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ABSTRACT
Composite material usage is becoming more popular in the fields such as automotive,

aviation, marine, military application, transportation industry, space application, body
armor, armored vehicles and essential equipment due to less weight, more resistance,
and better handling fatigue than metals. Even though there are obvious benefits of
composite materials, there are drawbacks as well, especially in handling impact.
Researchers have tried to solve the impact damage from low velocities for some time,
but high velocity impact damage is still quite new. This research compares the effect of
ballistic impact on composites that are both thin and thick through the various stages of
the impacts. Using experiments, high-velocity impact was tested to understand the
sequence of damage. We used laminated composites (E-Glass /Epoxy) for two types of
samples a thin composite plate consists of 16 unidirectional layers and a thick
composite plate consists of 50 unidirectional layers at the end of the manufacturing
process. The thin and thick composite plates have been produced anti-symmetric layer
stacking sequenced and three different fiber orientations such as [0°/90°]a, [-45%+45°]a
and [30°/60°]a, which carried out this tests by a single stage gas gun (gas gun ballistic)
system at velocity range from 447 m/s to 861 m/s. It was observed that the thin plates to
be more damaged than the thick plates at the same velocity tests. Also at the first
velocity all thick specimens have in case of rebounding of the bullet which causes
relatively small deformations, at the second velocity all thick specimens are in case of
penetration with delamination and the area surrounding the bullet damaged and a burn
in the area from which the bullet entered, at the third velocity all thick specimens are in
case of perforation and it is observed bullet debris except [-45°/+45°] 25, IS penetration
case with delamination and swelling look like in the second velocity cases. And another
side, all thin specimens were perforated at the velocities tests for all stacking sequences.
Therefore, the experiments also showed an increase in inter-laminar shear stress (that
depends on the sequence of stacking) and a decrease in the effectiveness of the
laminates, with increasing bullet velocity.

Keywords: Ballistic impact, high-velocity impact, laminated composite, thin and thick
composites, single-stage gas-gun, Fragment Simulating Projectiles (FSPSs).
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KALIN VE INCE KOMPOZITLERIN BALISTIiK DARBE DAVRANISI
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OZET
Kompozit malzeme kullanimi, daha az agirlik, daha fazla diren¢ ve daha iyi tagima
yorulmasi saglamasi nedeniyle 6zellikle otomotiv, havacilik, denizcilik, askeri
uygulamar, nakliye endiistrisi, uzay uygulamalari, viicut zirhi, zirhli araglar ve gerekli
ekipmanlar gibi alanlarda metallerden daha popiiler hale gelmektedir. Kompozit
malzemelerin belirgin yararlari olmasina ragmen, Ozellikle de darbe etkilerinde
dezavantajlar1 bulunmaktadir. Arastirmacilar, diisiik hizlardan gelen darbe hasarini bir
stiredir ¢ozmeye c¢alisti, ancak yiiksek hiz hasari hala oldukga yenidir. Bu tez ¢alismasi,
darbelerin ¢esitli asamalarinda balistik etkinin hem ince hem de kalin olan kompozitler
tizerindeki etkisini aragtirmaktadir. Deneyler kullanarak hasarin olusumunu anlamak i¢in
yiiksek hizli darbe etkisi test edildi. ki farkli kalilikta iiretilen E-cam/Epoksi
kompozitlerden ince kompozit plakalar 16 katmanl tek yonlii tabakadan olusurken, kalin
kompozit plakalar 50 katmanli tek yonlii tabakadan olusmustur. ince ve kalin kompozit
plakalar [0°/90°]a, [-45°/+45°]a ve [30°/60°]a gibi ii¢ farkli lif oryantasyonu dizisi ile
istiflenmis antisimetrik tabakalar olarak tretilmistir. Balistik testler 447 m/s ile 861 m/s
hizlar araliginda tek asamali bir gaz tabancasiyla gergeklestirilmistir. Burada ince
levhalar aym1 hiz testlerinde kalin plakalara gore daha fazla hasara ugramistir. Ayrica
birinci hizda yapilan testlerde tiim kalin numunelerde mermi geri teperken, nispeten
kiigiik deformasyonlar gézlenmistir. Ikinci hizlarda tiim kalin numunelerde delaminasyon
hasar1 gdzlenirken mermiyi gevreleyen alanin zarar gordiigii tespit edilmistir. Ugiincii
hizlarda, [-45°/+45°]azs istiflemeye sahip plakalar haricinde, tiim kalin numunelerde
delinme izlenmistir. Ikinci hizlarda numunelerde delaminasyon ve sisme deformasyonlari
gozlenmistir. Diger taraftan, tiim ince numuneler ile yapilan testlerde delinme meydana
gelmistir. Bu nedenle deneyler, mermi hizinin artmasiyla, tabakalar arasi kayma

gerilmesinin arttigini ve katmanlarin etkinliginde bir azalma oldugunu gostermistir.

Anahtar Kelimeler: Balistik darbe, yiiksek hizli darbe, katmanli kompozit, ince ve kalin
kompozitler, tek-kademeli gaz-silahi, pargacik simiilasyon
mermileri.
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INTRODUCTION

I.1. Overview

A composite material is a material system composed of a mixture or combination of
two or extra macro-constituents that differ in form and (or) material composition and
are essentially insoluble in one another to achieve properties (chemical, physical, etc.)
that are superior to those of the constituent’s original materials. The main component of
composite materials is the matrix and the reinforcement. The most common
reinforcements are fibers, which provide most of the stiffness and strength. The matrix
binds the fibers together providing load transfer between fibers and between the

composite and the external loads and supports [1].

Aluminum, steel, and other traditional materials used by engineers can be impure and
this can influence different qualities of the same material. They are considered
composite by definition, but aren’t true composites because the impurity found in them
gives them the same qualities of the natural material. As such, one can adjust the

definition of composites based on certain parameters [2].
There are four categories of composite materials according to the matrix:

Polymer matrix composites (PCM) are either thermoset or thermoplastic. The
thermoset types include: polyester, polyimide, and epoxy. Thermoplastics are poly-
sulfone and polyether-ether-ketone. PCMs are resins made from either type that use
glass, carbon, boron, or aramid fibers to add reinforcement and are made for use in low

temperatures.

Metal matrix composites (MMC) are metals or alloys that use ceramic, boron, or
carbon fibers for reinforcement. Alloys used in MMCs can be copper, titanium,
magnesium, or aluminum. The metal matrix can become soft or even melt, which limits

the maximum usable MMC temperature. They were made primarily to make metallic



components more efficient and have the same benefits such as use in high temperatures,

strong shear strength, and high chemical inertness.

Ceramic matrix composites (CMC) are used in high temperature situations. They are
made with ceramic matrices and fibers. The matrices can be silicon nitride, glass-

ceramic, aluminum oxide, or silicon carbide.

Carbon/carbon composites (CCC) can used at high temperatures and have minimal
density and thermal expansion. They are made from carbon or granite matrices with

fabric or yarn for support [3-4].

The categories of composite materials according to reinforce composite, Mentioned in
the following points:

A. Unidirectional Fiber-Reinforced Composites

The unidirectional fiber-reinforced composite is a two-phase material. It has parallel
agreement between the fibers and filaments, both of which are aligned randomly

opposite of the fiber axis plane. Fibers can be continuous or not; straight or woven.

Whiskers and fibers are different. What defines a fiber is the geometry: a high ratio or
length to diameter, with the diameter being almost crystalline. On the other hand,
whiskers have the same style diameter, but they are short with a much lower ratio of
length to diameter.

Hooke’s law defines the equation related to these composites, where the coefficients of

the materials are functions of the material and parameters of the basic components [5-6].

Figure 1.1. A lamina with longitudinal fibers [2].



B. Laminated Composites Consisting of Unidirectional Composites

Laminated composites are formed when unidirectional layers that have the same
properties are bonded together. Cross-ply refers to adjacent layers being orthogonal.

Angle-ply means they are symmetric compared to an axis.

The governing constitutive equation is the relation between the in-plane stress and
moment and the in-plane strain and curvature. The material coefficients of this equation
are expressed as functions of the properties of the unidirectional composite and

lamination parameters [5-6].

The composite material is treated as a heterogeneous anisotropic continuum. Therefore,
the structural behavior of the composite material is described by the mechanical
constitutive equation of the composite. The material coefficients of this equation
describe the extent of mechanical response of the composite under the impact of

external loads [5-6].

Structural composites can be classified basically into two classes: multiphase and

laminated. These are discussed in the following paragraphs.

1. Multiphase Composites

The multiphase composite consists of two or more constituent phases, although most
available composites contain only two phases. Examples of two- phase composites
include cement aggregate, tungsten carbide in cobalt, alumina whiskers in metal, silica
fiber phenolic, Teflon fiber in plastics, and glass - reinforced plastics. As a
mathematical approximation, two-phase materials can be represented by a quasi-
homogeneous continuum, i.e. locally heterogeneous but grossly homogeneous. Of the
two phases, the stronger, or reinforcing phase, can be approximated as spherical or
cylindrical inclusions dispersed in the matrix phase. For example, the aggregates can be
regarded as spherical inclusions; the whiskers, fibers, and filaments as cylindrical
inclusions. The type of symmetry of a grossly anisotropic composite depends on the
packing arrangement of the inclusions, e.g., tetragonal or orthotropic symmetry for

square packing and transversely isotropic for hexagonal packing [5].



2. Laminated Composites

The laminated composite consists of many layers of multiphase or homogeneous
materials bonded together. Examples of laminated composites include plywood,
sandwich construction, and reinforced plastics. As a mathematical approximation,
laminated composites can be represented by an in-plane homogeneous and transversely
heterogeneous continuum. The transverse heterogeneity has a step-wise variation in
material properties between layers (composite layers are bonded together two or more)
as shown in Figure 1.2. Lamination achieves the mechanical properties in the composite.

Mechanical properties can be changed with the fibers angle in laminate [5].

Figure 1.2. A laminated composite with the fiber angle of [907/+45°/0°/-457]s[2]

Fiber Types

Many types of fibers are used to reinforce structures. They are distinguished by length
(short, long, continuous), strength (low, medium, high, ultra-high), or chemical
composition (organic, inorganic). The most used inorganic fibers used in composites are
carbon, mineral, glass, boron, ceramic, and metallic. Polymeric fibers are used for
organic fibers. Choosing a fiber type involves a trade off among mechanical and

environmental properties and cost.



there are many types of fibers such as Silica and Quartz Fibers, Carbon Fibers, Carbon
Nanotubes, Organic Fibers, Boron Fibers, Ceramic Fibers, Basalt Fibers, Metallic
Fibers, and Glass Fibers [7].

Glass fibers

Glass fibers are processed from bulk glass an amorphous material fabricated from a
mixture of sand, limestone, and other oxidic compounds. One can yield many different
glass fibers (used for different purposes) by controlling the chemical composition and
manufacturing process. Regardless, these fibers will still have normal glass
characteristics, including inertness, hardness, and resistance to corrosion. These
properties make glass fibers the most common kind of fiber utilized in low-cost
industrial applications. The high strength of glass fibers is attributed to the low number
and size of defects on the surface of the fiber. All glass fibers have similar stiffness but
different strength values and different resistance to environmental degradation. The
reduction of fiber strength in the composite with respect to the strength of the virgin
reinforcement is also caused by residual stresses and secondary loads (shear and
transverse to fiber direction), among other factors. The tensile strength of glass fibers
decreases at elevated temperature, with S- and R-glass having better strength retention
at elevated temperatures. The operating temperature limitations of polymer matrix
composites is controlled by the matrix, which can resist up to 275°C depending on the
matrix type, and to a lesser extent by the reduction in strength fibers at high
temperatures. Fiber tensile strength also decreases with chemical corrosion, since glass
fibers are susceptible to chemicals such as alkalis, while humidity enables those
chemicals to reach the surface of the fiber. Chemical corrosion and dissolution influence
the growth and propagation of surface micro cracks that are inherent to glass fibers.
Also, tensile strength reduces with time under sustained loads. This effect is called static
fatigue or stress corrosion. Mainly to account for this effect, a stress ratio (similar to a
safety factor) of 3.5 is used in the design of glass reinforced composites for pressure

vessels subject to permanent load [7].



Epoxy

Epoxy is a general term that refers to a wide assortment of polymers built with
molecules from epoxide groups. Epoxide groups are oxirane structures (three atom

rings).

Epoxies are found in resins for prepregs and structural adhesives. They make great
adhesives, are resistant to chemicals, don’t shrink much, are quite strong, and are easy
to make. They are also cheaper than polymers. Pultrusion, filament winding, press
molding, autoclave molding, and vacuum bag molding are all methods to produce them.
Although the most frequent temperatures used for curing are from 120 to 180°C, the
curing can begin even at room temperature. The curing process will determine how the
materials can be used. Curing at higher temperatures will make the material more

resistant to higher temperatures [8].
1.2. Scope of Study and Motivation

The use of composite materials ranges from the transportation, automobiles, marine, and
aerospace sectors. Because these materials are easier to maintain, costs are lessened,
Also, they have good ratios of strength to weight and resistance to corrosion. Because of
these advantages, militaries have taken an interest in composite materials for ships,
submarines, and even land vehicles. Because of the potential use in combat, it is
imperative that composite materials can handle the impact of missiles and other ballistic
events. As it is stands, researchers understand the response of these materials at static,
quasi-static loading rates and ballistic impact. However, we must delve deeper into
understanding the response at the high strain rates from shock and ballistic events [9].



1.3. Aim of thesis (Objective)

The purpose of this study is to experimentally investigate the behavior laminates
composite (E-Glass /Epoxy) for two types of samples a thin composite plate consists of
16 unidirectional layers and a thick composite plate consists of 50 unidirectional layers
at the end of the manufacturing process, the final thickness of the composite plate will
be measured. The thin and thick composite plates will be produced antisymmetric layer
stacking sequenced and three different fiber orientations such as 0/90, -45/+45 and
30/60. Impact tests will be carried out in the mechanic’s Laboratory of Erciyes
University by using single-stage gas gun system at velocity range from 447 m/s to 861

m/s.

