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ABSTRACT

Composite materials are used in various applications such as military, aerospace, sports
equipment, railways, etc. Due to low weight to strength ratio, composite materials are
preferred in space applications. However, these composite materials when used for fuel and
oxygen carrying tanks experience cryogenic temperatures. During this time, these composite
materials are prone to cracking thereby aiding failure of the material. Hence, an attention is
needed to develop and characterize a composite material which can be used at cryogenic

temperatures.

In the present work, Thermo-mechanical characterization on Kevlar composite is to be done
using computational techniques. Further, the failure of Kevlar due to the propagation of
cracks at cryogenic temperatures is predicted using Extended Finite Element Method (X-
FEM). This method involves the assumption of an un-cracked portion of composite material
as a continuum and the cracked portion as a discontinuity in the material. The stress
concentrations zones and the strain energy that is absorbed while the crack propagates are

predicted.
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CHAPTER

1 INTRODUCTION

Kevlar 49 due to its excellent mechanical and thermal properties such as high tensile
modulus, high strength to weight ratio, high impact resistance, low thermal conductivity and
negative coefficient of thermal expansion has become significantly popular in recent years for
its increasing applications in the aerospace industry, especially at cryogenic temperatures as
support structures, vessels, cryogenic tanks for storing fuel in rocket or spacecraft, etc. [1]—
[4]. It has very low compressive strength. However, while bending, it establishes a high
degree of yielding on the compression side. Such a failure mode is not observed in glass and
carbon fibers, and gives Kevlar 49 composites superiority [5]. Moreover, at cryogenic
temperatures, materials undergo ductile to brittle transition (DTBT) which contributes to the
development of micro-cracks thereby aiding failure of the structure as they are unable to
resist the propagation of cracks. Further, the compatibility of Kevlar based composites at
cryogenic temperatures made it possible be used in superconducting devices, which include
high temperature superconducting cables [6]-[8], superconducting magnets [9]-[11],
superconducting motors [12]-[14], etc. However, for retaining the superconductivity, these
superconducting devices need to be cooled at very low temperatures (cryogenic
temperatures). Especially in superconducting motors in which the torque tube must have the
capability to hinder the effect of heat transfer between the driven and the driving end. One
end of the torque tube is exposed to the atmospheric conditions, whereas the other end to the
cryogenic conditions. Hence, the material must be thermally stable in order to get sustained in
such conditions as the materials possess brittle behaviour at cryogenic temperatures due to
which they undergo brittle failure. Hence, an attention is needed for better understanding of
the crack growth behaviour. Various researchers, Viola et al. [15], Aliabadi et al. [16],
Broberg [17], Lim et al. [18], Nobile and Carloni [19] and Garcia-Sanchez et al. [20] have
purposed analytical solutions for the propagation of cracks and dynamic analysis of cracks in
anisotropic and orthotropic materials. Nonetheless, the analytical methods are not protean
enough for solving arbitrary problems, numerous numerical techniques such as boundary

element method, collocation method, finite difference method, finite element method (FEM),



extended finite element method (X-FEM) and numerical manifold method has been

developed for better prediction of cracks [21], [22].

In this research work, using linear elastic fracture mechanics (LEFM) approach, the
mechanical behaviour of Kevlar 49 composites with three cases of edge crack, one being
towards the loading end, the second being at the middle and the last being towards the fixed
end of the specimen are considered under tension at room temperature and the cryogenic
temperature is investigated by developing two-dimensional finite element models using
extended finite element method (X-FEM) technique in a commercial code Abaqus/CAE.
Stress, strain, strain energy and strain energy density as a function of the width of the Kevlar
specimen for the surface just above and below the crack is analyzed at various pressures
ranging from 100 MPa to 1000 MPa and further are validated with the analytical relations
obtained from the literature.



CHAPTER

2 TERMINOLOGY

Composite materials are replacing the conventional metals and nonmetals for various
applications including on-ground and off-ground applications. Hence, researchers around the
world are concentrating upon the development of new composite materials for the
applications in demand. On the other side, the manufacturers are replacing their equipment to
be compatible with composite material manufacturing. Due to significantly large applications
of composite materials, it is essential to investigate the behaviour of these materials at various
mechanical and thermal loading conditions. The following sections discuss the classification
of composite materials along with the theories of failure applicable to these materials.
Further, to determine the failure of the composite materials, it is necessary to observe the
failure behavior of the materials. Therefore, the fracture mechanics criteria are discussed in
the subsequent sections.

2.1  Composite Materials

Composites are proving to be an essential part of today’s era. Composites are preferred over
monolithic materials because these materials cannot meet the demands of today’s innovative
technologies. For example, it is necessary for Satellites to be dimensionally steady in space
where the temperature varies between -160°C to 93.3°C and the coefficient of thermal
expansion is limited to the value as low as of the order of +1.8x10" m/m/°C [23]. These
conditions cannot be met by monolithic materials. Therefore composites such as

Kevlar/epoxy, graphite/epoxy, boron/epoxy, etc. are preferred over monolithic materials.

A Composite can be defined as the compounding of two or more constituents at the
macroscopic level to form a third useful material that results in better properties than those of
the individual components used alone. The constituents are reinforcements (fibres, particles
or flakes), the main load carrying constituent and a matrix, which holds the fibres together
and keep them in their specified position and it can further be classified as a polymer matrix,
metal matrix, ceramic matrix and carbon matrix. Due to the use of advanced composite
materials in several applications such as aerospace, railways, sports equipment, military

equipment, etc., the word ‘composite’ have become popular in recent years. However, there

3



are several historical examples of composites in the literature. The composites came into
existence around 10000 BC. The most common composite which was used as a construction
material was straw bricks. Then further the composite materials that were used for developing
the writing materials were fibrous composite materials, developed during the Egyptian era at
about 4000 BC. These writing materials were fabricated from the papyrus plant and then
were laminated. Further, Egyptians used heat-softened glass to make containers from coarse
fibres. In 1930s, advanced composites came into existence such as glass fibers which were
reinforced with resins. Aircrafts and boats were developed by using these glass composites
which are nowadays commonly known as fibre- glass. Since the 1970s, application of
composites boosted due to the advancement of new fibres such as aramids, boron and carbon,
etc. and new composite systems with matrices made of metals and ceramics. The properties
that can be improved by forming a composite material are: strength, stiffness, thermal
conductivity, fatigue life, temperature dependent behaviour, corrosion resistance, wear

resistance, weight, acoustical insulation, etc.

2.1.1 Classification and Characteristics of Composite Materials
Composite materials are generally classified into two systems; one is based on matrix

materials and other on reinforcement.

Composites
Matrix Reinforcem
Based ent Based
Polymer Metal Ceramic Carbon Fibrous Laminated Particulate Hybrid
Matrix Matrix Matrix Matrix Composites| | |Composites| | |Composites | |Composites

Figure 1 Classification of composites on the basis of matrix and reinforcement

2.1.1.1 Classification of Composites Based on Matrix Material

Matrix materials can further be classified into following categories: polymer matrix, metal

matrix, ceramic matrix and carbon matrix.



2.1.1.1.1 Polymer Matrix

Polymer matrices are light weight, corrosion resistant and are less costly in comparison to
other matrices. A Polymer is a long chain of molecules containing one or more repeated units
known as monomers, which are joined together by covalent bonds. It can further be classified
as: Thermoplastic polymers in which the molecules are not chemically joined. They are held
in place by weak forces such as Vander wall’s and hydrogen bonding. These can be re-
shaped. Examples: Polymethyl methacrylate (PMMA), Acrylonitrile butadiene styrene
(ABS), Nylon, Polycarbonate, etc. Thermosetting Polymers are composed of molecules,
chemically joined by cross links due to which they cannot be re-shaped. However, if the
number of cross links is less, then in some cases it is possible to re-shape the materials at high

temperatures. Examples: Bakelite, Polyester, epoxies, Polyurethane, etc.

2.1.1.1.2 Metal Matrix

Metal matrices are used for high strength applications and in those cases where long term use
is made. Example: In severe environment such as high temperature and chemical attack.
Metals can be strengthened by number of heat treatment processes along with the mechanical
treatments. However, they have more weight in comparison to polymers and are prone to
corrosion. Commonly used metal matrices are aluminium and titanium, and other metal

matrices can be magnesium, beryllium, nickel and cobalt.

2.1.1.1.3 Ceramic Matrix

Ceramic matrices have the low fracture toughness in comparison to polymers and metals, as
these are brittle materials and whenever a crack originates, it will propagate at a very rapid
rate. Commonly used ceramic matrices are silicon carbide, silicon nitride, aluminium nitride,
boron nitride, etc. Alumina (Al,O3) and Mullite (Al,O3+Si0,) are the two commonly used
oxide ceramics. Silicon nitride has the highest strength, whereas aluminium nitride has the

highest thermal conductivity.

2.1.1.1.4 Carbon Matrix

Carbon matrices are used along with the carbon fibres where even high temperatures are

encountered, generally in range of 2000°C to 3000°C.



2.1.1.2 Classification of Composites Based on Reinforced Material Structure

Reinforced materials can be classified into following: Fibrous composites, laminated

composites, particulate composites and hybrid composites.

2.1.1.2.1 Fibrous Composites

As the name suggests, the fibrous composites are the composites developed from polymer
matrix reinforced with fibres. The fibres used are glass fibre, carbon fibre, boron fibre, etc.
and the polymers used are epoxy, polyester, etc. Due to their high strength to weight ratio,
they are used in various applications such as aerospace, railways, sport equipment, etc.

2.1.1.2.2 Laminated Composites

A laminate composite is made up of two or more layers (lamina’s) of different materials that
are bonded together. Example: plywood is a laminate in which one layer or lamina is placed
over the other to form a laminate. It can be classified into the following categories; Bi metals,
are laminates of two different metals that have different coefficients of thermal expansion.
These are used to make thermostats. Clad metals, are used to combine the properties of two
or more metals. Example: High strength aluminium alloy does not resist corrosion, but has
high strength. Whereas pure aluminium is corrosion resistance, but have less strength.
Therefore, high strength aluminium alloy is covered or clad with pure aluminium in order to
attain high strength and corrosion resistance. Fibre glass or safety glass is a layer of polyvinyl
butyl which is a plastic, sandwiched between two layers of glass. The brittleness of the glass

gets reduced due to plastic and its impact strength greatly improves.

2.1.1.2.3 Particulate Composite

It contains particles of metals or non-metals, suspended in a matrix of another material which
can be metallic or non-metallic. Depending upon the type of particle and matrix used, the
particulate composites are classified into four categories: Non-metallic particles in a non-
metallic matrix. Example: Rocket propellants contain aluminium powder which is metallic
and polyurethane matrix which is non-metallic. Metallic particles in a non-metallic matrix.
Example: Concrete is a particulate composite in which sand and gravel particles are
combined with a mixture of cement and water. Non-metallic particles in a metallic matrix.
Example: Boron carbide in stainless steel is used for making control rods. Metallic particles
in a metallic matrix. Example: Lead particles used in copper alloys and steel to improve

machinability. Lead is a natural lubricant which is used in bearings made from copper alloys
6



2.1.1.2.4 Hybrid Composites

Combinations of some or all types of composites are known as hybrid composites. Laminated
fibre reinforced composites comes under the category of hybrid composites, in which layers

of fibre reinforced materials are bonded together with different fibre directions in each layer.

2.1.2 Applications of Composites
Composite materials are widely used in the applications as follows:

2.1.2.1 Aerospace Applications

e Composite materials are used for making space telescopes, space crafts, satellites,

booster rockets, etc.

e Carbon-Carbon composites are used on the leading edges of the space shuttles as it

can sustain very high temperatures.

e India’s light combat aircraft (LCA) is made from Kevlar fibre reinforced polymer
composites.

e Glass composites are used in the tail fin of the combat aircraft.

2.1.2.2 Missiles

Composites are used for making rocket motor cases, nozzles, nose cone and interstage

structures.

2.1.2.3 Railways

Composites are used to make bodies of railway bogies, railway tracks, gear cases and

pantographs.

2.1.2.4 Sports Equipment

e Modern day tennis rackets are made from a high strength graphite or carbon fibres,

which make them strong and lightweight.

e Sports helmets, hockey sticks, surfing bolts, scuba diving tanks, speed boats and

racing cars such as F-1 are other where composites are widely used.



2.1.2.5 Automotive

e Composites are used to make brake shoes, clutch plates, spring and shafts, which are

generally made from carbon fibres.

e Other applications include accelerators, radiators and fuel tanks.

2.1.2.6 Military Applications

Helmets, bullet proof jackets, portable bridges and non-detectable ships are generally made

from composite materials.

2.1.2.7 Marine Applications

Ship and boat hulls, masts, hovercrafts, which run on land and water, heat exchangers,
ventilation ducts, engineering foundations, etc., are some of the areas where composites are

used.

2.1.3 Classification of Fibres

Fibres are generally classified into following: Natural fibres and advance fibres
1.1.3.1 Natural Fibres
Natural fibers are divided into three following categories:

e Plant or Vegetable fibres such as cotton, jute, bamboo, sugar cane, etc.

e Animal fibres like silk, spider silk, camel hair, sinew fibre, etc.

e Mineral fibres for example asbestos, basalt, mineral wool, glass wool, etc.
1.1.3.2 Advance Fibres

Advance fibres are the fibres which have high specific stiffness and high specific strength.

They have higher strength than natural fibres.



