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ABSTRACT

FINITE ELEMENT ANALYSIS OF A TRANSPARENT COMPOSITE ARMOR
WITH COMPUTATIONAL BALLISTIC TESTING

Transparent armor systems are created for combining protection with vision. Vision is
important for spotting the threat. With the usage of transparent armor, threat can be detected
more effectively and do not have to sacrifice safety and protection of the target which is/are
threatens. Transparent armors usage is more common when there is a delicate situation like
protecting important people, military vehicles etc. This study aims to develop a transparent
armor, analyze and test it, and compare it with the conventional armors to see the results.
Material selection, projectile type and velocity, armor design, transparency, armor impact
resistance and response are some of the points, which are investigated with researches and
simulation in finite element analysis. Ballistic testing, tube test, composing materials are the
techniques, which, are used for determining the results. Projectile is military type 7.62
millimeters bullet and its velocity is tested between 400-1200 m/s. Several materials and
composite materials are tested, in order to find the proper selection for this study. For
transparency and better resistance to projectile, materials are epoxy-resin composite and
float glass. A new design is created for better resistance. Honeycomb transparent armor has
minimum penetration, high performance and low cost according to results, when compare
to other models. At final model only the first layer is failed and do not let the bullet through.

According to this result, armor is successful at stopping the bullet.



OZET

BIiLGIiSAYAR YARDIMLI BALISTIiK TEST iLE SAYDAM ZIRH ANALIZi

Saydam zirhlar, koruma ve goriis agisin1 ayni anda saglamak igin tiretilmistir. Gorlis agisi
tehlikeyi fark etmede ¢ok énemli bir unsurdur. Saydam zirhlar sayesinde hem tehlikeyi fark
etmede daha etkili olunabilirken, hem de korunmanizdan feragat etmemis olursunuz. Onemli
insanlarin korunmasinda ve askeri araglarda bu zirhlarin sik¢a kullanildigini gérebiliriz. Bu
caligmada, bir saydam zirh gelistirilip, bilgisayar yardimiyla analizleri ve testleri yapilip,
geleneksel zirhlarla kiyaslayarak, sonuglar ortaya konmustur. Sonug elde edilirken, balistik
test, tiip testi, malzemeleri birlestirme gibi teknikler kullanilarak, sonuca varilmaya
calisilmistir. Malzeme se¢imi, mermi tipi ve hizi, zirh tasarimi, saydamlik, zirh direnci gibi
noktalar arastirilmis ve gerekli simiilasyonlarla incelenmistir. Mermi 7,62 milimetre ¢apinda
askeri tip segilmis ve test edilirken 400°den 1200 m/s e kadar bir¢ok hiz denenmistir.
Malzeme segiminde, birgok malzeme ve kompozit test edilmis, en uygun malzeme se¢ilmeye
calisilmigtir. Saydamlik ve mermiye direng, en 6nemli iki unsur oldugu i¢in bunlara uygun
olan epoksi-resin kompoziti ve cam, ana malzemeler olarak se¢ilmistir. Bu arastirma igin,
yeni bir tasarim yaratilip, ar1 peteklerinden olusan kiigiik tiiplerin birlestirilmesiyle olusan
art petegi modeli gelistirilmistir. Sonuglara bakildigindan, geleneksel modellere gore ari
petegi modeli daha direngli, daha saglam olup, ayn1 zamanda agirlik ve fiyat konularinda
daha diisiik oldugu gézlemlenmistir. Son tasarimin sadece ilk katmani zarar gérmiis ve

mermiyi gegirmemistir.
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1. INTRODUCTION

Protecting himself is a basic instinct for humans since they have born. For this purpose,
humankind invented many things. Even being protected from each other is a problem. So,
armors are created for themselves to wear, making their location safer or in gadgets they use
to maintain safety. After improving armor systems in many ways, a new idea is revealed.
Simply humankind wanted to see the thread behind the armor. So, transparent armors are

created.

Transparent armor systems are varied so many fields like military, face shields, vehicle
windshields and windows, aircrafts, blast shields [1]. These armors generally are consisted

many layers [2], as shown at Figure 1.1.

BACKING]
STIFF
LAYER

=

PROJECTILE

INTERNAL
LAYERS

FRONT-FACE
HARD LAYER

ELASTIC
POLYMER
INTERLAYERS

Figure 1.1. Conventional transparent armor [2]

Layers of armors have different specific materials for their own purposes. Mainly,
Polymethyl methacrylate [3], float or soda lime glass [4], polycarbonate [5], polyurethane
[6] or Polyvinyl Butyral [7] and AION [8] or spinel [9] is used in armor layers. PMMA, float
or soda glass is internal layers. PC, PU and PVB are interlayer. AION and spinel are used

for the first layer to make the first contact.

Individual armor is crucial for security. Increment of vital situations in military and force of
law, has made the individual armor usage critical. Decreasing the effects of bullets, impacts

and blows is essential at these areas of law. [10]



There are several research papers about using composite materials at armors to resist the
bullets. Philip M. [11] studied the ballistic impact of M5 armor system which based on fibers
and results show that M5 fiber-based armor can be lighter. Erol Unaler [12] experimented
on E-glass/unsaturated polyester composite laminates and multilayered sandwich utilizing
aluminum (Al) plates and alumina (Al,05) [13] tiles to advance the ballistic tolerance of the
composites and with 1000 m/s shot speed of 7.62 millimeters bullet cannot be stopped
without backing layer. K. Karthikeyan [14] investigated ballistic performance of plates made
of stainless steel [15], carbon fiber/epoxy [16] and hybrid of those with spherical steel
projectile and see that penetration velocity of SS plate is the highest and CF plate is the
lowest. Yohannes Regassa [17] experimented on less cost and weighted models with
simulations. Composite armor had Kevlar-29 fibers and polyester resin for 20 layers. Results

show that armor is 1.5 kg and does not have penetration by projectile.

Also modeling and simulation of body armor with different materials and same weight is
another subject of these types of researches. Materials are stainless steel 304, Kevlar-epoxy
[18] composite with multi layers and experimented with different material layers and
velocities. Results show that steel armor fail completely with no resistance and Kevlar-epoxy

armor penetrated through the thickness of the armor. [19]

Computational and numerical analysis are enhancing, models can show the behavior and
response of the material more accurately. With the software of nowadays, prediction of the
failures and deformations are now easier and more accurate. Although the techniques are
very accurate, investigation of different analysis techniques will be performed to determine

the accuracy between experiments and analysis.

Polymeric transparent armor materials usage is very common in researches. These materials
are PMMA, PU, PC, PVB etc. Combinations of these materials are also another crucial point
of the experiments. Inappropriately combined materials can give very lousy result. On the

other hand, accurately, combined layers can provide very efficient results.
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Figure 1.2. Examples of the combinations in transparent armor systems [20]

With the help of simulations, crack reproduction and predictions of a PC/PU/PMMA/PU/PC
laminate [21] were invested and improving strength and failure models are analyzed

according to researches.

