16.1%.

Lastly, based on the numerical simulations, a close alignment was seen with
respect to the load displacement curve, as seen from the experiments for FCNTs with
0.35 wt%. As seen in the figure below (Fig. 2.5), the model could correctly predict
the failure, as seen from the experiments. From the first figure, the model correctly
predicts the load in the elastic region of the modelling. The first drop followed by the
second eventual drop is not seen in the numerical model. This could be attributed to
the non-modelling of the contact between layers, which could model the delamination.
This modelling was avoided because delamination was not seen in the experiments as
seen below. The distribution of shear stress (seen as red) that is seen in the figure (Fig.
2.5 b) can be seen as partial crack formation in the specimen subjected to the impact
(Fig. 2.5 ¢). Thus, the numerical model that has been developed could easily predict
the impact behaviour of composite laminate being subjected to impact. This model
can be calibrated according to the experimental conditions to study the impact and
determine the effect of various material properties, such as in-plane modulus, shear
etc., on the evolution of impact induced damage.
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Fig. 2.5. Impact performance assessment from the numerical mode: (a) load displacement
curve, (b) shear stress distribution from the model, (c) failure profile during the experimental
impact

2.3. Conclusions

This article presents the effect of “through the thickness” reinforcement using
functionalised carbon nanotubes (FCNTs), which effectively increased the
mechanical, impact strengths along with the sustainability of the fabricated
nanocomposite when used in vehicular structures. The FCNTs were dispersed
uniformly in the epoxy, which latter was reinforced with glass fibres by vacuum-
assisted resin transfer method. The mechanical characterisation showed an increase in
mechanical strength by 30%, while the impact strength increased by 31% with an
increment of FCNTs by 0.35 wt%. These could be attributed to the nano
reinforcements by the FCNTSs, which made the panels brittle as well. From the effect
on the environment, the greenhouse gas emission (GHGE) was evaluated based on a
model that was developed earlier, and according to this model, the panel with 0.35
wit% was seen to reduce fuel consumption and greenhouse gas emission by 16% and
26%, respectively. Thus, based on these assessments, the fabricated fibreglass/epoxy
nanocomposites could be grouped as environmentally sustainable material with a
good potential to be adopted in the auto industry. Lastly, the numerical model that
was developed could predict the load displacement as seen during experimentations;
thus, the same model could be recalibrated and used for other sub-chapters of the
thesis. A detailed parametric study of the model to predict flexure is carried out in
chapter 5.
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3. HIGH IMPACT RESISTANCE OF FIBREGLASS REINFORCED
COMPOSITES WITH FUNCTIONALIZED GRAPHENE, AN
EXPERIMENTAL AND NUMERICAL STUDY

This chapter is a review of the article titled “Superhydrophilic functionalized
graphene/fibreglass/epoxy laminates with high mechanical, impact and thermal
performance and treated by plasma” [34] that has been published in the journal
Polymer Testing and is available online since June 24, 2020. The aim was to ascertain
the influence of nano reinforcements (graphene) on mechanical and impact
characterisations. The second author as well as the corresponding author is the writer
of this dissertation, and the contribution was in the form of formal analysis,
investigation in the form of panel fabrications and experimentations, formulating the
methodology and writing the original draft. This article falls in the first category with
the emphasis on nano reinforcements and study of the impact resistance, as explained
in the previous chapter.

3.1. Experimental materials, composite fabrication and material
characterisation

Epoxy, hardener and fabrics used in this article were the same as the one used
in the previous article and hence will not be elaborated. Graphene (GA) that is used
in this work was synthesised using multi-roll milling and low-temperature expandable
graphite as a raw material [14]. The process of obtaining graphenes that are
functionalised are mentioned in [62, 68-69], and the same method was adopted in this
research. The dispersion of FGA followed next in the fabrication process, wherein to
obtain a uniform dispersion of FGA in epoxy and avoid agglomeration, FGA
concentrations of 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4 wt% (relative to epoxy, Table
3.1) was dispersed in acetone under the effect of sound wave for 1 h at 50 kHz [34].
The dispersion and composite panel preparation was similar to the technique that was
elaborated in the previous article.

The characterizations were done firstly by using scanning electron microscope
(SEM) to observe the GA dispersions, while optical microscope (Hirox digital
microscope KH 8700) was used to investigate the impact damage mechanism. The
mechanical characterisation was carried out using a Lloyd Testing Machine (model
LR10K) connected to a high-resolution camera to study the actual deformation.
Coesfeld Magnus 1000 High-speed drop tower with a cylindrical steel impactor with
20 mm in diameter and hemispherical end with a mass of 5.129 kg was used to access
the impact performance of the composite laminates. In fact, 5 specimens were tested
from each to arrive at a conclusive result.

A numerical model was implemented on LS DYNA, similar to the methodology
elaborated in chapter 2 (sub-chapter 2.1). FGCE6 was adopted for this study, as it
showed the best impact performance, and hence, a model that could help further
ascertain the effect of impact need to be established. Among the ten material
constants, in-plane Young’s modulus (Ex) and in-plane strength (ox) were determined
from the experiments. Thus, based on the experimental results, the Ex and ox were
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input as 8.59 GPa and 226 MPa, respectively. The rest of the material constants were
adapted from Table 5.2 are elaborated in chapter 5.

Table 3.1. Sample codes of the fabricated FGEC laminates

Sample | FGGEO | FGGEL | FGGE2 | FGGE3 | FGGE4 | FGGES | FGGE6 | FGGE7?
codes

FGA 0 0.05 0.15 0.20 0.25 0.30 0.35 0.40
(wt.%)

3.2. Results and discussions

The dispersion of FGA (Fig. 3.1) was analysed on FGGEOQ, FGGE1, FGGE6
and FGGE?7, using SEM ranging from resolution of 3-30 um. With regards to FGGEO
and FGGEL, there was no significant change in the micro-structure, as the previous
one was a neat sample, and the latter was with the lowest concertation of FGA within
the architecture. The fibres in both cases had less adherence of epoxy, which was
evident from clean fibre surface, its poor impact performance and unsatisfactory
tensile strength. The debris that has been observed was a mix of flakes and small
particles, which in the case of FGGES, coalesced to bulk particles, which implies
transformation in the failure mechanism. In conjunction with this observation, the
adhesion was intact with the matrix and fabric, thus obtaining reinforcements at the
nano scale, which in turn improved the impact resistance of these samples. FGGE6
was seen to have the optimum FGA, and any concentrations above 0.35 wt% were
seen to aggravate agglomeration, which drastically affected the mechanical properties.
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Fig. 3.1. SEM micrographs of FGCE samples

All the samples were subjected to tension (Fig. 3.2 a), and two transformations
in terms of strain and strength were observed. FGGEO, FGGE1, FGGE2, FGGES5 and
FGGE?7 showed no noticeable to insignificant improvement in strengths. In the case
of FGGE?7, due to the agglomerations, the strength and strain were lower than that of
all the samples that were studied, even lesser than FGGEO. Three samples stood out
in their performance: FGGE3, FGGE4 and FGGES6. The strength increased by 18%
when compared to FGGEDO in the case of FGGES; the strain increased by 16%. This
was again true in the case of FGGE3, which exhibited similar increase in strain, but
the strength that was observed was modest. FGGE4 showed 14% increment in
strength, while at the same time exhibited 23% increment in strain, implying a tougher
specimen. This could imply a higher amount of energy being spent on damage
mechanisms; thus, the energy that is spent is higher due to the improved adhesion
between matrix and fabrics. Therefore, from these observations in conjunction with
SEM analysis, it can be conclusively said that “through the thickness” reinforcements
by nano-fillers help to improve the toughness and strength of composites.
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Fig. 3.2. (a) Stress-strain of all the samples subjected to tension, (b) load displacement of all
the samples subjected to low velocity impact loading, (c) fractographic analysis of specimens

The impact characterisation showed the best effect in terms of FGA dispersion
and “through the thickness” reinforcements. While FGGEO showed the least impact
load of 2.81 kN, FGGES6 with 0.35 wt% exhibited the highest load bearing capacity at
4.78 kN, which is 70% increase. This could be attributed to the toughening effect that
is seen through SEM observations in the form of improved adhesion and hence larger
debris particles post impact. In order to validate this theory further, the investigations
were carried out under optical microscope to check the damage mechanism, and the
images are presented in Fig. 3.2 c. The delaminations were observed in samples with
no to less concentrations of FGA, while the delaminations were negligent in the case
of samples with higher concentrations (FGGES in Fig. 3.2 ¢). Corroborating this with
SEM observations, a clear trend with adhesion, is the reason attributed to this, which
is positively contributing to the toughening of matrix and hence improving the impact
resistance of samples.
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Based on the methodology elaborated in chapter 2, a model to predict the impact
performance as seen experimentally was established. The brittle nature of failure of
FGGEG6 was evident from the numerical modelling, as it could be seen in Figure 3.3
a. The numerical model could predict the response quite accurately, and this could be
attributed to the failure strains involved while modelling. During numerical studies, it
was seen that DFAILT, DFAILM and DFAILC, which are failure strains in the fibre
direction and transverse directions, respectively, were seen to influence the outcome
to a large extent. A detailed parametric study was carried out and is elaborated in
chapter 5 where flexure was studied, which is seen in the form of global [61] bending
while under impact loading. Comparing Fig. 3.3 b, c, the diamond/rhombus shaped
failure was seen in numerical model and real time experiments, while in the numerical
model, the shear stress concentration was seen along the diagonal of the diamond
(rhombus).

XY-stress

5
(b) f 4.970e+07
( d ) 3.980e+07
4 Experimen 2.990e+07 .
tal 1.999+07 _
E‘ 1.009e+07 _
X 3 < ¥...... Numerical FHH HH 1.8699+05_?_‘
R FEEFH T 9.717e+06
- H ]
@ ) 1.962+07 _|
9 2.952
1 -2.952e+07
-3.943e+07 :I
1 4.933e+07 |
0

"= Impact penetration

Fig. 3.3. Impact performance assessment from the numerical mode: (a) load displacement
curve, (b) shear stress distribution from the model, (c) failure profile during experimental
impact

3.3. Conclusions

This article covered another aspect of nano reinforcements using functionalised
graphene (FGA). The dispersion of GA within the matrix was checked to see if it is
in uniformity, in distribution, and it was observed that higher concentrations
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transformed the interaction between matrix and fabric, wherein good adhesion was
observed between the two. This adhesion improved the mechanical strength and
toughness to significantly higher levels, which in turn lent itself to higher impact
performances. The numerical model could predict the impact performance as close as
it could be seen in the experiments. The shear stress distribution matches with the
diamond shaped failure that is seen in the experiments, even though the loading curve
could capture the elastic region closely, the reached maximum load was 2-5% lesser.
Thus, these two articles attempted to highlight the importance of nano-fillers,
reinforcing the matrix at nanoscale, and hence, improving the impact resistance in
addition to improving other mechanical aspects, such as strength, modulus and strain.
Even though it was observed that the impact performance improved significantly with
the addition of nanofillers, the process of incorporating them is an additional process,
which increases involved manufacturing costs. In addition to this, the precise level of
na no-fillers that was required could hinder the reliability of structures, made from
such composites, as there is a wide variety of concentrations available in the literature
that have improved the mechanical characteristics. Even though in this study it was
confirmed that 0.35 wt% of FNCTs/FGAs were sufficient to improve the mechanical
performance, this concentration never remains fixed, as there is a wide variety of the
same nanofillers that are available, but have different functionalisations. Thus, in
order to make the manufacturing easier and cost-effective and make more sustainable
composites, the second part of this thesis deals with a new resin, hybridizations,
ductility in brittle composites and the issue of recyclability of these materials. It as
well deals with the mechanics and numerical modelling to limit the extensive
experimentations involved in understanding these engineering materials.
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4. AN EXPERIMENTAL STUDY TO CONTROL BRITTLENESS IN
COMPOSITES

This chapter is a review of two articles that are both exploring an alternative
resin-polymethyl methacrylate (PMMA). The first article is a review of the efficacy
of using PMMA and its ability to lend itself to be recycled efficiently; thus, it was
adopted as an alternative resin for the second article. The second article deals with
epoxy and PMMA in the context of hybrid architecture, built specifically to control
brittleness associated with composites. It explores the novel idea of introducing
ductility into composites through a hybrid architecture, and hence, making the failure
predictable. The first article titled “Sustainability of polymer composites and its
critical role in revolutionising wind power for green future” [36] has been published
in the journal Sustainable Technologies for Green Future and is available online since
May 6, 2021. There are two authors, and the first author of the article is the author of
this dissertation, and the contribution is equally shared between the two authors. Sub-
chapters from 4.1 to 4.3 are attributed to this article. The second article [35] has been
published in the journal Polymer Testing and is available online since June 30, 2020.
There are three authors, and the first author is the defendant of this dissertation, who
contributed to the formal analysis, investigation, methodology, writing of the original
draft. Sub-chapters from 4.4 to 4.6 are attributed to this article titled “Low velocity
impact and pseudo-ductile behaviour of carbon/glass/epoxy and carbon/glass’lPMMA
hybrid composite laminates for aircraft application at service temperature”.

4.1. An alternative resin for fabricating a recyclable and sustainable composite
architecture

As it could be seen in the previous two chapters, the composites are fabricated
by reinforcing thermoset resins, such as epoxy with fabrics, such as glass, carbon, etc.
There are several drawbacks associated with thermosets, some of them are associated
with its inability to be remoulded and hence rendering them non-recyclable. Thus,
there arises a necessity to investigate the reliability of the other resin type, namely,
thermoplastic vis-a-vis thermosets. Hence, in this context, a review of PMMA was
carried out, the aim being to highlight its structural reliability when being reinforced
with fabrics and its ability to lend itself to be remoulded and recycled. In the next sub-
chapter, a brief overview of different methods to recycle epoxy-based composites are
elaborated, and in the subsequent sub-chapters, two case studies, pertaining to
structural reliability and recycling of PMMA based composites, are elaborated. The
two case studies where within the context of wind turbine industry, since
decommissioning of old wind turbine blades with composites poses a challenge in
terms of their disposability.

4.2. Current techniques to recycle polymer composites

There are three methods available to recycle composites, and they could be
broadly classified as mechanical, thermal and chemical recycling [70, 71]. Mechanical
recycling involves the use of crushed composites as raw materials for secondary raw
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materials. This process is further classed into two sub-processes: the first process is
to break up the waste into fine powder, and in the second process, to shred/crush the
waste, and hence, the recycled material would go as fillers/reinforcements into
cements/concrete. This method is simple and economical, but the final product that
has been obtained is of low value, because of the fibre being damaged during the
process and its inability to deliver longer fibres [72].

Thermal recycling falls under three broad categories, namely, pyrolysis,
fluidised bed recycling process and microwave pyrolysis. The first method involves
fibre recovery through the decomposition of resin into organic small molecules using
inert gas [73]. The second method uses air as a fluidising gas in a fluidised bed reactor
to decompose the matrix through high temperature air heat flow; thus, the generated
heat recycles the fibre material [74]. The last method decomposes the resin in the
composite material by microwave radiation in a microwave cavity [75].

Chemical recycling is the use of chemicals to chemically modify or decompose
to make waste materials into recyclable materials. Supercritical fluid method and
solvolysis are the two major methods that fall within the chemical recycling method.
The first method refers to a state, in which the temperature and pressure of the fluid
exceed its critical temperature and pressure, and at this stage, the fluid can decompose
polymer waste wherein water or alcohol are used as the decomposition of medium
[76]. The second method, i.e., solvolysis involves depolymerisation of the polymer
using the chemical properties of the solvent under heating conditions [77].

4.3. Case studies examining the feasibility of recycling PMMA based composites

Recycling thermosets are limited by its commercial exploitability/viability on a
large scale, since the margins on which they operate are small. Thermoplastic, such
as PMMA, can limit the extent of downcycling that thermosets might require [78]. In
the wind turbine industry, 40% of the costs are associated with labour, and this is
related to the cycle time [79]. The cycle time is associated with the polymerisation
process, which in the case of thermosets, are longer when compared to thermoplastics.
The latter can polymerise at room temperature, thus avoiding tooling for heating, such
as ovens for post cure [80]. In addition to room temperature polymerisation,
thermoplastics can be reformed by the application of heat enabling maintenance by
not degrading the material properties [30]. Based on these advantages associated with
thermoplastics, two case studies were performed to understand the structural
reliability and recyclability of Elium (based composites) an acrylic resin, which is
composed of 2-Propeonic acid, methyl methacrylate monomer (MMA) and acrylic
copolymers, in which the MMA undergoes a free radical polymerisation to its
respective polymer, i.e., PMMA [35].

Case study 1: R.E. Murray et al. (2021) from the National Wind Technology
Centre (NWTC) fabricated a wind turbine blade using Elium, wherein the structural
health of this blade was compared with an epoxy-based blade fabricated by TPI
composites. As it has been mentioned earlier, there is no requirement for heating
equipment, since the resin can polymerise at room temperature, and hence, the
manufacturing costs are reduced significantly. The thermoplastic blade had 3-11%
more displacement under static load, which was attributed to the fibreglass weight and
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adhesives that were used, even though the thermoplastic blade was more flexible than
its epoxy counterpart. Meanwhile, fatigue test on both blades revealed less than 0.5%
variation in stiffness over a million cycles of loading with no large-scale noticeable
degradation in structural or material properties. The study further revealed that the
natural frequencies were within 2.5% in both flatwise and edgewise directions, and
the structural damping was 5 to 7 times higher in the case of thermoplastic blade. With
these observations, which is on par with blade fabricated from epoxy-based
composites, Elium being a PMMA based thermoplastic could serve as an ideal
replacement within the wind turbine sector [44].

Case study 2: the investigation was carried out by D.S. Cousins et al. (2019)
[81], which highlights the feasibility of using Elium, because it can facilitate the
recycling of wind turbine parts on a larger scale. Four recycling techniques were
implemented thermal decomposition of a polymer matrix, mechanical grinding,
thermoforming and dissolution. Thermal decomposition falls within the thermal
recycling method, while mechanical grinding and dissolution falls within the
mechanical and chemical recycling methods, respectively. Thermoforming involves
heating the composite panels above the glass transition temperature and altering the
shape in a mould. Based on these four methods, the pros and cons of each of them are
weighed.

Thermal decomposition that is termed as pyrolysis required less energy to
decompose the polymer matrix compared to other recovery methods. Since there is a
loss of high embedded energy polymer, it could be counted as a disadvantage when
considering this method. Thermoplastic resins had higher recovery rate compared to
the thermoset resins when subjected to dissolution technique, and the glass fabric that
was recovered from this method retained its tensile strength with a reduction of only
12%. There was a significant reduction in the mechanical property when fabrics were
recovered by pyrolysis. Thermoforming enabled the straightening of a spar cap,
hence, demonstrating that the thermoplastics could be downcycled into other
products. A feasibility study revealed that recycling thermoplastic composites into its
constituent materials can replace the virgin materials within the supply chain [35].
Based on these studies, it can be stated that these methods could be upscaled when
used to recycle thermoplastic based composites. Adopting these methods and
materials could gradually replace thermosets and pave the way for a fully integrated
industrial cycle beginning with the structure, installing the structure, recycling it and
using it further.

Thus, based on a comprehensive review conducted in this article, fabricating
sustainable composites with recyclable materials were adopted in the subsequent
chapters. Elium with PMMA as its main constituent was seen to sustain both loads,
i.e., static and dynamic, similar to that of epoxy-based composites and hence could
serve as an ideal replacement in the wind turbine sector. Thus, drawing from the
results of the two case studies, the composites with epoxy and PMMA need to be
investigated for their impact performances, especially at higher temperatures. In order
to make composites more impact resistant, there exists a need to make it tougher in
terms of energy absorption while undergoing failure. A method adopted in this
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research is to make composite architecture hybrid and introduce pseudo-ductility into
it while undergoing failure. In order to further develop more impact resistant
composites, there exists a hecessity to make composites tougher by introducing hybrid
architectures. More of these aspects are explored in the subsequent sub-chapters along
with establishing a metallic property in an otherwise brittle composite. These aspects
are explored in the next sub-chapters of this chapter.

4.4. Experimental materials, composite fabrication and material
characterisation

Unidirectional carbon fabrics (areal density-120 g/m?) and glass fabric Panda™
(2/2 twill weave and weight 163 g¢g/m? were sourced from R&G
Faserverbunkwerkstoffe GmbH, Waldenbuch in Germany. Epoxy based on Bisphenol
A and its hardener (modified cycloaoliphatic polyamine free of alkyl phenol and
benzyl alcohol) were as well sourced from the same company mentioned previously,
while Methyl methacrylate (MMA: 617H119-Orthocryl Resin) resin and its
polymerizer (Benzoyl peroxide-BPO: Orthocryl resin 617P37, Otto Bock) were
purchased from Otto Bock.

Thus, 6 set of composite panels were fabricated, each bearing the code T-1, T-
2, T-3, T-4, T-5 and T-6. T-1 has four layers of carbon fabric with the fabric
orientation being [0/90./90./0c]; T-2 has four layers of glass fabric with orientation
being [04/04/04/0g]; T-3 has a hybrid architecture with four layers of glass and one
layer of carbon in the middle [04/04/0:/04/04]. All three architectures have epoxy as
resin. T-4, T-5 and T-6 have the same architecture as T-1, T-2 and T-3, respectively,
while the matrix being PMMA. The composite fabrication process was the same as
the one adopted in the previous chapters, the difference in this case was attributed to
the polymerisation of PMMA. The PMMA resin was prepared by mixing MMA
monomer with BPO as an initiator system in the free radical polymerisation with a
weight ratio of 100:2 (MMA:BPO). Post curing, the samples were cut with
dimensions 80 x 80 mm, and each of the code had 5 samples assigned to them.

The impact test parameters were the same as the one adopted in the previous
chapters, but the samples were subjected to the impact loading at three different
temperatures: 25 °C, 60 °C and 80 °C, respectively. These temperature regimes were
adopted to study the effect of hybridization at higher temperatures and characterise
the damage mechanisms. The damage characterisation, hybrid effect and its
guantification were achieved by implementing the energy model put forward by
Naaman and Jeong (1995) and Grace et al. (1998) [82, 83]. The model is based on the
energy criterion, which subsequently gave way to the index termed as ductility index
(DI). The energy model developed by both Naaman and Grace takes into account the
total energy (Eiwota), elastic energy (Eeiasic) and failure energy (Ein-tastic) as elaborated
in equations (22) and (23). Ewtal represents the area under the load displacement curve
up to failure, which is the total sum of elastic and failure energies. Elastic energy is
defined as the area of triangle that is formed at the failure load by the line, having the
weighted average slope of two initial straight lines of the load deflection curve, as
seen in Fig. 4.1. Since both methods gave accurate results, it served as a strong
motivation for their calculation of ductility of several brittle materials, such as
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concrete [84]. Hence, both of these methods were implemented to estimate the DI of
samples that were studied in this research.
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Fig. 4.1. (a) Impact characteristics and (b) evaluation of elastic energy

The numerical model is implemented to capture load displacement
characteristic, as it has been done in the previous chapters. The material properties for
modelling effort were taken from Table 4 that was elaborated in chapter 5. Thus, 6
separate models were implemented to capture the impact performance of T-1, T-2, T-
3, T-4, T-5 and T-6 at room temperature.

4.5. Results and discussions

The load displacement characteristics of T-1, T-2, T-3 and T-4, T-5, T-6 are
shown in Fig. 4.2 a, b. As it was expected, carbon composites had the least impact
resistance compared to its glass counterparts. This was true with T-1 and T-4 with
epoxy and PMMA as resins, respectively, while T-2 and T-5 had an impact resistance
that was 6 times higher than that of carbon composites. In between these two extremes,
there were the hybrids T-3 and T-6, while T-3 has similar impact strength to that of
its glass counterpart T-2; T-6 has reduced the impact strength than T-5. However, both
of these hybrids stood unique with respect to the load displacement curves, as it can
be noticed in Figure 12. While T-2 and T-5 had a gradual increase in load without any
significant drop until it reached the maximum before dropping due to the multiple
failure mechanisms culmination with a rupture, T-3 and T-6 had clearly defined elastic
limits followed by a limited drop and again reaching a maximum load, which
eventually drops again culminating in a rupture of the composites. The addition of a
carbon in the midst of glass has reduced the brittleness of glass and make it behave in
a pseudo ductile nature as well as making them to fail in a predictable manner, as
opposed to a catastrophic failure seen in pure glass composites. Impact resistance
should not be just limited to obtaining maximum impact load, it should as well involve
composites being tougher while undergoing damage. While glass does have good
impact resistance, due to their brittle nature, they fail in an unpredictable manner. The
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unpredictability is reduced to a large extent by the addition of carbon fabric in the
midst of glass fabrics, ideally in the middle.
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Fig. 4.2. Load time characteristic of (a) carbon, glass and hybrid with epoxy, (b) carbon,
glass and hybrid with PMMA

The effect of temperature was assessed on T-1, T-2, T-3, T-4, T-5 and T-6 at
room temperature, i.e., 60 °C and 80 °C, respectively. As it could be seen in Fig. 4.3.
a, T-1 and T-2 did stay stable while the temperature increased, and this could be
attributed to the fact that epoxy tends to retain its ambient temperature characteristics
up to 160 °C with less degradation. An interesting observation was made regarding T-
2 and T-5 (both with glass reinforced in epoxy and PMMA), T-2, even though stable
with increasing temperature, saw some increment in load, although insignificant.
However,, T-5 saw a 50% increase in load from room temperature, as the temperature
increased, and this could be attributed to the increased elastoplasticity of PMMA, as
the temperature increased. Another observation could be due to the higher thermal
stability compared with epoxy resin, which needs more energy to break the molecular
bond of PMMA [76]. The energy absorbed by composites is expended in two ways,
i.e., elastic deformation and inelastic deformation; the latter involves all the classic
damage mechanisms, such as crack, delamination, debonding and fibre rupture. The
maximum energy absorbed at different temperatures by all samples is seen in Fig. 4.2
b; at room temperature, the energy was absorbed through the damage mechanisms
mentioned earlier, and as the temperature rose, the energy was spent in the form of
elastic deformation and fibre rupture. The maximum energy that was absorbed
remained constant in individual cases (constant energy absorption with temperature
increase), and this was the case with all samples, except T-5, which took in more
energy in the form of elastic deformation, which can be attributed to high strain glass
fibres and pliability of acrylic resins [8].
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Fig. 4.3. Effect of temperatures on (a) maximum load characteristics and (b) maximum
energy characteristics

The two energy components, namely, inelastic and elastic components at
different temperatures, are seen in Fig. 4.4 a, b. The inelastic component, which is the
major contributor to introducing ductility into composites in the form of damage
initiation and propagation, remained constant throughout the temperature profile. The
elastic component increased with T-5, showing the maximum; this could be attributed
to T-5 being PMMA as resin. Thermoplastics are mouldable at higher temperatures;
thus, there should be a natural increase inelastic energy, which contributes to increased
mouldability. This observation is significant, because there exists an opportunity for
thermoplastic composites lending itself to be recycled. Fig. 4.5 C, D proves that the
elastic component of energy absorption was dominant, as there was no perforation.
This is in contrast to Fig. 4.5 A, B, where are shown the epoxy-based composites with
perforation at higher temperatures.
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Fig. 4.4. (a) Inelastic energy temperature and (b) elastic energy temperature
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Fig. 4.5. A) Obverse and B) impact side of T-2, T-1 and T-3, C) obverse and D) impact side
of T-5, T-4 and T-6

Referring to Fig. 4.5 C, D, there is an observable trend, as the temperature rose
from 25 to 80 °C. At room temperature, there is a perforation as in all of the samples
(T-4, T-5 and T-6), but in the case of T-5, the perforation gradually closes to form a
circular indentation at 80 °C. If this is cross checked with the energy profile in Fig.
4.3, T-5 has a constant inelastic component throughout the three temperatures, but the
elastic component shot up as temperature rose. This proves that glass with PMMA is
ideal for structural applications involving higher temperatures, and the same can be
recycled by just remoulding the entire structure.

From the two energy components of the total energy, i.e., the elastic and
inelastic energies, the ductility index (DI) can be estimated. Based on the values
obtained, the behaviour of the materials can be defined as brittle, if DI is less than
69%, ductile if greater than 75%, and semi-ductile if between 70 and 74% [83]. Thus,
based on this inference, Fig. 4.6 a and 4.6 b give an estimate of DI calculated based
on the methodology put forward by Naaman et al. (DI-Naaman) and Grace et al. (DI-
Grace). According to both these indexes, DI decreased with increasing temperature
due to the reduction in the inelastic component. DI quantifies the amount of inelastic
energy taken by the composites during damage, and the index developed by Grace is
more relevant in this aspect, as it is a ratio of inelastic over the total energy component
that is more revealing. T-3 and T-6, which were hybrids, were exhibiting semi-
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ductility, as both had DI at the range of 66—-70%. However, this can be increased to
purely ductile if the thickness of the carbon fabric was reduced and introducing them
at additional positions, as this would create more bending stiffness mismatch [61] and
hence positively contribute to the higher inelastic component and higher DI. T-2 and
T-5, both glass-based composites, were brittle at room temperature, having DI ranging
from 45 to 55%. Thus, when implementing hybrid architectures, an index based on
energy could quantify the hybrid effect, which is nothing more than the quantification
of the inelastic component.
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Fig. 4.6. Ductility Index (DI) with respect to temperature, (A) DI-Naaman and (B) DI-Grace,
(C) normalized plot for nine specimens at room temperature

An energy-based model to predict the absorbed energies during low velocity
impact empirically by Foo et al. [85] for sandwich composites was adopted in this
research. The model involves plotting of normalised absorbed energy (Etow/Eel)
against the inverse of the normalised impact energy ratio (Ee/Eimp) for all the samples
(Fig. 4.6 C), where Eimp is the incident impact energy of the impact, and in the present
case, it is 50 J. The power regression curve was found to be the best fit, and based on
this, equation (24) links the absorbed energy to the elastic and incipient impact energy,
thus giving an approximate estimate of the total absorbed energy in the form of elastic
and inelastic deformations. Thus, according to this empirical relation, the absorbed
energies could be estimated by just determining the elastic energies and knowing the
impact energy, both of which were estimated during this research.
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Eel imp
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In order to further ascertain the effect of elastic and inelastic energy
components, optical microscopic investigations were carried out to further study the
damage mechanisms that were involved under impact. The cross section of the impact
region was observed, and Fig. 4.7 shows specimens with epoxy as the resin; namely,
T-1, T-2 and T-3; all the observations were carried out for specimens subjected to
room temperature and at 80 °C. Generally, it has been observed that at room
temperature, all the classical failure mechanisms were observed, which could be
correlated to the high DIs of these composites at room temperature. At high
temperature, the DI was reduced due to an increase inelastic deformation, and hence,
the appreciation of the elastic component in the DI. Higher elastic deformation is due
to the deformations rather than any observable failure, arising from increased
pliability with increasing temperature. These observations as well hold true in the case
of specimens with PMMA (T-4, T-5 and T-6), and hence, the microscopic
observations of this group are not shown.

