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1. INTRODUCTION

In the last decades in the top fields of industry, such as aerospace, medical, maritime and military, the
replacement of classic materials (wood, steel, glass, etc.) with composite materials, for the
manufacture of structures, equipment and products that require to meet increasingly high
mechanical and financial requirements. The study of composite materials is a vast field of research
that continues to challenge scientists around the world. The mechanical properties of composite
materials must be continuously improved to meet the increasing requirements. This is necessary to
produce material structures that guarantee strength, stiffness, thermal stability, and fatigue and
impact resistance while maintaining a lower specific weight. To create such innovative structures out
of composite materials, one must first have a thorough understanding of the mechanical
characteristics of the component materials (fibers and matrices). This allows for an analysis of the
chemical interactions between the two constituents and how they cooperate under mechanical
stress.
Also, a number of factors related to these two components (fibers and matrix) influence the
mechanical properties of composite materials, such as: shape, nature, size and orientation of the
fiber, volume fraction of the fiber, type and nature of the matrix. In recent years, many researchers
have also turned their attention to studying the mechanical properties of hybrid composite materials.
The studies were mainly focused on combinations of carbon fibers and other preferred types of
fibers, less brittle. Through hybridization, the aim is mainly to reduce the mass of the resulting
composite material and improve the mechanical performance by combining two or more types of
fibers in the same composite material structure, but also to reduce production costs, by using
cheaper fibers in those areas of composite structures where the state of stress is not at a very high
level. In the field of hybrid composite materials, the following sub-categories of composites can be
included:
O sandwich type structures — between two layers of a certain material, called the faces of the
sandwich, a layer of a different material, called the core, is placed;
O inter-layer hybrid structures - in the structure of the composite material there are different
reinforcing materials in various layers;
O hybrid structures inside the layer - two or more types of fibers are used for reinforcement in the
same layer and are distributed regularly or randomly;
0 "fiber by fiber" hybrid structures - the fibers that make up the reinforcing material are combined in
an arbitrary way, so that there are no concentrations of a certain type of fibers in the structure of the
composite material.
Thus, for the design and manufacture of a hybrid composite structure, the knowledge of the
mechanical properties of the reinforcing materials (fibers) and how they chemically interact with the
matrix material, play a decisive role in the analysis of the reliability and durability of these hybrid
composite materials.
In the research carried out within the present doctoral thesis, it was proposed to investigate the
mechanical behavior under the action of static mechanical stresses (traction and bending by the
three-point method) and dynamic mechanical stresses (Charpy impact test and low-velocity impact
2



by free fall) of structures made of intra-layer hybrid composite material reinforced with carbon fibers
and Kevlar (aramid) fibers.

Chapter 2 presents the current state of research on hybrid composite materials, reinforced with
carbon fibers and Kevlar fibers. Thus, a series of mechanical properties of Kevlar fibers and carbon
fibers are presented for which there are studies published in the specialized literature, these
representing basic indicators for the final destination in different applications, of the composite
material reinforced with such fibers. It also describes the current state of research on structures
made of hybrid composite materials, reinforced with both Kevlar and carbon fibers. At the same time,
this chapter highlights the advantages and disadvantages of hybridizing the two types of fibers. It
also presents applications of composite materials reinforced with carbon fibers and/or Kevlar fibers
in order to strengthen structural elements (wooden or concrete beams, panels), published in various
specialized scientific works.

Chapter 3 briefly presents the objectives and purpose of the doctoral thesis, describes the main
objective of this thesis and what are the secondary objectives pursued within the thesis.

Chapter 4 presents some analytical calculation models used in the mechanics of composite materials,
leading to the calculation relationships used for the equivalent elastic properties of the layered
compound materials required in their plane and for those required at bending. The basic notions in
the micromechanics and marcomechanics of composite materials are synthesized for the purpose of
explaining the sizes used in the analytical calculation model in the final chapters of the thesis.

Chapter 5 describes the experimental research carried out by the author of this doctoral thesis in
order to determine the main mechanical and elastic characteristics for the composite material
reinforced with carbon-aramid hybrid fabric. The materials tested, the working methods (both
theoretical and experimental), the characteristics for the hybrid reinforcing fabric and for the matrix,
the shape and the dimensions of the specimens subjected to the experimental tests are described.
The experimental methods used for the characterization of the composite material are: the tensile
test combined with the non-invasive method of digital image correlation; bending test by the three-
point method; impact test by the Charpy test. To determine the coefficient of transverse contraction
in the plane of fiber reinforcement, the graphs of the variation of the specific contraction in the
transverse direction of the specimen as a function of the specific elongation measured in the
longitudinal direction are used. The mechanical properties obtained as a result of these tests are
summarized in the tables. Considering the determined elastic characteristics, both the analytical
calculation model and the numerical modeling are used to simulate the stress and strain states that
develop in the tensile and compressive stresses, to obtain the equivalent elastic moduli for the
layered composite material involved in the study.

Chapter 6 addresses the issues related to impact behavior of two types of plates made of carbon-
aramid hybrid fabric-reinforced composite material. The first set of samples 70 mm x 70 mm plates,
made of eight layers of carbon-aramid hybrid fabric reinforced composite material. The second set of
samples fabricated as sandwich plates having the same dimensions, with both sides made of three
layers of composite material reinforced with carbon-aramid hybrid fabric and with a rubber core. To
study the effect that water absorption has on the impact properties, part of the specimens of the two
sets were impact tested before immersion and the other specimens were tested after immersion in
water until saturation. The results obtained in the low-velocity impact test are presented

3



Universitatea
[ 1| s
comparatively both for the two types of composite materials tested and for those tested after
immersion in relation to those tested before immersion.
Chapter 7 presents the numerical modeling and flexural testing of thin-walled rectangular cross-
section beams made of carbon-aramid hybrid fabric-reinforced composite material. Finally, the
results obtained are graphically represented and compared with the results achieved in numerical
simulation with finite elements and the results of experimental tests performed by combining the
mechanical test with the optical method of determining 3D deformations and displacements by the
DIC method. The experimental results are used to validate the numerical model of the beam
subjected to bending, for which the modeling of the material was made taking into consideration the
elastic characteristics determined in chapter 5 of this thesis.
Chapter 8 highlights the most significant conclusions of the research presented, the importance of
the results obtained and the personal and original contributions of the author of the doctoral thesis in
the field of research relating to the mechanical behavior of composite materials reinforced with
carbon fibres and aramid fibres. Finally, the future directions of research that could be approached in
the future by the author of this thesis and by other specialists and engineers in the same field of
research are presented.
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2. CURRENT STATE OF RESEARCH ON KEVLAR FIBERS, CARBON FIBERS AND CARBON
FIBER AND KEVLAR FIBER REINFORCED HYBRID COMPOSITE STRUCTURES

In recent years, significant progress has been made in the field of hybrid composite materials
research, due in particular to the development of the main industrial branches, which produce or use
structures or components made of composite materials, due to their low weight and very good
mechanical performances, among which we can mention: civil and industrial construction, the
automotive industry, the aerospace industry, aeronautics, etc. The main purpose is to show the
potential of carbon composites, Kevlar composites and Kevlar—carbon hybrid composite materials in
order to use them for structural applications in civil engineering, based on their advantages
concerning their high strength, stiffness and impact properties. For this purpose, this chapter intends
to provide a summary of the main properties of the carbon and Kevlar fibres and of their composite
materials, which make them recommendable for improvements in the strength and stiffness of
structural elements. At the end of the chapter, some applications are described regarding the use of
composite materials reinforced with carbon fibers and/or Kevlar fibers for the
reinforcement/consolidation of structural elements (wooden or concrete beams, panels).

2.1.Properties of Kevlar fibres
2.1.1. Mechanical properties of Keviar fibres

In Table 2.1, the tensile properties of the most common types of Kevlar fibres are summarized, which
can be found on the market.

Table 2.1. Tensile properties for different Kevlar fibres [1].

Fibre Young's Modulus Poisson'’s Tensile Extension Density References
Name E Coefficient Strength to Break
(GPa) Va2 Omax (%)
(GPa) (g/cm?)
Kevlar29 70 0,37 2,9 4 1,44
Kevlar49 135 0,36 2,9 2,8 1,45
Kevlar100 60 - 29 39 1,44
Kevlar119 55 - 3.1 4,4 1,44 [2-4]
Kevlar129 99 - 3,4 3,3 1,45
Kevlar149 143 0,30 2,3 1,5 1,47
KevlarkKM2 85 0,24 3.8 4,5 1,44
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2.1.2. Thermal properties of Keviar fibres

In Table 2.2, the reported values in the literature are shown for the characteristics regarding the
thermal degradation of Kevlar fibres.

Table 2.2. Characteristics of thermal degradation of Kevlar fibres [1].

Fibre Heating Degradation Rate Temperature of Weight Reduction References
Name Rate Decomposition (until decomposition)
(°C/ min) (%/ min.) (°Q) (%)
Air Nitrogen Air Nitrogen Air Nitrogen

Kevlar variabil 8,2 3,5 521,0 546,0 8 6 [6]
Kevlar29 20 26,0 21 4491 480,0 9 8 [7]
Kevlar49 20 27,0 22 451,0 L4747 9 8 [7]
Kevlar49 10 - - 482,0 538,0 9 8 [5]
Kevlar129 20 28,0 23 4371 464,2 8 7 [7]

Kevlar fibres subjected to high temperatures demonstrate a different behaviour in the axial and
transverse directions, showing a very small negative coefficient of thermal expansion (CTE) in the
longitudinal direction of the fibres and a positive CTE in the transverse plane (table 2.3).

These values of CTE are provided in Table 2.3 along with the values of CTE from the one other
reference

Table 2.3. Coefficient of thermal expansion for Kevlar fibres [1].

Fibre Temperature Coefficient of Thermal Expansion References
Name Range (x 10 °C")
(°Q) Longitudinal Transversal
Kevlar29 25-150 -4,0 - [5]
Kevlar49 25-150 -4,0 - [5]
Kevlar49 20-80 -5,7 66,3 [8]

2.1.3. Impact properties of Keviar fibres

Kevlar fibres are known as materials with very good impact strength. Kevlar fibres absorb a large
amount of strain energy on impact and, as a result, are used for the manufacturing of ballistic
protection panels and military protective equipment (bullet-proof vests, helmets, tactical gloves).
Friction between the filaments is considered one of the most important parameters for
characterizing the ballistic performance of Kevlar fabrics. Friction between yarns (yarn-toyarn
friction) is generally evaluated by yarn pull-out force and is associated with impact strength. For
regular Kevlar fibres the following properties were determinated [9]:
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e varn pull-out force: 20,2 N
e impact energy absorption: 103,12 J.

2.1.4. Influence of water absorption on Keviar fibres

For Kevlar29 fibres, the decrease in both the fibre strength and Young's modulus is smaller, although
these absorbed more water [1].

Table 2.4 shows the effects of water absorption on both Young's modulus and the tensile strength

for three types of Kevlar fibres (Kevlar29, Kevlar49 and Kevlar149).

Table 2.4. The influence of water absorption on the mechanical properties of Kevlar fibres [1].

Fibre Mechanical properties in Mechanical properties at Water Reference
Name dried fibres saturation absorption at
Young's Tensile Young's Tensile saturation
Modulus Strength Modulus Strength
E Ormax E O max
(GPa) (GPa) (GPa) (GPa) (%)
Kevlar29 70 2,9 64 2,48 5,3
Kevlar49 135 2,9 69,8 1,81 4,3 [10]
Kevlar149 143 2,3 100,2 1,69 21

2.1.5, Effects of ultraviolet (UV) light on Kevlar fibres

It is well known from the literature that Kevlar fibres are sensitive to UV light. Upon exposure, the
yellow or gold Kevlar fibres turn firstly orange and then brown because of their degradation. Also,
prolonged exposure to UV light can cause the loss of mechanical properties, depending on the
wavelength, exposure time, radiation intensity and product geometry. In conclusion, if the material is
thicker, it is more protected because the outer fibers form a protective barrier, covering the inner
fibers in a bundle of filaments or fabric. Thus the resistance loss is reduced to a minimum [5].

Table 2.5 summarizes the data obtained for different types of Kevlar fibers after being exposed to UV
light.

Table 2.5. Effect of UV (ultraviolet) light on tensile strength of Kevlar fibres [1].

Fibre Size UV Exposure Tensile Strength after Reference
(denier)* Exposure
(h) (%)
1500 35
3000 450 55 (5]
4500 65

*denier — Property unique to the fibre industries used to describe the fineness (and, conversely, the cross-sectional area) of individual
filaments, thread, yarn, etc. It is defined as the weight expressed in grams, for 9000 m of a single filament.
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2.2. Properties of carbon fibres
2.2.1. Mechanical properties of carbon fibres

Compared with other synthetic fibres (glass, aramid, nylon fibres), carbon fibres have numerous
advantages, including high stiffness, high tensile strength, light weight, high chemical resistance, high
temperature stability and a low thermal expansion coefficient.