Ballistic testing research on transparent armor is published by E. StraSburger [22]. By
changing the geometry, material types and model, study achieve some results. According to
results to reduce the weight, hard front ceramic layer is crucial. Strength and the efficiency
increase if ceramic thickness is increased. But over some point increasing thickness, has no

significant effect the efficiency.

o Steel frame M
[ ~ ]
O )
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Figure 1.3. Schematic view of E. Strallburger’s experiment [22]

Design and material selection have some difficulties to achieve the optimum results. For

example, at armoring military vehicle windshields and side windows show that, it is not very



easy task to achieve. Single and multi-hit ballistic protection must provide with optical
transparency. Also, low cost and light weight necessity is another side of the objective [23].
For those kinds of tasks to achieve, design, material selection, layer integration and
fabrication of the armor must be precise and tested very well. Another research [24] shows
that materials should be selected based on behaviors in a ballistic situation. PMMA was
found to satisfy the requirements. Polymeric materials in laminate design, firstly tried to
reduce the weight. Then it seems that hybrid glass-plastic armor is very effective for desired

requirements

Ballistic performance of transparent armors has been investigated for years. Optimal solution
has a sapphire/ceramic front/face layer. Internal layers are consisting float glass and backing
layer is polycarbonate. High protection requires thicker armor, which can lead to high
weight. These problems are solved by transparent ceramics of high hardness such as
aluminum oxynitride, spinel and sapphire. And that is the reason for facing layer. The
backing layer’s purpose is to hold the armor together. Avoid from crack propagation is
another purpose of the back layer. So, for these purposes stiff and tough material such as PC

needs to be chosen. [25]

Figure 1.4. Experimental setup of ballistic test; 1-armor specimen 2-projectile recovery

chamber 3-lightning system 4-protective screen 5-camera [25]

Purpose of this research is to improve the conventional armor and create a new, better design.
In armor design, better means tougher, lighter, cheaper, better resistance to projectiles etc.

First step of this study is to choose the proper materials for less penetration. Then these



materials are tested with computational software. In every step, geometry of the armor is
improved, and modifications are added to make it better. After that, finite element analyses

are done, and a prototype will be occurred.

On the other hand, beside the computational part, there is also modeling part of this research.
Calculations need to be done to have accurate results. A proper model is chosen and
implemented to armor. Results of this modeling part need to be similar with computational
part. This similarity shows that design is accurate, and study is achievable. And after that,

design will be proved to be better.

Simulating these situations has a lot of advantages. With finite element analysis method,
objectives can be obtained easier, quicker and more effectively. For example, in ballistic
testing, when correct parameters are given, computer analyze the situations and give the
results in hours. It just will be needed to verify it for real life situations. However instead of
using computer analysis, if real life experimenting is chosen to process the results, there will
be a lot of work to complete in order to get results. Firstly, a proper laboratory will be needed.
Tools need to be arranged to create the setup. In ballistic test, a high technology slow motion
camera, material holding setup, necessary safety precaution, gun, setup for creating armor
with different materials, sensors and measurement devices will be needed to start the
experiment. After that, for shooting procedure, permits need to be taken from relevant
authorities. Safety rules need to be accomplished. And a well-trained shooter will be needed
to evaluate the test. These steps need time, resources and high budgets to complete. For these
reasons, using a computer software and simulating the test will be convenient for getting

easier, faster results.



2. BACKGROUND

At this part of the report, several suitable models for the research are explained. After
discussing the available models that can be considered for the study, suitable and easier to

be implanted one will be chosen to be used in modeling the transparent armor.

2.1. MORI-TANAKA METHOD

Mori-Tanaka model is an effective field approximation for inhomogeneity in infinite
medium, based on Eshelby’s elasticity solution. Average stress or average strain tensors and
matrix to the average stress or average strain tensor relate the fourth-order concentration
tensors [26]. Thermo elastic behavior of composites has more than a few percent
reinforcement volume fractions and liable for interaction between inhomogeneities.
Consistency of approximating the stresses acting on an inhomogeneity can be achieved by
an appropriate average matrix stress. Concept of combining average matrix stress inclusion
goes back to Mori and Tanaka (1973). This type of effective field theories called as Mori-
Tanaka methods. [27]

2.2. MAXWELL SCHEMES

The scheme of Maxwell is the first micromechanical model that can be found in literature.
The effective conductivities of inhomogeneous materials can be explained of a mean-field
method in elasticity. [28] A single region of inhomogeneities (Figure 2.1) treated as dilute
and the same region consists of a uniform effective material, average responses of those two
configurations has to be equal. Analogous approaches were used by Giordano and
independently of Maxwell’s ideas, by Shen and Yi. [27]



Figure 2.1. Sketch of the two configurations underlying Maxwell's scheme [28]

2.3. PONTE-WILLIS ESTIMATES

A mean field scheme for inhomogeneous materials that occurred from ellipsoidal
arrangements of ellipsoidal inhomogeneities embedded in a matrix, explained by Ponte
Castaneda and Willis [29]. In that kind of systems, correlations of inhomogeneity
arrangement are described by Eshelby tensor Sd, where the shapes of inhomogeneities are
explained by Eshelby tensor Si. This type of arrangements can be explained by extending
Figure 2.2 to non-overlapping safety ellipsoids that contain aligned or non-aligned
ellipsoidal inhomogeneities, aspect ratios of the safety ellipsoids and the inhomogeneities
being different. [27]

Figure 2.2. Sketch of ellipsoidal inhomogeneities in an aligned ellipsoidal distributed spatial

arrangement as used implicitly used Mori Tanaka type models [27]



2.4. HASHIN-SHTRIKMAN ESTIMATES

Hashin-Shtrikman model can be described by bounds on the elastic module and tensors of
transversally isotropic composites and isotropic composites. [30] Standard mean-field
models can be solved by treating it as special cases of Hashin-Shtrikman methods by choices
of the comparison material. For example, using the matrix as the comparison material
conclusions in Mori-Tanaka methods, the selection of the effective material as comparison

material leads to classical self-consistent schemes. [27]

2.5. THE VFD MODEL OF DVORAK AND BAHEI-EL-DIN

Combination of average stress and strain assumptions can be visualized as each fiber having
a vanishing diameter yet finite volume. An approach that is closely related to the rules of
mixture but gives consistent and unique overall material tensors for unidirectional
continuously reinforced composites is known as the Vanishing Fiber Diameter (VFD)
model. The physical interpretation of the VFD model is a composite containing aligned and
continuous, but infinitely thin fibers (which strongly influence the axial effective behavior
but affect the transverse behavior of the composite only via the macroscopic Poisson effect)

in a matrix. [27]

2.6. DILUTE INHOMOGENEOUS INCLUSIONS

Mean field methods for dilute inhomogeneous matrix—inclusion composites typically aim at
making use of Eshelby’s expressions for the fields in a homogeneous inclusion subjected to
an eigenstrain by using the concept of an equivalent homogeneous inclusion. This strategy
involves replacing the actual inhomogeneous inclusion, which has different material
properties than the matrix and which is subjected to a given unconstrained eigenstrain &t,
with an “equivalent” homogeneous inclusion on which an equivalent eigenstrain et is made
to act. This equivalent eigenstrain must be chosen in such a way that the same stress and
strain fields are obtained in the actual inhomogeneous inclusion and in the fictitious

homogeneous inclusion. [27]



2.7. MISFIT STRAINS: ESHELBY’S SOLUTION

Most of the mean field definitions used in continuum micromechanics are based on
Eshelby’s work. He studied the stress and strain distributions in homogeneous media [31].
In that media there are sub-regions that have shape and size shifting so it no longer fits its
previous space. Eshelby’s work’s results show that an elastic homogeneous ellipsoidal
inclusion in an infinite matrix is subjected to a homogeneous strain &t, the stress and strain
states in the constrained inclusion are uniform, i.e., ¢ (i) = hoi (i) and € (i) = hei (i). The
uniform strain in the constrained inclusion, ec, is related to the stress-free strain &t by the

expression. [27]

2.8. CONCENTRIC CYLINDER ASSEMBLAGE MODEL

For centuries mankind tend to improve the materials, which, they use in almost everything,
in order to create better products. Composites are born to satisfy this need. As it’s known,
composites are consisting from two main parts, matrix and fiber. Matrix is the main material
and fiber is the reinforcement that injected in matrix. This assembly technique has a lot of

different types nowadays.

Generally, fibers have cylindrical shape in nature. Thus, Hashin and Rosen created a
micromechanical model that the composite is assembled from concentric cylinders. The
model is called concentric cylinder assemblage. As it is shown in Figure 2.3, inner cylinders

are fibers and the outer part is matrix.