Fibres

Natural Advance
Fibre Fibre
Plant or Animal Mineral Boron Carbon Graphite Glass Aramid | |Extended
vegetable Fibre Fibre Fibre Fibre Fibre Fibre Fibre chain
Fibre polyethyl

ene Fibre

Figure 2 Classification of fibres

2.1.4 Failure Theories for Composite Materials

Various parameters that are used for relating the failure theories are:

(0] )y~ Ultimate longitudinal tensile strength (in direction 1)
(03 )y~ Ultimate transverse tensile strength (in direction 2)
(o7),, - Ultimate longitudinal compressive strength (in direction 1)

(03 ), - Ultimate transverse compressive strength (in direction 2)

2

(7,,) 4 - Ultimate in-plane shear strength Ll

There are various theories for determining the failure of a laminate. These theories can be

classified as follows:

2.1.4.1 Maximum Stress Theory:

The theory is based on the maximum normal stress theory and the maximum shear stress
theory developed by Rankine and Tresca respectively. This theory states that if the stress,
normal or the shear in a lamina equals or exceeds the corresponding ultimate stress of that

lamina, then the laminate will fail. Mathematically, it can be written as:

9



_(O-lC )ult < O < (GI )ult
_(O-g)ult < o, < (G-Zr )ult

() < 712 < (712) i
If the above criteria are violated, the material will fail.

2.1.4.2 Maximum Strain Theory:
This theory is based on maximum normal strain theory given by Saint-Venant’s and the
maximum shear stress theory which is commonly known as Tresca theory. Failure in lamina
will be obtained if any of the following condition is violated.

~(&)u <& < (& e

~(& ) <& < (&7 e

~(72)ut <712 < (2)un

2.1.4.3 Tsai Hill Failure Theory:

This theory is based on Von Mises theory, also known as distortion energy failure theory.
According to this theory, the material fails when distortion energy is greater than the failure
distortion energy of the material. Hill modified this theory to adapt it for a uni-directional
lamina as given below:
(G, +G,)o{ + (G, +G,)o? + (G, +G,)o? — 2G,0,0, — 2G,0,0, — 2G,0,0,
+2G, 15, + 2G, 7t} + 2G5, <1

Here G,,G,,G,;,G,,G;, and G, are components of strength criteria and are evaluated as

follows:
Case 1:
Apply o, = (0] )
Therefore, (G, +G;)(o] ), =1
Case 2:
Apply &, = (7 )
Therefore, (G, +G,)(o, ), =1
Case 3:

Apply o, = (03 )y
10



And (O-;- )ult = (Gg)ult

Therefore, (G, +G,)(o; ), =1
Case 4:
Apply Ty = (le)ult
Therefore, 2G,(z,),, =1
Where:

b2 (O-;)ﬁlt (GlT)LZJIt

1 1
G, =2 7
2_(0-1)ult_
[ 1 ]
G=2| 3
2_(Gl)ult_

1] 1
Ge=3 z—}
2 _(le)ult

Assuming plane stress, that is o, 7,;,7,, =0

0y 2 | 010, n o, 2 " 712 2 <1
(O-lT)ult (UlT )l21|t (O-;)ult (722) un

If the above condition is violated, the laminate will fail.

2.1.4.4 Tsai Wu Failure Theory:
This theory is based on total strain energy failure theory. Tsai Wu considered the Beltrami
theory for studying the failure of uni- directional lamina assuming plane stress condition. A
lamina is considered to be failed if the following condition is violated.
H,o,+H,0,+H,0, + Hllo'l2 + H220'22 + H%z'lz2 +2H,,0,0, <1
Case 1:
Apply o, = (o} ), 0, =0and 7, =0

2=1

ult

Therefore, H, (o] ), + Hy, (o)

ult
Case 2:
Apply o, = —(O'f )ult ,0,=0andzr, =0
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Therefore, —H, (o7 ) +H,, (075 =1

1 1 1
H, = - and H, = ———F——
(O-lT )ult ( 1C )ult (o-lT )ult (o-lc )ult
Case 3:
Apply o, =(0} ) ,0,=0and 7, =0
Therefore, H, (o3 ) +H,, (03 )5 =1
Case 4:
Apply o, = —(O'ZC )u“ ,o,=0and 7,=0
Therefore, —H, (Uf )un +H, (Uzc)ﬁn =1
1 1 1
H, = - and Hy, = ——F+——
(O-g )ult (O-ZC )ult (O-; )ult (O-ZC )ult
Case 5:
Apply 0,=0,0,=0and 7, = (712 )ult
Therefore, H@ (712 )ult + H66 (T12 )l21|t =1
Case 6:

Apply 0,=0,0,=0 and 7, = —(1'12)

ult

2

Therefore, —H, (le )u.t +Heg (le)uu =1

1
2
T1 ult

H; =0 and Hy =

For obtaining H,,, experimental procedures are followed. One of the procedures is explained
below:
Apply equal tensile loads along the axis 2.

If o,=0,=0 and r,, =0 is the load at which the lamina fails then
(H,+H,)o+(H,,+H,, +2H,)c" =1
Therefore, we will get H,, as

1

H. =
12 20_

[1_(H1+ H,)o—(Hy,+ HZZ)UZJ

2
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2.2  Fracture Mechanics
Fracture mechanics deals with the development and propagation of the crack, the forces
required for the propagation of a crack, the stresses produce at the tip of the crack and the
displacements and strains associated with the propagation of a crack. Fracture mechanics can
be studied through a number of parameters.

e Energy release rate (ERR)

e Stress intensity factor (SIS)

e Crack tip opening displacement (CTOD)

e J-Integral
Typically, the structures fail due to the development of a crack. The failure of the structures is
classified into categories Type-I and Type-II.

e Type-I failure occurs due to negligence during design, construction or operation of a

structure.
e Type-II failure occurs due to application of a new design technology which produces

unexpected results. Example: World War II liberty ships.

2.2.1 History of Fracture Mechanics

The fracture mechanics developed after the Second World War. Before that, the knowledge
was limited and the designs were based on the Egyptian era. The Egyptians built the
pyramids with stones and these structures are still standing tall due to their design. The
Romans constructed several structures, but their designs were limited to compression loading,
as at that time the construction materials used were timber, brick and mortar. These were
used as they were able to bear compressive loading due to their brittle nature. After the
industrial revolution, there was mass production of iron and steel due to which new designs
came into existence, such as the tower bridge in London. During the World War II, most of
the ships manufactured by American and British navy were destroyed due to brittle failure
even though their hull was made of steel. This happened due to the Ductile to Brittle
Transition (DTBT) of steel under freezing temperatures. These ships were made using
welding techniques instead of the riveted joints, which were unable to resist the propagation
of cracks. This is an example of Type-II failure. In order to solve this problem, a naval
research lab was set up in Washington DC in 1945. In the lab, various researchers such as
Irwin, Wells and Westergaard conducted experiments on different types of materials such as

brittle, ductile, viscoplastic, viscoelastic, etc. [24]. In 1956, Irwin developed the energy

13



release rate concept which was derived from Griffith’s theory. Irwin extended the Griffith’s
approach to ductile materials by including plastic as well as elastic energy. Westergaard
developed a technique for analyzing the stresses and displacements near the tip of the crack
and Irwin used this approach to show that the stresses and displacements near the tip of the
crack could be described by a constant known as stress intensity factor (SIF).

In 1956, Wells used the fracture mechanics concept to identify the cause of failure in a comet
jet aircrafts. General Electric manufactured large size steam turbines in 1957. However, these
turbines suffered failure due to bursting of the large rotor forgings. In order to solve this
problem, Winne and Wundt applied the fracture mechanics approach, using the Irwin’s
Energy release rate concept. In 1960°s, Linear Elastic Fracture Mechanics (LEFM)
concept was developed, but was unable to predict the failure of ductile materials. Therefore,
the number of researchers such as Irwin, Dugdale, Barenblatt and Wells developed Elastic
Plastic Fracture Mechanics (EPFM) theory around 1960s. Further, in the 1960s, Wells
performed experiments on medium and high strength structural steels, during his tenure at the
British Welding Research Association and these steels were unable to be characterized by
LEFM. Therefore, another parameter was required for their characterization and this
parameter was related to the crack tip opening displacement and hence this parameter was
known as Crack Tip Opening Displacement (CTOD). In 1968, Rice [25] developed
another parameter for characterizing the nonlinear material behaviour near the tip of the crack
by assuming plastic deformation near the crack tip as nonlinear elastic and developed a line
integral to calculate this nonlinear energy release rate and this parameter was called as J
integral. In the same year, Hutchinson [26], Rice and Rosengren [27] developed the J
integral approach and applied it to the crack tip stress fields in nonlinear materials, known as
HRR singularity. This theory was applied to nuclear power plants in 1970s by two
researchers, Begley and lands. They applied the J integral approach to characterize the
fracture toughness of the steel used in nuclear boilers. No further major breakthrough was
observed in fracture mechanics till the computers came into existence, in 1980’s. With the
advancement of computer technology and finite element method (FEM) modelling software,
the researchers were able to accurately predict the propagation of cracks in different types of
materials. Nowadays, dedicated software such as NISA (Numerically integrated method for
system analysis), ABAQUS, Solidworks, Ansys, etc. are available for accurate prediction of

the stresses and displacements near the tip of the crack. Another common technique which is
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widely used now-a-days is photoelasticity, a branch physics in which due to the phenomena

of interference, displacement contours and stress contours are easily predicted.

2.2.2  Fracture Mechanics Approach to Design

Figure 3 compares the fracture mechanics approach with the traditional approach to structural
design and material selection. Most of the design approaches deal with the yield strength of a
material in which the applied stress is compared with the yield strength of the material. If the
applied stress is lower than the yield strength, the material is considered as safe for
engineering application, but the fracture approach has three parameters: 1. Applied stress 2.
Flaw/crack size 3. Fracture toughness.

Y

Applied Stress Yield Strength

A

(a)

Applied Stress

L

Flaw/Crack Size Fracture
Toughness

(®)

Figure 3 Comparison of the fracture mechanics approach to design with the traditional strength of materials approach: (a) the
strength of materials approach (b) the fracture mechanics approach.

There are two substitute approaches for the analysis of fracture: the energy approach and the

stress-intensity approach, discussed below.

2.2.2.1 Energy Approach

The energy approach was given by Griffith [28] and it states that a crack will grow in size
when the energy/stress applied is sufficient to overcome the resistance of a material. The
resistance offered by the material includes the surface energy, plastic work and other types of
energy dissipation associated with crack load. According to Griffith, the Energy Release rate
(ERR) ‘G’ which is defined as the rate of change in potential energy with the crack area for a
linear elastic material.

ERR = —Z—Z
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The ERR for an elliptical crack is given by:

2
o a

E

G:

Where ‘E’ is the Young’s Modulus, ‘c’ is the applied stress and ‘a’ is half the crack size as

shown in Figure 4. The energy approach states that the fracture will take place when G >G_,

which is the critical energy release rate and given by following equation.

2
o a,
G, =

E

Where o’ is the fracture stress, and ‘@, is the critical length of the crack.

Figure 4 Crack in an infinite plate subjected to a uniaxial tensile stress.

2.2.2.2 Stress Intensity Approach

The stress intensity approach is based on the stress intensity factor (K).

16



Crack )

X

Figure 5 Stresses nearby the tip of a crack in an elastic material [24].

Oy = K, Cos(gj 1—Sin(€j8in(%]
27r 2 2 2

Oy = K, Cos[gj{lJrSin(ngin(%ﬂ
2rr 2 2 2

Tyy = K Cos(ngin(ngin(%j
2rr 2 2 2

All the three stresses shown above, the stress value is varying with angle ‘0°, the ‘r’ value
(distance of the element from the tip of the crack) and the constant of proportionality K;. This
constant is known as a stress intensity factor, which relates the stresses at a particular point in
a material with the stresses at the tip of the crack. Similar to ‘G¢’, the stress intensity

approach states that the crack will propagate when K;=Kj., Where K. is the critical stress

intensity factor and it is the measure of material resistance.

K, = 0'\/5
K. =0; «/71'8.0

The relationship between K; and G can be written as:

_K
E

G

G and Ky will also hold the same relation. Thus, for linear elastic materials, the energy and

stress intensity approaches to fracture mechanics are essential.
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2.2.3 Crack Tip Plastic Zone

Irwin [29] and Dugdale [30] predicted the size of plastic zone at the tip of the crack. A stress
singularity exists in front of a physical crack, which means, stress is infinite at the tip of the
crack. However, in actual while conducting experiments, it has been found that stress never
reaches infinity due to plastic deformation at the crack tip. This means that there is always a
region around the crack tip where plastic deformation occurs and stress singularity

diminishes, this zone is known as the crack tip plastic zone.

2.2.3.1 Irwin Plastic Zone Correction
Assuming plane stress case, Figure 6 shows the magnitude of the stress ‘cy’, in the plane 6=0

until a distance r; > from the crack tip, the stress is higher than the yield stress ‘cys’.

K,
o-y - * o-ys
2rr
p
- ola
P 2
20'ys
oy 4
Oy !
]
|
1
|
|
|
]
ab 2l - r
a r,

Figure 6 Plastic zone at crack tip

Irwin showed that the actual plastic zone size must be larger than the first estimate of the r; .

The load shown by the shaded area must be carried forward so the material slightly beyond
the plastic zone will also be brought under a stress above the yield stress. Therefore, the crack

behaves as if it is slightly longer than the physical size of the crack. The effective crack size

18



is then equal to (a+§). The fig shows a physical crack of size ‘a’ replaced by a longer crack

of size (a+7).

Figure 7 Physical crack of size ‘a’ replaced by a longer crack of size ‘a+d’.