1.4. Outline of thesis

This thesis consists of four parts in the general frame in addition, an introduction.
General information about composite materials is given in introduction chapter, In
Chapter one, general information about impact loading and others topic in this thesis,
literature research. laminate behavior theory, the tools and methods used in the work
done in Chapter two have explained. In chapter three are the results discussed and the

conclusion and recommendations in chapter four are given.



CHAPTER ONE

GENERAL INFORMATION

1.1. Introduction

Impact is a very wide research area. Various industries are involved such as the
automotive, aviation and military industry. In general, the possibility of impact on a
structure, system or component requires additional specifications for a product on top of
the conventional ones. Vehicles of automotive are nowadays designed to guarantee
good crashworthiness capabilities for passengers. Aircrafts are not supposed to crash
because of the consequences of a bird impact. In military service, helicopters, vehicles
and personal armor (for instance, helmets and bullet-proof vests) are exposed to several
types of ammunition, causing typical high velocity impact problems. Impact problems
in the automotive and aviation industry as mentioned above are low velocity impact
problems. All these impact problems have one aspect in common, viz. protected
structures should be as light as possible to avoid loss of mobility. For this reason,
impact resistance of materials is always defined by comparing achieved protection

versus structural weight [10-11].

Impact behavior of materials is mainly categorized by the low and high velocity impact
regime. These regimes are characterized by either the projectile velocity (kinetic
energy) or the duration of the impact event. In the low velocity regime less than 10 m/s
the whole impacted structure experiences the impact. Kinetic energy of the projectile is
mainly absorbed by elastic deformation of the target. Boundary conditions and
geometry of the target have a significant influence on the, more or less, quasi-static
behavior of the target. At high velocity impact more than 300 m/s, due to the much
shorter duration of the event, only material in the vicinity of the projectile experiences
deformation. Inertial effects and wave propagation phenomena control the transient

dynamic behavior of the target. Geometry and boundary conditions are less important as



long as the generated longitudinal strain waves are not reflected from the edges of the
target. Kinetic energy of the projectile is absorbed by the local deformation and
destruction of the target material, deformation of the projectile and local acceleration of
the target. No clear boundary between both velocity regimes exists, since there is a
transition which is target material dependent [12-14]. There is another important
difference between the impact regimes. In many low velocity impact problems
structures should still be capable of bearing stresses after impact, i.e. bird-impact of an
aircraft. Whereas, at high velocity impact, a structural element gives a requested
protection level and is replaced after impact, because of irreversible damage, i.e.
ballistic impact of armored car door. Traditionally steel armor is widely used for high
velocity impact problems. However, in recent years, steel armor has been successfully
replaced by composites to achieve weight advantages. Energy dissipation mechanisms

are quite different for various materials [15-17].

Composite materials are suitable for use in problems involving high velocity impact
because they combine lightness with high mechanical strength. However, impact of
composite materials is a very complex process. The impact resistance of a composite
depends on several aspects such as: fiber properties (elastic moduli, failure strain and
viscoelastic properties), fiber architecture (unidirectional lamina, woven fabrics), matrix
properties, composite areal density etc. Many failure phenomena occur during impact
such as: fiber and matrix breakage, delamination and fiber pull-out. These failure
processes interact very strong and are strain rate dependent, which makes it difficult to
determine which mechanism is predominant. At high loading frequencies or impact
rates, material properties are different from those observed at normal loading conditions
as a result of viscoelastic properties. As a consequence of this the amount of energy
absorbed by these separate failure mechanisms depends on the velocity of the projectile.
Furthermore, many of these failure processes are strongly dependent on environmental
effects such as temperature and moisture. Therefore, fiber, matrix and interface

properties are still optimized by trial and error using ballistic experiments [ 18-19].
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1.2. Classification of Impacts

There are quite a number of reasons to use composite materials. The most common of
which is when impact damage is to be expected, such as from gunfire. This research
will cover the best impact measuring methodology, as well as how to understand where

and when impact damage will occur.

Impact testing fits into two main parts: (a) low-velocity impact, and (b) high-velocity
impact. These two main categories lead to three main types of impact testing. Charpy
impact testing and drop weight impact testing fall into the category of low-velocity
impact testing. Ballistics impact testing falls into the category of high-velocity impact
testing. Technology has increased to the point that there are now advanced measuring
devices for instrumented impact testing such as single-stage gas-gun system for measure

ballistic impact tests [20].
1.2.1. Ballistics Impact Testing

Ballistic impact is a excessive velocity influence by a small mass object, analogous to
runway debris or small arms fire. The simulation of ballistic impacts can be achieved
with a light-gas gun or other ballistic launcher. It is important to study the reaction of
materials to ballistic impact loads. Protection against high-velocity impact from objects
such as projectiles is of main concern for both military and civilian purposes.
Lightweight body armour systems for ballistic protection of personnel can be designed
by combining dissimilar materials with diverse properties. Applications in research
include body armor, armored vehicles and fortified buildings, as well as the protection

of essential equipment, such as the jet engines of an airliner.

Forces of inertia have a strong effect on the high-velocity impact, as do changes in
strength, variations of stiffness, and wave production. All of these are caused by high
strain. Quite a number of parameters affect fiber composite response time under the
high-velocity impact, such as: mass, projective geometry, type, thickness, and more.

Composites of woven fabric are tougher at handling this impact [21].
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Test Setup and Procedure

Ballistics testing is very complex, which means the setup is crucial. The figure below

shows a typical arrangement:

Diaphragm

Sabot ‘
Sabot
Pellet .
Velocitv _
Strain gages
(Gas
Y
N\
4
Z
Magnet Sabot pin Specimen

Figure 1.1. Apparatus for ballistic impact testing [20].

The Figure 1.1 shows a test apparatus called the gas-gun impact test machine. It
operates with gas being forced into the diaphragm’s back end that causes expansion and
pressure sent to the sabot. At this, the pin of the sabot is released and the sabot itself is
forced through the barrel. The pins here measure how long it takes for the sabot to move
between them, and they output velocity. The sabot is prevented from further movement
by the stops, and the pellet (usually steel or zirconia) then moves to cause an impact.

Strain gages measure the strain this process causes. [21].

Table 1.1 displays an important database regarding the different velocity regimes and

their corresponding application and test method [21].



Table 1.1. Provides the different velocity regimes [21].
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Velocity regime

Impact test
equipment

Material test method

Typical applications

Quasi-static testing -Dropped objects
Low velocity 0-50 -Drop hammer machines: - -Vehicle impact ship collision
m's -Pneumatic -Hydraulic -Crash-worthiness of
accelerator -Servo-hydraulic -Containers for hazardous
-Screw-driven materials
-Pneumatic -Design of nuclear containment
-Hydraulic -Free-falling bombs & missiles
Sub-ordnance 50-500 | -Compressed air | -Taylor impact tests Fragments due to accidental
m's gun -Split Hopkinson: explosions
-Gas gun - Pressure bar (SHPB)
or Tension bar (SHIB)
Ordnance 500-1300 Compressed air | Taylor tests Military
m's gun gas gun SHPB SHTB
Ultra-ordnance 1300- | -Powder gun
3000 m's - Two-stage light | Taylor impact test Military
gas gun
Hypervelocity »3000 | Two-stage light | Taylor impact test -Space vessels
m's gas gun - Exposed to meteorond
impact & space debris

1.2.2. Failure Modes

The fiber, interphase, and matrix properties will impact the threshold energies or

necessary stresses that are needed to cause failure from impact. Different impacts are

classified according to the level of damage. High velocity impacts will cause

penetration that breaks the fibers. Low velocity impacts will crack the matrix and

produce delamination.

There are different ways that projectiles will impact the target. The various ways to

absorb energy are:

* Kinetic energy absorbed by the moving cone formed on the back face of the

target.

* Shear plugging of the projectile into the target.

* Energy absorbed due to the tensile failure of the primary yarns.

* Energy absorbed due to elastic-deformation of the secondary yarns.
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 Energy absorbed due to delamination, matrix cracking, and frictional energy

absorbed during penetration.

Perforation may occur is there is failure in various modes. The target’s modes are
different depending on the properties of the materials used, the velocity of impact, the
shape of the projectile and target, support, masses, and more. This is shown in Figure
1.2 [21].

RADIAL FRACTURE . PLUGGING PETALING-

Figure 1.2. Common failure modes of target [21].

1.2.3. Acceleration Devices of Projectile

For speeds in excess of 330 m/s, projectiles are sent through a device with a cylinder

that has a diameter slightly larger than its own diameter, using some sort of propellant.

Gas guns can fire projectiles because of a pressurized chamber with a plastic diaphragm
that limits the flow of gas into the barrel. After reaching a specific pressure, the
projectile accelerates through the barrel when the diaphragm bursts from heat. These
guns are used to test high velocity impact from speeds between 75 and 270 m/s. That
said, using complex systems, speeds up to 800 m/s are possible. For speeds of 350 m/s,
a burning powder gun is often used. In these guns, the bullets are shot out because of a
reaction of explosive powder within the barrel. The highest velocity that can be tested is
3000 m/s [22].



14

1.2.4. Types of Projectiles

Results of testing will vary based on the type of projectiles used. The most common
projectiles in these tests are spheres or cylinders made from steel. Common ammunition

Is also used, as are projectiles fragmented for testing purposes.

The spheres and cylinders of steel are used for testing gas guns because they are easily
bought or made to fit the test barrel dimensions. They also showcase similar results in
the low velocity testing, which makes their usage perfect for comparing and contrasting
results. However, they are often a poor representation of the projectiles one may face in

the field, such as those from enemy fire.

FSPs, or fragmented simulated projectiles, were designed by the American Army for the
purpose of representing projectiles one may encounter in combat. They are cylindrical
and made in accordance to a specific military condition (MIL-P-46593A). They also
feature a blunt nose shaped as a chisel and a base with a raised flange. Figure 1.3 shows
their design. Projectiles similar to FSPs are shot from a powder burning gun. As such,

various militaries use FSPs for their testing of armor [22].

Figure 1.3. FSPs (Fragment Simulating Projectiles) [22].

Common ammunition is useful in ballistic velocity testing and are fired from a burning
powder gun. They are cheap and easily purchased from any weapon shop. They are also
useful because testing is based around common weapon fire. However, because of the
lead used to make ammo, the bullets can become deformed or break, which raises a

disadvantage in testing [22].
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1.3. Literature Review

The issue of damage in composites because of an effect is a serious issue for researchers
and has been for quite some time. Composite parts can be damaged in several ways
during use when they are impacted by an outside object. There are two types of damage:

low and high velocity effect damage.

Although the effect of low velocity damage has had vast research dedicated to it, high
velocity has been neglected by researchers. This is because the problem is complicated

and the information is inadequate.

Damage occurs when an object collides with the test components. In actual scenarios, it
is hard to know the severity of the impact, the approach velocity, duration and rate of
deformation of the velocity. This study focuses on high-velocity impact, specifically as
it relates to aircraft. Aircraft vehicles can have such an impact in numerous ways, such
as a bird colliding with the vehicle or a truck crashing into an engine on the runway.
There is also much debris in space that can negatively impact spacecraft and satellites.
NASA is focused on this issue, as debris can cause serious damage to extremely fast-

moving vehicles.

As such, engineers must consider every possibility and plan against failures due to
collision. Repair engineers must also develop schemes to quickly handle serious damage

in such situations, such as fast repair or replacement of the damaged parts.
The below studies focus on impact damage in composite materials.

Kazemahvazi [23] investigated in the active loading of composite and sandwich
structures for the laminates with a lot of fibers in the loading direction very little
difference in residual net-section strength was observed between laminates with drilled
circular holes and laminates with holes generated from fragment simulating projectile
(FSPs) and It was found that unidirectional laminates with holes predominantly fail
through three failure modes: local shear failure, local net-section failure, and global net-
section failure. Also, it was found that cores with low relative density (slender core
members) show very large inertial stabilization effects and have a dynamic strength that

can be more than seven times higher than the quasi-static strength.
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Menna et al [24] dealt with study the numerical simulation of low-velocity impact tests
through the LS-DYNA Finite Element (FE) code which was carried out on glass

fabric/epoxy laminates, adopting two-panel thicknesses and various impact energies.

Tanay Topac et al [25] investigated in the dynamic failure process of composite
laminates under low-velocity impact for Carbon Fiber Reinforced Polymer beam
laminate and damage in angle 0°, 90° using a united experimental and numerical
approach by 3D finite element analysis is performed using ABAQUS/Explicit to

simulate the experiments and Digital Image Correlation analysis.

Hassan et al [26] studied experimentally to investigate the behavior of woven fabric
composite laminates under low-velocity impact. Simulated the impact mechanics of
fiberglass/epoxy composite using MSC.MARC, MENTAT. They noticed the damage
process by the F-d graph for a thicknesses range of 2, 3 and 4 mm and impact energy
levels ranging from 9.8 J to 29.4 J. Variations in maximum influence force and bending
stiffness were used to evaluate the damage of the glass fiber reinforced plastic laminates
(GFRPs).

Gunes et al [27] introduced an experimental and numerical study on aluminum
honeycomb sandwich structures under low-velocity impact loadings in order to
investigate the behavior of honeycomb sandwich constructions, which is consisted of
two identical aluminum face sheets and an aluminum honeycomb core, was carried out
the experimental study by using a drop-weight impact test system. by this technigue,
were measured the contact forces and absorbed energies to determine the influence of
impact energy for one configuration of the sandwich structure. Based on these results,

was developed a numerical model by finite element method for sandwich structures.
The answer to the impact problem is approachable from three methodologies:

A. Empirically by collecting and analyzing a high quantity of data.

W

Making models that emulate real-life events.
C. Discretization that breaks down structures into the smallest parts and analyzes each

based on the laws of physics.

Impact dynamics is based on the laws of mass, momentum conversion, and energy

conservation. Impact on a composite plate is dissipated by either material deformation
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or the making of new surfaces.

Deformation is first and can create cracks is there is enough impact energy. Then

propagation occurs, which leads to the creation of new surfaces [28].