& De-lamination

Impact Crack growth
side :

Crack front =
Fibre rupture De-lamination
(C) between two layers

-
.. growth between
carbon and glass

Fig. 4.7. A) and B) are T-1 at 25 °C and 80 °C, respectively; at 25 °C, unstable propagation
of crack is seen especially at the interface between alternatively oriented plies, and at 80 °C,
resin is more plastic and hence more pliable; similar observations hold true

Following the implemented numerical model, Fig. 4.8 elaborates on the
obtained results, which has a clear semblance to the experimental observations. The
aim was to produce a model that could precisely capture the progression of impact in
terms of load displacement and shape of damage that was seen during the
experimentations. Thus, according to the set objective, Fig. 4.8 a, b represents the
impact characterisation of T-1. While the load curve had slight variations in the elastic
region, the maximum load was close to the one seen in the experiments. While the
observed damage was in semblance to the one seen in Fig. 4.5 A, i.e., T-1 at 25 °C.
Since T-1 is fabricated using unidirectional carbon fabric, the diamond shaped failure
is less obvious, and this has been precisely captured by the model. Fig. 4.8 ¢, d show
the progression of damage in T-2: the diamond shaped damage is not as clearly visible
in the model, but the concertation of shear stress is along the edges of the diamond as
it is shown in Fig. 4.8 d. The load displacement progression was very precise to the
one seen during the experiments. In the case of T-3, the load displacement slightly
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deviated from the experimental in the elastic region; the max load was correctly
captured. The damage seen again was not precisely damage shaped, but as in T-2, the
shear stress concentration was along the edges of the diamond, as it could be seen in
Fig. 4.8 f, showing a precursor to where the damage could occur.
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Fig. 4.8. (a) and (b) — T-1 numerical results of carbon and epoxy composite, (c) and (d) T-2 —
numerical results of glass and epoxy composite and (e) and (f) — T-3 numerical results of
glass carbon epoxy hybrid composite

With regards to T-4, T-5 and T-6, the numerical model studying the evolution
of impact damage is seen in Fig. 4.9. Fig. 4.9 a, b shows the evolution of load and
damage with respect to carbon with PMMA. The catastrophic failure seen in the
numerical model is the same as it was observed during the experiments in the case of
T-4 at room temperature, where the failure is seen along the fibre direction without
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the diamond shape found in the glass based composites. The load curve that was
obtained during the numerical model follows the trajectory seen during the
experiments. T-5, which is glass and PMMA based composite, shows the diamond
shaped fracture in the form of shear stress concentration along the contours, which
would ultimately fail along those countoures. The elastic loading range and maximum
load is captured closely by the model as seen in Fig. 4.9 ¢, d. The role of shear, which
is predominantly determined by the type of used resin, is explicit in this model, a
parametric study of which is carried out in the next chapter. Lastly, in the case of T-
6, which is a hybrid combination of glass carbon and PMMA, the diamond shaped
failure is evident again in the form of shear stress distribution as contours, along which
the damage occurs in the experiments. The load curve captures the maximum load as
close as the one seen in the experiments, which is evident in Fig. 4.9 e, f.
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Fig. 4.9. (a) and (b) — T-4 numerical results of carbon and PMMA composite, (c) and (d) —
T-5 numerical results of glass and PMMA composite and | and (f) — T-6 numerical results of
glass carbon PMMA hybrid composite

4.6. Conclusions

The current chapter firstly delved into the feasibility of adopting PMMA as an
alternative to epoxy. It was seen that PMMA could lend itself to be recycled and up
scaled to the industrial scale. Later, the study explored the aspect of improving impact
performance by introducing hybrid architectures as against introducing nanofiller seen
in the previous two chapters, making the process more cost effective in terms of
manufacturing. Two broad groups of composites were fabricated, i.e., the first group
with epoxy and the second group with PMMA. Impact performances were assessed at
room temperature and at higher temperatures, the damage mechanisms due to the
hybrid architecture were quantified using an index termed as Ductility Index (DI). The
introduction of hybrid architecture improved the toughness of composites without
reducing its inherent strengths drastically, and hence, the composites exhibited a
pseudo-ductile behaviour, and the toughness can be attributed to this pseudo ductility.
However, the pseudo-ductility was lost at higher temperatures, which is not desirable.
An energy-based model could predict the total energy absorption if the elastic energy
and incident impact energy is known. The stability exhibited by PMMA was
instrumental in using it in the next chapter. The global bending seen in composites
during impact loading determines the behaviour in terms of damage initiation and its
growth. In addition to this, fibre waviness is introduced into the composite
architecture to introduce stable failure [86]. Thus, based on these two inferences, next
study (chapter 5) in this research would focus on this aspect through an experimental
and numerical method.
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5. AN EXPERIMENTAL AND NUMERICAL INVESTIGATION OF
GLOBAL BENDING THROUGH A FLEXURAL STUDY OF HYBRID
ARCHITECTURE

This article titled “Effect of hybridization and ply waviness on the flexural
strength of polymer composites: An experimental and numerical study” [37] has been
published in the journal Polymers and is available online since March 27, 2022. This
study explores the flexural behaviour of composites with the same architecture that
was adopted in the previous chapter. Carbon was neglected because it was seen to
perform poorly during the impact loading.

Flexure is important while under impact loading because there is global bending,
and the role of bending stiffness miss match [61] play an important role in making
composites semi-ductile in nature. In order to further explore the matrix behaviour,
the waviness could be an ideal route, as it induces failure due to the shear dominant
properties [86]. An important motivation to conduct these studies through this chapter
is to further explore if there is a way to improve impact performance by studying the
global bending that has been seen during impact. Global bending introduces stresses
within a composite architecture, which leads to its ultimate failure. Introducing
waviness into the architecture interferes with these stresses and hence is introduced to
understand if it can positively affect flexural behaviour and hence the impact
performance itself. There are two authors, and the first author is the defendant of this
dissertation who contributed to the conceptualization, methodology, software,
validation, formal analysis, investigation, resources, data curation, writing of the
original draft, preparation and visualization.

5.1. Experimental materials, composite fabrication and material
characterisation

Five sets (Fig. 5.1) of specimens were fabricated by the method elaborated in
the previous studies (except for the vacuum bagging method adopted in this study),
and they were cut and subjected to flexural tests as per EN 1SO 14125:1998/AC, each
specimen type, and their architecture is as shown in Table 5.1. This part of the study
can be classed into four stages: stage 1 — fabrication of composite panels, stage 2 —
investigation of flexural performance, stage 3 — estimation of the ductility of hybrid
architectures and stage 4 — validation of the numerical model. With reference to Table
3, T-3, T-4, T-7, T-8 are specimens with out-of-plane waviness; T-3 and T-7 had
waviness defined as concave up and T-4 and T-8 as concave down. According to the
table, T-9 and T-10 are with in-plane waviness.
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(b)

Fig. 5.1. (a) Composite panel preparation using the vacuum bagging method, (b) flexural
tests on a specimen with waviness and (c) specimens for flexural tests

Table 5.1. Composite architecture

Specimen Symbol Architecture Fabric Fibre Resin
code orientation
T-1 00000 "q Glass Unidirectional Epoxy
T-2 ““"‘ﬂ Glassand | Unidirectional Epoxy
Carbon
T-3/T-9 00000 “‘{ Glass Unidirectional |  Epoxy
T-4/T-10 00000000 Glass Unidirectional Epoxy
T-5 Glass ° | o00@0000 Glass Unidirectional PMMA
T-6 Carbon © | 00000000 G(I:assl; and | Unidirectional PMMA
arbon
T-7 00000000 Glass Unidirectional PMMA
T-8 00000000 Glass Unidirectional PMMA

Table 5.2. Composite specimen properties for numerical modelling: Xt — strength in
tension (longitudinal), Xc — strength in compression (longitudinal), Y — strength in
tension (transverse), Y¢ — strength in compression (transverse), Si — shear strength

[32]
c o T RO © © © © ©
S ujrf utj'g 95 a ;n. ><Un. o | SL | S
g2 S| Yol 36| T | X2 | X2 |72 "2 |2

Epoxy/Glass 324 | 8.1 26 022 | 680 600 35 37 35
Epoxy/Carbon 63 40 9 0.16 | 709 473 34 146 199
PMMA/Glass 231 | 21 2.62 | 038 | 325 246 16 42 128
6
PMMA/Carbon 47 3 18 |0.13] 1,300 | 882 15 40 120
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Further delving into the numerical modelling (Fig. 5.2), the composites were
modelled by using 4 node shell structure, while the size of the mesh was kept constant
at 1 mm throughout the modelling procedure. The size of the specimens was as per
the ISO standard, and the architecture was according to those mentioned in Table 5.1.
The boundary conditions were fixed as a pin and roller to represent the flexural
experiments [87]. Loading was defined on nodes by using the Boundary SPC_SET
option; later, the loading curve was defined based on the experimental loading
conditions. The composite failure was defined using the Chang—Chang failure
criterion [64]; this model is elaborated in chapter 1. This failure model in LS DYNA
takes 21 parameters that should be defined, i.e., 15 of which are physically based, and
6 are numerical parameters. Among the 15 physical parameters, 10 are material
constants (Table 5.2), and the remaining 5 are tensile and compressive failure strains
in the fibre directions, the matrix and shear failure strains. The 6 numerical parameters
were set at their default values. By conducting a parametric study, it was inferred that
only the failure strains in the fibre direction and matrix direction influenced the model
to a larger extent, i.e., DFAILT and DFAILM, respectively.

Loading nodes constraints:
Ux=1, Uy=1, Uz=0

Load Curve; %

Loading Speed —’E
g Time 20 mm
Constrained

surface: Ux=0, Uy=
0,Uz=1

Mesh size Imm

4-node shell Glass
elements for

fabrics

Carbon

- |

Constrained surface: Ux=1,
Uy=1, Uz=1

~18 mm 20 mm

Fig. 5.2. FEM schematic of specimen, including meshing, constraints, loading conditions
5.2. Results and discussion

The load displacement plots for all the tested samples are shown in Fig. 5.3 a, b
and c. As it can be seen, the samples with both epoxy and PMMA exhibited similar
flexural response in all the samples that were studied. This could be an inference into
its eventual replacement of epoxy-based composites and lending itself to better
recyclability. Even though hybrids (T-2 and T-6) had reduced loading bearing
capacities as against T-1 and T-5, the failure was not abrupt, as it was in the case later.
After carrying the maximum load, it failed by intermittent drops in load, which implies
higher inelasticity in them. While the specimens with out-of-plane waviness (T-3, T-
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4, T-7 and T-8) failed with reduced load, T-7 and T-8 (PMMA samples) tend to carry
similar loads with specimens having no waviness in them. T-8 had waviness in the
concave down direction, and hence, the geometry of the sample could have been the
reason for its higher displacement and better load bearing capacity. T-9 and T-10
samples are with in-plane waviness with root wave angle at ~15° and ~35°,
respectively. These samples outperformed T-1, and the increase in load was
anticipated, since mathematically, when using classical laminate theory to infer the
effect of in-plane waviness on various properties (Ex, Ey, Ez, Gxy, Gyz, Gxz), an
increase in Gxy is observed. However, in reality, this rise cannot be discerned, owing
to interlaminar failure [88], as it was evident in the case of out-of-plane waviness.
Further delving into this inference, in Fig. 5.3 e, T-10 failed due to shear before any
clearly observable damage. T-10 lost its load bearing capacity due to which intensified
the delamination, and hence, the final failure. The delamination in T-10 can be seen
along the edges of the central region. A direct outcome of this inference is that the
introduction of in-plane waviness increases the in-plane shear modulus, and this could
lead to a better load bearing capacity, wherein the load is evenly shared by the fibre
and resin within a composite structure. This is yet to be proven, for which further
research must be done through dynamic tests, such as fatigue and impact.
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Fig. 5.3. Load displacement curve flexural tests: (a) specimens with epoxy resin, (b)
specimens with PMMA resin, (c) specimens with in-plane waviness, (d) flexural modulus of
specimens with in-plane waviness and (e) specimens post failure (in-plane waviness)

Figure 5.4 a, b illustrates the maximum strength and flexural stiffness (EN ISO
14125:1998/AC), which can be obtained by the following equations:

3PL
ofp = ﬁ’ (25)

Ep= 1 (50), (26)

where P, L, b, d, and m are the maximum load, span, width, height and initial
slope from the load displacement curve (expressed as change in force divided by the
change in displacement, i.e., AF/AS in eq. (26)), respectively. The figure below is the
average plot of five samples from each code. As it can be inferred from the figure
below, a considerable drop in flexural strength was witnessed with the presence of
waviness in the architecture. Even though the drop in the case of the hybrid specimens
(T-2) is negligible, the waviness in T-3 and T-4 saw a considerable reduction in
strength. Similar results are seen in PMMA samples, thus favouring them to replace
the epoxy for better recyclability.

& 40 (a) 12 m Epoxy o GOO(b) Tig W Epoxy
11 —
= ) 16 EPMMA @ B 216 1317 PMMA
- R i 3 S — 400 18
o T4 - ®
=ca 20 - @ % 4
™ S 8 =
5 10 I I ;g 200
E >
0 0

Fig. 5.4. Flexural modulus and strength of pure glass, hybrids and samples with waviness:
(a) flexural modulus comparisons from T-1 to T-8 and (b) flexural strength comparisons
from T-1to T-8
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The energy model to measure ductility was elaborated in chapter 4; hence, in
this sub-chapter, the results will be presented. Fig. 5.5 a, b compares the hybrid T-2
and T-6 with T-1 and T-5, respectively. As it was expected, T-2 and T-6, due to their
architecture, fail in a controlled manner, and an increase in ductility is observed. This
is due to an increase in the inelastic component of the total energy, which was
estimated to be 520 J in the case of T-2 and 861 J in the case of T-6. The hybrid effect
can be attributed to the effect of interplay of low strain carbon and high strain glass
fibres; the interlaminar stresses as well have an effect and cannot be neglected, as it is
evident from the current research. Another important observation is that the elastic
component from the total energy, in the case of non-hybrids, was the dominant energy
absorption segment. This component makes the material brittle and less predictable
while the introduction of hybrids increased the inelastic component, reducing the
elastic component to 40% of the total energy. In conclusion, the hybridising of
composites can reduce the unpredictability of composites considerably and make
them an ideal choice for the structural applications.

2 W Epoxy 0.8

(A) mPMMA (

T6
12 B) r T6
! : B PMMA
™ 715
5 '
Tl 1

0 -

0

Fig. 5.5. Ductility Index (DI) based on the energy model developed by Naaman et al. and
Grace et al., (a) DI-Naaman, (b) DI-Grace
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The numerical modelling approach elaborated in sub-chapter 5.1 could
generate results that captured the experimental behaviour with acceptable
compatibility. This compatibility is elaborated in Table 5.3 and Fig. 5.6, where figures
marked as (1, 2, 3) are numerical response to T-1, similarly, (4, 5, 6) are for T-2, (7,
8, 9) for T-3, (10, 11, 12) for T-4, (13, 14, 15) for T-5, (16, 17, 18) for T-6, (19, 20,
21) for T-7 and (22, 23, 24) for T-8, respectively. It is evident that the model was able
to capture the load displacement in the elastic region precisely as it could be seen in
the experiments. As it was elaborated in chapter 1 sub-chapter 1.4, MAT 54 uses a
strain-based criteria to arrive at failure; therefore, in the case of flexure, DFAILT and
DFAILM play an important role.
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Table 5.3. Comparison of experimental and numerical loads obtained in flexure
Specimen T1 T2 T3 T4 T5 T6 T7 T8
code

Experimental | 329.60 | 226.25 | 172.40 | 139.95 | 428.21 | 440.50 | 230.00 | 295.20
load [N]

Numerical | 341.34 | 229.78 | 165.92 | 138.38 | 439.94 | 492.21 | 205.47 | 296.44
load [N]

Failure strains DFAILT and DFAILM are calculated by dividing the material
modulus by their strengths, i.e., DFAILT = XT/E; and DFAILM = YT/E,. There, a
parametric study was performed to ascertain the effect of these two strain parameters,
and a range between 0.01 to 0.05 was seen to give good compatibility with the
experiments; it must be noted that higher values overestimated the failure load to a
large extent. Other MAT 54, such as FBRT, TFAIL, DFAILS, SOFT and YCFAC,
were set at its default terms to avoid overlapping outcomes. With these parameters,
MAT 54 could be an ideal material model to study the flexural behaviour of
composites within any kind of architecture.
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Fig. 5.6 Numerical results (stress fields along the x and xy directions, load displacement
plots) captured on LS DYNA for all the studied specimen types: (1) stress in x direction for
T-1, (2) stress in xy direction for T-1, (3) load curve for T-1, (4-6) stresses and load curve
for T-2, (7-9) stresses and load curve for T-3, (10-12) stresses and load curve for T-4, (13-

15) stresses and load curve for T-5, (16-18) stresses and load curve for T-6, (19-21) stresses
and load curve for T-7, (22-24) stresses and load curve for T-8

Fig. 5.7 elaborates the theoretical and numerical strain values that were used in
the parametric study. The theoretical values were determined through a rule of mixture
model that is available in literature [54]. Theoretical strains can be ascertained by
having the material properties of the fabric and resin individually. Therefore, the glass
fabric stiffness was taken from literature [89] and is elaborated in Table 5.4 along with
that of the resin (epoxy). 1SO 527(2) tests were conducted to ascertain the resin
properties. Since it is difficult and tiresome to estimate the correct calibration
parameters experimentally, a parametric study could help to ascertain the influence of
various parameters, such as strain (both in fibre and matrix direction) on flexure. The
numerical model with these theoretical values can be calibrated quickly and easily,
and hence, from the Figure 5.7, DFAILT of 0.048 and DFAILM of 0.1 were used in
the parametric study (PS-2 and PS-4, respectively).

Table 5.4. Fibre and matrix mechanical properties

Material Young’s modulus, [GPa] | Tensile strength, [MPa]
Epoxy 3.2 70
Glass fabric 81.0 2,200

200 i

01 0.2
Strain, [mm/mm]

Fig. 5.7. Theoretical and numerical strains for the parametric study

Figure 5.8 highlights the influence of DFAILT and DFAILM on the behaviour
of T1 under flexure. Thus, shear stress distribution was studied, because it was
inferred that DFAILM (strain in the matrix direction) influenced the failure to a larger
extent. As it has been mentioned previously, a parametric study would help to
benchmark a modelling approach to validate its use in future studies. Table 5.5 lists
the range of different parameters that were studied, and hence, six parametric studies
(PS) were conducted on T-1. It has been observed that the material properties in the
fibre and matrix direction influenced the flexure to a large extent. Among the six listed
PS, PS-1 and PS-6 gave results that were resembling the experiments, whereas PS-2
and PS-4 overestimated the results. DFAILM at 0.1 was the same as obtained
theoretically, calibrated the model as closely as seen in the experiments. PS-3 and PS-
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4 were seen to underestimate the response and hence were omitted in further study.
According these parametric studies, it can be inferred that the max strain in the fibre
direction (DFAILT) and the max strain in the matrix direction in tension and
compression (DFAILM) influenced the flexural response and govern the outcome
during global bending, prevalent during the impact event. Another aspect that should
be highlighted is that DFAILM, which is a matrix dominant strain, influences the
growth of delamination, and the presence of in-plane waviness has affected DFAILM,
which in turn gave higher loads that could be seen in Fig. 5.3 ¢. This could translate
to a better impact performance due to the presence of global bending, which requires
more research.

Table 5.5. Parameters adopted for the parametric study

Parametric study (PS) DFAILT DFAILM
1 0.033 0.04
2 0.048 0.04
3 0.009 0.04
4 0.1 0.04
5 0.033 0.009
6 0.033 0.1

Fig. 5.8 b highlights the effects of an overestimated DFAILT and DFAILM at
0.1. As it can be seen, at 0.1, the failure strain is very high, which in turn makes the
composite stiff in the elastic region. Fig. 5.8 a, d shows the shear stress distribution
where the element deletion signifying failure is not seen. At lower strains (0.015), the
obtained results were detrimental and hence not considered. The instabilities were
seen when strain went below 0.01, signifying non-uniform element failure. DFAILT
at 0.09 saw the specimens fail earlier and was less stiff than seen in the experiments
(Fig. 5.8 f). Therefore, the ideal strains, which reflect the experimental reality, were
0.033 and 0.04 (Fig. 5.8 ) and hence should be considered. These strains are the
baseline values, since with these strains, the model predicts the failure when under
flexure.
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Fig. 5.8. Parametric study on the influence of DFAILT and DFAILM on flexural behaviour
of T-1: (a) XY-stress when DFAILM = 0.1, (b) load displacement plot for the six parametric
studies listed in Table 7, (c) XY-stress when DFAILM = 0.009, (d) XY-stress when DFAILT

=0.1, () XY-stress when DFAILT = 0.033 and DFAILM = 0.04, (f) XY-stress when
DFAILT =0.009

5.3. Conclusions

This chapter attempts to explore the aspect of global bending that is prevalent
during impact loading. Thus, moving from a dynamic aspect of loading scenario to
the static scenario, flexural tests were conducted on specimen architecture, as seen in
chapter 4. The pure carbon specimens were not subjected to flexure, as it was realised
that carbon-based composites do not exhibit good impact resistance. The ductility
effect was observed in this research, and it can be safely concluded that hybrid
architectures provide good impact resistance without the sophistication involved in
introducing nano-fillers. In order to further study the role of matrix in impact
performance, in-plane and out-of-plane waviness were introduced. Even though out-
of-plane waviness affects the flexural performance to a great extent, in-plane waviness
was seen to increase the load bearing capacity. Thus, the numerical studies were
conducted, and it was seen that matrix-related strain parameter DFAILM had a
positive influence in improving or underestimating the flexural response. Therefore,
it can be hypothesised that the introduction of in-plane waviness affects the shear
properties of the specimen, which is a matrix-related property, and hence, there exists
a direct correlation of this property with that of flexural response, and it could improve
the impact performance subsequently.
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6. EXPERIMENTAL AND NUMERICAL INVESTIGATION OF GLOBAL
BENDING THROUGH A FLEXURAL STUDY OF HYBRID
ARCHITECTURE

This chapter introduces non-published research in addition to the published
research enumerated in the previous chapter, where the effect of ply waviness of
composites is studied when subjected to impact loading. This chapter is a conclusion,
which studies the final aspect of waviness affecting the impact performance. A set of
5 composite panels with glass as the reinforcing material was used with epoxy as the
resin. The first panel has woven glass, the second has [0/90], symmetric glass, the
third is a unidirectional glass with a certain amount of waviness in the impact region,
and the fourth is a purely unidirectional glass composite. All of them had a nominal
thickness of 1 mm (4 layers of glass).

6.1. Experimental materials, composite fabrication and material
characterisation

Four sets of samples were fabricated by the methods elaborated in the previous
chapters. Each of these sets bears the code as elaborated Table 6.1, where the
composite architectures are described. The samples had four layers, reaching a
thickness of 1 mm. G-1 has woven fabric (2/2 twill weave) in them, bearing an areal
weight of 163 g/m?, G-2, G-3 and G-4 have unidirectional fabric with areal weight of
200 g/m?2. The fabrics were sourced from R&G Faserverbunkwerkstoffe GmbH,
Waldenbuch in Germany; the Epoxy based on Bisphenol A and its hardener (modified
cycloaoliphatic polyamine, free of alkyl phenol and benzyl alcohol) was sourced from
the same company. The impact energy was kept constant at 50 J to achieve complete
perforation in all specimens that were studied. The characterisation was in the form
load displacement curve, energy and studying the damage in composites.

Table 6.1. Fibre architecture details

Specimen Fabric Fibre Stacking Resin Comments
code orientation order
G-1 Glass Woven [0/0/0/0] Epoxy No waviness
G-2 Glass Unidirectional | [0/90/90/0] Epoxy No waviness
G-3 Glass Unidirectional [0/0/0/0] Epoxy With ply
waviness
G-4 Glass Unidirectional [0/0/0/0] Epoxy No waviness

6.2. Results and discussions

The evolution of damage during impact on different types of glass architecture,
as elaborated in Table 6.1, is displayed in Fig. 6.1. The highest impact load was seen
in G-1 (Fig. 6.1 a) at 2.8 kN with the shape of the fracture (Fig. 6.1 b), which is a
diamond and is typical in woven glass architectures. The major source of energy
dissipation during the course of impact is the elastic deformation, which reaches the
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maximum of 3.63 mm, following which, there is a split in the shape of diamond along
the weave directions. This phenomenon is dominated by fibre dominant
characteristics of composites, and hence, the shear dominant properties, which is
typically governed by the matrix, do not play any role. This is evident from lesser
delamination, which if present would have produced intermittent load drops in the
elastic region of load curve. These observations hold true for symmetric G-2 (Fig. 6.1
¢, d), which has unidirectional lamina in 0/90/90/0 ply orientations. The damage, even
though not diamond shaped seen in G-2, was circular, highlighting complete
penetration; the load bore by this architecture was similar to G-1 but with less energy
absorption until the max load. However, there was higher energy absorption in the
case of G-1, which means that all this energy is in the form of elastic deformation, and
the penetration is catastrophic [82-83]. Hence, hybridising this architecture could
convert energy for elastic deformation to the energy absorption for introducing the
hybrid effect or ductility.

The ductility effect can be realised to an extent by introducing in-plane waviness
in a unidirectional composite. Even though the ductility index in term of obtained
Grace [83] was 0.53, this is much higher, i.e., to 0.43 in woven glass composites,
which is 18% increase. The loads that are seen in G-1, G-2 and G-3 (Fig. 6.1 i) are
similar; the increase seen with respect to G-4 is important, which corroborates the
finding in the previous chapter where in-plane waviness was seen to improve the
flexural response. As explained earlier, by introducing in-plane waviness, the shear
component of the composite is activated. An increase in waviness increases the in-
plane shear modulus [88] considerably, and this imparts better performance in the case
of unidirectional composites under impact loading. Flexure in static is prevalent, as
global bending during impact, and if in-plane waviness can improve flexure, the same
should be obvious during impact. When comparing the load increase between G-3 and
G-4 (Fig. 6.1 i), the increase seen in G-3 is approximately 21% with considerably
higher energy in the elastic region. The intermittent load drops seen in G-3 is due to
the several damage mechanisms seen in G-3 during the loading phase, and hence,
making them comparatively less brittle and tougher.

The damage seen in G-3 is different from the one seen in G-1 and G-2. The
diamond shaped damage associated with woven composites and circular damage seen
in symmetric G-2 are incomparable to the peanut shaped damage seen in G-3. There
is debonding in the central region of impact and fibre breakage along two edges. This
is evident from the load being shared equally by the individual components of a
composite material, i.e., fabric and resin. In the case of G-4, the lower load could be
attributed to the horizontal split seen in the impact region, which means that more load
was borne by resin as opposed to the fabric. Thus, if seen from G-1 to G-4, the damage
transitions from a diamond to a circular to a peanut shape, and finally, to a line. Among
these, the peanut shaped damage, as mentioned before, is the shear effect coming into
fruition. If this was a thicker laminate, the performance vis-a-vis a unidirectional
composite would be better, and where such composites are subject to impact, a switch
over can be made by implementing this simple change in architecture.
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As explained in the previous chapter, the effect of DFAILT (failure strain in
matrix direction) had a profound effect on the load curve when loaded under flexure.
Flexure in the form of global bending is prominent in composites and contributes to
the propagation of damage during impact. The failure strain (DFAILT) increases with
the introduction of in-plane waviness and significantly increases the load as it is seen.
This was seen in the flexure in the previous chapter and during impact loading in this
chapter. Thus, the introduction of in-plane waviness, even though detrimental when
under compression, tension and fatigue, could help to increase the impact performance
of unidirectional composites, where their application is unavoidable and there is a
higher possibility of being hit by nearby substances/debris.

(a)
4 Woven Glass Fabric 2/2 twill (G-
1)

Load, [kN]
N w

[N

0 1 2 3 4 5 6
Displacement, [mm]

(c)

3 . Glass [0-90] Symmetric (G-2)
2,5
Z2
as
31
0,5
0

o
[N
N
w
o
(9]
[e)]

68



(e) Low waviness (G-3)
3

nN
N

Load, [kN]
~H
[T

o
o wun

o 1 2 3 4 5 6 7 8

Displacement, [mm]

(9) Unidirectional (G-4)

Loaf, [kN]
p = N
(9] =] (9] N (9]

o

01 2 3 456 7 8 910

Displacement, [mm]

(i) Max Impact Load

4,000
3,000

~ 2,000
1,000 I
0,000

G1l G2 G3 G4

Fig. 6.1. (a, b) G-1 load characteristics with the typical diamond shape fracture seen in the
woven fabric, (¢, d) G-2 load characteristics with circular penetration seen in the symmetric
composites, (e, f) G-3 load characteristics for ply with waviness with a peculiar peanut
shaped fracture, (g, h) G-4 load characteristics with split along the middle that is usually seen
in unidirectional composites, (i, j) load comparison of all the composite architectures along
with energy absorbed during the impact
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6.3. Conclusions

The effect of waviness on impact performance was compared with different
fibre architecture, namely, woven (G-1), symmetric (G-2) and unidirectional (G-4).
The fabrication technique was similar to the one adopted throughout the thesis, the
achieved thickness was 1 mm, and the impact energy was 50 J. All the four types of
specimens went through penetration, and their load characteristics, energy and
damage were analysed. Following these, the load characteristics of G-3 increased with
respect to unidirectional G-4. The observed increase was 21%, which was in sync with
the flexural strength increase that was seen previously. The observed energy was
higher in the case of G-3 when compared to G-1, G-2 and G-4. This can be attributed
to the combination of damage mechanisms seen in G-3, which had higher ductility
index when compared to the other types that were studied in this sub-chapter. The
transition of damage that was seen from G-1 to G-4 can be attributed to the fibre
architecture. G-1 and G-2 experienced brittle failure, which was fibre dominant,
whereas G-3 and G-4 was seen to have a failure dominated by the interaction of both
fibre and resin.
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CONCLUSIONS AND PROPOSALS FOR FUTURE STUDIES

Based on the 6 objectives that were set at the beginning of this research,
the following conclusions can be drawn from the summary of five research
papers related to this PhD dissertation.

1 The introduction of FCNTs (functionalised carbon nanotubes) increased the
mechanical and impact strengths of glass reinforced composites, and it was
deduced that 0.35 wt% with respect to epoxy was sufficient to increase the
mechanical strength by 30%, and the impact strength by 31%. The introduction
of FGA-functionalised graphene (the best wt% was found between 0.2 to 0.35
wit%) was seen to increase the strength by 18%, while a noticeable increase in
strain was observed. The maximum observed increase in strength was seen at
23%. The impact strength was seen to increase by 70%. Thus, nano
reinforcements were seen to increase the strength in terms of loading conditions,
namely, tension and impact.

2 Epoxyand PMMA could bear similar impacts loads: their performance at higher
temperature was compatible. However, the performance of composites with
PMMA was better at higher temperatures, owing to its elastic deformation and
minimal observable damage, as there was no perforation seen. The hybrid effect
was achieved in both cases at room temperature but was lost at higher
temperatures.

3 The hybrid effect was quantified in terms of index, termed as ductility index.
Two indices were put forward, namely, Naaman and Grace, both of which
showed similar trends. Thus, as per Grace, the ductility index of the composites
with hybrid architecture was estimated between the range of 66-70% at room
temperature. Whereas in composites with no hybrid architecture, the ductility
index was estimated as low as 45%.

4  The effect of in-plane and out-of-plane waviness were explored during flexure,
and it was observed that out-of-plane waviness drastically reduced flexural load,
while in-plane waviness, improved it.

5 In-plane waviness incorporated into a unidirectional glass composite was seen
to perform better when compared to unidirectional specimens without any
waviness in them during impact loading. The performance of specimens with
waviness was seen on par with composites with woven/symmetric architectures
in them.

6 Numerical models were validated to establish a benchmark modelling approach
to further explore the effect of matrix on failure initiation and propagation along
with those of fibre. It has been noticed that the influence of matrix dominant
parameters was underestimating or overestimating flexure, and its relation to
waviness was explored. It has been observed that matrix-related strain parameter
DFAILM had a positive influence on improving or underestimating the flexural
response. It was deduced from this observation that the introduction of in-plane
waviness affects the shear properties of the specimen, which in turn affects the
flexural response positively and hence imparts better impact resistance.
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Proposals for future research

The methods adopted in this research gave an overall view of the impact

performance of composites in the presence of nanofillers and hybridization
while the presence of waviness on the flexural response was ascertained as well.
It as well has some insights on the influence of fibre and matrix direction strain
parameters on flexure, evaluated using a numerical model. However, this has to
be eventually proven in the context of impact induced global bending. Based on
this proposition, a few guidelines for future research can be drawn.
Introduction of in-plane waviness improved the flexure and impact response
significantly. The experimentations in the realm of impact have been limited,
and hence, more experimentations must be performed in addition to the work
performed in this thesis on different waviness root angle to deduce where the
optimum range lies.
The experimentations can be three: pronged, static flexure, fatigue and impact
loading. If more results prove it to be right; then, the impact resistant composites
can be realised by simple manufacturing techniques, thus cutting down the costs
in manufacturing.



SANTRAUKA

Motyvacija ir problemos svarba

Per pastaruosius kelis deSimtmecius polimeriniy kompozity paklausa, palyginti
su metalais, smarkiai iSaugo dél jy lengvo svorio, atsparumo pazeidimams, didelio
specifinio stiprumo, ilgaamziskumo, maZzesnés dujy emisijos, mazesniy degaly
sanaudy ir kt. [1-3]. Skirtingai nuo Siy privalumy, Sios medziagos yra linkusios
staigiai suirti dél savo trapios prigimties, todél detaléms, pagamintoms i§ pluostu
sustiprinty kompozity, yra taikomi aukStesni saugos koeficientai, uZztikrinantys
patikimumg. Dél ko su didesne atsarga suprojektuoti komponentai sumaZzina svorio
taupymo efekta. Trapiems kompozitams suteikus plastiSkumo, dinaminés savybeés
priartéty prie metalams buidingy auks$ty energijos sugérimo charakteristiky ir tai dar
labiau isplésty kompozity panaudojima [4, 5].