Figure 7 shows a physical crack of size ‘a’ replaced by a longer crack of size (a+&). The

stress at the tip of the effective crack is again limited to yield stress and the stress acting on
the part ‘4°, in front of the physical crack is equal to the yield stress. Therefore ‘6’ must be

large enough to carry the load, which is lost by cutting the area ‘A’.

Equating the shaded area A and B,

00, = [I: o, f%dr} — Aoy,
o, (5+4)= 2(0 /?J(\/F)j

o.(6+4)=0 2ar;
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Figure 8 Estimation of plastic zone size

The plastic zone correction if applied consistently, then a connection to the value of K is also
necessary. Therefore, the new stress intensity factor, including the Irwin plastic zone

K =Cou/7r(a+ r*)

correction becomes equal to:

2.2.3.2 Dugdale Approach
Dugdale considered a crack subjected to a remote tensile stress ‘a’ and developed a relation

for the size of the plastic zone by using the superposition principle as shown below:



Oy : Oy 4 ¢ Oys Oys
t N 1 14 h 114
S 5 ®T ha Tn - /PR

Figure 9 The Dugdale model, using superposition law

Dugdale considered an effective crack which is longer than the physical crack. The crack

edges ‘r,” in front of the physical crack carries the yield stress ‘o, . The size of ‘r,” is

chosen in such a way that the stress similarity disappears. This means that the stress intensity

due to remote stress ‘c’ must be compensated by the stress intensity due to the wedge forces.

\ 4

P

A
Y

2a

L

Figure 10 Crack-opening force applied at a distance x from the centre line

As per the relation for stress intensity due to a wedge force ‘P’ as given as:

K -_P [atX
A Jra Va—X
K P a—x

AT Jzra Va+Xx

If the wedge forces are distributed from point ‘s’ to the crack tip, the SIF can be written as
P raf [a+X a—-x
K,=—/—— /— - f— dx
A '\/ﬂ'a'L[ a—x a+x}
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kK=2p |21 4
(2
K= ZP\/Earccos(ij

T a

Applying the result of the Dugdale model, integral will be taken from a to a+r, therefore

substituting s=a, a=a+r, and p=o,

+1
K, =20, arccos
a+r,

.
P T

Making use of equation
K., :ou,ﬂ'(a+ rp)

Neglecting negative sign

a+r a
or(a+r,)=20, ( p)arccos
7 a+r,
2 4 6
X' X
Cosx=|1l-—+———.......
21 41 ¢!
a o7
arccos[ ]=—
a+r, ) 20,
a o7
[ J:Cos[—
a+r, 20,
{ a J_l (aznz
- 2
a+r, 8o
2
; 8oa a
P 852 — gl
Ow—O0T
_7rK2
P 2
8o
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2.2.4 J-Integral

J integral is used for the case where there is significant crack tip plasticity because in such
cases the value of ‘G’ is affected by crack tip plastic zone. Eshelby [31] defined number of
contour integrals on line integrals which are path independent, by virtue of theorem of energy

conservation. One such 2-D integral can be written as:

J =_[a)dy—T st
L OX

Where w is the strain energy per unit volume.
(X, Y) =IO o,de;
T is the traction force

T =0y

U is the displacement in x-direction and ds is the element of url (T').

J=0 along any any closed contour. This can be shown below:

Figure 11 A closed contour where J =0

Along AF & CD, T = 0 and displacement in ‘y’ direction, dy = 0. Therefore J = 0 for AF and
CD, contribution of ABC must be equal to the contribution of DEF, i.e., J., =J,. It proves

that J integral is path independent. J integral, is an energy related quantity because both @

and Taa—t): have the dimensions of strain energy. J integral is defined as the change in
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: . . . oV : .
potential energy for a virtual crack extension ‘da’, i.e., J =———, where V is the potential

oa
. . P s ov (V.
energy. For linear elastic material, ‘J” becomes equal to ‘G’ and also J = ™ = ™
a a
p
V= 1 PA
2
(G_Vj =1 (%j For linear elastic case
oa 2 \da),
{&)-(&)
oa ), oa ),

(%) L&)
T (aaj I(Z:) @

Above equations can be shown diagrammatically as below,

For nonlinear elastic case

%

A

Figure 12 Nonlinear energy release rate (ERR)

Elastic plastic materials can be treated as non-linear elastic if the material unloads along the
same path as it was loaded. This is the basic assumption for calculating the J integral. This
theory is known as the deformation theory of plasticity. The area under the curve gives the

ERR. The material unloads the same curve as along which it was loaded.
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Non-linear elastic

Unloading

Elastic plastic

>

A

Figure 13 Schematic comparison of the stress-strain behaviour of elastic-plastic and nonlinear elastic materials

The elastic plastic material unloads along a different path, whereas a non-linear elastic
material unloads along the same path along which it was loaded. Therefore, if no unloading is
allowed we can assume elastic plastic case to be equivalent to the non-linear elastic case. This
is known as the deformation theory of plasticity. If exact results are to be obtained, then the
incremental theory of plasticity should be used. J integral is the more universal criteria than
ERR because it is applicable to the cases where significant plastic deformation is associated

with crack growth and fracture. J for linear elastic case becomes equal to:

2
j=6=X
E

2.2.5 Crack Tip Opening Displacement

A

< Da+2rs >
Figure 14 Estimation of COD in terms of CTOD
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The effective solution for crack displacement COD is given by:

4o
COD=2v=—+a*-x’
E
Using Irwin’s plastic zone correction r; ,

COD:% (a+r;)2—x2

Here (a+ r; ) is the effective crack size and the origin at the centre of the crack. The CTOD

is found by substituting x =a

As r.? is very small, therefore

cToD = 2% far
E p

The general expression for COD can be written as:

COD = il 28,1
E

CTOD can be obtained from the above equation by putting r:r; and a, =a, where
2a,; =2a+2r;.

Substituting the value of r;, that is

« 4K?
* 7Eo,
Therefore,
2 _2
cTop=22 |20
E\ 20y
2
CTOD = 2K
7 Eoy

This equation is valid in the area of linear elastic fracture mechanics (LEFM). Substituting

the expression for CTOD in COD equation.
1602

E2

CTOD? =

2arp
Therefore,
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2
COD=4EG a?—x*+ E

= (cTop?)

The above equation is used for finding the CTOD by measuring a COD value through a clip

gauge. Alternatively, we can use the Dugdale approach to find CTOD. CTOD given by
Dugdale is as shown below:

7E 20

ys

8o..a
CTOD = —2=%og (Sec ”—aJ

Expanding log [Sec ”—aj , We get
20

ys

2 4
8o .a
CTOD = -2 1 =a +l a
7E | 2| 20, 12\ 20,

Neglecting higher order terms, we get

2
o a

CTOD = = &
Oy

Eo

Comparing with the previous equation to CTOD, the difference is a factor of

2
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CHAPTER

3 REVIEW OF LITERATURE

Li et al., [32] presented the concept of extended cohesive damage model (ECDM) in order to
simulate multicrack propagation in fibre composites. A cohesive damage model using
Extended Finite Element Method (XFEM) was introduced for developing ECDM. It was
reported that by excluding the enriched degree of freedoms (DoFs), multicrack propagation in
fibre composites can effectively be predicted without knowing the crack paths in advance. It
was proposed that ECDM works well for muticrack failure in fibre composites.

N. R. lyer et al., [33] in their work introduced innovative methods for analysing the fracture
and damage tolerant estimation of metallic structural components for the effective and safe
design of structures. XFEM and Numerically Integrated Modified Virtual Crack Closure
Integral (NI-MVCCI) method is used for investigating the cracked stiffened panels when
fractured. Strain energy release rate, stress intensity factor, residual stress and remaining life

assessment under various loading conditions were evaluated.

S. C. Wu et al., [34] used Extended Finite Element Technique and Virtual Node Polygonal
Method (VPM) for determining the properties such as thermophysical, fracture and
mechanical considerations for discs of the brake, made of forged alloy steel. Computational
outcomes were engaged to estimate the fatigue lifespan and safety territory of in-service and
due to emergency breaking mode and crack propagation due to thermal fatigue was attained

for estimating the safety degree of the brake disc.

H. Zhang et al., [35] investigated the effect of tangential force on fretting fatigue of Al 2024-
T351 alloy specimens using XFEM in combination with the Cyclic Cohesive Zone Model.
They concluded that as the tangential force increases, the depth of the knee point increases.
Moreover, crack growth life, crack initiation life and total fatigue life decrease.

G. Liu et al., [36] analysed the fatigue behaviour of arbitrary crack growth in ductile
materials, using corrected Extended Finite Element Method (XFEM). Von Mises vyield
criterion along with isotropic hardening and Newton—Raphson iterative method was used to
model finite strain plasticity and solve nonlinear problem respectively. Mixed-mode stress
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intensity factors were determined by the Interaction integral method and crack growth angle

and rate by the modified Paris law and the maximum principal stress criterion, respectively.

K. P. Marimuthu et al., [37] investigated Characterization on the development of cone-cracks
in brittle materials upon spherical indentation by using Extended Finite Element Method
(XFEM). When an indenter touched the surface part outside the ring crack, a kinked-cone-
crack was observed. The effects of friction, Poisson's ratio on cone-crack evolution were
analysed and then an Extended Finite Element (XFE) analyses were performed in order to

determine the database for Roesler’s constant.

T. Huang and Y. X. Zhang [38] developed an Extended Finite Element model using
ABAQUS via the user element subroutine (UEL) in order to determine the multiple crack
behaviour and tensile strain hardening of engineered cementitious composites (ECC) under
uniaxial loading. It was observed that the random fibre distribution and random matrix flaws
affected the tensile behaviour of ECC.

Y. Liu et al.,, [39] used an Extended Finite Element Method (XFEM) for analysing the
influence on the crack growth characteristic of unbonded areas geometric parameters. An
experiment was performed to find the effect of crack growth due to the unbonded areas sizes
and locations along the thickness. It was observed that the unbonded areas effectively

increased the fatigue life and blocked the crack growth.

N. Rodriguez-Florez et al., [40] analysed the behaviour of crack growth through bone’s intra-
cortical pores, using Extended Finite Element Method (XFEM) in ABAQUS. Multiple
enriched regions with independent crack-growth possibilities and void material properties
that were assigned to the pores were compared and found that multiple cracks will initiate
progressively by assigning multiple enrichment regions, which will not be seen when the
voids are filled. It was concluded that realistic fracture patterns will not be created if the

pores are filled with one enrichment region in the model.

H. Jia and Y. Nie [41] analysed the interaction between a single or multiple macroscopic
inclusion and macroscopic crack defects under thermo-mechanical load by implementing the
Extended Finite Element approach. The thermo-mechanical response of the material under
the effects of different shapes of multiple inclusions was investigated. By using an

interaction integral method or the M-integral method, stress intensity factors of cracks were
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obtained and in the case of multiple cracks or multiple inclusions, the stress, strain and

stiffness fields were simulated.

X. Xu et al., [42] based on the high-speed photography, experimentally investigated the crack
problem in terms of crack propagation speed and morphology. With the purpose of studying
the effects of multiple cracks, a 3D model using Extended Finite Element Method (XFEM)
was created. Based on K criterion of a brittle solid and displacement field of the crack tip,

brittle dynamic stress intensity factors (DSIFs) of several failure modes were investigated.

R. Dimitri et al., [43] predicted the fracture direction of propagation inside a specimen and
computed the stress intensity factor for cracked plates under different loading conditions by
combining the numerical Extended Finite Element Method (XFEM) with the level set
method. The results obtained from the XFEM are compared with the theoretical data given in

the handbooks and found to be significant.

Z.\Wang et al., [44] analysed the fracture behaviour of three-dimensional linear elastic solids
by considering 3D straight and curved planar cracks, using novel local mesh refinement
approach. A structural coupling system using variable-node transition hexahedron elements
based on the generic point interpolation with a random number of nodes on each of their
faces was presented in order to treat the mismatching problem induced by different scale-
meshes in the domain. The three-dimensional finite element approximations of field variables
were enhanced by enrichments with a purpose that the mesh turns out to be fully independent
of the crack geometry. Linear elastic fracture parameters such as stress intensity factors were
evaluated using displacement extrapolation method and were validated by the XFEM results

and found to be significant.

A. Nasirmanesh and S.Mohammadi [45] analysed cracked functionally graded cylindrical
shells by performing Eigen value buckling analysis with eight nodded degenerated shell
elements using Extended Finite Element Method (XFEM). Functionally graded materials
(FGM) cylindrical shells which were subjected to different loading conditions such as axial
compression, axial tension and combined axial compression and internal pressure were
examined and the effects of various parameters such as aspect ratio of the cylinder and
internal pressure, crack length and angle and gradient index of the material on the buckling

behaviour were also investigated.
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K. Huang et al., [46] proposed a new domain-independent interaction integral (DIl-integral)
that can be used to estimate the dynamic stress intensity factors (DSIFs) of an interface crack
in nonhomogeneous materials under dynamic loading conditions. Therefore an extended
finite element method (X-FEM) in combination with the DII-integral was used to inspect the
effectiveness of DIl-integral and the significance of material non-homogeneity on the DSIFs
and found that the results were in good agreement for an interface crack in nonhomogeneous

materials.

Z. Wang et al., [47] described a numerical framework for modelling approximate holes and
inclusions in three-dimensional solids depending on an exact combination of the locally
enriched partition of unity method, the variable-node hexahedron elements and a posterior
error estimation scheme. Accuracy, effectiveness and performance of the approach was
demonstrated by a series of numerical illustrations that involved single and multiple

inclusions or holes in three dimensions with different arrangements.