Numerous specialists and investigators have utilized software programs in order to
predict the failure modes and damages, particularly in composite structures which
subjected to low-speed, high-speed affect harm and quasi-static loads etc., which
concentrated on the studied of experimental and numerical, for example,
ABAQUS/Explicit, LS-Dyna, MSC. Dytran, DYNA3D, and 3DIMPACT [29]. Also,
there are many researchers and investigators who have provided analytical studies to a
number of researchers who have studied the composite materials under ballistic impact

and high-speed projectiles effects such as:

Feli et al [30] investigated and developed the analytical model for perforation process
of composite sandwich boards with honeycomb center subjected to high-speed effect of
the barrel shaped shot. Impacts of composite skins and aluminum honeycomb center on
aperture resistance and ballistic execution of sandwich boards. As indicated by the

model outcomes, they got the following conclusions:

— The front and move down composite skins are the principle consider in charge of the
vitality ingestion, while the vitality consumed by the honeycomb center is exceptionally

lower.

— Using the Twaron filaments, rather than carbon strands AS4-6 k as a front and move
down skins, case as far as possible speed of sandwich board increments by 100%.

Fras et al [31] researched the ballistic effect execution of 40 mm thick an Al composite
AAT7020-T651 against non-axisymmetric shots, 20 mm distance across piece recreating
shots (FSPs) at effect speeds between 900m/s and 1500m/s, in the test conditions (thick
target, penetrator of a particular shape, high-speed impacts), utilizing numerical model

(MAT-107) for the Lagrangian approach and presented actualized in LS-DYNA.

Pandya et al [32] studied four types of symmetric hybrid composites made using plain
weave E-glass fabric and 8-harness satin weave (T300) Toray carbon fabric with epoxy
resin. It is watched that ballistic limit of confinement speed, Vs, can be expanded for the
composites by adding E-glass layers to T300 carbon layers contrasted and just carbon
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composites for a similar overlay thickness. Putting E-glass layers in the outside and
carbon layers in the inside gives higher ballistic breaking point speed than setting
carbon layers in the outside and E-glass layers in the inside, where they found a decent
match between the tentatively acquired ballistic cutoff speed, Vs, and the logically
created ballistic limit velocity, Vg, .

Buitrago et al [33] analyzed the puncture of composite sandwich structures subjected to
high-velocity impact. Sandwich boards with carbon/epoxy skins and an aluminum
honeycomb center were displayed by a three-dimensional limited component
demonstrate actualized in Abaqus/Explicit. The model was approved with trial tests by
looking at numerical and test remaining speed, ballistic point of confinement, and
contact time. They found in the effect speeds over 250 m/s, around 45% of the effect
vitality was consumed by the front skin and 40% by the back skin. For effect speeds
near a ballistic utmost, the front skin consumed practically the 60% of the vitality. On
the contrariwise, the honeycomb core absorbed between 10 and 20% of the impact
energy by plastic strain, at all the impact velocities analyzed. Also, they studied the
energy absorption mechanisms in both skins and the core.

Ivaiiez et al [34] studied response the behavior of composite sandwich plates with E-
glass fiber/polyester face-sheets and foam core which subjected to high-velocity impact
by performing a 3D finite-element model in Abaqus/Explicit. They found on the back
face sheet, the damaged zone was greater in the sandwich model than in the spaced
plates because the impact velocity over the back face sheet was lesser in the sandwich
structure and the damaged zone increased when the impact velocity was reduced. Where
the contribution of the foam core on the impact behavior was evaluated by the analysis

of the residual velocity, ballistic limit, and damaged area.

Hazell et al [35] studied an experimentally on two 6-mm thick Carbon Fiber Reinforced
Polymer (CFRP) laminates have been joined together to evaluate the ballistic
performance of such a system when subjected to impact and penetration by fully
annealed stainless steel sphere projectile (#11.97 mm + 0.01 mm; mass = 7.165 g +
0.001 g; VHN = 127 hardness). The balls (AISI 304) velocities ranging from 187 m/s to
1219 m/s. Targets were placed at normal incidence to the axis of projectile flight and
angled at 45", It was observed that the ballistic performance of the two-part system was
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improved compared with similar thin CFRP laminates over the impact energy range of

interest.

Hani et al [36] investigated the effects of different laminated hybrid composites
stacking arrangement subjected to ballistic impact. The hybrid composites consist of
laminated woven coir (C) and woven Kevlar (K) layers laminated together. The results
obtained had with energy absorption of 435.6 kJ and 412.2 kJ under the projectile speed
of between 330 m/s and 321 m/s respectively. Samples that achieved partial penetration
during projectile impact where proposed the best stacking sequence is KKCC-KKCC-
KKCC with the ballistic limit of 348 m/s.

Terra et al [37] presented an analytical formulation to model high-velocity impacts on
thin woven fabric composite target. They didn't found on any dissipation of energy due
to primary yarn failure for carbon/epoxy targets, as the impact duration were found to

be too small in comparison with the time necessary to load the yarns until failure.

Chen et al [38] researched and discuss the engineering design and evaluation of 2D and
3D fabrics on the influence of construction of fabrics on ballistic performance. They
found the hybrid design of ballistic panels from the used woven and uniform
distribution (UD) fabrics indicated that it is possible to improve its the ballistic

performance by using layer materials according to the impact mechanism.

Shanazari et al [39] developed a modified analytical model for hybrid

woven/unidirectional panel subjected to ballistic impact.

Yen [40] developed a ply-level material constitutive model for plain weave composite
laminates to enable computational analyses of progressive damage and failure in the
laminates under ballistic impact conditions were added the major fiber failure modes
(tensile, compressive, punch shear and crush loading) and implemented within LS-
DYNA.

Feli et al [41] introduced a new technique of FE simulation, based on LS-Dyna FE
code, for normal penetration of cylindrical projectiles onto the ceramic—composite
armor with the total thickness of 40 mm targets under high-velocity impact. When the
cylindrical tungsten projectile impacted the ceramic front plate a fragmented ceramic
conoid breaks from ceramic tile and the semi-angle of ceramic conoid with increasing

projectile, initial velocity decreases, where were the initial velocities between 470 and
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500 m/s. They observed an incremental jump in the computed residual velocity of the
projectile, near the ballistic limit velocity the projectile remained in the fragmented
ceramic tile for more time and the dishing of composite layers’ increases, also with
increasing projectile initial velocity, the delamination of upper layers of composite plate
decreases.

Garcia-Castillo et al [42] presented a study to analyze the parameters that affect the
ballistic behavior of woven laminate plates of E-glass fibers, and to determine their
influence on the ballistic limit, contact time, and the energy absorption mechanisms. A
formulation in non-dimensional variables of the model proposed regardless of the ratio,
they found the main energy absorption mechanism was the fiber failure at velocities
under the ballistic limit and the cone movement for impact velocities over the ballistic
limit. They found linear relation between the ballistic limit and geometry ratio, and a

power law between the ballistic limit and density ratio.

Sudhir Sastry et al [43] studied the ballistic impact on the composite materials, the
CFRP, the E-glass/epoxy and the Kevlar/Epoxy for six different ply stacking sequences.
They found the Kevlar/ epoxy absorbs a maximum kinetic energy of 43.8 kJ, compared
to the other the two materials. The E- glass/epoxy shows better impact characteristics
when stacked in the sequence [0/90/+45/-45/0/90/+45/-45]. The Kevlar/epoxy material
displays better impact features when arranged with + 45° in the symmetrically stacked
sequence of [+45/-45/+45/ -45/-45/+45/-45/+ 45].

Wang et al [44] used the projectiles with 7.62 mm, 12.7mm and 20.0mm calibers in the
ballistic testing with relatively low and high impact velocities between 200 m/s and
1000 m/s. In order to estimate the extent of damage caused by ballistic impact on the
specimens by examining ultrasonic A-scan and flash thermography non-destructive
inspection techniques. FEM analysis indicated that the shear stress in the laminate away
from the center of the specimen is significantly lower than at the center where used

fiber-reinforced polymer composite materials.

Luan et al [45] introduced a transversely isotropic nonlinear viscoelastic model to
estimate the mechanical behaviors of (poly-para-phenylene terepthal amide PPTA) fiber
tow. The FEM (LS-DYNA) strategy presented herein, combined with the user defined

material model of the PPTA fiber tows and the micro- structural model of the three-
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dimensional angle-interlock woven composite 3DAWC panel, is found to make
accurate predictions for the simulation of ballistic properties of 3DAWC. They found
the ballistic penetration damage features of the 3BDAWC panel, which reveal that the

stress propagation in 3D textile structural composite can be divided into three stages:
(1) Initial impact through the projectile.
(2) Perforation after the shear wave reaching to rear surface of the target.

(3) The internal energy absorbed by wefts and warps of FEM were compared and it is
found that the woven structure parameters of 3DAWF play an important role in energy

absorption of ballistic penetration.

Mohan et al [46] developed a modified analytical model for unidirectional composites
laminate which subjected to ballistic impact. They have been used the analytical
formulation to determine the ballistic limit, energy absorption, and the damaged area to

expected unidirectional cross-ply laminates.

Tasdemirci et al [47] investigated experimentally and numerically the effect of rubber,
Teflon and aluminum foam inter-layer material on the ballistic performance of

composite armor.

Chi et al [48] presented a semi-analytical model approach on the performance of

ceramic/metal armor under ballistic impact.

Alankaya et al [49] studied the effects of impactor velocity to penetration mechanism,
and investigated the ballistic damage of Ultra-high-molecular-weight polyethylene
(Dyneema) plates under different velocities.

Omidvar et al [50] used the experimental method of Taguchi design in order to found
a correlation between the penetrating effects with different parameters. From during the
gained results show that the best property combination between penetrating impact and
impact resistance have been obtained by the layering ratio of 0.6, filling materials
weight percentage of 50% and thickness of 6 mm, respectively, for the composite of
Kevlar 49 fibers in the epoxy matrix.

Reddy et al [51] described ballistic performance of E-glass/phenolic laminated
composite having different impacts velocities by 7.62 mm mild steel core projectile.
They found a nonlinear correlation between energy absorption and laminate thickness.
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Long [52] investigated the ballistic impact behavior in polymer composite panels by the
numerical simulation using explicit dynamic finite element analysis technique. 3D
failure criteria and damage constitutive including strain rate effects were used to
simulate the damage of composite laminates. The contact and penetration process, as
well as damage evolution mechanisms. The results indicated that the dimension or
initial velocity of the projectile, layup of laminated panel, and selective failure criterion
of composite materials have significant influences on the dynamic response and failure

behavior of laminated composite panel upon ballistic impact.

Zhang et al [53] presented the influence of fabric structure impact and thickness on the
ballistic impact behavior of Ultra-high molecular weight polyethylene (UHMWPE)
composite laminate (at the striking velocity of about 700 m/s), they found a bilinear
relationship between specimen thickness and the ballistic limit velocity, as such
unidirectional composite laminates exhibit higher ballistic impact velocity and absorbed
energy capacity compared to other. Therefore, the dominant failure mechanisms of
unidirectional composite laminates were identified to be plugging and hole friction for
thin laminates; whereas delamination, fiber tension and bulging for thick ones.

McWilliams et al [54] developed a numerical modeling for elastic-plastic orthotropic
material model with hydrostatic pressure dependent yield surface, which used to model
the pressure dependent response for the woven fabric metal matrix composites (MMC)
during impact to predict the ballistic limit and occurring during dynamic loading of
woven fabric reinforced (MMC). The finite element modeling framework to offer
insight into the progression of damage mechanisms through the impact event. They
noticed that 3D woven MMC is 13 % and 40 % lower in terms of ballistic limit and
through thickness shear strength respectively than its 2D counterpart. Moreover, the
numerical results successfully predict the ballistic limit of a 2D fabric reinforced MMC

within 6% of the experiment.

Aydin et al [55] investigated experimentally deformation and damage states of Al/SiC
functionally graded sandwich plates under ballistic impact loadings and the effect of
material composition variation through the thickness. The relationship between the
ballistic performance and the composition variation by using a 9 mm Parabellum bullets
on the functionally graded sandwich plates (FGSPs) manufactured with powder stacking

hot pressing method. They found the response of the functionally graded sandwich
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plates to the ballistic impact loadings as well as their damage mechanism exhibits a
strong dependency on the definition of material composition variation of the core region

between two upper and lower aluminum layers.

Gunes et al investigated damage mechanisms and deformation of honeycomb sandwich
structures reinforced by the functionally graded face sheets consist of ceramic (SiC) and
aluminum (Al 6061) phases under ballistic impact by finite element method using
explicit dynamic analysis ANSYS LS-DYNA. In the first study [56] the effect of the
material composition of functionally graded face sheets on the ballistic performance of
honeycomb sandwich structures and the penetration and perforation threshold energy
values on ballistic performance and ballistic limit of the sandwich structures were
determined. In the second study [57], they investigated by numerically on honeycomb
sandwich structures reinforced by FG face sheets including three types of material
composition (n = 0.1, 1.0 and 10.0) under ballistic impact. They found that the
projectile’s initial velocity is equal to the ballistic limit when the total energy absorbed

by sandwich structure is equal to the initial kinetic energy of the projectile.

Sharma et al [58] introduced experimental and numerical study to investigate the
ballistic resistance of AA2014-T652 forged plates in the velocity region from 800 m/s
to 1300 m/s against rigid and deformable projectiles (Spherical projectiles 10 mm
diameter). All ballistic impact of finite element simulations of tests had carried out
using the calibrated Johnson-Cook models. Ballistic impact tests on 15 mm thick target
plates revealed the quasi-brittle fracture behavior of the material, which resulted in
extensive fragmentation and conical crater formation on the rear side of the target.
Numerical results overestimated the ballistic limit velocities as the quasi-brittle fracture

of a target could not be captured using Johnson-Cook failure model.

