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SHRNUTI

V dnes$ni dobé se polymerni kompozity Siroce pouzivaji, proto je dulezité
podrobné zkoumat jejich vlastnosti do hloubky a za riznych podminek. Vldknem
vyztuzeny polymer (FRP-Fiber-reinforced polymer) je kompozitni material s
polymernim pojivem jako matrici a vlakny jako vyztuZnou fazi. Jak je vSeobecné
znamo, teplota ma velky dopad na vlastnosti materidli, zejména v piipadé
vlaknem vyztuZenych kompoziti, které maji polymerni matrici, protoze polymery
jsou relativn¢ citlivé na vysoké teploty kvuli své viskoelastické povaze.

V této disertacni praci byly pomoci riznych vyrobnich technologii pfipraveny
vldknem vyztuzeny kompozity s uhlikovymi, aramidovymi, sklenénymi a
cedicovymi vlakny. Byly zkoumény rizné mechanické vlastnosti, jako je pevnost
v tahu a ohybu, zejména byla pozornost vénovéana termické analyze vlaknem
vyztuZenych kompozitl prostfednictvim dynamické mechanické analyzy (DMA),
termomechanicke analyzy (TMA) a termogravimetrické analyzy ( TGA).

Zejména v prvni experimentalni ¢asti pojednani k dizertacni prace byly
polymerni kompozity vyztuzené sklenénymi nebo uhlikovymi vldkny pfipraveny
metodou vakuového lisovani s pouzitim prepregovych materiali. Pouzita vlakna
jsou ve tkané formé s orientaci 0° (0°/ 90°) nebo 45° (-45°/+ 45°) a v jednosmérné
formé& v podélném nebo piicném sméru. V experimentalni €asti tohoto pojednani
byl zkouman optimalni typ vlaken a jejich orientace prosttednictvim DMA a byla
stanovena teplota skelné¢ho ptechodu (Tg) kompoziti.

Ve druhé experimentilni casti Pojednani disertacni prace byly pomoci
kombinované metody ru¢ni laminace pod vakuovou folii pfipraveny bazaltove
vldkny vyztuzené¢ polymerni (BFRP) kompozity s epoxidovou matrici,
pozustavajici s 20 vrstev a objemovym podilem vlaken Vi = 53,66 %. Navic
pomoci DMA bylo prozkouméno jejich viskoelastické chovani v teplotnim
rozsahu 30 - 180 °C a frekvenénim rozsahu 1, 5 nebo 10 Hz, zatimco TMA byla
zvolena na studium zkousek creepového zotaveni a napétové relaxace. Kromé
toho byla stanovena teplota skelného prechodu (Tg) kompoziti BFRP pomoci
piku kiivek tand, zatimco rozklad kompoziti BFRP a ¢edicovych vlaken ve
vzduchu nebo v atmosféie dusiku byl zkouman TGA. Také mechanické chovani
kompozitd BFRP bylo experimentalné zkoumano v tahu a v tfibodovém ohybu.

Je tfeba poznamenat, Zze v ramci zpracovani ndsledné disertacni prace byly
vyrobeny uhlikové, aramidové nebo uhlik/aramidové hybridni vlakny vyztuZené
polymerni kompozity, které¢ byly nasledné vytvrzeny pii zvySenych teplotach a
bylo zkoumano jejich tepelné a mechanické chovani. Tyto epoxidové kompozity
po 7 dnech vytvrzovani pii pokojové teploté byly dodate¢né vytvrzované podle
specifického vytvrzovaciho rezimu. Vliv dodate¢ného vytvrzovani byl zkouman

3



pomoci termické analyzy a tyto experimentalné namétené vysledky budou
prezentovany v rdmci disertacni prace.



SUMMARY

Nowadays, polymer matrix composites are broadly used, so their properties
should be investigated in depth and under various conditions. Fiber-reinforced
polymer (FRP) is a composite material which contains polymer as matrix and
fibers as reinforcement phase. As it is broadly known, temperature exerts a high
impact on materials’ properties and especially in the case of the FRP composites
which have polymer matrix; due to their viscoelastic nature, polymers are relative
sensitive to high temperatures.

In this dissertation, FRP composites, with carbon, aramid, carbon/aramid
hybrid, glass or basalt fibers as reinforcement phase were prepared through
various fabrication methods. Their various mechanical properties, such as tensile
and flexural strength were investigated whereas special attention was given in the
thermal analysis of the FRP composites through Dynamic Mechanical Analysis
(DMA), Thermomechanical Analysis (TMA), Thermogravimetric Analysis
(TGA) experiments, and Differential Scanning Calorimetry (DSC).

In particular, in the first experimental part of this dissertation, glass or carbon
fiber-reinforced polymer composites were prepared, through vacuum bag oven
method, by using prepreg materials. The used fibers were in woven form, with
orientations at 0° (0°/90°) or at 45° (-45°/+45°), and in unidirectional form,
longitudinal or transverse direction. In the experimental study, the optimal fibers’
type and orientation were investigated through DMA and the glass transition
temperature (Tg) of the composites was determined.

In the second experimental part of the dissertation, basalt fiber-reinforced
polymer (BFRP) composites with epoxy matrix, 20 layers, and volume fraction
of fibers & = 53.66%, were fabricated through a hand lay-up compression
molding combined method. Their viscoelastic behavior in the temperature range
30-180 °C and at 1, 5 or 10 Hz was explored by DMA whereas TMA took part in
terms of creep recovery and stress-relaxation tests. Moreover, the Tq of the BFRP
composites was determined through the peak of the loss modulus and tand curves
while the decomposition of the BFRP composites and basalt fibers, in air or
nitrogen atmosphere, was explored through TGA. Also, the mechanical behavior
of the BFRP composites was investigated by tensile and three-point bending
experiments.

In the third experimental part of the dissertation, carbon, aramid or
carbon/aramid hybrid fiber-reinforced polymer composites were fabricated; they
were post-cured at elevated temperatures and their thermal and mechanical
behavior was explored. After their 7 days curing at room temperature, these epoxy
matrix composites were post-cured under specific heating-cooling rates.
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Extensive thermal analysis, and also exploration of the mechanical behavior of
these composites is taken part, investigating in depth the effect of the post-cure,
and the scientific results are presented in the dissertation.
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1. INTRODUCTION

1.1 Types and classification of composites

Composites are materials which are composed of two or more phases which
they remain separate and distinct in their final structure. The one phase, called
matrix, is usually a low-density material whereas the other one, the reinforcement
phase, gives to the composite the upgraded properties. Generally, the role of the
matrix is to keep bonded the reinforcement phase and to protect it from harmful
environment exposure. The great advantage of composites is that they combine
the properties of their individual substances, so that the mechanical behavior of
the final composite is better than the one of the initial materials. A broadly used
type of composites is the polymer matrix composites (PMC). In particular, the
matrix of the PMC can be organic or inorganic polymer and their reinforcing
material can be short fibers, continuous fibers, or particles [1].

Classification of composites:
According to the material of the matrix to:
» Polymer matrix composites
1. Thermosetting
2. Thermoplastic
» Metal matrix composites
» Ceramic matrix composites
» Carbon matrix composites

According to the type of the reinforcement phase to:

» Fiber-reinforced polymer (FRP) composites
Continuous (long) fiber composites:

1. Unidirectional fiber composite: In this type, all fibers have the same
orientation. The principal advantage of this structure is that the composite
has excellent properties in the direction of fibers. However, it usually has
reduced properties in the other orientations.

2. Woven fiber composite: In this type of composite, the fibers are placed
with orientation being balanced in two directions. Remarkably, the
composite has good properties in both fiber directions.

Discontinuous (short) fiber composites
Particulate reinforced composites: the reinforcement phase is in particulate
form dispersed in the matrix. An example of them is shown in Figure 1.1.
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Figure 1.1: a) and b) the structure of an Aluminium matrix\Silicon Carbide
particulate 3% composite, as it was observed through scanning electron microscope
(SEM). The silicon carbide (SiC) particulates are clearly depicted in the metal matrix.

The hybrid composites have two or more different material kinds as
reinforcement phase. In particular, the FRP hybrid composites can be prepared by
placement of layers, which have different types of fibers, in the stacking of the
laminate, and as well as by using hybrid fiber fabrics.

1.2 FRP composites

FRP composites are widely used given their remarkable characteristics, such as
high strength and stiffness to weight ratio, easiness in manufacture, low cost and
anti-corrosion resistance. These composites consist of fibers, artificial or natural
ones, embedded in a polymer matrix. The matrix provides cohesion and unity to
the final material while reinforcement gives physical and mechanical properties
to it [2].

Possibly, the most significant advantage of fiber-reinforced polymer matrix
materials is tailorbility [3]. In detail, FRP composites can be accommodated to
meet particular strength and performance demands by an appropriate choice of
polymeric resin systems and reinforcements [4]. Viscoelasticity is named the
response which combines both liquid-like and solid-like features [5]. A behaviour
of both purely elastic solids, at which the deformation is in analogy with the
exerted force and of viscous liquids, at which the rate of the deformation is in
analogy with the exerted force is described by the term viscoelasticity [6].
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The polymer matrix can be thermoset or thermoplastic polymer. Notably,
thermosets are transformed irreversibly from viscous liquids to inflexible highly
cross-linked polymer solids through a molecular crosslinking process which is
named ‘‘cure’’ [7]. Fiber-reinforced thermoplastic polymer composites have great
fracture toughness, high damage tolerance, convenience of shape-forming before
consolidation, and they can also be reshaped and reused [8].

The term viscoelasticity describes the property of materials to display both
viscous and elastic characteristics when they are subjected to deformation [9].

Synthetic fibers are used in applications where remarkably properties as well
as high thermal resistance are essential. Nevertheless, it should be mentioned that
disadvantages, such as high cost and difficulty in recycling, have limited their
usage. Broadly used types of FRP composites, are glass fiber-reinforced polymer
(GFRP), carbon fiber-reinforced polymer (CFRP), aramid fiber-reinforced
polymer (AFRP) and basalt fiber-reinforced polymer (BFRP) composites.
Remarkably, the tensile strength of GFRP bars is up to 5-6 times higher than the
one of structural steel [10].

The usual applications of Fiber Reinforced Polymers are in marine, aerospace,
automotive and construction industries and also in ballistic armor [11]. Generally,
applications of FRP composites include a broad range, such as in automotive,
aircraft, marine and space industry and generally in applications where high
strength to weight ratio is needed.

1.2.1 Type of fibers

Nowadays, due to environmental concerns, an interest in biodegradable
materials and generally the use of natural based materials is constantly growing.
Natural fibers are fibers which are plant-based, animal-based and mineral-based
ones [12]. Basalt is a type of volcanic rock [13]. Basalt fibers are produced by the
melting of finely powdered basalt, at approximately 1500-1700 °C, resulting in a
glassy molten liquid, which is then extruded as thin threads [14]. Notably, basalt
fibres have higher cost than E-glass fibres but lower than S-glass, aramid or
carbon fibres [15]. The development of basalt fiber was realized by the Moscow
Research Institute of Glass and Plastic, in the 1953-1954 [16].

Carbon fibers are a kind of synthetic fibers. The carbon fibers have advantages,
such as significantly high tensile strength-weight ratio and tensile modulus-
weight ratio, high fatigue strengths, high thermal conductivity and very low
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coefficient of linear thermal expansion; their disadvantages are low impact
resistance, low strain-to-failure and high electrical conductivity [17]. Notably, the
carbon fibres have one of the highest, strength to density ratio, out of all types of
fibres [18]. Their principal disadvantages are their high cost and difficulties in
recycling. Particularly, carbon fibers are classified to high modulus, high strength,
and ultra-high modulus fibers.

Aramid fibers are used in high demanding applications where exceptional
properties and good thermal resistance are essential characteristics. The Kevlar®
Is an organic fiber of the aromatic polyamide family [19].

Prepregs are usually used for the preparation of FRP composites in high
demanding applications. Prepreg is a fiber fabric laminate which has already been
pre-impregnated with the polymer matrix and it is ready to be cured under heat
and pressure combination. Prepregs are stored in a freezer so as unwanted curing
to be prevented. Their principal advantages are excellent quality of the final
product, high fibers percentage and exact ratio of matrix-reinforcement
percentage. Moreover, due to the solid nature of prepreg, laminates can be easily
placed at different orientations, in every layer of the composite structure, so that
the properties of the composite are specified according to each particular
application. On the contrary, high cost of prepregs and their need for curing under
specific heat and pressure conditions are their main disadvantages. Prepreg
materials are usually cured in autoclave but the significant cost of autoclave and
its high operating cost forced scientists to explore new techniques for a more
economic FRP prepreg composites’ production.

1.3 Thermal analysis

Due to the fact that FRP composites are broadly used, their properties should
be investigated in depth, so as their behavior and overall properties to be
absolutely predictable. Since the polymer matrix has generally lower thermal
resistance than the reinforcement phase, investigation of temperature effect on
properties of FRP composites appears of significant importance; these materials
need to be investigated and explored under various temperatures.

Thermal analysis studies the effect of temperature on materials’ properties in
accordance with time. The thermal analysis sector involves techniques, such as
the Dynamic Mechanical Analysis (DMA), Thermomechanical Analysis (TMA),
Thermogravimetric analysis (TGA) and Differential Scanning Calorimetry
(DSC).
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Viscoelastic properties of materials, such as storage modulus, loss modulus and
tand under different temperatures, frequencies or type of loadings can be
investigated by DMA. Deformation on samples can be applied in various ways,
depending on the instrument, such as 3-point bending, single and dual cantilever
bending, tension, compression and shear modes. Information on major thermal
transitions and also on secondary or tertiary transitions can be obtained by DMA
[20].