L. Wu et al., [48] applied an edge-based smoothed extended finite element method (ES-
XFEM) for analysing the dynamic fracture of 2D elastic solids under impact loading. The
dynamic stress intensity factor (DSIF) was deduced from the J-integral approach with the
support of the strain smoothing method. The analysis showed that ES-XFEM is an efficient
numerical approach for simulating the dynamic fracture problems.

X. F. Hu et al., [49] performed an experiment on a double cantilever beam for three-
dimensional delamination migrations in multidirectional composite laminates and validated
the results using integrated extended finite element method along with the cohesive element
method. The numerical results clarified that due to the interaction between delamination and

matrix crack, the tested specimens failed.

L.Marsavina et al., [50], with three different densities 100, 145 and 300 kg/m3 under mixed
mode loading examined the behaviour of PUR foams. Asymmetric semi-circular bend and
asymmetric Four-Point Bend specimens were used to perform the experiments. Four fracture
criteria such as maximum energy release rate, equivalent stress intensity factor, maximum
circumferential tensile stress and strain energy density were used to compare the crack

initiation angles recognised for the asymmetric semi-circular bend.
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C. Zhang et al., [51] determined the numerical solutions for identifying the crack problems in
elastodynamics, using the Nelder—Mead and Quasi-Newton optimization techniques. XFEM
together with Newmark-f3 method by means of Rayleigh damping was respectively used to
model the fracture and employ the time integration. Various tests were conducted for
dynamic loads and found that the Nelder-Mead method worked more effective under the
harmonic load than the pounding load whereas the Quasi-Newton method attains nearly the

identical results.

T. J. Singh et al., [1] reviewed the mechanical and thermal characteristics of Kevlar fibre and
its composites. Kevlar 49 fabrics, when investigated for different ranges of strain rates, the
dynamic properties such as young’s modulus, tensile strength, maximum strain and
toughness, are dependent on strain rate. The compressive strength of Kevlar composite was
found to be less and tensile to compressive strength ratio, high when compared with glass and
carbon fibre. Kevlar fibre reinforced Hybrid composites when hybridised with other fibres

such as glass, carbon, etc. improves the thermal as well as mechanical properties.

S. N. Raja et al., [52] conducted a quasi-static tensile test by using a novel continuous
dynamic analysis (CDA) for monitoring the development in loss factor and storage modulus
of Kevlar 49 fibres as a function of strain. Rate dependent stress and strain results obtained
for Kevlar were compared to Nomex, polyester, rubber and spider silk. They also found that
the storage modulus of Kevlar came to be equal to Young’s modulus and the measured
quantifiable relations between storage modulus and strain provided perceptions in the change

of the mechanical properties of aramid for specific applications.

R. Tian and L.Wen., [53] presented an improved extended finite element method (iXFEM) to
overcome the difficulties such as ill-conditioning and mass lumping corresponding to extra
degree of freedoms from three aspects: 1) eliminating the linear dependence and the ill-
conditioning problems of the standard and the corrected XFEMs; 2) to eliminate extra degree
of freedoms in crack tip enrichment to simplify optimal mass lumping in dynamic analyses;
3) to be interpolating at enriched nodes to permit direct essential/contact boundary
behaviours. The iXFEM is numerically examined and compared with the standard XFEM and
the corrected XFEM and established that iXFEM in terms of accuracy, convergence, and

conditioning/stability gives excellent performance.
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S. H. Ardakani et al., [54] used an extended finite element approach for analysing the fracture
of shape memory alloys for super elastic and shape memory effects. First of all, the stationary
crack mode was investigated and then the effects of loading rate on the behaviour of
materials in the crack tip were examined. In the existence of an initial crack, analysis for the
propagation of crack was performed by implementing a weighted averaging criterion, where
the direction of the propagation of crack was determined by weighted averaging of effective

stresses at all the integration points around the crack tip.

G. Wang et al., [55] employed an XFEM approach for analysing the electric field of
insulating plate subjected to crack. Classic finite element method and extended finite element
method were compared by performing two numerical tests and found that for electric field
analysis of discontinuous and singular solutions, XFEM has some advantages over the classic
finite element method. XFEM was practiced to analyse the electric field at the crack tip of an
insulating plate subjected to an edge crack, which revealed that the relative error between
CFEM and XFEM came out to be small when the mesh size of XFEM around the crack tip
was larger than that of CFEM.

F. Cura et al., [56] investigated the relationship between rim and web thickness in thin-
rimmed gears, alluding to bending failures on the path where the crack was propagated.
Using linear elastic fracture mechanics approach, a three-dimensional, extended finite
element model was generated from numerical simulations. Three-dimensional XFEM
techniques predicted the crack propagation paths subjected to bending for various geometries
of gear, related to the preliminary crack position along the width of the face. ISO blank factor
CR was introduced for predicting the results due to the interaction between rim and web

geometries.

J. J. Liu et al., [57] calculated the distribution of crack tip stress for different crack lengths
and stress intensity factors and rate of fatigue crack propagation on 5E62 aluminium alloy.
The values of crack tip stress and stress intensity factor increased as the crack length

increased in the Paris region, resulted in the increment of fatigue crack growth rate.

M. Yu et al., [58] introduced XFEM for studying the behaviour of propagation of crack on
the different load ratio under shear and tension. It was observed that the path through which

the crack propagates does not depend upon meshing and the crack expands through the mesh.
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It was concluded that the angle with which the crack propagates became smaller as the ratio

of tension to shear displacement increased.

Y. L. Pang and D. M. Dai [59] introduced the basic theory of the XFEM and conducted the
simulation of the behaviour of crack propagation for fibre reinforced materials. Analysed the
edge crack and central crack behaviour and found that for edge cracks, the overall stiffness of
the specimen reduced with the expansion of crack as the cross-sectional area of the fibre
decreased and found that for central crack, the propagation of crack does not affect the

overall stiffness of the specimen.

S. Natarajan et al., [60] used XFEM, one of the partition unity methods in order to study the
interaction between a crack and an inclusion. Crack tip stress field distribution was studied
numerically under the influence of few parameters such as crack length, the geometry of the
inclusions and the number of inclusions. Numerical examples such as inclusion-crack

interaction and crack tip shielding have been studied to check the accuracy of the work.

L. P. Qiu et al., [61] investigated the behaviour of propagation of a crack in wood by
developing the XFEM based models in ABAQUS. Experimental work was performed on
curved Glulam beams under bending loads subjected to four point bending for determining

elastic properties of Northeast China larch and Mode | and Mode |1 fracture toughness.

X. D. Zhang et al., [62] invested and provided a new idea for the detection of cracks in beam-
like structures. An extended finite element analysis was performed to identify the effect of
free vibrations on the beam-like structures subjected to a crack. The XFEM along with the
genetic algorithms was effectively used to detect a crack in a cantilever beam.

A. Bersani et al., [4] conducted an experiment for measuring the rate of elongation of Kevlar-
49 fibre at low temperatures and examined the long-term performances of the Kevlar-49 fibre
at low temperatures, the fibre was kept under a constant tension of 2.7 kg at 4.2K for a period
of 8 months and concluded that the Kevlar-49 fibre can safely be used in cryogenic

applications where a high mechanical stability under stress is needed.

D. Zhu et al., [63] investigated the stress—strain response in warp and fill directions, the effect
of poisson’s ratio, and the response of in-plane shear for Kevlar 49 fabric. The stress-strain
responses of Kevlar 49 in both warp and fill directions, exhibits nonlinear and orthogonal
behaviour. The young’s modulus appears to be same for both warp and fill directions. The

34



crimp strain, the tensile strength, and the ultimate strain differ between both the directions.
The poisson’s ratio of the fabric is a function of strain, in the beginning, it increases as the
strain increases and then decreases gradually until the specimen fails at a strain of 2.5%.
Depending on the level of pre-load, the maximum value of the poisson’s ratio varies in the
range 0.35 to 0.75. The shear response being nonlinear consists of four distinct regions that
are: linear elastic rotation region, dissipative rotation region, yarn compression region and

shear locking region.

M. Cheng et al., [64] performed an experiment to obtain the mechanical properties of single
Kevlar KM2 fibre subjected to various loading conditions such as longitudinal, transverse,
etc. Kevlar KM2 fibres show linear and elastic behaviour when loaded in the longitudinal
direction. When loaded transversely, Kevlar KM2 fibres show large deformation. A large
residual strain is determined in the transverse direction of the Kevlar KM2 fibre, however, it
does not significantly affect the mechanical properties in the longitudinal direction.

X. Q. Li et al., [65] investigated a three-point bending numerical simulation of CFRP
reinforced concrete beam with initial crack based on XFEM using ABAQUS software. The
numerical study for non-CFRP and CFRP plies presented the path where the propagation of

crack takes place, under crack damage modes and ultimate loading condition.

B. L. James et al., [3] investigated mechanical properties of Titanium 15-3-3-3 and Kevlar 49
subjected to tensile loads at room temperatures as well as at cryogenic temperatures. It was
reported that Kevlar 49 have a higher break strength, tensile modulus, ultimate tensile
strength and yield strength at 77 K than at room temperature. However, the elongation does
not change much with low temperatures. At 5K, Titanium 15-3-3-3 becomes very brittle, the

break strength, ultimate tensile strength and yield strength increased significantly

A. R. M. Kasavajhala and L. Gu [21] examined the behaviour of single edge v-notched crack
in the aluminium plate by developing 3-D finite element models using ABAQUS software
and further analysed the behaviour of crack when repaired with e-glass/epoxy and Kevlar-
49/epoxy prepreg patches on both sides. The effect of patch repair, crack length and adhesive
thickness was discussed and found that for all cases, the results proved to be better for the
case of e-glass/epoxy and Kevlar-49/epoxy than the bare plate and the service life of

composite-repaired structures improved.
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R. P. Reed and M. Golda [66] reviewed the tensile, compressive, fatigue, thermal expansion,
thermal conductivity and specific heat of unidirectional laminates reinforced with boron,
alumina, aramid, S-glass, E-glass, and high strength, high modulus and medium modulus
carbon fibres at various temperature ranges from 4 K to 295K. Composite tensile strengths
and moduli depend primarily on the fibre strength and moduli, but compressive and fatigue
properties also depend on the matrix resin. The fibres have a wide range of thermal properties
at low temperatures. Two fibres, aramid and carbon (graphite), expanded axially on cooling
to low temperatures. The thermal conductivities of glass and alumina were found to be
relatively low at ambient temperatures. However, at very low temperatures (<30 K), the
thermal conductivities of carbon fibres were concluded to be the lowest. The specific heats of
fibre- reinforced composites were comparable to, or higher than, those of metals and alloys

used in cryogenic structures.

G. Hartwig and S. Knaak [67] discussed the thermo-mechanical properties of carbon, glass
and Kevlar fibre reinforced epoxy composites at cryogenic temperatures and purposed future

developments of thermoplastics that would enhance the properties of fibre composites.

S. Yang et al., [68] experimentally investigated the fracture and impact properties by taking
the composite laminates of novel Auxetic Kevlar. Further, the treatment of polyurethane was
done on Kevlar and were compared with the Kevlar that was not treated. The fabrication of
the composite was done with the vacuum infusion process by considering short nylon fibres
having different lengths and densities. In order to determine the fracture properties, double
cantilever beam configuration was considered. It was concluded that both the fracture
toughness and the initiation toughness was increased by 225% and 557%, respectively, when
the Auxetic Kevlar was flocked. Moreover, when compared to woven counterpart, a

reduction in the damaged area was observed in the Auxetic Kevlar during Impact Testing.

R. Kapoor et al., [69] investigated the high strain rate compression response of Kevlare fibre
reinforced polypropylene (PP) composites, experimentally. The fabrication of laminates (8
and 24 layers) for Kevlar/PP composite was done by vacuum assisted compression molding
technique. Further, the interfacial property between Kevlar fiber and PP resin was improved
by adding Maleic anhydride grafted-PP to PP. Split Hopkinson pressure bar was used to
determine the properties at high strain rates ranging from 1370 to 6066 s-1. The comparison

of the behaviour of PP resin with epoxy was done and found to be different. Further, in order
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to obtain the mechanical properties, stress-strain relations at high strain rates were obtained.
Moreover, the failure mechanisms such as, shear fracture, fiber failure and delamination were

analysed by scanning electron microscopy (SEM).

A. K. Bandaru et al., [70] performed a ballistic test of composite armors which are
thermoplastic based and made up of Kevlar/ Propylene (PP). The standard for the blastic test
used was NIJ-STD 0106.01 Type IlIA. Different 2D and 3D shapes of Kevlar fabrics were
produced and a compression molding technique was to form composite armor panels. It was
analysed that when maleic anhydride grafted PP, a coupling agent was added, there was an
improvement in the interfacial property between Kevlar and PP. It was observed that in
comparison to thermoset based laminates, there is a reduction in density for thermoplastic
based composites. Different armor panels were consider in order to impart the ballistic impact
tests with a full metal jacket of 9mm. It was concluded that there was an increment in the
damage for 2D armor when compared to 3D armor by 2.4-7%. The failure modes were
simulated by using ANSYS AUTODYN v. 14.0.

G. Cai et al., [71] developed a bending fatigue test apparatus for fiber materials, in order to
perform bending fatigue tests. A Xenon lamp irradiation system and a temperature control
system were installed in the test apparatus. Kevlar 49 and PBO fibres were considered for the
performance of bending fatigue tests. It was observed that the tests for the fibres were
strongly dependent on temperature and light irradiation. It was concluded that when the
temperature increased, the fatigue life decreases. Further, on comparison, it was observed that
the fatigue strength of fibres without light irradiation was higher that that of with light

irradiation.