Table 2.6 presents a classification of carbon fibres according to their mechanical properties.

Table 2.6. Example of a classification of carbon fibres [1].

Fibre Main Characteristic Tensile Young's References
Type Strength Modulus
Omax E
(GPa) (GPa)
UHM Ultra-high modulus >2,5 >600
HM High modulus >2,5 350-600
IM Intermediate-modulus >3,5 280-350
High tensile strength [13-18]
HT >3 200-280

(or standard modulus)

Super-high tensile
SHT >4.5 <200
strength

2.2.2. Thermal properties of carbon fibres

Carbon fibres combine high tensile strength and high modulus of elasticity with low weight.
Furthermore, this high tensile strength is maintained up to extremely high temperatures [19]. A
decrease of 21.94% of the tensile strength (decreasing from 5.47 GPa down to 4.27 GPa) was
recorded by heating at temperatures above 400 °C (tabel 2.7) [21]. Simultaneously, above this
temperature, a reduction in the fibre diameter of approximately 37% was recorded [20].

Table 2.7 shows the influence of temperature on the tensile strength of carbon fibres.

Table 2.7. Influence of high temperatures on the tensile strength of carbon fibres [1].

Carbon fibre type * Temperature Tensile Strength References

exposure O max
°C (GPa)
UHM Room temperature 5,47

UHM 350 5,20 [21]
UHM 450 4,27

HT Room temperature 4,60 [22]
HT 2840 2,60

* UHM — ultra high modulus, HT — high tensile strength.
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Carbon fibres subjected to high temperatures exhibit very good properties in terms of thermal
conductivity and thermal expansion. Small coefficient of thermal expansion of the carbon fibres,
makes them to be used in fields where high measurement precision is required [13, 23-25].

Table 2.8. Coefficients of thermal expansion for carbon fibres [1].

Fibre Name Temperature Coefficient of Thermal Expansion References
(K) (10-6/K)
Longitudinal Transversal
P 100 Room temperature -01 7,0
PANEX 33 350 1,0 5,0 [23]
HTA 5131 450 0,8 6.0
K-1100 Room temperature -1,45 -
T 1000 Room temperature -0,55 - [25]
M40] Room temperature -0,83 -

It can be seen that negative values of the coefficient of thermal expansion were reported for carbon
fibres in the longitudinal direction. Conversely, the coefficients of thermal expansion in the transverse
direction of the carbon fibres were positive and higher than those measured in the longitudinal
direction.

2.2.3. Electrical conductivity of carbon fibres

Carbon fibres are good electrical conductors and have a much longer service life than the metal
cables. The capability of carbon fibres for transmitting electrical power is closely related to the
graphitization process at different temperatures [26], As the graphitization temperature increases,
the electrical conductivity increases. Table 2.9 shows the values of electrical conductivity according to
the graphitization temperatures [27].

Table 2.9. Electrical conductivity of PAN-based carbon fibres [1].

Graphitization Temperature Electrical Conductivity Reference
(°0) (S/cm)
1000 5,32
1800 51,01 [27]
2200 75,91
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2.3. Mechanical characteristics of kevlar—carbon hybrid composite materials
2.3.1. Tensile and bending mechanical properties of Kevlar—carbon hybrid composite
materials

In table 2.10 [32] the mechanical characteristics for such Kevlar—carbon hybrid composite materials
are illustrated.

Table 2.10. Mechanical characteristics of hybrid composite materials reinforced with carbon and
Kevlar fibres [1, 32].

Composite Fibre Young's Tensile Flexural Poisson’s Shearing References
Structure * Content Modulus Strength Strength Coefficient Modulus of
E Omax Omax Vi2 Elasticity &,
(GPa) (GPa) (GPa) (GPa)
2K/8C/2K 60.0 % vol. - 1,25 1,15 - - [30]
3C/2K/2C/
60.0 % vol. - - 0,954 - - [30]
2K/3C
8CK plain - 11,34 - - 0,09 1,49 [33]
8CK twill 45.0 % mas. 35,25 4,07 4,18 0,141 - [31]
CKCKC 37.2 % mas. - 2,0 0,43 - - [34]
KCKCK 20.2 % mas. - 2,4 0,50 - - [34]
KKCKK 38.4 % mas. - 2,6 0,60 - - [34]
CCKCC 42.0 % mas. - 2,7 0,46 - - [34]

*, C—carbon fibres; K—Kevlar fibres; CKCKC—hybrid composite material with 5 layers; 8CK plain—composit ematerial reinforced with 8
layers of Kevlar—carbon plain hybrid fabric; 8CK twill—composite material reinforced with 8 layers of Kevlar—carbon twill hybrid fabric;
2K/8C/2K—composite hybrid material reinforced with 2 layers of Kevlar49 fibres, 8 layers of carbon HT fibres and 2 layers of Kevlar49
fibres; 3C/2K/2C/2K/3C—composite hybrid material reinforced with 3 layers of carbon HT fibres, 2 layers of Kevlar49 fibres, 2 layers of
carbon HT fibres, 2 layers of Kevlar49 fibres and 3 layers of carbon HT.

It can be seen that the flexural strength is the highest for the composite material reinforced with
hybrid Kevlar—carbon woven fabric (8CK twill), approximately 27% higher than the results obtained for
the multi-layered hybrid composite materials (2K/8C/2K).

In the case of hybrid Kevlar—carbon composite materials reinforced with Kevlar—carbon hybrid woven
fabric in the same layer, the high stiffness of the carbon fibres combined with the high tenacity of
Kevlar fibres leads to composite materials with very good mechanical characteristics.

2.3.2. Proprietdti de impact ale structurilor realizate din materiale compozite hibride armate
cu fibre de carbon si fibre de Keviar

The researchers have focused on studying the advantages and disadvantages of hybridization of the
carbon fibres and Kevlar fibres, in particular regarding the performances of such hybrid composite
materials in impact tests. Both the carbon and Kevlar fibres have demonstrated high tensile strength.
Additionally, the carbon fibres provide high stiffness while the Kevlar fibres assure high impact
strength. Most researchers have focused on the comparative study of the behaviour of such hybrid

10
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composite structures in impact tests by replacing layers reinforced with carbon fibres with layers
reinforced with Kevlar fibres [35]. Table 2.11 [32] summarizes some of the values of the strain

energy absorbed in low velocity impact tests, both for multi-layered hybrid composite materials and
for composites reinforced either with carbon fibres or with Kevlar fibres

Table 2.11. Absorbed strain energy in low velocity impact tests for composite materials reinforced
with carbon fibres and/or with Kevlar fibres [1, 32].

Composite structure* Impact speed Absorbed strain Failure mode Reference
energy
1))
(m/s)
K-K 2,8
C-C 45 2,4 Fully [35]
C-K 3.1 penetrated
K-C 31

*#-# — two-layered composite material; C—carbon fabric; K—Kevlar fabric. All tested samples had the dimensions of 100 mm x 100 mm

The experimental results (table 2.11) show that the hybridization of the carbon and Kevlar fibres in
the composite structure leads to a value of 3,1 J for the absorbed strain energy, which is 29,17% or
10,71% higher than for the composites reinforced either with just carbon fibres or just with Kevlar
fibres,respectively.

11
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2.3.3. Structural elements consolidation with composite materials reinforced with carbon
or/and Kevilar fibres

Figure 2.3 shows 3D sketch views of different types of beam strengthening, in longitudinal and
transverse directions, to meet the different needs of construction engineers. For example, by bonding
composite materials to the lower surface of reinforced concrete beams, continuously or partially (Fig.
2.3a and Fig. 2.3b), the flexural strength of the beam is improved. In addition, the bonding of
composite materials on the bottom and side surfaces of the beam (fig. 2.3c), leads to the increase of
both the load-bearing capacity and the limitation of cracks on the surface of the beam. The type of
arrangement shown in figure 2.3d is used in principle to strengthen concrete beams, by applying
composite materials on the outside of the beam, in the same position where the reinforcement (steel
bars, stirrups) was placed inside the concrete beam, which which leads to an increase in shear
strength and bending strength of that beam..

(@) (b)

(c) (d)

Figure 2.3. Lay-ups of laminated composite materials on the longitudinal and transversal directions of the
beam: (a) applied on the entire length; (b) partially and continuously applied on the beam length; (c) applied
continuously on bottom and lateral faces; (d) partially and discontinuously applied on the beam length and
faces [1].

12
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Similar to reinforced concrete beams, the strengthening of the bottom face of wooden beams may
also be performed with sheets made of carbon fibre-reinforced plastics (CFRP). Using bending tests,
Torang and Desharma [42] investigated the influence of the bonding of the carbon fibre laminates to
the lower surface of wooden beams on differentlengths of the beam span. The test results
summarizing the maximum force recorded at failure are presented in table 2.13. Analysing the results
shown in table 2.13, it can be seen that the maximum force value for the wooden beam with CFRP
strengthening along its entire span is 48,3% higher than the value recorded for the regular wooden
beam (without CFRP strengthening) having the same dimensions.

Table 2.13. Experimental results on wood beams subjected to flexural tests [1].

Beam structure Beam size Maximum force Reference
bxh
(mm x mm) Frrax
(N)
Wooden beam without CFRP
strengthening 3531345
Wooden beam with CFRP
strengthening along the 52378,00
entire span (Lg)*
: 75x 100
Wooden beam with CFRP [42]
strengthening along 7, of the 48499,67
span (Lg)*
Wooden beam with CFRP
strengthening along 1/4 of 36864,77
the span (Lg)*
*Lr— span.

Recent studies have focused on investigating the effects of Kevlar fibre-reinforced composites on the
strengthening of the structural elements. However, these are not considered suitable for applications
involving high compressive and bending stresses, as Kevlar fibres are known to have a tendency to
bend and ultimately fail under such test conditions [43, 44].

The experimental results obtained by other researchers [45] in flexural tests are summarized, in
terms of the values of the breaking forces and in terms of the number of cracks developed in both the
concrete beam and the beams strengthened with Kevlar layers. Comparative studies were conducted
between concrete beams without strengthening and concrete beams that were strengthened on the
bottom faces with Kevlar fabric. The dimensions of the cross section of the concrete beams were
200mmin height and 150mmin width, with a length of 1000 mm. The concrete beams were
reinforced with 12mmdiameter steel bars in the longitudinal direction and with 8mm diameter
stirrups in the transversal direction. Considering the data from table 2.14, an increase can be seen of
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up to 37,7% in terms of the failure load for the reinforced concrete beams strengthened with two
layers of Kevlar laminates at the bottom of the beam and an increase of up to 88,4% for the concrete
beams strengthened with two layers of Kevlar fabric in a U shape.

Table 2.14. Experimental results for concrete beams subjected to flexural tests [1].

Concrete beam Failure force Number of cracks Maximum Reference
structure® moment
(kN) (kN-m)
Concrete beam without
Kevlar layers 70,50 ° 10,58
Concrete beam with 1
Kevlar-laminated layer 84,06 3 12,61
at bottom
Concrete beam with 2
Kevlar-laminated layers 97,07 2 14,22 [45]
at bottom
Concrete beam with 1
Kevlar-laminated layer in 119,26 No visible cracks 17,89
U shape
Concrete beam with 2
Kevlar-laminated layers 132,86 No visible cracks 19,93

ina U shape

It is also of interest to follow the impact response of reinforced concrete (B.A.) beams reinforced with
composite materials. In this sense, impact tests were carried out on reinforced concrete beams,
reinforced at the top, but also at the bottom, with layers of carbon fibers and Kevlar fibers. Two
reinforced concrete beams reinforced at the top and bottom with a layer of Kevlar fiber reinforced
composite material and two reinforced concrete beams reinforced at the top and bottom with a layer
of composite material were prepared for impact testing carbon fiber reinforced composite, to observe
the role of each of the materials in the performance of the structure (fig. 2.4). For both beam
configurations, repetitive impact tests were performed using a metal cylinder dropped from different
heights onto the top surface of the beam. The results of the impact tests showed that the composite
materials significantly increased the resistance capacity of the reinforced concrete beams. In addition,
the laminates reduced deformations and crack sizes. By comparing test results for Kevlar and carbon
fiber reinforced laminate beams, it was concluded that this increase in strength depends on the type,
thickness, mass and properties of the composite material. In the case of reinforced concrete beams,
not reinforced with composite materials, after the appearance of cracks, they would fail, but in the
case of those reinforced with composite materials, even if cracks appeared as a result of the impact,
the beam did not fail, it even resisted further impacts . This advantage is due to the use of Kevlar and
carbon fiber laminates, which limit crack opening and increase shear strength [46].

14
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Figura 2.4. Concrete beam strenghtened with composite laminated layers [46].