Storage modulus counts the stored energy of a viscoelastic material, indicating
the elastic part whereas loss modulus counts the energy which was dispersed in
the form of heat, indicating the viscous part [21]. Moreover, in the case of a
viscoelastic body, a part of the strain energy is stored in it while a part of the strain
energy is dispersed as heat [22].

Notably, DMA offers the possibility of determining glass transition
temperature (Tg). At Tg, polymers change from a glassy state to a rubbery one. It
should be referred that there are many methods for Ty determination through
DMA experiments, so that the technique which was followed should be stressed
in the results section.

TGA measures thermal decomposition of materials in a specific temperature
range. Moreover, due to the fact that every material decomposes in a different
temperature, the volume fraction of fibers (®f) in the FRP composites can be
determined by TGA. An important point in TGA experiments is the atmosphere
at which they are performed and it can be reactive, oxidising or inert [23]. Optimal
gases for determination of purely thermal decomposition (pyrolysis) are the inert
purge gases, such as helium, nitrogen and argon whereas oxygen and air gases are
used for determining thermooxidative decomposition (oxidation) [24].

Nowadays, polymers scientists have been trying to improve thermal resistance
of polymers, with relative cheap techniques, such as post-cure process, in order to
avoid the autoclave increased cost. Remarkably, epoxies which are cured in high
temperatures have much better performance than the ones cured at room
temperatures [25]. During post-cure process, PMC, after their curing at room
temperature, are exposed at high temperatures, usually in an oven. It should be
noted that the following heating-cooling rates are usually provided by the
polymers’ producer. In addition, post-curing can be implemented in order to
enhance the modulus and strength of both polymer and composite and also to
decrease residual stresses [26].
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Taking into consideration the long-time forces that are exerted on materials
during their real-life applications, it is essential for their properties to be explored
in relation with time. Familiar time dependent experiments are creep-recovery and
stress-relaxation tests. In particular, during a creep-recovery experiment, a force
Is applied on the specimen and the increasing strain is measured as a function of
time whereas in a stress relaxation test, a constant extension is applied on the
polymer specimen and the reducing load is measured in relation with time.
Polymer-based composites tend to creep and to stress relaxation, because the
properties of the matrix are time-dependent [27]. Also, in the creep response of
polymeric and polymer composite materials, temperature, time, and stress level
are critical parameters [28].

1.4 Production methods for polymer matrix composites
1.4.1  Vacuum bag method

Nowadays, scientists have been trying to develop new or to improve the
existing techniques, such as the vacuum bag oven process, without the increased
cost of autoclave’s use. During the vacuum bag oven technique, a rectangular
piece of glass is used as the down part of the mold, where the composite laminate
Is placed, and then the whole system is airtight, sealed with the vacuum bag. The
air is evacuated from the system and the compound cure takes place in laboratory
temperature or in an oven. The vacuum bagging technique is a relatively simple
but with high efficiency method for PMC production. The advantage of this
method is that the produced composite plate has reduced voids, high density and
uniform ®s in its whole structure.

1.42  Vacuum injection technique

This technique is similar to the vacuum bag method but with the difference that
the resin is injected to the fabrics. During this method, the structure of the laminate
Is prepared by placing the fabrics on the mold surface, the laminate stacking is
closed by the vacuum bag, and then the vacuum pump is turned on, so as the resin
to be infused in the mold.

16



Figure 1.2: Fabrication of composite plate by vacuum injection process (VIP)

1.4.3 Hand lay-up technique

The hand lay-up technique is probably the simplest method for production of
FRP composites. In this technique, the laminate, with usually fiber fabric as
reinforcement phase, is prepared by placing ply over ply until the desired
thickness is achieved. By the use of a roller, as the resin is applied on the fabrics,
as the excessive amount of it is removed. The hand lay-up technique has two main
disadvantages: it is difficult to achieve uniform distribution of the matrix in the
laminate, resulting in non-uniform percentage of fibers/matrix in the composite
plate and that during the curing there is no pressure on the laminate, which in turn
increases porosity of the composite plate.

1.5 Literature review

Lv et. al. [29] prepared carbon and aramid fibers reinforced polyimide
composites and explored the friction and wear behaviour of them in simulated
space irradiation environment and start-stop friction process.

By performing static and dynamic three point bending tests, Jia et. al. [30]
studied the effect of temperature, in the range from — 100 °C to 100 °C, on the
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mechanical properties of unidirectional CFRP composites. Notably, the static
three-point bending results revealed that CFRP composites had higher flexural
strength and flexural strain at break at lower temperatures [30].

Alam et. al. [31] presented a review, including 336 references, on fatigue of
carbon fibre reinforced plastics.

The possibility of using carbon fiber and Kevlar® fiber woven composites as
materials for cryogenic tanks was explored by Islam et. al. [32]. In particular, by
Vacuum Assisted Resin Transfer Molding (VARTM) process, carbon fiber and
Kevlar® woven composites were fabricated; they were then investigated, with and
without cryogenic exposure, by tensile, flexural, and short beam shear
experiments. The results revealed that tensile strength, tensile chord modulus,
flexural chord modulus and flexural strength of carbon and Kevlar® fiber
composites had not been significantly influenced by cryogenic exposure [32].

Song [33] prepared six types of carbon/glass fiber hybrid composites and six
types of carbon/aramid fiber hybrid composites by following VARTM technique
and investigated their mechanical properties. In particular, in this study, the
correlation between mechanical properties and pairing effects of lamination
structures was explored [33].

A study on the effect of thickness on the vacuum infusion processing of
aramid/epoxy composites for ballistic applications was conducted by Nunes et. al.
[34]. In their work, composites with 5, 8, 13, 18 and 23 plain-weave fiber layers
were fabricated and investigated through ultrasonic C-scan inspections, optical
microscopy, density and constituent content analyses. Moreover, short beam and
flexural tests were performed [34].

Costa et. al. [35] used DMA, DSC, and a rheometer in order to investigate cure
kinetics and rheological behavior of a carbon/epoxy prepreg.

Hossain et. al. [36] presented a three-dimensional thermodynamically
consistent framework which simulates polymeric materials during their curing. In
particular, based on the extension of a one-dimension equation, equations of the
three-dimensional finite strain curing framework were evolved. Furthermore,
cure-dependent material parameter evolutions and some numerical examples were
analysed [36].

A literature review concerning the machining of carbon fiber reinforced
plastics/polymers has been presented by Che et. al. [37].
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By using the VARTM technique and two types of fibers, namely plain weave
carbon fabrics and plain weave aramid fabrics, Wang et. al. [38] produced 12
types of composites and investigated their tensile, flexural, interlaminar shear and
damping properties.

The effect of extreme low temperature conditions on the dynamic mechanical
properties of carbon fiber reinforced polymers (CFRPs) was investigated by
Zaoutsos and Zilidou [39]. In detail, CFRPs were manufactured by the Vacuum
Assisted Resin Infusion Molding technique; after their curing they were subjected
in extreme low temperatures (-40 °C) for three different periods of time: 30, 45
and 60 days. The CFRPs were then explored by three point bending and DMA
experiments. The results revealed that the three point bending strength, three point
bending modulus and dynamic storage modulus of the CFRPs were decreased as
the time of exposure at 40 °C was increased [39].

Hazer et. al. [40] produced carbon fiber reinforced with poly (lactic
acid)/polycarbonate composites, with 5, 10, 15 and 30 % percentage of carbon
fibers, and two compositions of poly (lactic acid)/polycarbonate (90/10 and
50/50) blends as matrix. Particularly, these composites were investigated by DSC,
TGA, tensile test, DMA, limiting oxygen index, scanning electron microscope
and cone calorimeter tests [40].

Joven et. al. [41] used a light radiation method in order to explore the thermal
diffusivity and the thermal conductivity of carbon fiber-epoxy composites, which
were made with prepregs of different weave fabrics: unidirectional, plain weave
and eight-harness weave.

By the VARTM technique, Dong et. al. [42] fabricated carbon fiber/epoxy plain
woven composites and they studied, experimentally and numerically, their
temperature-dependent thermal expansion behaviors.

The contribution of aramid fibers on the mechanical behavior of a hybrid
carbon-aramid-reinforced epoxy composite was explored by Pinchiera et. al. [43].
In particular, in this study, carbon and carbon-aramid fiber reinforced composites
were explored by tensile, In-plane shear, out-of-plane compression, charpy and
compact tension tests.

The influence of fiber orientation on tensile properties and low cycle fatigue of
intraply carbon-Kevlar reinforced epoxy hybrid composite was explored by
Hashim et. al. [44].
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By implementing the hand lay-up method, Hossain et. al. [45] produced five
different types of twill woven Carbon-Kevlar reinforced epoxy composites. The
affection of the ply variation, from 1 to 5 plies, on the tensile strength, bending
strength, tensile modulus, bending modulus, and impact strength of these
composites were studied. Moreover, thermo gravimetric analysis was used for the
evaluation of composites’ thermal stability whereas the fracture surface of the
tensile specimen was investigated by SEM. The results revealed an increasing in
the flexural strength of the composites, as the number of the plies was increased
while the composite with the three plies achieved the highest tensile and impact
strength [45].

Mahnken and Dammann presented a three-scale framework for fibre-
reinforced-polymer curing [46].

Nikforooz et. al. [47] explored the effect of the temperature on the static tensile
behavior of continuous glass fiber-reinforced thermoplastic laminates. Moreover,
the Ty of the E-glass/polyamide composites was determined by DSC, DMA and
TMA [47].

The influence of 10 cycles of fatigue (between 100-50000) and then accelerated
ageing in tap and artificial seawater for 4, 20 and 40 days on the tensile properties
of glass and Kevlar fibers reinforced epoxy composites was investigated by
Menail et. al. [48].

Ni et. al. [49] inserted aramid non-woven fabric (ANF), with a thickness of
30 um and a face density of 16 g/m?, into CFRP laminates as interlayers. They
investigated the influence of ANF number and arrangement on the dynamic
mechanical properties, interlaminar shear strength, flexural modulus, flexural
strength, compression after impact, type | interlaminar fracture toughness, and
type Il interlaminar fracture toughness of the composites. Remarkably, it was
found that the CFRP with LANF had a higher flexural strength than the control
CFRP composite; in comparison with the control CFRP composite, the CFRP
samples with 3 or 7 ANF had approximately the same or slightly lower flexural
strength, respectively [49].

Cecen et. al. [50] studied temperature dependence of heat capacity and thermal

conductivity of polyester and epoxy-based composites, reinforced with non-crimp
stitched glass, carbon and aramid fabrics by heat-flux DSC [50].
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1.6 Objectives of the thesis
1.6.1  First experimental part

The properties of PMC, with continuous fibers as reinforcement phase, depend
to a great extent on the orientation of fibers. As an example, unidirectional FRP
composites exhibit high tensile strength in the longitudinal fiber direction but
contrastively low tensile strength in the transverse direction whereas the woven
FRP composites present good properties in both directions of fibers. In the current
knowledge of the author, a research study exploring the dynamic mechanical
properties of glass fiber/epoxy composites which have unidirectional fibers in the
longitudinal or transverse direction or woven at 0° or 45° has not been performed
so far. It should be pointed that, due to the viscoelastic nature of the matrix of
CFRP and GFRP composites, these need to be explored in a broad range of
temperature, for their dynamic mechanical properties to be absolutely predictable.

In this study, a comparison between the viscoelastic properties of GFRP
composites, which contain unidirectional fibers, in longitudinal or transverse
direction, and woven fibers at 0° or 45° took place. Specifically, by using prepreg
materials and vacuum bag method, GFRP and CFRP composites were fabricated,
and their dynamic mechanical properties were investigated, in order to determine
the optimal fibers’ type and orientation at elevated temperatures. Moreover, the
Ty of these composites was determined by two different methods: peak of loss
modulus and tand curves.

1.6.2  Second experimental part

The natural origin fibers, like the basalt, when they are embedded in a polymer
matrix composite, in percentage over 50%, provide to it biodegradable
characteristics. The latter is nowadays becoming more and more important due to
environmental concerns. Furthermore, in order to gain a better understanding of
FRP composite, due to its viscoelastic matrix, several thermal analysis techniques
should be employed, in order to study and characterize it. Based on the literature
review, a research study on BFRP composites, with volume fraction of fibers (®r)
over 50%, with adequate experimental results, both on mechanical and thermal
behavior of these compounds, appears to be lacking. In the present study, BFRP
composites, consisting of 46.4% epoxy and 53.6% of basalt fibers, in 20 layers,
were successfully prepared by a hand lay-up compression molding combined
technique and by DMA; their storage modulus, loss modulus, tand, and Ty were
determined. TMA creep-recovery and TMA stress-relaxation tests were also
performed whereas decomposition of basalt fibers and BFRP composites as well
as weight fraction of the basalt fibers and epoxy matrix were determined by TGA,
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in air and N, atmosphere, respectivelly. Moreover, the mechanical behavior of
BFRP composites was explored following tension and three-point bending
experiments.

1.6.3 Third experimental study

The post-cure process is a cheap method for improving thermal behaviour of
cold-cured polymer matrix composites. Moreover, due to their viscoelastic nature,
post-cured FRP composites need to be explored by many thermal analysis
techniques, so as valid conclusions on their thermal resistance to be drawn. In
terms of performance, carbon and aramid fibers are ranked top on synthetic fibers’
classification and they are used in high demanding applications. It needs to be
noted that in case the properties of FRP composites are compared, it is essential
these composites to have same @y, and to consist of reinforcement phase which
has the same weave, weight, and thickness. For this purpose, in this study CFRP,
AFRP and (aramid/carbon fiber reinforced polymer) ACFRP composites were
prepared by using 161 g/m? twill 2/2 aramid fibers fabric and 160 g/m? twill 2/2
carbon fibers fabric. Similarity of both fabrics, in terms of weight, weave and
thickness, allows for a direct comparison between the properties of the
composites, so that valid conclusions regarding advantages of each composite
structure to be drawn.