Figure 2.3. Different views of the model
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In Figure 2.3 concentric cylinder assemblage model is consisted of concentric cylinders with
different radius. Although the radius of cylinders is varying, the ratio of radius of fiber and
matrix is same for all. So, the cylinders have same volume fraction. Volume fractions are

calculated according to equation (2.1).

ma?  a?

== (2.1)

Constitutive relations between stress and strain are given below. From those relations one
can derive relations between effective independent stiffness coefficients and effective

engineering constants. Stress strain relations in 2-3 plane are written as;

o1 = Cj18)1 + Chagp + Clagss (2.2)
62 = Cla811 + Chogpy + Cosess (2.3)
o33 = Cpp811 + Co38pp + Coes3 (2.4)
133 = (Co — Ch3)e3 (2.5)

113 = 2C46813 (2.6)

T3 = 2Cg812 (2.7)

Ci1,Ciz, C3,, C35, Cge are independent constants. Effective properties of the composite are

defined from these constants.

Assumingo;; = o ando,, = 033 = 0,3 = 0,3 = 01, = 0, putting these into equations
(2.2), (2.3), (2.4), (2.5), (2.6), (2.7) give us normal strains as it is shown below.

Cy +Cx
&1 = 2 ~ . Oll (2.8)
C11Cy —2C +C1Cy
—Ci,
€ = 2 . . Ol (2.9)
C1Cyp —2Cr + C1Cy3
B —Ch,
&3 = o1 (2.10)

* * *2 * *
C11Cyp —2C + C1Cy3

From the equation (2.8), one can derive;



2

611 = (CTI ——sz +C§3

)En
E7 is the effective axial modulus and define from the Hooke’s law as;
o1 = Efey

From the equations (2.11) and (2.12), one can write;

2

E* = C* s e————
: a Co +Cy3

Poisson’s ratios v;, and v;;are defined below.

« €22

Vi = ——

€11

oo B33
Uiz =

€11

By putting Poisson’s ratios into equation (2.8), (2.9) and (2.10)

*
Vi, = Uy ——C12
12 — Y13 — A~ *
Cpn+Cys

The other engineering constants are

* * *
Gy = Gy3 = Cge

* *
Cpn—Cy

Gy =
23 5

11

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

Equations (2.13), (2.16), (2.17) and (2.18) are four equations with five effective stiffness

constants. One more equation is needed in order to solve for C7;,C},, C3,, C53 and Cg in

terms of effective engineering constants.
Last equation is bulk modulus equation and developed as follows.

g1 =0,ep =¢33=¢

(2.19)
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With these strains and the constitutive equations in equations (2.2), (2.3), (2.4), (2.5) and
(2.6) the normal stresses are;

O] = 2CT28 (220)
Oy = (CZZ + C;3)8 =0 (221)
033 = (CZZ + C;3)8 =0 (222)

From o = 2K3;¢, effective plane strain bulk modulus given as
* 1 * *
Ky =37 (Ca2 +C23) (2.23)

Finally, equations (2.13), (2.16), (2.17), (2.18) and (2.23) are inverted to find,

Ci, = EX 4 4vi5 K3, (2.24)
Ci, = 2KjaVi, (2.25)
Chy = Ghs + K3 (2.26)
Chy = =G5y + K35 (2.27)
Cos = G12 (2.28)

CAA model is chosen for this study. The main reason of this choice is the similarity between
the shapes of the constituents. Among all models that was examined, cylindrical shape is the
closest shape to the honeycomb shaped armor. Honeycomb armor is a combination of a lot
of honeycomb tubes. So, it is similar with different cylinders coming together are creating a

composite.

On the other hand, this model is like a combination of several micromechanical composites
models and developed from them. Thus, this model can be integrated to nowadays condition
better than some other models.

The other advantage of this model that, assumptions can be made from one concentric
cylinder and those assumptions are valid for the others and whole composite. This condition

makes easy to get correct, simple and efficient results. [24]
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3. FINITE ELEMENT ANALYSIS (FEA) OF TRANSPARENT
ARMOR (BALLISTIC TEST)

In Figure 3.1, steps of the analysis are presented. First, the FEA is performed and the results
are obtained. Then the modeling is executed with the help of the FEA results. Mechanical
properties are calculated, and the results of the modeling are introduced as the input to the
finite element analysis. This process helps to find the accurate results with comparing

simulations and calculation each other.

Process Scheme

Ansys AutoDyna Modeling

Calculating initial values with

Simulation setup randomly oriented short fiber

composite model

Homogenization and Initial values are put
comparing into CCA modeling

(stress values are used
as input for modeling)

‘ 3D Modeling and Material Selection

Finding mechanical properties
Defining boundary conditions, & prop

material properties and loads

Defining calculated properties into Ansys

Processing

Are both results
similar?

If no, check again | ‘ Yes, then results are accurate ‘

Figure 3.1. Process scheme

3.1. SIMULATIONS

3.1.1. Case 1 -3 Layers, 500 m/s, 18 mm Diameter

Armor has three layers. Each layer has two sub-layers which are epoxy and glass. Glass sub-
layer has two millimeters thickness and epoxy e-glass has 0.7 mm thickness. In other words,

internal layers are glass and interlayer are epoxy e-glass. Epoxy e-glass’s density is 2000
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kg/m?, Young’s modulus is 45 GPa and Poisson’s ratio is 0.3. Glass’s density is 2530 kg/m?,
Young’s modulus is 74.5 GPa and Poisson’s ratio is 0.226. Geometry of layers is 100x100

mm square plate.

Projectile is in bullet shape. Its material is structural steel. Its velocity is 500 m/s. It has 18

mm diameter.

Purpose of this case is to see the response of the armor and according to that response, create

a starting point to evaluate the armor.

000 50,00 100,00 (mrm)
[ — —]
25,00 75,00

Figure 3.2. Beginning of the case 1

-26,752
-54,680 i

-62,627 Min
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Figure 3.3. Ending of the case 1
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As it is shown in Figure 3.3 projectile goes through the all three layers and creates a hole in
armor. So, it can be said that the armor failed. From the results, one can assume that three

layers aren’t enough for this projectile or projectile is too big for this armor.

3.1.2. Case 2 - 3 Layers, 500 m/s, 4.5 mm Diameter

Armor has three layers. Each layer has two sub-layers which are epoxy and glass. Glass sub-
layer has two millimeters thickness and epoxy e-glass has 0.7 mm thickness. In other words,
internal layers are glass and interlayer are epoxy e-glass. Epoxy e-glass’s density is 2000
kg/m?, Young’s modulus is 45 GPa and Poisson’s ratio is 0.3. Glass’s density is 2530 kg/m?,
Young’s modulus is 74.5 GPa and Poisson’s ratio is 0.226. Geometry of layers is 100x100

mm square plate.

Projectile is in bullet shape. Its material is structural steel. Its velocity is 500 m/s. It has 4.5

mm diameter.

After observing the results of case 1, reduction of the projectile diameter is decided. To see

the effect of the projectile diameter, smaller projectile must be used this time.

0,00 50,00 100,00 {mm)
- ]

25,00 75,00

Figure 3.4. Beginning of the case 2
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60,00 (mm)

Figure 3.5. Ending of the case 2

At this case size of the projectile is not enough to destroy the armor. Relatively little bullet
can only create failure at the first layer and the other two layers are perfectly conserve their
shapes. Three layers armor has succeeded its objective against 4.5 mm projectile with only

first layer deformation.