In a recently published paper [47], impact tests were performed by free-falling a 12 kg mass from a
height of 1,8 m onto the surface of wooden beams, reinforced and unreinforced at the bottom with
composite materials reinforced with carbon fibers. During the impact tests, the beams were also
subjected to an axial compressive force of 4 kN, to improve their impact resistance. Four types of
samples were made to carry out the impact tests, as described in table 2.15. All four types of wooden
beams tested had cross-sectional dimensions of 36 mm x 45 mm and their length was 360 mm. The
results obtained from these impact tests are centralized in table 2.15.

Taking into account the experimental results obtained from the impact tests, it can be seen that the
reinforcement at the bottom of the wooden beams with carbon fiber reinforced composite materials
has a major influence on their impact resistance.

The results obtained in the impact tests showed that the reinforcement with a single layer of CFRP
generates an increase in the impact strength of the wooden beam, but not so significantly, while the
reinforcement with two layers of CFRP brings major improvements to the impact resistance of the
beam from wood with an increase in impact energy by 182,17 % compared to the unreinforced
wooden beam.

Table 2.15. Experimental results on wooden beams having the same dimensions, subjected to impact
tests. [1].
Wood beam Description Impact strain energy Reference
absorbed

()

Wooden beam without CFRP
G.L ) 48,67
strengthening

Wooden beam strengthened
G.L-1C , 71,33
with 1 layer of CFRP

Wooden beam strengthened
G.L-2C , 137,33
with 2 layers of CFRP

Wooden beam strengthened
G.L-11C , 98,80
with 11 layers of CFRP

[47]
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2.4, Conclusion

After carrying out a critical analysis, in the specialized literature regarding the current state of
research of hybrid composite materials reinforced with carbon fibers and with Kevlar fibers, the
following conclusions can be formulated:
O the ever-increasing demand from the main industries for the manufacture of high-
performance structures has led to a continuous development of the field of hybrid reinforced
composite materials with carbon fibers and aramid fibers;
O a lack was identified regarding the experimental data related to the mechanical
characteristics of hybrid composite materials reinforced with Kevlar fibers and carbon fibers,
especially data related to Poisson's ratio and transverse elastic moduli;
O no information was identified regarding the structural strength elements, such as beams
with a rectangular section made entirely of hybrid composite materials reinforced with
Kevlar fibers and with carbon fibers;
B the hybrid structures studied are mainly of the interlayer type (in the structure of the
composite material there are different reinforcing materials, in various layers), the research
on the hybrid structures of the intra-layer type (two or more types of fibers are mixed in the
same layer, in regularly or randomly) being relatively few;
O the perspective is to further develop solutions that allow obtaining structures from hybrid
composite materials, with high performance, that ensure the reduction of costs and mass
and are obtained through simple manufacturing technologies.

The main advantages and disadvantages regarding the hybridization of the two types of fibers
(carbon fibers and aramid fibers or Kevlar) have been identified, namely:

a) Advantages of hybridizing Kevlar fibers and carbon fibers:

O materials with a very small thickness and low mass are obtained;

O composite materials characterized by high tensile strength, high rigidity due to carbon fiber
reinforcement and high impact resistance due to Kevlar fiber reinforcement are obtained;

O composite materials are obtained with a low coefficient of thermal expansion compared to
other hybrid materials, with high modulus of elasticity and high compressive strength;

O hybridization by increasing the content of carbon fibers leads to an increase in the strength
or stiffness of the composite material, while by adding Kevlar fibers an increase in the flexibility of the
composite materials is obtained;

O increasing the content of Kevlar fibers in the hybrid composite material increases impact
resistance;
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b) Disadvantages of hybridizing Kevlar fibers and carbon fibers:

0 both carbon and Kevlar fibers have a high purchase cost;

O the lack of experimental data in the specialized literature regarding the elastic and
resistance characteristics for these materials constitutes a disadvantage for the numerical simulation
with finite elements of the structures made of such composite materials, mechanically stressed;

O by using Kevlar fibers for reinforcement of composite materials are obtained materials
sensitive to the effects of humidity and to ultraviolet (UV) rays.

In this section, only a summary of the conclusions of the doctoral thesis is presented.

17
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3. THE OBJECTIVES OF THE DOCTORAL THESIS

To establish the main objective of this doctoral thesis, the data synthesized in the previous chapter
were taken into account, results from the study carried out on the current state of research on the
mechanical properties of carbon fibers, aramid fibers (in particular, Kevlar) and composite materials
reinforced with such fibers, as well as regarding their applications as structural elements
(reinforcement of wooden or concrete beams, ballistic protection panels).

The main objective of the research carried out during the development of the doctoral thesis consists
in the analysis of the mechanical behavior and in the determination of the mechanical properties
under static (tension, bending) and dynamic (low-velocity impact) stresses for different structures
made of composite materials reinforced with hybrid fabric (carbon fiber and aramid fiber). Considering
the fact that aramid fibers, and implicitly Kevlar ones, are sensitive to umidity, which leads to the
degradation of mechanical properties, it is necessary to consider the effect of water absorbtion on
the mechanical behavior of the composite materials involved, which are reinforced with aramid fibers
in addition to the fibers of carbon.

In order to achieve the main objective presented above, the following specific objectives were
established for the doctoral thesis:

I critical analysis of specialized literature regarding the current state of research in the field
of composite materials reinforced with carbon fibers, with aramid fibers or with both types of
fibers, in order to identify the advantages and disadvantages of hybrid composite materials,
as well as to establish the directions of research;

O fabricate plates made from hybrid composite materials, based on epoxy resin, reinforced
with carbon-aramid hybrid fabric, followed by their cutting, to obtain specimens for
mechanical tests (tensile, bending, Charpy impact test, low-velocity impact), according to the
recommendations of international standards;

O the study of the analytical models used in the specialized literature for the calculation of
mechanically stressed composite materials;

O carrying out experimental tests to determine the elastic and mechanical traction and
bending characteristics, as well as the impact resistance for composite materials reinforced
with carbon-aramid hybrid fabric;

O the numerical simulation of the states of tension and deformation that develop in the
tensile and bending stresses of the specimens made of composite material reinforced with
carbon-aramid hybrid fabric, as well as the validation of the numerical models with the data
obtained from the experimental tests;

O the use of analytical models from the mechanics of composite materials for the calculation

of the equivalent modulus of elasticity for the laminated carbo-aramid/epoxy composite
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material, requested for traction and bending; comparing the results with those obtained
experimentally and by numerical simulation;

O performing the low-velocity impact test for specimens made of layered composite
materials, reinforced with carbon-aramid hybrid fabric, with and without a rubber core;

O the comparative analysis of the mechanical behavior in the low-velocity impact test of the
specimens made of composite material, reinforced only with carbon-aramid fabric and of the
sandwich type specimens, with faces made of the same composite material and with a
rubber core;

0 the study of water absorption up to saturation, for layered composite materials, reinforced
with carbon-aramid hybrid fabric, with and without a rubber core;

O the study of the effects of water absorption on the impact behavior and on the absorbed
energy for the two types of composite materials reinforced with carbon-aramid hybrid fabric,
with and without a rubber core;

0 design and fabricate beams from composite material reinforced with carbon-aramid hybrid
fabric, having a rectangular section, with thin walls;

O the bending test of beams made of composite material reinforced with carbon-aramid
hybrid fabric and the determination of deformation and displacement fields by the digital
image correlation method;

O finite element numerical simulation of stress and strain states in the beam made of
composite material reinforced with carbon-aramid hybrid fabric, subjected to bending;

0 validation of the numerical model with finite elements of the beam made of composite
material, reinforced with carbon-aramid hybrid fabric, subjected to bending, by comparison

with the experimental results.
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4, ASPECTS REGARDING ANALYTICAL CALCULATION MODELS IN THE MECHANICS OF
COMPOSITE MATERIALS
4.1. Micromechanics of compsoite materials

Micromechanics of composite materials studies composite materials taking into account the
interaction between the component materials, namely the fibers and the matrix.
The analysis at the micromechanical level is based on the following assumptions:
a. the material of the fibers is considered homogeneous and isotropic, having a linear elastic
behavior until breaking;
b. the fibers are evenly distributed and perfectly aligned;
c. the material of the matrix is considered homogeneous and isotropic, having linear elastic
behavior until breaking and with perfect adhesion to the fibers;
d. the fiber-reinforced layer is considered homogeneous at the macroscopic level, linearly
elastic, orthotropic and without initial internal stresses.

Taking into account the assumptions described above, it is considered that both the fibers and the
matrix are characterized by three elastic characteristics, and after combining these two materials, an
anisotropic material will result, which is considered homogeneous at the macroscopic level. The
unidirectional fiber reinforced composite material is an orthotropic material, to which nine elastic
characteristics correspond to the axes 1, 2, 3 of the local coordinate system (axis 1 is parallel to the
direction of the fibers, axis 2 is perpendicular to the fibers, and axis 3 perpendicular to the first two
axes):

E, — modulus of elasticity in the direction of the fibers;

E, — modulus of elasticity in the direction perpendicular to the fibers;

G,, — the transverse modulus of elasticity in the plane of fiber reinforcement;

G153 Si G5 — the transverse interlaminar elastic moduli in plane 13 and in plane 23, respectively;

v, — Poisson's ratio in the plane of fiber reinforcement;

Vv, = V¥, — Poisson's ratio in the secondary plane;

Vy3 Si V,3— Poisson's ratio in planes 13 and 23, respectively.

The elastic and mechanical characteristics of the composite material can be estimated through
analytical calculation models, based on the rule of mixtures, starting from the characteristics of each
of the constituents.

For a composite material, the following sizes are defined:

i. the volume ratio of the fibers, as the ratio between the volume of the contained fibers and the total
volume of the composite material;

ii. the volume ratio of the matrix, as the ratio between the volume of the matrix and the total volume
of the composite material;

iii. the mass percentage of the fibers, as the ratio between the mass of the fibers and the total mass
of the composite material;
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iv. the mass percentage of the matrix, as the ratio between the mass of the matrix and the total mass
of the composite material.

Taking into account the above, it follows that the sum of the two volume ratios is equal to unity [49-
511

Ve + Vy = 1. (4.1)

Analogously, since the total mass of the composite is given by the sum of the mass of the matrix and
the mass of the fiber, it follows that [49-51]:

My + M, = 1. (4.2)

With the help of previously defined sizes and knowing the modulus of elasticity Ef, of the fibers as
well as the modulus of elasticity E,, of the matrix, the calculation relations for the following elastic
characteristics of unidirectional fiber reinforced composite material can be demonstrated [50]:

e the modulus of elasticity in the direction of the fibers and in the direction perpendicular to the

fibers, denoted by E; and respectively, with E,:

E;, = Ef["} + Ep Vs (4.3)
_ _ ErBm
2 BpVip+Eqvy' (4.4)

e Poissons’s ratio v, ;:

Vip = ViV + v, Vo (4.5)
e the transverse modulus of elasticity in the plane of fiber reinforcement G, ,:

GG
Glz = If m H (Ll-.6)
GV + G Vs

Based on the assumptions that the fibers and the matrix are considered homogeneous, isotropic
materials with a linear elastic behavior, the relationships between their elastic characteristics are
defined as follows:

Ef En

Gr=——L G, = —2—.
™ 2(1+v,)

T 21 +v)’ (4.7)
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4.2. Mechanics of the composite layer

Two coordinate systems are used in the design and calculation models of structures made of
composite materials:
e thelocal cartesian coordinate system (layer coordinate system), whose axes are denoted by
1, 2 and 3. Axis 1 is in the direction of the fibers, axis 2 is in the reinforcement plane and is
perpendicular to axis 1, and axis 3 is perpendicular to the plane formed by axes 1 and 2 and to
the surface of the composite material shell. Each layer has its own local coordinate system,
and for each, axis 1 is parallel to the fiber direction (fig. 4.1.).
e the global coordinate system, whose axes are denoted by x, y, and z and to which all layers
of the composite material are related.

__Fibre

Figura 4.1. Local cartesian coordinate system and global coordinate system.

The stress state at each point of the composite material is characterized by the stress tensor. With
respect to the local coordinate system of the layer, the stress tensor is expressed by the relation [49-
521

0y Tyz Tyg
Tiz T2z O3

The stress tensor in relation to the global coordinate system is written in the form:
Oy rxy XZ

[g] = [r.vx Iy r.vZI- (4.9)

T T a

zZx zy z

According to the law of duality of tangential stresses (Cauchy's law), the stress tensor is known to be
symmetric, since [52, 53]
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L =T (4.10)

The strain tensor is symmetric and is written in the following forms [52-56], relative to the material
coordinate system and, respectively, relative to the global coordinate system:

i Y12 V137
Sl - -
2
Y12 Y2z
[el=|—7— & —|
2 2 (4.11)
Y1z Y2z
o 2
* 2 2
‘J’J("IJ }’VZ
gl=|— ¢ = .
] > v (4.12)
Yz Wyz
2 2 z

In the plane stress state, the relationships between stresses and strains can be expressed taking into

account the mechanical characteristics of the laminate, relative to the local coordinate system, as
follows:

e the total value of the specific normal deformation in direction 1 of the fibers is given by the
relation [55, 56]:

g =_2, . (4.13)
E, E
o the total value of the specific deformation for direction 2 perpendicular to the fibers, is given
by the relation [47, 54, 55]:
g, =25 %2 (6.14)
El EZ

Hooke's law being accepted, the tangential stresses are given by the following relations [50, 53, 54]:

T12 = Gi3 " Va2 (4.15)
T3 = Ga3 " Va3 (4.16)
T13 = Gi3 " Vi (4.17)

In the case of composite materials, as a rule, the modulus of elasticity transverse to planes 12 and 13
do not differ much and therefore it can be approximated in the calculations that G,, = G, ;.