1.7 Contribution of the thesis to science and practice

In this dissertation, various types of fibers are combined with epoxy matrices
so as the positive and negatives of each composite structure combination to be
determined. Special attention is given on thermal analysis of FRP composites,
with the target to be potential composite materials for applications in airspace
industry. Also, as the mechanical behavior of FRP composites is always a critical
factor, various mechanical properties of them are determined.
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2. FIRST EXPERIMENTAL PART: STUDY ON
DYNAMIC MECHANICAL ANALYSIS OF GLASS
OR CARBON FIBER/EPOXY COMPOSITES

This study has been presented in the following journal:

KARVANIS, Konstantinos, Soita RUSNAKOVA, Milan ZALUDEK and
Alexander CAPKA. Preparation and Dynamic Mechanical Analysis of Glass or
carbon Fiber/Polymer Composite. International Conference on Smart Engineering
Materials (ICSEM 2018), IOP Publishing IOP Conf. Series: Materials Science
and Engineering [online], 2018, 362, 012005, doi:10.1088/1757-
899X/362/1/012005. Available from: https://doi.org/10.1088/1757-
899X/362/1/012005

2.1 General information about this research study

In this study, by using prepreg materials and vacuum bag oven technique,
GFRP and CFRP composites were prepared while their dynamic mechanic
properties, such as the storage modulus, loss modulus, tand and glass transition
temperature were determined by DMA. The main objectives of this study are to
investigate the influence of the orientation of glass unidirectional fibers, when
they are placed in the longitudinal or transverse direction, and to provide some
details concerning the viscoelastic behavior of CFRP composites; the latter
demonstrate different thicknesses, so that their properties cannot be compared.
Moreover, the Ty of GFRP and CFRP composites was determined based on the
peak of loss modulus and tand curves. Epoxy is one of the most widely used
matrices in FRP composites industry. Notably, in aerospace applications, epoxy
Is used as matrix in a percentage more than two-third out of all polymer matrices
[51].

Figure 2.1: base of orientation: unidirectional fibers in longitudinal direction (0°)
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Table 2.1 Prepared GFRP and CFRP composites

Symbol of Type of | Type of fibers | Percentage | Thickness of
composite prepreg- | and orientation | of matrix composite
fabric +- 0.1 (mm)
name
GF-UD-L-34% | VV430U- Glass fiber, 34% 2.35
DT806R- unidirectional,
34 longitudinal, (0°)
GF-UD-TR-34% | VV430U- Glass fiber, 34% 2.35
DT806R- unidirectional
34 transverse, (90°)
GF-UD-L-39% | VV430U- Glass fiber, 39% 2.85
DT806R- unidirectional
39 longitudinal, (0°)
GF-UD-TR-39% | VV430U- Glass fiber, 39% 2.85
DT806R- unidirectional
39 transverse, (90°)
GF-W-0°-37% | VV320P- Glass fiber, 37% 2.35
DT806R- woven, 0°,
37 (0°/90°)
GF-W-45°-37% | VV320P- Glass fiber, 37% 2.35
DT806R- woven, 45°,
37 (-45°/+45°)
CF-UD-L-38% | IMP503z/ | Carbon fiber, 38%, 3.7
GV420U unidirectional +-1%
longitudinal, (0°)
CF-UD-TR-38% | IMP503Z/ Carbon fiber, 38%, 2.85
GV420U unidirectional, +-1%
transverse, (90°)
CF-W-0°-38% | IMP503Z/ Carbon fiber, 38%, 3.15
GG630T | woven Q° (0°/90°) +-1%
CF-W-45°-38% | IMP503Z/ Carbon fiber, 38%, 1.3
GG630T woven 45°, +-1%

(-45°/+45°)
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2.2 Materials

During the preparation of GFRP and CFRP composites, the prepregs were
placed in the moulds in various layers numbers, so as the thickness of the
compounds to be variable. In detail, the carbon and glass fibers were in
unidirectional or woven fabric type. The glass fiber epoxy prepregs, both the
unidirectional and woven types, were fabricated by the Delta-Preg S.p.A. by the
resin DT 806R while the carbon fiber prepregs were prepared by Impregnatex
Compositi S.r.l. by using the resin IMP 503Z. In Table 2.1 the specifications of
the prepregs and fibers’ type are presented. The unidirectional prepreg were
placed in longitudinal (Fig. 2.1) or transverse direction and the woven prepreg
were oriented at 0° (fibers at 0°/90°) or at 45° (fibers at -45°/+45°). Specifically,
the following composites were fabricated:

» GFRP composites consisted of unidirectional fibers in longitudinal
direction.

GFRP composites consisted of unidirectional fibers in transverse direction.
GFRP composites consisted of woven fiber fabrics at 0°, (fibers 0°/90°).
GFRP composites consisted of woven fiber fabrics at 45°,

(fibers -45°/+45°).

CFRP composites consisted of unidirectional fibers in longitudinal
direction.

CFRP composites consisted of unidirectional fibers in transverse direction.
CFRP composites consisted of woven fiber fabrics 0°, (0°/90°).

CFRP composites consisted of woven fiber fabrics 45°, (-45°/+45°).

Two more GFRP composites (UD fibers in longitudinal or transverse
direction), with different percentage of matrix, compared to the other type
of GFRP composite, were produced.

The produced composites are presented analytically in Table 2.1.

VVVYVY VYV VVYYVY

2.3 Production method

The GFRP and CFRP composites were produced by vacuum bag oven method.
Firstly, the vacuum bag system was prepared. In detail, the prepreg laminates were
cut in the desired dimensions and they were placed in the moulds in various layers
numbers. In the next step, a release film and a breath cloth were placed over the
laminate of the prepreg. Then, the system was sealed and closed by a vacuum bag
which was stuck in the perimeter of the mould by sticky tape; the bag was
connected with the vacuum pump by the vacuum valve. After the sealing of the
system, air leak was tested, since it is one of the most critical problems in these
processes. Finally, the vacuum bag system was placed in the oven where the
composites were cured under the following thermal cycle: the temperature was
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increased slowly up to 65 °C in which it was held for 30 minutes; next the
temperature was raised to 120 °C where it was maintained for 60 minutes; and
finally it was slowly reduced up to ambient temperature. It should be mentioned
that this process lasted totally about 4 hours. Then, the composites were let to
solidify for one day at room temperature and then samples were mechanically cut
in the desired dimensions.

a) b)

Figure 2.2: a) Produced GFRP and CFRP composite plates and b) materials of the
vacuum bag system

Figure 2.3: GFRP composite plates
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Figure 2.4: The other side of the GFRP composite plates

2.4 Experimental details

The DMA measures the viscous and elastic responses of a material, as a
function of temperature, frequency or time, under a periodic stress. In detail, a
sinusoidal stress is exerted on the specimen and the generated strain is measured.

The complex modulus [52], which consists of both the elastic part (E") and the
viscous part (E""), is described by the equation:

E'=E +IiE”
Where E’ = elastic (storage) modulus and E"’= viscous (loss) modulus.

A perfect elastic solid has phase lag 6 = 0° and a perfect viscous solid has phase
lag 6 = 90°; The viscoelastic materials have 0° < ¢ < 90° [52].

In this study, the DMA experiments were exhibited by the METTLER
TOLEDO instrument (Figure 2.5), under three-point bending configuration, with
specimens of dimensions of 40 mm x 7 mm with the span length between the
supports to be 30 mm. The thickness of the GFRP and CFRP composites is
presented in Table 2.1. In detail, the DMA experiments were performed by
scanning in the temperature range 30-200 °C, with a heating rate of 2 °C/min at a
steady frequency of 1 Hz. Moreover, the displacement amplitude adjustment was
20 um whereas a force of 1 N was used as preload.
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Figure 2.5: a) and b) GFRP composite on the three-point bending configuration on the
instrument DMA 1 METTLER TOLEDO

Figure 2.6: GFRP and CFRP composites specimens after the DMA experiments

2.5 Results

2.5.1 Storage modulus

The storage modulus of the GFRP and CFRP composites, in the temperature
range 30-200 °C, is illustrated in Figures 2.7 and 2.8, respectivelly. As can be
seen, except for a slightly increase in the low temperatures in some of the
composites, the storage modulus decreases as the temperature increases. As
regards polymer matrix composites, the usual middle transition region is depicted
as a sharp decrease in storage modulus curves and this phenomenon is coorelated
with Tg; this sharp fall usually defines the maximum operating temperature of
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materials. Remarkably, the GFRP composites with 34% percentage of matrix and
with unidirectional fibers in the longitudinal or transverse direction exhibited
much higher storage modulus than the same type GFRP composites with 39%
matrix, despite their relatively small thickness. This fact indicates that even a
small increment in the percentage of glass fibers can significantly contribute to
composite demonstrating higher storage modulus. Furthermore, a comparison
between the GFRP composites with unidirectional fibers in longitudinal
orientation and in transverse one revealed that the placement of unidirectional
fibers in longitudinal direction, is much more effective than when they are placed
in transverse direction. Furthermore, the GFRP sample with woven fabric at 0°
exhibited higher storage modulus than the GFRP with woven fabric at 45°.
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Figure 2.7: Storage modulus of the GFRP composites as a function of the temperature
in the range 30-200 °C
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Figure 2.8: Storage modulus of the CFRP composites as a function of the temperature
in the range 30-200 °C

2.5.2 Loss modulus

The loss modulus of the GFRP and CFRP composites, in the range 30-200 °C,
Is presented in Figures 2.9 and 2.10, respectively. It can be seen that the loss
modulus values are almost stable at low temperatures while after about the
70-80 °C a steep increase is observed until a peak value. Then, a sharp decrease
Is obtained until very low values which are maintained up to the final 200 °C. The
same trend which was noticed in the storage modulus graph appears also in this
case: the GFRP composites consisting of unidirectional fibers in the longitudinal
direction exhibit much higher loss modulus than the ones with unidirectional
fibers in the transverse direction. Furthermore, the placement of glass fiber woven
fabric at 0° seems to be much more effective than in the occasion it is placed at
45°,
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Figure 2.10: Loss modulus of the CFRP composites as a function of the temperature in
the range 30-200 °C

2.5.3 tano

The ratio of loss modulus to storage modulus is the tand and it is a specification
of the materials’ damping. Figures 2.11 and 2.12 depict the tand curves of the
GFRP and CFRP composites in the range 30-200 °C. It is observed that at about
90 °C, the tans increases sharply, achieving maximum values whereas then it fells
steeply. Remarkably, the tano curve of the CF-W-45°-38% composite follows a
nonlinear decrease after the peak. This is caused due to deflection of the specimen
at high temperatures under the three-point bending configuration, because of its
relatively small thickness. It should be referred that a second specimen of this type
of composite was tested and the same nonlinearity was observed.
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2.5.4 Glass transition temperature (Tg)

In this research, the Tg of the GFRP and CFRP composites were obtained by
the peak of the loss modulus and tand curves; these are illustrated in Table 2.2. A
comparison of the two methods revealed that the Tg acquired by the corresponding
temperature of the tand peak is a little higher than the Tq calculated from the loss
modulus curves. Notably, the GFRP and CFRP composites achieved significantly
high Ty, which stresses their high quality, broadening their applications in
advanced composites industry. Moreover, in both methods, the composite
composed of woven (0°/90°) glass fibers exhibited the highest Tyg.
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Table 2.2 T4 of the GFRP and CFRP composites

Ty values obtained Ty values
by loss modulus obtained by tand

peak ( °C) peak ( °C)
GF-UD-L-34% 116.91 120.54
GF-UD-TR-34% 111.69 119.85
GF-UD-L-39% 117.47 121.27
GF-UD-TR-39% 111.68 121.83
GF-W-0°-37% 120.79 123.66
GF-W-45°-37% 110.46 120.01
CF-UD-L-38% 103.08 107.54
CF-UD-TR-38% 96.27 104,96
CF-W-0°-38% 100.97 106.56
CF-W-45°-38% 88.93 101.42

2.6 Conclusions regarding the GFRP and CFRP composites
The overall conclusions of this research study are the following:

1.

The principal research finding of this study is that when placed in the
longitudinal direction, the glass fibers contribute towards to epoxy matrix
composite exhibiting much higher storage modulus and loss modulus than
if they are placed in the transverse direction.

As the volume fraction of the glass fibers in an epoxy matrix composite
increases, the composites exhibit higher storage and loss modulus.

In DMA experiments under three-point bending configuration, the low
thickness of CFRP composites is a restrictive factor.

The vacuum bag oven method is characterized as a cheap and efficient
method for fabrication of GFRP and CFRP composites. In particular, by
this method, the increased cost of autoclave is avoided while the produced
composites display remarkably dynamic mechanical properties.