Pach et al [59] presented the study about ballistic resistance of hybrid composite shields
for the analysis of the damage caused by a ballistic impact, further compared to the
results of computer simulations conducted using the finite element method (FEM). The
(5.56 x 45) mm ammunition with the bullet of (SS109) (MESCO) type has used. They
recommended in further works that the parameters of molding composites should be
modified in order to improve the saturation of the weft and warp threads of the aramid

fabric with the polymer.
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Holmen et al [60] presented ballistic impact simulations with varying yield surfaces,
initial velocities, and projectile nose shape, and concluded that the shape of the yield
surface affects the results of ballistic impact simulations. A high-exponent vyield
criterion was applied in 3D nonlinear finite element simulations of ballistic impact. The
effect of the yield surface shape was compared to the effects of changing the parameters
controlling friction, rate sensitivity, adiabatic heating, and temperature softening. The
numerical simulations were conducted to explain the yield surface shape influences the
results of ballistic impact simulations of steel plates. Although the residual velocity
close to the ballistic limit velocity is influenced by the yield surface indicator, the
results suggest determine the ballistic limit or to predict residual velocities far from the

ballistic limit, a von Mises yield surface gives enough results.

Yang et al [61] researched ballistic characteristics of Ultra-High Molecular Weight
Polyethylene (UHMWPE) unidirectional (UD) laminate, including failure modes of
UHMWPE fibers through ballistic impact and its impact on the ballistic performance of
UD laminate. Finite Element (FE) results displayed when material properties
degradation of Dyneema UD induced by thermal damage was taken into account, stress
wave propagation and transverse deflection of Dyneema UD was highly constrained,
which leads to quick perforation. Ballistic test results showed that performance of
UHMWPE UD laminate was degraded during ballistic impact when Dyneema UD
sheets are placed on the striking face before Twaron woven fabrics. Also investigated
that the failure modes of UHMWPE fibers and its influence on ballistic performance of
UHMWPE UD laminate. According to photographic examinations of post-impact
Dyneema UD panels, thermal damage of Dyneema UD laminate during ballistic
influence can be obviously observed from the typical globular and be melting
appearance of fractured UHMWPE fibers. For back layers, tensile failure is also

dominant.

There are three phases to ballistic effect events. The first is when the projectile
contacts the target and its face compresses into it. During compression, the material
flows into the thickness of the target. It is also possible that the material flows towards
the target’s face. The compression stage proceeds until the through-the-thickness

compressive wave spreads to the target’s back end. Stress from compression are made
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under the region the projectile connects with and causes tension around the radial

direction.

The projectile then moves further within the target due to layer compression that may
cause failure at various modes. This produces a bulge at the back end and moves to
impact’s second phase. Failure can occur at various components of the upper layer and
the projectile continues forward movement. A plug formation can occur before the
projectile and tension will continue at the back of the target because of the bulge. At this

stage, cracking also occurs between layers.

The third stage is when the projectile moves ahead until it and the plug exit the target at
the back end. During the motion, forces of friction occur between the projectile and

target and produce heat [62].



CHAPTER TWO
MATERIALS AND METHODS

2.1. Introduction

This section deals with laminate theory, ballistic impact mechanics in which ballistic
science is generally in three subcategories: internal ballistic, external ballistic and
terminal ballistic, penetration mechanism and the ballistic limit. In the thesis, vacuum
Assisted Resin Injection (VARI) Method has been used to produce the specimens in
experimental. In the investigation of high-velocity impact behavior of thin and thick
laminated composites, the conservation of energy is the primary point of departure for
the formation of physical equations. The kinetic energy possessed by a bullet is
transferred to the target as a large amount of deformation energy in the later stages of
the impact. In this regard, energy damping behaviors are shown to be an important part

of the work performed under the target impact loads.
2.2. Laminate Theory

A common sheet of composite material is known as a lamina or ply and acts as a
building block. Laminas are reinforced with many fibers embedded into the matrix,
either woven, continuous (or not), uni or bidirectional, or random. The matrix is either
metal or thermoplastic (or another non-metal material). Of all matrixes, unidirectional
laminas are the strongest in the fiber direction, but very weak in the opposite direction.
An example is shown in Figure 2.1. On the other hand, anisotropic are different material

properties at a point in all direction depend on the orientation of reference axes.
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Figure 2.1. Type of lamina with unidirectional fiber [4].

It is impossible to use one lamina because it will be thin and very weak. As such,
laminas are stacked in layers to create stiffness needed for the application. It is also
possible to stack layers in opposite directions. This is known as the stacking sequence.
Laminas are dependent on the direction of stacking, so the information below covers the

various elasticity characteristics.

Laminate dimensions are usually much more bigger than the thickness. This is because
their usage requires bending. As such, they are used as plate elements. According to
references of 4, 63,64 , following topics are presented in this chapter:

o Constitutive Relations for a Laminae

o Mechanics of Materials Approach to Stiffness
o The Physics Theory of Ballistic Impact

2.2.1. Constitutive Relations for a Laminae

The in-plane linear constitutive relations for the orthotropic lamina in the principal

material coordinates of a lamina are:

61 Q11Q12 0 €1
020 =1Q12Qz2 0 €2 (2.1)
Op 0 0 Qeel L€6
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The above relation holds for material coordinates of 1,2,3 . Here, 1 is fiber direction, 2

is in the transverse direction and 3 is out of plane direction as shown in Figure 2.2. The

Q;; terms in Equation 2.1 are related to engineering constants as:

_ C13C]3 '
Qjj = Cyj-——— where, (ij=1,2,..,6)
Quy=——
171 vy,vy,
Qpp = VizE;  _ VaiEq
12 7. V12V, 1-V12V2q
Vi2E;
= =G
Q22 TViVa Qs 12
E 3 T.
2

7

A

(2.2)

-

Figure 2.2. Local and global axes of angle laminae [4]

=W

Because laminates are made from stacking different elements in various coordinates,

one must use the (x, y, z) coordinates to make the constitutive equations for the various

layers. The following obtains material coordinate stress from global coordinates.

O¢

01 Cos?6 Sin%0
0y | = SinZ%0 Cos?0

-CosBSin® CosBSin® Cos?6-Sin%0

2Cos6Sin0 Ox
-2Cos0Sind Oy

ny
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or
Ox Cos?0 Sin?0 -2SinBCosh \ /01
Oy |=| Sin?%0 Cos?8 2SinBCosB || 02 (2.3)
Oxy SinBCos® -SinBCosO® Cos?0-Sin?6/ \Oe

where 0 is the angle from the x-axis to the 1-axis.

It is worth noting that this transformation is not related to the material properties
but rather a rotation of the directions of stress. This makes rotational direction

critical. As such the equations for strain-transformation are as follows:

eex Cos?20 Sin20 -2SinBCosO €
~]=| sin*6  Cos?®  2sin6Cos8 | | 2 (2.4)
- SinBCosO -SinBCos® Cos?6-Sin%0 S

A so-called especially orthotropic lamina is an orthotropic lamina whose principal

material axes are aligned with the natural body axes:

Ox 01 Q11Qs2 O €1
{O'y}: {02}:[Q12Q22 0 ]{62] (2.5)
Oxy O12 0 0 Qgel (€12

The stress and strain transformation of eq.2.1 with Reuters’ matrix, eq.2.2, after

abbreviating eq.2.5 as;

o, €1
012 €12

Oy o, €x
to obtain {Gy} =[T]? {02 } = [T]YQ][H] [T][H]? {Gy } (2.6)

Oxy 012 EXY

[H] [T][H]? can be shown to be [T]T where the superscript T denotes the matrix

transpose . Where [Q] = [T]'[Q][T]! following equation gives stress — strain

relation in x —y coordinates for an orthotropic lamina

Ox 3 €x Qi1 Qiz Qi6) (&
{GY}:[Q]{EY}: Qiz Q22 Q6 {EY} (2.7)

o € €
Xy Xy Qs Q26 Qes Xy
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in which,

Q11 = Q1,Cos*8 + 2 (Q12 + 2 Qs ) Sin*0 Cos * 6 + Qy, Sin* 0

Q2= ( Q11+ Qz—4 Qgs) Sin® 0 Cos? 6 + Q5 (Sin* 6 + Cos* 0)

Q22 = Q11Sin*0 + 2 ( Q12+ 2 Qes ) Sin?6 Cos 2 8 + Qz, Cos* 0
Qi6=(Q11—Q12—2Qes) SinB Cos®6 + (Q 12— Q22 +2 Qg ) Sin®6 Cos 0
Q26 =(Q11-Q12-2 Qe ) Sin>0 CosB+ (Q 12— Qa2 +2Qes) Sinb Cos’
Qo6 = (Q11+Q22- 2 Q12-2 Qg5 ) Sin’0 Cos B + Qg6 ( Sin* 6 + Cos* 8) (2.8)
where Q_u matrix denotes transformed reduced stiffness , Qj;.

The following equation to express the strain in term of the stresses by inversion of

the stress — strain or transformation of strain — stress relation as:

€1 S11S:2, 0 01
{ez } [slzszz 0 ] H 9
€12 0 0 Seel\012

€x Ox S11 S12 St Ox

{GY}:[T]T[S][T]{GY}: Si2 Sz Sz {GY} (2.10)
€y Oxy Sie Sse Ses/ \Cxv

where  [H][T]}[H]?! was found to be [T]T and ;

S11 = S11Cos*0 + (2 S12 + Sgs ) Sin?6 Cos 2 6 + Sy, Sin? @

Sz =S12(Sin* 0+ Cos* )+ (S11+ Sy —Ses ) Sin?6 Cos? 0

S,5 = S115in*0 + ( 2S1, + Ses ) Sin?6 Cos % B + Sy, Cos* 6

Si6 = (2S11 — 2S1, — Sgs ) Sin 0 Cos® 0 - (2S2, — 2512 - Ses ) Sin®6 Cos 6
S,e = (2S11 — 251, — Ses ) Sin® 0 Cos 0 - (2S5, — 251, - Sgg ) Sin O Cos® O

Ses =2 (2S11 + 2S22 — 2S12— Ses) Sin® 6 Cos 2 6 + Sge (Sin® 6 + Cos* 6) (2.11)



Under condition of plane stress, written as:

01 Q11Q12Q16] (&1
{02 } = [Q12Q22Q26] {62 }

012 Q16Q26Q66d €12

or inverted form as;

€1 S11512516] (01
€2 ¢ = 1512522526 102
Y12 S16526566] \T12

1 1
where; S;;=— , Sp=— , Sie=
E1 EZ

1 G12 E;

M2z _ 212

1
See=— , Sz6=
Gz ' E; G12

b
so, 1;;=—= for T;; = v and all other stresses = 0 .
! Yij

therefor n;;;= ‘% for o; = o and all other stresses =0 .
1

N121 _ N112 Sy Via _
E
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(2.12)

(2.13)

_Va
E;

The current stiffness matrix is only applicable for the analysis of an on-axis

arrangement as shown in Figure 2.3(a). A new matrix, [Q]is required in the

analysis of an 6 angle lamina with an off-axis arrangement shown in Figure 2.3(b).

Ay (2) 2

X(1)

(a) on-axis (b) off-axis

Figure 2.3. On and off-axis configurations [63].
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It is possible to assume composite laminate performance after finding the stiffness
and compliance matrices of the unidimensional lamina. A reference number and (z)
coordinate are given to each of the lamina to find the coordinate system location.
(Figure 2.4).

&
-
w o =

Mid-Plane
l hy.) k-1

k+1 h2 Yz

Figure 2.4. Stacking Sequence Nomenclature of Laminate [4].

Thus, the stress for k™ lamina can be determined by following relation:

Ox Qi1 Qiz Qie e% Ky
Oy ¢ = Q2 Qa2 Qu6 € ¢ +Z4{Ky
Oxy )i Qe Q26 Qes y gy Kyy

2.2.2. Mechanical Approach of Materials to Stiffness

Most researchers assume that fiber direction strains are the same as those in the
matrix for unidimensional composite materials (Figure 2.5). If the stresses are

different, then one could expect a break between the fibers and matrix.
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Figure 2.5. Loaded of volume element in 1-D [64].

2.2.2.1. Determination of E1

The first modulus to be determined is that of the composite material in the 1-
direction, in the fiber direction as:

& =7, Of= Efee for fiber, o, =EnLe, for matrix

where ; €, applies for both fibers and matrix , of acts on the cross-section area of
the fibers Af, and o, acts on the cross-section area of the matrix A, , the

resultant force on the volume element is

P=0,A=0¢As+ 0y Ap

After substitution , and Vi = % ,  Vy = AT‘“ then : for determine E; is
El = Efo + Eme (214)
2.2.2.2. Determination of E,

The apparent young’s modulus , E, , in the mechanics of lamina approach the same

transverse stress o, is assumed to be applied to both the fiber and the matrix

The strains in fiber and matrix are found from the stresses:

=2 (2.15)
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where & =V;W | g, =V, W , thetotal transverse deformation is :
AW =g, W=V W+ V, W, Also g, = Vrgr + V& (2.16)

After sub. eq.2.15 of the strains from eq 2.16 and simplified these equations have

gotten:

E, = ﬁ (2.17)
2.2.2.3. Determination of Poisson’s ratio v,

Poisson’s ratio is obtained by method similar to the analysis for E; as

Vip = z—i , for the stress state o, = o and all other stresses are zero .

The transverse deformation Aw is :

Aw= -Wgz = Wygpe, ,Also (Ay= Apy + Agw ) (2.18)
the analysis for the transverse E,, the transverse deformations are:

Amw= W Vinvmer » Arw= W Veyges (2.19)
Combine eq. 2.18, 2.19 and divide by &; W to get :

Viz = Vi Vin + V¢ V5 (2.20)

2.2.2.4. Determination of Gy,

The shear modulus of a lamina, is determined shearing stresses on the fiber and the

matrix as:
Ym=g . Vi= Glf (2.21)

The total shearing deformation is:
A= yW | Ap=Vyn Wy , A= Ve W, , because (A= Ay, + Af), divide by W :

Y= VinYm + Veve (2.22)



35

and after sub. in eq. 2.21 and rewrite eq. 2.22 to get finally equation,

Gm Gf

G,= —F——
127 VGt VeGm

(2.23)

2.2.3. The Physics Theory of Ballistic Impact

Based on the theory of Aristotle 2000 years ago, in the case of throwing an arrow or
body or the like that, the penetration of the body to the air opened his way through the
momentum and the body falls after the end of its energy because of friction with air.
Many theories have emerged in the sixteenth century AD, in 1686, Sir Isaac Newton
presented his laws of motion in the "Principia Mathematica Philosophiae Naturalis™.The

laws are shown below, and the application of these laws to aerodynamics also.