Eksploatacijos metu jprasta, kad kompozitinés medziagos patiria mazo greicio
smiigines apkrovas. Pavyzdziui, pauks¢iy susidlirimai su orlaiviy sudedamosiomis
dalimis, jrankiy kritimai vykdant remonto darbus ir pan. Nors pazeidimai
neiSvengiami, kompozitinés konstrukcijos gali biiti projektuojamos siekiant sumazinti
minéty pazeidimy dydj arba poveikj tolimesniam konstrukcijos mechaniniam
atsparumui.  Smiigio metu kinetiné energija iSeikvojama jvairiems pazeidimo
mechanizmams [6,7], o smugiams atspari konstrukcija turéty buti tokia, kad buty
galima iSvengti pazeidimy mechanizmy (matricos jtrukimy, delaminacijos, pluosto
luzimo ir kt.). TacCiau smuginiy apkrovy metu pradinj pazeidimg inicijuoja matricos
jtrikimy susidarymas sluoksniuose dél Slyties jtempiy, veikianCiy statmenai
kompozito pavirSiui [8]. Matricos jtrukimai véliau iSsivysto j atsisluoksniavimo
defekta, nulemtg tarpsluoksniniy Slyties jtempiy (Il moda), atsirandanc¢iy dél laminato
lenkimo [9].

Dél naudojamy dervy (pvz., epoksidiniy) trapumo, kompozitai yra jautrls
smiginiy apkrovy poveikiui. Taigi vienas i§ biidy padaryti kompozitus atsparius
smigiams biity koreguoti matricos savybes, didinant jos plastiSskumg ir kartu energijos
sugerties galimybes. Tai galima jgyvendinti panaudojant jvairius uZpildus matricoje
[9, 10]. Vis labiau populiaréja - nanouzpildai.

Anglies nanopluostai, nanoplokstelés, grafenas ir anglies nanovamzdeliai yra
keletas nanouzpildy pavyzdziy, naudojamy kompozitiniy medziagy matricai
sustiprinti. Ypac placiai naudojami anglies nanovamzdeliai dél savo savybiy, susijusiy
su dideliu matmeny santykiu ir specifiniu pavirSiaus plotu pasizymintys ypac dideliu
iSilginiu tamprumo moduliu [11]. Eksperimentiniais tyrimais patvirtinta, kad
mechanines kompozity savybes teigiamai paveikia nanovamzdeliy arba grafeno
uzpildai [13-20], net 0,5 % masés daugiasieniy anglies nanovamzdeliy (MWCNT)
uzpildas gali smarkiai padidinti kompozito atsparuma smiiginéms apkrovoms [12].
Taciau anglies nanovamzdeliy ir grafeno triikumas yra tas, kad jie aglomeruojasi
matricoje, todél prie§ panaudojant juos matricoje, jie turéty biti funkcionalizuoti arba
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turéty biiti naudojami sudétingesni mechaniniai metodai, pvz., panaudotos specifinés
valcavimo staklés [11, 21-23]. Todél islieka aktualumas ieSkoti ekonomiskesniy
smiigiams atspariy kompozity kiirimo metody.

Kompozitinés architekttiros hibridizavimas galéty biiti ekonomiskas zaidimo
taisykliy pakeitimas, siekiant padidinti polimeriniy kompozity atsparuma smiugiams.
Pagrindiné priezastis yra ta, kad, papildzius standziais pluostais, padidéja atsparumas
smigiams be reikSmingo mechaniniy savybiy sumazéjimo [24]. Hibridinés
kompozitinés architektiiros kuriamos matricoje sujungiant du ar daugiau skirtingy
pluosty [25]. Skirtingy pluosty sudéjimo tvarka, kad bty pasiektas optimalus
atsparumas smigiams, lieka nezinoma, nes jvairls deriniai davé rezultatus, kurie,
viena vertus, atrodo daug Zadantys, o kita vertus — netenkinami. Kai kurie hibridiniy
kompozity projektavimo parametrai, turintys jtakos jy atsparumui smiigiams, yra
sluoksniavimo seka, storis ir geometrija. IvairGis tyrimai parodé, kad kompozity
hibridinés architektiiros geb¢jima sumazinti smiigio Zzalg daugiausia nulemia
sluoksniavimo seka [26, 27]. Nustatyta, kad hibridiniai kompozitai gali pasizyméti
laipsnisko lenkimo elgsena, ir tikétina, kad panasi elgsena pasireiksty ir smiigio metu
[24], kas galéty biiti vadinama plastiskumo efektu [27]. Veikiant smiigiams, lenkimo
sukelti jtempiai yra pagrindiné iSsisluoksniavimo priezastis, kuri, kaip minéta
anksciau, yra vyraujantis reiskinys matricoje [5]. Kadangi dominuojancios matricos
savybés atlieka tokj svarby vaidmenj, tai, numatant ilgalaikes kompozity savybes,
reikéty ieskoti alternatyvos epoksidinei dervai, kad Sios medziagos tapty ekologisko.
Dél sunkaus epoksidinés dervos kompozity perdirbimo aktualu iStirti alternatyvia
riSanCig polimering medziaga su panaSiomis mechaninémis savybémis, ir vienas i$
tokiy pakaitaly galéty buti poli(metilmetakrilato)-PMMA derva. Todél kaip
alternatyvas epoksidinei dervai svarbu istirti hibridinio kompozito reakcijg | statinio
lenkimo bandymus nustatant matricos efekts, pluosto banguotumo sluoksnyje ir
statmena kryptimi jtakg. Banguotumas statmena sluoksniui kryptimi galéty imituoti
tarpsluoksnio sustiprinimo efektg. Be eksperimentinio tyrimo, reikéty atlikti
hibridizavimo efekto ir banguotumo skaitmeninj tyrima, siekiant sukurti etaloninj
skaitmeninj modelj, kurj biity galima naudoti paskutiniuose tyrimo etapuose
nepasikliaujant eksperimentiniais tyrimais, nes tai varginantis ir brangus procesas.

Reikia jvertinti tokiy dervy hibridizacijos ir banguotumo poveikj, kad bty
galima geriau suprasti dervy elgsena, susijusig su ilgalaikiu kompozity panaudojimu,
taigi, kad jos buity idealus pakaitalas projektuojant lengvas konstrukcijas. Nors kartais
kompozity banguotumas gali sustiprinti medziagg, storoms kompozitinéms
konstrukcijoms tai yra problema, susijusi su lickamaisiais jtempiais, atsirandanciais
kietéjimo metu, ar vietiniu pluosty deformavimusi vyniojimo metu [28-30]. Apkrovos
kompozitinése konstrukcijose su sluoksnio banguotumu sukelia triasj jtempiy biivj,
dél ko sumazéja standumas ir stiprumas [31]. Sudétinio sluoksniavimo taikymas
(hibridizavimas) leidzia pasiekti laipsniska sluoksniy irima, gali bati jgyvendintas ir
pritaikius banguotumo efekta. Banguotumo poveikis taip pat gali padéti geriau
kontroliuoti Slyties poveikj kompozity stiprumui. Ta¢iau esant banguotumui svarby
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vaidmen;] vaidina dominuojanc¢ios matricos savybés [31, 32], kurias svarbu istirti,
siekiant projektuoti pigius ir efektyvius kompozitus.

Daktaro disertacijos tikslas ir uzdaviniai

Tikslas yra istirti nanodaleliy, hibridizacijos ir banguotumo poveikj pluostu
armuoty polimery kompozity smiiginéms savybéms.

Polimeriniuose kompozituose, kuriuos veikia mazo grei¢io smigio apkrovos,
dominuoja matricoje inicijuoti pazeidimai. Tikslui jgyvendinti suformuluoti
uzdaviniai:

1. Nustatyti anglies nanovamzdeliy ir grafeno poveikj kompozity smiiginiam
atsparumui esant mazo greic¢io smigio apkrovai.

2. Nustatyti skirtingy matricos medziagy, t. y. epoksidinés dervos ir PMMA,
panaudojimo hibridinés struktiiros kompozituose, veikiamuose smiiginés
apkrovos, efektyvuma.

3. Pritaikius energomechaninius metodus, Kiekybiskai, jvertinti hibridizacijos
poveikj kompozito smiiginiam atsparumui.

4. Nustatyti banguotumo (tiek plokstumoje, tiek per laminato storj) poveikj
mechaninei kompozito elgsenai lenkiant, vyraujanciai smiiginés apkrovos
metu.

5. Nustatyti banguotumo ploks§tumoje efektyvuma lyginant su skirtingy pluosto
orientacijy laminatais smiiginés apkrovos metu.

6. Sukurti skaitmeninj LS-DYNA modelj, leidziant] patikimai prognozuoti
pluosto ir matricos irimo deformacijy poveikj laminato elgsenai dél lenkimo
ir smiiginiy apkrovy.

Tyrimy metodologija

Daktaro disertacijoje parengtoje penkiy moksliniy straipsniy pagrindu,
nagrinéjama nanouzpildy, hibridizacijos parametry, tiesiogiai priklausomy nuo
dervos, pluosto bei jo banguotumo poveikis polimeriniy kompozity smiiginiam
atsparumui. Tyrimai suskirstyti j dvi dalis. Pirmoje jvertinamos nano uzpildy CNT ir
grafenu nanoarmuoty kompozity mechaninés ir smuginés savybés. Mechaniniy
savybiy, t. y. sluoksnio tamprumo ir stiprumo, parametry nustatymas atliktas pagal
ISO 527-2 standarto reikalavimus, o atsparumui smiiginei apkrovai tirti buvo
pagaminti 80x80 mm dydzio ir 1 mm storio bandiniai. Viso eksperimento metu buvo
naudojama vienoda 50 J smiigio energija, pakankama bandiniui pramusti. Remiantis
Siy eksperimenty rezultatais ir iSvadomis, buvo pradéta kita tyrimy dalis, susijusi su
lenkimo charakteristiky analize hibridinése strukttirose, siekiant padidinti laminato
smiiginj atsparumg. Tiriant hibridines kompozicines struktiiras, daugiausia démesio
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skirta PMMA dervai. Pritaikius energomechaninius metodus, kiekybiskai jvertintas
laminato smuiginis atsparumas ir dinaminés apkrovos atsakas j smiigines apkrovas, ir
tuo remiantis rekomenduotas kompozity plastiSkumo indekso DI parametras, kuriame
atsizvelgiama | irimo charakteristikas pagal tamprumo ir plastiSkumo energijas.
Siekiant geriau suprasti hibridizavimo efektg, kompozitiniai laminatai buvo tiriami
skirtingose temperatiirose, o mikroskopiniai tyrimai buvo atlikti siekiant iStirti
pazeidimy pobiidj ir susieti juos su siiilomu energomechaniniu parametru.

Darbe pateikiama iSsami perdirbimo ir termoplastiniy dervy apzvalga, siekiant
pabrézti kompozity, kaip alternatyvios ir tvarios medziagos, vaidmenj busimai Zaliyjy
technologijy revoliucijai véjo energetikoje. Aptariami lenkimo aspektai, atsirandantys
veikiant smiiginéms apkrovoms, ir gilinamasi j banguotuma tiek plokstumoje, tiek per
laminato storj, nustatant matricos vaidmenj gerinant kompozity veikimg veikiant
smiginei apkrovai. Nagrinéjami skaitmeninio modeliavimo metodai, padedantys
suprasti su matrica susijusias deformacijas ir pluosto krypéiy jtaka kompozity
mechaniniam atsakui j smugines apkrovas. ISvadose apibendrinamas rySys tarp
banguotumo, ribiniy deformacijy ir atsparumo smiigiams.

Darbo mokslinis naujumas

e Kompozity trapumas nulemia staigy irima, kuris gali biiti sumazintas jdiegus
hibriding architekttirg.

e Pasiektas trapumo sumazé¢jimas paverc¢iamas pseudoplastiSkumu, todél
kompozito irimas smiigio metu tampa labiau prognozuojamas.

e Vienakryp¢io kompozito laminatams banguotumas plokStumoje pagerina
smiiginj atsparuma padidindamas smiiginés apkrovos amplitude ir sugertos
energijos kiekj.

Ginamieji teiginiai

e Hibridizavimo poveikis smuginiam atsakui kiekybiskai jvertinamas
naudojant energomechaninj modelj.

e Banguotumas plokStumoje teigiamai veikia smiginj atsparumg, O
banguotumas per storj turi neigiama jtaka.

e Banguotumas plokStumoje pagerina kompozito armuoto vienakrypciu
audiniu smuginj atsparumg, nulemia didesn¢ smiiginés jégos amplitude ir
sugertos energijos kiekj.

Praktiné tyrimo verté

e Hibridinio efekto jdiegimas sumazina kompozity trapumg, taip jie tampa
pseudo-plastiskesni, o pageréjgs smiiginis atsparumas padidina ir sauguma.

e PMMA yra veiksminga epoksidinés dervos alternatyva kompozituose, o
pakartotinio perdirbimo galimybé suteikia kompozitinei konstrukcijai tvarumo.
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1. Didelio veiksmingumo stiklo pluostas / epoksidiné derva, sustiprinta
funkcionalizuotais CNT, skirta naudoti transporto priemonése, kuriy degaly
sanaudos ir Siltnamio efekta sukelianc¢iy dujuy kiekis yra mazZesnis

Funkcionalizuoti anglies nanovamzdeliai (FCNT) buvo disperguoti
epoksidinéje dervoje ultragarsu (koncentracijos svyravo nuo 0,05 iki 0,4 masés %, 9
lentelé), po to FCNT / epoksidinés dervos tirpalas buvo apdorotas ultragarsu ir taip
buvo gautas preliminariai disperguotas to paties tirpalas (1.1 pav.). Tada jis véliau
buvo istirpintas kietikliu santykiu: 3 dalys FCNT/epoksidinés dervos ir 1 dalis
kietiklio, naudojant mechaninj maiSytuva. Véliau buvo pradétas kompozity ruo§imas
pjaustant stiklo audinj 270 mm x 320 mm dydzio. Anksc¢iau paruostas tirpalas véliau
buvo sustiprintas keturiais i$ anksto supjaustyto stiklo sluoksniais, naudojant dervos
vakuumo perdavimo metodg. Palyginimo tikslubuvo paruo$ta $vari partija be jokiy
FCNT, o vidutinis méginiy storis buvo pastovus 1 + 0, 05 mm. Pirminis kietinimas
buvo atliktas infraraudonyjy spinduliy lempa 80°C temperatiiroje 8 valandas. Tada
plokstés 6 valandas dziovinamos orkaitéje 80100°C temperatiroje. Po to bandiniai
buvo supjaustyti iki 25 mm x 270 mm matmeny tempimo bandymams pagal ISO 527-
2 ir smigiui vertinti su 80 mm x 80 mm bandiniais.

1.1 lentelé. Stiklo pluosto / epoksidiné dervos sluoksniuotos medziagos
nanokompozitiniy ploksciy kodai.

Bandin | FGCE | FGCE | FGCE | FGCE | FGCE | FGCE | FGCE | FGCE | FGCE
io 0 1 2 3 4 05 6 7 8
kodas
CNT 0 0.05 0.15 0.20 0.25 0.30 0.35 0.40 0.45

mase,

%)
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1.1 pav. Kompozitinio laminato su nano uZpildais paruo$imo schema

Smiigio bandymas buvo atliktas Coesfeld Magnus 1000 didelio greicio smiiginiy
bandymy sistema naudojant 5,129 kg plieninj mustuva su 20 mm skersmens sferiniu
antgaliu. Visa jrangos konstrukcija atitiko 1SO 6603-2. Bandymai buvo atliekami
esant pastoviai 50 J smiigio energijai, kambario temperatiirai ir 4 m/s kritimo greiciui.
Bandinys buvo tvirtinamas pneumatiniu laikikliu, taip sumazinant praslydimo
galimybe bandymo metu. Bandymo rezultatas — smigio jégos signalas ir prie§ pat
kontakta iSmatuotas momentinis smiigio greitis. Poslinkio kitimas laike gaunamas
kelis integruojant jégos signalo rezultatus, padalintus i§ muStuvo masés. Suintegruota
jégosir poslinkio priklausomybé laikoma smiigio energija.

Siekiant istirti FCNT jtaka pazeidimy formavimosi raidai ir kompozitinio
laminato mechaninei elgsenai, sudarytas ir validuotas skaitmeninis baigtiniy elementy
modelis (1.2 pav.) panaudojant komercinj LS-DYNA paketa. Kompozitinis laminatas
buvo modeliuojamas naudojant 4 mazgy, 1 mm dydzio kevalinius elementus.
Laminato matmenys, jtvirtinimas ir apkrovimo salygos atitinka eksperimentuose
buvusias salygas. Kompozito laminato sluoksniai apibréziami integravimo taskais,
sluoksnio storiu ir pluosto orientacija naudojant ,,Part Composite* komandas [59].
Smiigis buvo imituojamas 4 m/s grei¢iu krintanciu standziu sferos formos pavirSiaus
kiinu, sverian¢iu 5,129 kg. Sgveika tarp standaus mustuvo ir bandinio pavirSiaus
modeliuota naudojant ,,Contact Automatic Nodes To Surface”. Kompozito
pazeidimas buvo modeliuojamas naudojant Chang-Chang irimo kriterijy [64].
Medziagos modelis apibréziamas 21 parametru, nusakanciu medziagos tamprumo,
stiprumo ir irimo charakteristikas (1.2 lentelé).
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1.2 pav. Baigtiniy elementy modelis kompozity smiiginiy bandymy analizei su programa LS-
DYNA

Rezultatai ir aptarimai

Nanouzpildai nepadidino triikio deformacijos, taciau buvo pastebétas
reik§mingas tamprumo modulio ir stiprumo padidéjimas (1.3 pav., a). I§ pradziy,
pridéjus 0,05 masés % FCNT, stiprumas ir modulis padid¢jo atitinkamai ~7% ir ~6%
(palyginti su grynu méginiu), 0 padidéjus 0,35 masés %, atitinkamai padidéjo iki 30%
ir 31%. Koncentracijos, virSijan¢ios 0,35 % masés, smarkiai sumazina stiprumg ir
modulj dél aglomeracijos. Galima daryti iSvada, kad nors FCNT priedai turi teigiama
efekty, taciau dideliu mastu vienodo pasiskirstymo procesas gali biiti sunkiai
jgyvendinamas, ir tai laikoma trikumu.

I§ smiiginés apkrovos charakteristiky pateikty 1.3 pav.,b, matyti, kad visuose
bandiniuose jéga pastoviai didéja, iki pasiekia didziausig smugio jégos verte. Pasiekus
maksimalig apkrova, staiga atsiranda pazaida, po to vél did¢ja smiigio jéga, kol
pasiekiamas mazesnis uz ankstesnj maksimumas, po kurio jéga tolygiai mazéja.
Pirmoji smailé atitinka didziausig bandiniy patiriamg smiiging apkrova, o antroji
smailé — lizio momentg. Kaip matyti i§ paveikslo, pridéjus FCNT, labai pageréja
smiiginis atsparumas. Pridéjus FCNT 0,35 % masés, smugio jéga padidéjo nuo 2,13
kN iki 2,80 kN, t. y. ~31%. Tam galimai turéjo jtakos nanouzpildy teigiamas poveikis
tarpsluoksnio stiprumui, kas buvo matoma atlikus SEM nuotrauky analiz¢. Taciau
didesnis masés % sukuria aglomeracijg, ir laukiamo efekto nematyti. Patobulinimas
taip pat gali buti siejamas su nanovamzdeliy funkcionalizavimu, kuris sukuria gera
rys] tarp nanovamzdelio pavirsiaus ir epoksidinés dervos [38,67].
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1.3 pav. a) jtempiy ir deformacijy priklausomybé statinio tempimo bandymu; b) jégos ir
ilinkio priklausomybé veikiant smiiginei apkrovai

Skaitinio modeliavimo ir eksperimentiniy rezultaty palyginimas (1.4 pav.)
parodo, kad nustatyti —medziagos tamprumo ir stiprumo parametrai leidzia
prognozuoti pazaidos susidarymo momenta, taCiau irimo kriterijaus ir pazeidimo
augimo parametrai turéty bati  kalibruojami papildomai. Slyties jtempiy
pasiskirstymas (pazymétas raudonai) paveiksle (1.4 pav., b) gali biiti vertinamas kaip
dalinis jtriikimy susidarymas bandinyje dél smiiginés apkrovos. Taigi, sukurtas
paprastas skaitmeninis modelis gali nesunkiai numatyti kompozitinio laminato elgesj
esant smiuigiui. Sis modelis gali bati kalibruojamas pagal eksperimentines salygas,
siekiant iStirti poveik] ir nustatyti jvairiy medziagy savybiy poveikj smiigio sukelto
pazeidimo raidai.
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1.4 pav. Smuginio bandymo rezultatai: a) apkrovos -poslinkio kreivé, b) modelio Slyties
itempiy pasiskirstymas (BEA rezultatas), ¢) pazeidimo vaizdas (eksperimentinis rezultatas).
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2. Didelio smiiginio atsparumo stiklo pluostu armuoty kompozity su
funkcionalizuotu grafenu eksperimentiniai ir skaitiniai tyrimai

Darbe naudojamas grafenas (GA) buvo susintetintas naudojant Zemoje
temperatiiroje besipleCiant] grafita kaip zaliava [14]. Funkcionalizuoto grafeno
gavimo procesas paminétas [62, 68-69], toks pat metodas buvo pritaikytas ir Siame
tyrime, norint gauti vienoda FGA dispersija epoksidingje dervoje ir iSvengti
aglomeracijos. FGA koncentracijos 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4 %
epoksidinés dervos masés buvo issklaidytos acetone veikiant garso bangai 1 val. 50
kHz dazniu [34].

Smiiginiy bandymy salygos ir skaitmeninis modeliavimas buvo identiskas 1
skyriuje aprasytai metodikai.

2.1 lentelé. FGEC kompozitiniy laminaty bandiniy kodai

Bandinio | FGGEO | FGGE1 | FGGE2 | FGGE3 | FGGE4 | FGGE5 | FGGE6 | FGGE7?
kodas
FGA 0 0.05 0.15 0.20 0.25 0.30 0.35 0.40
(maseé
%)

Rezultatai ir aptarimai

Statinio tempimo ir smiiginio bandymo rezultatai pateikti 2.1 pav. FGGEO,
FGGE1, FGGE2, FGGES ir FGGE7 bandiniai nepasizyméjo reikSmingu stiprumo
pageréjimu. FGGE7 atveju dél aglomeracijy stiprumas ir deformacija buvo mazesni
nei kituose tirtuose bandiniuose, net mazesni nei FGGEOQ. Pagal charakteristikas buvo
i§skirti trys bandiniai — FGGE3, FGGE4 ir FGGES6, kuriy stiprumas padidéjo 18%,
palyginti su FGGEOQ, FGGES6 atveju deformacija padidéjo 16%. Tai vélgi pasakytina
apie FGGE3, kuris pasizyméjo panasiu deformacijos padidéjimu, taciau stiprumas
isliko nepakites. FGGE4 stiprumas padidéjo 14%, o deformacija 23%. Tai parodo,
kad dél pageréjusio sukibimo tarp matricos ir audiniy daugiau energijos iSeikvojama
pazeidimo mechanizmams. Jvertinus ir SEM analizés rezutatus galima teigti, kad
sutvirtinimas ,,per storj“ nanouzpildais prisideda prie kompozity atsparumo smiigiams
ir stiprumo padidé¢jimo. FGGEO atveju maksimali smugio jéga 2,81 kN, o FGGE6 su
0,35 % masés 4,78 kN, t. y. padidéjimas net 70 proc.
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2.1 pav. a) Jtempiy ir deformacijy priklausomybeé statinio tempimo bandymu; b) jégos ir
ilinkio priklausomybé veikiant smiiginei apkrovai

Skaitmeniniy tyrimy metu buvo pastebéta, kad medziagos modelio ribinés
deformacijos DFAILT, DFAILM ir DFAILC (atitinkamai irimo deformacijos
tempiant pluosto isilgine ir skersine kryptimis bei gniuzdymo deformacijos) didzigja
dalimi daro jtaka rezultatui. Smiiginiu eksperimentu ir skaitiniu modeliavimu gauti
laminato pazeidimo panasiis vaizdai 2.2 pav., b, c, ir jégos poslinkio kreivés leidzia
teigti, kad sudaryti modeliai gana tiksliai atspindi eksperimentinius rezultatus ir gali
biti naudojami detalesnei analizei bei smiiginiam atsparumui prognozuoti.
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2.2 pav. Smuginio bandymo rezultatai: a) apkrovos-poslinkio kreivé, b) modelio §lyties
jtempiy pasiskirstymas (BEA rezultatas), ¢) pazeidimo vaizdas (eksperimentinis rezultatas)
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3. Eksperimentiniai trapumo kontrolés kompozituose tyrimai

Panaudojant hibridizacija t. y. keiCiant kompozitinio laminato sluoksniy
medziagas bei kryptis, siekiama padidinti laminato smiiginj atsparuma. Identiski
bandymai atlikti su epoksidinés dervos ir termoplastikines (PMMA) dervos
kompozitiniais laminatais. Bandiniy gamybai naudotos medziagos isigytos ,,R&G
Faserverbunkwerkstoffe GmbH*, Waldenbuch, Vokietija. Vienakrypc¢iai anglies
audiniai (tankis 120 g/m?), stiklo pluostas ,,Panda™ (ruoZelinis pynimas 2/2 ir svoris:
163 g/m2), epoksidiné derva, kurios pagrinda sudaro bisfenolis A ir jo kietiklis
(modifikuotas cikloalifatinis poliaminas be alkilfenolio ir benzilo alkoholio).
Metilmetakrilato derva (MMA: 617H119-Orthocryl) ir jos Kkatalizatorius
benzoilperoksidas (BPO: 617P37-Orthocryl), ,,Otto Bock®, Vokietija.

Buvo pagaminti 6 kompozitiniy laminaty rinkiniai, kuriy kiekvienas
pazymétas kodais T-1, T-2, T-3, T-4, T-5 ir T-6. T-1 turi keturis anglies audinio
sluoksnius, kuriy audinio orientacija yra [0/90/90¢/0c], T-2 turi keturis stiklo pluosto
sluoksnius, orientacija [04/0g/0g/Og], T-3 turi hibriding sandarg su keturiais stiklo
sluoksniais ir vienu anglies sluoksniu viduryje [04/04/0c/04/Qq], Visy trijy sandaroje yra
epoksidiné derva. T-4, T-5 ir T-6 sandara yra tokia pati, kaip atitinkamai T-1, T-2 ir
T-3, taciau matrica yra PMMA. Epoksidinés dervos kompozito gamybos procesas
iSliko nepakites. PMMA derva buvo paruosta sumaiSant MMA monomerg su BPO
kaip iniciatoriumi laisvyjy radikaly polimerizacijoje, masés santykis 100:2
(MMA:BPO). Bandiniai po sukietéjimo buvo supjaustyti 80 mm x 80 mm
matmenimis, kiekvienam kodui buvo priskirti 5 bandiniai.

Smiiginio bandymo parametrai isliko tokie patys (50 J smiigio energija, esant 4
m/s smigio greiciui), taCiau, siekiant iStirti hibridizacijos poveikj aukStesnéje
temperattroje, bandymai atlikti trijose skirtingose temperatiirose 25°C, 60°C ir 80°C.
Pazeidimo charakteristika, hibridinis efektas ir kiekybinis jvertinimas pasiekti
pritaikius Naaman ir Jeong (1995) ir Grace ir kt. (1998) pasitlytus energinius
modelius [82-83], taikancius kriterijus, vadinamus plastiSkumo indeksu (DI).
Naamano ir Grace‘o sukurtuose energiniuose modeliuose atsizvelgiama j suming
(Etotar), tamprig (Eelasiic) ir plasting (Ein-clasic) €nergijas, kaip pateikta (1) ir (2)
formulése. Suminé energija Ea susideda is energijos, reikalingos bandinj deformuoti
tampriai, ir i§ plastinés energijos, kuri apima visus klasikinius pazeidimo
mechanizmus, tokius kaip jtrikimai, atsisluoksniavimas, atpléSimas ir pluosto ir
dervos trikimas (3.1 pav.). MedZiagy elgsena gali biiti apibiidinama kaip trapi, kai DI
pagal Grace yra mazesnis nei 69%, plastiSka, kai DI didesnis nei 75%, ir pusiau
plastiSka, kai DI yra 70-74% [83].

DI (Naaman}—— Lot ~I—]) 1)

Eelastic

DI (Grace s):% o

total

83



(A) J>P2 S, S1, S2: Slope lines  (B)

-----
oo

K
-
o .
= +
5
o
5

Load [kN]

Elastic energy
@ s i SR weloaied ot
22| failure (E-1) 4

Damage initiation
energy

Deflection Deflection

3.1 pav. a) smiginio bandymo jégos ir poslinkio kreivé, b) tamprumo energijos
jvertinimas Pagal ankséiau aprasyta metodikg atliktas ir skaitinis smiiginio bandymo
modeliavimas. Jvertinus medZiagy savybes, nustatytas laboratorijoje statinio deformavimo
bandymais.

Rezultatai ir aptarimai

Smiiginiy bandymu metu gautos jégos-poslinkio priklausomybés pateiktos 3.1
pav., a ir b. Kaip ir tikétasi, anglies kompozitai (T-1, T-4 ) turi maziausig atsparumag
smiigiams, jy bandymo maksimali jéga, palyginti su stiklo pluoStu armuotais
kompozitais (T-2, T-5), buvo net 6 kartus mazesné. Hibridiniy epoksidinés dervos
kompozity (T-3) smiginis stiprumas atitiko stiklo audiniu armuoto kompozito (T-2)
stipruma. Taciau abu Sie hibridiniai kompozitai buvo unikaliis savo apkrovos
poslinkio kreivémis, kaip matyti 3.2 paveiksle. Nors T-1 ir T-5 apkrova laipsniskai
did¢jo be jokio reikSmingo kritimo, kol pasieké auks¢iausia taska pries nukritima, dél
daugelio pazeidimy mechanizmy, kuriy kulminacija buvo plySimas, T-3 ir T-6 turéjo
aiSkias tam tikras elastingumo ribas, po to buvo ribotas kritimas, ir vél pasieké
maksimalig apkrova, kuri ilgainiui vél nukrenta ir baigiasi kompozity plySimu.
Anglies pluosto jterpimas tarp stiklo audinio sluoksniy kompozitiniam laminatui
suteiké pseudoplastiSskumo. Atsparumg smiigiams apibtidina ne tik maksimalios
smuginés apkrovos reikSmé, bet ir laminato smiaginis tgsumas, padidinantis ir
sugeriamos smiigio energijos reikSme.
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3.2 pav. Jégos ir jlinkio priklausomybés veikiant smiiginei apkrovai kambario temperattroje:
a) epoksidinés dervos kompozitiniai bandiniai, b) PMMA dervos kompozitiniai bandiniai

Temperatiiros poveikio rezultatai maksimaliai smiiginés jégos reikSmei ir
sugertai energijai pateikti 3.3 pav.
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3.3 pav. Temperatiiros jtaka smiiginéms charakteristikoms: a) maksimalios jégos reik§més,
b) suminé sugerta smiigio energija

Suminés sugertos energijos kiekius iSskaidzius | tamprios ir plastinés
deformacijos energijy komponentus (3.4 pav.) iSrySkéja, biitent tampriosios energijos
komponentés augimas didéjant temperatiirai. Vadinasi, kambario temperattroje
energija buvo absorbuojama dél ankséiau minéty pazeidimo mechanizmy, o, Kylant
temperatiirai, didesné energijos dalis buvo eikvojama tampriosioms laminato
deformacijoms, o energijos komponenté priklausanti nuo pazeidimo formavimosi ir
plitimo, isliko pastovi visame temperatiiros ruoze.
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3.4 pav. Temperatiiros jtaka plastinéms (a) ir tamprioms (a) deformavimo energijy

Pagal energijos komponentus nustatyti Naaman (DI-Naaman) ir Grace‘o (DI-
Grace) plastiskumo indeksai did¢jant temperatiirai sumazgjo. DI leidzia kiekybiskai
jvertinti kompozity sukaupiamg tampriosios energijos kiekj, ir §iuo aspektu Grace
pasitlytas indeksas yra jautresnis. Hibridiniai kompozitiniai laminatai (T-3 ir T-6)
kambario temperatiiroje pasizyméjo daliniu plastiSkumu, nes abiejy DI buvo 6670 %.
Stiklo pluosto kompozitai (T-2 ir T-5) kambario temperatiroje buvo trapis, jy DI

komponentéms

svyravo nuo 45-55%, o didéjanti

nagrinéjamas.
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3.5 pav. Plastiskumo indeksy (DI) priklausomybés nuo temperatiiros: a) DI-Naamano, b) DI-
Grace‘o, c¢) normalizuotas bandiniy kambario temperatiiroje grafikas

Siame tyrime pritaikytas Foo ir kt. [85] empirinis energinis modelis (24),
skirtas prognozuoti sugertos energijos kiekj sluoksniuotiems kompozitams mazo
grei¢io smugio metu. Modelis sieja bandinio normalizuotg sugerta energija (Etota/Eer)
ir normalizuotg smuigine energija (Ee/Eimp) (3.5 pav., ¢), kur Eimp yra kritimo smiaiginé
energija, Siuo atveju 50 J. Pagal §j empirinj ry§j, sugertos energijos kiekj biity galima
prognozuoti apskaifiavus tamprumo energijos dalj ir zinant smuginés energijos
reikme.