The GFRP and CFRP composites exhibited remarkably high Tg, fact which
classifies them as potential materials in high demanding applications, such
as in aircraft industry, and generally in cases thermal resistance is a critical
factor.
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3. EXPERIMENTAL PART 2: STUDY ON
PREPARATION, THERMAL ANALYSIS, AND
MECHANICAL PROPERTIES OF BASALT
FIBER/EPOXY COMPOSITES

This research study has been published in the journal Polymers:

KARVANIS, Konstantinos, Sotia RUSNAKOVA, Ondiej KREJCI and Milan
ZALUDEK. Preparation, Thermal Analysis, and Mechanical Properties of Basalt
Fiber/Epoxy Composites. Polymers [online], 2020, vol. 12, iss. 8. 1785. Available
from: https://doi.org/10.3390/polym12081785

3.1 General information about this study

In this study, BFRP composites, with epoxy matrix and twill 2/2 weave basalt
fibers fabric, in 20 layers, were prepared by a hand lay-up compression molding
combined technique. In the experimental part, DMA was exhibited in the range
30-180 °C and at 1, 5 or 10 Hz and based on corresponding temperatures of the
peak of loss modulus and tand curves, the Tg of these composites was determined.
Moreover, TMA was performed in the modes of creep recovery and stress-
relaxation experiments whereas thermal decomposition of the basalt fibers and
BFRP composites in air and nitrogen atmosphere, respectively was investigated
by TGA experiments. Based on TGA experiments, it was calculated that
®r = 53.66%. Also, tensile and flexural characteristics of the BFRP composites
were determined by tension and three-point bending experiments.

3.2 Materials

The epoxy matrix of the BFRP composites, is a mixture of the Epoxy resin
Epidian® 652 CIECH Sarzyna S.A (Cieszyn, Poland) and the hardener TFF
CIECH Sarzyna S.A (Cieszyn, Poland), in a mixing ratio of 100:27 parts per
weight and the reinforcement phase is a fabric of basalt fibers 235 g/m?, in twill
2/2 weave, supplied by Havel Composites (Cieszyn, Poland) (Figure 3.3). It needs
to be noted that the specific weight of the used basalt fibers is 2.67 g/cm3. The
steps followed for the preparation of the BFRP composites are described below.
By the hand lay-up technique, a laminate, composed of 20 layers of polymer
fibers, was prepared; then it was placed between two rectangular metal plates
forming a mold. It should be mentioned that the polymer matrix was applied on
the fiber’s fabric through a roller. In the next step, this laminate was placed in a
compression machine, where it was pressed under 20 MPa for 24 h, at a laboratory
temperature of 24 °C. Then, the composite plate was left for curing at room
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temperature for a week, and finally specimens were cut in the desired dimensions
by water jet and mechanical cutting.

Figure 3.1: Preparation of the BFRP composites by the hand lay-up compression
molding combined method
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Figure 3.2: The produced BFRP composite plate. The compression machine pushed
the excessive resin in the edges of the mold, contributing towards so as the composite
structure to achieve high @+. Moreover, some small white pieces on the surface of the

composite plate are just cook paper from the mold.

a) b)

Figure 3.3: a) and b) Photos of the used Basalt fibers fabric. The photos were taken
with the Carl Zeiss Stemi 2000C Microscope (Jena, Germany) from the edges of the
BFRP composite structure.
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3.3 Experimental
3.3.1 General experimental conditions

Before the experiments of both thermal analysis and mechanical behavior, the
specimens were in storage in a laboratory environment at 24 °C, for not less than
40 h prior the tests. During the experiments, the conditions in the laboratory were
at a temperature of 23 °C and humidity of approximately 50%. The fact that all
experimental data, both of thermal analysis and mechanical properties, were
acquired directly from the software of the according instrument should be
stressed.

3.3.2 Dynamic mechanical analysis

The DMA experiments were performed with the DMA 1 instrument, from
METTLER TOLEDO (Schwerzenbach, Switzerland) (Figure 3.4) by using the
STARe Software and under single cantilever configuration (Figure 3.5). The
dimensions of the rectangular shape specimens were 25 mm x 5.7 mm X 2.1 mm
(Iength x width x thickness) (Figure 3.6).

Figure 3.4: DMA 1 METTLER TOLEDO instrument
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Figure 3.5: BFRP sample on the single cantilever configuration

Figure 3.6: DMA specimens

In DMA, it is important the experiments to take part in the linear viscoelastic
region of materials. Initially, strain sweep tests over the displacement range
1-31 um were performed at 25 °C and at 1 Hz frequency.
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Then, DMA temperature sweep tests were conducted over the temperature
range of 30-180 °C, with a heating rate of 2 K/min while the frequency was 1, 5
and 10 Hz with a displacement amplitude of 8 um. Based on these results, the Tg
of the BFRP composites were identified by the corresponding temperatures of the
peak of loss modulus and tand curves; Tg values are shown in Table 3.1.

3.3.3 Thermomechanical analysis creep-recovery and
Thermomechanical analysis stress-relaxation experiments

The creep recovery and stress-relaxation tests were carried out by the
METTLER TOLEDO DMA 1 (Schwerzenbach, Switzerland) instrument, using
the STARe Software, under TMA mode and three-point bending configuration.
In particular, in both types of experiments, namely the TMA creep recovery and
TMA stress-relaxation, the specimens were of rectangular shape with dimensions
40 mm x 5.7 mm x 2.1 mm (length x width x thickness) with a span length of
30 mm between the supports. The specifications of these tests are described
below.

Creep recovery tests

In the first type of the TMA creep-recovery experiments, at isothermal 25 °C,
a force of 1, 3, and 5 Newton was applied on the specimens for 30 min; then their
recovery behavior was recorded under 0 N for 120 min.

In the second type of the TMA creep-recovery tests, at a temperature of 25, 50,
and 75 °C, 1 N was applied on the BFRP composite specimens for 30 minutes;
then the force was released and the recovery of the composite structure, under
0 N, was recorded for 120 min.

Stress-relaxation tests

During the TMA stress-relaxation tests experiments, 20 um extension was
applied on the specimens, at a temperature of 25, 50 or 60 °C, and their time-
dependent stress was being measured for 60 min. It should be pointed that the
experiments were performed at 75 °C, but they failed due to the small resistance
of the BFRP sample in deformation at this temperature; the force was always
reaching negative values.

3.3.4 Thermogravimetric analysis

The TGA experiments were carried out by the TGA Q50 Thermogravimetric
Analyzer, from the TA Instruments (New Castle, Delaware, USA), using the
Thermal Advantage Release 5.4.0 software whereas the results were evaluated
with the TA Instruments Universal Analysis 2000 version 4.5A program. In
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particular, in this kind of experiments thermal decomposition of the BFRP
composites was explored in the temperature range 30—900 °C, with a heating rate
of 10 °C/min, in air and nitrogen atmosphere, respectivelly. The samples had
weight approximately 60 mg, as the complex composite structure requires enough
mass during TGA experiments, and they were placed in an alumina crucible.
Moreover, the total flow was set at 100 mL/min; balance purge flow 40 mL/min,
and sample purge flow 60 mL/min.

3.3.5 Mechanical properties

The three-point bending experiments were carried out at room temperature with
the testing machine Zwick/Roell 1456 (Ulm, Germany), by using the software
testXpert® Il V2.1. In particular, the rectangular shape specimens were of
dimensions 75 mm x 10 mm x 2.1 mm (length x width x thickness), with span
length-to-depth ratio of 20:1, whereas the crosshead speed was set to 1 mm/min.
Specifically, in each side, the specimen overhanged the support of the three-point
bending configuration by approximately 16.5 mm, so as to avoid slipping of the
specimen whereas the force was applied in the center of them. Moreover, for
reliability purposes, four samples were tested for determination of flexural
characteristics of the BFRP composites; these results are presented in Table 3.2.
Particularly, since the specimens did not break under the bending force in any of
the four tests, these were performed until sufficient deformation of them (more
than 5%) to be achieved.

The tensile tests were exhibited at room temperature, with the testing machine
Vibrophore 100, from Zwick/Roell Company (Ulm, Germany) using the software
TestExpert Il1. In particular, the tensile characteristics of the BFRP composites
were measured with rectangular shape specimens with dimensions 150 mm x 13
mm x 2.1 mm (Figure 3.7 a) with each gripping section being 40 mm (Figure 3.7
b) whereas the length of the extensometer was 50 mm. For reliability purposes,
five samples of this kind of experiments were tested; their values are presented in
Table 3.3. Furthermore, the crosshead speed was set at 1 mm/min.
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a) b)

Figure 3.7: (a) Tensile specimens and (b) tensile specimen on the tension grips

3.4 Results

3.4.1 Displacement sweep test

Figure 3.8 shows the displacement sweep curve of the BFRP composite. As can
be seen, the initial storage modulus value does not change remarkably at the
chosen 8 um; thus, it is assumed that the DMA experiments take part in the linear

viscoelastic region of the materials.
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Figure 3.8: Displacement sweep test

3.4.2 Dynamic mechanical analysis

Figure 3.9 illustrates the storage modulus of the BFRP composites, in the
temperature range 30-180 °C, at 1, 5 and 10 Hz. In this graph, it is observed that
as the temperature increases, the storage modulus of the BFRP composites
decreases. In detail, the storage modulus curves are divided in three regions: from
about 30-55 °C is the glassy state, from 55-85 °C is the middle transition region,
which is associated with Tg, and from 85-180 °C is the rubbery region. One
significant observation is that as the frequency is raised, the middle transition
region becomes less abrupt and of longer duration.
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Figure 3.9: Storage modulus of the BFRP composites, as a function of the
temperature, at 1, 5 and 10 Hz

The E’" is correlated with lost energy, in the form of heat, in DMA tests. The
loss modulus of the BFRP composites, in the range 30-180 °C, at 1, 5 and 10 Hz
Is depicted in Figure 3.10. As it can be seen, the loss modulus, after approximately
50 °C exhibits a sharpy raise, achieving peak values; then a steep fall is observed
until almost zero values which are maintained up to the final 180 °C. Furthermore,
it seems that higher frequencies exert a negative impact on the loss modulus
maximum values.
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Figure 3.10: Loss modulus of the BFRP composites, as a function of the temperature,
at1,5and 10 Hz

Figure 3.11 presents the tand curves of the BFRP composites, over the
temperature range 30-180 °C, at 1, 5, and 10 Hz. As observed in this graph, tand
values remain almost stable at low temperatures, whereas after approximately
50 °C, they follow a steep upward trend, achieving peak values; then they fall
steeply until zero values which are maintained up to the final 180 °C.
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Figure 3.11: rano of the BFRP composites as a function of the temperature at 1, 5, or
10 Hz

The Ty of the BFRP composites, which was identified by the corresponding
temperatures of the peak of tand and loss modulus curves, are depicted in Table
3.1. In this table, it can be noticed that as frequency increases, the BFRP
composite exhibits higher Tg; based on the tand the Tg is higher than the tand
acquired from the loss modulus. The same trend was also noticed in the study of
the GFRP and CFRP composites. Thus, it seems that in epoxy matrix composites,
it is a rule the tand results in higher Ty than the loss modulus. Moreover, it could
be concluded that the BFRP composites exhibit high Tg regarding cold-cured
polymer composites.

Table 3.1 Tqof the BFRP composites

Frequency 1 Hz 5 Hz 10 Hz
Tg (peak of tand) 67.1°C 72.1°C 75.4°C
Tg (peak of loss modulus) | 61.8 °C 66.5 °C 69.2 °C
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3.4.3 Thermomechanical analysis creep-recovery and
Thermomechanical analysis stress-relaxation

The creep-recovery behavior of the BFRP composites, under an initial force of
1,3 and 5 N, at 25 °C, is illustrated in Figure 3.12. As it can be seen, the creep
behavior of the BFRP composites increases very slightly during the exertion of
force whereas their structure recovery appears immediately after the force release.
Moreover, the 3 and 5 N forces provoked the highest final plastic deformation on
the structure of the composites.

0}~~~ g 1N 25 °C
50 3N 25 °C

@ 5N 25 °C oo+
30

20

10

Displacement amplitude (um)

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170
Time (min)

Figure 3.12: The creep-recovery curves of the BFRP composites, at 25 C, and under
1,3and5N

The effect of 25, 50 and 75 °C, on the creep-recovery behavior of the BFRP
composites is shown in Figure 3.13. As expected, as the temperature is raised, the
resistance of the BFRP composite to deformation is reduced. Notably, in higher
temperatures the viscoelasticity of the BFRP composites’ structure becomes more
evident in the very first minutes of the experiments.
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Figure 3.13: The effect of 25, 50 and 75 C on the creep-recovery of the BFRP
composites, under initial force of 1 Newton

The effect of 25, 50 and 60 °C, on the stress-relaxation behavior of the BFRP
Is illustrated in Figure 3.14. As it can be observed, in the first minutes of these
experiments, the BFRP composites show relaxation and their viscoelastic
behavior whereas then the curves become almost flat.
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Figure 3.14: Stress-relaxation curves of the BFRP composites at 25, 50 and 60 C

3.4.4 Mechanical properties

During the investigation of FRP composites, identification of their flexural
strength is of significant importance, as this property is in strong correlation with
the quality of the matrix-fiber interface. Moreover, a strong interfacial adhesion
contributes to the load being effectively transferred from the soft organic matrix
to the stiff fibers, thus improving the whole load bearing capacity of the composite
structures [53]. Table 3.2 presents the three-point bending experiments results in
detail and Figure 3.15 depicts the flexural stress (o) versus flexural strain (&)
curves. It should be noted that the BFRP composite specimens did not break under
the bending forces, so the experiments were performed until a relative high
deformation of the specimens is achieved. In Table 3.2, it can be observed that the
BFRP composite specimens exhibited relatively high oy, indicating thus that a
very good interfacial bond between fibers-epoxy has been achieved.

ofmax = maximum flexural stress
o = deformation

AL = displacement

W = work
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Table 3.2 Three-point bending results

Flexural | omax | AL at | Upper o at W at

modulus | (MPa) | 6fmax yield upper max

(MPa) point yield force
(mm) (N) point | (Nmm)

(mm)

1 19500 283 2.3 195 2.3 240.84

2 18600 248 2.6 171 2.6 269.1
3 18500 262 2.4 177 2.4 225.78
4 20100 335 2.9 237 2.9 377.71
Average 19200 282 2.5 195 2.5 278.35

value
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Figure 3.15: The four o - & curves of the BFRP composites
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Figure 3.16: The three-point bending specimens after the experiments

In uniaxial tests, the stress (o) is defined as the ratio of the force to the cross-
sectional area in which the force is applied. Moreover, it has value in Sl the Pascal.
Critical parameter is the strain (g), which is the ratio of the change in length (AL)
to the primary length, and the tensile tests are presented in c-¢ graphs.

o= % Pascal (3.1),

where F = force (N) and A = cross-sectional area (mm)

L-Lg
Lo
E = young modulus

€= mm or % (3.2) where L = final length and Lo = primary length

The ratio of stress to strain (stiffness), that a material exhibits at the elastic stage
of a tensile experiment, is the Young Modulus [54]. The exact point where the
material starts to acquire permanent deformation is named ‘elastic limit’; if the
stress is relieved before this point, the material recovers to its primary size and
shape. Furthermore, the amount of stress which causes a material to have plastic
strain of 0.2% is the 0.2% offset yield strength [55]. The symbol of the 0.2% offset
yield strength is the co.2.
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Figure 3.17 illustrates the five o-¢ curves of the BFRP composites whereas their
tensile characteristics are presented in detail in Table 3.3. As it can be revealed,
the c-¢ curves after the elastic limit, about ¢ = 80 MPa, follow a linear trend,
pointing out that there are not early microcracks in the composite structure. Thus,
a uniform and strong adhesion interface has been formed between basalt fibers-
epoxy matrix. Moreover, a relatively good reliability can be obtained, with the
assumptions of the simple hand lay-up fabrication method. The composite
heterogeneous structure, as three tensile specimens exhibited identical curves
whereas the other two follow in general the same general trend, even though they
exhibited lower maximum values. In comparison with the oy, the ¢ of the BFRP
composite is significantly lower. Overall, the BFRP composites exhibited high
maximum stress (omax) confirming hence their high quality.