A. Russelle and N. Naganambi, [72] conducted an finite element analysis of the tail drive
shaft. Three cases, a damaged, undamaged and patched models were considered for the
analysis of the deformation, stress and strain. It was observed that for the patch model, the
deformation, stress and strain were reduced. It was concluded that the patch can be one of the

solution for the repair of the damaged part at the critical time.

S. C. Woo and T. W. Kim, [73] used an acoustic emission (AE) and a split-Hopkinson

pressure bar (SHPB) and considered a carbon/Kevlar hybrid composite in order to study the

failure characteristics, when the composite is subjected to high strain-rate compressive

loading. A compressive test, considering high strain rates (1002-1941 s-1) was performed and
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the specimens that were taken were of cylindrical shape and were further located between the
transmitted and incident bars. In order to monitor the duration of the test, the specimen was
connected to the AE signals. Further, the scanning electron microscopy and the optical

microscopy were used to observe the failure mechanism.

B.S. Yilbas and S.S. Akhtar, [74] used a finite element code in order to predict the thermal
stress field, when the Kevlar laminates are cut with a laser. A thermocouple data is used to
validate the temperature predictions. The scanning electron and optical microscopes are
incorporated and the examination of the cutting section was done, in order to analyse the
morphological changes. Due to the formation of thermal compression, the values of von
Mises stress are observed to be higher at the midthickness and at the cutting edges of the

Kevlar laminate.

U. K. Fatema and Y. Gotoh, [75] used an iodine aided palladium free catalyzation process in
order to do electroless nickel plating on Kevlar fiber. In order to impart iodide component
into the near fiber surface, the treatment of iodine—potassium iodide aqueous solution was
done on Kevlar. The silver nitrate aqueous solution was treated with doped iodine in order to
obtain the silver iodide particles and further these particles were reduced to silver metal
particles. Further, a nickel layer, in order to resist the alkaline corrosion tests, tape peel-off
and sonication was deposited on the fibre surface. It was observed that there was an
increment in electrical conductivity, ferromagnetic properties and tensile strength of the
plated fibres.

A. Srivastava et al., [76] used silica particle based shear thickening fluid (STF) on Kevlar
woven fabrics, in order to improve the Impact energy absorption capacity. A study of impact
energy absorption, yarn pull out force and STF add-on% is done by considering the influence
of silica concentration and padding pressure. It was observed that the impact energy

absorption increases and the STF add-on% reduces with the increment of padding pressure.

D. Micheli et al., [77] developed a material which is able to shield from electromagnetic

interferences and simultaneously able to absorb mechanical shocks. The electromagnetic

shielding effectiveness characterization was carried out in the range of 0.8 to 8 GHz and

metallic bullets were fired (400 m/s and 1000 m/s) in order to determine the energy absorbing

capability. Tiles made of hybrid multi-scale material (Carbon with Kevlar fibre plies with a

polymeric matrix reinforced by carbon nanotubes) approximately of 3.5 mm thickness are
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taken for the test. It was concluded that high energy impacts were absorbed by a light tile

made up of composite material with local delamination of the layered structure.

M. Su et al., [78] studied the macro-properties of Kevlar fiber/bismaleimide composites and
the Kevlar fibers on the interfacial adhesion are considered for analysing the effect of
oxygen-plasma treatment. It was observed that by changing the morphology and chemistry of
the surfaces of the fibers, the interfacial adhesion was significantly affected from oxygen-
plasma treatment, which leads to the improvement of the dielectric properties of composites,
water resistance and interlaminar shear strength. The optimum condition, 70W for 5 min, was

observed by authors for treating Kevlar fiber.

S. L. Valenga et al., [79] used a hand lay-up process in order to manufacture the composite
plates made up from Kevlar/glass hybrid fabric and Kevlar fiber plain fabric with epoxy
matrix (DGEBA). Bending, Impact and tensile tests were performed in order to obtain the
mechanical properties of composites. To observe matrix and reinforcement fractures,
scanning electron microscopy was used. The results for the Bending, Impact and tensile
strengths came to be better for Kevlar/glass hybrid fabric.

R. B. Nath et al., [80] used a Kevlar 49 fibre with epoxy matrix in order to do the Elasto-
plastic finite element analysis, when subjected to the tensile loading. An experiment is
performed by using laser Raman spectroscopy and the results are further compared with the
finite element results. Furthermore, the analysation of residual stresses which are present due
to the curing is done. Moreover, a co-relation is obtained using experimental data.

I.F. Brown and C.J. Burgoyne, [81] examined the friction and wear behaviour at low sliding
velocities under large contact pressures for Kevlar 49 sliding against aluminium. Further, the
results obtained from the experiment are validated with the results from the literature. capstan
discs of radii 10-80 mm is used and yarns of 1000 filaments are wound around the disc in
order to perform medium scale tests. For a given severity regime, the number of cycles to
failure are used to calculate the wear rate. Five orders of magnitude of load 6-40000 N were
used in order to determine that the wear rate is found to be directly proportional to the applied
load. Further, they obtained that the Archard wear equation can be used to express the Kevlar

49-on-aluminium abrasion.
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M. Akay, [82] studied the influence of moisture and Moisture absorption behaviour of
Kevlar-49/epoxy-resin laminates on the thermal and mechanical properties. Oven-curing and
autoclaving were used to prepare the laminates. Higher values of moisture diffusivity and a
greater amount of moisture absorption is observed due to the higher percentage of voids in
the oven-cured laminates. Deterioration in mechanical properties and depression in the glass-

transition temperature were caused due to Moisture absorption.

A. M. Hindeleh and Sh. M. Abdo, [83] used X-ray diffraction techniques for studying the
effect of annealing on the microparacrystallite (mPC) and crystallinity size of Kevlar 49
fibres in the range 20-500°C. Until 350°C, the crystallinity remained constant, it reached its
maximum value at 400°C and again it decreased at 500°C. Whereas, until 250°C the size of
mPC remained constant and further at 400°C it reached its maximum value and then they

decreased.

A. Mittelman and I. Roman, [84] investigated the failure modes, tensile strength and
mechanical behaviour in Kevlar/epoxy (volume fraction range 0.26-0.73) composites
(unidirectional) under the unidirectional load parallel load. The results calculated from the
Rule of Mixture were obtained to be different than that of the measured tensile strength. The
catastrophic final failure coinciding with Failure of Kevlar fibres occurred at extremely short

loading intervals.

P.N.B. Reis et al., [85] predicted the best impact performance for the amount of nanoclays to
be used. 1.5%, 3% and 6% of epoxy system in weight was considered in order to disperse
Nanoclays Cloisite 30B. Silane treatment appropriate to the epoxy resin was done earlier to
nanoclays, in order to obtain the better dispersion and an interface adhesion matrix/clay. The
best performance in terms of penetration threshold and elastic recuperation was obtained with
the laminates manufactured with filling of 6 wt.% of nanoclays in epoxy resin. The

displacement at peak load showed the opposite tendency.

A. Bendada et al., [86] applied infrared vision on two impacted panels made of aramid—
phenolic composite subjected to different spectral bands. Two methods: (1) near and short-
wave infrared transmittography and reflectography, and (2) mid-wave active infrared
thermography were respectively used. In order to highlight the damages due to the impacts on
the samples, optical methods, namely holographic interferometry and digital speckle
photography are used.
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J. S. Lin, [87] modified the surface of Kevlar fibre by using bromination, grafting and
metalation. The fibre characterisation was done with scanning electron microscopy (SEM),
intrinsic  viscosity, infrared spectroscopy and tensile measurement. From the SEM
micrographs, it was analysed that the untreated fibre has the smoother surface when
compared to that with the surface morphology of the bromine etched Kevlar fibre. Further,
with the increase of the treating time of bromine, there is a decrement in the tensile strength
of the Kevlar fibre. Furthermore, it was concluded that there was an increment of 12% in the
interlaminar shear strength of the bromoacetic acid-grafted Kevlar specimen and 8% for the

epichlorohydrin-grafted Kevlar specimen.
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CHAPTER

4 SCOPE OF THE STUDY

Kevlar finds its applications in most of the advanced systems, including manufacturing of
wings of jet planes. Further, due to identified compatibility of Kevlar at cryogenic
temperatures, it is also used as insulating material in the construction of superconducting
devices such as high temperature superconducting motors. In addition torque tube which is
used to connect between driver and to driven end in cryogenically cooled motors.
Furthermore, the very low thermal coefficient of expansion of Kevlar makes it suitable for
high as well as low temperature simultaneously. This indicates the endurance limits of Kevlar
due to fatigue loading (Thermal) are large. Hence studies on the effect of mechanical as well
as thermal loading on the Kevlar would benefit the development of measuring and utility
devices both at room and cryogenic temperatures. Further, power to weight ratio can be
enhanced significantly with the use of Kevlar where power consumption is off-grid.
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CHAPTER

5 OBJECTIVES OF THE STUDY

In the present work, the thermo-mechanical properties of Kevlar composites at room
temperature and at cryogenic temperature are investigated. Further, the failure of Kevlar due
to the propagation of cracks at room temperature and at cryogenic temperatures is predicted
using Extended Finite Element Method (XFEM). The main objective of this research is to
know about the behaviour of Kevlar fibre at room and cryogenic temperatures. This work
may help the researchers to analysis the amount of stress a Kevlar fibre can sustain. This
work may also help the researchers to know about the materilas that must be use for self
healing purposes. Kevlar may also be made self healed by adding some material in the form
of liquid or semi liquid. Hence, in the current research work following prospects are

considered and evaluated:

1. Estimated the amount of stress a Kevlar specimen can withstand at room as well at
cryogenic temperatures.

2. Estimated the amount of elongation a Kevlar specimen can bear at room as well at
cryogenic temperatures. This elongation is estimated in the form of maximum inplane
principal strain.

3. Estimated the amount of energy a Kevlar specimen can store while loading. This
energy is known as the strain energy.

4. Estimated the strain energy density (strain energy per unit volume).

5. Estimated the stress concentration zones at the crack tip under various loading

conditions.
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CHAPTER

6 RESEARCH METHODOLOGY

Two-dimensional 50X30mm extended finite element (XFE) meshed models of Kevlar-
49/Epoxy specimen with an edge crack, as shown in Figure 16 are used for analysing the
crack behaviour in a commercial code ABAQUS. A 4-node quadrilateral mesh with mesh
size of 2mm is considered for obtaining the results. A 5mm crack is initially created and
further the boundary conditions (fixed at one end) and uniaxial tensile loads of 100 MPa to
1000 MPa (other end) are applied as shown in Figure 15. Considering Kevlar-49/Epoxy to be
isotropic, Young’s Modulus (E) Kevlar specimen at room temperature (298 K) and cryogenic
temperature (76 K) is 80 GPa and 99.4 GPa respectively [21], [66].

Crack Propagation

i

Tensile Load Tensile Load

(b) (c)

1] {re ey
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Kevlar Kevlar Kevlar
Specimen > Specimen \ Specimen

V2722222222222 7777777777
Fixed End Fixed End Fixed End

Figure 15 Schematic model of the Kevlar specimen (a) crack towards the loading end; (b) crack at the mid position; (c)

crack towards the fixed end.
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Crack propagation

Figure 16 Computational model of the Kevlar specimen (a) crack towards the loading end; (b) crack at the mid position; (c)
crack towards the fixed end.

6.1 2D Crack Modeling in Abaqus/CAE 6.13

6.1.1 Part Modeling
1. From the module section, select Part. Click Create Part, Enter name as Specimen 1, select

Modeling space as 2D planar, Type as Deformable and Base Feature as Shell and enter

Approximate Size as 200. Click Continue.
2. Use arectangle tool to draw a rectangle (50 x 30) mm. Click Done.
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Figure 17 Finite element model of Kevlar specimen.

6.1.2 Assign Material Properties

1. Select Property from the module section. Enter name as Kevlar with epoxy resin. Click on
Mechanical, then Elasticity and then Elastic.
Enter Young’s modulus as 99.4 GPa and Poisson’s ratio as 0.34. Click on Mechanical,
then Damage for Traction Separation laws and then Maxps Damage. Enter a value 1.15
GPa. Select the Suboptions menu, click on Damage Evolution. Enter Displacement at
Failure as 0.5. Click Ok.

2. Click on Create Section. Name as xyz. Accept the default settings by clicking Continue.
Select Kevlar with epoxy resin as material and click Ok.

3. Click on Assign Section. Select the specimen. Click Done. Accept the default settings and
click Ok.
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Figure 18 Finite element model of Kevlar specimen after assigning the section.

4. Select Assembly from the module section, then click Create Instance. Select the default
settings and click Ok.

5. Select step from the module section, then click create step. Select default settings and
click Ok.

6.1.3 Applying Loads and Boundary Conditions:

1. Click Create Load. Enter name as ‘TopPressure’, Select Category as Mechanical,
select Types for Selected Step as Pressure. Click Continue. Select the top edge of the
specimen. Click Done. Enter -5000 as Magnitude and Click Ok.

2. Click Create Boundary Condition. Enter name as Fixed, select Step as Initial, select
Category as Mechanical, and Types for Selected Step as Displacement/Rotation and
click Continue. Click on the bottom edge of the specimen and click ‘Done’. Set U1,
U2 and UR3 to zero and click Ok.

3. Repeat step 4 for the top, right and left edges of the specimen, but U2 should not be set to
zero. Only U1 and UR3 must be set to zero.
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Figure 19 Application of load and boundary conditions on Kevlar specimen.

