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ABSTRACT

INVESTIGATION OF LAYERED-SPACED AND OBLIQUE MILD STEEL
TARGETS AGAINST 7.62 mm AP PROJECTILE

Cakir, Muhammed
M.Sc., Department of Mechanical Engineering

Supervisor: Prof. Dr. R. Orhan Yildirim

September 2017, 164 pages

Ballistic resistance of steel targets is important due to its common application to the
safety of personnel, shelters for arms and military vehicles. Protective systems
should provide a safer condition against possible threats by reducing the weight and
the volume they occupy. This causes the total weight of the armor to decrease and
increases the mobility of armored vehicle. This study concerns behavior of metallic
plates that are spaced and obliquely arranged in order to increase ballistic resistance
against projectile penetration. Investigations are made for target configurations
having various areal densities. The scope of the work also includes different
orientation of single and multiple layered mild steel plates. The main effort is to
seek for a better alternative layered-armor structure which provides higher
protection by reducing the total weight of armor structure. The impact tests are
simulated using ABAQUS/Explicit finite element software. Numerical and
experimental studies revealed that it is possible to reduce the armor weight by 48%
to defeat 7.62 mm AP projectile utilizing the proper layering.

Keywords: Spaced Armor Plates, 7.62mm AP, Bullet Impact, Mild Steel
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KATMANLI-ARALIKLI VE EGiK DUSUK KARBONLU CELIK
HEDEFLERIN 7.62 mm AP MERMIYE KARSI INCELENMESI

Cakir, Muhammed
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. R. Orhan Yildirim

Eyliil 2017, 164 sayfa

Celik hedeflerin balistik direngleri personel, mithimmat siginaklari ve askeri
araglardaki yaygin uygulamalarindan dolayr Onemlidir. Koruyucu sistemler
agirliklarin1 ve kapladiklar1 hacimlerini diislirerek muhtemel tehditlere kars1 daha
giivenli bir durum saglamalidir. Bu durum zirhin toplam agirligin1 azaltmasi
nedeniyle zirhli yapinin hareket kabiliyetinde artisa neden olacaktir. Bu calisma,
atilan cisimlerin delmesine karsi balistik direnci artirmak ic¢in aralikli ve agihi
yerlestirilmis metal plakalarin balistik davranisini incelemektedir. Arastirmalar
farkli alan yogunluklarina sahip hedef diizenlemeleri i¢in yapilmistir. Calismanin
kapsami1 ayrica tek ve c¢ok katmanlhi diisiik karbonlu celik plakalarin farkli
yonlendirmelerini i¢cermektedir. Temel amag, zirh yapisinin agirhgmi disiirerek
daha yiiksek koruma saglayan, daha iyi bir alternatif katmanli zirh yapis
arastirmaktir. Carpisma testleri ABAQUS/Explicit sonlu elemanlar yazilimi ile
benzetimleri yapilmistir. Sayisal ve deneysel sonuglar 7.62 mm AP mermiyi
yenebilmek i¢in gerekli zirh agirliginin uygun katmanlama ile %48 azaltilabildigini

gostermistir.
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Anahtar Kelimeler: Aralikli Zirh Plakalari, 7.62 mm AP, Mermi Carpismasi,
Diisiik Karbonlu Celik Zirh Plakasi
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CHAPTER 1

INTRODUCTION

Defeating armor systems with various threat types launched by an auxiliary
mechanism has been an interest by researchers for a long time. As weapon systems
evolve, defense systems have been developed against these threats, as well. The
main goal of defense systems is to protect personnel, structures, vehicles etc.
against upcoming threats while not limiting the operational and functional abilities

of protected stuff.

Mobility of military vehicles is very crucial for combat effectiveness at battles.
Maneuvering capability is reduced by increasing the weight of protected structure.
It effects fuel consumption, distance of navigation and ability to escape from threat
factors. For this motivation, some researchers focus on weight optimization of
ballistic targets [1]. Improvements on target systems have become an area of
interest to succeed this aim. Light-weight protective armor system is needed for
efficient operation of combat vehicles. Other properties expected from an armor
system are ease of manufacturing, recycling, assembling on site and ease of
maintenance when needed. Thus, metallic armors, favorably made of steel have
become the most widely produced armor systems [2]. Steel has good machinability
and weldability properties as well as its cheaper production cost comparing to other
common metals. That makes steels to be the most widely used armor material.
However, high areal density of steel makes it still questionable, and also directs
researchers to develop novel armor types. The idea of using other metals as armor

material brings out another field of study. Commonly used armor materials other



than steel are aluminum and titanium. Having low areal densities make them ideal

materials for construction of protective structures.

Defeating a target by a threat can be possible thermally or mechanically, or a
combination of these two. Defeating a target structure by means mechanical forcing
can be classified into two categories; firstly, penetrating a projectile into the target
until full perforation occurs, secondly using destructive effect of air or underwater

blast loading.

One of the most common threat types is projectile impact of a target. Impact
velocities of projectiles are classified by Goldsmith [3]. According to his work,

ranges of impact regimes are;

e Sub-ordnance level V<500 m/s

e Ordnance level 500<V,<1500 m/s
e Ultra-ordnance level 1500 <V(<3000 m/s
e Hypervelocity level V,>3000 m/s

Stress waves induced by high speed contact cause the material to exceed its elastic
limit and generate elastic and plastic deformations in the target. These deformations

occur at high strain rates.

Another example of short duration loading can be a blast load. Airblast produced by
commercially available explosives create velocities of detonation (VoD) as high as
2000-8200 m/s [4]. This range of velocity is used for producing explosively formed

projectiles (EFP) as a threat type which is used as modern warfare weapons.

1.1. Impact Loading of Materials

A continuum body can be either loaded statically or dynamically. If a body is in
equilibrium under different loads such as surface traction, body forces and moment

loads etc. is said to be under statically loaded. VVector summations of these loadings



are the resultant force and moment acting on the body. Resultant force is constant

over time in static loading cases.

Deformations at impact of two bodies occur rather in a very short period. In such
cases, loads acting on a body can be described as an impact or dynamic or transient
loading. Dynamic loading is time dependent and the rate of change of load is high.
Therefore the internal stresses are not transmitted immediately between two distinct
points of loaded continua [5]. That causes non-uniform load and stress distribution
in the body. If the severity of the applied load is high it can cause stresses higher
than the yield strength of the material. In such a case, both elastic and plastic stress

waves are generated and these waves propagate at different speeds.

1.2. Ballistic Limit Velocity/Thickness

Ballistic limit velocity (BLV or Vg.) is the minimum speed of a given projectile
that completely pierces an appropriate target. So, the ballistic limit velocity
definition is unique for an appropriate projectile struck against an appropriate thick
target having particular material properties. Moreover, there are different ballistic
limit definitions in the literature as illustrated in Figure 1. These definitions may
vary with respect to the protected medium. However, there is a probability of the
piercing of targets especially near ballistic limit velocities. Thus, experimental
ballistic researchers offer another concept for required speed to defeat a target. Vs
ballistic limit is defined as the speed of a projectile against a target which at least 50
percent of projectiles that completely pierces the target [6]. This means Vs
represents an experimental outcome of a target-projectile match. Namely, Vs
stands for an approximation of target resistance against a threat type rather than an
analytical determination. Actual procedure to determine the V5o is as follows. A
target is hit at least six times by an impactor type at six different speed levels which

are close to estimated ballistic limit velocity. The arithmetic mean of the lowest



three velocity levels causing full penetration and the highest three velocity levels

resulting in partial penetration yields the Vs limit [7].
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Figure 1 Ballistic Limit Definitions [8]

1.3. Classification of Threat Types

The delicate structures should be protected against high energy threats. The types of
threat can be categorized in terms of their destructive effects. In order to gain a wide
perspective, one should distinguish the threat types. There are some efforts to
classify threat types with regard to their destruction mechanisms. Basically, there
are 3 types of threats; Kinetic energy (KE) projectiles, improvised explosive device
(IED) and chemical energy (CE) threats. The most well-known report on
classification of threat types is done by NATO (North Atlantic Treaty Organization)
Standardization Agency. In the literature, although there are other works to classify

threat levels the publications of NATO are the most prominent ones, therefore other



classifications will not be discussed in detail here [9], [10], [11]. NATO
Standardization Agency (NSA) has offered a standardization agreement (STANAG)
on “Procedures for evaluating the protection level of armored vehicles” [12] which
describes protection levels for KE and artillery threats. (Vol.1), mine threats
(Vol.2), improvised explosive device (IED) threats (Vol.3) and chemical energy
(CE) threats. Since this work covers only 7.62 mm armor piercing type bullet with
hardened steel core against mild steel targets, the threat level is level 3 among the

other levels of threats mentioned in Table 1.

Table 1 NATO Protection Levels AEP-5 Annex A [12]

KE Threat Level Ammunitions Voroof (M/S)
30 mmx173 APFSDS-T -
’ 30 mmx165 AP-T 810
5 25 mmx137 APFSDS-T 1336-1258
4 14.5 mmx114 API 911
7.62 mmx54 AP (WC core) 930
’ 7.62 mmx54R B32 API 854
2 7.62 mmx39 API 695
7.62 mmx51 NATO Ball 833
1 5.56 mmx45 NATO SS109 900
5.56 mmx45 M193 937




1.3.1. Kinetic Energy Projectiles

According to NATO STANAG 4569 Kinetic energy projectiles (KEP) are classified

into two classes:

e Small and medium caliber kinetic energy (KE) ballistic projectiles
e Fragment simulating penetrators (FSP) which represent artillery shell

fragments (Figure 2)[13].
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Figure 2 Standard Dimensions of a Fragment Simulating Projectile [13]

There are other KEPs used in investigations as well. The most common projectile

types used for investigations are

e Long rod penetrators

e Blunt projectiles

e Conical nose projectiles

e Ogive or spherical nose projectiles

e Explosively formed projectiles.