3.1.3. Case 3 - 3 Layers, 1250 m/s, 4.5 mm Diameter

Armor has three layers. Each layer has two sub-layers which are epoxy e-glass and glass.
Glass sub-layer has two mm thickness and epoxy e-glass has 0.7 millimeters thickness. In
other words, internal layers are glass and interlayer are epoxy e-glass. Epoxy e-glass’s
density is 2000 kg/m?, Young’s modulus is 45GPa and Poisson’s ratio is 0.3. Glass’s density
is 2530 kg/m?, Young’s modulus is 74.5 GPa and Poisson’s ratio is 0.226. Geometry of
layers is 100x100 mm square plate.

Projectile is in bullet shape. Its material is structural steel. Its velocity is 1250 m/s. It has 4.5
mm diameter. Purpose of this case is to see the effect of velocity. So that, compare to case
2, this time, higher velocity value is defined to projectile.
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Figure 3.6. Beginning of the case 3

100,00 (mm)

Figure 3.7. Side view of ending of the case 3

0,00 50,00
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Figure 3.8. Front view of ending of the case
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Compared to case 2, this time same projectile is shot with greater velocity. Figure 3.7 and
Figure 3.8 you can see that the first layer is completely failed and destroyed. According to

case 2, amount of deformation is greater.

3.1.4. Case 4 - 4 Layers, 500 m/s, 18 mm Diameter

Armor has four layers. Each layer has two sub-layers which are epoxy and glass. Glass sub-
layer has two millimeters thickness and epoxy has 0.7 mm thickness. In other words, internal
layers are glass and interlayer are epoxy. Epoxy’s density is 1540 kg/m?, Young’s modulus
is 3.5 GPa and Poisson’s ratio is 0.33. Glass’s density is 2530 kg/m?, Young’s modulus is
74.5 GPa and Poisson’s ratio is 0.226. Geometry of layers is 100x100 mm square plate.

Projectile is in bullet shape. Its material is structural steel. Its velocity is 500 m/s. It has 18

mm diameter.

Purpose of this case is to see the extra resistance which comes from an extra layer. Difference
of this case is adding a fourth layer to armor. Expectation is to observe a better response and

resistance from armor.

90,00 (mm)

Figure 3.9. Beginning of the case 4
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Figure 3.10. Ending of the case 4
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This time an extra layer is added to armor and the bullet diameter is extended. The extra
layer has created endurance to this larger projectile and even though the first two layers are
failed, armor has done its job and stopped the projectile. When compare to case 1 which has
same properties with this case (except the layer quantity), projectile has stopped at a certain

layer. This shows as that the extra layer can give positive feedback at the result.

3.1.5. Case 5 -4 Layers, 650 m/s, 18 mm Diameter

Armor has four layers. Each layer has two sub-layers which are all glass. Glass sub-layer
has two millimeters thickness. In other words, internal layers and interlayer are all glass.
Glass’s density is 2530 kg/m?, Young’s modulus is 74.5 GPa and Poisson’s ratio is 0.226.

Geometry of layers is 100x100 mm square plate.

Projectile is in bullet shape. Its material is structural steel. Its velocity is 650 m/s. It has 18

mm diameter.

At this case, main objective is to find the glass’s resistance limit in four layers armor. At
which velocity, bullet will not go through the armor, is the question that, one is looking for

the answer.
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90,00 (mrm)

Figure 3.11. Beginning of the case 5

Figure 3.12. Ending of the case 5

In order to see the velocity limit of the failure, case 5 is done. Projectile’s diameter is 18
millimeters, but the velocity is 650 m/s. A lot of different velocities from 400 to 1200 m/s
are tried in this case. At this velocity all the layers are failed but projectile stuck in the armor.
So, one can say that the limit is 650 m/s. Under that velocity, armor has a successful
response.

3.1.6. Case 6 - 10 Layers, 500 m/s, 7.62 mm Diameter (Composite Matrix)

Armor has 10 layers. Each layer has two sub-layers which are epoxy-carbon and glass. Glass
sub-layer has two millimeters thickness and epoxy has 0.7 mm thickness. Epoxy’s density
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is 1540 kg/m?, Young’s modulus is 95 GPa and Poisson’s ratio is 0.27. Glass’s density is
2530 kg/m?, Young’s modulus is 74.5 GPa and Poisson’s ratio is 0.226. In other words,
internal layers are glass and interlayer are epoxy. Geometry of layers is 100x100 millimeters

square plate.

Projectile is in bullet shape. Its material is structural steel. Its velocity is 500 m/s. It has 7.62
mm diameter. Projectile is adjusted to conventional shape that used nowadays. Tip of the

projectile is chosen pointy head, in order to make a greater impact at the armor.
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Figure 3.13. Beginning of the case 6

-10

-20
-2265,2 Min
@
X

Figure 3.14. Case 6, step 1
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Figure 3.15. Case 6, step 2
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Figure 3.16. Case 6, step 3
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Figure 3.17. Case 6, step 4
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Figure 3.18. Ending of case 6

At case 6, shape of the projectile is investigated. The tip of the projectile is pointy.10 layers
of material are put in front of the projectile to observe the effect of the tip of the projectile.
Results show that pointy tip can make much bigger damage compared to other types. The
shape of the projectile is inspired from military bullets.
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3.1.7. Case 7 - 10 Layers, 500 m/s, 7.62 mm Diameter (Composite Matrix)

Armor has 10 layers. Each layer has two sub-layers which are copper alloy and glass. Glass
sub-layer has two millimeters thickness and copper alloy has 0.7 mm thickness. In other
words, internal layers are glass and interlayer are epoxy. Copper alloy’s density is 8300
kg/m?, Young’s modulus is 110 GPa and Poisson’s ratio is 0.34. Glass’s density is 2530
kg/m?, Young’s modulus is 74.5 GPa and Poisson’s ratio is 0.226. Geometry of layers is

100x100 mm square plate.

Projectile is in bullet shape. Its material is structural steel. Its velocity is 500 m/s. It has 7.62
mm diameter. Projectile is adjusted to conventional shape that used nowadays. Tip of the
projectile is chosen pointy head, in order to make a greater impact at the armor. Purpose of

this case is to investigate other materials for interlayer.
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Figure 3.19.Beginning of the case 7
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Figure 3.20. Ending of the case 6

After the projectile shape is investigated, another important issue is to choose the material.
At this case different type of fibers are used to see the difference. With copper alloy, the
projectile is stopped at the sixth layer. Although copper alloy has successful result, weight
and cost of this armor is another important criterion. So, this case is mostly done for

observation purposes.

3.1.8. Case 8 - 10 Layers, 500 m/s, 7.62 mm Diameter (Composite Matrix)

Armor has 10 layers. Each layer has two sub-layers which are SiC, epoxy and glass. Glass
sub-layer has two millimeters thickness and SiC-epoxy has 0.7 mm thickness. In other
words, internal layers are glass and interlayer are SiC-epoxy. SiC-epoxy composite is
calculated. 10 percent SiC, 90 percent epoxy is decided for this composite. SiC-Epoxy’s
density is 3100 kg/m?, Young’s modulus is 56 GPa and Poisson’s ratio is 0.36. Glass’s
density is 2530 kg/m?®, Young’s modulus is 74.5 GPa and Poisson’s ratio is 0.226. Geometry

of layers is 100x100 mm square plate.

Projectile is in bullet shape. Its material is structural steel. Its velocity is 500 m/s. It has 7.62
mm diameter. Projectile is adjusted to conventional shape that used nowadays. Tip of the
projectile is chosen pointy head, in order to make a greater impact at the armor. Purpose of
this case is to investigate other materials for interlayer.
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Figure 3.21. Beginning of the case 8
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Figure 3.22. Case 8, step 1
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Figure 3.23. Case 8, step 2
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Figure 3.24. Side view of ending of the case 8
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Figure 3.25. Front view of ending of the case 8

Compared to case 7, this time, a tougher material which is Sic, is chosen. The results show

that the projectile bounces back from the second layer. And SiC is tougher than copper-alloy.