4. Expand Field Output Requests; double click on F-Output-1. Expand Strains and click on
the box next to total strain components. Similarly expand the Failure/Fracture options and
click on the box next to PHILSM, Level set value phi and click Ok. This will allow you to

view the level set function defining the crack.

6.1.4 Meshing
1. Select Mesh from the module section. Select object as part, click Assign Mesh Controls.

Select element shape as Quad, Techniques as Free and Algorithm as Medial axis. Click
Ok.

2. Click Seed Part. Enter Approximate global size as 2 and click ok
3. Click Mesh Part and click yes.
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Figure 20 Meshed Finite element model of Kevlar specimen.

6.1.5 Creating the crack
1. Select Part from module section. Click Create Part. Enter name as Crack, select modeling

space as 2D Planar, Type as Deformable, and Base Feature as wire and approximate size
as 200. Click Continue.
2. Draw a line of approximately of 5mm. Click Done.
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Figure 21 Determination of a crack in the form of wire.

3. Select Assembly from module section, and then click on Create Instance. Select Parts as
Crack and accept the default settings by clicking Ok.

4. Select Interaction from module section. Click on special, then Crack, then Create. Name
as ‘EdgeCrack’ and select Type as XFEM. Click Continue. Select the specimen, click on
Crack location, click the crack generated on the specimen, click ‘Done’ and click Ok.

5. Select Interaction, then create, select the step as initial and Types of Selected Step as
XFEM crack growth. Click Continue and then click Ok.
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Figure 22 Edge crack interaction with Kevlar specimen.

6.1.6 Solving the Problem

1. Select Job from the module section. Click on Job Manager, click on Create, Enter the
name as Crack2D, click continue.

2. Accept the default settings by clicking Ok.

3. Click on submit.

4. When under the status, completed will display, click on Results to view the results.
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Figure 23 Determination of Von Mises stress for the Kevlar specimen.
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CHAPTER

7 RESULTS AND DISCUSSIONS

The mechanical characterization of Kevlar at room and crogenic temperatures has been show
in the coming sections. Further, the variation of Von Mises stress, Maximum inplane strain,
strain energy and strain energy density obtained from extended finite element modeling with
respect to the width of the Kevlar-49/Epoxy specimen has been shown. Furthermore, the
computational results are validated from the analytical relations as shown below.

e Von Mises Stress
As the specimen is considered to be two dimensional, therefore the Von Mises stresses

obtained were calculated by

ov=ow’ — GuCn+ 07 +303°
Where ov is the Von Mises Stress, o and o~ are the normal stresses in 1 and 2 direction
respectively, as shown in Figure 15 and o is the shear stress in 12 plane.
e Maximum Inplane Strain

For the two dimensional specimen, the strains obtained were calculated by

Out+O02 Ou—O0O2 2
Op,Op2= + + 0O
2 2

1
Epr = E(O'pl—VO'pz)

Where o and op. are maximum and minimum inplane principal stresses respectively, &p:
is the maximum inplane principal strain and v is the poisson’s ratio.

e Strain Energy
The energy which is stored under deformation is known as the strain energy. For a two

dimensional elastic case, the strain energy can be calculated from:
1
U= Z E o€

Where U is the strain energy function.
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e Strain Energy Density
A stored energy in an elastic material is basically referred to as strain energy density that is
defined as strain energy per unit volume. For a two dimensional case, the strain energy

density function is obtained by the following relation.

1
W = E(O'11811+O'22822+O'12812)

Where W is the strain energy density function, ¢ and &= are the the normal strains in 1 and

2 direction respectively and &= is the shear strain in 12 plane.

7.1 Mechanical Characterization of Kevlar at Room Temperatures

The results of three cases of a Kevlar specimen subjected to a uniaxial tensile loading
obtained from the finite element solutions are considered in this section. The three cases are:
1) Crack towards the loading end, 2) Crack at the mid position and 3) Crack towards the fixed
end in the specimen at the room temperatures are considered.

7.1.1 Crack towards the loading end

7.1.1.1 Stress Analysis
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Figure 24 Stress as a function of Width of the Kevlar Specimen under deformed conditions above the crack location.

Figure 24 shows the variation of stress as a function of width of the Kevlar specimen under
deformed conditions above the crack location, for the crack located near to the loading end of
the specimen, at room temperature. It is observed along the width of the Kevlar specimen, as

the pressure increases, the stress first increases and then it gradually decreases. The
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maximum stress of 1484 MPa occurred when the pressure of 700 MPa is applied. This
increment in stress is due to the effect of stress that is concentrated at the tip of the crack. At
approximately 700 MPa pressure, the crack tends to propagate. Therefore at this pressure, the
maximum stress occurred. After the application of pressure more than 700 MPa, the graphs

are shifted towards the right hand side, that is, the crack propagates towards the right hand

side.
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Figure 25 Stress as a function of Width of the Kevlar Specimen under deformed conditions below the crack location.

Figure 25 shows the variation of stress as a function of width of the Kevlar specimen under
deformed conditions below the crack location, for the crack located near to the loading end of
the specimen, at room temperature. It is observed that as the pressure increases, the stress
increases. Moreover, along the width of the Kevlar specimen, the stress first increases and
then it gradually decreases. On observing Figure 24 and Figure 25, it can be seen that there is
an abrupt decrement for above the crack location and a gradual decrement in an initial stage
for below the crack location. This difference may be due to the presence of residual stresses

in the specimen.
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7.1.1.2 Strain Analysis
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Figure 26 Strain as a function of Width of the Kevlar Specimen under deformed conditions above the crack location.

Figure 26 shows the variation of strain as a function of width of the Kevlar specimen under
deformed conditions above the crack location, for the crack located near to the loading end of
the specimen, at room temperature. It is observed that along the width of the Kevlar
specimen, as the pressure increases, the strain first increases and then it gradually decreases.
The maximum strain of 0.0183 mm/mm occurred when the pressure of 700 MPa is applied.
As the stress is directly proportional to the strain, the similar type of increment is observed in
the strain as observed in the stress. At approximately 700 MPa pressure, the crack tends to
propagate. Therefore at this pressure, the maximum strain occurred. After the application of
pressure more than 700 MPa, due to the shifting of the crack towards the right hand side, that

is, the crack propagates towards the right hand side , the graphs are shifted towards the right

hand side.
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Figure 27 Strain as a function of Width of the Kevlar Specimen under deformed conditions below the crack location.

Figure 27 shows the variation of strain as a function of width of the Kevlar specimen under
deformed conditions below the crack location, for the crack located near to the loading end of
the specimen, at room temperature. It is observed that as the pressure increases, the strain
increases. Moreover, along the width of the Kevlar specimen, the strain first increases and
then it gradually decreases. As there is difference in the behaviour of stresses, therefore, the

difference in the behaviour of strains for above and below the crack location occurred.

7.1.1.3 Strain Energy Analysis
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Figure 28 Strain Energy as function of Width of the Kevlar Specimen under deformed conditions above the crack location.
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Figure 28 shows the variation of strain energy as a function of width of the Kevlar specimen
under deformed conditions above the crack location, for the crack located near to the loading
end of the specimen, at room temperature. It is observed that as the pressure increases, the
strain energy increases and then decreases abruptly. The maximum amount of energy during
the application of the load that the specimen could able to absorb was found to be
approximately 186 N.mm at 900 MPa, nearly at the width of 6mm and the it suddenly
decreases and again it reaches to its maximum value, that is, 186 N.mm at 8 mm width uptil
which the material again sustained the energy and after that the crack further propagated.
This may be the indication that when the crack is propagated and reached at 6mm from the
start of propagation, it was able to absorb the energy uptil 186 N.mm and then it propagated

further and after reaching at 8mm, it again withstand the load uptil the same energy and then

further propagated.
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Figure 29 Strain Energy as function of Width of the Kevlar Specimen under deformed conditions below the crack location

Figure 29 shows the variation of strain energy as a function of width of the Kevlar specimen
under deformed conditions below the crack location, for the crack located near to the loading
end of the specimen, at room temperature. It is observed that as the pressure increases, the
strain energy increases and then firstly it gradually decreases and then a sudden decrement is
observed. Moreover, along the width of the Kevlar specimen, the strain energy is higher

between 5-10 mm, where the edge crack is further propagated.
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7.1.1.4 Strain Energy Density Analysis
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Figure 30 Strain Energy Density as function of Width of the Kevlar Specimen under deformed conditions above the crack

Figure 30 shows the variation of the strain energy density as a function of the width of the
Kevlar specimen under deformed conditions above the crack location, for the crack located
near to the loading end of the specimen, at room temperature. It is observed that as the
pressure increases, the strain energy density firstly increases and then a sudden decrement is
observed. As the strain energy density is defined as the strain energy per unit volume.
Therefore, the similar behaviour will be observed in strain energy density as in strain energy.

The maximum value for strain energy density observed is 93.5 N.mm/mm? at approximately

location

6mm and 8mm width of the specimen.
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Figure 31 Strain Energy Density as function of Width of the Kevlar Specimen under deformed conditions below the crack
location

Figure 31 shows the variation of the strain energy density as a function of the width of the
Kevlar specimen under deformed conditions below the crack location, for the crack located
near to the loading end of the specimen, at room temperature. It is observed that as the
pressure increases, the strain energy density increases and then firstly decreases gradually and
then a sudden decrement is observed. Moreover, along the width of the Kevlar specimen, the

strain energy density is high between 5-10 mm from where the edge crack is initiated.
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7.1.2 Crack at the mid position

7.1.2.1 Stress Analysis
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Figure 32 Stress as a function of Width of the Kevlar Specimen under deformed conditions above the crack location

Figure 32 shows the variation of stress as a function of width of the Kevlar specimen under
deformed conditions above the crack location, for the crack located at the middle of the
specimen, at room temperature. It is observed that, along the width of the Kevlar specimen,
the stress first increases and then it gradually decreases. The maximum stress of 1445 MPa
occurred when the pressure of 700 MPa is applied. This increment in stress is due to the
effect of stress that is concentrated at the tip of the crack. At approximately 700 MPa
pressure, the crack tends to propagate. Therefore at this pressure, the maximum stress

occurred. After the application of pressure more than 700 MPa, the graphs are shifted towards

the right hand side, that is, the crack propagates towards the right hand side.

61




Stress (MPa)
co
8

e

g
&
S

0 5 10 15 20 25
Width of Kevlar Specimen (mm)

30

=100 MPa
=i—200 MPa
=300 MPa
===400 MPa
====500 MPa
=600 MPa
=700 MPa
=800 MPa
900 MPa
==1000 MPa

Figure 33 Stress as a function of Width of the Kevlar Specimen under deformed conditions below the crack location

Figure 33 shows the variation of stress as a function of width of the Kevlar specimen under
deformed conditions below the crack location, for the crack located at the middle of the
specimen, at room temperature. It is observed that as the pressure increases, the stress
increases. Moreover, along the width of the Kevlar specimen, the stress first increases and
then it gradually decreases. On observing Figure 32 and Figure 33, it can be seen that there is

an abrupt decrement for above the crack location and a gradual decrement in an initial stage

for below the crack location.
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7.1.2.2 Strain Analysis
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Figure 34 Strain as a function of Width of the Kevlar Specimen under deformed conditions above the crack location

Figure 34 shows the variation of strain as a function of width of the Kevlar specimen under
deformed conditions above the crack location, for the crack located at the middle of the
specimen, at room temperature. It is observed that along the width of the Kevlar specimen, as
the pressure increases, the strain first increases and then it gradually decreases. The
maximum strain of 0.0179 mm/mm occurred when the pressure of 700 MPa is applied. As
the stress is directly proportional to the strain, the similar type of increment is observed in the
strain as observed in the stress. At approximately 700 MPa pressure, the crack tends to
propagate. Therefore at this pressure, the maximum strain occurred. After the application of
pressure more than 700 MPa, due to the shifting of the crack towards the right hand side, that

is, the crack propagates towards the right hand side , the graphs are shifted towards the right

hand side.
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Figure 35 Strain as a function of Width of the Kevlar Specimen under deformed conditions below the crack location

Figure 35 shows the variation of strain as a function of width of the Kevlar specimen under
deformed conditions below the crack location, for the crack located at the middle of the
specimen, at room temperature. It is observed that as the pressure increases, the strain
increases. Moreover, along the width of the Kevlar specimen, the strain first increases and
then it gradually decreases. As there is difference in the behaviour of stresses, therefore, the

difference in the behaviour of strains for above and below the crack location occurred.