Some researchers [14], [15], [16] used conical, blunt or hemispherical projectiles in

their investigations and some others used long rod kinetic energy penetrators for



evaluating the effect of aspect ratio of the penetrator [17]-[20]. Long rod
penetrators have a specific aspect ratio. Goldsmith defined the geometrical
requirement for long rod penetrators. A long rod penetrator should have length to
diameter ratio (L/D) exceeding 10 [3].

There are many types of bullets. Ballistic investigations are mostly focused on ball
point type soft core projectiles and armor piercing type hard core projectiles. A cut
view of a hardened steel core armor piercing (AP) bullet is presented in Figure 3
and the structure and the dismantled components of a AP bullet is shown in Figure
4,

Figure 3 7.62 mm AP Bullet Cut View [21]
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Figure 4 A Dismantled 7.62 mm AP Bullet [21]

Explosively formed projectiles (EFP) use the power of shock wave generated by
detonation of highly explosive medium, a liner disk made of a ductile material is
deformed and accelerated towards to the target. They are a special form of shaped
charges (SC) and first used in WWII era [22]. Today they have a very broad area of
use. They are used in novel applications such as anti-vehicle land mines and
improvised explosive devices (IEDs). The structure and the working principle of

EFPs are schematically explained in Figure 5.

: , Curved copper
Metal pipe Explosive or steel disk Heat, shock wave from detonation propel disk,
soften it into rod

11b. (500 g) rod traveling about 1.2 mi. (2 km) per sec.
Cobooiory, Gidoal Sooty can pierce more than 4 in. (10 cm) of hardened steel armor
Graphic: Loe Hulleng. Judy Treible

Figure 5 Illustration of the Principle of EFP [23]



1.3.2. Chemical Energy Threats

Thermobaric explosives (TBX) also called as solid fuel-air explosives (SFAE) have
a great destructive effect in enclosed spaces like underground bunkers, tunnels, and
battlefield fortifications. Thermobaric weapons generate highly intense heat and
pressure to defeat targets instead of armor piercing shells or fragmentation [24].

1.3.3. Blast Loads

Detonation power of explosives generates blast loads. The explosion generates a
pressure wave caused by expanding of hot gases moving outward at high velocity
from its detonation point [25]. In open air explosions, this pressure wave is
transmitted through surrounding air. However, in submerged explosions, pressure
waves are transmitted through surrounding water. Because of the difference of
compressibility properties of water and air, the transmission mechanism of pressure

waves differs by surrounding medium.

1.4. Classification of Target Types

Various techniques have been employed for defeating the threat factor to reduce
destructive effect, such as changing armor type and using the helping structures.
Armor systems are classified by Rosenberg et al. [20] as active, passive and reactive

armor systems.

Passive armors use high strength and ductile materials with unique designs to
absorb kinetic energy of upcoming threat by not losing full functionality. In other
words, target should decelerate or dissipate kinetic energy of the projectile until it
completely perforates, breaks into pieces or loses functional form.



Passive armor systems against blast loads are broadly classified into four categories
by Langdon et al. [26]. They are impedance mismatching, protective cladding,
geometrical arrangements and using blast wave disrupters. These methods are used

for eliminating the power of the blast.

While passive armors are designed to absorb kinetic energy of upcoming threat
factor, active armor systems require a triggering mechanism in order to cancel
approaching momentum by deploying an internal system [27]. Armors having
active systems should have some parts to be activated and propelled against the
threat upon impact on the target are called as active armors. Reactive armors are
activated some distance away while approaching of the threat to the target [20].
Reactive systems require much more complex structures to sense upcoming threat
to take action until the impact. Armor systems can be in the form of metal, ceramic,

polymer composite or any combinations of these.

1.5. Armor Materials

Various types of steels are used as armor materials. However, areal density of steel
is rather high. For this reason, researchers look an alternative way of using other
lightweight materials to reduce weight and cost. However, changing the material
could be costly. This motivation directed some researchers to do extensive research
in reducing armor weight [28]. Novel aluminum alloys provide high strength
properties that makes aluminum alloys area of ballistic interest. Advanced ceramics
and polymer composite structures are other advanced materials providing less
weight and giving promising results. In some advanced applications, these materials

replace aluminum and steel. Their manufacturing cost is comparatively high.

The idea of building an armor structure from composition of multiple materials
instead of a single material is becoming more popular. Researchers try to find best

target type and configuration that provides maximum ballistic limit. Different
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combinations of materials are used in investigations, such as metal+metal,
ceramic+metal, polymer composite+ceramic, etc... Even changing the material at
impact side can influence velocity drop of the projectile. For example, putting a
high ductility or high hardness material to impact side can influence the ballistic

limit appreciably.

1.6. Scope of the Thesis

Existing reports in the literature focus on single plate penetration or multiple plate
penetration with parallel arrangement. However, the effect of obliquity of each plate
has not been fully investigated. After oblique perforation of a target the bullet starts
yawing motion and tumbling as well. Its impact to the next layer would be yawing
impact and its perforation behavior has not been fully investigated. Kinetic energy
loss of projectile at succeeding layers depends on the configuration and the
thickness of preceding layers. This work focuses on kinetic energy loss of a 7.62
mm AP bullet by piercing spaced targets of different thicknesses different degrees
of obliquity. The main goal of this thesis is to find a good target configuration to
decrease penetration ability of a 7.62 mm AP bullet by exploiting the tumbling
effect of bullet at oblique impact while considering the spacing of targets as well.
The bullet should impact to the target as much as far away from its sharp nose. The
bullet is preferred to impact with its secant radius zone or with bearing surface to

decrease its penetration ability (Figure 6).
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Figure 6 Names of The Major Parts of The Bullet Core
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CHAPTER 2

LITERATURE SURVEY

High speed penetration mechanism has been a branch of interest for a long time to
the researchers conducting a research on weapon and armor development. Early
studies have been made on quasi-static penetration of hard indenters [29]. However,
the nature of impact problems requires a much wider approach in order to develop

an analytical model to describe high speed penetration mechanism.

Recht & Ipson [30] proposed analytical models of perforation dynamics for
monolithic plate target. They have found some crucial relations on Vg, and residual
velocity of a projectile considering normal and oblique impact cases provided that
pre-impact velocity of the projectile is known [31]. Their predictions on residual
(post-impact) velocity of the projectile after perforation of the target are based on
the conservation of momentum, energy balance and momentum-impulse law
principles [32]. Their model has been found consistent with later experimental
studies. However, Recht & Ipson did not take the dynamic material properties into
consideration in their model. Furthermore, they did not consider the nose shape of
the projectile.

Besides, there is a need for a description of the material behavior in order to have a

more precise solution and the stress-strain distribution in the target.

Johnson & Cook [33] proposed a constitutive equation for material behavior at high
strain rate deformations. This attempt to describe material behavior was later
modified by some authors. Modified Johnson-Cook (JC) Model for the von Mises

yield stress includes non-linear isotropic hardening mechanism, strain-rate
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hardening, temperature softening due to adiabatic heating caused by impact energy
of the material [33],[34]. There are other efforts to model material behavior caused
by impact loading such as Zerilli-Armstrong model which took the atomic lattice
structure into account [35],[36]. Since JC model is purely empirical and is easy to
apply on computational scheme, it has become the most widely used constitutive

model among other proposed models.

There are numerous reports of impact cases on metallic targets. Much more recent
works are published in open literature dealing with other type of target materials,

however, they are out of the scope of this work.

Ballistic penetration studies focused mainly on rigid or deformable projectile
assumptions Investigations are made concerning the effect of nose shape, obliquity,
layering and spacing between targets. Ballistic penetration properties of projectile-
target match are also investigated to find the effect of projectile mass as well as the
target thickness and target material properties such as hardness and ductility. More

recent studies consider the target inertia as well [37].

2.1. Normal Impact

Goldsmith [3] defined the normal impact as a projectile moving with purely
translating motion along its geometrical centerline hits a target making a 90 degree
angle with the target surface. In other words, the projectile trajectory (or velocity
vector) and its geometrical centerline should coincide with the surface normal as

depicted in Figure 7.
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Figure 7 Illustration of Normal Impact

The angle of incidence is the angle between the surface normal vector and the
velocity vector of the projectile [38]. Hence, zero angle of incidence defines the

normal impact case.

Since the ballistic behavior of the materials could not fully be understood, a vast
majority of the analyses on the ballistic studies have been conducted on normal

impact cases.

2.2. Oblique Impact

If the relative angle spanned by target surface normal and projectile velocity vector
has a value other than zero, the projectile will hit the target with an oblique angle.
This angle also called as NATO angle [39]. Oblique impact, sometimes also called
the target obliquity, refers to such impact conditions. Physically speaking, due to
the gravity, flight of a projectile is affected by the gravitational load, and its

trajectory deviates from the normal direction. The more the time of the flight
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increases, the more the velocity of the projectile increases in the direction of
gravitation vector. Therefore, the duration of flight of the projectile increases the

yawing motion of the projectile.

Furthermore, obliquity of a target increases the line of sight of the projectile as can
be seen in Figure 8. It is reported that when the increased line of sight is combined

with the effect of obliquity, the ballistic resistance of a target also increases [19].

0
—y

Projectile Trajectory

Figure 8 Line of Sight Thickness and Target Thickness

2.3. Yawing Impact

Yawing impact is a more complex phenomenon. The direction of flight and the
geometrical centerline of the projectile both makes an angle with the surface normal

of the target as shown in Figure 9 and Figure 10.