3.1.9. Case 9 - Tube Test

Projectile is shot at the middle of a circular tube to see the penetration. Several materials are
tested and observed. Tube is one meter long and its diameter is 15 mm. Bullet is 7.62 mm
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pointy tip. The experiment has helped in material selection. As it is known, main purpose of
the armor is resistance to projectile, avoid the penetration if possible. The penetration

distance can give information about resistance of that material.
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Figure 3.26. Beginning of tube test
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Figure 3.27. Ending of tube test

Penetration distances are shown at the Table 3.1. Minimum penetration is the desired result,
but weight, transparency and cost are other important properties that need to be considered.
So, after this test epoxy-resin is the most suitable material for our experiment although there

are tougher materials exist.



Table 3.1. Results of tube test
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Material of the tube Penetrated distance (mm)
Al203 34
AION 0
Epoxy-resin 115
Glass 29
PC 42
PMMA 168
Polypropylene 33
Spinel 0
Quartz glass 8.3

3.1.10. Case 10 — Honeycomb Test

Design of the armor is change. Honeycomb shaped glass tubes are put into epoxy plates

which are also honeycomb shaped. The purpose of this geometry is to have additional fibers

at direction-z. Hexagons have 15 mm sidelines. Glass tubes have six millimeters of thickness

and epoxy-resin plates have four millimeters thickness. So 6mm of glass and four millimeter

of epoxy-resin behind it, make one layer of armor. In this test five layers are combined. It

has a similar structure to plate to plate armors. Bullet is shot to two different points which

you can see at the Figure 3.28. Velocity of the bullet is 500 m/s.

Figure 3.28. Front view of the honeycomb armor
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000 50,00 100,00 (mm)
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Figure 3.29. Side view of the honeycomb armor

Figure 3.30. Detailed view of the glass tubes of honeycomb armor

7.62 mm projectile is shot at point 1. Purpose of this case is to see the effect of extra fiber

resistance at z direction. Expectation is to create a tougher armor that can stop the projectile.

In Figure 3.33 and Figure 3.34, one sees that the armor is completely failed and destroyed.
Then it can be observed that at point 1, there are no z direction resistance and the design

need to be updated.
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Figure 3.31. Beginning of the point 1 shot

Figure 3.32. Progression of the point 1 shot

Figure 3.33. Ending of the point 1 shot
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Figure 3.34. Front view of ending of the point 1 shot

7.62 mm bullet is shot at point 2. Purpose of this case is to see the effect of extra fiber
resistance at z direction. Expectation is to create a tougher armor that can stop the projectile.

But this time at point 2, one expects to see more resistance than point 1.

In Figure 3.38, one sees that, this time there is more resistance and one assume that it is come
from z direction fibers. This extra resistance is important for our objective. Projectile stuck
in second layer. Results show us, z direction fiber resistance can be occurred at some points
of the armor, it is not homogeneous.

Figure 3.35. Beginning of the point 2 shot



Figure 3.36. Step 1 of the point 2 shot
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Figure 3.37. Step two of the point 2 shot

Figure 3.38. Ending of the point 2 shot
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90,00 (rm)

Figure 3.39. Front view of ending of the point 2 shot

In conclusion, fibers at direction-z influence stopping to projectile and this effect is not small
to avoid. But at the above design it is not distributed properly. As you can see in the results,
at the point 2 which has fibers at direction-z, projectile cannot go through the armor. But at
the zones like point 1 which does not have any fibers at direction-z, projectile can go through

the armor. These zones have created vulnerability at this design.

3.1.11. Case 11 — Honeycomb Model with Different Layer Formation

Case 11 is the repetition of case 10 except the positions of the layers are changed. It can be
seen at the Figure 3.40. Geometry is simulated after the result of the first honeycomb model
is observed. The main reason of the honeycomb model is to have extra fibers at z-direction.
But at the previous model, these fibers can only exist at sides of the glass tubes so that create
an inhomogeneity. The resistance, which fibers need to create, cannot be seen at the center
of the individual tubes. With the new design, fibers at z-direction are distributed as
homogeneously as possible. So, resistance will be approximately same at all points of the

armor. It will have same resistance wherever the projectile hit.
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Figure 3.40. Side view of the new honeycomb model
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Figure 3.41. Front view of the new honeycomb model

7.62 mm bullet is shot at point 1. The purpose of this case is to distribute the z direction
fibers homogeneously and get same reactions at any point. And projectile finally goes

through two layers. It is same with the case 11, point 2 shot.

Figure 3.42. Beginning of the point 1 shot
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Figure 3.43. Progression of the point 1 shot
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Figure 3.44. Ending of the point 1 shot
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Figure 3.45. Front view of ending of the point 1 shot

7.62 mm bullet is shot at point 2. Projectile goes through two layers. Now, one can make
general assumptions. At this design, resistance is distributed properly. Expected results are

observed at this case.
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Figure 3.46. Beginning of the point 2 shot
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Figure 3.47. Step 1 of the point 2 shot
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Figure 3.48. Step 2 of the point 2 shot
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Figure 3.49. Front view of ending of the point 2 shot




39

Figure 3.50. Ending of the point 2 shot

When the fibers at z-direction, distributed homogenously, armor has same reaction to
projectile, independent from area where the projectile impacts. Difference between the

designs of case 10 and 11, at casell, there are no vulnerabilities such as the point 1 at case
10.

To have a general idea of the other points of the armor, projectile is shot to side of the armor.
By doing this, it will be seen that if the side points are vulnerable or not.
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Figure 3.51. Side shot of the armor #1
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Figure 3.52. Side shot of the armor #2

As it is shown in Figure 3.51 and Figure 3.52 projectile penetrate the first layer and bounce
back from second layer. It can be said that, beside the critical points, armor is achieved its

objective at all points of the armor.

3.1.12. Case 12 — 21 mm Bullet

At this case, everything is similar with trial 11 but the bullets are bigger. And the velocity
(288 m/s) of the bullet is adjusted in order to preserve the kinetic energy. Main purpose of
this case is to see what is happening when bullet diameter / honeycomb diameter ratio

increase. In order to observe the difference, all the other inputs are conserved exactly same.

21 mm bullet is shot at point 1. Bullet can only go through the first three layers. (Figure 3.53)
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Figure 3.53. Ending of the point 1 shot
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21 mm bullet is shot at point 2. Projectile can only go through the first four layers. (Figure

3.54)

C: petek

Total Defarmation
Type: Total Deformation
Unit: mm

Time: 2,347%-004

Cycle Number: 10000
27.04.201819:27

44,595 Max

Max 2

0,00

Figure 3.54. Ending of the point 2 shot

At this case, after the design and material selection is completed of our armor, extreme

conditions are tested. Projectile is much bigger than it should be. Even so, armor keeps its

functionality and stops the projectile with a success.



42

3.1.13. Case 13 — Larger armor

Case 13 is the repetition of case 11 but this time armor is triple times larger. Aim of this trial
iIs to see the reaction of the armor when it is larger. Projectile velocity is 500 m/approximate

surface area is 300x300 mm. Geometry type and materials are exactly same with case 11.

19.05.2019 18:58

1,0286e5 Max

Figure 3.55. Shot on larger armor step 1

19.05.2019 18,58

Figure 3.56. Shot on larger armor step 2

This trial shows that enlargement of the armor has similar but better results. Projectile can
penetrate only to second layer. When supported from the side surfaces of the armor, larger

armor reacts better than smaller one.



43

4. MODELING

At this part, prediction of armor’s behavior is determined. By the help of several rules,
equations and initial material properties, mechanical properties of the final material are
occurred. The first step is to use randomly oriented short fiber composite model. With this
model, necessary inputs for CCA model are found. After that with CCA model, mechanical
properties of armor which is final material and assemblage of resin-epoxy and float glass,
are found and can be discussed on. At Table 4.1, properties of resin-epoxy and float glass

are presented.