23



n Universitatea
| 1| e
Taking into account the mentioned, the strain-stress relations in relation to the local coordinate
system of the layer, are written in the following form, for the thin layer of composite material [48, 51,

55, 56-58]:

Lo ]
V. 1
{%]: —f = 0 {Uz]=[5]{c;r} (4.18)
Y12 1 2 1 Ty
0 0
G,
Si
1
Y231 [Gas t23] _ ros
L}"lg}_ , L [1—13}_[3 1z}, (4.19)
GIS

{e} ={e1 €2 V12}" is the strain vector in the reinforcement plane; {o} = {01 2 T12}"is the
stress vector in the reinforcement plane; {t} = {Tz3 T1z}" is the interlaminar stress vector; [5] este
the inverse of the reduced generalized elasticity modulus matrix [@]; [S*] represents the inverse of
the interlaminar modulus of elasticity matrix [Q*].

After inverting the matrix [S], the relationship between the stress vector and the strain vector, in the
plane of fiber reinforcement, can be written as [48, 50, 51, 56-58]:

By VK 0
E A A £
Oz ¢ = Vi B E, €2 ¢t = [QHelk (4.20)
222
T12 A A Va2
0 0 Gy

Also, the relationship between the vector of interlaminar tangential stresses and the vector of
specific interlaminar slips is [50, 55, 561

{1’23} _ [GSE G':lla [)’23} — [0 10, (4.21)

T13 Y12

The terms of the reduced generalized elasticity modulus matrix [@] [50]:

E,
Qi1 = EJ Qss = G12:
V2 E; .
Q2 =@ = A ; Qua = Gaz; (4.22)
E2 .
@z = Ei Q35 = Gy3 -
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The relationship between the stress vector and the strain vector relative to the global coordinate
system is defined by [50]:

O, an a12 a16 Ex Ex
{:.v ] =le,, 0Q,, Q, {S}‘ ] =[e] Lfv ]: (4.23)
Qs Qs Qued 7 xy

xy
@l.j are the terms of the transformed reduced generalized elasticity modulus matrix.

In the same way, the following relation can be written for the tangential stresses [50]:

- e

[@*] is the transformed interlaminar modulus matrix.

4.3. Macromechanics of composite plate element

Starting from the assumptions presented, the constitutive equation of a layered composite plate
element is described by the relationship below [50]:

N, A11415416B11815B16 S,?
N, Ay3A35A56B15B55B5¢ 5_12
Ny, AjeAz6466B16B26B66| ) 10 | |
M B11B12B16D11 DDy | |k, |
M, B12B33B36D12D55D56| | K
M,, B1eB3sBseD1gD26Dse Wi

X
{Tv} _ Hys H45] p’va}
T, Hys  Hss] Wzt

o]

K
=

=

(4.25)

x
N, N,, are the axial forces, N,,, is the shear force per unit length along the boundary of the volume
element in the composite plate; T., T, are the shear forces per unit length of the plate; M,, M, sunt
momentele de incovoiere, M., is the moment of torsion per unit length of the plate; £, €7,y are
the deformations in the median surface; x,?,x;,xﬂy are the curvatures of the plate caused by bending
and torsion; terms 4;; are part of the in-plane stiffness matrix [A]; terms B;; are part of the bending

stiffness matrix [B]; terms D;; are part of the bending stiffness matrix [D]; terms H;; are part of the
transverse shear stiffness matrix [H].

The relationship between the sectional forces developed at the level of the median surface of the
plate element made of composite material and displacements and, respectively, curvatures, is
defined by the constitutive equation [50, 52]:

{Nx 'N:F Nz Mx MP Mz}'r= {‘;]] I'Eg”{&'g E-.?; yx?v KD KD KDV}T_ (4.26)
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Matrices terms [4], [B], [D] are calculated with the following relations [50, 51]:

n " 1,
"q'i'j = Z[Qu)k (Zk — Zk_l) = Z(Qu)ktkj DU = EZ[QU)A: (Zg - Zg—l)'
k=1 k=1 k=1
"~ (4.27)
B:’j = EZ(QU’)& [ZE - zec—l);
k=1

t;, is the layer thickness £; z,._, and z;, are the k-layer coordinates relative to the mid-plate surface.

Using equation (4.26) we get equation (4.28), which relates strains, bends and sectional stresses [49,
50, 55, 56]:

(0 0 &0 40 W0 @j:[[& %]{Nx N, N, M, M, M} (4.28)

4.4. The analytical calculation model for layered composite materials, required in the
reinforcement plan

To determine the mechanical characteristics of this layered, orthotropic and symmetric composite
material, it is assumed that the in-plane stresses (a,, gy rxy) are uniformly distributed over the
thickness of the plate in the case of plane loading, and the strain vector relative to the median surface
of the orthotropic plate is calculated with equation (4.29), depending on the elastic properties of the
orthotropic material and the stress vector [50, 57]:

gl 1/E,  —vy,/E, 0 o, 1/E,  —vy/E, 0 (N
£ b= |-vay/Ex  1/E, 0 !ay]= —vy/Ex  1/E, o |- Ny, 1.(4.37)
¥, 0 0 1/Gyy | Ty 0 0 1/Gyy] ™ \Nay

Equating the terms of equation (4.29) and (4.31), the equivalent elastic properties (Ex, E,, G,y ny) of
the symmetric and orthotropic layer, required by forces acting in the plane of the reinforcement, can
be determined with the relations below [50, 51]:

[Ex = 1/(tayy) = (A11455 — A5,)/(tA22); Gy = 1/ (Eage) = Age /T (4.32)

y = L/(tay,) = (A1 45, — A3,)/(t444); Viy = L0y E, = — Ao/t = A15/ Az

b
|

4.5. The analytical calculation model for layered composite materials, stressed in bending

Since no force develops in the reinforcement plane, the strain vector corresponding to the point in the
median surface is a null vector, according to equation (4.29). Thus, the vector of deformations at any
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point in the layer, located at the distance z from the median surface, is calculated with the following
relation [50]:

(& Yol ={e2 & Y +2(2 & &)=z & &) (433)

Considering the relationship between the vector of moments and the vector of stresses
corresponding to the stress components developed in the xy plane of the fictitious orthotropic plate
and then, substituting the relations between stresses and strains, we obtain the equation [50]:

-1

M, t/2 ( Ox g2 [ VEY  —Vap/Es 0 Ex

My { = [Jy ]zdz= f v /B 1/E 0 [Sy]zdz (4.34)
M —t/2 Toy —t/2 0 0 11"'(;’;:'»' Yoy

xy

Substituting in equation (4.34) the expression of the strain vector from equation (4.33), the following
equation is obtained [50]:

1

MJ_- 1/E;.J.' - ny-‘fE’.J: 0 - K?: tf2
MJ-‘ =\~ ‘,_.WfE",_. 11!5’1: 0 KE‘ J z?dz
M . ' 0 -t/2

S '
xy 0 0 ’ 1/6G',, ’ Ky » (4.35)
t3 1_1"E x _V_J_'J.‘/E x 0 KE'
ZE _V‘,_.y_x"E"‘,_. 1/E’J‘ 0 xf. )
0 0 1/‘?’.@ x.?:_v

Using equation (4.35), the vector of curves {x2 2 xﬂy]r, written in terms of the vector of
moments, is of the form [50]:
MJ:
My &, (4.36)
M,

{xﬂ} 12[ 1/E',  —v/E', 0
K b =—|—v/Ey 1/E 0

0 0 /6",
Comparing equation (4.30) with equation (4.36), the equivalent elastic characteristics
(E',. E'y, Gy ny) for layered composite material, especially orthotropic, symmetrical, loaded only
by bending moments (MXI,MJ_,) and the torque M, , is calculated using the following two relations
[501:

2y

{E; =12/(t%6,1) = 12(Dy; D33 — D)/ (t3Dy3); Gy = 12/(t3655) = 12 Dgg/13; ( )
4,37

&
E', =12/(t385) = 12(Dyy D55 — DE) /(£3Dyy); Vyy = —t36,E, /12 = —— = —=.
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4.6. Concluzii

The calculation models presented in this chapter are used to calculate the elastic and mechanical
characteristics corresponding to a layer of a composite material. Bearing in mind that the layers of a
composite material are made up of reinforcing material (fibres) and matrix (usually resin) in different
proportions, the properties of composite materials depend on: the nature of the fibres, their
proportion to the matrix and the type of matrix . The transformation relations from the material
coordinate system (having axes 1, 2, 3) to the Oxyz global coordinate system and vice versa are
presented. If the elastic and mechanical properties of the composite material are known during the
design phase of a part made of such material, its shape and geometry can be optimized so that, in the
end, it meets the mechanical demands for which it was designed, both in terms of stiffness and
strength. The presented analytical calculation models are based on equating the layered composite
material with a fictitious orthotropic material, which has the same mechanical behavior.

In this section, only a summary of the conclusions of the doctoral thesis is presented.
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5. DETERMINATION OF MECHANICAL AND ELASTIC CHARACTERISTICS FOR COMPOSITE
MATERIAL REINFORCED WITH CARBON FIBER AND ARAMID FIBER HYBRID FABRIC

5.1. Materials tested

Carbon-aramid woven fabric of type SIGRATEX H W215-TW2/2 manufactured by SGL Carbon
(Wiesbaden, Germany), was used to reinforce the Epolam 2031 complex of epoxy resin and its
corresponding hardener (manufactured by Axson Technologies, USA). SIGRATEX H W215-TW2/2
carbon-aramid woven fabric whose density is 215 g/m? is a bidirectional twill hybrid fabric
containing the both kinds of fibres, carbon fibres and aramid fibres, on both directions (fig. 5.1).

Figure 5.1. Photo of the SIGRATEX H W215-TW2/2 twill woven carbon-aramid fabric used to
reinforce the laminated composite material tested [60].

Epoxy resin of type Epolam 2031 is mixed with Epolam 2031 hardener before impregnation of the
carbon-aramid woven fabric, the mix ratio by volume being equal to 100:33 according to datasheet of
the resin [61]. The composite panel whose dimensions were 600 mm x 460 mm, was made of eight
layers reinforced with SIGRATEX H W215-TW2/2 twill carbon-aramid fabric. The fibre weight ratio
was equal to 45 wt. %. The thickness of the composite panel was approximately equal with 2.6 mm. It
has to be noted that the orientation of the reinforcement carbon-aramid fabric was kept the same in
all layers of the composite. Two sets of specimens corresponding to the warp and weft directions of
the reinforcement carbon-aramid woven fabric, were cut for each type of mechanical test involved:
tensile test, bending test by three's point method; impact test by Charpy method.

5.2. Experimental work method
5.2.1. Tensile test

Universal testing machine LFV50-HM, 980 (Walter&Bai, Switzerland) whose maximum force is 200
kN was used in tensile test. This machine has digital control and the following data may be recorded
by its controlling software installed on computer: tensile force F, elongation Al of the tensile
specimen and time t. The aim of the tensile test is to determine the following properties of the
composite material involved in this research: tensile modulus of elasticity, tensile strength, Poisson'’s
ration (transverse contraction coefficient). For this purpose, the tensile test was combined with DIC
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method in order to use virtual extensometers for determination of real elongation and strains of the
specimens. By the DIC method, the extensometer or strain gauges as measurement instruments are
replaced with some virtual ones without additional costs of consumable materials. This is just one of
the advantages of the DIC method.

(a) (b)
Figure 5.2. Experimental setup in tensile test combined with DIC method: (a) configuration of the test;
(b) speckle image of the tensile specimen [31].

5.2.2. Bending test

Universal testing machine manufactured by Walter&Bai (Switzerland) whose maximum force is 100
kN was used in bending test (building L9 from the Research and Development Institute of
Transilvania University in Brasov). It is determined the average flexural modulus of elasticity and the
average flexural strength for each set of specimens corresponding to the both warp and weft
directions of the reinforcement carbon-aramid woven fabric. The flexural modulus of elasticity £7is
computed by using the initial linear portion of the curves which plot the variation of the bending force
in function of the deflection v.
I? AF

E'= — 5.1
481, Av 5)

where /is the span of the flexural specimen between the simple supports; /= represents the axial
moment of inertia of the cross section of the specimen with respect to the neutral axis.