The yawing motion should not be confused by the terms used in aircraft principal
axes (Yaw-Pitch-Roll). The yawing impact of a cylindrical projectile is almost a
standard definition for non-ideal impact cases [3]. The yaw is defined as the angle
between the projectile velocity vector and the centerline of the projectile.
Considering the flight of the bullet in 3D space there are two components of the

yaw in orthogonal axes. The total yaw is composed of horizontal and vertical yaws
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[40]. The tumbling impact term incorporates one additional motion of the bullet.
Besides the translation motion, the bullet rotates with an angular velocity about an
arbitrary axis crossing and perpendicular to the bullet centerline [3]. Figure 9

illustrates the difference between obliquity, tumble and yaw.

le af Obliquity

Oblique Impact

Yawing Motion le af Obliquity

+

Tumbling Motion of [Yaw

L~

Figure 9 IHllustration of Obliquity, Yaw and Tumble

The simplest method to determine the amount of yaw is using simple materials
which will not change projectile instability. Yawing cards or witness sheets are used
to determine the amount of yaw. Projectile yaw is an important parameter when
determining the validity of the impact tests according to NATO AEP-55 [12]. The
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yaw cards placed in the flight path, and the perforation signature of the projectile on

these cards shows the amount of yaw.

Surface Normal

Figure 10 Illustration of Yawing Impact

2.4. The Effect of Impact Variables

In the literature, low strength and high strength projectiles are used in
investigations. Therefore, reports on rigid or deformable projectile assumption are
available in the literature depending on the nature of the problem. The rigid
projectile assumption can reduce the computational cost. However, by making this
assumption, some elastic and plastic deformations on the projectile are neglected
[41]. In fact, this assumption is not appropriate for hard target-soft projectile
matches. Especially, the impact of moderate and thick targets of high strength

would not give a reliable data for the rigid projectile assumption.
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2.4.1. The Effect of Obliquity

There is a target-projectile-specific angle of obliquity at a speed level for an
appropriate projectile. Increasing the angle of obliquity (also called NATO angle)
(Figure 11) will eventually cause the projectile to completely bounce back from the
target. This event is total ricochet of the projectile.

Igbal et al. [42] investigated the effect of target obliquity and the nose shape of the
projectile numerically for Weldox 460 E steel targets using ABAQUS/Explicit
software. They reported that increasing the target obliquity would cause an increase
in the ballistic limit. They also evaluated the critical ricochet condition and how the
parameters affect ricochet of a projectile. The critical ricochet angle was found as
an increasing function of impact velocity. Namely, keeping other variables constant,
if the impact velocity is increased for a given nose type, the angle of target obliquity
should also be increased for the ricochet of the projectile. They also stated that the
nose angle plays a primary role in ricochet. Together with nose type, the impact

velocity can influence the critical angle of ricochet.

Angle of [ ¢
obliquity

Surface Normal

Figure 11 Oblique Target Impact
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2.4.2. The Effect of Nose Shape

Early efforts on ballistic studies focused on flat nose projectiles. By changing the
nose shape of the projectile, it has become possible to see the failure modes of the
target shift from plug formation to hole enlargement and to petal formation in some

cases.

Borvik et al. [43] have made numerical and experimental studies to understand the
behavior of 12-mm-thick Weldox 460 E steel targets against different nose shape
projectiles. The projectiles they used had blunt, hemispherical, and conical noses
and were 20 mm in diameter. The hardness of the projectiles was 53 HRC to
minimize plastic deformations on the tip of the projectile. After numerous
experiments, they found that nose shape has a significant role in the ballistic limit
velocity of a target. For investigated nose shapes, blunt projectiles had the least
ballistic limit velocity when compared to hemispherical and conical nose
projectiles. Global deformations at target plates explains the failure modes and
energy absorption mechanisms. Figure 12 shows the cross-sectional view of the
highly-deformed targets subjected to the three main nose types of projectile
impacts. In Figure 12, straining directions of the target section and the failure
mechanism can be observed. Conical projectiles spend less energy for perforation at
some level of impact velocity. However, at higher velocity regimes blunt projectiles
require the least energy for full perforations. More plastic deformations at targets
impacted by conical nosed projectiles are observed. The amount of deformation also
explains the failure modes of target, and the frictional effects start to play important

role during perforation.
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direction

Figure 12 Local Deformations of Targets Against Different Nose Projectiles [43]

Kepnyigba et al. [16] made a similar numerical and experimental investigation
using 1-mm-thick mild steel sheets using hemispherical, conical and blunt and
projectiles of 13 mm in diameter and impact velocity of 141 m/s. According to their
experimental results, the dominant failure mechanisms were plugging and petaling

among the mechanisms presented in Figure 13.

Shearing

-
ey

Plugging

Figure 13 Main failure modes [16]
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A detailed numerical investigation was made by Igbal et al. [44]. In addition to
approximation by Bervik et al., Igbal et al. investigated the effect of conicity of
nose and the effect of caliber radius head (CRH). They used 12 mm thick Weldox
460 E steel for conical nosed projectiles and 1 mm thick 1100-H12 aluminum
targets impacted by ogival projectiles. Projectiles having same weight but different

nose shapes used in numerical investigations are presented in Figure 14.

Projectiles with different internal nose angle

Projectiles with different caliber radius head (CRH)

Figure 14 Various Projectile Nose Types Used In Investigations [44]

They reported that the nose type and shape greatly affect the failure mode of the
target. The nose shape can influence the global deformation at the target material
especially close to ballistic limit velocity. For example, the target is failed through
ductile hole formation with sharp projectiles, while the blunt projectiles cause shear
plugging at the target plate. However, a combination of two failure modes is

observed with the 90° nose angle projectile. It was found that if the nose angle
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increased, plastic deformation at target plate would decrease. On the other hand,
ogival nosed projectiles with 0.5 CRH (hemispherical) cause thinning and tensile
stretching of the target plate prior to failure. Furthermore, they found that changing
nose shape has more effects on the failure mode. The projectiles having 1.0 CRH to
2.0 CRH cause failure of the target through ductile hole enlargement and petal
formation. A solid evidence can be found in their report that an increase in conicity
of the projectile nose would increase the ballistic limit as well. Similarly, increasing
the amount of CRH would also increase the ballistic limit with one exception: the

hemispherical nose (0.5 CRH) offers the lowest ballistic limit.

Gupta et al. [14] used blunt and hemispherical projectiles. They reported some
important results coinciding with the results of the previous experimental studies.
Projectiles having high velocities present less velocity drop against the same target.
At low velocity regimes, hemispherical projectiles present a greater kinetic energy
drop. In contrast, in higher than 100 m/s both types of projectiles present almost the
same amount of Kinetic energy drop. Another point they mentioned is thin plates
represent more bending against hemispherical projectiles. However, sharp edges of
flat face projectiles cause stress concentration at the edge of the projectile and, they
induce rapid failure at this zone. Their experimental results are presented in Table 2.
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Table 2 Effect of Projectile Nose Shapes [14]

Incident | Residual Absorbed Proiecti
; sorbe rojectile
o Velocity | Velocity Velocity o o Global
Projectile Drop Kinetic Kinetic Deflection
Type V; |74 Energy Energy Loss
(m/s) O (%) (mm)
(m/s) (m/s)
Blunt 115.6 92.9 22.7 124.2 35 8.9
Hemispherical 114.7 92.3 22.4 109 35.3 12.3
Blunt 925 67.5 25 105 46.7 11
Hemispherical 92.3 63.5 28.8 105.4 52.6 15.8

There are novel perspectives on the effect of nose shapes. Igbal et al. [45] worked

on three different double nosed projectiles as presented in Figure 15 and their
impact on aluminum plates.
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Figure 15 Schematics and Dimensions of Double Nosed Projectiles by Igbal et. al.
[45]

They found that blunt-type projectile requires more perforation energy than the

other types of projectiles.

Numerical analysis of plugging formation and failure upon a limit were investigated
by Bervik et al. [46]. They made a series of numerical calculations using LS-DYNA
software with rigid blunt projectiles simulating different impact cases. As they
discussed, stress concentrated around the sharp edge of the tip of the projectile. This
stress concentration causes microcracks following the growth of micro voids
created in the structure, and results in development of shear bands. As the plastic
strain reaches a critical value some amount of material is plugged out of the rear

side of the target.
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2.4.3. Effect of Target Hardness and Strength

Analytical expressions available in the literature which describe the work required
for penetration of a projectile into a target plate always contain the target material
strength [47],[48].

Demir et al. [49] studied penetration of 7.62 mm Armor Piercing (AP) projectiles
into various alloys of aluminum and steel targets of different areal densities and
hardness level ranging from 38 to 60 HRC. Areal density can be defined as the
product of target effective thickness and target density. If the target is composed of
several layers having different densities and thickness, total areal density can be
calculated by multiplication and summation of density and the effective thickness of
each layer (Eq.(1)).

n
Areal Density(AD) = z piti Q)

=1
Where t! denotes the effective thickness of i layer.

As mentioned in their study, AP projectile core is made of DIN 100Cr6 high
carbon-chromium steel and have hardness of 61 HRC. This makes the bullet core
much harder than the target material. Target material as AIS1 4140 has a wide range
of mechanical properties such as yield strength from 1150-1800 MPa depending on
the tempering conditions. Target material as 7075-T651, 5083-H111, 7075-T0 and
7075-T7351 have yield strength ranging from 190-435 MPa. From experimental
procedures, it is reported that failure mechanism depends on both areal densities
and hardness of the material at the same time. Low hardness steels are perforated
via forming a ductile hole enlargement as one can see in the aluminum targets.
Target hardness of 53 HRC was found the best among the other steel materials
investigated. If the hardness level of the target is increased to 60 HRC, target
fractured into several pieces depending on the target thickness. However, 7075-

T651 is found as the best target material.
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Ubeyli et al. [50] investigated effect of heat treatment and the enhanced physical
properties of steel targets against 7.62 mm AP bullets. According to the authors, the
ballistic performance of the target material significantly depends on the martensite

content.