Newton's laws; three laws of mechanics describing the motion of a body are as

followed:

Newton's first law is that all objects in motion stay in motion and objects at rest will
stay at rest unless an outside force changes their trajectory. This law explains inertia.
This means that is there is no net force, then the object remains at a steady velocity.
With a velocity of zero, the object remains still. The velocity changes because of force

applied to it.

Newton's second law regards the velocity of an object that changes after a force is
acted upon it. This force is the same as momentum (mass multiplied by velocity) for
time. Newton's calculus is important to explain this law, as he showed the changes by
differentials. Objects have a constant mass (m) that dictates the force (F) comes from

multiplying mass times acceleration (a: F = m. a).
YF=m.a (2.24)
where , a = 4y

dt

Newton's third law states that when a force acts on a body due to another body, then an

equal and opposite force acts simultaneously on that body.
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Impulse-Momentum-Impacts

Momentum: “quantity of motion” — Any object which has both mass and a velocity is

. . d . .
said to have momentum, if , a = TV based on Newton's laws of motion as:

F=m.a, YF=m.a (2.25)

This can be rewritten with acceleration as the derivate of velocity with respect to time:
F=m< (2.26)
= m. 1 \% .

If this is integrated from time t; to t, , F dt = d(m.v)
fttlz Fdt = m.v,-m.v, (2.27)

An impulsive force is one that acts on a particle for a limited time. When there is a
momentum change from this force, it is called impulsive motion. When different

particles interact with one another, it is shown as:

Zm.vl + ZF.At = Zm.vz

When two particles collide and there are no external impulsive forces acting on them,

total momentum is conserved. The equation becomes:
Ymvy = Yymv, (2.28)
Conservation of Momentum

The total momentum of any given system will remain constant unless acted upon by an
external force. The momentum before a collision is equal to the momentum after a

collision.
mV = Mv (2.29)

where, v the velocity of the gun reaction.
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Conservation of Energy

In order to calculating kinetic energy and rotation energy of projectile the following

equations are used :
Ex =3 m.v? (2.30)
Eror = 5 M. Iw? (2.31)

where, | moment of inertia ( kg.m? ) , w angular velocity ( rad/sec) , the projecite with

the total energy value of :

Er = Eg + Eror (2.32)
for Energy absorption of the laminate are calculated using equation :

Eaps =5 m (vi-v2) (2.33)
where , m mass of the projecitle , v; striking velocity , v, residual velocity

where in 1960 which the first studies and theories on the ballistic impact are created.
The first thing to be clear is that for a fabric to resist the impact of a projectile, it must
absorb all the kinetic energy of the last one. As it has been studied throughout the race,
the kinetic energy depends on the mass and the velocity of the projectile, so that the

ballistic impact will depend to a great extent on these two parameters.
2.4. Impact Mechanism

In general, the impact is examined in two groups of thin and thick specimens under
ballistic impact test. Impact mechanics examine the dynamic response of these bodies to
collisions with reaction forces generated at the moment of a collision. It also examines
the physical phenomena that occur in colliding bodies during impact, depending on the

type of impact.
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2.4.1. Ballistic Impact and Low Velocity Impact Mechanism

Ballistics is a branch of mechanics that focuses on acceleration of bullets (and other
projectiles) from a gun barrel. It also covers how the projectile behaves at the muzzle, as
it moves, and how it effects the target. There are three focuses: interior, exterior, and
terminal ballistics. This reseach deals with terminal, or how projectiles and targets
interact. Terminal ballistics covers the strike angle and velocity, as well as the different

targets and projectile types.

Situations, where the target collides with the bullet, may be the result; the impact of the
bullet to the target, the impact angle, the material, the tip geometry and weight, the
mechanical properties of the target material, the thickness and the number of layers.
There are several definitions in the literature regarding ballistic impact. When the bullet
penetrates the target completely, that is, when the impacts that result in perforation are
defined as ballistic impacts, the impacts where penetration does not occur are examined
within the low-speed impact concept. It is a very important issue to determine the final
speed of the bullet in studies related to ballistic impacts. This account is particularly
difficult in experimental investigations. Because of a large number of particles
belonging to the projectile and the target are scattered during the impact and
penetration. These particles can act on sensory devices related to speed measurement
and cause errors in calculation. Special measurement systems have been developed to
remove this difficulty. The solution methods for the collision problems can be shaped in
three different ways: These are the approach in which a large number of experimental
information is acquired and related to each other. While this method is useful for
solving problems with certain conditions, trying to use them on problem areas outside
the conditions in which existing experimental information is obtained is very difficult
and makes the solution impossible. The second method is to develop and use
engineering models for numerical simulation of the impact. This approach can be
applied in various fields ranging from simple functioning one-dimensional problems to
complex, two or three-dimensional crash problems with different damage patterns.The
last method is the discretization method, which is based on dividing the structure into
small elements and applying the basic equations separately for each element. The use of
the appropriate numerical solution technique - for example, end-of-line elements or

finite difference method - is time-consuming, as well as providing convergent solutions
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[65-66]. The most common method used to develop a model for penetration is the
iterations made with experimental and analytical results. An experimental study is an
important influence shaping the model. In an analytical work on an armor subject to
high-speed impact, the first thing to do in order to understand the problem is to develop
a model that can determine the loads that impact the target during impact. Thus, the
dynamic behavior of the target can be defined with accuracy. Today, there are a variety
of test assemblies that can be used to simulate different types of impacts. For high-speed
crashes, a low-weight body is used with the aid of air-operated "gas gun™ Measuring
systems to ensure that the changes in the parameters that make up the focal point of the
work are to be considered as a whole in the test set-ups. It is important to select the
appropriate test/test system in order to be able to test the correctness of the approach
used in the model. These methods should be checked against the actual situation in
nature, as well as the scientific work must be complete. On other hands, the two
colliding of the body surfaces come together at a relative velocity in a given
instantaneous domain. Then interference or interpenetration occurs between these
objects. It is not the interference or penetration due to the interface pressure that occurs
due to the small contact area between the two body surfaces, but the local deformation
and the subsequent indentation that occur during the contact period. If the colliding
bodies are not deformation, the amount of sinking is equal to the penetration between
the surfaces. The resistance of the interface between the bodies is formed by the
interface or contact pressure of each impact during impact, which has the effect or
reaction force acting on the two colliding bodies in opposite directions. In the event of a
collision between rigid bodies, the contact force acting during the collision is a
consequence of the local deformations required to create a contact area of the two body
surfaces The regional deformations that occur during the impact vary depending on the
stiffness of the colliding bodies as well as on the relative impact velocity at the
beginning of contact. In low-speed collisions, contact pressures occur, which cause only
small deformations; they are important only in a small area near the contact area. At
higher speeds, large deformations (unit shape changes) occur due to plastic flow near
the contact area. These large regional deformations are of great significance in the form

of cratering or penetration and can be easily detected [65-66].
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2.4.2. Terminal Ballistics

Terminal ballistics is of particular interest to engineers who craft armor and anti-armor.
It is a science that begins with the bombardment of the target and the events that occur
between the bullet and the target during the duration of the crash, the effects of the
projectile and the target on each other. Relevant impact is usually in the ordance
velocity range (0.5 - 2 km/s). This the velocity of rifle and gun fire sent to buildings and
armored vehicled. Jet impact velocity is especially focused on by engineers, and it falls
in the range between 2 and 8 km/s. Before World War 2, termial ballistics was built
around the relationship between depth of penetration and impact. After this, American
and British scientists focused on the penetration of jets with armor plates and built
models to analyze the situation thoroughly. The mechanical phenomena that occur
during the target penetration of the bullet, the effect of the bullet and the target without
colliding, if any, the behavior of the jJumping particles and the fatal or injurious effects
of the shot are revealed by the terminal ballistics [ 67-68].

2.4.3. Internal Ballistics

Beginning with the insertion of the bullet into the cartridge bed, it examines the
mechanical structure of the firearm, its operation, the formation of the explosion, the
effect on the cartridge, and the movements of the bullet core until it leaves the gun. In
fact, when gunpowder is fired, a fire does not come on and an increasing amount of gas
is brought to the square. This, in turn, pushes the bullet forward. But as the area of
influence of the gases expands, the pressure falls in the same area. Therefore, it is tried
to keep the pressure constant by using heavy burnt guns and long barrels. By prolonging
the effect of these long barrels, high initial velocities are achieved without overturning
the barrels. The internal ballistic event starts with the trigger being pulled, until the
moment the barrel leaves the barrel. Internal ballistic calculations can be reliably
predicted mathematically when bullets are large in size. It is quite difficult when it is
small size. In the past, ballistic data were determined by velocity and pressure test
methods or empirical methods instead of computation for small bullets. Performance
values were obtained by shooting tests of small size bullets containing a large number of
core / gun combinations. Sufficient data was extracted from these tests and acceptable

results were obtained for small bullets by evaluating them together with sound ballistics
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information. When the known kinetic energy equation (Ex = 1/2 mv?) equals the amount
of energy released from the barrier, the projectile speed can be calculated with

acceptable accuracy. Only a small fraction of the actual energy [69].

2.4.4. External Ballistic

If the aerodynamic forces influenced by the inertia, gravity, and air acting on the
projectile or fuze are known, the account of the orbits does not present any significant
difficulty. However, it is difficult to know the aerodynamic forces. A bullet must travel
in the first exit position toward the target point during a flight to defeat air resistance
and make a stable flight. If the bullet changes its position or even rolls, it causes the
flight to not come to an end and fall into its intended range. There are two methods to
achieve flight stabilization. These are fin stabilization and spin, rotation stabilization. In
the flap stabilization, the flaps mounted on the bullet allow the bullet to go round in its
own axis. This is ensured by aerodynamic forces on the fins. As a consequence of the
gyroscopic rotational motion of a spin-stabilized bomb, motion always continues along
the first target direction. The inertia of this rotational motion does not allow deviations

to be the correct axis [69].
2.5. Penetration Mechanism

The study of plate penetration and perforation covers a diverse range of problems and
applications. Penetration is the impact of projectiles into a target. Perforation is a type of
penetration when the projectile completely passes through its target. Conversely,
embedment is when the projectile remains lodged inside the target after impact [66].

Kinetic energy penetration is a subject that is generally studied in high-speed pulse
applications. Particularly in ballistic impact analysis, the events occurring during the

impact between the bullet and the target are examined.

Conceptually, penetration penetrates the target partly, that is, it stays in the target. This
is also the basic fulcrum of a work aimed at achieving an appropriate armor design.
Perforation (puncture) is the progression of the bulge during the thickness of the target,
that is to say the bullet completely penetrates the target. It is caused by the kinetic
energy which is caused by the penetration of the bullet with the target or the movement

of the perforation. This point distinguishes kinetic energy collisions from chemical
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energy discharges. The development of kinetic energy penetration is shown in Figure
2.6.[ 65,70]

Penetrator debris
420" " DR
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Circumferential cacks

‘Shear cracks

Figure 2.6. Kinetic energy penetration [70].

As soon as the bullet hit the target, tension waves occur in both the bullet and the target
body. Depending on the impact speed and material properties, these tensile waves travel
at or above the speed of the sound in the material. These are followed by slippery waves
with slower speeds. At high impact velocities, the bullet forms relief waves that create a
three dimensional stress state in two-dimensional, angular impacts in vertical impacts
due to free surface. As a result, due to the boundary conditions, the tension waves in the
push direction are turned in the pull direction. At higher speeds, the effect of these

waves is greater than at lower speeds [65,70].

If a long, cylindrical object begins to bend at a speed below the ballistic limit (the
minimum speed required for perforation), hit the target surface. As the impact speed
increases, the plastic deformation concentrates in a certain region and the fuselage
deforms without the tip of the cylinder dipping the target. If the impact occurs at a
higher speed, in addition to plastic deformation, the cylinder is buried in the target. This
situation is shown in Figure 2.7 [65,70].

Penetration at impacts over the ballistic limit begins simultaneously with the impact.
(Figure 2.8) At the first moment of impact, the pressure between the surfaces is higher
than both the target and the material strength of the bullet, so that the remaining part of
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the bullet leads to a deformed crater while penetration with erosion occurs at the end of
the bullet.

IMPACTS BELOW BALLISTIC LIMIT

$Vo
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MASS .
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Figure 2.7. Impact behavior below the ballistic limit [70].

As the crater progresses deeper, the bottom expands in a manner appropriate to the
deformation of the end of the barrel, and high shear stresses occur at the contact surface.
Depending on the material properties, the impact speed and the thickness of the target
after a certain period of time, the shape changes in the form of bulging and spreading on
the back surface of the target. During ballistic penetration and puncture, the bullet and
target are exposed to equal and opposite forces to start from the contact surfaces. Waves
emanating from the interface form bullets and stresses and displacements within the
target and cause changes in their condition. Bullet; it may lose some of its weight, it
may change its orbit, it may become deformed, it may lose some of its weight due to
erosion, it may cause particles to break away at different sizes [65,70].
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Figure 2.8. The impact behavior on the ballistic limit [70].
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As a result of the ballistic impact, a series of damage mechanisms for bullets and armor

materials are emerging. These damage mechanisms shown in figure 2.9 :

Reduction in
material
ductility (b) Radial fracture behind initial

stress wave in a brittle target

)
(2) Fracture due to initial stress

wave

Material
susceptibility
to
adiabatic

(c) Spall failure (scabbing) shearing

(d) Plugging

Reduction in
plate
thickness

(e) Petaling (frontal) (f) Petaling (rearward)

Reduction in
plate hardness

(g) Fragmentation _
(k) Ductile hole enlargement

Figure 2.9. Damage mechanisms under ballistic impact [71].