%:] 5% Ler e (3)
z .

el Eimp

Skaitmeninio modeliavimo, sudaryto pagal anksCiau aprasSytas salygas,
rezultatus (36 pav.) palyginus su eksperimentiniais tyrimais, gautas priimtinas
sutapimas, leidziantis skaitinius modelius naudoti smiigio metu atsirandanciy
pazeidimy kitimo analizei. Tangentiniy jtempiy, daranciy jtakg atsisluoksniavimui,
koncentracija leidzia nustatyti pazeidimo pradzios vietas ir stebéti kompozito
laminato irimo seka.
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3.6 pav. Smiiginio bandymo (T-6) (stiklo/anglies + PMMA laminatas) rezultatai: a)
apkrovos-poslinkio kreivés, b) modelio Slyties jtempiy pasiskirstymas (BEA rezultatas)

4. Polimeriniy kompozity tvarumas ir ju esminis vaidmuo keiciant véjo
energija siekiant ekologiskos ateities

Yra trys kompozity perdirbimo biidai, kuriuos galima suskirstyti |
mechaninius, terminius ir cheminius [70-71]. Mechaninis perdirbimas apima
susmulkinty kompozity Zaliavos naudojima kaip antrines Zaliavas. Sis procesas dar
skirstomas j du subprocesus: pirmasis yra atlicky susmulkinimas j smulkius miltelius,
o antrasis atlieky susmulkinimas / sutrupinimas, todél perdirbta medziaga bus
naudojama kaip cemento uZpildai / armavimo medziagos cemente / betone. Sis
metodas yra paprastas ir ekonomiskas, taciau gautas galutinis produktas yra mazos
vertés, nes pluostas proceso metu pazeidziamas ir negali suteikti ilgesniy pluosty [72].

Terminis perdirbimas patenka j tris placias kategorijas, t. y. pirolize,
stukurinés pakuros perdirbimo procesa ir mikrobangy pirolizg. Pirmasis metodas
apima pluosto atkiirimg naudojant inertines dujas, dervg skaidant j mazas organines
molekules [73]. Antrasis metodas naudoja org kaip suskystinimo dujas stikurinés
pakuros reaktoriuje, kad suskaidyty matrica naudojant auksStos temperatiiros oro
Silumos srauta, o taip susidariusi $iluma perdirba pluosting medziaga [74]. Paskutiniu
budu kompozitinéje medziagoje esanti derva skaidoma mikrobangy spinduliuote
mikrobangy rezonatoriuje [75].

Cheminis perdirbimas — tai cheminiy medziagy naudojimas chemiskai
modifikuoti arba skaidyti, kad atliekos biity paverstos perdirbamomis medziagomis.
Superkritinio skys¢io metodas ir solvolizé yra du pagrindiniai metodai, susij¢ su
cheminio apdorojimo metodu. Pirmasis metodas reiSkia biiseng, kai skyscio
temperattira ir slégis virSija kriting temperatiirg ir slégj, ir Siame etape skystis gali
skaidyti polimero atliekas, kur vanduo arba alkoholis yra naudojami kaip terpé
skaidyti [76]. Antrasis metodas, t. y. solvolizé, apima polimero depolimerizacija,
naudojant chemines tirpiklio savybes kaitinimo salygomis [77].
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Alternatyviis perdirbimo btidai: Kadangi ankstesni metodai buvo susije su
termoreaktyviyjy dervy perdirbimu, kurj riboja jy komercinis panaudojimas dideliu
mastu, termoplastikai gali apriboti termoreaktingy dervy perdirbimo masta [78]. Véjo
turbiny sektoriuje 40% véjo turbiny menciy sanaudy sudaro darbo sgnaudos, o Sios
sgnaudos yra susijusios su ciklo trukme, todél, termoreaktingas dervas pakeitus
termoplastikais, atsirasty galimybé sutrumpinti ciklo laika [79]. Termoplastikg galima
pertvarkyti naudojant Siluma, taip uztikrinant technine prieziiira nepabloginant
medziagos savybiy [30]. Tuo remiantis Siame tyrime PMMA buvo priimtas kaip
epoksidinés dervos pakaitalas, o jo savybés buvo lyginamos su epoksidine derva.

5. Hibridizacijos ir sluoksniy banguotumo poveikis polimeriniy kompozity
stiprumui: eksperimentinis ir skaitmeninis tyrimas

Tikslas — eksperimentiskai nustatyti pluosto banguotumo jtaka kompozitinio
laminato mechaninéms savybéms, sudaryti validuotus skaitinius modelius,
leidzianCius analizuoti pazeidimy formavimasi ir mechanine elgseng smiiginiy
apkrovy atveju.

Panaudojant rankinj-vakuuminj formavimo metoda buvo pagaminti penki
rinkiniai (5.1 pav.), bandiniy su pluosto banguotumu (5.1 lentel¢). Mechaninés
savybés nustatytos statinio lenkimo bandymu pagal EN ISO 14125:1998. Bandiniy
grupés pazymetos: T-1, T-2 neturin€ios banguotumo, T-3, T-4, T-7, T-8 turincCios
neplokstuminj (statmenai laminato pavir§iui) banguotuma, T-9 ir T-10 turinCios
banguotuma plokstumoje.

5.1 pav. a) Kompozitiniy plok§¢iy paruosimas rankinio-vakuuminio formavimo biidu. b)
lenkimo bandymo vaizdas, c¢) bandiniy lenkimui nuotrauka

5.1 lentelé. Kompozity laminaty tritaskiam lenkimui sandara

Bandinio Simbolis Sandara medZiaga Pluosto Derva
kodas orientacija
T-1 00000000 Stiklas Vienakryptis | Epoksidas
T-2 00000000 Stiklasir | Vienakryptis | Epoksidas
anglis
T-3/T-9 00000000 Stiklas Vienakryptis Epoksidas
T-4/T-10 00000000 Stiklas Vienakryptis | Epoksidas
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T-5

T-6

T-7

T-8

Stiklas
Anglis e

00000000 Stiklas Vienakryptis PMMA

’ o0® 00000 Stiklasir | Vienakryptis PMMA
anglis

00000000 Stiklas Vienakryptis PMMA

00000000 Stiklas Vienakryptis PMMA

5.2 lentelé. Kompozito bandiniy savybés skaitmeniniam modeliavimui. XT:
stiprumas tempiant (iSilgai pluosto); XC: stiprumas gniuzdant (iSilginis); Y'T:
stiprumas tempiant (skersinis); YC: stiprumas gniuzdant (skersinis); SL: stiprumas

Slyciai
Dervos tipas E: E. G V12 Xr Xc Yr S Y
[GPa | [GPa | [GPa [MP | [MP | [MP | [MP | [MP
] ] ] al aJ aJ a] a]
Epoksidas / 32,4 8,1 2,6 0.22 | 680 600 35 37 35
stiklas
Epoksidas / 63 40 9 0.16 | 709 473 34 146 199
anglis
PMMAV/stiklas | 23,16 | 2,1 2,62 | 0.38 | 325 246 16 42 128
PMMA/anglis 47 3 1,8 0.13 | 1300 | 882 15 40 120

Skaitiniu modeliavimu (5.2 pav.) banguotumas jvertintas pakitusiomis
mechaninémis savybémis, kurios buvo nustatytos statiniais bandymais ir kalibruotos
naudojant tritaskio lenkimo eksperimentinius rezultatus. Baigtiniy elementy modelio
matmenys, apkrovos, jtvirtinimai atitiko eksperimentines salygas. Apkrova mazguose
buvo nustatyta naudojant komanda ,,Boundary SPC SET*. PaZeidimas modeliuotas
naudojant Chang-Chang irimo kriterijy [64]. Atlikus parametring jautrumo analizg,
nustatyta, kad rezultatams didesnj poveikj turéjo tik pluoSto ir matricos irimo
deformacijos, t. y. atitinkamai DFAILT ir DFAILM.
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Loading nodes constraints:
Ux=1, Uy=1,Uz=0

Load Curve; %
Loading Speed —’u
3mm/min —g

Time 20 mm

Constrained

Mesh size Imm surface: Ux=0, Uy=

0, Uz=1
60 mm
4-node shell Glass
1 ts
elements for Carbon

fabrics

«

Constrained surface: Ux=1,
W Uy=1, Uz=1

5.2 pav. Baigtiniy elementy modelis tritaskio lenkimo bandymo simuliacijai

Rezultatai ir aptarimai

Tritaskio lenkimo bandymy jégos-poslinkio diagramos pateiktos 5.3 pav.
Kaip matyti, visuose tirtuose méginiuose tiek epoksidiniai, tick PMMA bandiniai
turéjo panaSius lenkimo atsakus. Bandiniy T-9 ir T-10 turiniy banguotuma
plokStumoje, Saknies bangos kampas yra atitinkamai ~15° ir ~35°. Jy stiprumas
lenkiant buvo didziausias i8 tirty.
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5.3 pav. Tritaskio lenkimo bandymy jégos-poslinkio diagramos a) bandiniai su epoksidine

derva, b) bandiniai su PMMA derva, ¢) bandiniai su banguotumu plok§tumoje ir epoksidine

derva, d) bandiniy su banguotumu plok$tumoje lenkimo modulio reik§més, €) bandiniai po
bandymo (banguotumas plokstumoje)

Stiprumas ir tamprumo modulis lenkiant buvo nustatyti pagal standarto EN
ISO 14125:1998 reikalavimus:

31
OF=5— 4)
L3 (AF

Er= 5 (52) ©)

¢ia F,L,b,d, ir 4s atitinkamai yra lenkimo jéga, atstumas tarp atramy, plotis, aukstis ir
ilinkis nuo apkrovos AF. Vidutiniai penkiy bandiniy rezultatai pateikti 5.4 pav. Esant
banguotumui statmenai pavir$iui, gaunamas stiprumo lenkiant sumazéjimas.
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5.4 pav. Tritaskio lenkimo bandymo suvidurkinti rezultatai a) lenkimo modulio kitimas, b)
stiprumo lenkiant kitimas

6. Eksperimentinis sluoksniuoty kompozity su banguotumu ploks$tumoje
atsparumo smiigiams tyrimas

Xy

1317 BPMMA

T8
| HI

Naudojant tas pacias gamybos salygas paruosti keturi bandiniy rinkiniai (6.1
lentel¢). Bandiniai keturiy sluoksniy, 1 mm storio. G-1 pagamintas i$ stiklo pluosto
audinio (2/2 ruoZelinio pynimo), kurio savitasis svoris 163 g/m? G-2, G-3 ir G-4
vienkryptis stiklo pluostas 200 g/m? Smiigio energija - 50 J, jos pakako, kad
kiekvienas bandinys buty pramustas.

6.1 lentelé. Pluosto struktiiros elementai

Bandinio | Medziaga Pluostas Sluoksniai Derva Pastabos
kodas
G-1 Stiklas Pintas [0/0/0/0] Epoksidas | Be banguotumo
G-2 Stiklas Vienakryptis | [0/90/90/0] | Epoksidas | Be banguotumo
G-3 Stiklas | Vienakryptis [0/0/0/0] | Epoksidas | Banguotumas
plokstumoje
G-4 Stiklas | Vienakryptis [0/0/0/0] | Epoksidas | Be banguotumo

Rezultatai ir aptarimai

Tipinés jégos poslinkio kreivés ir bandiniy po smiginio eksperimento
nuotraukos pateiktos 6.1 pav.
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Load, [kN]
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Load, [kN]

o B N W

(a) Woven GF 2/2 twill (G-1)

1 . 3 4 5
Dlspzlacement, [mm]

(b) UD GF [0/90] (G-2)

1 2 3 4 5
Displacement, [mm]

(e) UD GF [0], Low
waviness (G-3)

0 1 2 3 4 5 6 7 8
Displacement, [mm]




(9) UD GF [0], (G-4)

N

[N

Load, [kN]

o

012 3 456 7 8 910
Displacement, [mm]

6.1 pav. Smuginiy bandymy rezultatai apkrovos-poslinkio kreivés ir suirimo forma: a, b) G-1
stiklo audinys, c, d) G-2 vienakryptis stiklo pluostas [0/90]s , e, f) G-3 vienakryptis stiklo
pluostas su banguotumu plokstumoje [0]4,9, h) G-4 vienakryptis stiklo pluostas [0]4

Didziausia smiigio apkrova (F,q, = 2,8 kKN) pasiekiama esant stiklo audiniu
armuotam kompozito laminatui, 0 gautas rombo formos suirimas yra budingas audinio
struktiirai. Siuo atveju pagrindinis energijos i$sklaidymo 3altinis smiigio metu yra
elastiné deformacijos energija, kuri bandinj jlenkia iki 3,6 mm, véliau formuojasi
rombo formos pazeidimas. Visy bandiniy pazeidimy formos skyrési.

(a) Max Impact Load (b) Max Energy Absorption

7,0
4,0 6,0
= 3,0 =50
3 = 4,0
5 20 g 30
© 2,0
o w 4
= 10 1,0
0,0 0,0
G-1 G-2 G-3 G-4

G-1 G2 G3 G4

6.2 pav. Smiginiy bandymy charakteristikos a) maksimalios smiiginés jégos kitimas, b)
maksimalios sugertos energijos kitimas

Pseudo-plastiSkumo efektg vienkrypiam kompozitui galima suteikti panaudojant
plokstuminj banguotumg ir taip padidinant $lyties modulj plokStumoje [88] bei
pagerinant vienakrypéiy kompozity smiiginj atsparuma. Sis efektas buvo pastebétas
tritaskio lenkimo atveju atliekant ankstesnius bandymus ir pasitvirtino esant smiiginei
apkrovai, kurios metu tirtu atveju dominuoja lenkimo reiskiniai [61]. Lyginant
maksimalig smugio jéga, bandiniai su banguotumu plokstumoje (G-3) pasizyméjo 20
% didesne jéga nei tokie patys bandiniai su tiesiu pluostu (G-4), taciau smugio jéga
buvo mazesné nei bandiniy armuotu audiniu arba turinéiy 0 ir 90 laipsniy pluosto
kryptis (6.2 pav., a). O bandiniai su banguotumu plok$tumoje (G-3) sugéré
daugiausiai smuigio energijos palyginti su likusiomis trimis bandiniy grupémis. Dél
padidéjusiy Slyties parametry galima numatyti, kad, esant storesniam bandiniui,
smuginio atsparumo efektas biity dar didesnis.
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7. ISVADOS IR PASIULYMAI ATEITIEMS TYRIMAMS

Remiantis §io tyrimo pradzioje iSdéstytais 6-iais uzdaviniais, i§ penkiy

moksliniy tyrimy darby, susijusiy su §ia daktaro disertacija, santraukos galima
padaryti tokias i§vadas:
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Nanouzpildai naudojant funkcionalizuotus anglies nanovamzdelius (FCNT)
ir funkcionalizuotg grafena (FGA) leido sustiprinti sluoksniuota kompozita
»per storj“. FCNT padidino stiklu armuoty kompozity mechaninj ir smiiginj
stiprumg. Nustatyta, kad 0,35 % epoksidinés dervos masés atzvilgiu pakako
mechaniniam stiprumui padidinti 30 %, o smiiginiam stiprumui 31 %. Buvo
pastebéta, kad panaudojus FGA (geriausias masés procentas buvo nuo 0,2 iki
0,35 % masés), 18% padidéjo stiprumas, bet ir kartu labai padidéjo irimo
deformacija. DidZiausias nustatytas stiprumo padidéjimas buvo 23%, o
smiginis atsparumas padidéjo 70%. Taigi buvo pastebéta, kad nanouZzpildai
padidina tiek statinj stipruma tempiant, tieck smiiginj atsparuma.

Sluoksniuoty kompozity su epoksidine derva ir PMMA smiiginis atsparumas
panasus. Taliau pastebéta, kad kompozitai su PMMA aukstesnéje
temperattiroje pasizymi geresnémis savybémis dél dominuojancios elastinés-
plastinés deformacijos ir pastebimy mazesniy pazeidimy (esant vienodoms
salygoms PMMA laminatas nebuvo pramustas). Hibridinis efektas abiem
atvejais buvo pasiektas kambario temperatiiroje, ta¢iau buvo prarastas esant
aukstesnei temperatiirai.

Hibridinis poveikis buvo kiekybiSkai jvertintas vadinamuoju plastiskumo
indeksu. Buvo taikyti du Naamano ir Grace‘o plastiskumo indeksai, abu rodé
panaSias tendencijas. Pagal Grace‘s, hibridinés architektiiros kompozity
plastiSkumo indeksas kambario temperatiiroje buvo 66—70%, o kompozity be
hibridinés architektiiros plastiSkumo indeksas sieké 45%.

Lenkimo bandymais istirtas pluosto banguotumo ploks§tumoje ir per storj
poveikis. Pastebéta, kad banguotumas per storj turi neigiama poveikj
atsparumui lenkiant, o banguotumas plokStumoje pagerino stiprumo savybes.

Tiriant smiiginj atsakg nustatyta, kad vienakryp¢io stiklo pluosto kompozito
banguotumas plokStumoje suteikia geresnj smiiginj atsparumga, palyginti su
laminatais, armuotais tiesiu pluostu. Bandiniy, turinéiy banguotumag
plokstumoje, savybés buvo artimos kompozitams, armuotiems audiniu.

Buvo sudaryti ir eksperimentiskai validuoti skaitmeniniai modeliai,
leidziantys prognozuoti sluoksniuoto kompozito pazeidimo inicijavimg ir
plitimg statinés ir smiiginés apkrovos metu. Nustatyta pluosto banguotumo



jtaka sluoksnio mechaninéms savybéms leido pritaikyti tipiniy sluoksniuoty
kompozity modeliavimo metodikg prognozuojant banguotumo jtaka laminato
mechaninei elgsenai smiiginiy apkrovy metu. Pastebéta, kad matricos
savybes apraSantis irimo deformacijy parametras DFAILM turi svaria
teigiamg jtakg laminato lenkimo savybéms ir smiiginiam atsparumui. Tuo
pagrindu buvo pagaminti bandiniai su pluosto banguotumu plokStumoje ir
eksperimentiSkai jsitikinta, kad pluo§to banguotumas sukuria pseudo-
plastiSkumo efekta, pagerinantj sluoksniuoto kompozito smiiginj atsparuma.

Pasiollymai tolimesniems tyrimams

Siame darbe pritaikyti metodai suteiké bendrg vaizda apie nanouZpildy,
kompozity hibridazacijos ir pluo$to banguotumo jtakas laminato smiiginiam
atsparumui. Sukurti ir validuoti skaitiniai modeliai leido matyti kompozito
pluosto ir matricos savybiy jtaka laminato mechaniniam atsakui i lenkimo ir
smigines apkrovas, bet, ieSkant optimaliy sprendimy, kai kuriy parametry
poveikis turi buti istirtas detaliau:

1. Pluosto banguotumas plokstumoje smarkiai pagerino laminato
atsaka j statines lenkimo ir smiigines apkrovas. Tyrimy imtis
vertinant banguotumo didumo jtakg yra ribota, todél, siekiant gauti
optimalaus banguotumo parametrus, reikia iSplésti eksperimenty
skaiciy.

2. Eksperimentai gali biti trijy kryp¢iy — statinio lenkimo, nuovargio ir
smiginés apkrovos. ISsamiai iStyrus banguotumo poveikj, biity
galima gaminti smtigiams atsparius kompozitus panaudojant
paprastus technologinius sprendimus.
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[ — CarbonNanotshes (CHTs) is among the most manocfiller materiaks chat eould be wed for enhancing the:
Ligtewemgte composss g rries of fberglissepory lami T wediele Industries with less ODs emision (the key player In e
iy szl climate change). Bowever, usually the comaereialized CHTs are supplied in the shape of beavily entanghed rubes
Penclcosiised, cafli nanchels it beands i pandoen digpeersion af CNTs in che polymer maniy and decrease in their pesfiormance, especially at
Wﬂi — Endustrial scale. Within this frame, the chemical functionalization process was used [n the present research o

" avoid this problem and o modify the surfece propenties of CNTS &t the e Sme, thus Improving compat ity

and solubility of CHTs in epoxy solutions. Afwerwands, probe scoscator (pee-dispersion), eitrscnie pach (main
dispersion], mechanical miver (mined CHTs/Epoxy soluthons with herdener], and vacusmn nfilcrasion (o nemove:
il bbbl ) where: usesd oo Saperse: fune tomalized CHTS with diffierent concotrations in the rgpe 0.05-0.4 wiie)
in the epoxy-handenes solutons. Then, veruum-assisied resin cansier sechnique followed by curing process were:
ed 10 prepare 4 luyers-fiberglass /CNTs/epoxy panels. The mechanical and impact properties of the prepaned
jpanels were tested aceonding to ASTM 7025 and [50 6603-2 stndarnds, respectively. Also, theemal bebavioe of
thiee paneds wis Investigated wsing o imastric (TG-DTGL. Finally, the. pesformancs bn tems
of greeshouse gas emission (GHGE) was evalmared sceneding o [B0-14040 standard, tking the ressltng
strength and changes In densicy into account. The results showed that 035 wrke of PCNTs were enough o
Empreve: the sirength of panels by ~-60%, compared © pure sample Which meses thar weight struciure of ve-
hicles can decresse by 23%. Alsn, fuel cormumprion and GHGE can decrease significantly by 16% and --236%,

sespectively. In additon, thermal sability and enengy impact ab arthe same of CHTs were:

impreved by 5% and 31%, respectively.
1. Introduetion ). This can greatly to friendly issues
and hedp to sdopt the suggested [4,5). FRCisa =
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Hecently, various governmenits and decision makers have taken
several serious actions in crder to face challenges of climate change. Cne

plastic
reinforeed with fibers and currently wsed widely in many distinct engi-
meering fields (from housshold to ssrospace: industries) alternatively o

ufﬂ::l:ld:llnud.mlrplﬁmg 5 and o
decreass amount of fiuel i hicles, where more
ﬂnm'lSMnfmzmnpudﬂl ﬁmﬁﬂmﬁnﬂslncﬂm
transportation sector [1-31. i fiber
mmm]mmﬂzmmm
that can be employed to achieve this strategy, where vehicle mass
reduced by 100 kg saves about 0.7 | fuel for each 100 km (directy amd

Faculry of Mechanies] Enginsest

metal and metal-based alloys, including acrospace,
Bnn'tmr:hm, ‘tramsportation, automotive, sports whlites, ete. [5,7].
Fiberglass/epoxy laminates are mainly composed of fiber layers (made
from glass, carbon, etc. ) assembled together using epocy resin to provide:
the obtnined pancls better design Bc:ﬂllﬂ:p mechanical properties,
good chemical | nee and i Amang FRC ma-
terials, glass fiber (GFRF) of di
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types (plain, twill, satin) are used frequently because of their good
stiffness to density ratio, mechanical, ﬂﬂ'ﬂlmpﬂpﬂbﬂ fie
tigue, impact, dh limit, casy
manufscharing, etc, when to mate.
rials [4,5]. Therefore, the researchers hastened to study their

mcluding mechanical, thermal, acoustic, fatigue, Enpact, ebe. [10-16).
hldilﬂm.nmynnddsmdﬂdnpﬂdmml.:ﬂ:drhﬂ.c-ﬂ
fracture modes wsing different types of and incorporating

these types of waste contain a lot of Bromine, what can cause several
problems related to health and esvironment. Within this frame, Yousef
et al (2017, 2018) developed & new approach to recover all fiberglass
solvents [15-21]. Also, mechanical and thermal characierizations of the
recovered fiberglass layers were investigated and the results showed
that due to polymer degradation, strength of the recovered fiberglass
was smaller by —40% [22,2:5]. hﬂiumﬁw.ﬂmﬁlﬂy

recycling demand for fiberglass/spoxy lami-
Ine:hnbeel'nmu'mgr

apédly.
In order to meet this huge demand, laminated hybrid compaosites
have been imtroduced. They are composed of a multi-phase material

eomprisad of polymer matrix and filler, thus

mmmmmmm« 261 I
the there are some: when several have
been used for this purpose (like Carbon nanotubes (CNTs), Boron
mitride, alumina, Tilk, Aly0;, Grapheme, etr) [27-32). Among these
mamefillers, CNTs with high aspect ratio provide high mechamical
sirength up to 42%, dally ab lower in the range

00504 wi%h of fibre composite matrix, whereas at high concentra-
mmmnwmmhmmm

Polymer g B5 (0000 106480

Imglhmrpﬁuhﬂduhgm multi-quartz (Fig. (141} [47].
Fig. (18] shows the high electron

(TEM) photo of the synthesized CNTs at 650 “C coataminated with
amorphous impuritizs at the ends (indicated by arange circles). In order
o remove thess the synthesized CHTs were axidized by
refluxing at 130 °C in an acid mixture (Sulfuric acid: Nitric acid = 3:1)
for 30 min and thes diluted with water and filtered. The filtered samples
were washad by distillad water amd dried in an oven at 50 °C for over.
might, thus obiaining the functionalized CNTs (FCNTs) as shown in
Fig. (1C) [4£]. Epoxy resin and its hardener (EPIEOTE Resin MGST
RIME 135 and EFIKURE Curing Agent MGS® RIMH 1365) wers pur-
chased from Momentive. Glass fabric Panda™ (Weave: Trwill 2/2 type
and weight: 163 g/m®) and supplied by F&G Faserverbundwerkstnde
GmbH, Waldenbuch, Germany. All cther chemicals used in this wark
woere parchased from Sigma-Aldrich.

22 Design of the experiments

The experiments were started by preparing fiberglass/epoxy lami.
mate nanocomposite panels with different comcentrations of PCNTs in
the scope .05 to 0.4 with and each sample had a code (based on the
concentrations of FCNTs), as illustrated in Table |- Then mechanieal,
impact, and thermal bebaviors of the fabricated nanocomposite panels
were analyzed, 25 shown in Fig. (21 Finally, 2 model was developsd to
simulate and evahmte the GHG from the pamels so
that they could be used in the firture desingning plans of the vehicles,
struchare. All thiese steps, including optinrum conditions of each process,
are explained in detail in the following sections.

227, Preparation af FCNTS/ epaxy/ hardener sobstions:
In arder o disperse specified amount of FCNTs with usiform distri.

buticn in epaxy resin, initially, the required quantity of FCNTs was pre-

enusing a slight d of prop [33-34]. Alsa,
CNTs are mare cost-efective, compared to [4]. H , the
mdﬂndm.!mﬂlrswﬂednlmufvmﬁ-
ameters and of ibes that are
with metallic and amorphous impurities i the form of hesvily entangled
mmmmnﬂmmhhmﬂdm
at ial scale [40]. surface func-
ticmalization process (using different. ke

aliphatic ether, ete.) was developad for this purpose and the results
revealsd greater adhesion of the =poxy compesite to the functionalized

CMTs berause of covalent banding [41-44]. Basad on these results, CNTs
wwere used as nanofiller in the present study after having been modified

-hgﬂlwhﬁupm
With regard to prepaati brybarid ite pansls,
mmmmmmﬂﬁmnmmm
puasthy o strimg ar of some of

ﬂtmhpmhﬂepumunfmmlm(r_g Ethonal, Dime-
thyiformamide, etc.) to decrease viscosity of epoxy, thes improving
dispersion, followed by mixing of prepared solution with handener

ugh the resules in pr af solvent were prom.
mhmﬁﬂmsmﬂbmmlﬂsuﬂﬂym

nedhpmﬁme
(GHGE) based on the obtained strength and panel density in order touse
the developed panels in vehicle industries.

2. Experimental

27, Material ond chemicals

CMTs with an average dismeter of 30 nm and a few micrometers in

in 48 g of epoxy resin solution (70 wi% of the total matrix
weight) using a Probe sonicator at 50 He for 30 min to overcome high
wiscosity of epoxy resin, folowed by preparation of the pre-dispersed
FCNTs/Bpoxy solutions (withowt any additional chemicals or sol-
wents). It is worth mentioning that the pre-dispersion process was per-
formed at 30°C and the e was using
semsor. After that, the pre-dispersed FONTs/Epoxy solutions were
treated again by ultrasonicaon at 50 C for 2 b to prepare

solutions [45]. Finally, the prepared salutions were mived
with —16 g of hardener solution (30 wris of the total matrix weight)
wsing a mechanical mixer for 30 mints., then maintaining them in vac-
wum infiliration at ~ 100 bar for 15 mints. to remove any cavities and
eptrapped air bubbles from the mixture, and thes preparing fmal
FCNTs,/Epoxy,/Hardener (PCEH) solutions [17-39].

222 Preparation of fiberplass/ FCNTS epaxy pamels
Four Glass fabric Panda™ sheets with avernge weight of 94 g and
mominal size of 270 mm « 320 mm wene cut from the supplisd fabric
roller for each batch. Wacuum assisted resin transfer method was
i prepare fibergless, FONTs/epoxy laminate nanocomposite
panels with four layers of fabric with thickness of 1 = .05 mm
(depending on the concentration of FCNTs in the prepared FCEH sals.
tioms). Also, one neat fiberglass/epoxy laminate panel was prepared for
i, the panels were post-cured using infra-red lamp at
!}°C&r8hﬂmnpoﬂilnﬂnmmmhﬂnmd
B0-100 *C for &hr. for or hardening of the pr pandls
hmﬂnﬂqdpdjmuduhs-dfulduudqdmh;m
the structure of pamels. In order to get the aforementionsd optimum
eonditions, three panels with different concentrations of FCNTs (PGCED
“Meat”, FGCE] “Tow concentration”, and PGCED “low concentration™)
were prepared as initial experiments at different conditions, in partic-
ular o) withaout vacoem nfiltration of FCEH solutions, b) without vac.
wuming of the qummd&mm
ecuring at 50 °C for & h After that,
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Table 1
-paxy laminate paned codes.
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" -'_ 0HZ 30 min q - -
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-
-
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o
F

. . o = >
Fabricaton of Fibarglass/FONTS Epoxy Panels Weav e, Towill 22

Removingair  peNTwEpoxy
bubbles *solutons

pergla;

‘epoxy laminate

to examine the panel surface after each preparation and treatment
pr y the effect of prep P phology and
features of the obtained panels and to select the optimal conditions.
Fig. (3A-1)) shows microscope images of the obtained neat panel Itis
clear that the panel without vacuum infiltration of FCEH solution con-
tains a lot of cavities (pockets), where big-size fiber became
bare (Fig. (3A)). By vacouming the FCEH solution, the size of these
pockets decreased gradually (Fig. (23)), then started to disappear after
UV post-curing (Fig. (3)) and main curing process at 50 °C for 6hr.
(Fig. (30)). However, it was noted that after the main curing process, the
panel still contained a very small amount of exploded air bubbles (white
circles), what can cause stress concentration in these regions and affect
egatively final properties of the obtained panels. Therefare, based an
umuuwmmwmmw-m

paneds — and ‘
#C for 6 h and then dried for 24 h to obtain the final treated panels.
With regard to FGCE] panel (Fig. (31.F)) and FGCES (Fig. (2G,10)
panel, it was noted that the samples had almost the same features as the
neat panel (pockets and bare fiber) after post-curing and main curing
process. In addition, some epaxy infusion particles remained on the
surface because of chemical modification of epoxy, what leads to in-
crease in its These p can be by i siny
the curing temperature up 100°C to obtain a smooth surface containing
some FONTs agglomerations (orange circles). Based on these initial re-
sults, the main curing process was at 80 °C for FGCED and
lN’Cth—*nﬂlﬂs (4A) shows the panels at the
Finally, tic cutter was used to trim the
panel edges and to cut the mechanical (25 mm x 270 mm) and impact
(80 mm x 80 mm) samples according to ASTM D7025 and ISO 6603-2
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Fig. 3. Microscope photos of the obtained paneds at different and

standards, as shown in Fig. (481

223 mﬂmm

The in terms of Gas emis-
sion (GHGE) factor of the fabricated fiberglass/FCNTs/epoxy laminated
nanocomposites was evaluated in order to study their potential appli-
cations in the vehicle industries. GHGE factor was calculated based on
mwwwmaimmmm»m
14040 dard [50]. This that each material has
g Q0 values (rep in the li that can be
ﬁpﬁmﬂylﬂr«hdﬂgdﬂdﬂumumy[ 1,52]. In the

d before, reduction of a vehicle mass by

Imlgmmo.ﬂﬁndkte-chlooh(dhecﬂymmﬂ,
leading to decreased O, emissions by 1800 kgCO2-eq/tom [59]. In
order to simulate that and to calculate this reduction in mass after
adding FCNTs, a new model was developed. The GHGE model was
started by establishing a relationship between the resultant strength and
the final mass or density of the obtained panels. The relationship was
formulated based on theories of failures, particularly the maximum
principal stress theory (safe design against the brittle failure mode
WMWMDWWMIM
trated in Egs. (1)(3) [54], while the optimum cross-section area of
panels was calculated based on mass and length of panels, and the
measured density using Eqn. (4).