Dikshit et al. [51] investigated the influence of plate hardness on the penetration of
thick rolled homogeneous armor (RHA) plates. Armor plates have hardness of
HV295, HV440 and HV520 are tested with 20 mm cylindrical ogival nosed
projectiles having HV600 hardness. They concluded that the critical velocity for
perforation of the target by plugging failure, increases with decreasing the hardness
of the plate. In addition to this, the effect of hardness of a plate becomes a dominant
factor considering the plane stress or plane strain. When projectile target
interactions take place under plane strain condition, high hardness has positive
impact on ballistic resistance of the target. On the other hand, under plane stress
conditions, increasing the target hardness initially increases the ballistic resistance
up to some level of material hardness level, however, further increment in the plate

hardness weakens the target against projectile impact under investigated conditions.

Aly et al. [8] reported that energy spent for perforation of steel targets greatly
reduces by increasing the projectile hardness. Thus, modelling the projectile as an
analytical rigid object will cause some degree of error. They reported that ballistic
resistance of a target could be increased by 25% if the bullet hardness to target
hardness ratio is decreased from 1.5 to 0.7.

Igbal et al. [52] made a number of numerical investigations on Weldox 460 E steel
and 1100-H12 aluminum materials. They saw that impact velocity close to ballistic
limits cause the higher global deformations on targets. According to the numerical
results global deformations at the targets were found to decrease and got stabilized

above ballistic limit impacts.

Dey et al. [53] investigated the effect of target strength and nose shapes against
three different targets being 12-mm-thick. They found that the ballistic resistance of
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a target decreases for increasing the yield strength of the target plate (Figure 8),
however, an opposite trend was seen when the nose shape is changed to ogival and
conical type. Ballistic limit velocity of the projectile and the target strength can be

compared for three different nose types in Figure 14.
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Figure 16 Effect of Target Strength and Nose Shape [53]

2.4.4. Effect of Lamination, Spacing, Layering Sequence and Order of Layers

Teng et al. [54] made some numerical investigations on layering and spacing of the
targets. They found that a layered target system composed of a high ductility metal
plate as front plate and low ductility but high strength metal as back plate is found
as the best sequence of layering at low impact velocity against conical and blunt
nose impactors. Contrary to this configuration, if the front layer is chosen as low
ductility metal and the back plate is chosen as high ductility material is the worst

one.
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A more comprehensive analysis was made by Teng et al. [41]. They used four types
of projectiles having different nose shapes and weights which represent
fragmentation threat produced from explosion of improvised explosive devices
(IEDs). As they reported double layer configuration against blunt projectiles give as
25% higher ballistic protection comparing to monolithic target. However, for
conical nosed projectiles this trend changes. Double layer configuration was found
as it weakens the structure. Their work revealed that increasing the spacing between

target plates does not contribute to ballistic effectiveness of a target.

Woodward & Cimpoeru [47] stated that laminating of a monolithic target does not
cause a significant increase in the ballistic limit. Namely, layering has negative
impact on ballistic resistance of a target as long as the total thickness is kept

constant.

From experimental and numerical results, Babaei et al. [32] found that if a target
composed of two layers of steel-aluminum (st-al) and impacted by deformable blunt
nose projectiles having a slenderness ratio L/D=8, it would have a higher ballistic
resistance compared to the target of same total thickness but reversed the sequence
of the layers (al-st). As one can see in Figure 17 changing the sequence of the layers

enhanced ballistic resistance of the target system.
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Figure 17 Effect of the Sequence of the target layers [32]

Yunfei et al. [55] discussed the effect of layering in detail. They reported that
monolithic targets have higher ballistic limit velocities than layered targets
subjected to ogival nosed projectile impact for the same total thickness. However, if
the nose shape is changed, ballistic limit of the target is influenced from this change
and layering becomes an alternative to monolithic arrangement. Furthermore,
ballistic limit of the target and the strength of the projectile have close relation.
From their analyses, they noted that a higher ballistic resistance is observed,
irrespective of the nose shapes, when a low strength projectile strikes to a

multilayered target system compared to a monolithic target.

As reported in the literature, spacing of the layers does not affect the ballistic limit
significantly for the normal impact cases [56],[57],[58]. However, spacing of the
laminated targets contributes to the ballistic resistance of obliquely layered target.

Zukas et al. [59] investigated the effectiveness of layered targets. They have found
that bending stiffness of the plate affects ballistic resistance of a target. The bending

stiffness of a plate is given as in Eq.(2).
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where t is the plate thickness and E,v are Young’s modulus and Poisson’s ratio
respectively. As they reported, layering a thick target by reducing the thickness will
dramatically weaken the total structure. For instance, by reducing the thickness of a
plate by half will reduce bending stiffness of the plate 1/8. They noted that for the
normal penetration problems spacing of layers weakens the ballistic resistance and

therefore should be avoided.

Zhou et al. [60] reports that multi-layered targets have higher ballistic resistance
compared to monolithic plates having same equal total thickness. The superiority is
due to the global deformations of laminated plates. Therefore, laminated targets
deform by bulging and cause more energy to be absorbed. Although for normal
impact problems spacing has negative effect on ballistic resistance, choosing an
appropriate spacing could improve the target resistance. However, Radin and
Goldsmith [61] found that spacing and layering have negative impact on ballistic

resistance. This result is because of layering reduces the bending resistance.

Zhou et al.[60] tabulated the previous experimental studies as shown in Table 3.
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Table 3 Comparison of Some Investigations [60]

. . Range of
Proj. Proj. Target

Type of o : . Number Impact

Reference Projectile Nose Radius Thicknes Results
Study of Layers Speed
Shape (mm) s (mm)
(m/s)

AE<AE’

Marom [62] Experimental Al Round 2.8 10 3 350-390
AE<AE’
Corran [63] Experimental Steel Flat 6.25 6.4 3 40-220 AE<AE”

Flat-
Radin [61] Experimental Al . 6.25 6.4 4 80-240 V5>V,
Conical
. Mild Steel- .

Gupta [64] Experimental Al Ogive 3.1 25-40 6 800-870 AE*>AE®
C b
Almohande . . AE'<AE

Experimental Steel- FRP Ogive 7.62 8 5 706-826
s [65] AE*>AE
Zukas [59] Numerical Round 6.5 31.8 6 1100 AE*>AE?
Elek [66] Analytical Steel Flat 2.8 3.45 2 70-830 AB*<AE®

In this table, AE represents the kinetic energy loss of the projectile where
AE® denotes monolithic target, AE?is layered in-contact target, AEis layered with spacing target

2.4.5. Effect of Target Thickness

Aly et al. [8] and Bervik et al. [40] reported that ballistic resistance of metallic
plates depends on their thickness. But as Igbal et al. [67] and Igbal et. al. [52] found
that the ballistic limit increases with a slower rate with target thickness. As they
reported, critical kinetic energy required for full perforation of a target first
increases rapidly by the increase in the target thickness then remains almost
constant even if the target thickness increases further and then increases again
rapidly. The reason of this response of the target is explained as changing the failure
mode of the material. By increasing target thickness, the failure mode shifts from
thin plate stretching to thick plate shear deformation. As they reported doubling the
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target thickness will not eventually double the ballistic limit velocity. Even more,
they also report that considering some impact cases, increasing the target thickness
will increase ballistic limit only 30%.
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[¥]
= 200 -
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0 . T

0 4 8 12 16 20 24
Target thickness (mm)

Figure 18 Ballistic Limit vs Target Thickness [40]

As one can see in Figure 18 the trend of increasing ballistic limit changes at “kink”
value. The kink value represents the point at which the dominant failure mode of
the monolithic target shifts from stretching to shearing [68]. Deng et al. [57] also
stated the same phenomenon; using the multilayered targets of the total thickness
below a kink value offers no advantage. In order to take the advantage of layering
of the structure, the total thickness of the target should be greater than a specific
value which can be experimentally obtained.

Durmus et al. [69] experimentally investigated 2-mm and 1-mm-thick steel plates
with 9-mm soft core bullet. They found that 2-mm-thick plate has superior ballistic
resistance to 1mm thick steel plate. Experimental results showed that thicker steel

plate has almost 3 times stronger than the thinner plate. Layering the 2 mm
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monolithic target as two 1 mm adjacent plates (2x1 mm) weakens the whole target
by 9%.

2.4.6. Effect of Mass, Incidence Velocity, and Initial Kinetic Energy

Gupta et al. [70] found that if the projectile velocity is increased localized
deformation of the target decreases. Same phenomenon was also confirmed by Igbal
et al. [71]. They performed numerous experiments using a pneumatic gas gun and
launched an ogive nosed projectile at different incidence velocities. They found that
kinetic energy absorbed by the target plate decreased slightly if the incidence
velocity is increased. According to their findings at high impact velocities bending
effect of the target tends to decrease and has an insignificant importance in kinetic

energy drop of the projectile.