7.1.2.3 Strain Energy Analysis
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Figure 36 Strain Energy as function of Width of the Kevlar Specimen under deformed conditions above the crack location
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Figure 36 shows the variation of strain energy as a function of width of the Kevlar specimen
under deformed conditions above the crack location, for the crack located at the middle of the
specimen, at room temperature. It is observed that as the pressure increases, the strain energy
increases and then decreases abruptly. The maximum amount of energy during the
application of the load that the specimen could able to absorb was found to be approximately
150 N.mm at 1000 MPa, nearly at the width of 6mm and the it suddenly decreases and again
it reaches to its maximum value, that is, 150 N.mm at 8 mm width uptil which the material
again sustained the energy and after that the crack further propagated. This may be the
indication that when the crack is propagated and reached at 6mm from the start of
propagation, it was able to absorb the energy uptil 150 N.mm and then it propagated further
and after reaching at 8mm, it again withstand the load uptil the same energy and then further

propagated.
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Figure 37 Strain Energy as function of Width of the Kevlar Specimen under deformed conditions below the crack location

Figure 37 shows the variation of strain energy as a function of width of the Kevlar specimen
under deformed conditions below the crack location, for the crack located at the middle of the
specimen, at room temperature. It is observed that as the pressure increases, the strain energy
increases and then firstly it gradually decreases and then a sudden decrement is observed.
Moreover, along the width of the Kevlar specimen, the strain energy is higher between 5-10

mm, where the edge crack is further propagated.
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7.1.2.4 Strain Energy Density Analysis
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Figure 38 Strain Energy Density as function of Width of the Kevlar Specimen under deformed conditions above the crack

Figure 38 shows the variation of the strain energy density as a function of the width of the
Kevlar specimen under deformed conditions above the crack location, for the crack located at
the middle of the specimen, at room temperature. It is observed that as the pressure increases,
the strain energy density firstly increases and then a sudden decrement is observed. As the
strain energy density is defined as the strain energy per unit volume. Therefore, the similar
behaviour will be observed in strain energy density as in strain energy. The maximum value

for strain energy density observed is 77 N.mm/mm? at approximately 6mm and 8mm width

of the specimen.

location

66




w &= U O N 0 W
o o o o o o
|

(N.mm/mm~"3)
o

Strain Energy Density
S

=
o

Width of Kevlar Specimen (mm)

=100 MPa
=i—200 MPa
=300 MPa
===400 MPa
====500 MPa
=0—600 MPa
=700 MPa
=800 MPa
900 MPa
==1000 MPa

Figure 39 Strain Energy Density as function of Width of the Kevlar Specimen under deformed conditions below the crack

location

Figure 39 shows the variation of the strain energy density as a function of the width of the
Kevlar specimen under deformed conditions below the crack location, for the crack located at
the middle of the specimen, at room temperature. It is observed that as the pressure increases,
the strain energy density increases and then firstly decreases gradually and then a sudden

decrement is observed. Moreover, along the width of the Kevlar specimen, the strain energy

density is high between 5-10 mm from where the edge crack is initiated.
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7.1.3 Crack towards the fixed end

7.1.3.1 Stress Analysis
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Figure 40 Stress as a function of Width of the Kevlar Specimen under deformed conditions above the crack location

Figure 40 shows the variation of stress as a function of width of the Kevlar specimen under
deformed conditions above the crack location, for the crack located near to the fixed end of
the specimen, at room temperature. It is observed that, along the width of the Kevlar
specimen, the stress first increases and then it gradually decreases. The maximum stress of
1579 MPa occurred when the pressure of 800 MPa is applied. This increment in stress is due
to the effect of stress that is concentrated at the tip of the crack. At approximately 800 MPa
pressure, the crack tends to propagate. Therefore at this pressure, the maximum stress

occurred. After the application of pressure more than 800 MPa, the graphs are shifted towards

the right hand side, that is, the crack propagates towards the right hand side.
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Figure 41 Stress as a function of Width of the Kevlar Specimen under deformed conditions below the crack location

Figure 41 shows the variation of stress as a function of width of the Kevlar specimen under
deformed conditions below the crack location, for the crack located near to the fixed end of
the specimen, at room temperature. It is observed that as the pressure increases, the stress
increases. Moreover, along the width of the Kevlar specimen, the stress first increases and
then it gradually decreases. On observing Figure 40 and Figure 41, it can be seen that there is
an abrupt decrement for above the crack location and a gradual decrement in an initial stage
for below the crack location.
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7.1.3.2 Strain Analysis
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Figure 42 Strain as a function of Width of the Kevlar Specimen under deformed conditions above the crack location

Figure 42 shows the variation of strain as a function of width of the Kevlar specimen under
deformed conditions above the crack location, for the crack located near to the fixed end of
the specimen, at room temperature. It is observed that along the width of the Kevlar
specimen, as the pressure increases, the strain first increases and then it gradually decreases.
The maximum strain of 0.0196 mm/mm occurred when the pressure of 800 MPa is applied.
As the stress is directly proportional to the strain, the similar type of increment is observed in
the strain as observed in the stress. At approximately 800 MPa pressure, the crack tends to
propagate. Therefore at this pressure, the maximum strain occurred. After the application of
pressure more than 800 MPa, due to the shifting of the crack towards the right hand side, that
is, the crack propagates towards the right hand side , the graphs are shifted towards the right

hand side.
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Figure 43 Strain as a function of Width of the Kevlar Specimen under deformed conditions below the crack location

Figure 43 shows the variation of strain as a function of width of the Kevlar specimen under
deformed conditions below the crack location, for the crack located near to the fixed end of
the specimen, at room temperature. It is observed that as the pressure increases, the strain
increases. Moreover, along the width of the Kevlar specimen, the strain first increases and
then it gradually decreases. As there is difference in the behaviour of stresses, therefore, the

difference in the behaviour of strains for above and below the crack location occurred.

7.1.3.3 Strain Energy Analysis
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Figure 44 Strain Energy as function of Width of the Kevlar Specimen under deformed conditions above the crack location
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Figure 44 shows the variation of strain energy as a function of width of the Kevlar specimen
under deformed conditions above the crack location, for the crack located near to the fixed
end of the specimen, at room temperature. It is observed that as the pressure increases, the
strain energy increases and then decreases abruptly. The maximum amount of energy during
the application of the load that the specimen could able to absorb was found to be
approximately 180 N.mm at 1000 MPa, nearly at the width of 6mm and the it suddenly
decreases and again it reaches to its maximum value, that is, 180 N.mm at 8 mm width uptil
which the material again sustained the energy and after that the crack further propagated.
This may be the indication that when the crack is propagated and reached at 6mm from the
start of propagation, it was able to absorb the energy uptil 180 N.mm and then it propagated

further and after reaching at 8mm, it again withstand the load uptil the same energy and then

further propagated.
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Figure 45 Strain Energy as function of Width of the Kevlar Specimen under deformed conditions below the crack location

Figure 45 shows the variation of strain energy as a function of width of the Kevlar specimen
under deformed conditions below the crack location, for the crack located near to the fixed
end of the specimen, at room temperature. It is observed that as the pressure increases, the
strain energy increases and then firstly it gradually decreases and then a sudden decrement is
observed. Moreover, along the width of the Kevlar specimen, the strain energy is higher

between 5-10 mm, where the edge crack is further propagated.
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7.1.3.4 Strain Energy Density Analysis
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Figure 46 Strain Energy Density as function of Width of the Kevlar Specimen under deformed conditions above the crack

location

Figure 46 shows the variation of the strain energy density as a function of the width of the
Kevlar specimen under deformed conditions above the crack location, for the crack located
near to the fixed end of the specimen, at room temperature. It is observed that as the pressure
increases, the strain energy density firstly increases and then a sudden decrement is observed.
As the strain energy density is defined as the strain energy per unit volume. Therefore, the
similar behaviour will be observed in strain energy density as in strain energy. The maximum
value for strain energy density observed is 92 N.mm/mm?® at approximately 6mm and 8mm

width of the specimen.
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Figure 47 Strain Energy Density as function of Width of the Kevlar Specimen under deformed conditions below the crack
location

Figure 47 shows the variation of the strain energy density as a function of the width of the
Kevlar specimen under deformed conditions below the crack location for the crack located
near to the fixed end of the specimen, at room temperature. It is observed that as the pressure
increases, the strain energy density increases and then firstly decreases gradually and then a
sudden decrement is observed. Moreover, along the width of the Kevlar specimen, the strain

energy density is high between 5-10 mm from where the edge crack is initiated.
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7.2 Mechanical Characterization of Kevlar at Cryogenic Temperatures

The results of three cases of a Kevlar specimen subjected to a uniaxial tensile loading
obtained from the finite element solutions are considered in this section. The three cases are:
1) Crack towards the loading end, 2) Crack at the mid position and 3) Crack towards the fixed
end in the specimen at the cryogenic temperatures are considered.

7.2.1 Crack towards the loading end

7.2.1.1 Stress Analysis
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Figure 48 Stress as a function of Width of the Kevlar Specimen under deformed conditions above the crack location

Figure 48 shows the variation of stress as a function of width of the Kevlar specimen under
deformed conditions above the crack location, for the crack located near to the loading end of
the specimen, at cryogenic temperatures. It is observed along the width of the Kevlar
specimen, as the pressure increases, the stress first increases and then it gradually decreases.
The maximum stress of 1484 MPa occurred when the pressure of 700 MPa is applied. This
increment in stress is due to the effect of stress that is concentrated at the tip of the crack. At
approximately 700 MPa pressure, the crack tends to propagate. Therefore at this pressure, the
maximum stress occurred. After the application of pressure more than 700 MPa, the graphs
are shifted towards the right hand side, that is, the crack propagates towards the right hand
side. However, after the crack propagates, the difference in the stresses occurred when

comparison of the specimens at room and at cryogenic temperatures is done. That is, at 800
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MPa, at room temperature, the stress obtained is 1237.87 MPa and at cryogenic temperature,
the stress obtained is 1206 MPa.
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Figure 49 Stress as a function of Width of the Kevlar Specimen under deformed conditions below the crack location

Figure 49 shows the variation of stress as a function of width of the Kevlar specimen under
deformed conditions below the crack location, for the crack located near to the loading end of
the specimen, at cryogenic temperatures. It is observed that as the pressure increases, the
stress increases. Moreover, along the width of the Kevlar specimen, the stress first increases
and then it gradually decreases. On observing Figure 48 and Figure 49, it can be seen that
there is an abrupt decrement for above the crack location and a gradual decrement in an initial
stage for below the crack location. This difference may be due to the presence of residual

stresses in the specimen.
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7.2.1.2 Strain Analysis
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Figure 50 Strain as a function of Width of the Kevlar Specimen under deformed conditions above the crack location

Figure 50 shows the variation of strain as a function of width of the Kevlar specimen under
deformed conditions above the crack location, for the crack located near to the loading end of
the specimen, at cryogenic temperatures. It is observed that along the width of the Kevlar
specimen, as the pressure increases, the strain first increases and then it gradually decreases.
The maximum strain of 0.0148 mm/mm occurred when the pressure of 700 MPa is applied.
As the stress is directly proportional to the strain, the similar type of increment is observed in
the strain as observed in the stress. At approximately 700 MPa pressure, the crack tends to
propagate. Therefore at this pressure, the maximum strain occurred. After the application of
pressure more than 700 MPa, due to the shifting of the crack towards the right hand side, that

is, the crack propagates towards the right hand side , the graphs are shifted towards the right

hand side.
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Figure 51 Strain as a function of Width of the Kevlar Specimen under deformed conditions below the crack location

Figure 51 shows the variation of strain as a function of width of the Kevlar specimen under
deformed conditions below the crack location, for the crack located near to the loading end of
the specimen, at room temperature. It is observed that as the pressure increases, the strain
increases. Moreover, along the width of the Kevlar specimen, the strain first increases and
then it gradually decreases. As there is difference in the behaviour of stresses, therefore, the

difference in the behaviour of strains for above and below the crack location occurred.

7.2.1.3 Strain Energy Analysis
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Figure 52 Strain Energy as function of Width of the Kevlar Specimen under deformed conditions above the crack location
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Figure 52 shows the variation of strain energy as a function of width of the Kevlar specimen
under deformed conditions above the crack location, for the crack located near to the loading
end of the specimen, at cryogenic temperatures. It is observed that as the pressure increases,
the strain energy increases and then decreases abruptly. The maximum amount of energy
during the application of the load that the specimen could able to absorb was found to be
approximately 184.6 N.mm at 900 MPa, nearly at the width of 6mm and the it suddenly
decreases and again it reaches to its maximum value, that is, 184.6 N.mm at 8 mm width uptil
which the material again sustained the energy and after that the crack further propagated.
This may be the indication that when the crack is propagated and reached at 6mm from the
start of propagation, it was able to absorb the energy uptil 184.6 N.mm and then it propagated
further and after reaching at 8mm, it again withstand the load uptil the same energy and then

further propagated.
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Figure 53 Strain Energy as function of Width of the Kevlar Specimen under deformed conditions below the crack location

Figure 53 shows the variation of strain energy as a function of width of the Kevlar specimen
under deformed conditions below the crack location, for the crack located near to the loading
end of the specimen, at cryogenic temperatures. It is observed that as the pressure increases,
the strain energy increases and then firstly it gradually decreases and then a sudden
decrement is observed. Moreover, along the width of the Kevlar specimen, the strain energy

is higher between 5-10 mm, where the edge crack is further propagated.
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7.2.1.4 Strain Energy Density Analysis
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Figure 54 Strain Energy Density as function of Width of the Kevlar Specimen under deformed conditions above the crack

Figure 54 shows the variation of the strain energy density as a function of the width of the
Kevlar specimen under deformed conditions above the crack location, for the crack located
near to the loading end of the specimen, at cryogenic temperatures. It is observed that as the
pressure increases, the strain energy density firstly increases and then a sudden decrement is
observed. As the strain energy density is defined as the strain energy per unit volume.
Therefore, the similar behaviour will be observed in strain energy density as in strain energy.