Table 3.3 Tensile experimental results of the BFRP composites

Young G0.2 Omax €
modulus | (MPa) | (MPa) | (%)
(MPa)
1 26500 2640 520 | 4.8
2 25800 2470 439 | 4.3
3 26900 2630 526 5
4 26400 2550 473 | 45
5 26600 2610 514 | 4.8
Average | 26400 2580 494 | 4.7
value

Table 3.4 Tensile experimental results of the BFRP composites (continue
of Table 3.3)

AL at |W atforce| W at

breakage | (Nmm) fracture

(mm) (Nmm)
1 2.4 15406.3 15868.5

2 2.1 11839.5 11884.7

3 2.5 16315.3 16432

4 2.5 13152.4 15403.5

5 2.4 15439.6 15485.6
Average 2.4 15014.9 15014.9

value
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Figure 3.18: tension specimen on the grips after the breakage

3.4.5 Thermogravimetric analysis

Figures 3.19, 3.20 and 3.21 depict the thermal decomposition of the BFRP
composites, in the range 30-900 °C, under nitrogen and air atmosphere,
respectivelly. As can be seen, under both atmospheres, the main weight loss of
the BFRP composites starts approximately above 250 °C; this is attributed to
decomposition of the epoxy matrix. Moreover, it is revealed that oxygen
atmosphere is more harmful during the thermal decomposition of the matrix than
nitrogen, as in the former atmosphere the epoxy has completely decomposed up
to the 550 °C, whereas in the latter atmosphere, its decomposition appears
continuous, with a slow rate up to the 900 °C; the following graphs show that the
basalt fibers are not thermally affected in this temperature range. A remarkable
point in DTG graphs is maximum peaks which correspond to the maximum
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degradation rate of the investigated materials. In the case of TGA in N
environment, one peak appears at about 341 °C, attributed to matrix degradation
whereas in air atmosphere, two maximum heating rates are presented, at 336.4 °C
and 458.6 °C. Furthermore, in N2 atmosphere, two samples, taken from different
places of the BFRP composite plate, were TGA tested, so as to check the
reliability of the composites’ production method. These results are shown in
Figures 3.19 and 3.20. It is clear that both curves are very identical, confirming
thus that a steady ®r and uniform mixture of basalt fibers/epoxy has been formed
in the composite structure. The hand lay-up compression molding method is

qualified as highly efficient and reliable method for the production of FRP
composites.
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Figure 3.19: TGA results showing the weight (%) and weight loss rate (DTG) of the
BFRP composite as a function of the temperature in N> atmosphere (first sample)
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Figure 3.20: TGA results showing the weight (%) and weight loss rate (DTG) of the
BFRP composite as a function of the temperature in N2> atmosphere (second sample)
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Figure 3.21: TGA results showing the weight variation and weight loss rate (DTG) of
the BFRP composite as a function of the temperature, in air atmosphere

Figures 3.22 and 3.23 depict thermal decomposition of the basalt fibers, in the
range 30 — 900 °C, in N2 and air atmosphere, respectively. From these graphs, it
is revealed that the basalt fibers have excellent thermal resistance, as they are not
thermally affected up to the final 900 °C in both atmospheres. For sure, the basalt
fibers are highly recommended in applications where high thermal resistance is a

required factor.
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Figure 3.22: TGA results presenting the weight (%) variation and weight loss rate
(DTG) of the basalt fibers* in N, atmosphere.

*The basalt fibers were taken from the edges of the BFRP composite plate, so
they were not absolutely pure. The approximately 6% weight reduction which
takes part in temperature range 200600 °C is attributed to thermal decomposition
of a very small part of epoxy which was stuck on the basalt fibers during the
composites’ production. This is also verified by the fact that after the
approximately 600 °C, the basalt fibers were not thermally affected.
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Figure 3.23: TGA results showing the weight (%) variation and weight loss rate
(DTG) of the basalt fibers* in air atmosphere

*The basalt fibers were taken from the edges of the BFRP composite plate, so
they were not absolutely pure. The approximately 4% weight reduction which
takes part in the temperature range 200-500 °C is attributed in thermally
decomposition of a very small part of epoxy which was stuck on the basalt fibers
during the composites’ production. This is also verified from the fact that after
approximately the 500 °C the basalt fibers are not thermally affected.

3.5 Calculation of the volume fraction of the fibers (®f) and
volume fraction of the matrix (®m).

The TGA results of the BFRP composite in air atmosphere (Figure 3.21)
demonstrates that the thermal decomposition curve of the BFRP composite after
550 °C becomes steady and flat, pointing thus that the epoxy matrix has been
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completely decomposed whereas at the same time the basalt fibers were not
thermally affected. At 550 °C, the weight of the BFRP composite is 73.76 %,
including only the basalt fibers. So, by using the appropriate equation and the
known densities of the basalt fibers and epoxy matrix, ®s was calculated.

W;s = 73.76% and Wn, = 26.24 %.

-t _ 0
= 5’—;%;1) 53.66% (3.3) [56]
Where: pm = density of matrix = 1.10 g/cm?, pr= density of reinforcement phase
= 2.67 g/cm®, W= weight proportion of the reinforcement phase

So, finally, @ = 53.66% and ®m = 46.34%.

3.6 Conclusions regarding the BFRP composites

Based on experimental results, the following conclusions can be drawn. The
BFRP composites exhibited high Tg, with the assumption of the cold-curing
production method, which was followed. This characteristic classifies them as
potential materials in a broad range of applications. Additionally, in temperatures
over Tg, the composites reduced their resistance in deformation forces, fact
confirming that Ty is a critical point in the behavior of FRP composites.

Based on DMA results, it was revealed that as frequency is increased the BFRP
composites achieve higher Tg and that Ty based on tané is higher than Tg acquired
from the loss modulus curves.

One of the significant outputs of this research is the thermal resistance of basalt
fibers, as these were not thermally influenced, in oxygen or N2 atmosphere, up to
the final 900 °C of TGA experiments. This characteristic of the basalt fibers can
be attributed to their origin from the earthquake lave. Moreover, due to the basalt
fibers’ relative low density, the combination of them in a polymer matrix results
in a composite with low weight, attributing thus to very important materials’
characteristics, such as high strength-to-weight and high stiffness-to-weight
ratios. These characteristics, in conjunction with the relative low price of the
basalt fibers and their natural origin, classifies them as a very promising material
in FRP composites industry.

Generally speaking, the BFRP composites exhibited high tensile and flexural
strength, verifying a very good interfacial bond formed between basalt fibers-
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epoxy; the FRP composites demonstrate a low mechanical behavior in the case of
a poor bond between matrix-fibers. In addition, the BFRP composite plate has a
stable thickness through its entire structure (+-0.1 mm). So, the novel hand lay-
up compression molding method is characterized as a highly efficient and reliable
technique for the preparation of FRP composites with significantly high .

3.6.1 Analytical theoretical model for the prediction of the BFRP
composites tensile strength

In order to achieve the optimal design and modelling of the FRP composites,
scientists have been using analytical theoretical models. In particular, these tools
offer a deep investigation of the composites’ mechanical behavior as well as
significant saving in time and materials.

Hirch’s model

The x can be in the range 0-1, so as to be chosen in the most accurate fit [57].
For the case of the particular BFRP composite, their tensile strength is predicted
quite accurate for x = 0.22.

ofiver = tensile strength of fibers
om = tensile strength of matrix

ofiver = 4200 MPa, om = 45 MPa, ®f = 0.5366 and ®n = 0.4634
[57] 6 =X * (om * ®m + Ofiver * Of) + (1-y) O fiber * Fm =>(3.4)

Om * Pr+0fiver * Pm

6=0.22 + (4200 * 0.5366 + 45 + 0.4634) + (1-0.22) * — 54326060; 22‘*06:4 — =
 =501.18 MPa

The Hirch model equation predicted with high accuracy the ¢ of the BFRP
composites.
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4. EXPERIMENTAL PART 3: PREPARATION,
THERMAL ANALYSIS AND VARIOUS
MECHANICAL PROPERTIES OF POST-CURED
CARBON, ARAMID OR CARBON/ARAMID
HYBRID FIBER EPOXY MATRIX COMPOSITES

The research about the AFRP composites has been published in the following
journal:

KARVANIS, Konstantinos, Soiia RUSNAKOVA, Ondiej KREJCI and Alena
KALENDOVA. Thermal analysis of post-cured aramid fiber/epoxy composites.
Reviews on advanced materials, 2021, volume 60. DOI: 10.1515/rams-2021-0036

4.1 Purpose of the research study and general information

In this research work, applying the vacuum infusion process (VIP), eight
layered CFRP, ACFRP and AFRP composites, with twill 2/2 weave fibers fabric
and epoxy matrix, were prepared and then post-cured under specific
heating/cooling rates. The important point is that both fiber fabrics, carbon and
aramid, have the same weave, thickness and dry weight; in this sense, the
properties of composites can be compared and the advantages of each composite
structure are revealed. The results are presented in two result parts: in the first
part, the AFRP composites are investigated in depth with various thermal analysis
techniques, so as the effect of the post-cure process on them to be deeply explored,;
in the second part, a comparison between thermal behavior and mechanical
properties of the CFRP and ACFRP composites is taking part.

It should be mentioned that most of the research works on thermal analysis of
CFRP , AFRP and ACFRP composites, concentrate mostly on no more than two
techniques in this sector whereas post-cured FRP composites, due to viscoelastic
matrix, need to be explored by several thermal analysis techniques, in order for
their Tg, dynamic mechanical properties and thermal decomposition to be
investigated in depth. So, despite the fact that many research studies have been
presented on thermal analysis of post-cured FRP composites, there are many
points requiring further investigation.
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4.2 Materials and preparation method
4.2.1 Materials

For the preparation of the CFRP, AFRP and ACFRP composites, carbon and
aramid fiber fabrics, both produced by the company C. Cramer & Co, were used.
These have the same characteristics, namely 160 sgm weight, twill 2/2 weave and
thickness around 0.36 mm, In particular, the carbon fabric is the product code
Style 442, composed of the fibers Pyrofil™ TR30S T-Size 3K 200tex (Mitsubishi
Chemical), while the aramid fabric is the product code Style 502 (C. Cramer &
Co) with fibers Kevlar49 T965 (1580dtex) (DuPont). The epoxy matrix is a
mixture, parts by weight 100:30, of the epoxy Biresin® CR80 (Sika®) (Figure 4.1)
and the hardener Biresin® CH80-2 (Sika®) which was gentle stirred until
homogeneity was achieved. The laminate structure of the hybrid ACFRP
composite is composed of four aramid fiber fabric layers in the middle and of two
carbon fiber fabric layers in up and down outer sides, respectively.

Figure 4.1: Biresin® CR80
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Table 4.1 Materials used for the fabrication of the CFRP, AFRP and
hybrid ACFRP composites

Epoxy matrix

Biresin® CR80 + Biresin® CH80-2

Reinforcement phase
(fiber fabrics)

1. Carbon fiber fabric Style 442 produced by C. Cramer
& Co [58]

> Weave: Twill 2/2

» Thickness approximately 0.36 mm

> Dry weight 160 g/m?

2. Aramid fiber fabric Style 502 produced by C. Cramer
& Co [59]

» Weave: Twill 2/2

» Thickness approximately 0.40 mm

> Dry weight 161 g/m?