Teng et. al. [41] used four types of projectiles with rigid assumption. They are all
different nose shapes and weights as shown in Figure 19. They found that using a
blunt nose projectile it is possible to increase the ballistic limit velocity by 25% by
utilizing two-layer configuration instead of monolithic target with the same total

areal density.
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Figure 19 Dimensions of Four Cylindrical Projectiles Considered by Teng et. al.
[41]

The numerical results have indicated a very crucial result. Layering of a target
slightly impairs the target resistance against conical nosed rigid projectile.
Furthermore, as per their findings, leaving a small gap between the two plates or
arranging in-contact type would not enhance the ballistic limit. The effect of nose

shape, layering and the projectile kinetic energy are tabulated in Table 4.
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Table 4 Ballistic Limit Velocities of Different Projectiles [41] (This table is

produced by using the information given in Ref. [41])

Heavy, Blunt Nose Projectile

Heavy, Conical Projectile

Monolithic | In-Contact Spaced Monolithic | In-Contact Spaced
Target Target Target Target Target Target
186.1 m/s 232 m/s 236 m/s 305.9 m/s 282 m/s 280 m/s

Light, Blunt Nose Projectile

Light, Conical Projectile

Monolithic | In-Contact Spaced Monolithic | In-Contact Spaced
Target Target Target Target Target Target
487.4 m/s 520 m/s 523 m/s 5259 m/s | 524.5m/s | 522.5m/s

A similar study has been conducted by Teng et al. [54]. They investigated both nose
shape, impact energy, layering and layer sequence of the target structure. The
projectile weights are selected as 200 g and 30 g simulating the fragments caused by
IEDs. The target materials are selected as Domex Protect 500 and Weldox 460 E
steels. The target thicknesses are selected 6 mm for layered targets and 12 mm for
monolithic targets. Velocity drop characteristics are plotted for different layering
conditions as shown in Figure 20.
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Figure 20 Velocity Drop Curve of a Heavy - Conical Nose Projectile Having 400
m/s Impact Velocity [54]

The velocity drop trend in Figure 20 changes with increased impact velocity. For
the cases of using the same projectile and layers but only the projectile striking
velocity being doubled, the results of the simulations are plotted in Figure 21 and

the experimental results are tabulated in Table 5.
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Figure 21 Velocity Drop Curve of a Heavy - Conical Nose Projectile Having 800

m/s Impact Velocity [54]

Table 5 Comparison of Impact Energy and Nose Types [54]

V. for V. for V. for
Heavy - Projectile Light - Projectile Light - Projectile
Conical | Kinetic Energy | Conical | Kinetic Energy | Conical | Kinetic Energy
Nose Loss Nose Loss Nose Loss
(m/s) (m/s) (m/s)
Domex
Protect 612 58.52 % 461 33.3% 216 29.17 %
500 Target
Weldox
460E 684 73.1% 593 55 % 201 25.33%
Target
Projectile
Meass (g) 200 30 30
Impact
Speed 800 800 400
(m/s)
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CHAPTER 3

ANALYTICAL APPROACHES TO PENETRATION AND PERFORATION
OF PLATES

There are numerous work on modeling of penetration of a projectile into solid
targets. Since it is limited to verify the analytical expression by physical
simulations, early efforts considered the impact cases below 250 m/s. Those works
mainly focused on simple geometries such as blunt nose cylindrical projectiles.
However, developments of test methods and precise tools required for measurement
of projectile velocity brought researchers to focus on high velocity impact cases
with much advanced geometries. Although there are many models proposed for
penetration of brittle materials such as glass and ceramic materials [72] or
composite structures [60], the scope of this thesis covers only metallic targets. For
this reason, penetration models other than metallic targets will not be discussed in

this work.

3.1. Analytical Models of High Speed Penetration

3.1.1. De Marre (1886)

Probably the oldest model for perforation energy for steel plates offered by De
Marre [73]. This empirical formula is based on experimental observations and data
fit. He considered neither of the projectile nor of the target strength in his empirical

relation given in Eq.(3).

E. = ad}Sh}* 3)
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Where E. is the minimum energy required for perforation of the target, a is a
parameter determined from a series of tests should be conducted with a given
target-projectile set and d,, denotes the projectile diameter and h, denotes the initial

target thickness.

3.1.2. Stanford Research Institute Formula (SRI) (1963)

SRI formula is another empirical relation on estimation of critical energy required
for perforation of a target with a projectile. It contains target material ultimate
tensile stress oy, projectile diameter d,,, initial target thickness h, and target span [
(lateral dimension). However, this model given by Eq.(4) is proposed only for a
limited velocity regime (21 <V, < 122m/s) along with some dimensional

restrictions of target plate and projectile.

_ oydy
€©710.29

3

(42.7h% + lhy) 4)

SRI model later modified by Neilson (1993) for hemispherical nose projectiles and

applicability range is extended to higher velocity ranges (Eq.(5)) [73].
h [
E. = 0.90,d3(=2)"7 ()" ()
dp dp

The above model is called as Modified SRI model (m-SRI) and it is valid for a

wider impact range of 100 < V < 250 m/s.

3.1.3. Ballistic Research Laboratory (BRL) Formula (1968)

Ballistic Research Laboratory (later converted to Army Research Lab) proposed an
expression (Eq.(6)) which yields energy required for plate perforation studies after a
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series of tests conducted. Main difference of this model from its predecessors is the
perforation energy does not depend on the target span to thickness ratio if it is
greater than 150 [8]. A comparison of perforation energies of different models

compared to experiment results is given in Figure 22.

E. = 1.44 x 10°(hyd,)*> (6)
L
el I SR d = 10 and 15 mm
- —— HRL he=0.74 and 1.0 mm
- Wen and Jones
— Meilson
A
E O
o
oL
3
Ll
oL
[
(| I [ [ [
0 0.05 0.10 0.15

h ,fd

Figure 22 Comparison of Some Empirical Relations with Experimental Results [74]

Where E,, denotes the energy required for perforation of the target, Sig, is the

ultimate tensile stress (a,), d is projectile diameter and h is the target thickness.
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3.1.4. Recht-Ipson Model (1963)

The well-known empirical model on projectile impact is the Recht-Ipson model.
Recht & Ipson first considered normal impact of a cylindrical blunt nosed bar which

creates the plug formation at the target zone as seen in Figure 23.

During the penetration process, together with shear resistance of the plate and
kinetic energy gain of ejected plug reduce the initial kinetic energy of the projectile.
Their assumptions are that friction between interacting surfaces is neglected, no
global bending of the target and no deformation of the projectile are taken into
account. However, in many cases high speed impact results in considerable plastic
deformations on impactor and target bending. Recht & Ipson considered the target
material as elastic-plastic material. If both projectile and target are regarded as
perfectly plastic, the ultimate velocity of the bullet and ejected plug should be the
same when momentum transfer is considered [30]. Considering the main
assumption of Recht-Ipson model, it is well applicable for thin targets. Recht-Ipson

model estimates projectile exit velocity V in terms of the initial velocity V, the

projectile mass m,, and the ejected plug mass m,, as given in Eq.(7).

my
Vf:m +m
7 e

(7)

Eq.(8) expresses the loss of projectile kinetic energy Ef, that is spent to deform the

target plastically plus the heat generated at the impact zone.
1 m
Efp == [—el m,V? (8)
One can express residual velocity in terms of initially known quantities.

v = [m—] (V2 — y2)1/? )

my +me
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Where V, term denotes the critical velocity of the projectile, below which the plug
ejection will not be occur. In other words, V, is the maximum projectile velocity at
which the target stops the projectile without being perforated. As discussed, in
different words, previously this critical velocity is called as ballistic velocity limit
of the target. Obviously when the residual velocity equals to zero in Eq.(9), the rest
of the equation yields to ballistic limit velocity [31]. It can be easily detected that

when the impact velocity equals to ballistic limit velocity as seen in Eq.(10).
V=Vy=Vso=Voelh=0 (10)

On the other hand, for much lower or higher velocities we can deduce the following

set of relations given in Eq.(11).

=g
<
o

Figure 23 Recht-lIpson Normal Impact Model [30]

V<V oV =0
(11)
V>V50(—>

ﬁ<
\%
o

For oblique impact cases Recht-lpson model should include the change in the angle
of obliquity term g as well (Eqg.(12)). An oblique impact case illustrated in Figure
24 by Recht & Ipson.
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Figure 24 Recht-Ipson Oblique Impact Model [30]

3.1.5. Lambert-Jonas Model (1976)

Recht-Ipson model best suits with rather thin materials. Additionally, projectile
deformation, frictional-restitutional losses and the global plastic bending are not
included in the model [64]. However, during the high-speed penetration, some
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degree of plastic deformation is inevitable for many cases. Residual velocity of the
projectile cannot be calculated with adequate consistency especially for impact of
thicker plates, multi-layer targets and long rod penetrator cases [75]. Recht and
Ipson expressed the relation which estimates the residual velocity of the projectile
after completely piecing the target plate. The residual velocity of the projectile can
be calculated by the following relationship (EQ.(13)). Where V,; denotes the

ballistic limit velocity of the projectile for a target plate.

1/p

V. =a(vP -V V>V
(13)
Vr = O ) 0 < V < Vbl
where the constants are definedas 0 < a <1andp > 1.
m
. (14)

aa=—
m, +m'/3

In Eq.(14), m’ denotes the amount of the target material to be ejected by the

projectile.

Recht and Ipson defined the constant p through the Eq.(15).

p =2 +§ Pz = ésec°'75,8 (15)

where;

e [ is the change in the angle of obliquity during perforation, take it as zero
for normal impact case
e d is projectile diameter

e tis target thickness.

One can easily see that the Lambert-Jonas Model is almost no different than the
Recht-Ipson Model except the value of the parameter p. This parameter is taken as

p = 2 in Recht-Ipson model with a rough estimation [76].
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3.1.6. Three Stage Model of Awerbuch & Bodner (1974)

Awerbuch and Bodner [77] started the analysis of impactor penetration into an
intermediate-thick target from writing out the equation of motion of the process.