5.2.3. Charpy impact test
For Charpy impact test it was used the pendulum impact tester HITSOP manufactured by Zwick/Roell
(Ulm, Germany). The specimen is simply supported at both ends and the impact hammer strikes the

middle of the specimen in the Charpy impact test. The pendulum impact tester HIT50P with digital
controlling measures and displays the failure energy W for each specimen tested. The impact
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strength Aor resilience corresponding to each specimen is computed as the ratio between the failure
energy Wand the area A of the specimen cross-section by using Equation:

K =U/A. (5.2)

5.3. Finite element analysis
5.3.1. Simulation of the tensile test of the specimen made of laminated composite material
reinforced with carbon-aramaid hybrid fabric

The numerical simulation of the tensile test of the specimen made of laminated composite material
involved in this research was used by using the software Abaqus, student version.

(a)

(b)

(d)

(e)

Figura 5.3. Numerical model for simulation of the tensile test: (a) finite element model, (b) coupling
constraint, (c) defining of load and boundary condition, (d) material axis 1 is parallel to the specimen
length, and (e) material axis 2 is parallel to the specimen length. [31].

The finite element model of the tensile specimen is shown in figure 5.9(a). Two coupling constraints
controlled by two reference points were defined to simulate the fixing of the tensile specimen in the
clamping jaws of the tensile machine and for applying of the tensile force to the other end of the
bone shape specimen (fig. 5.9 b). All layers made of carbon-aramid/ epoxy composite material have
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the same thickness of 0.325 mm considering that the average thickness of the composite is equal to
2.6 mm. The orientation angle of the reinforcement carbon-aramid woven fabric was considered the
same in all layers.

5.3.2. Simulation of the bending test of the specimen made of laminated composite material
reinforced with carbon-aramaid hybrid fabric

In figure 5.11 the numerical model used to simulate the stress and strain distributions in the bending
test by using the three point method is presented.

simulate the stress and strains distributions in bending test by using the three point's method. The
finite element model contains 320 shell elements of type S4R and it is shown in figure 5.11(a). The
concentrated force is applied to the reference point located at midpoint of the flexural specimen
(figure 5.11.b). The laminated composite material assigned to the flexural specimen, was defined the
same like for simulation of the tensile test.

(c) (d)

Figure 5.4. Numerical model for simulation of the bending test: (a) finite element model, (b) load and
boundary conditions, (c) material axis 1 is parallel to the specimen length, and (d) material axis 2 is
parallel to the specimen length. [31].

5.4. Experimental results
5.4.1. Elastic and tensile mechanical properties of carbon-aramid hybrid fabric reinforced
composite material

Table 5.1 summarizes the tensile test results recorded by the test machine.
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Table 5.1. Tensile properties for carbon-aramid composite material [31].

Specimen  Specimen Dimensions of Young's Maximum Tensile Maximum strain Poisson’s
direction code* cross-section modulus force strength Emax At Fnax ratio
b h E Frrax Omax v
(mm)  (mm) (MPa) (N) (MPa)

CK801R 10.20 2.60 35882 10775 406 0.0136 0.155
CK802R 10.34 2.57 36108 11722 441 0.0117 0.119
Warp (R) CK803R 10.33 2.66 36574 10434 380 0.0097 0.151
CK804R 10.48 2.68 35458 11093 395 0.0108 0.122
CK805R 10.46 2.78 32205 12013 413 0.0163 0.158

Average (stdev) 35245 (1747) 11207 (654) 407 (23) 0.0124 (0.0026) 0.141(0.019)
CK801F 10.60 2.74 33721 11127 383 0.0113 0.099
CK802F 10.5 2.65 33627 10379 373 0.0107 0.0106
Weft (F) CK803F 10.61 2.82 35107 11760 393 0.0101 0.118
CK804F 10.52 2.74 33928 9741 338 0.0102 0.106
CK805F 10.6 2.78 31747 11016 374 0.0111 0.102

Average (stdev) 33626 (1207) 10805 (770) 372 (21) 0.0107 (0.0005) 0.106(0.007)

*The last letter specimen code indicates the direction of the tensile specimen: R — warp direction; F — weft direction.

In order to compute the Poisson ratio v, in the reinforcement plane with carbon-aramid woven

fabric, the curve of the transverse strain &, related to the longitudinal strain &; was plotted for each
specimen like is shown in figure 5.14.
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Figure 5.14. Curves of transverse strain ¢t related to longitudinal strain & for determining Poisson’
ratio vi2 by means of DIC method with respect to the both directions of carbon - aramid

reinforcement fabric: (a) - (c) warp direction, and (d) - (f) weft direction [31].
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5.4.2. Elastic and mechanical bending characteristics of carbon-aramid hybrid fabric

reinforced composite material

After processing of the experimental data according to the European standard EN-ISO 14125 [41],

the flexural properties (flexural modulus of elasticity, flexural strength) are determined and the

results are synthesized in table 5.2.
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Table 5.2. Flexural properties for carbon-aramid composite material [31].

Specimen  Specimen  Dimensions of Flexural Maximum Maximum Maximum
direction code* cross-section modulus of force stress displacement
b h elasticity Frax Omax Vmaxat Frax
(mm) (mm) E
(MPa) (N) (MPa) (mm)
CK801R 1499 255 29331 435 429 5.376
CK802R 14.92 2.58 28846 396 382 4.686
Warp (R) CK803R 14.96 2.52 29088 439 443 4916
CK804R 14.96 2.52 29409 418 422 5.016
CK805R 14.98 2.58 30042 430 414 4.701
Average (stdev) 29343 (449) 424(17) 418 (23) 4,939 (0.282)
CK801F 15.06  2.72 24899 377 325 5.400
CK802F 1488  2.56 29557 357 351 5.106
Weft (F) CK803F 14.98 2.7 24767 412 362 4.435
CK804F 14.93 2.61 27456 356 336 5.354
CK805F 1485 261 27741 413 392 5.222
Average (stdev) 26884 (2039) 396 (28) 363 (26) 5.106 (0.391)

*The last letter specimen code indicates the direction of the tensile specimen: R — warp direction; F — weft direction.
5.4.3. Impact properties of carbon-aramnid hybrid fabric reinforced composite material
The average values of the impact properties and their corresponding stdev values are shown in table
5.3 for each set of impact specimens: one set of specimens whose length is parallel to the warp
direction of the reinforcement carbon-aramid woven fabric; another set of specimens whose length

is parallel to the weft.

Table 5.3. Results obtained by Charpy impact testing [31].

Direction of the specimen Impact failure energy W Impact strength
() (k)/ m2)
Warp direction (R) 2.79(0.23) 90.49 (5.88)
Weft direction (F) 2.43(0.12) 80.36(3.19)

*The values shown in the brackets represent stdev values.

5.5. Theoretical results
5.5.1. Results obtained by analytical method

Using the calculation formulas presented in chapter 4, the values presented in table 5.4 are obtained
for the mechanical and elastic characteristics of the composite material reinforced with carbon-
aramid hybrid fabric.
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Table 5.4. Characteristics of the carbon-aramid layer computed by using the analytical method and
considering the results obtained in tensile tests [31].

Direction Thickness Elastic characteristics of Terms of the stiffness matrix [@lk of the
Ly of the the layer composite layer
layer E, E, viz Q1 (MPa) Q12 (MPa) Q22 (MPa)
(mm) (MPa) (MPa)
Warp (R) 35245 33626 0.141 35927.625 4833.095 34277.268
Weft (F) ' 33626 35245 0.106 34027.525 3780.581 35665.857

Table 5.5 shows the results obtained using the analytical method considering the experimental
results during the bending test using the three-point method.

Table 5.5. Characteristics of the carbon-aramid layer computed by using the analytical method and
considering the results obtained in bending tests [31].

Direction  Thickness  Elastic characteristics of the  Terms of the stiffness matrix [ @1k of

Ly of the layer the composite layer
layer (mm) E, E, Viz Q14 Q12 Q32
(MPa) (MPa) (MPa) (MPa) (MPa)
Warp (R) 0325 29343 26884  0.141 29886.942 3860.913 27382.359
Weft (F) 26884 29343 0.106 27218.791 3149.092 29708.413

Using relations (4.27), the components of the two stiffness matrices [A] and [D] are calculated, and

the results are presented in table 5.6.

Table 5.6. Stiffness matrix components and equivalent modulii of elasticity of the carbon-aramid
laminated composite material, computed by using the analytical method [31].

Equivalent Equivalent

Stiffness matrix components tensile flexural
Direction modulus of  modulus of
Aqq Agp Az Dy D, D32 elasticity elasticity
(N/mm) (N/mm) (N/mm) (N-mm) (N-mm) (N-mm) E E
(MPa) (MPa)

Warp (R) 93411,83 12566,05 89120,90 43774,41 5654,95 40106,03 33626,78 29342,55
Weft (F) 88471,57 9829,51 92731,23 39866,46 4612,37 43512,92 35246,16 26884,99
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5.5.2. Results obtained by FEA

In figure 5.17, it is plotted the results obtained by using the numerical model of the tensile specimen
loaded on warp direction of the reinforcement carbon-aramid fabric. Figure 5.18 shows the results
obtained by FEA for the tensile specimen loaded on weft direction of the reinforcement carbon-

aramid fabric.
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Figure 5.17. Results obtained by simulation of the tensile test of the specimen whose length
is parallel to the warp direction of the reinforcement carbon-aramid fabric: (a) normal stress,

and (b) displacement on specimen direction.
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Figure 5.18. Results obtained by simulation of the tensile test of the specimen whose length
is parallel to the weft direction of the carbon-aramid fabric: (@) normal stress, and (b)

displacement on specimen direction.

In figure 5.20 and figure 5.21, it is presented the results obtained by simulation of the bending test
for the specimen whose length is parallel to the warp direction and respectively, for the specimen

whose length is parallel to the weft direction of the carbon-aramid woven fabric
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Figure 5.20. Results obtained by simulation of the bending test of the specimen whose length is
parallel to the warp direction of the carbon-aramid fabric: (a) normal stress on specimen

direction, and (b) vertical displacement.
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Figure 5.21. Results obtained by simulation of the bending test of the specimen whose length is

parallel to the weft direction of the carbon-aramid fabric: (a) normal stress on specimen

direction, and (b) vertical displacement.

5.6. Comparison of the results
Table 5.7 summarizes the values of the equivalent tensile modulus of elasticity, corresponding to the
warp and weft directions of the carbon-aramid hybrid reinforcing fabric.

Table 5.7. Comparison of the results obtained for the tensile moduli of elasicity in case of tensile
loading [31].

Equivalent tensile modulus of Error
o elasticity E; (MPa) (%)
Direction
AnM* FEA Exp* FEAvs Expvs Exp vs
AnM AnM FEA
Warp (R) 35246,16 35311 35245 0,18 0,003 0,19
Weft (F) 33626,78 33684 33626 0,17 0,002 0,17

*AnM — analytical method; Exp — experimental results.

The values of the equivalent flexural moduli of elasticity corresponding to the warp and weft
directions of the reinforcement carbon-aramid fabric, are synthesized in table 5.8.
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Table 5.8. Comparison of the results obtained for the flexural moduli of elasticity in case of bending
loading [31].

Equivalent flexural modulus of Error
Directia elasticity E' (MPa) (%)
tesaturii AnM* FEA Exp* FEA vs Exp vs Exp vs
AnM AnM FEA
Warp (R) 29342,55 29387,40 29343,00 0,15 0,002 0,15
Weft (F) 26884,99  26877,70  26884,00 0,03 0,004 0,02

*AnM — analytical method; Exp — experimental results.

5.7. Conclusion

From the tensile tests it can be concluded that the composite material reinforced with carbon-aramid
hybrid fabric has the longitudinal modulus of elasticity E in the warp direction about 4% higher than in
the weft direction corresponding to the reinforcement fabric. In the warp direction of the carbon-
aramid hybrid fabric, the maximum normal tensile stress for the five tensile tested specimens is 407
MPa, which is about 9.4% higher than the maximum normal stress recorded in the case of tensile
stress in the weft direction of the hybrid fabric.

For the bending test by the three-point method, it can be concluded that for the samples run parallel
to the warp direction of the reinforcing fabric, better properties were obtained than for those run
parallel to the weft direction, namely, approximately 15% higher in with respect to the maximum
normal stress and approximately 9% higher with respect to the longitudinal modulus of elasticity. For
the specimens whose length is parallel to the warp direction of the carbon-aramid fabric, the average
value of the maximum deflection for the five tested specimens is 4.939 mm for the average force
value of 424 N. For the specimens whose length is parallel to the weft direction, the mean values for
maximum deflection and maximum force were 5.106 mm and 396 N, respectively.