Often, materials such as hard metals and ceramics have dynamic damage due to high
pressure.

In ballistic impact analysis, the properties of the projectile or penetrator must be well
known, as well as knowing the mechanical properties of the armor system. Because the

effects of impacts are different according to the type of projectile. With the developing
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technology, different types of bullets have been developed for different weapons such as
speed, geometric shape, core structure. Therefore, the characteristics of the bullet, which
will create a blow in the design of ballistic armor, must be considered . In armor design,

the following are some of the essential features that should be followed:
- Bullet material (steel, copper, lead, etc.)

- Bullet tip geometry (pointed, bump , etc.)

- Core weight

- Bullet speed

The geometry of bullet affects the speed of penetration or puncture events at a
considerable degree. In order to better understand the significance of these parameters,

different bullet geometries are shown in Figure 2.10 [68, 72] .

Figure 2.10. Bullets used in ballistic tests [72].

2.6. The Ballistic Limit

There are different approaches in the literature for the concept of ballistic limit and it is
necessary to define these approaches. The ballistic limit velocity Vg, is defined as the
velocity at which the bullet can not penetrate the target and the velocities below this
velocity. Figure 2.11 shows different approaches to the concept of ballistic limit. The
main difference between these approaches is the different criteria for defining the
phenomenon of puncture [73].
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Figure 2.11. Different approaches to the concept of ballistic limit [73].

The actual assessment to determine the ballistic limit speed is made with tests based on
statistical studies. The ballistic limit velocity is indicated by Vs, which is the speed at
which the bullet has 50% of its post-impact target in perpendicular to the target. As
mentioned, statistical approaches are used to determine the Vs, velocity. Basically, the
ballistic limit speed is determined by taking the average of the three highest speeds that
cause full penetration and the lowest three speeds that cause partial penetration. The
smaller the difference between the lowest speed that penetrates the target in the test
results and the highest speed that does not penetrate, the higher the accuracy of the
ballistic limit estimate. A typical Vsq diagram for the ballistic pulse is shown in Figure
2.12 [70].
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Figure 2.12. Ballistic limit curve [70].

Another approach to the concept of ballistic limit is the Lambert-Jonas approach. as

show in the following equations:
Vies =a (Vi -Vig ) ™ where Vi, > V) (2.34)

Here, Vimp the collision velocity of the bullet, V.. the residual velocity of the bullet,
and Vy,; the ballistic limit velocity of the , a and P are the coefficients obtained from the
experimental data, and when P = 2, the equation is named Recht-lIpson approach

(Equation 2.35).

M
Vies =2 (Vi%np 'Vgl) 12 pa= (M +m) (2-35)

M is the mass of the ammunition used to find the coefficient a, and m is the mass of the
crushed fragment from the collision. When the ballistic limit curve is plotted according
to Lambert-Jonas equation, the horizontal axis indicates the multiplication rate and the

vertical axis indicates the residual velocity. The horizontal axis of the curve gives the
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ball point velocity limit. That is, when V.. = 0, the impact velocity V;y,, is equal to the

ballistic limit velocity Vy,; [74].

The use of diagrams to illustrate the high-speed collision phenomenon is more helpful
in understanding the system. When these diagrams are constructed, effects such as
speed, target thickness, impact angle, impact kinetic energy, push, force and time are
taken into consideration. The curves represent relationships between one dependent
variable and one independent variable, Figure 2.13 is an example of the phase diagram

portraying the behavior of a (6.35 mm) ogival-nosed projectile striking a aluminum

target [75].
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Figure 2.13. Ballistic phase diagram [75].

The diagram was built from both experimental and theoretical data based on a behavior
model of ogival projectiles fired at plates. The variables are the impact velocity (vo) and
impact obliquity (0). It has several curves for the boundaries of the phases. A ballistic
curve is formed from points that represent perforation stages and richoet or embedement
(the ballistic limits). This limit is used to evaluate both projectile and armor

performance. The overall practice is known as ordnance science [75].
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2.7. Standards Used in Ballistic Tests

Ballistic tests will be performed using single-stage gas gun system. 0.30 caliber FSPs
(Fragment Simulating Projectiles) which is defined by STANAG 2920 [76] and MIL-
DTL- 46593B (MR) [77] standards will be used in ballistic tests. The launcher of gas
gun operates with sabot projectiles. AISI 4340H steel was used for the production of the
FSPs and the schematic view and geometrical dimensions are demonstrated in Figure
2.14. The material properties of AISI 4340H steel are listed in Table 2.1 [78].

Ballistic tests will be carried out for three different fiber orientations of the thick and
thin composite plates. Also, ballistic tests will be performed for three different FSP
velocities in order to determine the impact energies on the damage mechanism of the

thick and thin composites.

Table 2.1. Material properties of the AISI 4340H steel projectile [78].

Young's Yield Tangent
] Poisson’s | Density Failure
Materials modulus _ stress modulus .
ratio (kg/m™) strain
(G Pa) (MPa) (MPa)
Steel AIST 4340 200 0.29 7850 970 470 0.77
Table 2.2. Features of 0.30 caliber FSP projectiles
Material AISI 4340H-4337H
Weight (grain) 44+0.5
Hardness (RC) 30+2
-0,254
-~ kel
. °ﬂ:f
1
@ 75184
+0,0000
-0,0254

Figure 2.14. The geometrical details of 0.30 caliber FSP (dimensions in mm).
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2.8. Specimens Preparation

The E-glass/epoxy composite material will be used in this study, and it will be produced
in Mechanics Laboratory in Mechanical Engineering Department using Vacuum
Assisted Resin Injection (VARI) method (Figure 2.15). Unidirectional E-glass fiber
having a density of 600 g/m? will be using as reinforcing the material. Epoxy and
hardener will be mixing and applied to the unidirectional E-glass fiber reinforcement,
carrying out by using a vacuum with temperature and time control. A thin composite
plate consists of 16 unidirectional layers and a thick composite plate consists of 50
unidirectional layers at the end of the manufacturing process, the final thickness of the
composite plate will be measuring. The thin and thick composite plates will be produced
antisymmetric layer stacking and three different fiber orientations such as 0/90, -45/+45
and 30/60.

YACUUM FILM
YACUUM ABSORBER
PUMP
PERFORATED FILM
PEEL PLY
YACUUM SEALING LAMINATE
TAPE
WAX

Figure 2.15. Vacuum Assisted Resin Injection (VARI) method [79]

Where all laminated composites produced in this chapter study were made from
unidirectional E-glass fiber. The Table 2.3 below has described important materials for

production fiber reinforced composites in the laboratory.
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Table 2.3. Materials used in Mechanics Laboratory

Materials _ Description

unidirectional E-Glass Fiber.

(A) Epoxy (MGS LH 160)
(B) Hardener (MGS LH 160)
(with mixing ratio 3/1)

A. flow tank 1 liter
B. Vacuum Pump 5m*/h
The final vacuum level is 2 mbar.

(A) (B)

A. Fabric (peel ply)

B. Infusion mesh

A. Release film(G-lease 200 Y)
B. Vacuum Nylon (G- bag 200 )




Table 2.4. Properties of Materials
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No Materials Weight Weaving Width cm | Warp /Weft
gr/m?
1 E-Glass fiber 600 unidirectional 127 EC-0°
No | Materials | Operation Mixing ratio Duration Application
time 20 | Weight | volumetric | of mold temperature
CO
50 60 80
c | c|
2 Epoxy 60 min 100/25 100/30 24 hours | 70 87 92
3 | Hardener 60 min 100/25 100/30 24 hours | 70 87 92
No Materials color Weight g/m? | Width cm | Warp / weft
4 | Fabric ( peel ply) Red 83 80 - 160 19*19
No Materials Color Width Temperature | Ingredient
5 Infusion mesh green 120 cm 115 C° PE
No Materials color | Thickness | Tension | Working | Ingredient
pm % temp.
Max
6 Release film | Yellow 30 500 153 C° PP
(G-lease 200 Y)
No Materials color | Thickness | Tension % | Working Description
pm temp.
Max
7 Vacuum Nylon | Green 50 400 200 C | General,vacuum
G- bag 200 ,infusion
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2.8.1. Production of composite laminates in laboratory

VARI method was used to produce the specimens. 16 and 50 plies of unidirectional E-

glass fiber and epoxy resin are used, as described in the following steps:

A unidirectional E-glass fiber having density of 600 g/m® was used as reinforcing

material as shown in Figure 2.16

Figure 2.16. E-glass fiber roll

The table (heating mold) is coated with a release agent and 16 or 50 plies of fibers with
[0°/907, [307/607, [-45°/457] orientations are placed on to the table for each plate, based

to angle sequence, as shown in Figure 2.17.



Figure 2.17. Heated table coated with release agent and fibers were placed
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Peel ply is placed on the fiber plies and infusion mesh is placed on the peel ply, as

shown in Figure 2.18.

Figure 2.18. Peel ply and infusion mesh

Spiral hoses connected by a T pipe are along the right end of the resin distribution parts.
Because of gaps between the hoses and the connecting pipe, tape is wrapped around the
hose tips. The hoses are then put onto a teflon film of 5 cm from the fibers' left edge.
Breather materials are used for continuity. The fibers and hoses have a distance between
them so that no resin flows into the hose of the vacuum. After, this stack was covered

with sealant tape. The result is shown in Figure 2.19.

Figure 2.19. Spiral hoses and the T pipe

The vacuum bag is pasted carefully onto the tape once the top is removed. Two holes
remain on the pipes to connect the vacuum and resin hoses. As such, the entirity was

covered by a vacuum bag. This is shown in Figure 2.20.
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Figure 2.20. The sealant v

Clamps were used to connect the pipes with the vacuum and hoses. Tape on the pipe
and hoses stopped leakage from the vacuum. Sticky tape was then used to conect the
security bar with the vacuum and hoses. A PLC touch panel was used to check for

leakage after the procedure, as shown in Figure 2.21.

Figure 2.21. Checking vacuum

As the resistance temperature increased to 50°C, resin and hardner were placed in a
container in a 3:1 ratio ( MGS LH 160). The mixture was then mixed for five minutes
until reaching 60°C. The resin infusion began after 50°C was reached as the resistance
temperature. This process is shown in the following four pictures. The composite's
thickness at the end was 8 mm for thin and 25 mm for thick composites. Curing took
place for 24 hours at 20°C after the infusion. Then the last fiber ply is resined , as
shown in Figure 2.22.
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Figure 2.22. The resin infusion process is initiated

2.8.2. Specimens cutting process

After production process, excessive region of specimens was cut by the cutting
machine is shown in the pictures below . The DAWALT cutting machine is a capable
tool which is used for cutting variety of materials. While cutting is performed, tool uses
pressure water for cooling, at cutting zone. This technique overcomes edge cracks and
provide better finish quality. After cutting process is finished, the laminated composite

were cut into squares shape of 100x100 mm as shown in Figure 2.23.



Figure 2.23. Cutting machine and specimens.
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2.9. Ballistic Test System

The ballistic tests were carried out in the mechanics Laboratory Erciyes University by

using the single -stage gas- gun (Figure 2.24).

Figure 2.24. Ballistic testing system (Single- stage gas -gun).

In the gas weapon system, different types of gases such as air, nitrogen, and helium can
be used to launch the bullet. The launcher system in the gas gun has a barrel of 12.7 mm
in diameter and 1.8 m in length (Figure 2.25). The highest working pressure is 690 bar
in the lancer system, different types of bullets can shoot at different velocities. Using
different pressures and diaphragms, it can shoot with high sensitivity in the velocity
range of 300 m/s to 1200 m/s.

The launcher system consists of three chambers separated by diaphragms made of metal
or polymer material (Figure 2.26). The first chamber is pressurized with gas at a lower
pressure than the diaphragm burst pressure, then the pressure in the first chamber is
increased to two times after the second chamber is removed by the same pressure.

By suddenly discharging the gas in the secondary chamber, diaphragm burst and high-
pressure gas pass the bullet in the last chamber. The bullet is placed in a sabot made

from polymer, associated with the last chamber of the launcher system in the barrel.
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Sabot is one of the most critical parts of the gas weapon system (Figure 2.27). Because

it allows the bullet to steer and reach the target properly.

Figure 2.26. Diaphragms.
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sabot

Figure 2.27. Sabot.

In the tests, the measurement of the bullet speeds is carried out with the velocity
measurement system integrated into the gas gun system (Figure 2.28). The system
works with the principle of finding the bullet speed by calculating the time taken to cut

two beams having light curtain with a fixed distance between them.

Figure 2.28. Velocity measurement system.

The pressurization and ignition mechanism of the gas weapons site is made by a

computer controlled unit using software developed by the supplier company.
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The apparatus is designed for the sample connection in accordance with the sample

sizes and to form the boundary condition of the problem (Figure 2.29).

Figure 2.29. The chamber and target binding apparatus.



CHAPTER THREE

EXPERIMENTAL RESULTS AND DISCUSSIONS

3.1. Overview

This section is divided into two parts: first part has given information about results that
have got from experimental by ballistic impact system and second part has given

information about discussion of these results.

The ballistic behavior of two types of (E-glass /Epoxy) laminated composites, thick one
with 25 mm thickness and thin with 8 mm thickness having different staking sequences
of reinforcement’s fiber orientation [307/607] a, [07907] a, [-45°/+457] A was investigated

experimentally at room temperature under different bullet velocities.

Note that all of those thick and thin laminated composites were impacted by shooting
one kind of projectile and all the damaged composites were visually inspected and

photographed.
3.2. Experimental Schedule

Tables 3.1 — 3.6 shows the experimental schedules which are include experimental

conditions. All experiments were performed using this scheme.