The simplest differential form of the projectile motion is given in Eq.(16).
d (mV) = —F (16)
a0 T

Where F is, the resultant force acting on the projectile, m is the mass of the
projectile, V is the velocity of the projectile. F is the resultant of target inertial
force, contact force, and force created by shear deformation. Awerbuch et al. did
not consider the elastic and plastic stress waves propagated in the both medium
along with the bending of the target.
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Figure 25 Three Stages of Perforation [77]

46



In the early stages of the hard object penetration, the target plate applies only
compressive and inertial forces to the penetrator since the only deformation is
elastic in this stage. In the first stage plastic deformations are neglected as can be
seen in Figure 25. Force equilibrium in the early stage of the penetration can be

expressed as in Eq.(17).

—(mV) = Vortmo=F = —EcppAle — 0.4, 17)

Where ¢ is projectile nose type parameter to be taken as unity for blunt noses, 0.5
for spherical noses and sin? a for conical noses (a: nose apex angle) and A, is the
cross-sectional area of the hole in the target which may equal to mushroomed nose
area of the projectile in later stages. However, for the early stages it can be equated

to the cross-sectional area of the projectile.

END OF END OF THIRD
FIRST SECOND STAGE
STAGE STAGE

—

IEuciPE < BIN = B

Figure 26 Basic Dimensions of Awerbuch's et al. Three-Stage Penetration Model
[66]

During the penetration, softer projectiles erode by the distance travelled in the target
plate. So, time change of the mass of the projectile as described in Eq.(18) should

be inserted in the equation as well.
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dm dx
= == 18
ac -~ Phg = ALY (18)

Inserting to Eqg.(17) and solving for the velocity, the projectile velocity V; (x) can be

expressed as Eq.(19).

mo/pAy >2+(p Oc }0.5 (19)

2 Oc
") = {[V e O.5<p)] <mo/PA1 +x)  p(1+050)

The parameters o, is ultimate compressive stress of the target, p is the target density

and x is the distance projectile travelled in the target.

A plugging formation can be observed in the subsequent stage. In this stage target
inertial forces still play an active role. Additionally, plastic shearing deformation
with frictional effects also starts to take place. The resultant shear stress given in the
EqQ.(20) can be in the form of summation of shear stress and the frictional

contribution of shear strain rate.
T="To+ Uy (20)

Where u denotes the coefficient of friction and y is the shear strain rate. The

projectile velocity at the second stage is expressed in Eq.(21).

—(14 0.5¢9)pA,V? — tqmD,x — K02 e 4 oo

e

D,(h—b) —h+b]?
dv,() |+ TV +TomDa(h = b) — ocAy {1 - = } (21)
dx (mg + pA,x)V

Where D, is the cylindrical cavity diameter, A, is the cross-sectional area
(perpendicular to the cavity axis) of the cylindrical cavity formed in the material. x,

h, b and e are the geometrical quantities as explained in the Figure 25.

Last stage of the penetration is completed by piercing of the target. At this stage, a
bulk of material in front of the projectile is accelerated with the projectile. When the

maximum shear strain is achieved in the target material, complete failure occurs at
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the perimeter area of the plug formation, beyond this time on no resisting force

remains (after the stage-3 in Figure 26).

3.1.7. Woodward and de Morton’s Energy-Deformation Model (1976)

Woodward and de Morton [78] constructed their model on two basic principles by
taking the blunt nose projectile into account. The two principles are deformation
propagation of target material and the law of conservation of energy. They also
investigated motion of deformed zone and utilized conservation of energy method
in an effort to estimate velocity of the projectile [66]. As the projectile hits the
target, a compressive stress wave is propagated in the material. Woodward et al.
[78] expressed the velocity of the deforming region in terms of strain in the material
as given in Eq.(22).

n+1
_ koy 2 Kogn| nt1  KOy,\"2
ey ECON @

Where ¢ is strain, o, is the yield stress, E is Young’s modulus, C, = \E is the

elastic stress wave velocity, k > 1 is a parameter of constrained deformation, o, and
n are material parameters conforming to strain hardening behavior of the subject

material.
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Figure 27 Basic Dimensions of Energy Deformation Model [66]

Energy-deformation model is considered only for flat nose projectiles which cause
considerable amount of ejected plug mass as seen in Figure 27. Besides, this model
can only be applicable to intermediate or thick targets having low to moderate
strength.

3.1.8. Woodward’s Structural Model (1987)

Woodward [79] developed a structural model by considering local deformations
such as plugging deformation, bending of the plate and stretching during
penetration of a blunt nose rigid projectile. If an impactor has sufficiently high
Kinetic energy, it creates plastic hinges in the target. The position of the plastic

hinge can be determined through solving angular and linear momentum equations.

Woodward divided the problem in two stages. In the first stage plug formation
occurs and accelerates to the same velocity with the projectile. During this stage,
elastic wave interactions are neglected to decrease complexity of the problem.

Immediately after the touch, plug gains the velocity V, and the projectile velocity

reduces to 1}, and they move together. Using conservation of momentum law, one
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can determine the common velocity V}, by considering the impacting mass and plug
masses. As the two bodies interact the target plate deforms under the rotation about
a plastic hinge. The position of the hinge z(t) is time dependent and changes at

every time increment (Figure 28 and Figure 29).

Any change in angular momentum equals to the impulse of the torque (Eq.(23)).

1 1 1 t )
—mVoz+msz+Em0R sz+§moz V(R +ZZ) = —ZL (Mpo + My )dt  (23)

Where m is projectile mass, z is the hinge distance, R is the projectile radius, V is
projectile impact velocity, V}, is plug velocity, V is velocity of the plate near the

plug and m, = 2mph,

Shear force and bending moments at plastic hinges can be evaluated from the
following set of equations (Eq.(24)).

yis T ”
FS = ﬁUth MpO = ZO-thZ MpZ = ZO-Y(R + Z)h(z) (24)

In the above equation F; is the shear force, M, is plastic hinge moment around the
projectile and M,,, denotes the plastic hinge moment travelling from impact zone to

distant zones.
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Figure 28 Free Body Diagram of a Target Being Pierced by a Projectile [79]

At the subsequent stage, since the plug is completely cut from the plate, no sliding
force remains between the plate and the plug. However, the plate is stretched and
bent at the hinge locations (Figure 29). When the plastic strain reaches a critical
value, it will no longer withstand the load anymore. The failure type depends on the

loading case and the material type. The details are given in [79] .

Conservation of angular momentum in the second stage yields to, Eq.(25),
1 1 1 1
EmzAVcosQ + ZmORZZAVCOSH + gmoz2 (R + ZZ> AVcos® = —(Mj, + F,zsind)At  (25)

Conservation of linear momentum in the second stage yields to, Eq.(26),

1 1 1 2
MAV + ZmoR2AV + Zmoz (R +§Z)AV +my (R +§Z> Vaz=0  (26)

where
At is time change, Av is the velocity change, Az is the hinge location change
h, is the initial plate thickness, h is the reduced section thickness

E, is membrane stretching force F, = oy, Rh, 0 is plate bent angle
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M,,, is the plastic moment

2
My, is the reduced moment which can be expressed as M,,, = M,,,(1 — ( R ) )
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Figure 29 Representation of Two-Stage (Structural Model) [80]

3.1.9. Phenomenological Model of Liss et al. (1983)

Liss et al. [81] assumed a rigid penetrator having blunt nose hits a target which is

made of ductile metal as schematically shown in Figure 30. In their work, only the

normal impact is considered. Plug formation and thinning of plug section have been

considered.
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Figure 30 Phenomenological Model of Liss et al.[81]

Velocity of the projectile will be reduced to the V; which is equal to the reduced
velocity of the plastic zone at the last stage of the impact. This plastic zone starts
from the impact end of the projectile and grows until the plastic work done on either
part will be sufficient for perforation.

o= [0y, — Bln(1 — ¢)] T=T,— %By (27)

1—¢

Where B is the material strength parameter, o,, and 7,, are normal and shear yield

strength of material, € and y are engineering strain and shear strain.

Liss et al. proposed an analytical expression given in Eq.(28) of compressive plastic

wave propagation speed C,, in terms of strain.

V=V
Cp = ! < 4 + V4 S(O'C - O-y) = p(Vl - Vzl—)2 (28)
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g, and o, are uniaxial constrained stress in the plate and compressive yield stress of

the target material respectively.

As the bending part and plug part of the plate have different velocities commence of

the first stage ends and the second stage starts.

Eq.(29) expresses the acceleration of the plug as depicted in Figure 30.

_ O-CA + pA(Vl - V4)2 + anTq (xz - xl)

V=V 29
m + pA(x; — xq1) ! 2 (29)

1:

where A is projectile diameter, x is axial displacement, R is plastic hinge radius and

T, Is dynamic peripheral shear stress.

The model developed by Liss et al [81] used a nondeformable penetrator model and
a rigid-plastic target under normal impact scenario. They constructed their model on

plastic wave theory.

Liss and Goldsmith [82] revised this model for the deformable penetrator with
linear hardening material assumption as seen in Figure 31. The final velocity of the
projectile is determined through the Eq.(30). As one can see from the Eq.(30), the
final velocity in this revised model depends on the material properties of both

elements. The impact stages are clearly depicted in Figure 32.
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Figure 31 Comparison of Phenomenological Model and Modified

Phenomenological Model [66]

Vo

V, = ———
YT g e (30)
Ppcep

where subscripts t and p represent the target and projectile respectively, p is the

material density, C, denotes the speed of sound in the material defined as C, =

E/p_
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Figure 32 Dimensions in Modified Phenomenological Model [82]

3.1.10. Dynamic Cavity Expansion Model of Luk & Forrestal (1988-1991)

Forrestal and Luk [83] developed an analytical dynamic model for compressible
elastic-plastic solid. The model describes the elastic and plastic response of the

material on dynamic spherical cavity expansion by assuming a spherically
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symmetric cavity is formed at a constant speed in the material that has initially no

hole.