After the impact test by Charpy test, it is found that no specimen completely ruptured, but
approximately 12% higher impact resistance (toughness) can be observed for the specimens flowed
parallel to the warp direction of the carbon-aramid hybrid fabric than for those debited parallel to the
weft direction. In terms of failure modes, delaminations between layers, fiber breaks in some layers,
debonding at the fiber-resin interface, as well as cracks in the matrix were found.

In this section, only a summary of the conclusions of the doctoral thesis is presented.
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6. Mechanical Behaviour of the Carbon-Aramid Composite Materials Subjected Low-Velocity
Impact Loading
6.1.  Materials tested

Two sets of specimens were manufactured for the low-velocity impact testing. All specimens are
square panels having the dimensions 70 mm x 70 mm. The first set of samples was cut from a
composite panel reinforced just with carbon-aramid hybrid fabric, which having eight layers, was
manufactured by hand-layup technology, resulting in an average thickness of approximately 2.6 mm.
The second set of specimens was cut from a sandwich composite panel, having both upper and
bottom faces made of three layers of composite material reinforced with carbon-aramid hybrid fabric
and a rubber core whose thickness is 2 mm [66]. The same technology described above was used
resulting in an average sample thickness of approximately 3.75 mm.

From the same batch of specimens fabricated for the low-velocity impact test, ten specimens of each
set were fully immersed in water and held to saturation. To control the energy level during the tests,
impact tests were performed for the following configurations: (i) for the impact energy level of 50 J,
the mass of the impact hammer was 10.728 kg and the velocity at impact with the plate was 3.05
m/s; (i) for the impact energy of 25 J, the mass of the impact hammer was 10.728 kg and the velocity
at impact with the plate was 2.16 m/s.

Table 6.1. Material structure and number of specimens for the low-velocity impact testing [60].

Number of specimens

tested
. . . R Material structure Type of
Composite material Specimen codes . . Impact Impact
of the specimen specimens
energy energy
25] 50])
CK801...CK810 Dried 5 5
Panel having eight layers .
Carbon-aramid / . BCB Y specimens
Epolam 2031 CKB11...CKB15 reinforced with carbon- Wet
pan r . . e
epoxy Epolam aramid hybrid fabric _ 5 5
CK818...CK822 specimens
Sandwich panel with both Dried
CK2R17...CK2R26 ¢ de of it ) 5 5
Carbon-aramid with aces |_'na eo _cgmposu e specimens
material containing three
rubber core / epoxy _ _
layers reinforced with Wet
Epolam 2031 CK2R01...CK2R10 5 5

carbon-aramid hybrid fabric ~ specimens
and a rubber core

"CKBXX: CK8B — eight layers of aramid-carbon hybrid fabric, xx — specimen number; CK2RXX: CK — composite material
reinforced with aramid-carbon fabric, 2R — rubber core having thickness of 2 mm, XX — specimen number.
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6.2. Experimental work method
6.2.1. Low-velocity drop impact test

The low-velocity drop impact tests were carried out by Instron CEAST 9340 impact machine
(Norwood, MA, USA) shown in figure 6.3, at the room temperature (20 °C + 2 °C). The testing system
consists of an impact hammer equipped with a force cell (maximum 22 kN), clamping fixtures and
data acquisition system (fig. 6.3.). The main technical characteristics of Instron CEAST 9340 machine
are: maximum impact energy of 405 J; maximum impact velocity of 4.65 m/s; mass of the drop
weight system is in the range 2+70 kg; drop weight is in the range 0.03+1.10 m.

Ciocan de impact

Suport de fixare supenor

Probéa
70 x 70 mm

Suport de fxare infenor

(@) (b) (c)

Figure 6.3. Low-velocity impact test setup: (a) photo of Instron CEAST 9340 drop weight impact machine;
(b) photo of the fixture devices of the specimen during the impact test; (c) scheme with dimensions for the
impact specimen and for the devices of the impact machine [60].
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6.2.2. Determination of moisture absorption in carbon-aramid hybrid fabric reinforced
composite materials

As shown in figure 6.4, the samples were completely covered by water, being placed in a vessel filled
with water and placed on an aluminium support, which allows directly contact with water for all
surfaces of each specimen, so that these specimens were not in contact with the walls or with the
bottom of the vessel. To maintain the immersion conditions, the water was refreshed weekly.

To maintain immersion conditions, the water was refreshed at weekly intervals. For each set of
specimens, the water immersion time was until saturation, that is, until the mass of water absorbed
inside the composite material stabilized. During the immersion period, the samples were weighed
periodically, using the same analytical balance, and the mass of the wet samples was recorded, and
the data was recorded until the mass of the samples stabilized.

(a) (b)

Figure 6.4. Impact specimens immersed in water: (a) top view; (b) lateral view [60].

6.3. Results and discussion on the low velocity impact behavior of the tested composites
6.3.1. Experimental results obtained in low velocity impact tests for dry samples

Figure 6.7 presents comparative results between 25 J impact level and 50 J impact level obtained in
low-velocity impact tests, regarding the following variation curves: impact force related to time
(F-v), velocity-time (v—1), displacement-time (6max—1) and impact force-displacement (F = Opax)-
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Figure 6.7. The comparative results obtained in the low-velocity impact test: (a) the impact force-time (F — t);
(b) velocity - time (v —t); (c) maximum displacement - time (&,,,, — t); (d) impact force - maximum
displacement (F — &,,,,.) [60].

It can be noted that the maximum force recorded is up to 32.7 % higher in case of 50 J impact energy
comparing to the one recoded for the 25 ] impact energy and also, the maximum displacement
recorded for the 50 J impact energy is up to 45 % higher than the one recorded for the 25 J impact
energy.

Figure 6.10 presents comparatively the results obtained for 25 J and 50 J impact energy levels,
obtained when the low-velocity impact tests were carried-out on the sandwich hybrid composite
specimens with rubber core, regarding the following variation curves: impact force-time (F —t),
velocity-time (v — t), displacement-time (8,,,,,. — t) and impact force-displacement (F — &,,4..)-
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Figure 6.10. Comparative results obtained for sandwich hybrid composite specimens with a rubber core in low-
velocity impact tests regarding: (a) impact force-time (F —t); (b) velocity-time (v — t); (c) displacement-time

(8 max — t); (d) impact force-displacement (F — &yq.) [60].

It can be noted that the maximum force recorded is up to 27.7 % higher in case of 50 J impact energy
comparing to the one recoded for the 25 ] impact energy and also, the maximum displacement

recorded for the 50 J impact energy is up to 39 % higher than the one recorded for the 25 J impact
energy.

Also, a very important measured parameter during the low-velocity impact tests is the energy
absorbed by the composite materials tested during impact tests. The values of the energy absorbed
is an important factor in the design of structures manufactured from different composite materials.
Therefore, figure 6.12 presents comparatively the variation of the energy absorbed related to time for
both impact energy levels of 25 J and 50 J.
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Figure 6.12. Comparative analysis of the variation of the energy absorbed by the material related to the time
during the impact, for the both type of specimens tested at two different impact energy levels: (a) 25 J; (b) 50
[60].

In conclusion, the replacement of two central layers of the layered composite material, reinforced
with carbon-aramid fabric, by the rubber core leads to a delay in the absorption of strain energy
during impact, while the energy absorbed is the same as that absorbed by the materials composites
without a rubber core (fig. 6.12).

6.3.2. Absorption data

It may be noted that after approximately 8440 hours of immersion in water, the absorption curve
tends asymptotically to the equilibrium value of the absorbed water content of Mm = 2.42 % for the
composite specimens without rubber core, The equilibrium value of the absorbed water content is
M, = 4.97 % after approximately 10513 hours of immersion in water for the specimens with rubber
core. The initial portion of the absorption curve was approximated with a linear function graphically
plotted as a line. In conclusion the moisture content M, at saturation of the CK composite materials
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involved in this study is approximately 48.70 % lower than the corresponding value M, at saturation
recorded in the case of the CK2R composite materials.

6.3.3. Experimental results obtained in low-velocity impact tests after immersion in water of
composite materials reinforced with carbon-aramid hybrid fabric

After immersion in water until saturation is reached (when the absorbed moisture content tends to a
constant value), the samples were subjected to the low-velocity impact test under the same test
conditions as those presented in sub-chapter 6.3.1. In figure 6.18 presents comparatively the results
obtained for 25 J and 50 ] impact energies, in the low-velocity impact tests, for CK composite
specimens reinforced with eight layers of carbon-aramid hybrid fabric, regarding the following
curves: impact force-time (F—1), velocity-time (v—1), displacement-time (6max—1) and impact
force-displacement (F — Gpax)- For the graphic representation shown in figure 6.18, it was chosen for
the impact energy of 25 ] to represent the curves obtained for sample CK814, respectively the curves
obtained for sample CK820 for the impact energy of 50 J, considering them as the average curves.

It can be seen that the maximum force recorded for the wet CK samples is up to 14% higher for the
impact energy of 50 J than the value obtained for the wet CK samples tested at an impact energy of
25 J. Also from figure 6.18 (b) it can be seen that recoil occurs only for wet CK samples subjected to
an impact energy of 25 J.
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Figure 6.18. Comparative results obtained for CK composite specimens reinforced with eight layers of carbon-
aramid hybrid fabric, after 8440 hours of immersion in water, for low-velocity impact tests at 25 ] and 50|

impact energies: (a) impact force-time (F — t); (b) velocity-time (v — t); (c) displacement-time (.. — t); (d)

impact force-displacement (F — Gya.).
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In figure 6.20 presents the comparative results obtained for 25 J and 50 J impact energies in the low-
velocity impact tests for CK2R composite specimens having rubber core, regarding the following
variation curves: impact force-time (F—1), velocity-time (v—1), displacement-time (6max— ) and
impact force-displacement (F = Gnax)- For the graphs plotted in Figure 21, it was chosen the curves
obtained for CK2R10 and CK2R4 impact specimens were selected for the impact energies of 25 J and
50 ] respectively, while the curves for sample considering them as average curves.
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Figure 6.20. Comparative results obtained CK2R sandwich composite specimens with a rubber core after 10513
hours of immersion in water, in low-velocity impact tests for impact energies of 25 ] and 50 J: (a) impact force-
time (F — t); (b) velocity-time (v — t); (c) displacement-time (&,,q. = t); (d) impact force-

displacement (F — §,,0.).

From the analysis of the graphs in figure 6.20(a), it can be seen that the maximum force recorded for
the wet CK2R samples is up to 13% higher for the impact energy of 50 J, than the value obtained for
the wet CK2R samples, tested at an energy of impact 25 J. Also, from figure 6.20 (b) it can be seen
that the recoil did not occur for any of the impact energies.

For both 25 J and 50 J impact energy, all rubber-core hybrid composite material specimens immersed
for 10513 hours in water were completely punctured.
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6.3.3. Effects of water absorption on the impact behavior of composites reinforced with
carbon-aramid hybrid fabric

Figure 6.22 presents comparatively the results obtained for dried and wet CK composite specimens
in the low-velocity impact tests, regarding the following curves: impact force-time (F — t), velocity-
time (v —t), displacement-time (8,4, — t), impact force-displacement (F — 8,,4,.).
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Figure 6.22. Comparative results obtained for wet and dried CK composite specimens for 25 | and 50 | impact
energies: (a) impact force-time (F — t); (b) velocity-time (v — t); (c) displacement-time (,,., — t); (d) impact

force-displacement (F = Gpax).

Analyzing the curves in figure 6.22(a), it can be seen that the maximum force recorded for the dry
samples of type CK, for the impact energy of 50 J, is up to 67% higher than the wet CK samples, for
the same impact energy and up to 39% higher for those tested at 25 J impact energy. The maximum
displacement recorded for the dry CK samples for the 25 J impact energy is not significantly higher
than the maximum displacement recorded for the wet CK samples, being about 0.02 mm higher. On
the other hand, the maximum displacement recorded at 50 J impact energy for dry CK samples is 3.60
mm higher than the maximum displacement recorded for both dry CK and wet CK samples tested at
impact energy of 25 J.
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In figure 6.24 presents comparatively the results recorded for wet and dried CK2R composite
specimens with rubber core, in the low-velocity impact tests, regarding the following variation
curves: impact force-time (F — t), velocity-time (v — t), displacement-time (8,4, — t), impact force-
displacement (F — 84,
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Figure 6.24. Comparative results between wet and dried CK2R composite specimens for 25 ] impact level and
50 ] impact level: (a) impact force-time (F — t); (b) velocity-time (v — t); (c) displacement-time (8,,o. = t); (d)

impact force-displacement (F — Gyax).