Table 4.2 Physical data of the resin and the hardener [60]

Biresin® CR80 | Biresin® CH80-2

Viscosity, 25 °C, mPa.s

~ 900 ~ 45

Density, 25 °C, g/ml

1.13 0.99

Table 4.3 Typical thermal properties of fully cured neat resin [60]

Biresin® CR80 plus Biresin® CH80-2

Heat distortion temperature ISO 75A 89 °C

Glass transition temperature 1SO 11357 | 93 °C
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Table 4.4 Typical Mechanical properties of Fully Cured Neat Resin [60]

Biresin® CR80 plus Biresin® CH80-2
Tensile strength 1SO 527 88 MPa
Tensile E-Modulus ISO 527 2,900 MPa
Tensile elongation (at break) 1SO 527 6.0 %
Flexural strength 1SO 178 125 MPa
Flexural E-Modulus ISO 178 3,100
Compressive strength 1SO 604 104 MPa
Density 1SO 1183 1.16 g/cm?®
Shore hardness ISO 868 D 86
Impact resistance 1SO 179 67 k/m?

N—r N—r

()
~—

Figure 4.2: The three types of the eight-layered composites (a) CFRP, (b) AFRP and
(c) hybrid ACFRP



Figure 4.3: Zoom on the twill 2/2 aramid fiber fabric roll.

4.2.2 Preparation of the CFRP, AFRP and ACFRP composites

For the production of FRP composites, there are many variations of the VIP,
with the differences between them been indistinguishable and based on the
experience and preference of the according researcher. In order to avoid
confusion, the CFRP, AFRP and ACFRP composites' production method in this
study is simply named VIP while special attention is given on its accurate
description.

In details, a rectangular plate of glass, with dimensions 90 mm x 62 mm x 10
mm (length x width x thickness) was used as the base of the vacuum system. In
order to ensure a smooth surface, the upper part of this glass was polished three
times with a wax. Next, eight layers of the reinforcement phase were cut, with
dimensions 50 mm x 30 mm, and placed on the polished surface. In the next step,
a peel ply and a perforated release film were placed over the fabrics* stacking and
then a resin flow medium was used, so as to cover all of them.

Next, near and across the vertical sides of the fabrics, the resin distribution
channels were placed; these included the infusion spiral medium flow and the two
t-fittings, one connected with the vacuum pump and the other one with the resin
supply. Finally, the whole system was closed by the vacuum bag, which was stuck
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across the glass perimeter with sealant tape and an air leak test took part. Then,
the vacuum pump was turned on and the resin, which was previously gently stirred
until homogeneity, was infused in the mold with the supply tube. The composite
plates were let for solidification, in laboratory environment, at 23 °C for 7 days,
and then they were post-cured in an electric oven, modified with a PID controller,
under the heating—cooling rates, suggested [60] by the resin producer (Figure 4.4).
It should be referred that curing for 7 days at 23 °C was chosen, according to an
example from the resin datasheet [60].
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Figure 4.4: post-cure temperature diagram

During the post-cure process, firstly, the temperature was increased, with a
heating rate of 0.2 °C/min, from 23 °C to 80 °C followed by an isothermal hold at
80 °C for 9.5 hours. Then, cooling of the composites plates took place, from
80 °C up to 23 °C, with a cooling rate of 0.5 °C/min. Finally, the specimens were
cut in the desired dimensions with water jet tool. It is significant that during the
AFRP composite plate preparation, the 8 layers of the aramid fibers fabric weight
was measured and then compared with the final weight of the composite plate. It
was found that the weight of the aramid fibers fabric is the 54% of the whole
AFRP composite plate.
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Figure 4.5: Preparation of the CFRP composite with the Vacuum Infusion Process.
The photo was taken hours after the resin infusion.
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Figure 4.6: a) and b) the two sides of the CFRP composite plate.
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Figure 4.7: The prepared CFRP, AFRP ACFRP and composite plates. The laminates
were cut in the half, through mechanical cutting, so as to be put in the oven.
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Figure 4.8: Zoom view of the AFRP composite plate

a) b)

Figure 4.9: The post-cure process of the (a) CFRP and (b) AFRP in the oven. Down of
the composites plates there is a metal plate for support.
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4.3 Experiments
4.3.1 General experimental conditions

In all experiments of both thermal analysis and mechanical properties, the
specimens were stored in laboratory environment, at 23 °C, for not less than 40 h
prior the tests and experimental data were directly calculated by the according
instrument software. Also, during the experiments, the conditions in the
laboratory were at a temperature of 23 °C and humidity of approximately 50%.

432 DMA, TMA creep-recovery and TMA stress-relaxation
experiments

The DMA, TMA creep-recovery and TMA stress-relaxation experiments were
performed by the instrument DMA 1 METTLER TOLEDO (Schwerzenbach,
Switzerland), under three-point bending configuration, using the STARe
Software. In particular, the specimens were of rectangular shape with dimensions
40 mm x 5 mm x 1.75 mm. (length x width x thickness) (Figure 4.10) with a span
length of 30 mm between the supports.

c)

Figure 4.10: Part of the DMA, TMA creep-recovery and TMA stress-relaxation
specimens of the (a) CFRP, (b) ACFRP and (c) AFRP composites.

In particular, the DMA took place by scanning in the range 30 °C to 200 °C,
with a heating rate of 2 °C/min, under 1, 5 and 10 Hz, with the displacement been
15 um whereas 1 Newton force was used as preload. Moreover, the temperature
range was chosen based on the assumption that Tg of epoxy is about 90 °C, so
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that the final 200 °C of the DMA experiments is enough for determination of the
behaviour of the composites above their Tg.

The TMA creep-recovery experiments were exhibited at isothermal 25 °C, with
a force of 1, 3 or 5 Newton applied on the specimens for 30 minutes and then their
recovery was recorded under O N for 120 minutes; one more experiment of this
type was carried out at 50 °C with initial force of 1 N. During the TMA stress-
relaxation tests, 12 um extension was applied on the AFRP composite specimen,
at 25 °C and its time-dependent stress was measured for 48 minutes.

4.3.3 Thermogravimetric analysis

The TGA experiments were performed with the instrument TGA Q50 (Figure
4.11) from TA Instruments (New Castle, Delaware, USA). It should be noted that
the TGA tests were set and performed with the Thermal Advantage Release 5.4.0
software while results were evaluated with the TA Instruments Universal Analysis
2000 version 4.5A program. Due to the fact that the TGA is of significant
Importance in the thermal analysis sector, various such experiments were
undertaken. In detail, the following were evaluated by the TGA:

1. Thermal decomposition of pure post-cured epoxy, carbon fibers, aramid
fibers and CFRP, AFRP and ACFRP composites, in the range of
30-900 °C, with heating rate of 10 °C\min, in air and nitrogen atmosphere,
respectively. In the latter atmosphere, two samples taken from different
places of the AFRP composite plate were tested, so as to check the
production method reliability.

2. Thermal stability of aramid fibers, CFRP, AFRP and ACFRP composites
and pure post-cured matrix, in N2 atmosphere, at isothermal 350 °C for 240
minutes.

3. In order to determine the maximum temperature at which aramid fibers are
not thermally affected, TGA isothermal scans, in nitrogen atmosphere,
were exhibited in the range 360 — 380 °C with every 60 minutes step of
10 °C.

4. Carbon fibers were TGA tested at isothermal 450, 460, 470 °C, with every
60 minutes step of 10 °C.

In all TGA scans, an alumina crucible was used for placing the specimens and
the totally flow rate was adjusted at 100 ml\min; balance purge flow 40 ml\min
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and sample purge flow 60 ml\min. It needs to be mentioned that the composites
were TGA tested with samples of 35 mg, since their complex composite structure
requires enough mass during its TGA exploration. Meanwhile, carbon fibers,
aramid fibers and pure post-cured epoxy matrix were TGA tested with samples of
approximately 14-20 mg.

Figure 4.11: a) and b) TGA Q50 TA instruments

4.3.4 Differential Scanning Calorimetry (DSC)

The DSC experiments were carried out with the DSC 1 METTLER TOLEDO
(Schwerzenbach, Switzerland), by scanning in the temperature range 30-600 °C,
with a heating rate of 20 °C/min, in nitrogen atmosphere, using the software
STARe SW 14.00. In this kind of experiment, the approximately 23 mg sample
was placed in an aluminium sample holder of 40 ul and then it was heated and
cooled twice.

4.3.5 Three-point bending on the CFRP and ACFRP composites

The flexural strength of the CFRP and ACFRP composites was determined by
the testing machine Zwick/Roell 1456 (Ulm, Germany) (Figures 4.12, 4.13 and
4.14) with the software testXpert® Il V2.1. In details, the specimens were of
dimensions 100 mm x 14 mm x 1.86 mm (length x width x thickness) whereas the
span length was 40:1. Specifically, in each side, the specimen was over hanged
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the support of the three-point bending configuration by approximately 12.8 mm,
so as to avoid specimen slipping while the force was applied in the specimen
center. Moreover, the crosshead speed was set at Imm/min and the tests were
performed until breakage of the samples.
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Figure 4.12: ACFRP composite specimen on the three-point bending configuration
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Figure 4.13: ACFRP composite specimen on the three-point bending configuration

a) b)

Figure 4.14: a) CFRP and b) ACFRP three-point bending specimens
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4.4 Results of the AFRP composites
4.4.1 Dynamic mechanical analysis

Figure 4.15 shows the storage modulus of the AFRP composite, in the
temperature range 30-200 °C, at 1, 5 and 10 Hz. In this graph, it is revealed that
the storage modulus curves are separated in three regions: 30-80 °C is the glass
state, where the polymer molecules are rather frozen and the composite exhibits
high storage modulus, 80-110 °C is the middle transition region, correlated with
the Tg, and 110-200 °C is the viscous region. Moreover, at 1 and 5 Hz, the storage
modulus is slightly reduced as the temperature increases; contrastively, it is
almost stable in the glassy state region, at 10 Hz. This can be attributed to the fact
that, at higher frequencies, the elastic behavior dominances over the viscous
behaviour in the polymer matrix, thus the AFRP composite exhibits better thermal
stability. Moreover, as the frequency is increased, the initial values of the storage
modulus are reduced.
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Figure 4.15: Storage modulus of the AFRP composite in the range 30-200 C, at 1, 5
and 10 Hz

The Figure 4.16 illustrates the loss modulus (E"") of the AFRP composites in

the range 30-200 °C and at frequency 1, 5 and 10 Hz. As it can be seen, at about
70 °C, the loss modulus curves depict an abrupt increase, achieving maximum
values; then they fall sharply to almost zero. It is worthy of mentioning that in the
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temperature range where the loss modulus achieves peak, the storage modulus is
reduced.

Loss modulus (MPa)
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Figure 4.16: Loss modulus of AFRP composite in the range 30-200 “C, at 1, 5, and 10
Hz

Figure 4.17 depicts the tand of the AFRP composite, in the temperature range
30-200°Cand at 1, 5 or 10 Hz. As it is showed, the tand values are relatively low,
so it can be concluded that the elastic (solid-like) behavior dominates over the
viscous one. Moreover, the same trend which was noticed in the previous
experimental studies of this dissertation can be also noticed here: as the frequency
Is increased, the peak of the tand curves moves to higher temperatures.
Furthermore, the adhesion between fiber/polymer can be qualified by the tand.
Probably, the composite under continuous cyclic loading will dissipate energy at
the fiber/matrix interface and the amount of it relies on the adhesion degree [61].
In that way, a weak fiber/polymer adhesive bond is expected to contribute to more
energy loss, thus resulting to a higher damping coefficient [61]. The AFRP
composite exhibits tané = 0,22 - 0,23, so it can be assumed that a very good
interfacial bond between aramid fibers/epoxy has been formed.
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Figure 4.17: tand variation of the AFRP composite in the range 30-200 °C, at 1, 5 and
10 Hz

Table 4.5 Tq of the AFRP composites (based on the DMA)

AFRP composite 1 Hz S5Hz 10 Hz
Tg (peak of loss modulus) 86.40 °C 85.52°C 92.29 °C
Ty (peak of tand) 88.07°C 88.39°C 95.10°C

Table 4.5 shows the Ty of the AFRP composites, which are based on the
corresponding temperatures of the loss modulus peaks and tand curves, at 1, 5 and
10 Hz. The datasheet [62] of the resin/hardener producer refers for the
combination, Biresin® CR80 and Biresin® CH80-2, Tq = 92 °C in the chapter
“Detailed information: infusion and RTM systems’’. Hence, the cure-postcure
process followed can be characterized as highly effective for production of the
particular materials.

Moreover, Tg remains almost stable or reduces very slightly between 1 Hz and

5 Hz while it is highly increased at 10 Hz. Also, the Tg acquired from the tand is
higher than the one determined by the loss modulus curves; the same fact was also
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found in the BFRP composites study, so it seems that it a rule the tand curves to
give higher Ty.

4.4.2 TMA creep-recovery and TMA stress-relaxation

The creep-recovery curves of the AFRP composite are shown in Figure 4.18.
Remarkably, the final deformation (plastic), caused by the forces on the end of
these experiments, on the composites’ structure, IS very small. A perfectly elastic
material will recover to its primary dimension after the release of the force so it is
concluded that the elastic behaviour prevails entirely over the viscous behaviour
in the structure of the AFRP composite. Even in the 5 Newton stress tests, in
which primarily high initial deformation was obtained in the structure of the
specimens, the elastic recovery after the release of the force is remarkably high.
Moreover, in all cases the recovery occurred immediately after the release of the
force.