The pressure required to open a spherical hole from zero initial radius in the target
under the constant cavity expansion velocity V' by assuming quasi-static response of

the compressible elastic-plastic material is given as in the Eq.(31).

Elastic Region

Plastic Region

LN .
Ductile Hole Growth

Figure 33 Ductile Hole Enlargement Mechanism with Elastic and Plastic Stress

Zones

A e |—E 31
OS_T{ + n[3ay(1—v)l} (31)

In this equation, g, denotes the finite pressure required to form a hole on the cavity

wall.

Both radial and circumferential stresses act on the material during the cavity
expanding process. In the elastic zone, by using Hooke’s Law, stress-displacement

relations are evaluated in the following set of equations (Eq.(32)).

E du u
T T A+ -2v) [(I_V)WHVF (32)
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Og =

In the plastic region, the response of the compressible material against deformations
Is assumed to be linear and Tresca yield criterion is valid. Then the yield stress can
be calculated in terms of radial and tangential stresses (Eq.(33)).

o, — 0g = 0y, (33)
By using the conservation of momentum and mass laws, radial stress at cavity wall
Is evaluated. The radial stress in the elastic-plastic region for homogenously
growing cavity problem is described by the Eq.(34).

_Z 1+1 2k +3 & 34

3.1.11. Chen-Li Model (2003)

Chen and Li [84], [85], [86] considered the perforation of plates by rigid projectiles.
Two main perforation mechanisms play a dominant role. Perforation begins with
ductile hole enlargement process and ends with the plug ejection. In their model,
sharp nose projectile is also considered. The residual velocity of the projectile is
bounded to incidence velocity, ballistic limit velocity, the nose shape and plate
thickness to projectile diameter ratio. The residual velocity of the projectile can be
calculated by Eq.(35).

vz -vz)"”
V= {O—m{“} (35)
exp(5y)

Where N is the characteristic nose geometry function of the projectile and y is the

plate thickness to projectile diameter ratio.

In the case of blunt projectile the model reduces to Recht-lIpson Model [87].
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Same authors [88] proposed another model (Eq.(36)) for oblique perforation of
thick plates.

- \/ (V¢ = V32 cos?§ (36)
exp[mysec(B + 6)/2N]

Where g is the angle of obliquity and § is the change in obliquity of the projectile

just after the penetration.

3.1.12. Forrestal-Warren Model (2009)

Forrestal & Warren [89] developed equations for perforation of aluminum targets
by normal impact of rigid conical and rigid ogival nose projectiles. From the
experimental results, they seen that projectiles having high strength undergoes
limited or no deformation during the penetration. Furthermore, aluminum plates
represent ductile hole enlargement type failure during the process. They assumed
the material as elastic-plastic behavior. In this approach target inertia effect is

neglected.

Residual velocity is calculated using Eq.(37) for conical nose rigid projectile
h
——&B0 tan? @

VTZ,’VOZ_Vbzlexp (L+l).0
o R
3

Where h is the thickness of target plate, @ is the nose angle, B, is the dimensionless

(37)

constant obtained from curve fitting, L and [ are dimensional constraints of

projectile.

Residual velocity is calculated using Eq.(38) for rigid ogival nose projectile.

h
v, = V& = Vhexn |- s 2 BN () (38)
(L + kD) Pp
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where k4, N(3) are functions developed for the geometry of nose type (Figure 34).

% = L |
I ( \

2a } i 2¢

! I ¢

Figure 34 Projectile Geometries Used by Forrestal & Warren [89]

3.1.13. Marom and Bodner’s Multilayer Penetration Model (1979)

Marom & Bodner [62] constructed a multilayer perforation model on Recht-Ipson
model and dynamic beam bending theory. They proposed this model for aluminum
beams of thin layers and carried out experimental studies along with the numerical

study.

Recht-Ipson model has discussed energy balance method for a single layer target.
The residual velocity of the projectile can be calculated numerically by using the
Eq.(39).

V. = Vo2 B Vbzl (39)
T Mme Mme
(1 + m—p) (P ta m—p)
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where m, is mass of ejected material, m,, is mass of projectile without loss, p post
to pre-impact projectile mass ratio, g is the ratio of plug mass moving with the

projectile to total plug mass.

When the target is layered, and configured as in contact and being hit by an
impactor, subsequent layers will apply additional resistance to perforation and plug

movement. Hence the residual velocity of the projectile is expressed in Eg.(40).

_ VOZ - Vbzl O'uCT[dzh
r (1 N &)2 2(my +m,) (40)
Mp

In Eqg.(40), h denotes target thickness, d denotes the projectile diameter.

3.1.14. Penetration Model for Multilayer Targets of Liaghat et al. (2005)

Liaghat et al. [90] proposed an analytical model for multilayer metallic targets
assuming rigid-conical projectile impact. They derived some empirical relations on
the works done during penetration of a target. Also, they assumed that when the
yield stress is achieved the material is assumed to fail and target impact zone
thickness remains the same. Residual velocity of a projectile after piercing the

contacting n-layered plates is calculated by energy balance method, Eq.(41).

2W,
Vs = / - Wo =Wy, + W, + Wa,  (41)

Total work is the sum of W}, bending work, Wy work spent to plastic deformation

and W, dynamic work at n number of layers.

Bending work of two-contacting plates is given as Eq.(42).
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Wy = M0, (42)
Plastic moment in bending

z,h? z,h? s
M. = 22 2 T
2 3

P =T oty ot hibioy, @)

Local deformations after perforation creates petal formation. Liaghat et al. assumed

that a homogeneous petal formed around the hole after perforation.

6, = (44)

T .[‘"/2 sin@cos®
2 /2 COS[sin~t(sinPcosé)]

Work spent for bending of an n-layer spaced target can be shown in summation
form (Eq.(45)).

Wy =) =06 (45)

A very similar model for contacting and spaced armor systems is offered by Liang
et al. [91]. They modeled two and three-layered armor structures which are
separated or in contact configuration at normal impact. Main differences between
the two models were Liang et al. neglected plate bending, dishing and petal

formation but elastic wave speed is included in their model.

3.2. Comparison of Some Analytical Models
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Table 6 A Comparison Chart for Mentioned Analytical Models of Projectile Penetration into Metal Targets

Velocity Range Target Target
Analytical Model Year Proposed Impact Orientation Remarks
(m/s) Material Parameters
De Marre [73] 1886 V <900 Normal Ductile Steel - Blunt nose projectile
SRI/m-SRI (Neilson) [73], [74] 1963 100 < V< 250 Normal Ductile Steel 1-10 mm thick Blunt/Hemispherical nose projectile
BRL[8] 1968 V<270 Normal Ductile Steel 315<0,<500 MPa Blunt nose projectile
Recht-Ipson [30], [31] 1963 VeVsg Normal/Oblique Steel-Aluminum Medium thickness Projectile erosion and global b'en(%mg neglected, deformable projectile assumed. Cons. of
momentum, energy balance principles are used
Lambert-Jonas [75] 1976 V~Vso Normal Steel-Aluminum Medium thickness Constant energy absorbed by target assumed
Blunt, hemispherical, conical nose
Awerbuch-Bodner [77] 1974 V~400 Normal Metallic plates Thick plates
Frictional loss included
Blunt nose rigid projectile
Intermediate thick plates
Woodward-de Morton [78] 1976 - Normal Aluminum Elastic-plastic stress waves
d/h=1
Plate ending neglected
Bending, membrane stretching deformations on target plate are assumed
Woodward’s Structural Model [79] 1987 V<200 Normal Metallic plates Thin metallic plates
Rigid projectile
Rigid & Deformable blunt projectile are considered
Phenomenological Model [81] 1983 V <900 Normal Aluminum Thin-Intermediate thickness
Plastic wave theory is used
. . . . Compressible & Incompressible . . .
Dynamic Cavity Expansion Model [83], [92] 1991 V <900 Normal/Oblique Materials - Elastic-plastic stress waves are considered
Rigid projectile assumption
Chen-Li [84]-[86] 2003 V <900 Normal/Oblique Metallic plates Thick plates
Nose geometry is an important parameter
Rigid conical and hemispherical projectiles
Forrestal-Warren [89] 2009 V <1500 Normal Steel-Aluminum Thick & thin plates
Ductile hole enlargement is suggested
Marom-Bodner Multilayer Model [62] 1979 375~1000 Normal Aluminum Thin layers Thin layers, spaced and in contact arrangement
Spaced and in contact arrangement
Liaghat’s Multilayer Model [90] 2005 V <700 Normal/Oblique Steel-Aluminum-Polycarbonate Thin layers Rigid conical nose projectile

During penetration velocity vector remains unchanged
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CHAPTER 4

MATERIAL MODELS

Materials represent very different behavior under dynamic loading cases comparing
to static loading response. At high strain rates, the particle velocity and the stress
vary a lot from point to point due to the propagation of elastic stress and plastic
waves. Shock loads cause stress interactions in the material [56], [93]. Moreover,
materials show additional resistance against high strain rate deformations due to
inertia [94] and thus, some of elastic-plastic work done on the material converted

into heat production.

Under quasi-static loading, heating and the heat diffusion by conduction are
balanced. However, since the time duration of the deformation is very short in high
strain rate loadings, the material does not have enough time to dissipate much of the
generated heat. Heat production at high loading rates cause local temperature rise.
Local temperature rise becomes more effective in high rate loadings and it impairs

the material strength called as the thermal softening.