6.3.4. Failure modes

None of the layers of the dry composites tested completely ruptured during the low-velocity impact
test for any of the impact energies. As a result, the impactor did not completely penetrate any of the
dry hybrid composite plates. In the case of wet specimens without a rubber core, the specimens are
not completely punctured for the 25 J impact energy, while for the 50 J impact energy, the specimens
are completely punctured. For the wet rubber core samples, for both energy levels, the impactor

completely penetrated the hybrid composite plates.
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Conclusion

from the low-velocity drop impact tests, carried out on specimens of layered composite

materials reinforced with carbon-aramid hybrid fabric, with and without a rubber core, tested

before immersion in water, the following main conclusions can be noted:

the replacement of two core layers reinforced with carbon-aramid fabric with the rubber
core is a reliable solution for the applications of these types of composite materials in
dried environments because the degradation of the impact properties is much more
pronounced for the composite material with rubber core, after water absorption (chapters
6.3.1,6.3.3);

from the point of view of the absorbed energy, there is a rather small difference between
the two sets of samples, namely, for the impact energy of 25 J, in the case of dry samples
of type CK2R the average value of the absorbed energy is only 0, 17% lower than that
corresponding to dry samples of type CK; for the impact energy of 50 J, dry samples of
type CK2R absorbed approximately the same amount of energy as dry samples of type CK
(see chapter 6.3.1);

the maximum displacement recorded for dry samples of CK2R composite material with
rubber core was approximately 26% and 22% higher than the maximum displacement
recorded for dry samples CK without rubber core, for impact energies of 25 ] and,
respectively, of 50 J (see chapter 6.3.1);

from the analysis of the effects of water absorption on the low-velocity impact behavior of

composite materials reinforced with carbon-aramid hybrid fabric, the following main

conclusions are drawn:

for the CK composite material reinforced only with carbon-aramid hybrid fabric, both in
the case of those tested at impact before immersion, and in the case of the samples
tested after 8440 hours of immersion in water, subjected to an impact energy of 25 J, the
amount of absorbed energy is approximately the same, the difference being only 0.93%
compared to the value recorded for dry ones (see chapter 6.3.3 and 6.3.4);

for the impact energy of 50 J, a significant difference can be observed in terms of the
energy absorbed by the CK composite material, as follows: 49.79 | for the dry samples
and 41.84 ] for the samples tested after 8440 hours of immersion in water, the decrease
being 16% (see chapter 6.3.3 and 6.3.4);

for CK2R samples with a rubber core, both in the case of those tested at impact before
immersion, and in the case of samples tested after 10513 hours of immersion in water,
subjected to an impact energy of 25 J, the absorbed energy is approximately the same,
the difference being only 1.82% compared to the value recorded for dry ones (see chapter
6.3.3 and 6.3.4);
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- for the impact energy of 50 J, a significant difference can be observed in terms of the
energy absorbed by the CK2R composite material with a rubber core, as follows: 49.77 |
for the dry specimens and 26.74 ] for the tested specimens, respectively after 10513

hours of immersion in water, the decrease being 53.26% (see chapter 6.3.3 and 6.3.4);

In this section, only a summary of the conclusions of the doctoral thesis is presented.
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7. RESEARCH ON THE MODELING AND TESTING OF THIN-WALLED BEAMS MADE OF
CARBON-ARAMIDEHYBRID FABRIC REINFORCED COMPOSITE MATERIAL

7.1. Experimental analysis of deformation states and displacements in the case of beams
made of composite material reinforced with carbon-aramid hybrid fabric, subjected to
bending

7.1.1. Beamns tested

For the bending test by the three-point method, four thin-walled beams, made of composite material
reinforced with carbon-aramid hybrid fabric. The beam, having a rectangular section, with thin walls
(in English, of the "box" type), was obtained by gluing two profiles with a U section, made of
composite material based on Epolam 2031 epoxy resin, reinforced with carbon hybrid fabric -aramid
[59]. For the manufacture of the two profiles with the U-shaped section, which make up the
composite beam, two metal molds were used (fig. 7.1), over which the eight layers of carbon-aramid
hybrid fabric, impregnated with Epolam 2031 type epoxy resin. The resin was pre-mixed with the
Epolam 2031 hardener, the volume ratio of the mixture being equal to 100:33, according to the
technical sheet of the epoxy resin [61].

Figure 7.1. U-type profile made of hybrid composite material obtained by manual layering
technology ("lay-up" technology).

7.1.2. Three-point bending test combined with the digital image correlation method
For the three-point bending test, the testing machine produced by Walter&Bai (Switzerland) was
used, the maximum force of which is 100 kN for the vertical force actuator. Figure 7.2 shows the

static loading scheme of the hybrid composite beam and the cross-section sketch of the composite

beams.
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Figure 7.2. Three-point bending test setup: (a) static loading scheme; (b) cross-section of the

composite beam (dimensions are in mm.).

For the accuracy of the results of the bending test by the three-point method, the testing machine
produced by Walter&Bai and the 3D optical deformation analysis system for materials and
components, by the DIC (digital image correlation) method, were simultaneously used to accurately
determine the displacements of certain points, as well as the deformation field for the surface of the

samples.

PC /software GOM

Figure 7.3. Bending test setup by the three-point method combined with the DIC method.
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7.1.2. Flexural test results for thin-walled beams made of carbon-aramid hybrid fabric
reinforced composite material

After processing the experimental data recorded by the test machine, the force variation curve was
drawn as a function of the vertical displacement (arrow) at the middle of the beam ( for all four tested
beams (fig. 7.4). The vertical displacement recorded represents the displacement of the loading roller.
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c
o
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2000 —— Grinda 2 (tensile machine)
——Grinda 3 (tensile machine)
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Displacement v (mm)

Figure 7.4. Force curve — vertical displacement at mid-beam (F — v) for tensile machine.

The experimental results obtained by the DIC method are calculated for an area of interest defined on
the beam, and the results are displayed for certain points, which are chosen from this area of
interest, namely points located as close as possible to the middle of the beam (fig. 7.5). Figure 7.5
shows the images taken during the bending test, for one of the tested beams (beam 2), in which the
results regarding the evolution of vertical displacements in the points of interest, obtained with the
digital image correlation method, up to a value of arrows about 1 mm.
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Figure 7.5. The evolution of the field of displacements in the vertical direction, for the points on the lateral
surface of beam 2 made of carbon-aramid/epoxy composite material, located in the area analyzed with the
DIC method, depending on the applied force.

After processing the images with the software, the mid-beam deflection versus time curve was

obtained, which was then correlated with the force recorded by the test machine using time and the
displacement of the point on the load roller. Thus, the force variation curve was obtained as a
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function of the vertical displacement at the middle of the beam (curve ) by the DIC method for all
tested beams (fig. 7.6).
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Figure 7.6. Force curve — vertical displacement (F — v)for DIC method.

It could be noted that, after the bending test, for none of the tested beams the complete rupture of
the eight layers reinforced with carbon-aramid hybrid fabric from their upper part (upper U-profile)
was observed, and the lower U-profile (part lower part of the beam) was not affected. No
delaminations were found at the interface between the two U-section profiles, which were
assembled by gluing.

7.2. Numerical simulation of stress and strain states in the beam made of carbon-
aramid/epoxy composite material subjected to bendingmularea numerica a starilor de
tensiune si de deformatie din grinda realizata din material compozit carbon-aramida/ epoxi
solicitata la incovoiere

7.2.1. FEA model/

In this section, the numerical model will be presented for the thin-walled rectangular section beam
(box/rectangular section) made of hybrid composite material, subjected to bending. The numerical
simulation of the three-point bending test was carried out using the Abaqus program, version 2022
(Dassault Systémes, France). The beam made of composite material reinforced with carbon-aramid
fabric, for which the mechanical behavior in the bending test was numerically simulated by the three-
point method in accordance with the loading scheme in figure 7.2, has the following characteristics:

B the outer dimensions of the cross section are b =45 mm and h = 35 mm;
O the thickness of the walls is 2.60 mm (8 layers of composite material based on Epolam
2031 epoxy resin, reinforced with carbon-aramid hybrid fabric);
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O the total length of the beam is 500 mm;
O the distance between the beam supports is 445 mm.

(@)

Y

x‘J‘z

(b)

Figure 7.3. Numerical model: (a) finite element discretization for the beam made of hybrid

composite material; (b) imposed boundary conditions.

The elastic properties of the composite material from which the beam was modeled were introduced
into the numerical model, considering the experimental results obtained by the author of this thesis,
in the bending test of the specimens made of the same composite material as that of the tested
beam, which have were also published in another scientific paper [31], namely: the modulus of
elasticity = 29343 MPa and = 26884 MPa in the directions of the reinforcing fibers of the carbon-
aramid fabric, the Poisson's ratio in the plane of the reinforcement, and the modulus of transverse
elasticity MPa in the fabric reinforcement plane, was considered according to the results reported by
other authors in the specialized literature [73]. More details regarding the processing of the
numerical model of the carbon-aramid/epoxy hybrid composite beam are presented in the doctoral
thesis.
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7.2.2. Results obtained in finite element analysis

The vertical force-displacement curve at the middle of the beam, obtained after processing the
results of the numerical simulation of the beam with rectangular section, with thin walls, made of
hybrid composite material, is presented in figure 7.14.
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Figure 7.14. Force curve - vertical displacement at the middle of the beam (obtained from
numerical simulation (F — v).

7.3. \Validation of the numerical model by comparing the results obtained by numerical
modeling with the experimental ones

Table 7.4 summarizes the data obtained for beam 2, from the point of view of the vertical
displacement at the middle of the beam, in a comparative way by the three methods, namely:
experimental from the test machine; experimentally by the DIC method; numerical simulation (FEA
results). The results are compared for each of the four composite beams tested, for the linear portion
of the force-versus-vertical-displacement curve at mid-beam, approximately up to a force of 1000 N.
In the doctoral thesis in tables 7.3, 7.5 and 7.6 the data obtained for the other three tested beams
(beam 1, beam 3 and beam 4) are presented in a comparative way by the three methods, similar to
the data provided in table 7.4.
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Table 7.4. Comparative analysis of the results obtained for the v arrow measured in the middle of the
beam for beam 2.

Force Maximum displacement v,,,,. Error
Exp.* (mm) (%)

(N) Exp* DIC FEA FEA-DIC FEA-Exp*
160,78 0,188 0,172 0,164 4,965 13,163
203,21 0,241 0,218 0,207 5,257 14,253
246,17 0,289 0,265 0,250 5527 13,575
312,41 0,364 0,332 0,317 4,446 12,957
357,64 0,414 0,374 0,362 3,009 12,481
403,38 0,465 0,421 0,408 3,060 12,103
449,51 0,516 0,473 0,455 3,780 11,810

BEAM 2 495,41 0,565 0,512 0,501 2,146 11,260
541,57 0,614 0,558 0,548 1,843 10,809
589,21 0,667 0,610 0,596 2,300 10,580
659,01 0,739 0,676 0,667 1,326 9,742
753,86 0,839 0,767 0,763 0,541 9,042
802,31 0,890 0,821 0,812 1,088 8,770
850,69 0,940 0,865 0,861 0,400 8,398
923,23 1,015 0,939 0,935 0,418 7,923
969,90 1,064 0,984 0,982 0,155 7,681
1017,81 1,115 1,034 1,031 0,337 7,522

* Exp — stands for the experimental method with the testing machine for the three-point bending test.

Table 7.7 summarizes the average values of the errors calculated for the four composite beams
tested.

Table 7.9. Average errors obtained for the experimentally measured maximum displacement v,,,,,. in
the middle (up to 1000 N).

BEAM Average error
(%)

FEA-DIC FEA-Exp*

1 2,98 26,15
2 2,39 10,71
3 15,18 22,77
4 13,09 25,63
Average 8,41 21,31

*Exp — stands for the experimental method with the testing machine for the three-point bending
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Explanation of errors related to the maximum arrow

These differences between the maximum deflection results determined experimentally with the test
machine and with the digital image correlation (DIC) method are caused by the following factors:

O the displacement recorded with the test machine represents the displacement of the force
application punch, and the displacement determined with the DIC method represents the
displacement of the marked point on the lateral surface of the beam;

O the upper part of the profile, its material settles and deforms locally in the contact area
between the profile and the roll (punch) through which the force is applied;

O on the test machine, the existing clearances in the load force transmission system are
cancelled.

7.4. Conclusion

After carrying out the bending tests using the three-point method, for beams made of carbon-
aramid/epoxy hybrid composite material, broken layers can be observed only in their upper part,
respectively of the upper U-profile, without the lower U-profile of the composite beam be affected.
The failure modes of the hybrid composite layers at the top of the beam were: delamination at the
fiber-matrix interface, matrix (resin) cracks, and carbon and aramid fiber breakage. It is noted that not
all eight carbon-aramid hybrid fabric reinforced layers of the upper part of the beam were broken.
The mean value for the maximum sag recorded by the test machine was 20.15 mm, and in the case
of the DIC method the mean value for the maximum sag was 18.15 mm, considering the same
loading force recorded by the test machine, using time as parameter for data correlation. The finite
element analysis of the model for the thin-walled beam made of carbon-aramid/epoxy hybrid
composite material was performed under the conditions of an imposed displacement of 5 mm, so
that the data processing is done only for the elastic domain. To validate the numerical model, the
results obtained from the finite element analysis (FEA) for the maximum displacement at the middle
of the beam were compared with the experimental results obtained both with the testing machine
and with the DIC method, for bending stress forces of approximately 1000 N.