Oz & Ouz [4)]

ouk.
4T x & @

._-i“f‘; @
m
A~ i~ @

WheTe Oreax., Oait, Cuit, SF, Fnge, A, m, p, and L are the maximum applied
stress (MPa), allowable strength (MPa), ultimate strength (MPa), Factor
of safety, maximum applied axial load, cross-section area of Fiberglass/
wunwmmum@.mw
density (g/mm”), length of the panels (mm), respectively. It is worth
mentioning that density of the panels was measured using Archimedes”
principle in ethanol media.

The maximum applied stress can be calculated based on mass and
density by combining Eq. () and Eq. (4) as written in Eqn (5. Based on
that, the mass can be expressed as shown in Eq. (6) and (V1L

Fmx. x px L

e R =)

m 2 x SF

'mxpxl._(aun.(n])) Lol

oult (CNTs/FG )) ©

2 x SF x Fam. x px L
- . ”
Since the obtained panels are supposed to wock at the same condi-
tions, in particularly, Fmax., SF, and length, it was assumed that all these
parameters can be merged in Eqn (4). as a constant (C), and in this case,
mass can be formulated as shown in Egn (9.

biupitel sal

and Impact standard samples.
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C= 2 x SF xL xFmax. (®)

Cp(neat panel or namocomposite panel)
oult (nest pamel or nmnocomposite pamel)
Finally, mass reduction (mg), fodl reduction (Fp), and GHG emission
factor was calculated based on the obtained mass using Egs. (10)-(12),
respectively [5,59].
m{ manocomposite panel) ~ m{neat panel)
m(next panel)

©

my - o)

mR =07

L ]

an

PR (%) = 1800 (kg00?2 ~ eq/ton)

100 x 1149 (1 tom ofl to liter) a2

00, e wtasin =

o EANFrn

Polymer Testing 85 (200 106480

3. Characterizations

Scanning Electron Microscope (SEM) was used to check dispersion
and of the obtained rglass/FCNTs/epoxy lami
panels. Mechanical tensile properties of the pands (five specimens from
each batch) were measured by a Lloyd Universal Testing Machine
(modd LR10K) connected to high-resolution camera. The tests were
performed on five specimens from each batch, then taking the average of
these measurements. Thermal stability of the panels was determined by
Th Th Tmetri (TGA-
DTG), TA instruments TGA Q500 being in the following conditions, N,
flow rate 10 °C/min. The impact test was performed using Coesfeld
Magnus 1000 High-speed drop tower with cylindrical steel impactor
with 20 mm in diameter and hemispherical end with a mass of 5.129 kg.
The low-velocity impact resp of the fiberglass was
received in accordance to ISO 6603-2 and the impact experiment was
investigated at constant impact energy (50J) and room temperature.

Fig. 5. A-D) OpGeal Micrascope images and M — P) SEM micsograph of the fracture surfaces of fibeeglass.

s
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4. Results and discussions

This section is formsed on the investigation of morphology, me
mmﬂwwﬂmmmm

panels at the opt

Polymer Tasting B5 (0 106480
4.2 Meachanical properties of the obtmined pomels

The stress-strain cmrves, mochanical and density data of the pro-
duced panels are presented in Fig. (6) amd Table 2. The stress-strain
curves ifest that sirain doesn’t affect significantly mixture with

PCEH solutions at Jﬂlﬂl'b-iuiiniﬂl.llﬁnslpnmilstm°c
for & h, and main curing at 80 “C for 6 b (for FGCRO sample) and 104 °C
for PGCED to FGCES samples.

4.1, Dispersion and mevphology of the btmined parels

In order to check the surfnce morphalogy of the obtained pansls at
the optimum prepartion conditions, three samples were selected for
ohservation: FGCED (pristine panel), PGCET (optimum concentration of
FCNTs-based an the obtained results in the next sactions), and PGCES
(higher fan af FCNTs)L the selected samples were
cleaned in ethancl emulation using wltrasound o remove any contam-
imated elements on the surfaces, and then the examination process was
started wsing the color optical micrascope. Fig. (540 shows the surface
morphalogy of FGCEO, FGCET, and FGCES panels at 50«0 pm. As shown
im optical images, the surface of FGCED sampleis wery dean, without amy
eavents or bubbles. The same features were noted during observation of
PGCE? and FGCER samples and the surface became smoother due fo
surface modification by mixing with modified CNTs [55], which means
that the selected preparation and cooling comditions were suitable tn
achieve the goal. However, at the highest comcentration of PGCER
sample, litthe bilack particles (indicated in white circles) appeared due to
PCNTs agglomeration. SEM examination was ased to check morphology
and dispersion of FONTs in the surface of FGCE? (optimum coacentra-
tion of PCNTs) sample at 30 pm, 10 pm, 3 pm. As shown in SEM photos,
the surface comtaminated by several FCNTs/=poxy debris (of different

FCNTSs, becanse glass fiber composites are classified as a brittle material,
whereas tensile strength and dasticity moduls of the panel were
imcreased by —7% and &% (compared with neat sample), respectively,
after adding (.05 wi% of FONTs to epoxy matrix. By increasing the
concentration of FONTs up to 0.35 wi%, the sirength incrsased gradually
mmmzmmmmmmmm
sample). Similar = by 31% and the
pm:kbeunzmrhﬂwlﬂlhnﬂmﬂ:m it decreased again
ﬂnammemwmmdﬂqurm
with epoxy s of epoxy chains
Ihmgﬂ:emhms_pqurlﬂm-dmhdhmmmhm
be explained by good miscibility and higher interaction betwesn FCNTs
manofiller and panel composite [55]. These features can be improved
after the functionalization process which leads to befber cross-linked
nanocomposites [42].

This means that preparation processes succesded to disperse FONTs

L in the panels, in FGCET sample [60]).
Above this concentration (0L35 wiit), the strength and elastic modulus
decrensed drastically dwe to PCNTs agglomeration. Finally, density
doesn"t changes signifi cantly by adding PCNTs due to adding a very small
amount compared to the total weight of the prepared matrix up to 0.4 wt
% Also, this indicated that all panels were prepared mnder the same
eonditions without any vaoids or imternal defects betwesn laminates,
which can affect the composite performance. In addition, these results
are promising comparsd to the resalts available in the liberatare: it was
rq)m'hdﬂnll}?!—'l 2 wrih of CNTs show higher tensile strength with
b2 [20, 09 60 Therefore, the amount of used row ms.

Hﬁmmmﬂwﬁﬂhmmm’h

shapes and sizes) was formed during: and cutting
in SEM sample (Fig. (507). At the lower scale, the amount and size of
PCNTS, debris and the featares of FCNTs reduced.

started tn appear in the form of very fine particles distributed uniformby
imside the panel with sirong crosslinking. The surfaces became a litebit
rough (Fig. Fi) Als, SEM was used to examine morphology of
eross-section after coating by the gold Loyer. As shown in Fig. (50, the
mmdmmﬁmmmﬁmﬂyiﬂ
wertical direction and ghed by epory resin was obtainsd. Also, the fabric
eompased of two types of yarms (weft and warp) interlsced at & certin
angle was receictved, as shown in (Fig (GHL0L

With regard to fracture type, in generl epoxy is classified as a brittle
mummmmmm-ﬂmmm
characteristic becomes even more evident afer epoxy with
FCNTs bacause of chemical modification of their molerules [56]. Under
the applied load, the fracture occwrred in the epoxy by breaking their
wan der waals bonds in the form of cracks, then it started to spread inside
the matrix (that propagated further along epoxy) followed by separating
epanry in form of debris (Aack or large particles) in case of pure epaxy, as
shown in Fig. (/). By adding FCNTs and reaching the optimum amount
(FGCET), the fracture surface became more brittle with debris in the
form of fine particles, which means that the prepared panels became

harder Fig. (5K, At high concentration of FCNTs (FGCET), the panels
berame more brittle with numerous PCHTs agglomerations (orange
cirches) (Fig. (EL)L With regard to fiberglass bundle breakage, it is

kmown that epoxy is bonding with bundles through two types of bonds;
chemical and mechamical bomds and these bonds increases by adding
FCNTs due to their higher ratio of surface ares to volume that leads o
rapid and stromg imtersction betwesn CNTs and =poxy molsoular, thus
improving their chemical and physical behaviors [57,54]. Under the
applied load in neat sample, bundles were pulled out becawse of weaker
bonding between fiber and =poxy Fig. (51), while after having mixed
themn with FONTSs, the bonding became stronger, what bed to fracture in
fibers and epoxy at the ssme time and the same plan as shown in
Fig. (5K, LL

4.3 Impuct properties of e obdnined panels

Fig. (74, ) shows the damages that occurred in the panels by the end
of the impact tests on the front and back sides of the tested samples,
respectively. Also, the images show the overall damage aress inclading
glassfiber bumdles breakages, matrix cracks and delaminations for all the
p-::k.lu:hnmi:ﬂthwmdduemhighl"ﬁnﬂﬂﬂsjmﬁz

in all the with the
q:pmﬂmltdy similar damage shapes. The resulting damages are
charsrterized by thres main festures: Rhombus shape, two diamonds,
and damage tip point. These festures and geometry represent the pro-
Jection of semi-spherical impactor on the tested samples after failure,
where rhombas shape represents the damage limitations [damage
romes) and the failure point resulted from the intersection of two di-
amonds and represent the end of failure. Presence of these fentures
confirms that the preparation, testing, and failure were happening based
on the standard conditions [£2]. Althowgh the front and back sides had
Ehe same features, bat usually the front view of the matrix is sxpossd o
high Son boad creating for failure, while the oppasite
side s exposad to high tensile stress what causes o tension Failure on the
cither side at the same time [£3]. Also, it was noted that the projected
failure ar=as seem to be close to each other (especially delamination
areas oeeurring at interfaces of the sdges). In addition, the size of these
areas derreases slowly by incressing the amount of FCNTs as a result of
Emprowing the elasticity modules of the panels.

Fig. (4) shows the impact response in terms of impact load and
Empact energy versus displacement in the projection of damage areas. As
seen in the load-displacement curves (Fiz. (44)), all samples have
similar features with two sharp peales at 375 mm and 3.94 mm. The first
peak correspands to maximum impact load and this location refers tn
maximam impact energy too, while the second peak i refared o
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Fig. 6. Stress-Strain curves of the peepared panels.
Toble fracture impact load and fracture impact energy. Since
2.1:4 1 data of fibersk d mﬂyh&hgﬁrmmlndbdmful-epmﬁmmbehd’:
L4 —— safe zone), therefore, the impact analysis was focused on these param-
senpe Dexity (kg Tendlemodulus  Stem stbreak  Strain st eters (maximum impact load and energy), as shown in Fig. (84 1) Itis
R o o Sowk 00 clear from these curves that the maximum impact load and were
racEo 162037 + N2+ 5 Wi4s 38 202+ 006 increased by adding FCNT's up to 0.35% by —31% (from 2.13 KN to 2.80
roce) :x'n: a3 £ 78 WSIILAB 213+ 007 XX} fad 20 0 .66 W 11-700): Thes to agglom-
pposy mmuwmmMsofMpmmnﬂum
rocE2 162138 + 738 + 62 WIATE 44 209+ 008 means that by enhancing FONTs to rglass/epoxy panels,
0.008 ddnnpmﬁmmvmﬂ&whlewmbe
roces 162148 + 754 134 ne3+3a 213+ 008 tween epoxy molecular and bundles of fiber, leading to delay in crack
o.008
roces 1623.8) + 762+ 42 ZOT4L 34 286+ 004 p‘wnalndlbmﬂ:da:fmewulﬂmm
0.004 ¥ to the results in the fu
roces 162308 + FouSs + 38 s+ 254+ 0.04 Mlmkw-nwmmnmﬂxmwd
et glass/epoxy p with a proving result,
rocee 162438 + B3 32 4B £23 2254 003 d to the results in B [64-64].
0.002
ooy s + uras + 28 MWa2t 2] 2421 003
0.00 G A
roces 128 + 8294 + 37 MOSTE24 2171003 44 gas analy
0.003
Fig. x"wmmcﬂatdm:wdlem‘ fusel consumption, and
h of the ob panels based on the improved

resultant strength and density. It seems that the specified parameters

Fig. 7. Photographs of lmspacted panels co front and back views.
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Fig. 8. A) Impact load versus displacement, and B) impact energy versus displacement of the: obiained panels.

wese affected graduslly by CNTs addition, where the mass by

—7% (comparsd with virgin panel) by adding CNTs ar lower conces.
traticn. (005 wris), lmding to decrease in fioel consumption and CO5
emission by 4.9% and 7.7%, vely. These impr in the
specified terms were i ing the amount of
CHTs in the obtained matrix until 035 wid of CHTs. At this concen.
mﬁmhmmh—zmimmdw}thrh‘pl
pamel]l, which caused signific by
1&1ﬁﬂ2mm¢_mmwmm®h
04 with, the analyzed terms decreased by —3%, 2%, and 3.2%,
respectively. This was due to agglomeration of CNTs, which led to
decrease in pansl strength. This required to increase the cross-section of
the paniel during the design process to be able to withstand the applied
load, thus imcressing the mass, fuel fan, and carbon emissi

00z emission by ~ 9581 kg O02-eq/t and to decrease energy
eomssumption by 16.1%, as shown in Fig (98

4.5, Thermal properties of recoverad epaxy resin

Fig. (10) shows the results of TGA-DTG anabysis for the obenined
panels. As Hlustrabed in the TGA analysis curves (Fig.(10A]1), all pands
exhibit similar thermal degradation features distributed in successive
thres regions. The first degradation zone is located in the range of 50 °C.
316 *C with a very small weight fraction loss —2 4% due to svaporation
of water and some organic compoments in the decomposed =poxy and
hardemer. After that, a significant weight loss [—40%) is manifested i
the temperature range of 317 “C-467 “C and maximum derompesition

reduction of the cbinined panels. Based on these values and enviros-
mental per of the panels, ication of present
technalogy on an industrial scale in structure of cars gives a possibility to

=

=m=Carhi mrissioe reluctice

J\

== Tl LimsunipLnr. Taduc

== sy redunlon

5 (R

Mass; Nuel congunipiing, aned
earhon cndsalon reduefon (%

RO U TN R B
FUNLa eoncewlalious

frontEoad

Fineralna TN TwEpuay
sty

Fig- 9. A) Effiect of PONTs o the mass, fuel, and 00y reduction of the cbtained
pandds, snd B) OO, emission from nesr Sbergliss and nencoomposite pands.

e at 430 *C due to the complete compasition of epony amd
their compound, especially Bromine [69]. Also, it was noted that the
manccomposite panels had a higher thermal stability in terms of less
weight loss (64% for neat and 60% for with reduction —4%6), while the
Last decompasition zone showed significant decomposition (42-46%)
and this fraction represented the fberglass that nesds a very high tem.
perature: for decomposition [70]. Also, it was not possible to determine
the amount of FCNTs because of smaller mixing amount (0,35 wit%).
Based on these results, only —62 wt' of the total weight of the obtained

In the present reszarch, the fan ‘carhen
(FCNTs) were used to improve the mechanical, thermal, and impact
properties of fiberglass/epoxy laminates by &0, 5, and 31%, respec-
tively. PCNTs were dispersed in spoxy and
path, i

wsing probe mixer, and vacuum
infiltration. Then, they were sssembled with fiberglass layers using
sisted resin transfer by pr of final pands

after exposure to curing process. Also, an esvironmental model was
P = rGHGE:i:mlummd,
Eheir i lications in vehicle o thie el

wmmmﬂwm&wm
nated panels in vehicle applications, fuel consumption and GHGE can
decrease significantly by 16% and —26%, respectively as a result of a
significant reduction of the obiained panels by Z3%. Based on thess

results, fiberglass/epoxy nanccomposites could be classified as an sco-
friendly material with high potential for application in wehicle in-
dustries with less fiuel consumption amd GHGE
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Fig. 10. TOA-DTG amalysis of the prepared panes.
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Keywards: This research alms 1o develop seperhpdroghilic fibergl (FGEC] | weith high
Aberglam, oy meerhanical, thermal, and impast peopemies. Tn onder 1o achieve this goal, funerionalized graphens (FOA) wis
tenctonalized mapme mned a3 @ nanofiller matersal i impeove the merhanical, bwpact, and thermal behaviors of POEC, while the
aies trssciast plasms trearment hedped oo form the emidised poler functional groeps (090 groups and C-0 groeps) on te
Em'-'! &l " labeicated POEC laminaces, thus modifying their hydrophilie behavicr, The experiments were sarted with

mﬁmﬂnﬂm]mmwmﬁlwlm}uﬁwmhmﬂmhoﬂn
faldlowad by of PGEC | using varwes-aesiaad resin trasader and curing

wmmmuuwmmmmwnph-mnunum
for different eatment dmes in the range 5-30 min. Mechanical and impact properties of the unoeaied and
reabed laminates were investigaed accceding o ASTM-DPO25 and 180 66032 sandards, respectively. Also,
thermal behavior of te was using a analysis, while a high resclution
camers wis used 10 recond and calrulate & oot anghe of the untreatsd and trested laminates. SEM and Optical
Miernsenpe Wi usid w0 observe di of PGA, it mseh and supface ¥
of the fabricated POEC matrix. Meanwhile, XFS was wsed 1o evaluaie changes in the surface struciures of te
wmireated and treated samples The reselis showed thar 0.35 wits of PGA and 15-min exposure to plasma
rentment Wepe ancigh o mprove tensile strength and impact energy of the luminats by 18% and 0%,
respartivedy, and to dervesse the warer contect angle from 67° oo 14

1. Iniroduction laminates are composed of fiberglass layers and epoxy resin modified by

different types of nancfiller materials (=g, Carbon nanchubes, i, Gra-

120

Currently, fiberglass,/epoxy resin laminstes have been used incress.
ingly in af: e af the. applied for work in
eritheal i marine, p e, This means that
majority of these components, including laminates, are subject to harsh
and versatile loading conditions in the course of their use in the specified

phene, ete ) to enhanee the bonding and sdbesive behimvior [4-5]. The
recent studies have proved that PGERC laminates have many promising
advantages that make them suitable for such enviroaments, induding
comrosion resistance [9,10]. Also, thess studies showed that Graphene

mhmmﬂﬂmml@mﬁwlm(q, {GA) has better to other panofillers due to high

impasct, hyd i hﬂl!l:l et Alsa, these be- surface-aren-to-vodume ratio of GA [11,12]. In the literature | the studies
hanviors should be i E yorasa af two or ﬂhmhﬂmmmd&mw“
mone ing om operating conditions) [1-2]. In order (GPGR) have l paths within the following
o meet these regui of high fiberglass,mpoay resin frames: mechanical performanes, impact, friction and wear behmviar,
Bl o (FGEC) i ‘were i Generally, PGERC thermal properties, factare and failure modes, electromagnetic
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Fig. 1. FGEC =

properties, and adv d applications [1-19].
With regard to the mechanical performance of FGERC, they cover a
ide " diffe 2

and plasma

properties and increases the water contact angle from 70° to 10&° [41,
42]. In order to improve the surface morphology of the fiber/epoxy
i treatment

shear strength, backling behavior, impact energies, flexural strength,
and toughness. All these behaviors were studied at different concen-
trations of GA in the range 0.05-30 wt% (relative to epoxy and full
matrix) and different testing conditions [20-24]. The results showed
that GA with lower concentrations («< 0.5 wt%) has a significant effect on

chanical in general by & its strength, flexural
strength, shear strength, absorbed energy by 10%, 29%, 36%, 24%,
respectively. On the second path, the researchers were focused on the
study of fracture and failure modes for most of the previous listed topics.
The majority of failure modes occurred as a result of brittle fracture
increased by 70% and 206% in mode | and mode Il of &

uad.am!)nni-pl—npwmnl-nﬁne
to repair sfully and to reduce the water

m-ﬂc}m&c/wmﬁm7l"hw[14
Based oa the opti d in the 1 in the pre-
mmmwmm)“nda.mm
for enhancing mechanical, thermal, and impact properties of FGEC
hmhhmdme-lm-&-.m
hydrophobic prop ‘dﬂz"' d panels were improved using
plasma 3 effect an the aforementioned
mmmqwcmumwmm
mdwdmmumﬂkwh

fracture energies, respectively [14,25-27]. Meanwhile, the third path
was focused on investigation of thermal properties of the FGEC lami-
md&mmum‘:hmﬂkﬂt—ﬁp
panels [20,2¢]. The other path was focused on electromagnetic prop-

mmmdmidud-ﬂmty-dmﬂedm tial

of ground water, anti-corrosion, and for other
water applications.

2. Experimental

21 and ch: s

application in the adv d =l loding Energy, sensors,
wvibeation, ete. [19,29 111,

As it is evident from the previous section, adding of GA to FGERC
laminates resulted in the improvement of many behaviors and these
results were a strong motivation for researchers to try to improve these
behaviors mare by coatrolling properties of GA itself. With this regard,
the effect of GA particle size on mechanical, interlaminar shear property
dewMMMMMMMM

Oh et h Jes of bigger
lu(»-,J.!].Abo,thee&uo{:wﬁeemMa(GAupafw
mance of FGERC | was igated. The results led that

MMNMAWMNGAM
modification and removal of ies of the GA partich

Epoxy resin and its hardener (EPIKOTE Resin MGS® RIMR 136 and
EPIKURE Curing Agent MGSD RIMH 1366) were purchased from
Momentive. Glass fabric Panda™ (Weave: Twill 2/2 type and weight:
163 g/m?) was supplied by R&G Faserverbundwerkstoffe GmbH, Wal-
denbuch, All other ls used in this work were pur-
chased from Sigma-Aldrich.

22 Design of the research experiments

mmaummuu’dmﬁuwu
main concept of fiberglass/epoxy lami panel p ch

which leads to reduced agglomeration of GA and greater adhesion with
epoxy composite when covalent bonding is used [34 J0].
Also, preparation of GA/epoxy solutions and FGERC lami is

gies bined with other adv i haologies used to
immﬁ:dbuﬂmmudmlﬁmmb-g shows the
wmauuwdhmnwm-ﬂ

coasidered to be one more challenge. It is known that high viscosity of
epaxy resin impedes dispersion of GA in epoxy uniformly; therefare,
Marra et al. (2018) used acetone as a green solvent to decrease viscosity
of epoxy, thus obtaining better dispersion [77]. it was noted
that the addition of GA i hmess of PGERC lamis

significantly [38.40), which affects negatively their hydrophobie

lizati of GA, Il) dispersion of FGA in epoxy /hard
mm)mdmofﬁbawepmylﬂmmm
p&ndmﬂmmdﬁemmm
impact, and thermal properties
of the treated panels were observed and tested based on the standard
methods. All these phases are explained in detail in the following
sections.
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Fig 2. A) Images of the fabrscated FGEC laminates, and B,C) Photos of the mechanical and impact standard specimens, respectively.

2.2.]. Production and fimctionalization of graphene

Graphene used in the present study was synthesized using multiroll
milling device and low-temperature expandable graphite as a raw ma-
terial (Fig. 11) [11]. The synthesized process was ducted at 500 rpm
for 45 min to produce as-prepared GA with an average thickness of 15
nm and 15 pm in length. Afterwards, the prepared GA was exposed to
chemical functionalization process at 120 °C in an acid mixture (H2S04:
HNOS - 31)fw:l)lﬂnmmthednﬁmdp¢odsndm
rities from the as-prep GA and to reduce the aggl between
their layers [34 x],th-ohnhh;dulnmn-lndm\m-
shown in high- (TEM)
image (Fig. 11

222 Dispersion of graphene in epoxy solutions
In order to prepare uniformly distributed FGA/epoxy solutions and

laminates. Then the laminates were post-cured using infrared lamp at
80 °C for 8 h followed by a main curing process in the industrial oven at
90 °C for 6 h, where the curing process had a significant effect on the
mmdwmdmdﬂnw’
the of the obtained lami; (Fig. 1D [29], thus obtaining
hhﬂ?ﬁmlnim-mhng ZA. Finally, automatic cutter

to cut the (25 mm x 270 mm; according
bASNL’)-:)-diqna:p&bus(&OmxBOmmdbgb
150 66032 dard) from the obtai as shown in
Fig J,dey.?um,ummﬂemm-m&
based on the concentrations of FGA, as shown in Table 1.

224. Plasma treatment
Thel air plasma was perfc d in a vac-
wum chamber at constant pressure (13Pa) and applied power 30W

to avoid any probability of FGA aggl during the

process, at first FGA with concentrations 0.05, 0.1, 015;0.2.025;0.3.
035, 0.4 wt% (relative to epoxy) was dispersed in acetone (FGA:
Acetone 100mg/20 ml) under the effect of sound wave for 1 b at 50 kHz
[37]. Then liquid epaxy resin (70 wt% of the total matrix weight) was

(700V) prod byabC shown in Fig. . In order to select
the opti rticulard: treat-
ment time) d by i coatact angle, the initial

prepared FGEC laminates; FGCEO (neat sample) and FGCE? (higher

added to the prepared suspension (FGA/Acetone), and ything was
mixed together using ultrasonication bath for 4 h at room temperature
and at 50 kHz. Evaporation of acetone from the prepared solutions
Mm.wmmwnuwdmmm

of FGA). The initial plasma experiments were started by
cutting small pieces (50 mm x 30 mm) from the selected samples, then
exposing them to plasma treatment under the conditions specified above
for different treatment times: 5, 10, 15, 20, 25, 30 min, followed by

2hat of 70 °C (to avoid

of FGA again). Later, -mmmmdhwmﬁ
weight) was added to FGA/Epoxy solutions and everything was mixed
together using a mechanical mixer for 20 min. Finally, the cavities and
entrapped air bubbles were removed from the FGA/Epoxy/Hardener
solutians by keeping the solutions in vacuum infiltration at - 100 bar for
10 min, thes preparing the final solutions as shown in Fig. 11

223 Fabrication of FGEC laminate panels

rding to ASTM d itis to the lami-
nate thickness of at least 1 mm (after shrinkage) for mechanical and
impact property measarements. To achieve and maintain that, 4 layers
of Glass fabric Panda™ (Weave: Twill 2/2 type) with 92 g and nominal
md%omxmo“mmﬁuﬂnnpﬂudmlefeta&m

d&em.@edunh-nﬂe-lﬁmmd
treatment time, and then the plasma time.

3. Characterizations

Scanning Electron lﬂuu-wpe (ml)w-qhyd to observe
of GA in the and
mmdhwmmw,mw
tical Microscopy (Hirox digital microscope KH 8700) was used to
mmwmmmgmmmm
and functh group of the fabricated

mwummmmu-m
(XPS). The contact angles (&°) of the fabricated FGEC laminates were
calculated wsing sessile drops method (using Eq. (1)), where h and

batch. FGA/Epaxy/Hardener sol with different of drep the height (mm) and diameter (mm) of the droplet itself.

Mmmtm)m-ednmlﬁdvemﬁrm- Finally, the changes in surface energy (in terms of contact angle of a
thickness FGEC d of four layers of fiberglass. aﬂumm}dum-dwmw

Vacuum assisted resin transfer method was used to fabricate FGEC were d to a digital

Table 1

Sample codes of the fabrscated PGEC laminates.

Sempe codes OGE oK oG yOGES OGR4 POOES rouss OGET

IGA (wete) o 008 018 0.20 o 030 038 0.40
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Fig. 3. Disgrasmanc sketch of the maln somponsnts of plasms trasmment.

camiera to recond the formulated water droplet on the tested surfaces
wwithin & 5. Then the open source software Image] (image processing amd
analysis) was employed to messure the contact angles of the formulated
water droplets. It is worth mentioning that the contact angles of the
treated samples were measured within & min after extracting the treated
samples from the varoum chamber into an ambient: Alsn,

are in the i fon (parallsl to cutting edge
“Weit™) and in the vertical direction in the form of round shapes rep-
resenting the cross section of the warp yarns. All of thess laminates stick
together using epoxy resin. It was noted that weft and wrap yarmns had
almost the same shape and size in all the sxamined samples, but the

il nfl’ﬂl\,l‘!pncqnllﬂxdﬂlqud:pmﬂmgmlbe:lz

the messured contact angles were the average of 10 messurements.

(] -’J.-dg[% iy

The ical tensile beh aof the fabri FGEC L

were determined by a Loyd Universal Testing Machine (model LR10K)
commected to a high-resolution camera to indicate the actual deforma-
ticn. Meanwhile, the impact energies of the FGEC laminates were
measured at room temperaturs and constant impact emergy (G0J) using
Coesfeld Magnus 1000 High-speed drop tower with cylindrical steel
Empactor with 20 mm in diameter and hemispherical end with a mass of
B.12% kg. The mechanical and impact tesis wers performed on five
specimens from each FGA batch. Finally, thermal stability of the fxbri.
eated FGEC laminates in terms of weight loss was mensured by Ther-
mogravimetric analysis (TA instraments TGA Q500) at N; fow rate 15
“C/mim.

4. Resulis and discussions

4.1, Dispersion and microstructure of the fobricated FGEC

(depending on FGA process
nhg@lnhmdmi:ﬁ.uclmm in each sample.
Generally, faflure was ocourring in neat epoxy due to ductile fracture in
Ehee form of debris (fakes and bulk particles) as shown in Fig. 484G [17].
With regard to PFGGE] sample, it s=ems that the interfacial micro.
struchare did mot change significantly when compared with that of
FGGEED sample, where the amount of FGA was not enough to distribuate
well and to bond with malecules of epoxy, thus cbtaining poor disper-
sion of (oA with epexy Fig. AD-F. Alsn, it is evident that fibres in PGGED
-dmﬁ!lanllumrujmn-cﬂlmlhmyllﬂ:mufﬂﬂwg
matrix, which i weak For PGGES sample, it
was nobed that the epoxy debris changed from flakes and bulk particles
intn small particles, which means that fracture became britthe as & result
of mcreasing viscosity of epoxy and high cross-linking of PGA/Epoxy
chains (Fig. 4G-1) [29]. In sddition, the destroyed fibers of PGGEG
uﬂemmjmﬂ:[mﬂp.dmﬂl“mqﬂ:}.ﬂhlﬂm
of sdbering matrix (indicated by white circles) with less fiber

and pullowt in the fabricated matrix, which means that sach
hﬂngﬁmﬂ(ﬂasm]“mqhm:mhmﬂ

In arder to check dispersion of PGA in the PGEC K

dhesion of FGA sheets and
[!b,-i-l']_"‘ inm of in SEM photes also shows

and its effect on the microstructure of the panels, four samples wene
selected for examination process wsing SEM: PGGED (neat pamel for
comparison), FGGE]L (lowest concentration of FGA), FGGEE (optimum
concentration of FGA based on the illustrated results in the next sec-
tions), and PGGE? (highest concentration of FGA). The selecied samples
for SEM ohservation were cut from the obenined panels (hasd size within
BEomm = ]0m].|h:lrﬂ.u.nﬂindtmululﬂ:rﬂmcﬁmdmlﬂ
waves for 1 b fo remove amy by
coating with a very thin layer of gold to avoeid blwring of contours of

epoxy during the high voltmge-obsermtion process. Afterwards, the
mﬁdmﬂumﬁmﬂulmﬂmhlmﬁdﬁm
and the sxamination process was started. Fig 4 shows the microstruc.
ture crosssection of PGGED, FGGEL, PGGES, and FGCET panels within
the seale range 3-30 pm. As shown in SEM images, the ! FGEC

a uniform dispersion of FGA ughout the fabricated ma-
rix. Presence of these features indicates that the tested sample became
more rigid with hi resistance to fracture and these results sgres with
machanical and impact tests in the following sections. At the highest
concentration of FGA (PGGET) (Fig. 4J-L), the fracture surface with neat
epaxy is seen o be smooth, without any surface undulation and the
frachare became more brittle with very fine particles due to agglomer.
ates of PGA (indicated in white ellipss).