Table 4.1. Properties of materials

Resin-epoxy (matrix) Float Glass (fiber)
. k k
Density (p) 1160m—g3 2530m—%
Young’s Modulus (E) 3.78x10°Pa 7.45x101%Pa
Poisson’s Ratio (V) 0,35 0.22629
Bulk Modulus (K) 4.25x10°Pa 4.54x101°Pa
Shear Modulus (G) 1.4x10°Pa 3.04x101%Pa
Volume fraction (V) 0.424 0.576

(4.1), (4.2), (4.3), (4.4), (4.5), (4.6),

(4.7) are the equations of randomly oriented short fiber composite. CCA analysis needs some

starting values in order to proceed. These values are experimental values. But this research
does not have experimental setup, so to find those starting values, randomly oriented short
fiber composite equations are used. Before applying CCA model and starting the
calculations, it is necessary to find some initial values to proceed. These values are
E{,G12,G,3,v15, K.In order to find these values, properties of matrix and fiber, which are
presented in Table 4.1, put in equation (4.1), (4.2), (4.3), (4.4), (4.5), (4.6),

(4.7);

g, 1 (4.1)
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g 1 (4.2)

G (4.3)
rlG = Gr

E. = 4.4
L 1 — n-LVf
n-T f
1+ I]GVf

vir = Vive+ ViV 4.7)

At the above equations, longitudinal direction which is denoted with L is direction 1.
Direction 1 is axis-z in finite element analysis. Transverse direction, which is denoted with

T, is direction 2. Direction 2 is axis-x in finite element analysis.

Er vi1,GLt which are E;,G;, ,v,, are found with randomly oriented short fiber composite
equations. 2-3 directions are isotropic directions so K and G, are equal to K., and G,,,. They

are taken from Table 4.1.

Table 4.2. Results of randomly oriented short fiber composite calculations

E; 4.4515x101°Pa
G12 1.4x10°Pa
Go3 6.7898x108Pa
K 4.4x10°Pa
Vi 0.2787

E1,G12,G23,v12, K are found and presented in Table 4.2.After finding the necessary initial
values, put these values into equations (2.24), (2.25), (2.26), (2.27) and (2.28) of concentric
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cylinder assemblage model (explained in background) to find the constants of CCA model.

Matlab code is used to solve these equations and presented in appendix a.

Defined stress result array is taken from finite element analysis to check the accuracy of the
simulation. Now with the help of the constants that is founded and Matlab, effective

properties are calculated. Effective properties are shown in Table 4.3.

Table 4.3. Material properties calculated with CCA method.

E, 1.4958x10%Pa
E, 9.8907x10°Pa
Gz 4.4983x10°Pa
Gys 1.4x10%Pa

K 4.25x10°Pa
Viz 0.2787
Va3 0.4722
e, 1.6279x10°Pa
Ci, 2.3693x10°Pa
Cs, 5.65x10°Pa
Cs 2.85x10°Pa
Cie 4.4983x10°Pa

So, from one of the finite element analyses, array of stress values is observed and taken to
find strain values with CCA constants. After stress and strain values are calculated, stress-
strain curves can be plotted. Stress values are taken from FEA analysis and it goes from 0 to
45 GPa.

4.1. STRESS-STRAIN GRAPHS OF CCA MODEL

In order to analyze stress-strain graphs, the data are observed, and shear locking is spotted.

This error has a huge effect to the results.

Shear locking is a type of error that occurs in FEA. When the model is under bending,

curvatures occur in the actual material. These curvatures are difficult to model by linear
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elements, so an additional shear stress is introduced. This shear stress makes the element
stiffer than reality and the element reach equilibrium with displacements smaller than it
should be. In other words, displacements are defined by linear functions. The derivatives of
these functions are constant. So, the strains are also constant. But on the other hand, this is
not the case. By an inaccurate estimation, stiffness can be calculated much larger. This can
lead to smaller displacements, which is not even close to reality. So, at some node’s values
are higher than it should be. And some unrelated peaks are occurred because of the shear
locking. To prevent this problem, mesh refinement is applied. The graphs with shear locking
are presented in Figure 4.1, so that it can be compared with the correct results which are in

Figure 4.3.

In Figure 4.1, £;; — 044 (ain Figure 4.1), &,, — 644 (b in Figure 4.1), 55 — 0,7 (C in Figure
4.1), €eq — 011 (d in Figure 4.1) are presented. These graphs have shear locking problem.
Strain values can go up to 0.03 which is extremely high. Stress values are taken from finite
element analysis in order to compare the results. Because of the several nodes’ behavior,
these inaccurate results are obtained and used for calculation. And they are presented in order

to see the difference.

To prevent shear locking problem, mesh refinement is done in same finite element analysis.
After that a correction is stress values, is observed. With accurate results, stress values are

taken from FEA and it goes from 0 to 120 MPa and stress-strain curves are plotted.
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Free mesh is used. This mesh has no specified pattern and no restrictions in element shapes

according to mapped mesh. Element size is defined 3.5 mm for more accurate and detailed

results. First element shape is triangle at all parts of the geometry. But results of this analysis

are problematic. Impossible values are obtained so mesh is needed to be refined.

Quadrilateral element shape is chosen to create more elements to affect the results. But this

time analysis takes too much time to execute. So, idea of mixing different element shape is

occurred. For critical places quadrilateral shape is used and for the rest of the geometry,

triangle shape is used. Glass tubes are the critical part of the geometry. They are taking most

of the impact and creating the strength of the armor. Rest of the geometry is taken triangle

shape. This operation reduces analysis time dramatically. After this operation, analysis

creates a new error to solve. This error is contact problem. Layers of the armor have contacts

between each other. Because of this contact, between these layers, several nodes have more

than one element, so this creates an error. In order to eliminate this error, contact matching



48

is done. For example, first layer’s back side and second layer’s front side is defined as contact

to not create more than one element for one node.

Figure 4.2. Refined mesh of armor (a) quadrilateral shape, (b) triangle shape

After the mesh refinement is done, results become more accurate and reasonable. Figure 4.3
shows graphs of the correct results. When compared with Figure 4.1 which is graphs of
inaccurate results, effect of mesh refinement is seen obviously. Values are affected by mesh

and in order to have proper results mesh is crucial.
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In Figure 4.3, €;; — oy (a in Figure 4.3), &5 — o;; (b in Figure 4.3), e53 — o;; (C In Figure
4.3), &, — 011 (d in Figure 4.3) are presented. After the shear locking problem is solved, it
is shown that the stress values can go up to only 120 MPa and that is acceptable for our

situation. High strain values are also corrected.
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Figure 4.4. Combined graph

In Figure 4.4, stress-strain graphs of fiber (float glass), matrix (epoxy-resin) and created
composite material are shown together. Strain values are equivalent strain values of
materials. With the slope of this graph, approximate Young’s modulus values can be
calculated. And it can be said that our fiber is the toughest material, according to slope.
Curve of the composite material is between the curve of fiber and curve of matrix, as it
should. Composite material is also a tough material and it close to fiber’s toughness. But
with composing fiber and matrix, energy absorption and elasticity are reinforced. So,

obtained material is tough but, it is not as brittle as the fiber.



5. RESULTS

o1

At this section, final model is compared with conventional model and CCA model. Purpose

of this is to see the achievements and accuracy of the model. Before final model is created,

trials are made to progress. Results of these trials are shown in Table 5.1.