The maximum value for strain energy density observed is 93.3 N.mm/mm? at approximately

location

6mm and 8mm width of the specimen.
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Figure 55 Strain Energy Density as function of Width of the Kevlar Specimen under deformed conditions below the crack
location

Figure 55 shows the variation of the strain energy density as a function of the width of the
Kevlar specimen under deformed conditions below the crack location, for the crack located
near to the loading end of the specimen, at cryogenic temperatures. It is observed that as the
pressure increases, the strain energy density increases and then firstly decreases gradually and
then a sudden decrement is observed. Moreover, along the width of the Kevlar specimen, the

strain energy density is high between 5-10 mm from where the edge crack is initiated.
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7.2.2 Crack at the mid position

7.2.2.1 Stress Analysis
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Figure 56 Stress as a function of Width of the Kevlar Specimen under deformed conditions above the crack location

Figure 56 shows shows the variation of stress as a function of width of the Kevlar specimen
under deformed conditions above the crack location, for the crack located at the middle of the
specimen, at cryogenic temperatures. It is observed that, along the width of the Kevlar
specimen, the stress first increases and then it gradually decreases. The maximum stress of
1473 MPa occurred when the pressure of 800 MPa is applied. This increment in stress is due
to the effect of stress that is concentrated at the tip of the crack. At approximately 800 MPa
pressure, the crack tends to propagate. Therefore at this pressure, the maximum stress

occurred. After the application of pressure more than 800 MPa, the graphs are shifted towards

the right hand side, that is, the crack propagates towards the right hand side.

82




o
ot

Stress (MPa)
co
8

e

g
BN
T SN

0 5 10 15 20 25
Width of Kevlar Specimen (mm)

30

=100 MPa
=i—200 MPa
=300 MPa
===400 MPa
====500 MPa
=600 MPa
=700 MPa
=800 MPa
900 MPa
==1000 MPa

Figure 57 Stress as a function of Width of the Kevlar Specimen under deformed conditions below the crack location

Figure 57 shows the variation of stress as a function of width of the Kevlar specimen under
deformed conditions below the crack location, for the crack located at the middle of the
specimen, at cryogenic temperatures. It is observed that as the pressure increases, the stress
increases. Moreover, along the width of the Kevlar specimen, the stress first increases and
then it gradually decreases. On observing Figure 56 and Figure 57, it can be seen that there is

an abrupt decrement for above the crack location and a gradual decrement in an initial stage

for below the crack location.
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7.2.2.2 Strain Analysis
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Figure 58 Strain as a function of Width of the Kevlar Specimen under deformed conditions above the crack location

Figure 58 shows the variation of strain as a function of width of the Kevlar specimen under
deformed conditions above the crack location, for the crack located at the middle of the
specimen, at cryogenic temperatures. It is observed that along the width of the Kevlar
specimen, as the pressure increases, the strain first increases and then it gradually decreases.
The maximum strain of 0.0151 mm/mm occurred when the pressure of 800 MPa is applied.
As the stress is directly proportional to the strain, the similar type of increment is observed in
the strain as observed in the stress. At approximately 800 MPa pressure, the crack tends to
propagate. Therefore at this pressure, the maximum strain occurred. After the application of
pressure more than 800 MPa, due to the shifting of the crack towards the right hand side, that
is, the crack propagates towards the right hand side , the graphs are shifted towards the right

hand side.
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Figure 59 Strain as a function of Width of the Kevlar Specimen under deformed conditions below the crack location

Figure 59 shows the variation of strain as a function of width of the Kevlar specimen under
deformed conditions below the crack location, for the crack located at the middle of the
specimen, at cryogenic temperatures. It is observed that as the pressure increases, the strain
increases. Moreover, along the width of the Kevlar specimen, the strain first increases and
then it gradually decreases. As there is difference in the behaviour of stresses, therefore, the

difference in the behaviour of strains for above and below the crack location occurred.

7.2.2.3 Strain Energy Analysis
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Figure 60 Strain Energy as function of Width of the Kevlar Specimen under deformed conditions above the crack location
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Figure 60 shows the variation of strain energy as a function of width of the Kevlar specimen
under deformed conditions above the crack location, for the crack located at the middle of the
specimen, at cryogenic temperatures. It is observed that as the pressure increases, the strain
energy increases and then decreases abruptly. The maximum amount of energy during the
application of the load that the specimen could able to absorb was found to be approximately
182.27 N.mm at 1000 MPa, nearly at the width of 6mm and the it suddenly decreases and
again it reaches to its maximum value, that is, 182.27 N.mm at 8 mm width uptil which the
material again sustained the energy and after that the crack further propagated. This may be
the indication that when the crack is propagated and reached at 6mm from the start of
propagation, it was able to absorb the energy uptil 182.27 N.mm and then it propagated
further and after reaching at 8mm, it again withstand the load uptil the same energy and then

further propagated.
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Figure 61 Strain Energy as function of Width of the Kevlar Specimen under deformed conditions below the crack location

Figure 61 shows the variation of strain energy as a function of width of the Kevlar specimen
under deformed conditions below the crack location, for the crack located at the middle of the
specimen, at cryogenic temperatures. It is observed that as the pressure increases, the strain
energy increases and then firstly it gradually decreases and then a sudden decrement is
observed. Moreover, along the width of the Kevlar specimen, the strain energy is higher

between 5-10 mm, where the edge crack is further propagated.
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7.2.2.4 Strain Energy Density Analysis
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Figure 62 Strain Energy Density as function of Width of the Kevlar Specimen under deformed conditions above the crack

Figure 62 shows the variation of the strain energy density as a function of the width of the
Kevlar specimen under deformed conditions above the crack location, for the crack located at
the middle of the specimen, at cryogenic temperatures. It is observed that as the pressure
increases, the strain energy density firstly increases and then a sudden decrement is observed.
As the strain energy density is defined as the strain energy per unit volume. Therefore, the
similar behaviour will be observed in strain energy density as in strain energy. The maximum

value for strain energy density observed is 93.2 N.mm/mm? at approximately 6mm and 8mm

width of the specimen.

location
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Figure 63 Strain Energy Density as function of Width of the Kevlar Specimen under deformed conditions below the crack
location

Figure 63 shows the variation of the strain energy density as a function of the width of the
Kevlar specimen under deformed conditions below the crack location, for the crack located at
the middle of the specimen, at cryogenic temperatures. It is observed that as the pressure
increases, the strain energy density increases and then firstly decreases gradually and then a
sudden decrement is observed. Moreover, along the width of the Kevlar specimen, the strain

energy density is high between 5-10 mm from where the edge crack is initiated.
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7.2.3 Crack towards the fixed end

7.2.3.1 Stress Analysis
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Figure 64 Stress as a function of Width of the Kevlar Specimen under deformed conditions above the crack location

Figure 64 shows the variation of stress as a function of width of the Kevlar specimen under
deformed conditions above the crack location, for the crack located near to the fixed end of
the specimen, at cryogenic temperatures. It is observed that, along the width of the Kevlar
specimen, the stress first increases and then it gradually decreases. The maximum stress of
1579 MPa occurred when the pressure of 800 MPa is applied. This increment in stress is due
to the effect of stress that is concentrated at the tip of the crack. At approximately 800 MPa
pressure, the crack tends to propagate. Therefore at this pressure, the maximum stress
occurred. After the application of pressure more than 800 MPa, the graphs are shifted towards
the right hand side, that is, the crack propagates towards the right hand side. However, after
the crack propagates, the difference in the stresses occurred when comparison of the
specimens at room and at cryogenic temperatures is done. That is, at 900 MPa, at room
temperature, the stress obtained is 1287.87 MPa and at cryogenic temperature, the stress
obtained is 1263 MPa.
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Figure 65 Stress as a function of Width of the Kevlar Specimen under deformed conditions below the crack location

Figure 65 shows the variation of stress as a function of width of the Kevlar specimen under
deformed conditions below the crack location, for the crack located near to the fixed end of
the specimen, at cryogenic temperatures. It is observed that as the pressure increases, the
stress increases. Moreover, along the width of the Kevlar specimen, the stress first increases
and then it gradually decreases. On observing Figure 64 and Figure 65, it can be seen that
there is an abrupt decrement for above the crack location and a gradual decrement in an initial
stage for below the crack location.
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7.2.3.2 Strain Analysis
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Figure 66 Strain as a function of Width of the Kevlar Specimen under deformed conditions above the crack location

Figure 66 shows the variation of strain as a function of width of the Kevlar specimen under
deformed conditions above the crack location, for the crack located near to the fixed end of
the specimen, at cryogenic temperatures. It is observed that along the width of the Kevlar
specimen, as the pressure increases, the strain first increases and then it gradually decreases.
The maximum strain of 0.0158 mm/mm occurred when the pressure of 800 MPa is applied.
As the stress is directly proportional to the strain, the similar type of increment is observed in
the strain as observed in the stress. At approximately 800 MPa pressure, the crack tends to
propagate. Therefore at this pressure, the maximum strain occurred. After the application of
pressure more than 800 MPa, due to the shifting of the crack towards the right hand side, that

is, the crack propagates towards the right hand side , the graphs are shifted towards the right

hand side.
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Figure 67 Strain as a function of Width of the Kevlar Specimen under deformed conditions below the crack location

Figure 67 shows the variation of strain as a function of width of the Kevlar specimen under
deformed conditions below the crack location, for the crack located near to the fixed end of
the specimen, at cryogenic temperatures. It is observed that as the pressure increases, the
strain increases. Moreover, along the width of the Kevlar specimen, the strain first increases
and then it gradually decreases. As there is difference in the behaviour of stresses, therefore,

the difference in the behaviour of strains for above and below the crack location occurred.

7.2.3.3 Strain Energy Analysis
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Figure 68 Strain Energy as function of Width of the Kevlar Specimen under deformed conditions above the crack location
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Figure 68 shows the variation of strain energy as a function of width of the Kevlar specimen
under deformed conditions above the crack location, for the crack located near to the fixed
end of the specimen, at cryogenic temperatures. It is observed that as the pressure increases,
the strain energy increases and then decreases abruptly. The maximum amount of energy
during the application of the load that the specimen could able to absorb was found to be
approximately 172.9 N.mm at 1000 MPa, nearly at the width of 6mm and the it suddenly
decreases and again it reaches to its maximum value, that is, 172.9 N.mm at 8 mm width uptil
which the material again sustained the energy and after that the crack further propagated.
This may be the indication that when the crack is propagated and reached at 6mm from the
start of propagation, it was able to absorb the energy uptil 172.9 N.mm and then it propagated
further and after reaching at 8mm, it again withstand the load uptil the same energy and then

further propagated.
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Figure 69 Strain Energy as function of Width of the Kevlar Specimen under deformed conditions below the crack location

Figure 69 shows the variation of strain energy as a function of width of the Kevlar specimen
under deformed conditions below the crack location, for the crack located near to the fixed
end of the specimen, at cryogenic temperature. It is observed that as the pressure increases,
the strain energy increases and then firstly it gradually decreases and then a sudden
decrement is observed. Moreover, along the width of the Kevlar specimen, the strain energy

is higher between 5-10 mm, where the edge crack is further propagated.
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7.2.3.4 Strain Energy Density Analysis
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Figure 70 Strain Energy Density as function of Width of the Kevlar Specimen under deformed conditions above the crack

Figure 70 shows the variation of the strain energy density as a function of the width of the
Kevlar specimen under deformed conditions above the crack location, for the crack located
near to the fixed end of the specimen, at cryogenic temperatures. It is observed that as the
pressure increases, the strain energy density firstly increases and then a sudden decrement is
observed. As the strain energy density is defined as the strain energy per unit volume.
Therefore, the similar behaviour will be observed in strain energy density as in strain energy.

The maximum value for strain energy density observed is 90.74 N.mm/mm? at approximately

location

6mm and 8mm width of the specimen.
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Figure 71 Strain Energy Density as function of Width of the Kevlar Specimen under deformed conditions below the crack
location

Figure 71 shows the variation of the strain energy density as a function of the width of the
Kevlar specimen under deformed conditions below the crack location for the crack located
near to the fixed end of the specimen, at cryogenic temperatures. It is observed that as the
pressure increases, the strain energy density increases and then firstly decreases gradually and
then a sudden decrement is observed. Moreover, along the width of the Kevlar specimen, the

strain energy density is high between 5-10 mm from where the edge crack is initiated.
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CHAPTER

8 CONCLUSION

The purpose of this research work was to use the Extended Finite Element Method (XFEM)
for inspecting the performance of crack behaviour in Kevlar 49 composites at room and
cryogenic temperatures under various pressures ranging from 100 MPa to 1000 MPa. Results
for stress, strain, strain energy and strain energy density are compared for above and below
the crack location for three different crack location in the Kevlar specimen.. Further,
comparison for the stress, strain, strain energy and strain energy density at room temperature
and cryogenic temperature is done.

The following are the conclusions:

1. There was a minor difference in the stress, strain, strain energy and strain energy
density, when comparison for above and below crack locations are compared. This
difference might have occurred due to presence of residual stresses in the specimen.

2. On comparison for the three locations of the crack, that is, crack towards the loading
end, crack at the mid position and crack towards the fixed end, there was a significant
difference in the values of stress, strain, strain energy and strain energy density. This
determines that the position of the crack can effect the failure of the material.

3. When compared to the room temperature, it has been proved that Kevlar is equally
stronger at cryogenic temperatures and proved to be as one of the materials that can
be used both at room and at cryogenic temperatures.

The outcomes demonstrated here can be effective for designers to analyze the behaviour of an
edge crack in Kevlar 49 based composites at room as well as at cryogenic temperatures. This
work may help the researchers to analysis the amount of stress a Kevlar fibre can sustain at
room as well as at cryogenic temperatures. Kevlar may also be made self healed by adding
some material in the form of liquid or semi liquid. Therefore, this may help the researchers to
know about the strength of the materials that may be used for self healing purposes for the
Kevlar in future. However, for more complete and quantitative analysis of this problem,
further experimental as well as computational work, is necessary to be performed and various

aspects such as compression, torque, bending moment etc., must be analysed.
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