As can be seen, between a comparison of the creep-recovery tests at 25 °C and
50 °C the high resistance in deformation forces at elevated temperatures, of the
AFRP composites can be obtained. The 1 N caused the same initial displacement
at both temperatures and both curves are very similar.
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Figure 4.18: TMA creep-recovery of the AFRP composite
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Figure 4.19 illustrates the stress-relaxation curve of the AFRP composite. In
this graph, the viscoelastic behavior of the composite structure can be seen in the
first minutes of the experiment as then the stress-relaxation curve becomes flat
and almost stable.
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Figure 4.19: stress-relaxation of the AFRP composite
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Figure 4.20: zoomed view of the AFRP composite stress-relaxation curve
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4.4.3 Thermogravimetric analysis

The weight variation of pure post-cured epoxy and aramid fibers, in N>
atmosphere, at 350 °C for 240 minutes is shown in Figure 4.21. In this graph, it
can be seen that after exposure at 350 °C in N2 atmosphere, for 240 minutes, the
post-cured epoxy loses approximately 80% of its weight whereas, under the same
circumstances, the aramid fibers remain mostly thermally unaffected. They lose
only approximately of 4.5% of their weight and this lose is attributed to loss of
humidity which was concentrated on the surface of the fibers; the aramid fibers
are highly hydrophilic and this is verified from the fact that after this weight loss,
after the tenth minute, the weight curve is linear at steady 95.5%.
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Figure 4.21: TGA results presenting the thermal stability of aramid fibers, and
.— — pure post-cured epoxy in exposure at 350 °C for 240 minutes in N, atmosphere
(epoxy also at 380 C)

So, two samples, for reliability, of the AFRP composite were TGA measured,
in N2 environment, Figure 4.22. It was found that the remaining weight of them,
after exposure for 240 minutes at 350 °C, is 66.65% and 63.27%, respectively. It
should be noted that the overall time on the x-axis is more than 240 minutes
because the instrument measures also the time until the temperature to reach the
350 °C. Then, with the use of simple mathematics, the remaining 20% percentage
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of the epoxy, in the two AFRP compounds, was withdrawal and thus
Wit 1=58.32% and Wr. = 54.09% ; average Ws12 = 56.20%.

Then, with the use of the equation:

O =——— (1) (4.1) [56]

= TP
1+ —(C——-1
pm(Wt )

Where pm= density of matrix =1.16 g/cm?3, pr = density of reinforcing phase =
1.44 g/cm3, W, = weight proportion of the reinforcing phase. So, finally, it was
found that approximately @s= 51% and thus ®n= 49 %. It should be mentioned,
that during the preparation of the composite laminates, the weight of the aramid
fabric reinforcement was measured and then compared with the whole weight of
the AFRP composite structure. It was found that the aramid fibers” fabrics consist
the 54% of the whole weight of the AFRP composite. So, it is concluded that the
experimentally determined W; = 56.20% is very close to the realistic value.
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Figure 4.22: TGA graph of the AFRP composite (two samples) at 350 °C for 240

minutes under N, atmosphere. The difference on the time axis is because these samples
were heated up to the 350 °C with different heating rates.
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c) d)

Figure 4.23: a) b) c) and d) Photos of the AFRP composite specimens under exposure
for 240 minutes, at 350 °C, under N, atmosphere. The photos were taken with the
Carl Zeiss Stemi 2000C Microscope (Jena, Germany) from the edges of the composite
structure.

The TGA tests, at isothermal temperature with steps after a particular time, are
of great interest because they correlate temperature with time so the weight of the
materials can be precisely determined simulating real-life applications. Figure
4.24 illustrates the thermal stability of the aramid fibers, in N2> atmosphere, under
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isothermal scans at 360, 370 and 380 °C with every 60 minutes step of 10 °C. The
initial 3% weight reduction is attributed to humidity due to the hydrophilic
character of these fibers. In this graph, the very good thermal stability of the
aramid fibers is revealed as they are slightly thermally influenced above the
370 °C.
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Figure 4.24: TGA results presenting the thermal stability of the aramid fibers at
exposure at 360, 370 and 380 “C, in N, atmosphere, with every 60 minutes step of
10 C

The figure 4.25 illustrates the decomposition of the AFRP composite, in the
range 30-900 °C, in air and nitrogen atmosphere, respectivelly. As was expected,
the high ®r contributes towards enabling the composite structure to achieve very
good thermal resistance. Notably, under both atmospheres, the weight loss mainly
occurs after the 480 °C. In the case of air atmosphere, the oxidation phenomenon
leads to whole thermal degradation of the composites' weight up to the 590 °C
whereas under N> gas, where pyrolysis takes part, resulting in 30% of the
composite weight to remain, up to the final 900 °C. Moreover, in order to check
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the reliability of these experiments and of the VIP production method, two
samples, which were taken from different places of the AFRP composite plate,
were tested in N.. Through this graph, the high reliability of the VIP production
method is revealed. Despite the small size of the TGA specimens, each of 35 mg,
both curves are very identical and concluding in the same remaining weight at
900 °C. Thus, the composites' production method is characterized as highly
effective.
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Figure 4.25: TGA results showing the weight of the AFRP composites as a function of
the temperature, in air and N, atmosphere, respectively
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Figure 4.26: DTG (weight loss rate) curves of the AFRP composite in air and N,
atmosphere, respectively.

The figure 4.26 depicts the corresponding DTG curves of the figure 4.25. In N2
atmosphere, the first peak, at approximately 350 °C, is dedicated to thermal
decomposition of the matrix, whereas the second peak, at about 580 °C, is a
combination of thermal degradation of aramid fibers and remaining part of the
matrix.

The figure 4.27 presents the thermal degradation, in the temperature range
30-900 °C, of pure cured epoxy and aramid fibers, in air or N> atmosphere. The
first obvious observation is that, at both atmospheres, the aramid fibers have much
better thermal behavior than the epoxy; the aramid fibers are mainly thermally
affected above the 480 °C whereas the post-cured epoxy is highly thermally
affected over the 275 °C. Moreover, both of materials, epoxy and aramid fibers,
in air atmosphere, have completely thermally degraded, due to thermal oxidation,
up to the 590 °C.

89



120- ———  aramid fibers Air
] ———— aramid fibers N,
1001 - epoxy Air
] — — epoxy N,
80
£ 60 e
=2 ]
[4h]
= ]
40-
204
I TT—
0 200 400 600 800 1000

Temperature (°C)

Figure 4.27: TGA results showing the weight (%) of the aramid fibers and pure post-
cure epoxy matrix as a function of temperature in air and N2 atmosphere, respectively.

444 DSC

Figure 4.28 shows the DSC curves, in the range 30-600 °C, in N2 atmosphere,

of the two heating circles and the two corresponding cooling circles, of the AFRP
composite.

Based on the datasheet [60] of the manufacturer of the resin-hardener, the Ty of
a fully cured neat resin (Biresin® CR80 and Biresin® CH80-2), determined
according to the standard 1SO 11375, is 93 °C. This standard specifies the Tg using
DSC experiments but the author of this research didn't specify the Tg according to
this standard. However, the Ty determined from the midpoint of the first heating
IS 94.67 °C, a value which cannot compared directly with the one from the

datasheet, but it needs to be noted that both, which were determined by DSC are
very close.
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Figure 4.28: DSC curves of the AFRP composite
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4.5 Results of the CFRP and ACFRP composites
45.1 DMA
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Figure 4.29: E " versus temperature of the CFRP and ACFRP composites under 1, 5
and 10 Hz

The storage modulus, of the CFRP and ACFRP composites as a function of the
temperature at 1, 5 and 10 Hz, is presented in Figure 4.29. As can be seen, under
all frequencies, the CFRP composite achieved higher storage modulus than the
ACFRP composites; difference which was becoming greater as the frequency was
increased. The storage modulus of the latter composite is reduced as the frequency
Is increased whereas this property of former composite remains generally
unaffected from the frequency. Moreover, the abrupt reduction in the storage
modulus curves in the middle transition region is observed; this sudden fall is
correlated with the Tq.
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Figure 4.30: E"" versus temperature of the CFRP and ACFRP composites under 1, 5
and 10 Hz

Figure 4.30 shows the loss modulus of the CFRP and ACFRP composites. As
in storage modulus experiments, the CFRP composites exhibited higher loss
modulus than the ACFRP composites. From this graph, it can be observed that as
the frequency is increased the reference temperature of the peaks of the loss
modulus is moving to higher temperature; the frequency influences positively the
Tg of the CFRP and ACFRP composites. Moreover, at low temperatures, the loss
modulus curves follow a steep increase achieving peak values whereas then a
steep fall is observed until almost zero values which are maintained up to the final
200 °C.
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Figure 4.31: tano versus temperature of the CFRP and ACFRP composites under 1, 5
or 10 Hz

The tand curves of the CFRP and ACFRP composites, over the temperature
30-200 °C, at frequency 1, 5 and 10 Hz, are shown in Figure 4.31. As can be seen
at low temperatures, the values are almost stable, whereas after approximately the
55 °C, they follow a step upward trend, achieving peak values, which is then
followed by a steep decrease. Moreover, similar with loss modulus curves, as the
frequency is increased the reference temperature of the peak point of these curves
moves to higher temperatures. According to the corresponding temperatures of
peak values of the tand curves, it is revealed that the CFRP composite exhibits
slightly better performance than the ACFRP composite.

45.2 Tgyof the CFRP and ACFRP composites

The Tg temperatures, which were acquired from the corresponding
temperatures of the peak of the loss modulus and tand curves, of the CFRP and
ACFRP composites are shown in Table 4.6. As can be seen, under all frequencies,
the CFRP composites exhibited higher Tg than the ACFRP composites and that
the Tg based on tano curves is higher than the Tq determined by the loss modulus
curves.
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Moreover, between a comparison of these results with the data from Table 4.5,
it is revealed the AFRP composites have higher Tq than the CFRP and ACFRP
composites. This can be attributed to positive effect of the aramid fibers.

Table 4.6 T4 of the CFRP and ACFRP composites (based on DMA)

Tg obtained To obtained by
by tand peak | loss modulus peak
(C) (C)
CFRP 1 Hz 82.52 86.10
ACFRP 1 Hz 79.96 84.54
CFRP 5 Hz 84.45 87.81
ACFRP 5 Hz 82.84 85.84
CFRP 10 Hz 89.38 93.72
ACFRP 10 Hz 87.08 92.65
CFRP 25°C ———
28 ACFRP 25 °C
26 CFRP 50 °C oo
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Figure 4.32: stress-relaxation curves of the CFRP and ACFRP composites at 25, 50
and 75 C
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Figure 4.32 depicts the stress-relaxation curves of CFRP and ACFRP
composites at 25, 50 and 75 °C. Notably, whereas at 50 °C the former composite
depicts the same stress-relaxation behavior as in 25 °C, the AFRP composite is
heavily affected at 50 °C. Moreover, both composites at 75 °C have extremely
reduced their resistance in deformation forces.

4.5.3 DSC of the CFRP and ACFRP composites
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Figure 4.33: DSC curves of the CFRP composite
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Figure 4.34: DSC curves of the ACFRP composite

The figures 4.33 and 4.34 illustrate the DSC curves of the CFRP and ACFRP
composites, respectively. It can be seen that the CFRP composite achieved higher

Tg than the ACFRP composites.
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454 TGA of the carbon fibers, aramid fibers, CFRP and ACFRP

composites
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Figure 4.35: TGA results showing the weight (%) of the carbon and aramid fibers as a
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Figure 4.36: DTG (weight loss rate) of the carbon and aramid fibers as a function of

the temperature in air atmosphere
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Figure 4.37: TGA results showing the weight of the carbon and aramid fibers as a
function of the temperature in N, atmosphere
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Figure 4.38: DTG (weight loss rate) curves of the carbon and aramid fibers as a
function of the temperature in N, atmosphere
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Figure 4.39: TGA results presenting the weight (%) of the CFRP and ACFRP
composites as a function of the temperature in air atmosphere
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Figure 4.40: DTG (weight loss rate) curves of the CFRP and ACFRP composites as a
function of the temperature in air atmosphere
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Figure 4.41: TGA results presenting the weight variation (%) of the CFRP and
ACFRP composites as a function of the temperature in N, atmosphere
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Figure 4.42: DTG (weight loss rate) of the CFRP and ACFRP composites as a
function of the temperature in N, atmosphere
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Figure 4.43: TGA results showing the thermal stability of the CFRP and ACFRP
composites, at exposure at 350 °C for 240 minutes, in N, atmosphere

pm= density of matrix =1.16 g/cm?3, pr = density of carbon or carbon/aramid fibers
=1.79 g/cm® or 1.44 g/cm?, respectively; For the case of the ACFRP the density
was calculated 1.79 + 1.44 /2 = 1.615 g/cm®, Wt = weight of carbon or
carbon/aramid fibers = 65.14 % or 66.18 %, respectively.

In the figure 4.43, it was found that after exposure, for 240 minutes at 350 °C,

In nitrogen atmosphere, the epoxy matrix loses 80 % of its weight, so, the
remaining 20 % of matrix was withdrawn;

CFRP W =56.425 % , ACFRP W =57.725 %
Finally, it was found:

CFRP @f=45.66 %

ACFRP ®f=49.52 %
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The difference in the @ of both composites is relatively small and this
characteristic in conjunction with the fact that these composites consist of fabrics
which have the same weave, weight and thickness allows their properties to be

compared directly.
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Figure 4.44: The weight (%) of carbon fibers as a function of time by TGA scans at
450, 460 and 470 “C, in air atmosphere, with every 60 minutes step of 10 ‘C

The figure 4.44 shows the thermal stability of the carbon fibers, in oxygen
atmosphere, at 450, 460 and 470 °C. Remarkably, the carbon fibers are slightly
thermally influenced at even such high temperatures.