4.2 Analysis of the contact angles

The wettahility sxperiments were performed in two stages; the first
plasma time by exposing the neat sample and FGGE? (high GA coa-

panels are composed of several laminates containing destroyed yams
{weft and warp interlaced at a certain angle) as a result of the shear

stress generated during the cutting process. Alsa, it is clear that the yams

) to plasma for 5, 10, 15, 20, 25, 30 min, followed
by measuring of a contact angle of each sample &5 a function of time,
then selarting the optimem plasma trestment tme. Fig GA shows the
effect of plasma treatment time on & contact angle. As shown in the
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Fig. 4. SEM micrograph of the fracture cross-gaection of the fabeicated PGEC laminates.

figure, the neat sample without treatment has a better contact angle
when compared with GA sample, due to the higher roughness of GA,
which led to decrease in the angle [41].

mwwwmwhmmw
was reduced significantly due to surface modifications as explai

4.3. Surface analysis of the fabricated FGEC laminates
431 M«m

Fig. 6 b £the and treated FGEC

Mnmmthhmnﬂalhlsmhqhgm:m
value. Based on the initial results, 15 min were selected as an optimum
ﬂmﬁn&h&emdm!d&ew all samples were
treated by pl for 15 min by of contact angles as
shown in Fig. thm&n&euﬂmn@edﬁem:u
ﬂswwymmumm“.mo{m
increased roughness. Once these samples were exposed to plasma pro-
cess, the contact angles of all the samples were reduced by up to 14° for
all the batches as a result of surface modifications.

by SEM. The process was focused on
FGGED, FGGE1, PGGES, and FGGE? As shown in the SEM
image of the untreated FGCED sample (Fig. ©A), the untreated surface
seems to be very smooth with little debris generated during the cutting
process. At the lowest concentration of FGA (FGCE1), it seems that the
surface morphology, amount and shape of debris do not change
(¥ig. tB). At the optimum loading of FGA (FGCES), a little debris in the
form of fine particles was formulated during the curing process (Fig. ¢C).
When the amount of FGA was increased up to 0.4 wt¥6 (FGCE?), these
fine particles joined together and formed very hard and bulk particles as
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Fig. 6. SEM images of (A-D) the wtreated samples and (E-L) the treated FGEC laminates.

aresult of FGA agglomeration (¥ig. 6D), which led to increased viscosity
of the resin and their surface tension during the solidification process
[45).
After having exposed the fabricated FGEC laminates to plasma
(at the i it was noted that the surface
features of the treated samples had not changed a lot and the resin
mmwmwm“dwym“
d or yed into fine partides under the effect of plasma
um]\uehep-ddﬂmbemdwbymnﬁg&e
treatment time and they can be distributed uniformly with high cross.
linking on the treated panel surfaces (Fig. CE-H). Also, it was observed
that glass fibers were emerging gradually without causing any damage
to the bare glass fibers resulting from etching of epoxy debris and
rmmio(u;nlccm-:bonhhg old. These
were through physical ablation of hy-
drocarbons on the treated panel surfaces and the selective action of
plasma oa the composite coastituents. Also, addition of FGA to epaxy

matrix manifested high heat conductivity which allowed plasma jet to
penetrate inside of the epoxy layer and cause the etching process for
wm;mmmmmmdwmu
smaller conductivity [43,46]. On the other side, it was noted that the
mﬁnedmﬂ_pkbumellﬂem-dhudbemm
agglomeration (Fig. 0L). Based on th
treatment (30W) can be used as a Mm&ndogyh-rfam
epaxy modification without causing any damage to fiberglass.

4.3.2 XPS analysis of the fabricated FGEC lammnates
mmdﬂmﬂvﬂmmmdmnﬂw
lyzed by XPS. Fig. 7A-C shows the survey
mmdmmuuummmw
neat sample of FGA
(R}Gmldopdm-nmﬂdmdmm)bl:duh
dispersion results in the above section. As shown in the survey scan
spectra resalts (Fig. 7A-C), all the untreated samples (FGGEO, FGGE1,
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Fig. 8. StessStrain curves of the fabeicated PGEC laminates and B) image of the fractere mechanical samples.

and FGGEG) contain the same profiles with two main element orbitals:
Cls at 282 eV and O1s at 531 eV.

Mechanical daa of emmeated and  oeated  fiberglass/FGA/epaxy

It was noted that the y of these el signifi-
cantly jon of FGA, then i d again
loading of FGA (Fiz. 7D F). In addition to appearance of new elemental merga =t
crbital (Mg1s st 1304 eV), the same main clement orbitals (Cls 202 0 oot ool < el g
&V and O1s at 531 &V) were observed in all the treated samples (Fiz. 7A- raceo coas .7 202
C). The presence of new peak at 1304 (Mg1s) means that the surface rocn 7262 1. 136
modification has cansed change of the valence raoe2 743 1 1%
of the lement [43]. Also, it was noted that the intensity of Ols peak 1o o ot s
increased significantly after treatment (Fiz. 7E), while the in- roces o s 282
tensity of Cls peak decreased (Fig. 7G) due to formed oxidized polar rocee =0 3 241
functional groups (C90 groups and C-O groups) and increased number roce? 5604 1% 180
of O-containing functional groups on the surface of the treated samples, Tonted suglen
which led to improved activity of the treated surface by inducing  hocee pres’ 23 e

and thus enh he molecular bonding of epaxy and GA

[46,47], thus decreasing water contact angle and ing surface

energy. These results agree with the contact angle measurement results
obtained in section 4.2,

4.4, prop FGEC

of the f
¥ig. “A and Table 2 show the stress-strain curves and mechanical

gradually with the addition of FGA because the matrix became brittle,
especially at the loading of FGA. With regard to tensile strength,
itis clear that the strength of the panels decreased by adding several FGA
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Fig. 9. Photographs of impacted PGEC laminate paneds from front and back.

because of poor distribution of FGA in the fabricated matrix followed by
gradual improvment in the strength by increasing amounts of FGA upto
0.36 wt% (FGGE6). It improved by 18% when compared with the neat
sample and by 8%, when compared with the results obtained by Kiran
et al. (2019) due to the effect of surface modification of GA and their
uniform dispersion in the fabricated matrixs [ 27]. At the highest loading
of FGA, the strength decreased again due GA agglomeration. Modulus of

elasticity (E) also had the same trend, where E increased by 28% at 0.35

FGGES sample was selected as an optimal nanocomposite panel; then it
wnupmdhplmnm(nmwhlslﬂn)mmdy(beé
fects of surface on its behaviors. Also, the neat
panel (FGGEO) was treated by plasma for comparison and the resulting
data are presented in Table 2. It is clear that the strength and strains of
the treated samples were not affected significantly by plasma treatment,
because the effects of plasma process only extend on some bundreds of
nanometres in depth in the fabricated FGEC laminates without causing

mlndngnfm-dlhepndsbecn:mﬁpd.'ha!ﬂn any changes in laminate properties [4].

addition of FGA to epoxy * the of

epaxy chains and modified their stracture during the mixing and so- :

lidification processes [2¢]. Also, use of solvent during the mixing pro- 5. Impact properties of the FGEC

cess led to decrease in viscosity of epoxy and allowed GA to penetrate

inside of epaxy and incorp with epoxy molecules, thus improving 4.5.1. Ch ics of the damage areas Y

the elasticity of the panels [17]. The impact test usually np many of the ch ri n
functionalizati strangly to good miscibility the damage areas as a result of collision of the impactor (steel impactor

properties and energy for fracture, thus increasing amount of pulled-out
fibers [5]. Based on the mechanical results confirmed by SEM obser-
wations, 0.35 wt% of FGA (FGGEG) were enough to achieve good
miscibility and higher interaction between panels and FGA. Therefore,

in the present research) with the tested panels under the applied energy
(50J). These characteristics in the damage areas can be specified in the
following terms: broken fibers, cracks, and delaminations [44]. All these
features were observed in all the tested impact samples with some
variation as shown in Fig. 9. As shown in the photographs of impacted
untreated panels (from front and back views), the impactor penetrates
completely in the neat panel (FGCEO) and FGA panels of low

[ 15
13GEN
s{ —rGure FGGET Py FGGR
- 3 FGGE2 p —FGGE3 = FGGE?
] FGGEL [/ VGGES = 1GGLD
=1 S £ W
g7 FGGLE VGGLET g b e
33 / s FGGES
i 3 F(n(_:[ﬁ )
FGGET
(R U -
P12 3 4 5 6 7 8 0 1 2 3 4 5 & T 8
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Displicement {mm)

Fig. 10. A) Impact load verses displocement, and B) impact energy versas displacement of the untreated panels.
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Fig. 11. A,C-G) Microacopic images of the damage impacted samples and B) Diagrammatic sketch of the impact fracture features.

It was noted that plasma treatment did not have a significant

concentration (FGCE1-FGCE3). By i ing the of GA
(FGCEA-FGCE?), the panels became more rigid and hard what led to
jon of the imp s p tion. Also, it was noted that each

batch had approximately similar damage features and geometry,
including Rhombus profile (damage of
lddlmemhtwnmd}em-ph(}r ), all these
h and g tries exist in all the batches and some of them
have sharp edges, upendly.huﬂndngdmm the size of the

projected failure areas decreases gradually by increasing the amount of
FGA. In addition, it seems that the damage edges in the front view is
much clearer and sharper than on the back, because during the impact
test the front side of the panel was subjected to high compression
causing a deformation mode, while backside was exposed to tension
stress causing a full fracture with sharp edges (as shown in 4.5.3). This
confirms that the fabrication, impact, impact testing, and damage
occurred under ideal conditions [49].

4.5.2 kmpact bad and energy curves of the fabricated FGEC laminates
Fig. 10A, B shows impact load-displacement curves and impact
energy-displacement curves of the projection of damage areas, respec-
tively. As shown in the Joad-displacement curves (Fiz. 10A), all sample
curves have similar profiles with two sharp peaks corresponding to
maximum impact load (at 3.87 mm) and fracture impact load (at and
4.12 mm), respectively. Since all the design theories have been built on
the maximum load before failure zone (to increase the safety of the
products), therefore, the analysis process of the impact results was
focused on maximum impact load and energy of each panel. A di

energy by 3-5%) due to the same reasons that were listed in section 4.4
above. Based on these results, the functionalization of FGA and its
mixing with epoxy in presence of solvent can be coasidered as an
appropriate approach to improve the impact response of fiberglass/
€epaxy composites.

4.5.3. Observation of the impact fractire

In order to observe the fracture cross section surface of the impacted
untreated-samples, the damaged samples (FGGED, FGGE1, and FGGEGS)
were cut in the middle, then deaned using ethanol and examined using
Optical Microscopy within scale 800 pm. As shown in the diagrammatic
sketch (Fig 118), the impact on the tested sample is similar to a simple
supported beam. During the impact test, the upper surface of this beam
was subject to compression stress, while the bottom side was subjected
to tensile stress leading to failure. Based on the schematic sketch, the
damage area in the horizontal direction is limited by two corners
(mwmm).mummkuww

damage (fibre rupture). Fig. 1 1A, C-G shows microscopic photos of the
impact fracture surfaces of FGGED, FGGES, and FGGE? samples. The
examination of FGGEQ in the horizontal direction shows a high defor-
mation at this point with few broken fibers attached to the surface
(Fig. 11A), while the end of fracture presents fibre rupture combined

to Fig. 10A, B, it seems that by increasing the loading of FGA up to 0.35%
(FGCES), the maximum impact load and impact energy increased by
—70% (from 2.81 KN to 4.78 KN) and —48% (from 9.68 J to 14.27J) due

with features (Fig. 11C). FGGE1 sample introduced the
same features like in case of FGGEO sample with relatively strong
interface (Fig. 11D,E). At 0.35 wt% concentration of FGA (FGGEG), the
impact fracture surface is seen to be smooth without any surface un-

to improved chemical and friction bonds between epoxy and
bundles of fiber, resulting in increased rigidity of panels, thus delaying
the crack propagation under the applied load and absorbtion of more
energy until full failure occurs. At the highest concentration of FGA, the
maximum impact load and emergy deceased again as a result of
agglomeration. These results have a great potential to improve more
than 40% of the impact energy, when compared with the results ob-
tained by Kamar et al. (2015) [27].

Finally, the impact test was performed again on FGCEO sample (neat
sample) and PGCES sample (as an optimum sample) after the plasma

dulati with a neat sample. Also, the damage became brittle
matrix deformation and few microcracks. These results demoastrate that
addition of FGA to fiberglass/epoxy matrix using the developed tech-
nique leads to increase in rigidity of the panels and these results agree
with the results obtained from the impact load and energy curves in the
previous section.
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Fig. 12. TGA-DTG analysis of the fabeicaced panels, respectively.

4.6, Thermal properties of the fabrizated FGEC laminmtes:

Fig. 12 shows TGA-DTG profiles of the fabricated pamels in the range
from room temperature to 900 “C. As shown in TGA results (Fig. 124),
all panels were in three consecutive stages in the ranges of
B0-310 °C, 311-410 °C, and 411-900 “C with total estimated weight
baiss im thie range 29238 6 w6 (depending on the losding of PGA in the
prepared matrix). The decompesition of the first stage (26 wi%)
occurred due to evaporation of meisture and degradation of few organic
wmmwmmhmmﬂmﬁ
(i the rangs 311-410 =) e to the

enmpared with a neat panel. According to these results, the developed
approsch can serve as & promising technology for mass production of
high strength, impact, and superhydrophobic fiberglass nanocomposite
panels for malti-functional applications.

Authorship statement
All experiments and results anahysis were performed squally be
muthors.

tween all

epoxy and hardemer. It seems that this stage represests the major
fan stage with weight | Ty 22 3341 witde. Also, it

is clear that the nanocomposite panels showed betier thermal stabillity
(i terms of weight loss) with 16% improvement, when compared with
meat panels due to two reasons: a) the pyrolysis of axygen containing
fumctional groups of GO, CO2, and steam during the thermal resction
and b) the stractural medification of the spoxy system and improvment
im their crystallinity [1%,50]. For the last degradation stage, it seems that
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epoxy and argamic com-
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B. Conchmsion

In the present research, the authors succeeded to make super-
ydropy fiberglas with high mechanical amd
impact performance and thermal stability, & well The functionalized
graphene (FGA) was used in the pressncs of gresn solvent to modify the
epoxy molecular matrix, thus improving the strength, impact energy,
and thermal behavior of the made fiberglass ‘epoxy laminates. The low
e plasma was msad to eteh the resin debris from the
red sarfaces and it i the oxygen functional groups on
&ep-dmhdngmdﬂumeln&drmmdeh—m
thus

mamoompsite
pamels showed -mmmqmmwm
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Abstract. Fibre reinforced polymer composites are gaining wide acceptability in different sectors
due their high specific mechanical properties. They have effectively replaced comventional
maierial like metals in many applications thus imparting lighter weight with higher efficiency.
Wind energy sector has grown mremendously over the last decade and as per “The Global Wind
Turbine Market-Forecasts from 2020 to 20257, global wind nrbine market was valoed at TS5
00.144 billicm in 2019 and is expected to grow at a CAGE of 5.34 % to reach an estimated market
size of U55123.154 hillion by 20235. Wind turbine blades are fabricated using fibre reinforced
composites with ideally a balsa or foam core. The composites used in this case are essentially
glass reinforced in epooy resins, and these highly engineered materials are difficult to recycle as
epoxy is a thermoset resin and are not re-mouldable This poses an environments] problem and a
loss in terms of recoverasble capital Thermoplastics as against thermosets could be an alternative
resin material for the blades but this has been less explored by the wind sector. The use of
thermoplastic could impart cost redactions due to shorter manufacuming, cycle times, recovery of
raw materials and reduced tooling adjustments in terms of heating Recovery of composite
constituent parts can provide economic benefits becamse those constiment parts have high
embedded energy. In the combext of this dilemmsa of recyclability of wind tarbine blades, this
TEViEW paper intent to explore the oorrent research and firore prospect of recycling wind norbine
bilade materials.

EKeywords: polymer composites, thermosets, thermoplastics, wind turbines, recycling, green
BCOMOTIY.

1. Intro-duc tion

Fibre reinforced polymer composites are characterised by their higher strength and lower
weight which has made them an ideal replacement where metals were nsed historically especially
in the transport sector to significantty reduce the enersy consumption and hence reduce the
environmentsl fallowt Three types of compoesites found in general application are polymer-matrio
compaosites (PMC), metal-matrix composites (MBC) and ceramic-matrix composites (CMC).
Based on the reinforcements composites are classified imbo particulste composites,
fibre-reinforced composites and stmuctural composites. Polymer based composites dominates the
market and thermosets are the most widely nsed [1].

Based on a recent market survey by Grand View Fesearch (India & U5, based market research
and consulting company), the composites market size which stood at UD§ 89.04 billion in 2019
is expected to grow at 8 compounded anmal growth rate (CAGE]) of 7.6 % fom 2020 untl 2027,
Antomotive sector is poised to drive this growth fiuelled by 2 demand for ighmeizht fuel-efficient
wehicles. Aerospace sector is another sector that will lead the growth in composites, especially to
be nsed in aircraft, rockets, saellites, and missiles. Constituent wise, glass fibres where the most
widely used fabric in 2019 which sccoumted for 61.8 % of the revermes. While the same report
suggested A robust growth in the carbon fabric sepment with a CAGE of 7.6 % from 2020 to 2027.
Beesins form an important constiment, and thermosetting resing dominate the market contributing
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72 % of the revemmes in 2019 the demand driven by transportation and defence sectors.

As mentioned earlier, thermosetting resins dominate the market and this s e of the wind
Thmwlasncramﬂmn@aﬂmmmgs.ﬂmﬂynmgﬂnm,bmﬂnemsgwmgm
on these resins within the wind sector [2]. Typically wind torbine blades are made of
reinforcements of fibres (glass or carbon) in plastic polymer such as epoxy, with balsa wood or
pobvinyl chloride (FWC) as sandwich core materials and bonded joints, coatings and lightming
conductors (fig 1). Wind torbines are estimated to have Life cycle of about 25 years and there exist
A COnCen &5 to what to do with them post expiry [3].

Laad-carryirg BEminalo Namwise
GDmpl’E‘ESiC M~-COmprassinn

Load-carrying laminate edgewiss:
tenslnn-campresskan Laad camying laminate flamaiae:
tansion-tension

Fig 1. Wind turhine profile showing its parts and load camrying parts [4]

Professor Henning Albers from the Institute fiir Unmwvelt und Biotechnik {(Hochschmbe Bremen
Germany) estimated that for each 1 KW installed sn equivalent of 10 kg of rotor blade material
wonld be required This means a 7.5 MW turbine would require 75 tonmes of materisl! The
associsted problems concems with recycling of the wind mrbine blade constitnent materials and
85 per experts since the sector is quite youme, there exists only limdted amoont of practical
Eknowiledge and experience on recycling of the marbines and it takes considerable amount of tme
to Zain experience n dismantlimg, separation recycling, and disposal of the system constitnent
parts [3]. In the context of retining wind turbines it was estimated that betareen 3.9 and 4.8 GW
will be decommissioned and most of these are expected o be in Denmark, Germany, the
MNetherlands, Spaimn, and Italy (Wind Enrope 2019). Arcuond the year 2022, an expected ot of
50,000 tonnes of end-of-life blades is b0 be handled [5]. In the same parlance a global commlative
waste from retiting wind torbine blades is estmated to be at 43 400,000 tonmes by 2050
considering 20 years lifetime without considering the offshore wind turbines [5]. Therefore, this
Ppaper intents fo review existing literatore on curment techmiques on recycling wind turbine hlades
and looking into alternative materials that could make the recycling more sustainable

2 Current techmigues available to recycle wind fmrbime blades

There are a few techmologies awailable to recycle thermoset composites that go imbo the
mamfactore of wind turbine blades and they could be pat under the broad category of mechamical
thermal and chemical recycling [§-8). Each of these methods are further elshborated in the
21 Mechanmical recycling

This methad imvolves the wse of croshed waste composites 35 raw materisl for secondsry raw
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meaterials. Thuos, n the context of wind torbine blade this involves pre-cutting and cushing. This
recycling method is classified into teo basic methodsprocess, the first method imrobres breaking
up the waste into particles of fine powder while the second method is to shredicrush the waste and
the recycled material obtained by the two methods are nsed as fillers/reinforcements or as raw
materials that go inte cements/'concrete. Few researchers nsed these technigques for instance,
Palmer et al. [9] tried a closed-loop recycling on thermoset composites where in, the material was
grinded and later used the recycled GFEP as an ideal replacement for pristine composites. Fotor
blades with glass fibre reinforced thermosetting resin was recycled through the mechanical
method and wsed in cement production [10]. On 8 whole mechanical recycling method is
economical and simple and is widely nsed in recycling of fibre reinforced polymer composites.
Bat on the downside the final product obtmined through this method is of lowr valne doe o the
to daliver longer fibres [2].

211 Thermal recycling

This method is firther classified into three types namely, pyrolysis, findized bed recyching
process and microwave pyrolysis. The first type essentslly inwvolves recovering fbres by
decomposing the resin into erganic small molecules using inert gas heat Thms, clean fibres can be
obiained by pyrolysis and oxidation and could be subsequently wsed as reinforcements and can
compete with pristine new Shres [11]. Carbon fibres were found to be suwitable for this process
vis-3-vis the pristine quality of the fibres obtained after pyrolysis but Thomason et al. (2014) foand
that the stremgth of the glass fibre after pyrolysis was redoced sipnificantly amd there was limited
strength re-generation from acid and silsne post-treatments of the fitres. Fhndised bed method
imwolves nsing air as fluidising zas in 8 fluidised bed reactor to decompose the matrix material
througzh hish temperature air heat flow and the heat thus generated recycles the fibre material This
method too has been found to degrade the glass fibre stength by sbout 50 % [12]. The last
doommented methad nnder this category is the microwawve pyTolysis which decomposes the resin
be internally heated by sbsorbing microwave ensrzy from the fibre which then decompose the
resin faster. This method was found to be suitsble for carbon fabric composites [13, 14].

213 Chemical recyclimg

This method invohves the use of chemicals to chemically modify or decompose to make waste
it materials that can be recycled. This method when wsed to recycle thermoset matrix composites
is fiound to be harder snd more expensive but the recycling per se is better vis-a-vis the machamical
thizs recycling method The first method refers fo a special state in which the temperature and
pressure of the fluid exceeds that of its critical temperatore and pressure. At this stage, the fluid
could decompose/deprade polymer waste, and water or alcohol is used as the decomposition
medium [15]. In the context of this method Oliveux et al recycled GFEP using subcritical water
and it was seen that washing of the recycled GF contsminated by residual orzanic substance was
necessary [14]. This method is advantagesns on the virtee of it being a clean and less polhnting
method, in addition to its ability to reproduce clean and good performance fibres. But this method
requires hizh temperatore amd high pressore and thus adding to the cost of equipments that can
withstand such conditions. The solvolysis method imvolves depolymerisation of the polymer
using the chemical properties of the solvent under heating conditions. This method is good at
obtaining carbon fibres fiom composites [17-19], the strength of the fbre was found o be good.
This method has its drawback in the form of using towic solvents and is expensive.
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3. Alternatives for wind torbine blades and the sustammability of recycing methods

Thermoplastic resins are gaining acceptability as a replacement to thermoset resins in the
fabmication of composite panels for vanons applications. As explained in the previous sections
recycling thermosets are limited by its © ercial exploitability on & large scale, this also reveals
the small margins on which they operate In this context thermoplastics can limit the extent of
dowmcycling that thermosets require [20-21]. With the development of infusible thermoplastic
resins for the blades, there exists a potentisl for recycling being more sostainable [22]. 40 % of
the costs of a wind turbine blade coms from the laboor cost amd this cost is linked to the cycle
time thms by replacing thermoset with thermoplastic in the mamfachoring process, thers exists a
possibility to redoce the cycle time [23). This could be attributed to the polymerisation process
associated with thermoplastic resins, which is its ability to polymerise at room temperaiure and
thms eliminating heated toolng and ovens for post cure [24, 25]. Thermoplastics can lend itcelf to
be reformed by the application of heat thos ensbling maintenance by not deprading the material
properties [24). This particular property of mouldshility ensbles blades components to be
thermally bonded without the need for separate adhesmes [27]. Subadra et al. (2020) stodied the
impact performance of Poly methyl methacrylate (FMMA) and it was seen that they had simdlar
impact resistance vis-a-vis epoxy resins [28]. In the context of these natural advantages, recently
there is 8 growing interest in acrylic thermoplastic resin commercially known as Elium by Arkema
which lends iself to larze scale recycling of wind mrbine blade components. Following two
sections deals with Elium’s capability to lends itself to be more sustainable vis-a-vis recycling and
being as structurallty sturdy as thermoset resin-based blade strochmre

31 Thermoplastic as a switable re-placement for thermoset resin
A wind twrbine blsde was manufactured using Elnom as the resim by MNational Wind
Technology Centre (MW TC) at Mational Renswable Enerpy Laboratory (WMEEL) in Denver, TISA
by B E. Mumay et al (2021). This blade was compared structurally (both static and fatizne) with
an epoxy blade manofactured by TPI Composites. The thermoplastic blade was able to polymerise
at room temperstore snd there was no requirement for a pre-hested or post-oure equipment thos
ing the manufachring complexity and hence the costs. It was observed that the thermoplastic
blade had a 3-11 % more displacement vnder the same static-load snd this was atiributed to
differences in the fibreglass weight between the two blades amd the adhesive uwsed, though the
thermaoplastic blade was more flexible than its epoxy counterpart.
meambﬂ“@gmmlmmmnﬂjﬁvmmmm“smqﬂu

edgewise directions while the thermoplastic blade had 5 to 7 times more struchoral damping. With
these structural performences, which is on par with epoxy blades, Elium could serve as an ideal
replacement for epoxy thos making recyclability of blade material a resl possibility snd hence
making wind energy more sustainsble part of the energy baskest [29].

32 Recycling thermoplastic

The imvestigation carmied out by D 5. Counsins et al (2019). highlizhts the fessibility of nsing
Ehnmsnn:e:tcanﬁﬂlnxm recycling of wind turbine parts on a larger scale. Iulussmd'yﬁmr

classified under the broad category of mechanical and chemdical recycling methods, respectively.
Thermoforming mwolves heating thermoplastic composite sheets above the glass transition
temperamre of the polymer so that the shape can be altered in mould. Based on these fiour methods
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the research team weighed in the pro and cons of these methods vis-a-vis the recycled material.

Thermal decomnpositon (pyrolysis) reguired less energy to decompose the polymer matrix
from the composites when compared to other recovery technigques. But the loss of the
high-embedded-energy polymer could be counted as a3 disadvantage when this method i=
considered. Thermoplastic resin has an edge over its thermoset counterparts becanse the resin can
be mecovered by dissolution In addition to this the glass fibre rovings recovered from the
composite by this methed retsined its tensile strength with a reduction of only 12 %, while the
mechanical property reduction was sipnificant when pyrolysis (thermal decomposition) was
employed to recover the fabric. Thermoforming ensbled the straightening of a spar cap thus
demonsirating the ability of thermoplastic composites sbility to be downcycled imo other
products. An econommic analysis on the feasibility of recycling thermoplastic compaosites and the
recovery of the constituent materials revealed that they can replace the virgin materials within the
supply chain. And a meaninzfnl reduction in labour costs, obtaining 3 minimal knockdown on the
palymer, andmamlmgﬂleghssﬁh!ﬁ:rruﬂecanhemahsed[ll]

could pave the way for a fully inteprated industrial cycle beginning with blade structure
fabrication, installing them, recycling them and further rensing them in the same blade souchore.
Finally, an attemps towards green econonty and an indusmy that is sustainable could be realised i

4. Concluzions

The review paper explored the varous recycling methodsprocesses developed and adopted
fior the recycling of thermoset matrix composites and its sastainability in the context of wind
turbine blades. The three main methods namely mechanical thermal and chemical methods were
ability to lend itself to recycling was stressed and the ability of the novel resin by Arkems | Elinm
was disoussed. Elium™s ability to replace thermoset matrix in wind turbine blades and its ability
to snstains loads both static snd dynamic was studied and later the ability of this thermoplastic to
be recycled was also seem Thermoplastics cam replace the comventional thermosets albeit in a
gradual manmer a5 some thermoplastics cam bear similar loads as the one bore by the thermosets
and this has been proven through two case shedies in this paper. Similarly, more stedies should be
carmied out sadying the ability and feasibility of these thermoplastics especially Elium which has
PMMA as its constiment polymer. The ability of this resin to lend itself to conventional recycling
methods can be a better option vis-a-vis epoxy-based composites. Thus, the wind turbine sactor
could gradually mature inte a sector on par with conventional material sector and thos making
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Endex (D) of th s o et cotul energy and elastic energy. Adso, the low.
mmmmmman.mwwmmﬂnmu
absorbed emergies. Finally, the faflure mech, using opdeal o d
Mdﬂuﬂ#mmmdﬂwﬂmuﬂa@wmuﬂnmm
thii: impact enegy response of ot bybeid composite e epoxy and PMMA was stable even as thi temperarune:
mose, however, carbon, glass PRIMA exhibited bems perfommance eompaned with earbon/glass fepory with an
Encrease In Impact enengy response ssdimated at 50% (25 “C) and 53% (B0 “C). Also, the peewdo-duerile phe-
momnenon was strongly evident, which feciBnates the: prediciablilicy of failare.

1. Introduction

Currently, demand for Glass Fiber Reinforeed Polymer (GFRF) lam.

during take-off, which can cause damage even at very low impact en-

u'pe:[-l] Thﬂ:ﬁre.miltj'pﬂolnmnﬂl:n,mchﬂm@glpbene
and carbon etc. have been used to

imates in aircrafts and vehicle struchares is on the upswing dee to their
light weight, damage toleramce, high specific strength, durability,
maturity in processing, smaller gas emission, smaller fuel consamption,
menmpmdmﬂulﬂlkﬂhnrmmﬂyﬂ:qh.nbulgmuﬂhndn
an eneTEy ing material for p light armour amd
inplﬂld.ﬂdlwﬁudinnhﬂuﬂdmd.knﬂlﬂn,‘[l 1. While
wsed for the structare of the specified ications, GFEF is subj

improve the impact properties [> 7). Although the energy impact ab-
sorpiion was improved by the added filler up to 31%, the resaltant
Enilure was described as a brittle fracture which mears that the failare is
sudden and catsstrophic with no significant visible damage or wamning
[4]. This type of failure makes designers hesitant in sxploiting the per.

o low velocity impact resulting from bird strikes while the
aircraft is parked and taxiing, from dropped tools in the course of as-
sembly and maintenance works, or from manway debris encountered

* Corresponding asthor. Deparcment of Mech, |

fi of polymer and render them unsuitable
for ications where load o lmmthlyr and
Eailu be To dan in this

nmm&pmdﬂghmwnlwlmdb&ﬂkmm
aifects negatively economic performance of the final product.
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To owvercome this problem, a Pseudo or semi ductility concept was
B [9]. This ph «can be schieved in the material by
imecorparating both glass and carban fibres in ome compesite panel
“Hybrid-compesites”, which leads to enhaneed strains to failure of car.
bon fibres measured in glass/carbon bybrid composites [10,11]. As
earbon fabrics can bear higher loads, it has been accepbed that they can
I:ll::l: Immnhmuwuﬂrmenmp-dmﬂnrﬁﬁnu[l 7). Alsa, the
by allows for a ise of mechanical properties while
alleviating the individual fibre drowbacks [17]. The hybrid «ffect can be
defined as the apparent increase in the initial failure simin of low
elongation fibre composite in the hybrid composite relative o the
eompasite with only low elongation fibres. The shadies conclhaded that
hybridisation can induce pseudo-ductility [14]. ‘I'I::luwntlod.lylnplﬂ

Polymer Tasng BY (20000 106771

temperaturs resulted in a decrense in the damage area Also, it was
ohserved that high s lietie o the penstrati

[#2-34]. For better understanding of the fracture mechanism and to
siudy the pseudo ductile behavior of CFRF and GFRF,
models were developed based on peeudo-plastic law [12,
revealed that the panels exihibited semi.ductility with less brittleness
and allowed it to undergn inelastic deformation prior to complete failure

within the aerospace sector [15], so it is necessary to understand if these
materials are able to exhibit a hybrid effect on elevated opemating

is coused in this cose is in the form of & jom, matrix

n.wlﬂnnﬂm'ﬁ-ne.lhumnh“dﬂdnpedhm

fibre/matrix de-bonding, d in and fibre-h [15,16).
These damages are= quite dangerous as they can reduce significantly the
residual mechanical properties of the material and b=ave very limited
wisible marks on the impacted surface lzading to Silure on the loag nan
[17,14]. The features of these damages are dependent on the fibre ar.
chitecture, resin type, stacking sequence (in case of hybrid), thickmess,
and emviroomental conditions [19-22].