Table 5.1. Results of FEA analysis

Armor o Projectile | Projectile
# of Armor ) Projectile | | )
Case ) thickness diameter | velocity Result
Layers | materials type
(mm) (mm) (m/s)
Glass- Circular )
1 3 8.1 ) 18 500 Failed
epoxy tip bullet
) Stuck in
Glass- Circular
8.1 ; 4.5 500 second
2 3 epoxy tip bullet
layer
Glass- Circular )
3 3 8.1 ) 4.5 1250 Failed
epoxy tip bullet
Glass- Circular Stuck in
10.8 ) 18 500 ]
4 4 epoxy tip bullet third layer
Glass- Circular )
5 4 10.8 ) 18 650 Failed
epoxy tip bullet
Glass- ) )
Pointy tip )
epoxy- 27 7.62 500 Failed
6 10 ) bullet
resin
Glass- ) ] ]
Pointy tip Stuck in
epoxy- 27 7.62 500 )
7 10 bullet sixth layer
carbon
Bounces
Glass- ) )
Pointy tip from
epoxy- 27 7.62 500
8 10 ) bullet second
SiC
layer
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After the simulations are done and the armor is created, it needs to be compared with other
conventional models to see the objectives are succeeded or not. Conventional model is
arranged at same sizes and same materials with the honeycomb model. It has five layers of
glass and behind those glass layers; there are epoxy-resin layers. Images of the both

conditions which are very similar with each other, except the shape of the armor.

-15
-20

-39,899 Min
(]
z

Figure 5.1. Beginning of the test of the conventional model

0,00 50,00 100,00 {mm)
L aaa— SSS—
25,00 75,00

-10
-15 ¥
-20

-39,899 Min

0,00 50,00 100,00 {rarm}
L~ SESaa— SSS—
25,00 75,00

Figure 5.2. Progression of the test of the conventional model
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-39,899 Min

0,00 50,00 100,00 (mm)
[ eeee—— —
25,00 75,00

Figure 5.3. Ending of the test of the conventional model

-39,899 Min

0,00 50,00 100,00 (mm)
L~ —SESaaaa— ES—
25,00 75,00

Figure 5.4. Front view of ending of the test of the conventional model

In Figure 5.1, Figure 5.2, Figure 5.3 and Figure 5.4 test of the conventional model is shown
step by step. Same projectile as it used in honeycomb model is used and velocity of it is 500

m/s. Layers are consisted of six millimeters glass and four-millimeter epoxy resin
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5
-17,959

| -28277
-33,435
-38,594 Min

-39,899 Min

0,00 50,00 100,00 (mmm)
L SEaaa—— SSS—
25,00 75,00

Figure 5.5. Comparison between honeycomb model and conventional model (a) honeycomb

(b) conventional

At conventional armor, projectile penetrates first two layers completely and glass sub-layer
of the third layer. Then it stuck at the epoxy-resin part of the third layer. However, at
honeycomb model projectile goes through the first layer and stuck at the glass sub-layer of
the second layer. With this comparison, effect of the shape of armor can be observed.
Honeycomb model resists the projectile more than conventional model. While every other
condition, beside the shape, is equal, honeycomb model acts like it is tougher than
conventional model. Main reason of this action is the extra fibers at z direction. Comparison
of these models is shown in Figure 5.5.
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There are 100x100x6 mm glass plates and 100x100x4 mm epoxy plates in conventional
model. In armor there is five of each plate. Conventional transparent armor consists of
300,000 cubic millimeter of glass and 200,000 cubic millimeters of epoxy. And that is
approximately 0.768 kg of glass and 0.232 kg of epoxy. In total, a conventional transparent
armor with decided properties has a weight of one kilogram. On the other hand, honeycomb
model has a weight of 0.89 kg. In other words, with a different design, ten percent weight

savings can be achieved. That is also means reduction in cost.

In a similar research [10], Kevlar-epoxy composite tested with similar methods with this
research. 5.56 mm bullet is chosen, and the velocity of the bullet is 800 m/s. Geometry of

this analysis is shown in Figure 5.6.

Figure 5.6. Geometry of ‘Theoretical study of lightweight composite system for personal

armor’ research [10]

Thickness of the geometry is 10.45 mm and it is created from 300x300 mm plates.
Conventional type geometry is preferred for the analysis. Results shows that the penetration
distance of the bullet is greater than thickness of the armor. Even though the armor is not
destroyed, it qualifies for failure because it may harm the individual behind it. Results of the

finite element analysis of this test present in Figure 5.7.



Figure 5.7. FEA analysis of research [10]
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To compare and check the honeycomb model, same conditions are tested with CCA

calculations in finite element analysis. At honeycomb model float glass is defined at little

tubes and epoxy-resin is defined at main chassis for material information. After that finite

element analysis automatically calculate the properties and simulate the behavior of the

model. CCA model calculations must be similar with auto-calculated solutions, in order to

have accurate results.

-62,576 Min
@
z

0,00

50,00
25,00 75,00

100,00 {(mm)

Figure 5.8. Beginning of CCA model
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In Figure 5.8, setup of CCA model is shown. Everything is same with honeycomb model
except the definition of material information. This time properties, which are calculated with
CCA model, are put manually in finite element analysis. Little tubes and main chassis have
same material information, but geometry is not drawn as one in order to see the reaction

individually.

0,00 50,00 100,00 {mm)
25,00 75,00

Figure 5.9. Step 1 of CCA model

-62,576 Min

0,00 50,00 100,00 {mm)
L~ S ES—
25,00 75,00

Figure 5.10. Step 2 of CCA model
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-62,576 Min

0,00 50,00 100,00 (mrm)
C aa——
25,00 75,00

Figure 5.11. Ending of CCA model

At CCA [27] model, projectile velocity is 500 m/s. Thickness of layers is 10 mm and there
are 5 layers. Properties are defined from the results of CCA calculations. Projectile goes
through the first layer of the armor and failed at the middle of second layer. Then it bounces

back from the middle of second layer and exits from armor completely.
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0,00 50,00 100,00 {rmim)
[ e )
25,00 75,00

Figure 5.12. Comparison between (a) CCA, (b) honeycomb model

Figure 5.12 shows the maximum deformed point of the armor. Results are not identical, but
they are similar. At Figure 5.12 a section in CCA model is presented and at b section, there
is honeycomb model. Differences of these results can be occurred from brittleness and
elasticity. When calculated with CCA, all geometry is defined same and acts like one. It is

assumed that can affects brittleness and elasticity.

To sum up, calculated and simulated results are similar with each other. Even though, they
have little differences, at the bigger picture they look same. From that, it can be said that,

calculated results are accurate, according to simulations results.
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6. CONCLUSION

Aim of this analysis is to create more efficient armor. More efficient armor means better
properties which are cost, toughness, weight, effect of the projectile impact on the armor. At
this research, these properties are improved to get better results. In order to improve the
armor, a lot of different simulations are done in different conditions. These conditions must
be adapted to environment, which is generally military and personal security, that armors are

used.

First, shape of the projectile needs to be decided. Armor is trying to stop the projectile which
means to beat the impact that projectile create on the armor. If the armor can overcome the
greatest impact, then it can beat any projectile. Military base bullets are chosen for the
experiment. Pointy tip projectile has 7.62 mm diameter and 51 mm length. It is made from

steel.

On the other hand, thickness of the armor is another critical issue for this experiment. Even
though the greater thickness means better results, it also means heavier and costs more. This
transparent armor will be used at car, safe house windows etc. so it will also need to adapt
to this situation. After several researches and discussions, our desired thickness is decided

below 10 cm as much as possible.