45.5 Mechanical properties of the CFRP and ACFRP composites

Tables 4.7 and 4.8 depict the results of the six 3-point experiments of each
composite and Figures 4.45, 4.46, 4.47 and 4.48 show these curves in detail. As
can be seen, whereas the CFRP composites achieved remarkably higher flexural
strength (orsmax) than the ACFRP composites. Nevertheless, the latter composites
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demonstrated much higher young modulus than the former composite. The
flexural modulus is the resistance of a material to bend under a stress which is
applied perpendicular to its longitudinal side; so it is highly related with the
stiffness of the materials. In detail, the flexural strength curves, of both types of
composites, are straight towards lines and the materials break suddenly, showing
very little plasticity. The characteristic of a material which breaks, under an
applied force, but shows a little or no deformation before the breakage is described
by the term brittleness. Remarkably, both composites, they break sharply after the
ofmax; the “AL at breakage” is very slightly increased or is the same in comparison
with the “’AL at omax’’. So, the CFRP and ACFRP composites are characterised
as highly brittle materials.

Exceptionally, the six curves of each type of composite are very similar and
their maximum values are in a very narrow range; the composites’ production
method is characterized as highly efficient and with high reliability.

Based on the datasheet [60] of the resin producer, a fully cured neat resin, of
Biresin® CR80 plus Biresin® CH80-2, has flexural strength = 125 MPa (according
to 1SO 178) and flexural modulus = 3100 MPa (according to ISO 178) so it is
clear that the carbon and aramid fibers have highly enhanced these flexural
characteristics of the epoxy matrix.
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Figure 4.45: ot - ¢f diagram of the six three-point bending experiments on the CFRP
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Figure 4.46: zoom view of the six of - & curves of the CFRP composite
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Figure 4.47: ot - ¢r diagram of the six three-point bending experiments on the ACFRP
composite

Figure 4.48: zoom view of the six of - & curves of the ACFRP composite
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Table 4.7 Three-point bending experimental results

sample F at Flexural | omax | ALat | AL at | Force

0.2% (N) | modulus | (MPa) | omax | fracture at
(MPa) (mm) | (mm) | fracture

(N)
CFRP, 276 37400 707 11.4 11.5 294
ACFRP 271 38700 616 8.8 9 248
CFRP> 271 38000 675 10.5 10.6 281
ACFRP; 263 40100 600 8.5 8.5 263
CFRP; 269 38000 716 11.3 11.5 295
ACFRP3 263 39500 614 8.6 8.9 270
CFRP, 274 38400 691 10.6 10.6 287
ACFRP4 - 40000 598 8.1 8.1 265
CFRPs 289 38600 708 11 11 296
ACFRPs 272 38600 617 9 9 268
CFRPs 277 37900 706 10.9 10.9 292
ACFRPs - 39400 617 8.7 8.7 272

CFRP 276 38050 | 700.5 | 10.95 | 11.01 290.83

average
value
ACFRP 267.25 39400 |610.33| 8.6 8.7 264.33

average

value
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Table 4.8 (continue of Table 4.7) Work-at-force and work-at-fracture from the
three-point bending experiments

sample Work-at-force | Work-at-fracture
(Nmm) (Nmm)
CFRP, 1900.4 1911.3
ACFRP, 1290.7 1330.9
CFRP> 1636.8 1651.6
ACFRP; 1219.8 12447
CFRP3 1853.4 1927.5
ACFRP3 1253.6 1335.7
CFRP4 1676.3 1677.2
ACFRP4 1149 1149
CFRPs 1829.4 1830.3
ACFRPs 1346.8 1348.6
CFRPs 1748.3 1756.1
ACFRPs 1276.9 1279.8
CFRP 1774.1 1792.3
average
value
ACFRP 1256.1 1281.4
average
value

45.6 Hardness Shore D

The table 4.9 illustrates a comparison between the CFRP and ACFRP
composites Shore D hardness. The hardness indicates the magnitude of the
resistance of a material in scratching, puncturing or deformation [63].
Specifically, the hardness which is based in penetration is associated with the
modulus of elasticity and viscoelastic properties of the materials and it is in
reverse alteration with the depth of the penetration [63].

As in the three-point bending tests, the former composite achieved higher
hardness than the latter composite. Remarkably, the standard deviation of the
ACFRP composite is smaller than the one of the CFRP composite. It is well
known that the degree of cure of polymers influences their hardness, so the
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significant small variation of the Shore D hardness of both composites indicates
that these composites have been appropriate cured.

Table 4.9 Shore D hardness of the CFRP and ACFRP composites

CFRP ACFRP hybrid

Sample composite composite
1 92.1 88.6
2 89.1 88.6
3 90.4 88.2
4 87.0 87.1
5 87.8 87.6
Average value 89.3 88.0
Maximum 92.1 88.6
Minimum 87.0 87.1
Standard deviation 2.0 0.7

Coefficient of

variation 2.3 0.7

4.5.7 Conclusions regarding the CFRP, AFRP and ACFRP composites

In all cases of the TGA experiments, it was found that thermal degradation in
an oxidative environment, (i.e. in air atmosphere) is much more harmful than the
one due to pyrolysis (in N2). In the TGA experiments, the very good thermal
resistance of both carbon and aramid fibers was revealed. This characteristic
together with the relatively high T4 of the post-cured CFRP, AFRP and ACFRP
composites, in the range 80-95 °C, depending on the frequency and determination
method, classify these composites as potential materials in applications where
resistance in high temperatures is of great interest.

Based on the TMA creep-recovery experiments, it was revealed that the
recovery of the AFRP composite structure took place immediately after the force
release and that in all cases the final (plastic) deformation in the AFRP composite
structure was relatively small. Relating this aspect with the overall results from
the DMA experiments, it is concluded that, under the Ty, elastic behavior prevails
entirely over viscous one in the AFRP composites’ structure. Additionally, the
creep-recovery behavior of the AFRP composite is the same at 25-50 °C,
confirming hence the composite structure ability to work in this temperature
range.
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The exceptionally low densities of both carbon and aramid fibers, 1.77 g/cm?®
and 1.44 g/cm?3 respectivelly, result in a composite structure with low weight,
making thus the composite highly attractive in a broad range of applications,
especially in airplane industry where, nowadays, the efforts for fuel savings are
of significant importance.

The results showed that a steady difference, under all frequencies and
determination methods, between Ty temperatures of the CFRP and ACFRP
composites; in all cases, the former composite achieved higher Tg. In terms of
mechanical behavior, flexural strength, and hardness shore D, the CFRP
composite demonstrated higher values than the ACFRP one. Moreover, the
carbon fibers exhibited significant high thermal resistance in exposure at
remarkably high temperatures, such as in 450, 460, and 470 °C in oxygen
atmosphere; exceptionally, they lost approximately 5% of their weight after
exposure in these temperatures for 60 minutes. According to the exhibited
experiments, the overall results reveal that the hybrid CFRP composite did not
manage to achieve the performance of the CFRP composite.
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5. CONCLUSIONS OF THE DISSERTATION

In this dissertation synthetic fibers, namely glass, carbon and aramid as well as
natural origin basalt fibers were embedded in various epoxy matrices. For the
production of the composites were both used expensive production methods and
materials, such as prepreg processing and more economic ways, like the hand lay-
up compression moulding combined method and VVacuum Infusion Process. The
purpose of the dissertation is to explore FRP composites, targeted as potential
materials in a broad range of applications, from automobile parts to aircraft
applications. Th experimental part of this dissertation is divided in three parts.

In the first part, the GFRP and CFRP composites verified their high quality, as
these achieved significant high Tg. In detail, the GFRP composites exhibited Tg in
the range 111-123 °C, depending on the type of fabric/orientation of fibers and as
well as on the method followed for the T4 determination: peak of tand or loss
modulus curves. Remarkably, DMA revealed that, in terms of storage and loss
modulus, the placement of unidirectional glass fibers in the longitudinal direction
of GFRP composites is much more effective than when placed in the transverse
one. Moreover, the GFRP composites with slightly higher ®¢, exhibited higher
storage and loss modulus; this points out the positive effect of glass fibers in the
composite structure. Based on the DMA results, the GFRP and CFRP composites
are classified as optimal materials for the production of body parts of luxury cars,
marine boats along with low-speed small airplanes. However, it should be
mentioned that the applications of composites produced by prepreg materials need
to justify their significantly high cost.

In the second experimental part, an eco-friendly reinforcement phase, basalt
fibers were embedded in an epoxy matrix, in a high ®r = 53.66 %, applying the
hand lay-up compression molding method. In terms of tensile and flexural
properties, the cold-cured BFRP composites displayed very good mechanical
behavior, which verifies a very good interaction between basalt fibers/epoxy
matrix, despite the high @+ In FRP composites industry, the introduction of fibers
in a polymer matrix in a high ®s is always a major concern, as in many cases, high
fiber volume tends to form an inappropriate interfacial bond between them and
the matrix; this, in turn, results in poor overall performance of the composite.
Exceptionally, the hand lay-up compression molding method is qualified as
highly effective in preparation of high ®+ FRP composites. Moreover, the basalt
fibers showed excellent thermal resistance, as they were not thermally affected up
to the final 900 °C of the TGA experiments, pointing out their highly usefulness
in applications where thermal resistance is essential. As an example, if basalt
fibers are combined with a high thermal resistance polymer matrix in high ®s and
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the formed composite is applied as structural material in the body of an airplane,
in case of fire, basalt fibers will continue to offer structural support up to very
high temperatures, important behavior in airplane industry. Moreover, the
potential applications of basalt fibers could be in the surrounding sites of exhaust
systems of cars, airplanes, and helicopters. In addition, the relative low price of
basalt fibers, compared especially with the price of carbon and aramid fibers,
combined with the inexpensive composites’ fabrication method categorize the
BFRP composites as optimal materials in low-cost applications, such as body
parts of cars, motorcycles, and boats. Significantly, the natural origin of basalt
fibers is another positive advantage. Specifically, these fibers will not pose the
difficult problem of recycling, after their end-cycle use, like artificial fibers, such
as carbon and aramid; this is a very important factor nowadays, due to the
continuously increased use of FRP composites.

In the third experimental part, CFRP, AFRP and ACFRP composites were
fabricated, following the VIP process. Remarkably, both carbon and aramid fiber
fabrics demonstrated the same waive, weight and thickness, so the composite
properties were compared with accuracy. Moreover, in this study, an effort was
made to improve thermal behavior of the composites, with a relatively low cost.
In particular, after curing at 23 °C for seven days, the composites were exposed to
post-curing in an oven, under specific heating-cooling rates, following the resin
producer suggestions. Various thermal analysis technigues were performed on the
composites, so as to determine the positives and negatives of each composite
structure. Notably, by TGA, an approach for determining the composite ®r was
followed. Both the CFRP and ACFRP composites had a similar ®r and hence, the
results section of this study was divided in two parts: thermal analysis of the
AFRP composite and comparison of the CFRP and ACFRP composite properties.

Regarding the results section on the AFRP composites, their Tq was found to
be in the range of 85-95 °C. Ty appears more a transition than a specific
temperature whereas the Tg of the composites was specified by various ways,
DMA and DSC, and under various frequencies, justifying thus such a fluctuation.
Specifically, the Ty of the AFRP composites was relatively high for epoxy matrix
composites, which indicates that the low-cost post-cure process has significantly
improved the thermal behavior of the composites. Moreover, aramid fibers
showed very good thermal resistance in TGA under N2 atmosphere; they were
very slightly thermally influenced under 60 minutes exposure in the temperature
range of 350-390 °C. Also, the aramid fiber low density of 1.44 g/cm?® results in a
composite with very low weight, a factor which nowadays is very important in all
transport industries due to environmental concerns; low weight will eliminate the
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overall weight of a vehicle, resulting hence in lower fuel consumption. Moreover,
the experimentally determined Ty values are in agreement with those provided by
the resin producer datasheets. It is concluded that the AFRP composites are fully
and appropriate cured while the cure-post-cure process, specifically the particular
heating-cooling rates which were followed are highly effective for this kind of
materials.

In the second results section, a comparison between the CFRP and ACFRP
composites was realized. The overall results show that the CFRP appears to have
a better mechanical behavior than the ACFRP composite. Specifically, the former
composite exhibited higher o1, AL at fracture and work-at-fracture, than the latter
one; in these terms, the incorporation of aramid fibers did not contribute to a better
performance. However, the fact that the AFRP exhibited higher E¢ needs to be
emphasized.
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6. RELATING THE SCIENTIFIC RESULTS WITH
PRACTICAL APPLICATIONS

> Regarding the first experimental part, the GFRP and CFRP composites
exhibited remarkably high Tg, fact which classifies them as potential
materials in high demanding applications, such as in aircraft industry, and
generally wherever thermal resistance is a critical factor.

> The relatively high T4 of the post-cure AFRP composite, which is in the
range of 85-95 °C and depending on the frequency and determination
method, classifies these composites as potential materials in applications
where resistance in high temperatures is of great interest.

> The low density of aramid fibers, 1.44 g/cm3, results in a composite with
very low weight, a very important factor in all transport industries
nowadays due to environmental concerns; the low weight is expected to
eliminate the overall weight of a vehicle, resulting hence in lower fuel
consumption.

> The excellent thermal resistance of basalt fibers, both in air and N
atmosphere, makes their introduction in high performance polymer matrix,
like bismaleimide or phenolic, essential, in order for a FRP composite with
excellent overall thermal behavior to be formed. For sure, this composite
could be target as potential material for body parts of airplanes. Moreover,
the potential applications of basalt fibers could be in the surrounding sites
of exhaust systems of cars, airplanes, and helicopters.

> Exceptionally, the hand lay-up compression molding method is qualified
as highly effective in preparation of FRP composites with high o+
Moreover, the method’ s low cost and simplicity classifies it as suitable for
both low cost uses, such as every day and high demanding applications, for
example marine and automotive industries.

> Future research on a hybrid high performance polymer matrix composite,
consisted of alternately layers of carbon-aramid fiber fabrics and its
comparison with pure AFRP, CFRP composites, where all of them have
reinforcement phases with the same weight, weave and thickness appears
an optimistic idea.
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