With regard to the fibre architecture, it was reported that defects of
earbeon fabrics appear in their unidirectional glass ‘carbon hybrids in the
Form of gradual failure and multiple cracking of the carbon plies without
umstable delamination in their hybrid compasites [22- 24]. Meanwhile,
resin can be dividsd into thermoplastic and thermesets. Recent studiss
harve showed that ites have higher pr Fvity
and better recyclability compared with thermosets resin. These char-
acteristics make thermoplastic resins a viable alternative when

mparsd to its in the
26]. Acrylic resins ame 1i dght th ing plastics with

wﬂhgm-ﬁmmwmm for ultralight

m,mnkmwmm-gﬂwm

A big scope of i has been reviewed
imchading many conditions related to ambient gases, chemicals, heating,
etc. Amang these conditions, the focus was on warm sumounding con-
ditioms sinee the current research was developed to cover this area. As
mmmwmmmwm

during service that may affect their performance [29-51]. Within this

context, many studies have been developad to investigate the effect of
e on s and the mo gy of the failure within,

taking into account thicknesses and mairix type factors. The resulis

revealsd that the fracture: of lamis s quite:

at higher temperature and that the impact-induced delamination area

derreases s the temperature incresses, while the lowering of

Tuble 1
Panel eandes, architsrtere, and eomposisan.
Pane] Architermre: Pabric Filre crastation Irxin
Cade
Tl [B90,0,m,]  Carbon [T T——— [E—
T-3 [8,70,m,m, i 2/2 Twill Bpey
T-3 [0y 0y DDy Uy Gl & Gl 272 twill Epaxy
Carbon Carbon-Uind
T4 [0.90,%0,m,]  Carbon [T T
T-8 [ayr0y 0,00 = 272 Twill Philia
T-8 [3 00,00, & Gl 272 twill Philda
Carbon Carbon-Uid

this aren amd o assess the per af
ai high temperatures. Also, Iilpucbbﬁiepﬂ'!um:ufm
bany/glass/epory and carbon,/glass, FMMA hybrid composite laminates
at low and high temperatures was studied.

2. Experimental
21. Material ond design of the research sxpearmemts

fabric Panda™ (Weaves Twill 272 type and weight 163 g/m”) were
sapplisd by BéG Faserverbundwerkstoffe GmbH and Otto Bock Fealt.
eare GmbH, Waldenbuch, Germany. Epoxy based on Bisphenol A and its
(rmodified oyl caliphat in= free of alkyl phenal and
benzyl aleobol) and Methyl methacrylate (MMA: 617H1 19-Orthoeryl
resin 617F37, Otio Bock) were purchased from Otie Bock. The experi-
ments in the present work were designed in three stages: a) making of
fibser/resin enpeasites, b) invest of impact: of
the prepared panels amd their microstructure, and o) estimation of
ductility of the obtainad panels using an energy concept (based on the
impact data results). Also, the experiments were carried out on six sets of
composite panels having different types of resin, fabric (Carbon “c” and
Glass “g™), amd architerture, & shown in Table 1. All these stages and
their conditions are explained in detail in the following sections.

22 Making of fiber;/resin laminate composites

In order to prepare the listed sets of panels, & layers of unidirectional
enrtaon fabric and another 8 layers of Glass fabric with nominal size of
350 men = 350 mm were cut from ssch supplied roller to prepare T4, T-
2, T, and T-5 samples. 2 other layers of unidirectional carbon fabrics
and & layers of Glass fabric with same nominal size were used to make T-
3 and T-& samples. In parallel, =poay resin and its hardener solution with
ratic Fie30 wids of the total panel weight were mixed together using a
machanical mixer for 15 min, followed by keeping the solutions in a
wacuum chamber at 100 bar for 10 min to eliminate the cavities and
solution was preparsd by miving MMA monomer with BPO as an initi.
ation system in the free-radical polymerization with & weight ratio of
T2 (MMABPD) using a mechanical mixer for 15 min, thes removing
entrapped air bubbles as before [27]. hfﬁﬂﬂ.mnlﬂdmﬂ'l
transfer methid was smpl to prepare pansls by
mfra-red pndz-m.lui {at T0°C for & b)) and the main curing
process (at 90 °C for & h). Lastly, an automatic cutter was used to cut
Empact spacimens (B0 mm = A0 mm; ding to B0 6603.2
from the obtained composite panels.
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23 Low welovity tmpact test

The impact tests were conducted using Coesfeld Magaus 1000 High

Polyer Tatng 89 (2000 FOSTIT

epoxy specimens (T-1, T-2, T-3) and carbon,/glass fiber-PMMA speci.
mens (T4, T-5, T-6) at room temperature It seems thae the corves of T-1,

T-2, T-4, and T-5 samples have similar profiles, in particular two sharp

Speed Drop Tower (built according to 180 6603-2) with a
impactor speed of 42 my/s. The measurements wers performed at con-
stant impact energy (50 J, as it was enough to penetrate completehy)
wsing a cylindrical steed impactor with 20 mm in diameter and hemi-
spherical end with a mass of 5.12% kg. The specimens wers placed over a
circular sapport with an cuter diameter of 80 mm and inner diasmeter of
40 mm. The pnesmatically activated clamps from above restrained the
specimens during impact (built according to 150 6603-2). The aquip-
mmﬂhmmpmmmmu
force, emergy (; by the mdl-nelm-
tories. Later, the ction of all the - in

praks o impact load (at 0,87, 1.12 ms for
epony hatches and 047, 1.14 ms for PMMA batches) and another peak:
due to fracture impact losd (at 0092, 1.20 ms for epoxy batches and 0.57,
1.59 ms for PMMA batches). Meanwhile, ancther additional peak was
generated in both T-3 and T-6 (at .91 and 0.86 ms) due to the hybrid
et [42].

Since the designers are interested in the slsstic zone (mandmum
impact load before failure), the analysis was focussd on maximuom losd
Hu!ﬂu!mhﬂhpdn]tkﬂuhd?mkm

mﬂyﬂzsmud:nfmﬂ:immmpmmfﬂ“ﬂ!ndnﬁ*ﬂ

ﬂbﬂglqucpnﬂyl_-dﬂbﬂglw?hﬂﬂ.hu:ﬁeh@ﬂmﬂpm

ively. Finally, th joms of welocity, and foree
hmhhﬁwmmmhh-ﬂm&em

24, Estimation of ductiity of the obimined panels
Usually, ductility of beams structure is expressed in berms of a

at 272 kN and 4.66 kN, respectively, which
mmwummmum
The same trend was noticed in carbon fiber/eposxy (1. 16 KN) and carben
fiber/epoxy (1.29 KN, but with a small incresse estimated at 1396, It
was cansed by higher molecular weight of thermoplastic resin leading to
strong joining with fibers through two types of boading: mechanmical and
chemical [14]. In case of bybrid carbon/glass fiber composites, the

dimensionless ductility factor or [ based on the
rotations, or reflections. However, this criteria was based on yidd and
the ultimate strains, which are not switahle in csse of brittle materisls
like: in the present research. Therefore, energy criterion was introducad
to estimate D of the brittle materials based on consumed until
the failare [22,74]. Within this fmmework, Naaman and Jeong (1995)
and Grace ot al. (1994) developed two different models to compuate DI
based om the total energy (B, ), <lastic energy (B, ), failure energy
(Einekuic), 85 deseribed im Egs [1,25,40,41). Eiet represents the area
under load impact - a deflection curve up to the failure (elastic and
fnilure energies), and Fupy is defined as the aren of the triangle formed
at the failure load by the line having the weighted average slope of two.
imitial straight lines of the load-deflection curve, as shown in Fig. (1.
Both methods gave accurate resulis that served as a sirong motivation
for their use in calculation of ductility of several brittle materials, such
as comerete, ste. [12]. Therefore, both energy methods were usad in the
present ressarch to estimate [ of the prepared pansls

or [N-nm}-;-{!!:—ni |} 1)

af pseudo ductility was evident {explained in subsequent
sections) in beth samples (pellow marker) with impact load estimated at
232 KN (T-3) and 3.1 KM (T-6) respectively. Also, the impact load in
presence of spoxy did mot change much comparsd to the puare glass
(reduction 10% oaly comparsd), while in case of PMMA, the impact load
decreased significantly from 4.66 KN to 3.76 KN (with reduction 19%).
However, carban-fiberglass/PMMA panels still had better impact per-
formance compared with carbon-fberglass/spoxy with incresse by
20%.

32 Charcterisiics of the damage areas

A closer lock into the damages suffered by individual specimens
rewealsd an interesting scenario with respect to the shape of the damage.
ﬂteh:*nbsﬂ'wdmllﬂugﬂ:lnﬂmhhdﬂzdﬂpeo{l

ora Hngr".-JI.I-
lustrates thess #os and the influ olfnlrk: resin
type, and temperature on the damages at the end of the impact tests on
the froat and back sides. It was noted that the damage in all samples can
be charsrterized by mamy features that can be cassifisd as external
features (damage limitations and geometry) and internal fextures. As
shown in the images, the external features are confined to two forms;
rhombus and round shape (based on fabric architecture). These geom-
etries appeared due to the applied energy (50 J), which led to a print of
the projection of semi-spherical impactor on the upper surface of the
i samples by creation of an intersection of two di-

IV [Cirace"s) _I::‘ 2y
3. Results and discussion
A1. Load impact characteristics af hybrid carbory/gloss filer

Figure (2A, B) shows impact load-time curves of carbon,/gless Gber.

agonals (wually along the warp and weft directions). After complete
penetration of the steel impactor imto the tested specimens, intermal

Lo [kIN]

Laad

Elzslir spergy
relrased ar

Zalure (D)

Liefleetion

Fig. 1. (A) Impact characteristies and (B) evaluation of elastcity energy.

]
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Fig. 2. Load-time characteristics of (A) Carbony/glass-epoxy specimens and (B) Carbony/glass- PMMA specimens at rooas temperanire.

Fig. 3. A)Obverse and B)Impact sde of lmpact of T-2, T-1 and T-3 respectively. Rhombus-shaped damage is seen in all the types and depth of indentation rose with
ch}mn-dD)-mp.ﬂld:dmhpndf—&.r4u7&my.wmlmumwut&

is seen as the temp rises. T-4 and T-6 exhibited rhombus-shaped fracture and underwent complese penetration as the tem-

p-n-nng

mwhdzdn;m‘nzymbem- conditions [2,51].

cracks, etc. in all the T-3 and T6 behaved differently when compared to their pure
Mwﬂum“ i in all the The load of T-3 and T-6 was increasing gradually at room
with and i this means that mak- temperature until the initial drop started (yellow marker in Fig. 2). This
ing, testing, and failure of the panels took place under the standard imitial drop in load was conspicuously absent in T-2 and T-5. Following

141



142

EP. Subadm et el

this drop, the load rose to & maximum before dropping down to fail
completaly. The damage suffered by the specimens was quite different
from their pure counterparts. The shape of damage (thombus shaped)
was quite the same as seen in the case of pure specimens, but there seems
tn be considerable delamination along the splits in ease of T-3 and T-6,
uhllemﬂd.mhmn-wohﬂundmusz-ZTbeddmdm

o of ductility in e The:
depth of p = ing as the was rising and
the ductility seen in lower temperature was not ohserved here. Plasti.
mmmhmdmmmmmﬂmm

by elnstic a5 temps s rising.
A close look into the load-time charncteristics reveals the same in
case of T-3 and T+6. It is seen that at room temperature there is an initial
drop in load attributed to the transfer of load by carbon fibres to the
glass fibres after the former had failled by rupture. The final rupturs
cormesponding to that of glass coincides with the maximum load taken
bry the entire specimen. Considerable adbesion problem was observed in
T-f as temperature rose As the temperaturs rose, the scrylic resin
became more plastic and lost adhesion with the fibres [45]. Delamina-
tion was seen along the splits at room temperature, but at higher tem-
peratures, in addition to the dastic deformation, the fbres lost the
adhesion (can be termed as de-bonding) with the fibres and wltimately
suffered penstration. Also, as the temperature rose, unkike in T-3 whers
the delamination and split coincided with the maximum load, in T-6 a
shearing tear (mot mecessarily along the diagonal direction) was
ohserved in glass fibres after the carban filbre had failed by rupture. This
fnilure resulted in penstration of rather round shape in some specimens
than a rhombus-shaped (with splits along the diagonal direction) frac-
ture seen in other specimens. The main factor contributing to this is the
plasticization of the resin alomg with the inherent high strain charac.
teristic of glass fibres [45]. Wlﬂ:ﬂteﬂ.lﬂimboﬂp'mmhl:
ion of the polymer in the form of cop:

Mkﬁh&eﬂlﬂdﬂn&mﬂunﬂﬂlﬂu—dﬂw:bﬂr
between the polymer molecules and increases the mobility of the poly-

pr

Polyer Tatng 89 (2000 FOSTIT

behaved differently 2 the temperatore was rising. T-5 undertook
significantly maore load estimated at 46%, when compared with T.2,
which was taking smaller load as the temperature was rising. This sig-
mificant inerease in impact load of PMMA hassled to higher mechamical
and thermal sability, compared with spoxy resin, which nesds mors
energy to break the moloular bonds of PRAMA [29].

With regard to energy absorption, generally, the amount of energy
applied to the specimens is absorbed and wiilized in many ways,
mmwummmm«ww
like erack ian etr. Figure (4h) shows:
the maximem energy absorbed by the specimens at different tempers.
tures (&0 °C and 80 °C). At room temperature, the energy was expended
in the form of either crack growth, delamination, de-bonding and/or
fibre rupstare [ 12, 59]. As the temperaturs rose, mone snergy was spent in
the form of elastic deformation mﬂﬁnﬂlj'ﬁh!nmwthe

ERETEY constant in individual cases,
which means constant energy absorption with the rise of temperature.
This can be sezn in case of all the samples exeept for T-5; for example,
T-2 showed constant absorption throughout the temperature increase,
while T-5 took in more epergy in the form of elastic deformation, which
could be ativibabed to the highesirain glass fibres and the pliabdity of
acrylic resins [49]. In case of hybrid samples (T-3 and T-&), T-3 dis-
played similar emergy characteristic as T-2, whereas T-6 was seen as a
compromise between T-5 and T-2/T-3.

331 Evoluation of dastic and in-elastic energies

The elastic and in-elastic energy plays an important role in quanti-
Fying ductility in polymer composites. The in-elastic energy is defined as
the energy spent in damage initiation and propagation [42]. Figure (G4,
1) shows the in-dlastic and dlastic energy absorbed by the tested speci.
mens, respectively. As can be seen in Fig. (54, as the temperature was
rising the material was taking less energy to propagate damage in the
form of delamination, de-bonding, and erack growth, as shown in failure
mechanisms saction while the absorbed energy was taken in the form of

mer chains, thus reducing the crystallinity degres of the resin,
through volatilization or extraction during us= of a icized palymer

elastic (Fig. (SE7L Also, it was observed that the in-clastic
energy sither was decreasing gradually with increasing temperature or
constant. This implies that as temperature increases, the

enusing thermal agent [47].

A3 Effect of tempernnere on load and emergy impact

Figure (441 illustrates the influence of temperatures (60 C and 80
“C) on the load borme and impact energy by specimens. As shown in
(4], the respective load bearing capacity of T-1 and T-2 samples
did not change much & the temperature was rising. This could be
attributed to the fact that epoay tends to retain its ambient temperaturs:
properties up to 160 “C (melting temperature) with less degradation
[4£). Also, it was noted that GFRP still refnined better mpact perfor-
mance against CFRP at higher temperature, whereas T-2 and T-5

ﬂldd.ﬂ:n-ol'mlud:mmmuhlﬂzﬂndqnmlnfm
i forms of ite damnge

[30].

The decrease was mors obvious in case of T-4 and T-6 as they had the:
acrylic PMMA containing resin. As the temperature rose, these speci.
mens became more pliable and tock in more energy to undergo elastic
deformation seen im Fig. (5B) [29]. T-1, T-2 and T-3 having =poxy as
resin exhibited & near constant behmviour in the case of in-elastic energy.
Noslp.lﬂuddlqlmmswmnﬂ.hllbqboml im more

prosounced incresse incase of T-5. T-5 suffered more indentation rather
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than splitiing along the warp and weft direction (Fig. (3C7) and this
prompeed an elastic respomse and benee the elastic component saw an
abrupt rise But, in case of all other specimens, the rise in elastic
component was modest as they suffered penefration and prior to this,
they took elastic energy in the form of elastic deformation with sither a

or im-=lnstic throughout three shadied
Eemperniures.

CRERE

442 Bvalarion of ductlity ndee

[uctility index was estimated using Eq. () and hased on the ine
elastic and elastic energies obtained from the above section at
different temperatures. Based on the valoe of the cbtained DI, the
behavior of the material ean be defined, in beittle <G99,
ductile failure =75%, semi.ductile between 70 and 74% [42].
Figure (84, ) shows DI estimated by Naaman et al. (D]- Naaman) and
&-:edlLﬂ’Jl m}mmmhm:mm
DOl decreased with incressing due to the in

elastic limit) the specimens are simply punctured without undergoing
amy of the above mentioned faillure mechanisms [51,52].
Alsn, it is clear that T-4 performed better on the ductility scale sven
tock a snaller load when compared to all others. The hy-
brids T-3 and T-6 exhibited a compromise between all the types studied.
They had an average ductility of 0.65/1.%4 (Grace and Naaman
respectively) at room temperature, which fell down to an average of
045,145 This range of ductility is gnod, as the material is losing its
tendency to fail abruptly amd fails in a controlled manner, as in case of
pure glass (T-2 and T-5), where average ductility of mverage 0.5/1.6 at
room temperature fell to (.35/1.3 at higher temperafures. Stractaral
applications exposed o impact might not bode well in this case. The
total amount of energy absorbed by the material during Empact is
expendad in the form of elastic deformation and damage propagation
(in-=lastic deformations). Thus, according to the I analysis, both hybrid
samples (T3 and T6) exthibited better DI ak room temperature, but as

= rose [ dropped, which means the materials was loosing its

mdlsﬂcmuwwmhjlbemﬂnﬂz

rybrid iz its ability to fail in a controllsd manner was

rose. Also, it was noted that [ is directly proportional to in-elastic en-
ergy and in-directly proportional to the elastic energy. These figures
help to ascertaine that ductility fell and thus the material berame more
brittle in natwure or the material was just taking more elastic energy
befiore failure in the form of fibre splitting along the warp and weft amd
then ruphare [50].

A low DI does not necessarily mean a very brittle material; it could
also mean a rebound of the impactor. In this scenario, a large part of the

Lost. Also, it seems that pure form of carbon with PMMA smanifested
better [ even as temperauture dropped Thus, the incorporation of
earbon in & pure glass composite reduces its anpredictability while
failing under impact st rocm temperatare.

333 Energy bosed model to predict the obsorbed energy during impact
In arder to predict the shsorbed energies during the low.welocity
lq)-:uqlhludly Fn-uﬂﬂ (2011} developed a new approach but

elastic energy taken by the matesial is back to the i in
such a case the index value would approsch 0. In ssch a scenario, aclose
M“&Mddmnnwﬂdﬂpmmﬂuﬂdbm
mature of the faillure. All the a

decrease in [, which could be attributed to the in-ability of the material
to undergo classical compaosite failure modes, such as crack propagation,
delnmination and de-bonding. In such a scenaris, the material is taking
in more elastic energy in the form of dastic deformation (as its getting
pliable), and as this energy reaches a critical level (which is above the

1H =Mamman
[
s

oaly [52]. The same approach was
ldqmdh&:mrmmpuﬂmﬂzmbedmwnmm
temperaturs through plotting lnumdhndtﬂbdmﬂwm
against the imverse of the normalized impact energy mtio
all samples, as shown in Fig. L.J.lrh:zl&.?kﬂnmciht:np-:tﬂ-
ergy of the impactor; here it was 50 J. The power regression curve was
foumd to be the best fit and based on that, Eg. (%) links the absorbed
Hgylnﬂnd.utk: energy and the incipient impact energy, giving an
i of the total ‘energy in the form of elastic

®T.l
&T2

T-3
®T-1
sT-5

2 0041 5@ A0 TIOHOD u0 NN
Trewperatnre |“0)

Fig. 6. Ductiry Index (D) with respect o tempenanine. (A) Di-Naaman and (B) Di-Grace.
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Fig. 7. A normalized energy plot for nine specimens ot room temperanuse.

deformation and in-elastic deformation. This expression is almost
similar to the formula obtained by Wisnom et al. (2017) [54]. Also, it
was noted that the values of (Eu/Fexs) obtained from Fig (7) are located
in the range 0.02 and 0.4, huif:i:ﬂl.udlhmmd,ﬂump
could be further Thaus, in jusion, the absorbed
eﬂdkmﬂwmﬂywjmm&dmm
[55], which, tioned in the previ tions, can be obs d from
wu_ﬂ-mnedmdkfmnim-:mdnw
regression curve was found to be the best fit and the equation of the
energy of the sp quite

3

3.4, Analysis of damage and faikure mechanisms

It was quite hard to arrive to a conclusion as to what the energy has
mwhhmmxmwmmm
only or by studying the energy sbsorbed by the sp

~De-lamination .
= Impaer  Crack growth
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arowth botworn
ol 2 glass
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Therefore, optical microscope was used to infer the micro mechanism

imvolved during the damage of composites under impact, and to deter-

nhehpn}hmmdhwvaﬂludmﬁhtydtk
as explained in the pr sections.

3.4.1. Epoxy resin

The chservation process using the optical microscope was perfarmed
on the cross section of the impact region after having it cut by an
automatic cutter. Fig (4) shows the micrographic images of the
damages of carbon/glass-epoxy resin samples at 25 °C (the lowest
temperature) and 80 °C (the highest temperature). The examination
process revealed the failure mechanism of T-1 sample (Fig. (5A)) at 25
“C resulting from crack growth, which tends to branch out from the edge
towards the impact centre. Also, a fibre rapture was noted extensively
on the impact side due to the compressive stress involved, along with
crushing and the resultant debris formation, which can be seen as re-
flections close to the fibre rupture. These fallure mechanisms contrib-
uted to a high DI at room temperature in T-1 samples. At
80 °C (F3z. (41)), the resin became more pliable with deformed edges
with less fibre rupture. Also, the significant cracks could be seen on the
obverse side of impact, while crack growth is seen in the middle of the
mmy&m&emnn&mhmdmnnm
cracks ively DI at higher albeit lower
meﬂn&lﬂmﬂdhtmﬂmmﬂ:
epoxy tend to maintain comsiderable DI even at higher temperatures,
making it more compatible under impact loading at higher tempera-
fures. Figure (50,0) shows the damaged edges of T-2 at 25 °C and 80 °C,
respectively. At 25 °C, the sample suffered significant delamination
along the edges as can be seen in the first figure along with significant
fibre-pull outs. The de-lamination was limited within the perimeter of
the rhombus of the entire impact damage, especially along the edges and
the splits. The damage features at 80 °C do not change significantly due
to the fact that fiberglass has high strain fibres and whea coupled with
plasticity of the resin, the material tock in moare elastic epergy in the
form of elastic deformation than in the form of damage. These results
explain why DI at low and high temperature and at 80 °C was rather
constant as insignificant.

Figure (81LF) shows the examination of T-3 at 25 °C and 80 °C,
respectively. As shown in Fig. (£1), the damaged edges make it quite

Fig. 8. A)and B)are T-] ar 25°C and 80 °C
respectively. At 25 “C unstable propagation
of crack Is seen especially at the inserface
between alternatively arfented plies and at
B0 “C resin is more plastic and hence
become pliable. C) and D) are T-2 a1 25 °C
and 80 “C respecitviey. Ar 25 “C crack
growth s seen at aliemating plies in com-
bination with fibre pedl cut and at 80 “C
resin Is move plastic. E) and D) ase T-3 at
25 “C and 80 “C respecitviey. At 25°C the
carbon layer at the centre arvests the un-
stable crack growth, while more damage is
seen in pure glass layer and at 80 “C, more
plasticity ks seen as semperatuse rises, thus
aresting damage 10 an extent.

De-lamination
herween twn layers
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evident that the inclusion of carbon layer in the middle has i the

Polymer Testing 89 (20209 106711

complexity of the damage having a direct bearing on the DL On the
impact side fibre rupture was seen along the edges with the carbon fibre
being intact while delaminations were seen along the interface between
glass layers. Moving towards the impact centre, the carboa fibre
ruptured, following which the load was borne by the neighbouring glass
fibres, which too had ruptured after reaching its critical load bearing
Mmmnmmuw(mmwd

nism became more complex and affected DI, which at 25 °C was quite
high when compared to its pure glass counterpart. However, this
complexity of damage is quite necessary, as this chain of damage events
would delay the abrupt failure of the material in the event of an impact,
as seen in pure glass composites.

34.2 PMMA resn
Figure (9) shows the micrographic images of the damages of carbon/
glass-PMMA resin samples (T-4, T-5, T-6) at 25 °C and 80 °C. As shown
in Fig. (9A), the damage area of T-4 at 25 °C contains a mix of damage
modes by inter-ply and intra-ply crack growth.
Mwwwmhmdmum(w
energy) ab hibiting higher DI when
eomp.ed!otlnsﬂbymuwmnwmb
more elastic deformation rather than damage propagation in the form of
in-elastic energy absorption, that led to a drop in DI. Also, it is clear that
the edges were conspicuous in absence of any delaminations or cracks
both in the inter and intra-ply region, as shown in Fig. (901 Figure (9C,
D) shows the fracture of T-5 sample at 25 °C and 80 °C, resp At

ﬁqhmdﬂdcw as can be seen in
Fig. (D). The suffered with cavities
mdwmhlwhamﬂya&lmuaﬂbe
) lastic resin, as at higher
mmhmmmﬂnmmmﬂhﬂo&eh&-ﬂ
hence they were behind the cavities.
Fig. \,-w..r:‘iame(hybddswihuy&mumh)nzm
and 80 °C, respectively. At room temp were seen
along the edges and along the splits of the impact region, the same as in
T-3, on the obverse side of impact (Fig. (9
along the edges of impact on the impact side, with resin debris collecting
h&cwuurﬂmn-ﬁeﬁupﬂ-amm
ily to higher DI at room temperature
le to that of T-3. as the rose like in case
of all the other types studied, they underwent clastic deformation with a
drop in DI evident from Fig. (9¢). The effect of temperature had a pro-
found impact on PMMA, as can be seen from the above discussions. It
lly obx d that at lower temp PMMA along with the
snmw.wmmmu-w
rose the PMMA became more rubbery and this had a profound impact on
the m Especially at higher if the
d the i (true in case of T-4 and T-6), the
mddldmlhlemhmwm-yaﬂsﬂ
mt-mdmuemm-wm
mechanism. This could be attributed to the elastic recovery arising
from the rubbery state of the amorphous chains within the PMMA [56].
Finally, based on the results of current study, it is evident that the
byhideﬂauimmeedwh&ewofglmmdm
fibres is Also, the most & ing the failu

25 °C, the damage had a lot of reflections along the warp directions as
most fibres were de-bonded, while fibres along the weft directions is
clearty visible (Fig. (9C)). Comparing T-5 at 25 °C visawis T-2, TS
suffered considerable damage within the impact region, including
delamination and de-bonding. Also, it was observed that there existed a
general adhesion problem between glass and the acrylic resin and this
was evident in the large number of fibre pull outs seen in the froat of
impact. At 80 °C, thermoplastic resin became more mouldable and

mdﬂthwm-mnwmm
which controls delamination after the failure of the lower strain plies
[53,54]. For a given material combination, the energy release rate de-
pends on the thickness of the low strain to failure layer. Delamination
'was restricted to the edges of the obverse side of the impact and along
the diagonal split of the rhombus-shaped fracture. Fibre rupture was not
seen oo the edges except across the split. An increase in plasticity
reduced delamination and made the material pliable along the edges.

Well direcdion lilbres

Fig. 9. A)and B) T4 ar 25Cand 80 °C
“Cand 80°C

At 25°C cracks and

. At 25°C fibee padl out was scen in more reflections. At 80 “C the specimen became more pliable and

while at 80 “C the resin became more pliable. C) and D) T-5 at 25
Indestation appeared. E)

and F) are T-6 at 25 “C and 80 “C respectively. At 25*C the carbon layer at the centre arvests the unstable crack growth and at 80 “C the specimens wese more plaste.
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Lesser [4 implies an increase in elastic deformation of the material with
smaller in-elastic component The microanalysis made this quite
evident. Smaller in-dlastic energy component implies lesser fracture
mechanisms like crack growth, delamination efc. As temperature rose,
the marmal failure such s L de-bonding ate.
were contained and instead the material tock in more energy in the form:
of elastic deformation and finally a diagonal split along the warp and
weit direction of the fibre appeared.

If these oheervatiome were made within the comtext of airerafts, fow
ohservarions could he , within the service temperature:
mentianed in this study, T-3 and T-6 loase their hybrid characteristic
mnmmwmmmm“m

Palymer Tasting 89 (000) 08717
Appendix A. Supplementary data

data bo this article can be found caline at bitps//doi.
org/10.1 016/ polymertesting. 2020, 10671 1.
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Abstrack The shady aims o ascertain the influence of hybridisstion and ply waviness on the flesural
behaviour of polymer composites. Two different msin systems, namely epoxy and Polyimethyl
methacrylate - FMMA, were chosen for the study, whemin two batches of carbon/glass hybrid
composites (CGHC) were fabricated with the bwo msin systems. In addition to OGHC samples,
four other neat batches with waviness (glass/epoxy and glass/ PMMA ) wen prepaned to study the
effect of out-of-plane ply waviness Two sets wene additionally made with in-plane waviness (angles
ranging from 15-35") with epoxy to further understand the effect of waviness on flexumnl behaviour
Themeatter, bwo mone batches of samples with neither waviness nor hybrid architectures were ested
o achieve a betier undenstanding of hy bridization and the presence of waviness. [t was seen that the
hybridization of polymer composites introduces a pseudo-ductile behaviour in britthe composites,
which makes the failum: mom predictable. An enenry-based model was implemenied to quantify the
dudtility introduced by hybridization. The presence of in-plane w aviness increased the fevural load
but reduced the modubus considerably. The presence of out-of-plane waviness decreased the flesxural
properties of composites drastically, though the displacement rate was seen o increase considerably.
From the comparison between epony and PMMA, it was seen that PMMA exhibited similar flexaral
properties vis-ivis epoxcy. PMMA is easy to recycle and thus could serve as an ideal replacement
for eposcy resin. Finally, a numerical model was built based on an LS-DYNA commercial solver; the
misde] predicied the fexural behaviour close b what was seen in the experiments. The model could
be calibrated cormectly by ascertaining the influence of failure strain in the longitudinal disection,
Hhidliﬂﬂll’l!&]:l’_‘ndﬂﬂ. and the faihime strain in the transverse direction, which is matric &'Eﬁnhnl.

Keywords: fibr-reinforoed poly mer composites; wind eneny; composite stiffnesses degradation;
numerical modelling

1. Introduction
The demand for polymer composites has been on the upswing due to their light
weight, damage tolerance, high specific strength, durability, maturity in ing, lower
gas emissions, lower fuel consumption, etc, compamed to metals [1-3]. The failure of
polymer composites is sudden and catastrophic, owing to their brittle nature; thus, to
enmesaﬂeupuaﬁmalﬂg}usa&lyfummappﬁedfmmmpmmadeﬁmpol}m
ites. This could lead to over-designed components of composites, hence affecting
their potential weight-saving benefits. Introducing ductility into a brittle material, ie.,
achieving gradual failure [2], in composite structures could enhance their iunctionality,
widening their application scope.
The hybridisation of compaosite architechure has been accepied as an approach to intro-
duce gradual failure in polymer compaosites [4-12] This essentially includes combining

Polymers 122, 14, 1361 hitps-/ dot.arg 1 3390/ polym 14071360
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low-strain materials (L5M) and high-strain materials (HSM) in an appropriate configu-
ration. Though different possibilities of hybridising exists, the one most exploited is the
inter-layer hybrid configuration, where mixing of different materials occurs on the ply
level [8,9]. Extensive studies have been conducted on the hybrid effect exhhibited by sped-
mens under tension [12-17]. It has been found that thin carbon/epoxy pre-impregnated
plies produced using tow spreading technology have suppressed damage mechanisms
by obtaining lower energy release rates, delaying the propagation of intralaminar and
interlaminar cracks [158-22). This has introduced fragmentation of carbon plies as a mew
damage mechanism in composies, thus lending to gradual failure instead of catastrophic
failure [4]. As the need arises to make polymer composites environmentally sustainable,
altemative resin systems that are mome recyclable need to be explored [23]. The hybrid
effect in such mesins needs to be confirmed and quantified.