Table 3.1. The First Experiment

0.30 caliber FSP

ID Diaphragm | Pressure | Velocity Type Angle | Thickness
(psi) (bar) (m/s) (degree) (mm)
Thin Plastic thin 44 447.6 Glass fiber | (0,90) 8
Thin 1400 160 743.6 Glass fiber | (0,90) 8




Table 3.2. The Second Experiment
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0.30 caliber FSP

ID Diaphragm | Pressure | Velocity Type Angle Thickness
(psi) (bar) (m/s) (degree) (mm)
Thick Plastic thin 44 461.4 Glass fiber (0,90) 25
Thick 1400 160 760.1 | Glass fiber (0,90) 25
Thick 2700 220 861.4 Glass fiber (0,90) 25
Table 3.3. The Third Experiment
0.30 caliber FSP
ID Diaphragm | Pressure | Velocity Type Angle | Thickness
(psi) (bar) (m/s) (degree) (mm)
Thin Plastic thin 44 450.3 Glass fiber | (-45,+45] 8
Thin 1400 160 764.8 Glass fiber | (-45,+45) 8
Table 3.4. The Fourth Experiment
0.30 caliber FSP
ID Diaphragm | Pressure | Velocity Type Angle | Thickness
(psi) (bar) (m/s) (degree) (mm)
Thick | Plastic thin 44 450 Glass fiber | (-45,+45) 25
Thick 1400 160 762.7 Glass fiber | (-45,+45) 25
Thick 2700 220 844.8 Glass fiber | (-45,+45) 25
Table 3.5. The Fifth Experiment
0.30 caliber FSP
ID Diaphragm | Pressure | Velocity Type Angle | Thickness
(psi) (bar) (m/s) (degree) (mm)
Thin Plastic thin 44 455 Glass fiber | (30,60) 8
Thin 1400 160 750.1 Glass fiber | (30,60) 8
Table 3.6. The Sixth Experiment
0.30 caliber FSP
ID Diaphragm | Pressure | Velocity Type Angle Thickness
(psi) (bar) (m/s) (degree) (mm)
Thick | Plastic thin 44 447.1 | Glass fiber | (30,60) 25
Thick 1400 160 763.4 | Glass fiber | (30,60) 25
Thick 2700 220 844 Glass fiber | (30,60) 25
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3.3. Experimental Results and Discussion

The following experiments were carried out in order to determine the ballistic impact
damages on thick and thin laminate composites. A total of 15 composite plates were
produced from E-glass/Epoxy unidirectional laminate for each thin (16 plies) and thick
(50 plies) specimens. Three anti-symmetric stacking sequences of reinforcements fiber
orientation [30°/607], [07/907], [-45°/+45] were chosen for this study. The samples were
tested at three different velocities, where the average of the first velocity was
approximately 452 m/s, the average of the second velocity is approximately 758 m/s and
the average of the third velocity is approximately 850 m/s for each types of thin and

thick plates.

Each plate was fired by the same type of bullet. The bullets have the same shape,
however the impact velocities and fiber stacking were varied during the experiments. It
is difficult to model every event in ballistic impact, but this section presents one based
on delamination from inter-laminar shear stress that occur from penetration of the

projectile into the plate. When the bullet connects with the laminate, the sequence is:

Initial contact after bullet connects with surface

Bullet starts deforming

A plug is made from the shear deformation of the composite
Plate bends because of bullet pressure

The plate has a stress wave as the bullet pushes the plug to move within the plate

I T o

Because of friction, there are forces in the plate near the bullet diameter and

shear stresses begin in the plate’s inter-laminar areas from the penetration

The following discussions obtained from the result depending on the effect of angle

orientation, effect of bullet velocity level and layer number effect (thickness effect).
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3.3.1. Effect of layer number (thickness effect)

1(a). The stacking sequnce of [0°/90°] a at the first velocity

a) Damages on the front and back surface of the thin specimen after ballistic impact (V=
447.6 m/s) (perforation case).

cross section

b) Damages on the front and back surface and cross-section through of the thick
specimen after ballistic impact (V= 461.4 m/s) (partial penetration case).

Figure 3.1.Visual inspection of damages on thin and thick composite plates.
Figure 3.1 shows the damages on thin and thick composite plates after ballistic impact.
Damages area of the thin plate was measured as 9.91 cm? on the front face and 62.30

cm? on the back face. For thick plate, the frontal area of damage was 9.95 cm? which no
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damage was observed on the back face. The area of delamination in the cross-section of
the thick plate is 4.93 cm?.

1(b). The stacking sequnce of [07/907] A at the second velocity

a) Damages on the front and back surface of the thin specimen after ballistic impact (V=

743.6 m/s) (perforation case).

GF(0/90)s *
V=760.1 m/s

cross section

b) Damages on the front and back surface and cross-section through of the thick
specimen after ballistic impact (V= 760.1 m/s) (penetration case).

Figure 3.2. Visual inspection of damages on thin and thick composite plates.
Figure 3.2 shows the damages on thin and thick composite plates after ballistic impact.
Damages area of the thin plate was measured as 23.75 cm? on the front face and 55.27
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cm? on the back face. For thick plate, the frontal area of damage was 16.20 cm? and
34.32 cm? on the back face. The area of delamination in the cross-section of the thick
plate is 16.31 cm?. This impact velocity leads to delamination, shear plugging and
breakage fiber especially in back face and cross section while in front face for each
samples limited deformation compared with back face.

1(c). The stacking sequnce of [0/90°] a at the third velocity

| GF(0/90):=
V=8614m/s

cross section

Figure 3.3. Visual inspection of damages on thick composite plates (V= 861.4 m/s)

(penetration case).

Figure 3.3 shows the damages on thick composite plates after ballistic impact. Damaged
area of the thick plate was measured as 12.37 cm? on the front face and 45.63 cm? on
the back face. The area of delamination in the cross-section of the thick plate is 9.18
cm?. This impact velocity leads to little delamination area surrounding by the bullet
penetrating area, and increased hole depth because of high velocity of the bullet, and
larger damage on the back face (matrix crushing and breakage fiber) compared with the

front face.
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2(a). The stacking sequnce of [-45/+457] s at the first velocity

a) Damages on the front and back surface of the thin specimen after ballistic impact (V=

450 m/s) (perforation case).

cross section

b) Damages on the front and back surface and cross-section through of the thick

specimen after ballistic impact (V= 450 m/s) (partial penetration case).

Figure 3.4. Visual inspection of damages on thin and thick composite plates.
Figure 3.4 shows the damages on thin and thick composite plates after ballistic impact.
Damages area of the thin plate was measured as 8.21 cm? on the front face and 56.81
cm? on the back face. For thick plate, the frontal area of damage was 17.89 cm? which
damage was observed 16.62 cm? on the back face. The area of delamination in the
cross-section of the thick plate is 11.64 cm?. It is observed that damage sizes in the thin
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plate are bigger than those of thick plate in which the thin specimen absorbed the shock

of the bullet by its more flexible structure.

2(b). The stacking sequnce of [-457/+457]  at the second velocity

GF(-45/+45);
V=764,8 m/s

a) Damages on the front and back surface of the thin specimen after ballistic impact (V=
764.8 m/s) (perforation case).

8 GF(-a5/+a5)s

Cross saction

b) Damages on the front and back surface and cross-section through of the thick
specimen after ballistic impact (V= 762.7 m/s) (penetration case).

Figure 3.5. Visual inspection of damages on thin and thick composite plates.
Figure 3.5 shows the damages on thin and thick composite plates after ballistic impact.
Damages area of the thin plate was measured as 20.76 cm? on the front face and 53.85
cm? on the back face. For thick plate, the frontal area of damage was 22.29 cm? which
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damage was observed 39.92 cm? on the back face. The area of delamination in the
cross-section of the thick plate is 26.53 cm?. It is observed damage sizes in the thin plate
are bigger than those of thick plate. However, occurred delamination, which is form
through the cross-section of thick composite. Beside that fiber breakage and matrix
crushing damages are observed on the front and back surfaces.

2(c). The stacking sequnce of [-45°/+45°] a at the third velocity

GF(-45/+45),; | G

V=8448 m/s

cross section

Figure 3.6. Visual inspection of damages on thick composite plates ( V= 844.8 m/s)

(penetration case).

Figure 3.6 shows the damages on thick composite plates after ballistic impact. Damaged
area of the thick plate was measured as 26.69 cm? on the front face and 48.38 cm? on
the back face. The area of delamination in the cross-section of the thick plate is 27.22
cm?. This impact velocity leads to large delamination area surrounding by the bullet
penetrating area due to the bullet held by the thick plate having [-45°/+45° a2s stacking
sequence. Moreover, increased damaged area on the back face can be characterized by
bulge formation compared with the front face damage (matrix crushing and breakage
fiber).
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3(a). The stacking sequnce of [307/60°] 4 at the first velocity

GF(30/60)
V=455 m/s

a) Damages on the front and back faces of the thin specimen after ballistic impact (V=

455 m/s) (perforation case).

GF(30/60)2
V=447.1 m/s

cross section

b) Damages on the front and back surface and cross-section through of the thick

specimen after ballistic impact (V= 447.1 m/s) (partial penetration case).

Figure 3.7. Visual inspection of damages on thin and thick composite plates.

Figure 3.7 shows the damages on thin and thick composite plates after ballistic impact.
Damages area of the thin plate was measured as 9.98 cm? on the front face and 41.86
cm? on the back face. For thick plate, the frontal area of damage was 9.46 cm? which
damage was observed 14.67 cm? on the back face. The area of delamination in the
cross-section of the thick plate is 15.25 cm?. It is observed that damage sizes in the thin
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plate are bigger than those of thick plate in which the thin specimen absorbed the shock
of the bullet by its more flexible structure. It is also observed that through the cross
section of thick composite more less delamination was observed the composite stacking

sequence of [307/607] as.

3(b). The stacking sequnce of [30°/60°] a at the second velocity

GF(30/60)
V=750,1 m/$

a) Damages on the front and back faces of the thin specimen after ballistic impact (V=

750.1 m/s) (perforation case).

8 GF(30/60):s |
V=763 4 mfs | |

cross section

b) Damages on the front and back surface and cross-section through of the thick

specimen after ballistic impact (V= 447.1 m/s) (penetration case).

Figure 3.8. Visual inspection of damages on thin and thick composite plates.
Figure 3.8 shows the damages on thin and thick composite plates after ballistic impact.
Damages area of the thin plate was measured as 16.92 cm? on the front face and 49.97

cm? on the back face. For thick plate, the frontal area of damage was 12.01 cm? which
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damage was observed 46.51 cm? on the back face. The area of delamination in the
cross-section of the thick plate is 15.25 cm?. It is observed that damage sizes in the thin
plate are bigger than those of thick plate due to its flexible structure. However, in the
thick plate is observed delamination which is bulge form through the cross section.
However, Fiber breakage and matrix crushing damages are also observed on the front

and back faces.

3(c). The stacking sequnce of [307/607]a at the third velocity

g GF(30/60) |
V=844 m/s

cross section

Figure 3.9. Visual inspection of damages on thick composite plates (V= 844 m/s)

( perforation case).

Figure 3.9 shows the damages on thick composite plates after ballistic impact. Damaged
area of the thick plate was measured as 19.28 cm? on the front face and 40.88 cm? on
the back face. The area of delamination in the cross-section of the thick plate is 17.49
cm?. Also, it is observed that the bullet can perforate the thick plate having [30°7/607 azs

stacking sequence.



75

Comparison:

For Thin Laminates;

These observations were noted while studying thin laminates:

1.
2.

Size of damage depends more on the bullet size and shape than impact energy.
The stacking sequence of the laminated composite considerably affect the
damage.

Damage is not always what is seen. For thin plates, the damage was also more at

the back surface that at the front surface.

For Thick Laminates;

These observations were noted while studying thick laminates:

1.

Damage is more related to bullet speed. Thus, slower bullets caused more
damage than those of faster. Also, the damage relates to the laminate stacking
sequence, with cross and angle-ply receiving more damage.

There is more damage at the point of exit than the point of entry.

Real damage is much more than what is seen.

Shear stresses cause failure, and this was seen by a model of the bullet
penetration. The outer-ply is the first to fail. Delamination is caused by shear

stress between the laminates.

It is concluded from the experiments on the thin and thick specimens that the greater the

thickness of the sample the less the damage. The thin composites contain more damage

than the thick composites at the same bullet velocity, due to their elastic structures.
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3.3.2. Effect of bullet velocity level

1(a). The stacking sequnce of [07/90 ] as

b) Thin plate at \VV,=743.6 m/s, Ex= 790.7 J, Ag = 23.75 cm?, Agy = 55.27 cm?

Figure 3.10. Thin plate with [07/90] ag Stacking sequence.

Figure 3.10 shows the front and back damages of the thin plates with [0/90°]ag Stacking
sequence, subjected to tow different velocities of bullet when the velocity of projectile
is equal to 447.6 m/s, the area of front damage (Agf) is 9.91 cm?, the area of back
damage (Agv) is 62.30 cm?. However, when the velocity is increased to 743.6 m/s, the
front surface damage area become 23.75 cm?, the size of back surface damage become
55.27 cm? the plates were perforated both of two bullet velocities. Increased bullet
velocity causes the area of damage on the front surface of the composite plate increases,
while the area of damage on its back surface decreases. Matrix crush damage crush was
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observed on the front of surfaces of the plates, while damage to the back surface was in

the form of fiber breakage.

2. The stacking sequnce of [07907] azs

cross section

GF(0//90)s
V=760.1 m/s

cross section

(b) Thick plate at V,=760.1 m/s, Ex= 826.2 J.
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Ll GF(0/90):=
V=861,4 m/s

cross section

(c) Thick plate at V3= 861.4 m/s, Ex= 1061.1 J.

Figure 3.11. Thick plate with [07/907] a5 stacking sequence.