In this section, only a summary of the conclusions of the doctoral thesis is presented.
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8. GENERAL CONCLUSIONS. PERSONAL CONTRIBUTIONS AND FUTURE DIRECTIONS FOR
RESEARCHNCLUZII GENERALE. CONTRIBUTII PERSONALE SI DIRECTII VIITOARE DE
CERCETARE

8.1. General conclusion

Taking into account the objectives (see chapter 3) proposed in order to achieve the main goal of this
doctoral thesis, we can list the main conclusions of the research carried out in this doctoral thesis:

O from the critical analysis of the current state of research on Kevlar fibers, carbon fibers and
structures made of hybrid composite materials reinforced with carbon fibers and Kevlar fibers, the
following were identified:

- the main advantages of the hybridization of Kevlar fibers (aramid) and carbon fibers can be summed
up in obtaining composite materials characterized by: high tensile strength, high rigidity, high impact
resistance, low coefficient of thermal expansion and a high modulus of elasticity (see chapter 2.4);

- the main applications regarding the use of composite materials reinforced with carbon fibers and/or
Kevlar fibers for strengthening structural elements (wooden or concrete beams, panels) (see chapter
2.3.3);

O the elastic and mechanical tensile characteristics of the composite material based on Epolam 2031
epoxy resin, reinforced with carbon-aramid hybrid fabric, were determined using the tensile test
combined with the digital image correlation method, namely:

- the longitudinal moduli of elasticity and are equal to: 35242 MPa in the warp direction of the
carbon-aramid hybrid fabric and, respectively, to 33626 MPa in the weft direction of the carbon-
aramid hybrid fabric (see chapter 5.4.1);

- the maximum normal stresses resulting in relation to the reinforcement directions of the composite
material are equal to: 407 MPa in the warp direction of the carbon-aramid hybrid fabric and 372 MPa
in the weft direction of the carbon-aramid hybrid fabric (see chapter 5.4.1) ;

- the values of Poisson's coefficients and in the plane of fiber reinforcement, were 0.141 and 0.106,
when the tensile force was applied in the warp direction and in the weft direction, respectively, of the
carbon-aramid hybrid fabric (see chapter 5.4.1) ;

0 the elastic and mechanical bending characteristics of the carbon-aramid/epoxy hybrid composite
material were determined, namely:

- longitudinal and bending moduli of elasticity: 29343 MPa in the warp direction of the carbon-aramid
hybrid fabric and 26884 MPa in the weft direction of the carbon-aramid hybrid fabric (see chapter
5.4.2);

- the resulting maximum normal stresses were: 424 MPa in the warp direction of the carbon-aramid
hybrid fabric and 413 MPa in the weft direction of the carbon-aramid hybrid fabric (see chapter 5.4.2);
O the validation of the numerical models used to simulate the states of tension and deformation in
the specimens made of carbon-aramid/epoxy composite material, which develop in tensile and
bending stress respectively, by comparing the results obtained from the numerical analysis with
those obtained experimentally (the maximum resulting error was 0.19% for the tensile test and 0.15%
respectively for the bending test, see chapter 5.5.2);
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O the use of analytical models for the calculation of tensile and bending equivalent moduli of
elasticity, for the layered composite material of the carbon-aramid/epoxy type, led to results that
were validated by the experimental results (see chapter 5.5.1);

O the mechanical characteristics regarding impact behavior in the Charpy test were determined for
the composite material reinforced with carbon-aramid hybrid fabric, namely:

- the breaking energies obtained are equal to 2.79 ] and 2.43 ] when the length of the Charpy test
piece is parallel to the warp direction and, respectively, to the weft direction, of the carbon-aramid
hybrid fabric (see chapter 5.4.3);

- the values obtained for resilience were: 90.49 kJ/m2 and 80.36 kJ/m2 when the length of the
Charpy specimen is parallel to the warp direction and, respectively, to the weft direction of the
carbon-aramid hybrid fabric (see chapter 5.4.3 );

- none of the samples broke completely in the Charpy impact test (see chapter 5.4.3);

- modes of breakage: delaminations between layers, breakage of fibers in some layers, detachment
at the fiber-resin interface, as well as cracks in the matrix (see chapter 5.4.3);

A from the low-velocity drop impact tests, carried out on specimens of layered composite materials
reinforced with carbon-aramid hybrid fabric, with and without a rubber core, tested before immersion
in water, the following main conclusions can be noted:

- the replacement by the rubber core of two middle layers in the composite material reinforced only
with carbon-aramid hybrid fabric and obtaining the sandwich composite material of the CK2R type,
leads to a delay in the energy absorbed during the impact at low velocity, while the impact energy is
approximately the same as the absorbed energy;

- from the point of view of the absorbed energy, there is a rather small difference between the two
sets of samples, namely, for the impact energy of 25 J, in the case of dry samples of type CK2R the
average value of the absorbed energy is only 0,17% lower than that corresponding to dry samples of
type CK; for the impact energy of 50 J, dry samples of type CK2R absorbed approximately the same
amount of energy as dry samples of type CK (see chapter 6.3.1);

- the maximum displacement recorded for the dry samples of CK2R composite material with a rubber
core was approximately 26% and 22% higher than the maximum displacement recorded for the dry
samples CK without a rubber core, in the case of impact energies of 25 J and, respectively, of 50 ] (see
chapter 6.3.1);

- for the impact energy of 25 J, the fracture modes observed are cracks in the matrix and
delaminations at the fiber-matrix interface (see chapter 6.3.5);

- for the impact energy of 50 J, breakage of both carbon and aramid fibers was observed in the outer
layers of the CK2R composite material with a rubber core, while only breakage of carbon fibers was
observed for the CK type composite material, without rubber core (see chapter 6.3.5);

O from the analysis of the effects of water absorption on the low-velocity impact behavior of
composite materials reinforced with carbon-aramid hybrid fabric, the following main conclusions are
drawn:

- for the CK composite material reinforced only with carbon-aramid hybrid fabric, both in the case of
those tested at impact before immersion, and in the case of the samples tested after 8440 hours of
immersion in water, subjected to an impact energy of 25 J, the amount of absorbed energy is

63



Universitatea
| 1| e
approximately the same, the difference being only 0.93% compared to the value recorded for dry ones
(see chapter 6.3.3 and 6.3.4);
- for the impact energy of 50 J, a significant difference can be observed in terms of the energy
absorbed by the CK composite material, as follows: 49.79 | for the dry samples and 41.84 | for the
samples tested after 8440 hours of immersion in water, the decrease being 16% (see chapter 6.3.3
and 6.3.4);
- for CK2R samples with a rubber core, both in the case of those tested at impact before immersion,
and in the case of samples tested after 10513 hours of immersion in water, subjected to an impact
energy of 25 J, the absorbed energy is approximately the same, the difference being only 1.82%
compared to the value recorded for dry ones (see chapter 6.3.3 and 6.3.4);
- for the impact energy of 50 J, a significant difference can be observed in the energy absorbed by the
CK2R composite material with a rubber core, as follows: 49.77 ] for the dry specimens and 26.74 ] for
the tested specimens, respectively after 10513 hours of immersion in water, the decrease being
53.26% (see chapter 6.3.3 and 6.3.4);
O the following results obtained for the thin-walled beam made of carbon-aramid hybrid composite
material, using the bending test combined with the digital image correlation method, are mentioned:
- the average value for the maximum deflection recorded by the test machine was 20.15 mm, and in
the case of the DIC method the average value for the maximum deflection was 18.15 mm,
considering the same load force recorded by the test machine, using the time as a parameter for data
correlation (see chapter 7.1.3);
- the validation of the numerical model with finite elements of the beam made of composite material
reinforced with hybrid carbon-aramid fabric, subjected to bending, was carried out, by comparison
with the obtained experimental results, resulting in an average error of 8.41% for the comparison of
the maximum arrow from the FEA with the arrow maximum obtained by the DIC method, and for the
comparison of the maximum sag from the FEA with the sag from the experimental method (test
machine) an average error of 21.31% resulted, for a force range from O N — 1000 N (see chapter 7.3 );
- the maximum normal stress in the direction of the fibers resulting from the numerical analysis,
does not exceed the breaking stress of 418 MPa, determined in the experimental bending tests on
samples made of the same hybrid composite material (see chapter 7.2.2);
- the failure modes of the hybrid composite material layers, at the upper part of the beam, were:
delaminations at the fiber-matrix interface, cracks in the matrix (resin) and breakage of carbon and
aramid fibers (see chapter 7.1.3);
- it was found that not all the eight layers reinforced with carbon-aramid hybrid fabric of the upper
part of the beam were broken and the joint by gluing of the two U-profiles resisted the bending
stress, without their peeling (see chapter 7.1.3).

8.2. Personal contributions. Future research directions.
During the research carried out for the preparation of this doctoral thesis, several personal and

original contributions were outlined, which are mentioned below.
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Theoretical contributions:

a thorough study was carried out regarding the current state of research related to
the mechanical characteristics of carbon fibers and Kevlar (aramid) fibers, which led to
the formulation of the main advantages and disadvantages of the hybridization of
these two types of fibers (chapter 2) ;

the importance of using composite materials reinforced with carbon fibers and/or
Kevlar (aramid) to strengthen structural elements (concrete beams, wooden beams or
sandwich panels) used in civil constructions or in other fields was highlighted (chapter
2);

the use of analytical calculation models to determine the tensile and bending
mechanical characteristics (modulus of elasticity for structures made of hybrid
composite material reinforced with carbon fiber and aramid fiber fabric (chapter 4 and
chapter 5);

the numerical simulation of the mechanical tensile and bending stresses was carried
out, for the analysis of the stress and deformation states that develop in the
structures made of hybrid composite material reinforced with carbon-aramid fabric,
and the obtained results were validated by the experimental results (chapter 5 );

the numerical model of the beam made of composite material, reinforced with
carbon-aramid fabric, having a rectangular section, with thin walls, formed by joining
two U-profiles, was made, considering the elastic properties determined in the
doctoral thesis, for modeling the material (chapter 7).

Experimental contributions:

the manufacture by manual forming technology of plates made of hybrid composite
material reinforced with carbon-aramid fabric, from which the necessary specimens
were cut for the tensile, bending, impact tests by the Charpy test and low-velocity
impact (chapter 5);

the design and manufacture of metal molds (U-type profiles), necessary for the
manufacture of beams from hybrid composite material reinforced with carbon-
aramid fabric (chapter 7);

the manufacture by manual layering technology of beams from layered composite
material, reinforced with hybrid aramid-carbon fabric, which were subjected to the
bending test combined with the digital image correlation method (chapter 7);
determination of the elastic and resistance characteristics through the tensile test
which was carried out simultaneously using both the test machine and the optical
method of measuring deformations through the digital correlation of images (chapter
5);

the determination of the following mechanical and elastic characteristics for the
samples made of carbon-aramid hybrid composite material, studied in this scientific
work: longitudinal tensile modulus (Young's modulus), longitudinal flexural modulus,
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tensile strength, tension maximum normal bending, resilience in impact stress by the
Charpy test (chapter 5);

determining the values of Poisson's ratio (transverse contraction coefficient) in the
reinforcement plane, for the composite material reinforced with carbon-aramid fabric,
using the digital image correlation method (chapter 5);

processing absorption data during immersion in water and determining with Fick's
law, the water diffusion coefficient in the hybrid composite material reinforced with
carbon-aramid fabric (chapter 6);

the comparative analysis regarding the behavior in low-velocity impact stress
(absorbed energy, failure modes), of the composite material reinforced only with
carbon-aramid hybrid fabric and of the sandwich composite material, with faces
reinforced with the same carbon-aramid fabric and with a rubber core (Chapter 6);

the study of the influence of humidity on the behavior in low-velocity impact stress
(absorbed energy, displacement, force, failure modes), of structures made of
composite materials reinforced with carbon-aramid hybrid fabric, with and without a
rubber core (chapter 6);

the use of the digital image correlation method (DIC method) for the experimental
analysis of the distribution of displacements in the case of beams made of composite
material reinforced with hybrid aramid-carbon fabric, subjected to bending (chapter
7);

experimental determination of the maximum deflection for composite beams
reinforced with aramid-carbon hybrid fabric, using the testing machine and using the
results for additional validation of the numerical model of the beam, in addition to
validation with the results obtained with the optical method of measuring
deformations by the method 3D image correlation optics (Chapter 7).
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