Fibre waviness is a common manufacturing-induced defect associated with thick
composite structumes. Two primary causes of waviness are the residual stress originating
during curing and local buckling of fibres during filanent winding [ 24-29]. Ideal properties
associated with straight fibre materials are assumed when conducting structural analysis;
this is a flawed practice, because these properties are either over-estimated or under-
estimated in terms of the true experimental values (these take into account the presence
of waviness) [20-35]. Loading of compaosite structures with ply waviness causes a thiee-
dimensional stress state that can reduce their stiffness and strength, which is of particular
concem in real-time applications such as wind turbines. Load-bearing parts with ply
waviness in wind turbines, such as spar caps, lead to early global failure and kinking
of the entire blade structure; thus ply waviness can cause structural problems, which
must be considered in the analysis and design process of wind turbine blades [35]. An
important parameter controlling the waviness-dependent properties is the wave amplitude
and wavelength ratio (a/A) [31,37-29). Raietal. [29] proved this theometically, and the latter
has been experimentally proven [24-39]

Making composite architectures to achieve gradual failure with flexural loading has
not been an objective in many studies; maximising the fexural strength and modulus has
been the concern [40-43]. Most flexural studies on hybrid composites [4] have identified
the ideal combinations of different fabrics to achieve the hybrid effect, while quite few have
quantified the hybrid effect achieved. Duectility Index is a mathematical term that can be
employed to determine the enetgy expended during failure and hence better understand
the damage propagation. While studying waviness in polymer composites, the current
research has sought to understand the mechanical performance in tension, compression,
and fatigue [44]. Several studies [24-39] have aimed to prediect the strength and stifiness
reduction in the presence of waviness. The effect of waviness on flexural strength has
been less explored experimentally, Allison and Evans [45] studied the effect of waviness on
flexural performance. The same study derived a failure criterion that could predict the load
and location where failure will begin. Taking the lead from this research, the current study
explores the effect of waviness on composites with two different resin systems. Matrix-
dominated properties play an important role [46] in the presence of waviness; hence, this
becomes the rationale to understand the role of different matrices while studying waviness.
The study further explomes a numerical model that predicts the fexural behaviour of hybrid
composites and laminates with waviness. The numerical model is an attempt to explore
the effect of carbon fabric on the hybrid effect and the matrix dominant properties in the
presence of waviness,

2. Experimental Methodology
2.1. Materials and Design of Experiments

Uni-directional glass (areal density 230 Efmz) and carbon fabrics (areal density
120 g/m?) were supplied by Ré&G Faserverbundwerskstoffe GmbH (Waldenbuch, Ger-
many). Epoxy resin based on Bisphenol A and its hardener (modified cycloaliphatic
polyamine free of alkyl phenol and benzyl alechol) was also sourced from the same firm.
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The methyl methacrylate (MMA: 617H119-Orthocryl Resin) resin and its polymeriser (Ben-
zoyl Peroxide-BPO: Orthocryl mesin 617P37, Otto Bock) were sourced from Otto Bock
HealthCare Deutschland GmbH (Duderstadt, Germany). The composite archilecture and
the mesin viscosity and density am elaborated in Tables 1 and 2 respectively as per the data
sheets from the manufacturer. The experimental work here was designed in four stages:
{2) making of fibre /resin laminate composites, (b) investigation of flexural propertiss of the
prepared panels and subsequent micro-structure, (c) estirmation of the ductility of hybrid

ites, and (d) validation of the numerical model. The experiments weme carried out
for 10 batches of specimens with different fibre architectures, resin, etc, as elaborated in
Table 1, where T-3, T-4, T-7, T-8 were specimens with out-of-plane waviness, and T-9 and
T-10 with in-plane waviness T-3 and T-7 had waviness defined as concave up and T-4 and
T-8 as concave down

Table 1. Composite architecture.

Spedmen  Symbal Architecture Fabric o Resin
T1 20020080 s Uni-directional  Eposcy
T2 LA 1L T Gclf:g:l"’ Uni-disectional  Epescy
T3/ T4 Uni-directional ~ Epescy

e g, T— -

T 15 Carbone Uni-disectional  FMMA
T Uni-directional ~ PMMA.
7 Uni-directional ~ FMMA
8 [ 11 01 1 1 1 B Uni-dimectional ~ FMMA.

Table 2. Resin viscosity and density.

Pesin Material Property Value Units
Epomy (B 1A) Viscosity at 25 °C 710 mFas
F Density at 25 °C 115 gfem®

Viscosity at 25 °C 14 mPas

Epexy (Bisphenol A) Demi:al?j “C 09l glem®
Viscosity at 20 °C 500 mPas

PMMA Density at 20 “C 1 glem®

2.1 Fabrioation of Fibre/Resin Laninate Composites and the Flevural Test

The preparation of the panels was preceded by cutting the fabrics in accordance
with the size of the panels; EM IS0 14125:1998/ AC was followed for the preparation of
specimens. Epoxy resin and its hardener solution with a ratio of 70:30 wit% of the total panel
weight were mixed together using a mechanical mixer for 15 min, followed by keeping the
solutions in a vacuum chamber at —100 bar for 10 min to eliminate air bubbles introduced
during mixing. FMMA mesin mix was prepared by mixing MMA monomer with BPO
as an initiation system in the free-radical polymerization, with a weight ratio of 100:2
(MMA:BPO), using a mechanical mixer for 15 min; subsequently, the air bubbles were
remaved as before. The hand lay-up method was adopted to fabricate the panels, and in
the case of infroducing out-of-plane waviness into the laminates, a semi-circular die made
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of plastic was used. The plastic die had a length of 110 mm and diameter of 10 mm,; the
waviness angle obtained by the placement of this die was approximately 14 degrees. The
fabric was placed over the die (wax was used a releasing agent on the die) one after the
other, and the resin was spread over it by amller;subseqmndy,mepamlswemvacumn
bagged. This method gives repeatability in the results of post-flexural tests, as the method
a constant thick of 1.9 £ 0.1 mm through the fabricating process. This can be
achieved by thoroughly sealing the v. bag and maintaining the vacuum pressure
mtantbya\stmngﬂ\atﬂnmammlmkaps ln-planewwmwumuodum:lby
P g the fabric up ds while @ d in resin. Thus, by doing so, T-9 was infroduced
mthanm-phmwawangkof -15°, and T-10 with an in-plane angle of -35°. An infra-red
Iamppost-c\nepmesswasadopmd(a!70°ctu16h),anddemmcmmgpmazsswas
carried out on an elec i lled oven ( range 30-350 “C) (at 90 °C for
5h). Anaumaucmmrwmusedlocmﬂem\aﬁ,andthemmgpammrswm
set as per the ISO standard adopted for this study. Five samples were assigned to each code
mentioned in Table 1, and the accuracy of the cut specimens in terms of dimensions was
tisfactory to obtain i "y in the experi 1 results. Later, 3-point bending tests
were performed on a Tinius Olsen universal esting machine (UTM) having a maximum
load capacity of 10 kN, within a span length of 60 mm and at a loading rate of 3 mm/min.

2.3. Determination of Ductility of Specmens Subjected to Flexural Loading

Ductility of beams can be expressed in terms of a dimensionless ductility factor or DI
based on the general curvatures, rotations, or reflections. However, this criteria is based
on a yield and an ultimate strain found in ductile metals as opposed to brittle materials.
Thus, an energy criterion was introduced to estimate the DI of brittle materials based
on the consumed energy until failure [47-50]. Based on this framework, Naaman and
Jeong (1995) [49] and Grace et al. (1998) [50] developed two different models to compute
the DI, which is based on the total energy (E, ), elastic energy (Ey_...), and the failure
energy (B, dacic), 85 seen in Equations (1) and (2). Eyuy represents the area under the
load-displacement curve up until the final failure, whereas E..; is defined as the area
of the triangle formed at the failure load by the line having the weighted average slope
of two initial straight lines of the load-displacement curve (Figure 1). Both methods gave
mcumhmlmwhichservedasamﬁvaﬁmfmisumhmﬁmolducﬁﬁtydbﬁlﬂe
materials, such as concrete, [49,50]. Thus, both these methods were employed in this paper.

DI (Naaman) = —( E"" + l) (0]

DI (Graces) = % @

Figure 1. (a) Composit panel preparation using the bagging method. (b) Flexural test on a

with i (c) Speci for £l I est.

P F
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2.4, Numerical Analysis of the Flexural Behaviour of AIl the Architectures Currently Studied
The finite element method (FEM) was adopted in the current work o understand the

effect of hybridization of composite architecture and to ascertain the effiect of waviness

on composite flexural properties. The analysis was carried out using LS-DYNA software,
which is classified as the most-used program for solving nonlinear problems using explicit
time integration with precise results [51]. The use of LS DYNA as a softwame was validated
by its original developers (Livermome Software Technology Corporation, acquired by Ansys
in 201%) for its generic applications. Thus, common applications of L5-DYNA include
automotive, serospace, metal forming and mulb-phy sics problems [52]. Thus, in the context
of the current research, a finite element model was to predict the fexural performance of
composites with hybrid archilecture and degradation of flexural properties in the presence
of waviness. The modelling techniques require several parameters to be defined, and
these include material properties, meshing size, loading conditions, and constraints. These

were defined and used as input for LS-DYNA modelling for e ach of the samples

studied in this paper (Figure 2)

In the material section, two composite material properties were defined for carbon and
glass. The material properties were determined from static tests on the specimens and from
the mathematical model developed based on the rule of mixtures, as elaborated in [53].
Thus, based on these methods, Table 3 gives an overview of the material properties used in
this paper. The table has information on both glass and carbon composites with both mesin
by pes used
A The composite plies were modelled using 4 Node Shell formulation, available in

the LS DYNA Shape Mesher library. The mesh size (mesh type square) was kept
constant at 1 mm throughout the modelling, The size of the specimens was as per
the 150 standard mentioned in Section 2.2 The number of layers in the model is as
per Table 1. Regarding the boundary conditions, the specimens were constrained as
a pin and roller [54] support. This implies a complately constrained motion in the z-
direction and free in the y-direction (along the width), while in the x-direction

the length), the specimens were fixed at one end and were allowed a translation
motion at the other end.

B.  Omdefining the loading conditions, initially, a set of nodes onwhich the load would
be applied were defined using the Boundary SPC_SET option. Later, the loading
curve was defined based on the actual experimental loading conditions, and the curve
was assigned to the nodes through the option Boundary_Prescribed_Motion_Set.

C. The composite failure was modelled using the material model MAT 54, which is
a progressive failure model that uses the Chang-Chang failure criterion [55]. The
model takes in 21 parameters that should be defined, 15 of which are physically
based and & of which are numerical parameters. Among the 15 phy sical parameters,
10 are material constants; these are elaborated in Table 2. The mmaining 5 parame ers
am tensile and compressive failure strain in fibre directions, the matrix and shear
failure strains, and the effective failure strain. The 6numerical parameters were set
at their default values. By conducting a parametric, study it was inferred that only
DFAILT and DEATLM (DFAILT-Max strain for fibre tension, DEAILM-Max strain for
matrix straining in tension and compression) needed to be adjusted. These terms
and their explanations can be found in [51]. Adjusting the above two parameters
helps simulate the tension,/ compression within the matrix be tween layers and the
tension of fibres along the bottom of the specimen [51]
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Figure 2. FEM sch ic of the speci including modelling, ial hing
contact definition, and loading conditions.
Tablel(' posite speci properties for ical modelling. X7- strcngthmbman(wmdr
nal); X= strength in (longitudinal); Yy gth in tenss )Y gth in
compression (h-anavene) Sy shear nhength
Resin E, GGy P Xr Xc Yr Yc
Type (GPa) (GPa) (GPa) b (MPa) (MPa) (MPa) (MPa) (MPa)
Epoxy / Glass 324 81 26 022 680 600 35 X 35
Epoxy/Carbon 63 40 9 016 9 &3 501 146 19
PMMA/Glass 2316 21 262 038 325 246 16 2 128
PMMA/Carbon & 3 18 013 1300 882 15 40 120

3. Results and Discussion
3.1. Flexural Characteristics of Composite Specimens Pure, Hybrid, and with Waviness

Figure h,bshowsmeload dxsplaoementplotsfonheesndsamplesﬁombothepoxy
and PMMA. Since ¢ plots were obtained among the les studied, thep
plots are just for one sample set. ltcanbemﬁrmdﬂutﬂwPMMAandepmysamples
exhibited similar flexure response; though a significant increase in load was seen, itwas
generally comparable to epoxy sped A direct conseq of this outcome is the
eventual replacement of epoxy with more recyclable PMMA. A closer observation shows
the specimens with waviness tend to lose their flexural strength in comparison to those
with no waviness in them. Though the specimens without any waviness/ hybridisation
tend to carry the highest flexural load, the failure post-maximum was abrupt Hybrid
specimens with both glass and carbon within the architecture failed gradually, with in-
termittent load drops, characterised as the hybrid effect Though the maximum load is

lesser when compared to pure glass specimens, the increasing complexity of composite
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damage mechanisms increased its ductility and hence reduced the abrupiness of the darn-
age, which is less desirable in real-time applications of these materials. The presence of
waviness within the architecture is less desirable from a strength perspective; the reduction
in flesural modulus was approcimately 30% when compared to pure specimens in the case
of epoxy and 36% in the case of FMMA. The presence of waviness hinders the normal
damage mechanisms associated with composites when subjected to fexural loading, Most
specimens with waviness failed abruptly, not because of any noticeable fibre failure, but
due to delaminations in the waviness megion. A noticeable increase in displacement was
observed in specimens with waviness; this was noticed in the case of T-3 (epoxy) and T-8
(PMMA), which could be attributed to the geometry of the specimens. A microscopic
inspection and observations are made in a later section in this research.

In addition to out-of-plane waviness, the effect of in-plane waviness in the case of
epoxy specimens was studied; FPMMA was not considered in this case. As mentioned
in the previous section, five sets of samples were subjected to flexure in each code, and
Figure 3d is the mean of the results obtained. This was to avoid too much data and to keep
the research more concise as to study the effect of waviness on the flesaural behaviour rather
than ascertaining material properties with different resin systems. As can be seen in the
figure (Figure 3c-a), the introduction of in-plane waviness (angle ranging from 15 to 35%)
had a profound influence on the fexural behaviour of composites. Even though a reduction
in flexural modulus was observed as is the case with the introduction of waviness, an
increase of 22% in load was observed between T1 and T9/T10. This increase was expected
because, mathematically, when using classical laminate theory to ascertain the influence
of inrplare and out-of plane waviness on the various material properties (E., Ey, Ez, Guy,
Gz, Gz ), an increase in Gy is observed in the case of in-plane waviness; in the case of
out-of-plane waviness, an increase in G, is observed [56]. In practice, the increase in the
case of Gy cannot be realised because of early interlaminar failure [56], as can be seen
earlier in the case of the out-of-plane w aviness specirmens studied in this paper. As can be
seen in Figure Je, the ultimate failure in the case of T-1 and T-9 was due to fibre rupture,
as is the case with most flexural tests. Howewer, in the case of T-10, no fibre failume was
seen, but the specimen lost its load-bearing capacity due to shear failure, which is the nuajor
reason behind de-lamination failure. This is in stark contrast to the failure ssen in T-1 and
T-9, where no shear failure was seen. A direct implication of the introduction of in-plane
waviness is an increase in in-plane shear modulus. This could translate to a higher load-
bearing capacity, where the load is equitably shared by both the reinfordng fibres and the
resin used. To prove this hypothesis, further studies should be conducted in this regard.

The results are indications that hybrid composites can be beneficial by altering damage
mechanisms, though compromises on strength and stiffnesses are to be ecpected. Figure 4ab
below illustrates the me:imum strength and flescural stiffness (EM 150 141251998/ AC), which
can be obtained by the following equations:

3FL

0F = oy 3
Lm
EF=W 4)

where P L, b, d, and m are the maximum load, span, width, height, and initial slope from
the load-displacement curve, espectively. The figure below is the average plot of the five
samples studied in each code set, as there was consistency in the results obtained. As can
be inferred from the figure below, a considerable drop in flecural stength was witnessad
with the presence of waviness in the architecture Though the drop in the case of the
hybrid specimen (1-2) is negligible, waviness in T-3 and T-4 saw a considerable reduction
in strength. Similar results ame seen in PMMA samples, thus favouring them to replace
epaxy for better recyclability.
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Figure 3. Load displacement curve from the flexural test. (a) Specimens with epoxy resin, (b) spec-
mens with PMMA as mesin, (c) specimens with in-plane waviness, (d) flexural modulus of specimens
with in-plane waviness, and () specimens post-failure (in-plane waviness).
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Figure 4 Flevoral modulus and strength of pume glass, hybrids, and samples with waviness. (a) Fles-
ural moduhus comparisons from T-1 to T-8 and (b) Flexural strength comparison from T-1 to T-8

‘While an alternative resin that is ore environmentally friendly than epoxy is a better
choice, the alternative should be as good as epoxy. Though PMMA was less stiff when
compared to its epocy counterparts, the strengths were comparable to epoxy in all cases
studied. In addition to this, it was seen that the presence of waviness did reduce the strength
of the specimens, but the percentage difference betwesn the sample without waviness (1-5)
and the one with waviness (T-7 and T-8) was approximately 20%. A considerable amount
of reduction was seen in Aexural properties while studying PMMA samples. Though T5
had lower modulus than T-1, the introduetion of hybrid architecture increased the modulus
significantly. Hybridising samples with PMMA considerably increased the ductility index
(DI}, which is indicative of an increment in the inelastic energy absorption capabilities of
these samples; this will be detailed in the next section. When introducing PMMA as an
allernative to epoxy, there is the drawback of making the structure more elastic in nature
{mome pliable). Thus, there exists a rationale to hybridise, resulting in a slight increase in
stiffness, but an insignificant reduction in strength. Thus, o conclude, it can be ascertained
that with some trade-offs, based on the requirements, an appropriate hybrid structure with
cormect distribution of carbon fabrics can be engineered with PMMA, as an alternative. The
presene of facturing-induced damage like waviness and undulations seems to have
lesser impact on strength loaded under flecune.

3.2 Energy Absorption and Estimation of Ductility Index of Samples under Flexure

The energy absorbed by specimens can be divided into two major components, the
elastic and inelastic components, and these components quantify the ductility of composites.
The inelasticenergy is defined as the energy spent in damage initiation and propagation [49].
As mentioned in Section 2.3, the duetility index (D) can be estimated from Equations (1)
and (2) based on the caleulated elastic and inelastic components. Figure 5A, B compares the
ductility index estimated from both the equations for pure T1 and T5 samples against the
hybrid T-2 and T-6. As ductility of any structure quantifies the ability to absorb inelastic
energy without losing the loading capacity, a higher ductility would naturally signify a
higher ability to absorb inelastic enetgy [47-50]. This is true mathematically, as ductility s
directly proportional to the inelastic comyponent [50]. Though the energy model proposed
in [30] considers the total energy component, the inelastic part of this total energy cannot
be discounted. Thus, based on these arguments, the T-2 and T-6 due to their hybrid
architecture, fail in a controlled manmer when loaded under flecure. The introduction
of a single layer of carbon within multiple layers of glass introduced the hybrid effect
considerably, as is evident from the figure below. The increase in ductility can be attributed
o an increase in the inelastic component of the total energy, which was calculated to be
520 ] in the case of T-2 and 861 ] in the case of T-6. The hybrid effect can be attributed to
the effect of interplay of low-strain carbon and high-strain glass fibres; the inter-laminar
stresses also have an effect and cannot be neglected, as is evident from this study. Another
important observation from the current study is that of the elastic component from the
total energy. In the case of the non-hybrid specimens, the elastic component was the
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dominant energy absorption segment. This component does make the material brittle
and less predictable, while the introduction of a hybrid architecture increased the inelastic
component, reducing the elastic component to 40%: of the total energy. Thus, in conclusion,
hybridising of composites can reduce the unpredictability of composites considerably and
make them an ideal choice for structural applications.

0.5
6 m Cpoxy (B:. oy

m PN
B W PRARA N
0.2
11
]

Figure 5. Ductility index (DI) based on the enengy model developed by Naaman et al. [50] and
Grace et al [S1]. (A) DI as per Naaman, (B) DI as per Grace.

3.3, Analysis of Damage in the Composite Ardhitecture Subjected fo External Loading

As seen in the previous sections, T-2 and T-6 had comparable load-bearing capacity
and higher ductility effect as opposed to T-1 and T-5; thus, it becomes imperative to check
the damage at the microscale. An optical microscope was used to check the damage and
infer the mechanisms leading to a higher ductility efiect in T-2 and T-6. Themefore, T-1, T5,
T-2, and T-6 were examined to check the progression of damage.

{)_
F

DI-Grace
[=1]

3.3.1. Epoxy Resin

The cross section of the specimens were analysed (in the case of epoxies: T-1 and
T-2) using an optical microscope with 4 lens head with 43, 10, 40x, and 100 lenses, in
addition to a SMPx camera for image transfer to a PC. It must be noted that the waved
architectume was omitted in the case of epoxy and PMMA from this study. This was because
no noticeable ductility was observed in the case of specimens with waved architecture,
apart from an increase in displacement to final load drop. This was true in the case of T-3
and T-8, where it can be seen (Figure 2) that the macimum displacement to final load was
approximately 10 mmn It was observed that in the case of T-1 (Figure &), when the load
drops, the fabrics and there was considerable delamination on the other side of
the loading. After this event, the specimens lost their load-bearing capacity and ultimately
failed completely. However, in the case of hybrids (T-2 in Figure &), the carbon fabric was
still intact. Therefore, a combination of rupture of high-strain fabric such as glass, and no
Tupture in a high-strength fabric such as carbon, contributes to the hybrid effect, which
introduces ductility into composites and makes their failure mome predictable.
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Figure 6. Magnified image of damaged cross-section of T1 (a) and T2 (b).

3.3.2. PMMA Resin

The damage observed in the case of T-5 and T6 (Figure 7) was clearer, as there was less
reflection, as was the case in T-1 and T-2. Nevertheless, the damage observed here is similar
to that seen in the previous case. T-5 failed by complete rupture of the glass fabric on the
opposite side of the loading, though no de-lamination was observed. Té exhibited the
hybrid effect due to the reasons mentioned in the previous paragraph, but no delamination
was observed among the fabrics in this case. The carbon fabric remained intact, which
could have contributed to a higher ductility index as compared to T-2; in addition, the
effect of matrix cannot be neglected. It is in this context that the effect of “bending-stiffness
mismatch” [57] plays an important role in contributing to the ductility effect.

0 L rarn e

1ead rd Ul islar

Figure 7. Magnified image of damaged cross-section of T5 (a) and T6 (b).

Bending-stiffn i h could be attributed to several reasons, including differing
material properties, stacking sequence, and ply thickness. It was observed in [55] that
delamination along the thickness direction was caused by differing stiffness among the
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plies, rather than viewing them in the context of stress distribution. It has to be noted that
while considering this hypothesis in the context of the hybrids studied here, no observ able
delamination was observed; it was the systematic rupture of low-strength glass fabric with
an intact carbon in the middle that contributed to a differing bending-stiffness mismatch
in the architecture. This mismatch in properties among the plies could be one of the major
factors contributing to the ductility effect, though this has to be verified analytically using
the classical laminate theory and additional experiments with differing thickness of glass
and carbon fabrics.

3.4. Numerical Results

The numerical modelling approach elaborated in Section 2.4 was able to generate
results that could capture the experimental behaviour with good compatibility. This
compatibility is illustrated below in Figure 5 and Table 4, where the first three row s bearing,
columns marked a, b, ¢, and d and the last three rows bearing columns marked e, f, g, and
I are dedicated for the epocy (T-1, T-2, T-3, and T4) and PMMA (T-5, T-6, T-7, and T-8),
respectively. It can be noticed that the modelling approach was able to capture the load
displacement in the elastic region with good precision. In the first tow below, the stess
field along the x-direction (along the length) is elucidated, and the second row elucidates
the stress field in the xy-direction; similarly, the stress fields ame elucidated for PMMA in
fourth and fifth row s, espectively. All the figures below were captumed at the same moment
(steps) to adhere to a uniformity in results

Table 4 Comparison bétween experimental and numerical loads obtained in fleoume.

Specimen Code

T1 Tz T3 T4 Ts T-& Tr T&

Experimental Load (N}

32960 bor] i) 172.40 13045 47871 44050 230000 . 1}

Nurmerical Load (M)

313 Ll ] 165497 13838 43094 a2 . LT o 29644

From the stress fields, it was observed that T-4 and T-8 did not have a stress concen-
tration along the mid-span (whete the load is applied), while the same could be seen for
all other types. It was also seen that T-4 and T-8 had the maximum displacement be fore
failure. An inference on these two observations could be that the actual span length of
these specimens is large if the waviness region is imagined to be a straight line. That would
make the specimens naturally more elastic in nature than those without any w aviness.
In addition to this, the same advantage can be realised in PMMA, while in the case of
epoxy, a eduction in stength was observed with the introduction of waviness. In the
case of PMMA, there was an observable reduction in strength when compamed to straight
counterparts, but this was not drastic. These could be simulated on LD DYNA using the
MAT 54 model, as this keyword uses strain-based eriteria to arrive at failure; especially in
the case of flecure, DFAILT and DEATLM plays an important robe.

Failure strains DFAILT and DEATLM are caleulated by dividing the material modulis
by their strengths, ie, DFAILT = £ and DFAILM = JL. In this study, a parametric study
was carried out to determine the correct value, and a range between 001 to 0.05 was found
to give good compatibility with experiments; higher values were found to over-estimate
the failure load to a large exent It was also found that DEATLC, which is the failure strain
in the compressive direction, had some influence on the results, and its value was taken in
the range of —0.01 to —0.03 (DFAILC = {T’:). Other parameters in MAT 54, such as FBRT,
TFAIL, DFAILS, SOFT, and YCFAC, weme given default values. With these parameters,
MAT 54 could be an ideal material model to study the flexural behaviour of composites
within any kind of architecture. The next section checks the sensitivity of the model to
DFAILT and DFAILM, in the range as shown in Table 3. T1 was chosen for the study; as
the parameters for glass composite needed to be adjusted; this avoided the complication
involved when hybrids are considered, as the parameters for carbon must be changed
as well.
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Figure B. Numerical results (stress fields along the -x and -xydirections, load displacement plots)
captured on LS DYNA for all the specimen types studied. (1) Stress in s-dimection for T-1, (2) Steess in
xy-dinection for T-1, (3) Load curve for T-1. (4-8) Stresses and load curve for T-2 (7-9) Stresses and
load curve for T-3. (10-12) Stresses and boad curve for T-4 (13-15) Stresses and load curve for T-5
{16-18) Stresses and boad curve for T-6. (19-21) Steesses and boad carve for -7, (22-24) Stoesses and
load curve for -8

Sensitivity of the Model to Different Modelling Patameters

Figure 0 elucidates the theoretical and numerical strain values that were subsequently
used for the parametric study in this section. The theoretical values were obtained using
the rule of mixture model available in the lieratume [55]. The theoretical strains seen in
Figure 8 can be determined by knowing the material properties of the fabric and the resin
used. Thus, the glass fabric stiffness was taken from lieratume [59] and is Bsted in Table 5
along with that of the resin (epaexy) used for the current study. The resin properties wene
ascertained through quasi-static tests, as per IS0 527(2). The aim here was to arrive at the
corect calibration and hence to ascertain the influence of the respective parameters on the
flexural esponse, which is otherwise difficult to obtain experimentally. With the theometical
values available, it gives an idea of how much the numerical model can be calibrated and
its accuracy. From the figure below (Figure 9), a DFAILT of (.048 and DFAILM of 0.1 was
used in the parametric study (P5-2 and PS-6, mespectively).

Table 5. Fibre and matrix mechanical properties.

Material Young's Modulus (GPa) Tensile Strength (MPa)
Epoxy iz 70
Glass Fabric Ll M
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Figure 9. Theomtical and numeérical strains for the parametric study.

Figure 10 elucidates the influsnce of MAT 54 parameters DFAILT and DFAILM on the
behaviour of T1 under flecure. Shear stress distribution was chosen in this study because it
was found that DEAILM had an influence on the failure. A parametric study in this case
is necessary to benchmark a numerical model to further validate its future use in similar
applications. Thus, in this study, it was found that DEAILT and DEAILM influence the
model outcome to a greater extent. The range of different patameters adopted in this study
is shown in the Table 6. Six parametric studies (PS) were conducted on T1, since the mest
should show similar results with the same set of parameters and to avoid the accumulation
of ex ensive results, which would be harder to analyse. From this study, it can be inferred
that material properties in the longitudinal and transverse directions to a greater ex tent
influenced the flexural response of the composite beam. From the six parametric studies,
P5-1 and P5-6 gave responses that dosely resembled that of the experimental ones. PS-2
and P54 slightly overestimated the response, and as can be seen in Table 2, DEAILM was
constant at (.04 and DEAILT was in the range of (L045-0.1. It should be noted that DEAILM
at (.1, obtained theoretically, calibrated the model similarly to that of the experimental
response. P5-3 and P5-5 underestimated the response to a greater extent, wherein lower
strain values weme adopted (LOMY). As was explained in the previous section, DFAILT and
DFATLM are max strain for fibre tension and max strain for matrix straining in Ension and
compression, respectively; parameters related to Abre and matrix play an important role in
the flaxural msponse. In Section 3.1, the effect of in-plane waviness was found to increase
the flexcural strength and modulus. As seen in this section, an increase in the matrix strain
had a profound influence in the flecural esponse. Relating this study to in-plane waviness
could highlight the importance of fexural modulus and stength, as seen in Section 2.1

Table 6. Farameters adopted for the parametric study.

Parametric Study (P5) DFAILT DFAILM
1 0.033 o4
2 00dE od
3 L0 LT
4 ol 0
5 0033 000K
& 0.033 a1
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Figure 10. P: ic study on infl of DFAILT and DFAILM on flexural behaviour of T1.
(2) X¥-stress when DFAILM = 0.1 (b) Load-displacement plot for the six parametric studies listed in
Table 4. () XY-stress when DFAILM = 0.009. (d) X Y-stress when DFAILT = 0.1, (e) X Y-stress when
DFAILT = (.033 and DFAILM = 0.04 (f) XY-stress when DFAILT = 0.009.

Figure 10b shows the effect of an over-estimated DFAILT and DFAILM at 0.1. At0.1,
the failure strain is very high, and this makes the composites very stiff in the elastic region;
as seen from Figure 10a,d, shear stress distribution, the element deletion that signifies
failure, was not observed. It was observed that a lower strain than 0.015 in this regard
was detrimental to the result, and hence it was not considered. Strains lower than 0.01
showed instabilities in the model, with non-uniform element failure. DFAILT at 0.009 saw
the specimen fail (Figure 10f) pre-maturely (evident from the element deletion) and be less
stiff than the experimental plots. The ideal strains that reflected the experimental results
were 0.033 and 0.04 (Figure 10e), and hence these should be considered. These strains are
the baseline values at which the model predicts the failure of the specimens correctly for
the given material properties. It was noted that these strains are dependent on a variety

of factors having direct co-relation to the ial properties, such as speci th
fibre volume fraction, etc.
4. Conclusions
In the study, an pt to in the infl of hybridisation and ply

waviness on the flexural behaviour of polymer composites was carried out. Epoxy and
PMMA was chosen for the study, and hence 10 batches of specimens where cut and tested
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{each batch was named, from T1-T10, with specimens each). Based on the study, the

following conclusions wene drawr:

- PMMA was found to have similar flexural strength to that of epoxy, though the
flexural modulus was found to be lower. Hybridising the architecture did not alter
the modulus, but a drop in strength was observed in the case of epoxy specimens.
In the case of PMMA, hybridisation increased the modulus, but the increase was
not significant, and the strength did not change significantly. Thus, from a strength
perspective, PMMA could be a good alternative for epoxy, thus making composites
mome recycdable.

- The presence of waviness was found to be detrimental in both epoxy and PMMA
specimens; in the case of the former, there was severe reduction in stength and
modulus. However, the presence of in-plane waviness was found to increase the load
significantly; thus, waviness could have some positive effects on composites.
an energy-based model. Thus, it was observed that hybridised specimens (T2 and T&)
exhibited higher ductility when compared to their purer counterparts. A level of 800%
ductility was seen in T2 and Té, while in T1 and T5, it was abysmally low.

- The hybrid effect was further studied using an optical microscope, and it was observed
that the carbon fabric was still intact, without failure. The hybrid effect was introduced
by a controlled failure of first the glass fabrics and subsequently the carbon. Bending-
stiffness mismatch was another reason for this observation, though this must be
studied further using the classical laminate weory.

- Numerical models were built on LS DYNA using the material model MAT 54, available
in the LS DYNA MAT library. The modelling approach selected was found to predict
the flexural behaviour similar to experiments. Tensile strain-to-failure (DFAILT)
amd malrix strain-to-failure (DFAILM) was seen o influence the modelling outcome
proportionately, and hence a parametric study was conducted to establish the correct
walues of DEAILT and DEAILM.
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