Figure 3.11 shows the damages that occur on the front and back surfaces and a cross-
sectional area of the thick laminated composites subjected to three different velocities of
bullet. it is observed that when the velocity of projectile is equal to 461.4 m/s, the
damage area of the front surface (A ) is 9.95 cm? and no damage was observed on the
back surface of the plate. The bullet was rebounded after several layers have been
damaged from the top surface of the plate (Figure 3.11 (a)). For figure (b), the bullet
velocity is V,=760.1 m/s which was penetrated through the plate. It is observed the
matrix crushing and fiber breakage on the back surface of the plate, whereas,
delamination and swelling through the cross-section of the plate. For figure 3.11 (c), the
bullet velocity is V3= 861.4 m/s which perforation case and damage area on the back
surface is bigger than those of Figures (a) and (b).
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3. The stacking sequnce of [-457/+45 ] as

GF(-45/+45)s
| V=450 m/s

(@) Thin plate at V1= 450 m/s, Ek= 290.6 J.
GF(-45/+45),
V=764.8

(b) Thin plate at V,= 764.8 m/s, Ek=836.4 J.
Figure 3.12. Thin plate with [-45°/+457 s, stacking sequence.

Figure 3.12 Shows the front and back damages of the thin plates with [-45°/+457ag
stacking sequence, subjected to two different velocities of bullet. When the velocity of
projectile is equal to 450 m/s the area of front damage is 8.21 cm?, the area of back
damage is 20.76 cm?. However, when the velocity is increased to 764.8 m/s, the front
surface damage area become 56.81 cm?, the size of back surface damage become 53.85
cm? the plates were perforated both of two bullet velocities. Increased bullet velocity
causes the area of damage on the front surface of the composite plate increases, while
the area of damage on its back surface decreases. Matrix crush damage crush was
observed on the front of surfaces of the plates, while damage to the back surface was in
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the form of fiber breakage. In particular, the directions of fiber breakage are the same as

the direction of stacking sequence of the laminate.

4. The stacking sequnce of [-457/+457 a5

cross section

(a) Thick plate at V1= 450 m/s, Ex = 289.6 J.

B GF(-35/+45)
V=762,7 m/s

Cross section

(b) Thick plate at V,= 762.7 m/s, Ex=831.8 J.
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GF(-45/+45),, | R
V=844 8 m/s

cross section

¢) Thick plate at V3= 844.8 m/s, Ex= 1020.6 J.

Figure 3.13. Thick plate with [-45/+457] azs Stacking sequence.

Figure 3.13 shows the damage that occur on the front and back surface and a cross-
sectional area of the thick laminated composites, subjected to three different velocities
of bullet. The damage areas at the front and back surfaces of the plate are; Ay = 17.89
cm?, Ag= 16.23 cm? for V,= 450 m/s, Ag= 24.93 cm? Ag= 39.92 cm? for V,= 762.7 m/s
and finally, Ag = 26.69 cm? Ag= 48.38 cm’ for Vi= 844.8 mi/s, respectively.
these values indicated that the area of damage occurring on the composite plate
increases slightly with increasing bullet velocity (matrix crushing, fiber breakage,
delamination). It was found for all cases at the above velocities that the bullet penetrated
through the thick composite plate, and observed that an increased delamination and
swelling through the cross-section of the plate with increasing bullet velocity. At this

stacking sequence, the thick plate was not perforated by for all velocities of the bullet.
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5. The stacking sequence of [307/607 s

GF(30/60)
/2455 m/s

a) Thin plate at V1 = 455 m/s, Ex= 296 J.

GF(30/60k
v=750,1 m/¢

b) Thin plate at V, = 750.1 m/s, Ex = 804.6 J.
Figure 3.14. Thin plate with [30°/607] ag stacking sequence.
Figure 3.14 Shows the front and back damages of the thin plates with [30°/607as

stacking sequence, subjected to tow different velocities of bullet when the velocity of
projectile is equal to 455 m/s , the area of front damage is 9.98 cm?, the area of back
damage is 41.86 cm® However, when the velocity is increased to 750.1 m/s, the front
surface damage area become 16.92 cm?, the size of back surface damage become 49.97
cm? the plates were perforated both of two bullet velocities. Increased bullet velocity
causes the area of damage on the front surface of the composite plate increases, while
the area of damage on its back surface decreases. Matrix crush damage crush was
observed on the front of surfaces of the plates, while damage to the back surface was in
the form of fiber breakage. Especially, the direction of fiber breakage is the same with

direction of stacking sequence of the laminate.



6. The stacking sequence of [307/607]azs :

GF(30/60):5
V=447,1 m/s

cross section

a) Thick plate at V1= 447.1 m/s, Ex = 285.9 J.

| GF(30/60)

cross section

b) Thick plate at V,=763.4 m/s, Ex = 833.4 J.

83
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cross section

c) Thick plate at V3= 844 m/s, Ex = 1018.6 J.
Figure 3.15. Thick plate with [307/607azs stacking sequence.

Figure 3.15 shows the damages that occur on the front and back surfaces and a cross-
sectional area of the thick laminated composites subjected to three different velocities of
bullet. it is observed that when the velocity of projectile is equal to 447.1 m/s, the
damage area of the front surface (A ) is 9.46 cm? and no damage was observed on the
back surface of the plate. The bullet was rebounded after several layers have been
damaged from the top surface of the plate (Figure 3.15 (a)). For figure (b), the bullet
velocity is V,=763.4 m/s which was penetrated through the plate. It is observed the
matrix crushing and fiber breakage on the back surface of the plate, whereas,
delamination and swelling through the cross-section of the plate. For figure 3.15 (c), the
bullet velocity is V3= 844 m/s which perforation case and damage area on the back

surface is bigger than those of Figures (a) and (b).
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Evaluation

It was observed the following points that during the experimental studies on thin and
thick composite plates under different velocities:

A. In thin and thick composite plates, increased bullet velocity causes increased
damage areas on the front surfaces.

B. In all thin composite plates were occurred perforation because of this high
velocity effect that exceeds the ballistic limit velocity.

C. From the Figure 3.16, in the first velocity all specimens were occurred
rebounding with a small damage area from the top surface, in the second
velocity all specimens were penetrated by the bullet which caused along the
thickness delamination and burn type damaged areas surrounding bullet enter, in
the third velocity all specimens were perforated except the stacking sequence of
[-457/+457 a5 . In this penetration case, observed delamination and swelling

similar with its second velocity case.

[0790T azs ,V1=461.4 m/s [-457+45 25 V1=450 m/s | [307607azs ,V1=447.1 m/s

[0790Tazs , Vo=760.1 m/s [-457+45 s V,=762.7 m/s | [30760 ]azs , V2=763.4 m/s

[OO/QOO]AZS ,V3;=861.4 m/s ['450/+450]A25| V3;=844.8 m/s [30/60]A25 ,\V3=844 m/s

Figure 3.16. Damages across the cross-sectional area of all thick composite plates
having different staking sequences.
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3.3.3. Effect of fiber angle orientation

1(a). Thin plates at the first velocities

a) stacking sequence of [0/90ag , V1= 447.6 m/s

b) stacking sequence of [-45°/+45 ] ag , V1 = 450 m/s
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c) stacking sequence of [30°/607]as , V1= 455 m/s
Figure 3.17. Damages on the front surfaces of thin composite plates at the first
velocities.
Figure 3.17 shows the damages on the front surfaces of thin composite plates having
stacking sequenced of [0°/90 7 ags, [-457+45 ] s, [307/607 s, at the first velocities of V. It
was observed that the directions of damages are the same with orientations of fibers.

1(b). Thick plate at the first velocities

a) stacking sequence of [07/907azs , V1 = 461.4 m/s
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GF(-45/+45)35

c) stacking sequence of [30°/607]az5 , V1 = 447.1 m/s

Figure 3.18. Damages on the front surfaces of thick composite plates at the first
velocities.

Figure 3.18 shows the damages on the front surfaces of thick composite plates having

stacking sequenced of [0°/907azs, [-457/+457azs, [307/607azs, at the first velocities of
V. It was observed that the directions of damages are the same with orientations of

fibers.



2(a). Thin plates at the second velocities

a) stacking sequence of [02/90"]ag , V2 = 743.6 m/s

b) stacking sequence of [-457/+45 | as , V2 = 764.8 m/s

89



90

c) stacking sequence of [30°/607]as , V2 = 750.1 m/s
Figure 3.19. Damages on the front surfaces of thin composite plates at the second

velocities.
Figure 3.19 shows the damages on the front surfaces of thin composite plates having
stacking sequenced of [0/907 as, [-457/+45 ] as, [307/607 ag, at the velocities of V. It was
observed that the directions of damages are related to the orientation of fibers. For the
second velocities, large damages were aggregated around the bullet entry center than

those of the first velocities.
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2(b). Thick plates at second velocities

a) stacking sequence of [07/907azs , V2= 760.1 m/s

b) stacking sequence of [-457/+45 | a25 , V2= 762.7 m/s
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c) stacking sequence of [30°/607azs , V2 = 763.4 m/s
Figure 3.20. Damages on the front surfaces of thin composite plates at the second

velocities.
Figure 3.20 shows the damages on the front surfaces of thick composite plates having
stacking sequenced of [07/907]azs, [-45/+45azs, [30°/607] 25, at the velocities of V,. It
was observed that the directions of damages are related to the orientations of fibers. For
the second velocities, large damages were aggregated around the bullet entry center than

those of the first velocities.



3(a). Thick plates at the third velocities.

a) stacking sequence of [07/907]a2s , V3=861.4 m/s

GF(-45/+45),,
V=8448

b) stacking sequence of [-457/+45 | a25 , V3= 844.8 m/s
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GF(30/60)
V=844 m/s

c) stacking sequence of [30°/607]azs , V3 = 844 m/s

Figure 3.21. Damages on the front surfaces of thick composite plates at the third
velocities.
Figure 3.21 shows the damages on the front surfaces of thick composite plates having
stacking sequenced of [0°/907]azs, [-457/+45 ] az5, [30°/607]azs, at the velocities of V,. It
was observed that the directions of damages are related to the orientations of fibers. For
the third velocities, slightly large damages were aggregated around the bullet entry

center than those of the second velocities.

The direction of damage in thin specimens is more pronounced and regular than those of
thick specimens. The influence of the fiber angle on the behavior of the damage in thick
composite plates under high velocities is that the damages are more clear and regular for
the stacking sequences of [-457/+45 ] a2 at the first velocities (Fig. 3.18), the damages
are more clear for the stacking sequences of [07/907]azs at the second velocities, and at
the third velocities, the damages are evident for the stacking sequences of [-45°/+45  azs
and [07/90a2s, however , the damage was aggregated around the bullet entry point for
the stacking sequence of [30°/60azs ( Fig. 3.21). The difference between these samples
is that the thin specimens have higher elasticity than the thick plates at the same time. It

was also demonstrated that inter-laminar shear stresses increased gradually as the
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number of effective plies in the laminate decrease because of failure. This increasing in

inter-laminar shear stresses is based on also the stacking sequences of the composites.

Now generally, it has been mentioned about the damage that occurs during the ballistic

event as follows as seen in the thin and the thick specimens:

1. Swelling can form at the front of the target because of initial compression and
material flow moving to the front. The swelling can also be effected by delamination

and matrix crushing, as well as heat during the first impact.

2. Compressive and shear waves are made along the thickness during impact. Tensile
and shear waves are also formed along the layers’ radial direction. Damage is formed
during this stage when stress going beyond the threshold. Damage is either delamination
or the crushing of the matrix. Delamination can also come from swelling at the target’s
back.

3. Fiber breakage occurs due to shear plugging, tension, or both during impact. Because
of this, the face of the bullet gets plugged. If the bullet’s kinetic energy is not absorbed
before the plug is formed, the bullet moves towards the back along with the plug and the
target will absorb some of the bullet’s kinetic energy. The bullet can become lodged in
the target when there is enough kinetic energy to break the fibers but not enough to
overcome resistance from friction. Resistance is different based on the fit that is formed
between the bullet and target. Fiber breakage is the main cause of a hole being formed.
Temperatures are also increased as the bullet moves inside the target and creates
resistance. Then, some energy is absorbed as heat.



CHAPTER FOUR

CONCLUSIONS AND FUTURE WORKS

4.1. Conclusions

Impact damages under high velocity in aircraft structures from laminated composites
are very complex and the most common are delamination, matrix crushing and fiber
breakage as in the samples discussed in the previous chapter. The ability to expect the
initiation and growth of damage is crucial for expecting performance and developing

dependable and safe designs of composites.
The relevant finding resulting from the present study are presented below:

¢ In both thin and thick composites, bullet velocity was important. Lower speed
bullets cause more damage than higher speed ones because they interact longer
with the plate and cause damage. The opposite is true for higher speed bullets.

e All thin composites are perforated with increasing all three velocities (Vi, V>,
Vs).

e All thick composites are divided into three groups; the first group is the case of
bullet rebounding under the first velocity (V1), the second group is the case of
penetration under the second velocity (V) and the third group is the case of
perforation except stacking sequence of [-457/+45 a5 under the third velocity
(Vs).

e For thin laminates, the size of damage depends on the bullet velocity and kinetic
energy at impact. This is because, the first area of contact has more area and
faces more impact by the bullet, damaging the plate more.

e For both thin and thick composites, damage at the exit side was more than the
entry side. This is because, when a bullet connects with the plate and moves to

the back, there is a wave that causes delamination.



97

In all the cases, damage in cross-ply laminates [0/907]a and angle-ply laminates
[-45°/+457] A suggests that damage is dependent on the stacking sequence of the
laminate but anti-symmetric laminate [30°/607] a slightly different because of the

concentration of damage near the entry point of the bullet.

4.2. Future Works and Recommendations

Determining the ballistic limit in ballistic performance studies is an important
issue and to further investigate the problem of ballistic impact damage, it is
recommended that bullets of different shape and size are used, hence different
impact energies.

After initial impact, bullets should be retrieved to measure deformation and
calculate energy lost during deformation. Once this information is found, it is
possible to learn exactly how much energy is absorbed by the plates during
impact.

Impact damage analysis of composite laminates to the high accurately by
commercial softwares, ABAQUS, LS-DYNA and ANSYS, can be analyzed by
using it in some circumstances (geometry, boundary conditions, mesh, load etc.)
distribution of damage, stress, strain, deformations can be analyzed and
presented. Also can calculate actual damage to samples and secondary damage.
Then the results obtained through the above programs can be compared to the

practical results obtained in the laboratory.
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