Transparency is an obligation since the armor is transparent armor. This criterion must be
considered, when materials of the armor are selected. Glass is the first material that is
selected and used in this experiment. Although glass is a tough material, it is also very brittle.
So, it needs to be reinforced with other materials which are also needs be transparent. After
some trials in simulations, not a single material but a composite material is decided to use

with glass. This composite is epoxy-resin. [20]

One of the most critical parts in this experiment is the design. Design of the armor is very
important for a successful armor. Glass is tougher than epoxy-resin. But epoxy-resin has an
important property which it holds the armor together. So even though glass is very brittle, it
is the impact face of the layer. Behind the glass, there is epoxy-resin which is a holder for

glass. This is the description of a layer. Amount of the layers needs to be decided. Some
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trials and simulations are done, and it is observed that five layers of this combination, is
more than enough for the objective. When the safety is considered, layer amount is decided
to be five. Glass has six millimeters thickness and epoxy-resin has four millimeters
thickness. Five layered transparent armor thickness is five centimeter which is satisfying for
the thickness goal. [17]

To see the effect of the shape of the armor, different designs need to be implemented to the
armor. Different ideas, shapes, sizes are implemented to the armor and in conclusion,
honeycomb model is created. At this model, a lot of honeycombs are set side to side, in order
to support each other. And it also has a critical advantage when compare to other models. It
has extra fiber reinforcements, which is perpendicular to impact face, due to its shape. These

fibers help the job of stopping the projectile.
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APPENDIX A. SKETCH OF IDEAS

Figure A.1. Sketch of ideas #1
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Figure A.2. Sketch of ideas #2
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Figure A.3. Sketch of ideas #3
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Figure A.4. Sketch of ideas #4
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Figure A.5. Sketch of ideas #5
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APPENDIX B. CODE

Acquiring the combined plots needs a lot of calculations. These calculations are done with

the help of Matlab program. For the combined plot, necessary codes are;
Dm=1160;

Ym=3780000000;

Pm=0.35;

Bm=4250000000;

Sm=1400000000;

Vm=0.424,

Df=2530;

Yf=74500000000;

Pf=0.22629;

Bf=45400000000;

Sf=30400000000;

V{=0.576;

Km=Sm/(3*(1-2*Pm));

Kf=Sf/(3*(1-2*Pf));
K=Km+VT/((1/(Kf-Km))+(1-Vf)/(Km+Sm));
Y1=VEAY f+(1-VH*Ym;

Y2=Y XY m/(Y V(Y -Ym));

P12=Pf*V/f+(1-V)*Pm:



P23=1-P12*(Y2/Y1)-(Y2/(3*K));
S12=Sm+VF/((1/(Sf-Sm))+(1-V)/2*Sm);
S23=Y2/(2*(1+P23));

c11=Y1+4*(P12)"2*K;

c12=2*K*P12;

€22=S23+K;,

€23=-S23+K;

€66=S12;

g11=0:1000:105820000;

%% gqll=cll*ell+cl2*e22+cl12*e33;

%% q22=cl2*ell+c22*e22+c23*e33,;

%% q33=cl2*ell+c23*e22+c22*e33,;

%% q13=2*c66*el3,;

%% ql2=2*c66*el?2,;
ell=((c22+c23)/(cl1*c22-2*(c12"2)+c11*c23))*qll;
e22=((-c12)/(c11*c22-2*(c12"2)+cl1*c23))*ql1,

e33=((-c12)/(c11*c22-2*(c12"2)+cl1*c23))*ql1,

Eeq=(2/3)*sqrt(1/2*((e11-e22)."2+(e22-€33)."2+(e33-e11)."2));

hold on
plot(Eeq,q11)
title('Combine Graphs')

E=3780000000;
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e=q11/E;

plot(e,q11,'r");

Ef=73872000000;

ef=ql1/Ef;

plot(ef,q11,'y")

xlabel(‘strain values') % x-axis label
ylabel('stress values') % y-axis label
legend(‘composite’, fiber','matrix’)
hold off

Comparing €,,, 011, €11, €33, €¢q With €ach other to plot a graph needs another code to

display. That is;
Dm=1160;
Ym=3780000000;
Pm=0.35;
Bm=4250000000;
Sm=1400000000;
Vm=0.424,
Df=2530;

Y f=74500000000;
Pf=0.22629;
Bf=45400000000;

Sf=30400000000;



V1=0.576;

Km=Sm/(3*(1-2*Pm));
Kf=Sf/(3*(1-2*Pf));
K=Km+Vf/((1/(Kf-Km))+(1-Vf)/(Km+Sm));
Y1=VFYf+(1-VH*Ym;

Y2=Y Y m/(Y V(Y -Ym)):
P12=Pf*V/f+(1-V)*Pm;
P23=1-P12*(Y2/Y1)-(Y2/(3*K));
S12=Sm+VF/((L/(Sf-Sm))+(1-VF)/2*Sm);
S23=Y2/(2*(1+P23));

Cl1=Y 1+4*(P12)"2*K;
c12=2*K*P12;

€22=S23+K;

€23=-S23+K;

€66=S12;

g11=0:1000:105820000;

%% qll=cll*ell+cl2*e22+cl2*e33,;
%% q22=cl2*ell+c22*e22+c23*e33,;
%% q33=cl2*ell+c23*e22+c22*e33,;
%% q13=2*c66*el3,;

%% ql2=2*c66*el?2,;

el1=((c22+c23)/(c11*c22-2*(c12"2)+c11*c23))*ql1,;
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e22=((-c12)/(c11*c22-2*(c12"2)+cl1*c23))*qll,;
e33=((-c12)/(c11*c22-2*(c1272)+c11*c23))*ql1;
Eeq=(2/3)*sqrt(1/2*((e11-e22)."2+(e22-e33)."2+(e33-e11).12));;
plot(Eeq,qll)

xlabel(‘strain values') % x-axis label

ylabel('stress values') % y-axis label

At the plot line, which is denoted with exclamations, you can change the variables in order

to plot the different comparisons.
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Dm=1160;

Ym=3780000000;

Pm=0.35;

Bm=4250000000;

Sm=1400000000;

Vm=0.424;

Df=2530;

Yf=74500000000;

PLf=0.22629;

Bf=45400000000;

S5f=30400000000;

VE=0.576;

K=4250000000;

df=30;

1f=6;

nl=( (YE£/¥m)-1)/ ((YE/¥m)+2* (1£/df));

nT=( (Y£/¥m)-1)/ ((YE/¥m)+2) ;

nG=((5£/5m)-1)/ ((S£/5m)+1);

E2=(1+2* (L£/df) *nL*VE) *¥m/ (1L-nLAVE) ;
E1=(142*nT*VEL) *¥Ym/ (1-nT*VEL) ;
G12=(1+nG*VE) *5m/ (L-nG*VE) ;
P12=VE*P£+Vm*Pm;

G23=1400000000;

cll=El+4* (P12)*2*K;

cl2=2*E*Pl12;

c22=G23+K:;

c23=-G23+K;

ce6=Gl2;
P23=(cll*c23-(cl2)"~2)/ (cll*c22- (cl2)~2);
$Erandom=(3*E1l/8)+ (5*E2/8);
$Grandom=(E1/8)+(E2/4);
gll=0:10000:105820000;
ell=((c224+c23)/ (cll*c22-2* (cl2"2)+cll*c23)) *qll;
e22=((-cl2)/(cll*c22-2* (cl2™2)+cll*c23)) *qll;
e33=((-cl2)/(cll*c22-2* (cl2~2)+cll*c23)) *qll;
Eegq=(2/3) *sgrt (1/2* ( (ell-e22) ."2+ (e22-e33) . "2+ (e33-e1l1) .72)):
hold on

plot (Eeq,qgll)

title('Combine Graphs')

E=3780000000;

e=qgll/E;

plot (e,qll,'x");

Ef=73872000000;

ef=qll/Ef;

plot (ef,qgll, 'v")

xlabel ('strain values') % x-axis label
ylabel ("stress values (Pa)') % y-axis label
legend ('composite', "matrix', "fiber')

hold off

Figure B.1. Code of calculations