4.1. Material Characterization Methods

Material characterization is an important stage before the simulations of high strain
rate deformations. A material subjected to large deformations gives unique stress-
strain relationship against any high rate deformations. On the other hand, damage
initiation and the damage evolution phenomena with the observable failure modes
of the material should be known beforehand. The mathematical relation which
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relates the yield strength, strain, strain rate, temperature related physical properties
affects the equivalent plastic stress. Mathematical description of the material which
can describe the dynamic behavior of the material is called the constitutive model
[95].

A typical constitutive model can be written in the form of Eq.(46).
Ocq = 0(&&T) (46)

4.1.1. Quasi-Static Uniaxial Tension Tests

Strain rates below ¢ =102 s are accepted as quasi-static deformations and test
methods of this level deformations are standardized by ASTM and performed by
standard tensile testing machines [96]. Higher rate of deformations need more
specialized machines to obtain a meaningful result. These machines and

corresponding rating of deformations are tabulated in Table 7.

Contrary to quasi-static loadings, deformations above quasi-static mode to below
the strain rates of ¢ =10° s™* are called as high strain rate deformations and requires
specialized machines to perform reliable tests. Ramesh [94] reports that beyond the
¢ =10° s more specific methods should be utilized due to increasing strain rate

exceed machine capability.

Quasi-mode deformation tests are performed by servo controlled hydraulic tensile

test machines. This type of machines can conduct experiments up to ¢ = 10~2s™.

Higher rate material properties require the equipment that can measure the higher
rates of deformations. High speed deformations which correspond to strain rate
from ¢ = 102 s™ to € = 10* s™ can be measured by Kolsky and Split Hopkinson

Pressure Bar method respectively.
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Table 7 Conventional Material Test Methods at Various Strain Rates [94]

Strain Rate (s™) Method

10 Specialized Machines

10° Kolsky Methods

4.1.2. Split-Hopkinson Pressure (Kolsky) Bar

Split-Hopkinson Pressure Bar (SHPB) is used to determine material properties at
high strain rates in the range of ¢ =10*~10* s*. SHPB and Kolsky use almost the
same principle and the method is named as either of them. However, while SHPB
method only used for compression experiments, Kolsky method is used for tension,
torsion and even compression experiments [97]. A principal model of SHPB
(Kolsky) test setup is presented in Figure 35.

If the part is too small to produce standard tensile test specimen then such cases,
Kolsky Bar test method may become the only method to evaluate the material
properties at high rate deformations.
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Input bar Specimen Output bar
gl e T

Figure 35 Kolsky Method [94]

The Kolsky compression bar test design consists of an input and an output bar
which will go only elastic deformations during the test. The input and output bars
are attached to each other at the ends by interfacing of the specimen as shown in
Figure 35. A striker bar hits at the free end of the input bar. As it hits the input bar
two compressive stress waves generated and starts to propagate in opposite
directions. The elastic stress waves moving in the input bar reaches to the specimen
again two stress waves are generated; First one is the reflection into the input bar
and the second one is the transmitted into the specimen and afterwards into output
bar as shown in Figure 36. These elastic compressive stress waves moving in input
and output bars are measured by strain gages glued on the bars. The strain gage

locations and the stress interactions are illustrated in Figure 36.
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Figure 36 Wave Propagation in Kolsky Method [94]

Important parameters for Kolsky Compression Bar experiment design are

e Bar length to diameter ratio should be L/D > 100
e Diameter of input/output bars to specimen diameter should be 2 < D/d, <
4

e Specimen length to diameter ratio should be 0.6 < [,/dy, < 1

4.1.3. Taylor Cylinder Impact Test

Taylor cylinder impact test is the easiest method to determine the stress state and
the dynamical properties of a specimen subjected to high rate deformations [98]. A
cylindrical specimen is directly launched to hit a target which is assumed as a rigid
surface, hence it should be hard enough to withstand the impact. It is possible to
measure the strain rates on the order of 10°-10° s [99]. After impact of the
specimen by macroscopic inspection of deformed and mushroomed shape of the

specimen, material properties can be determined (Figure 37).
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The flow stress of the material is traditionally calculated with quasi-static tensile
test. However, the Taylor’s method gives alternative approach to calculate yield
strength of the material especially in the case of manufacturing of a standard test
specimen is not possible. In Figure 37, the distance L; undergoes plastic
deformation. The strain in this zone can be calculated by knowing the initial length,

undeformed length, and deformed length of the specimen by utilizing the Eq.(47).

=ﬁD=
A A
S
Y
A A
L X
L
N f
Y
A
A -
Figure 37 Taylor Impact Test
Lr—X
= —In(Z~ 47
€=-In(;—) (47)

Since, this experimental technique incorporates the strain rate dependency, we need

a relation to calculate the strain rate (Eq.(48)).

: V&= (48)
€=— n
2(L—-Lf)  (L-X)
The flow stress of the subjected specimen can be calculated by Eq.(49).
pV2(L—X)
of = (49)

2L —Lp)InE)

72



Calculation of the further parameters used for JC constitutive model can be
followed from [100], [101].

4.2. Observable Failure Modes in Target Plates

The failure of the materials strongly depends on the toughness of the target material.
However, target thickness and the impact velocity also affects the failure mode of

the target. The interrelations between the dominant parameters are tabulated in

Table 8. The main failure modes reported in the literature are;

o fragmentation due to brittle behavior,

e plugging due to shearing,

e Dbulging due to unconstrained plastic flow,

¢ dishing, tearing and petaling due to stretching.

Table 8 Target Failure Types and Comparison of Deformations at Target [102]

Failure Mode

Target Ductility

Target Thickness

Velocity Regime

Well above to the

targets metallic materials

Ductile hole formation | Low to Moderate Moderate thick ballistic limit
velocity
. Tough/Moderate . Low to Moderate
Plugging Moderate thick .
Hardness impact
. . . . Close to ballistic
Dishing Ductile Thin materials _ _
limit velocity
. . Rear Petaling/ Very Thin Low to High impact
Petaling Ductile . ) )
Front Petaling/Very Thick | velocity
. . High hardness thick o .
Fragmentation Brittle High impact velocity
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Figure 38 The Relation of The Target Hardness with Armor Resistance Against
Deforming Projectiles [103]

4.3. Equation of State (EOS)

An equation of state (EOS) defines the volumetric response of the material because
of the hydrodynamic behavior. It defines the relation between hydrostatic pressure,
density, and the internal energy [104]. EOS is strongly pressure dependent. In other
words, it is a function of impact velocity of the projectile. The significance of EOS
depends on the impact velocity. The higher the impact velocity, the higher the
pressure generated (p > 10 GPa) and the internal energy becomes significant, thus
the pressure and the volumetric strain response behaves nonlinearly. However, at
low impact velocities small pressures generated at the impact zone and the relation
between pressure and volumetric strain behaves linearly through elastic bulk

modulus [105]. Zukas et al. [106] stated that EOS has a minor importance when the
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impact of any two solid bodies below 2000 m/s velocity. The scope of this thesis
does not cover hyper-velocity impacts. The impact velocity regime in this thesis is
well below of the hyper velocity limit.

4.4. Constitutive Strength Models

Constitutive material models represent the large strains, high rate deformations and
the temperature increase caused by rapid deformations. A constitutive model for
highly brittle and crack sensitive materials, such as glasses and ceramics which are
under high strain rate deformations has been developed by Johnson & Holmquist
[107]. This model is an updated form with significant differences of Johnson-
Holmquist-Beissel (JHB) model.

There are several other efforts to express material behavior under dynamic loading
cases. This work covers only metallic materials that are assumed to be isotropic
material. Therefore, anisotropic constitutive relations are not considered here.
However, for further information about constitutive material model one may refer to

Lukyanov’s report [108].

4.4.1. Johnson-Cook (JC) Constitutive Model

Equivalent von Mises stress under dynamic loading condition is proposed by
Johnson & Cook [33]. The JC constitutive model (Eq.(50)) is a thermo-visco-plastic
model which includes the temperature softening due to adiabatic heating and strain
rate sensitivity terms. JC model fits the experimental results with a good agreement

for a wide range of impact problems.

Oeq = [A + Bel|[1 + Clne*][1 —T*™] (50)
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where &, is the equivalent plastic strain,

n is the hardening exponent,

gt = gi is the dimensionless plastic strain rate where &, is the reference strain rate,
0

T—T;

T = is the homologous temperature, where T, is room temperature and T;,, is

m r

the melting temperature.

The material is subjected to quasi-static tensile test in order to calculate the strain
rate independent terms A, B and n. Also, the subjected material tested at different

elevated temperatures for temperature dependency term m.

4.4.2. Modified JC (m-JC) Model

Borvik et al. [34] proposed a modified version of JC constitutive model (Eq.(51)).
They revised the JC constitutive model by replacing strain-rate sensitivity term for

the sake of the conditions £* < 1.
Oeqg = [A+ Bel|[1+ & ]€[1 —T"™] (51)

Both the JC and the m-JC model have five distinct material constants which are A,
B, C, n,and m.

Bervik et al. proposed another form (Eq.(52)) of the modified JC constitutive model

coupled which includes damage status.
Ooq = [1— D][A + Bel|[1 + € ][1 - T*™] (52)

Damage phenomena is first analytically defined by Johnson and Cook [109].

Ae
D= Z fe"
€eq

(53)
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Eq.(53) defines the sum of the ratio of increment of equivalent plastic strain to
equivalent plastic strain for fracture to occur reaches to unity. For D being equal to
unity the elements of the material will no longer withstand the loads. Namely, the

elements fit to this criterion will lose their stiffness.

4.4.3. Zerilli-Armstrong (ZA) Model (1997)

JC model does not include the effect of lattice structure of the materials. Zerilli &
Armstrong [35] developed a different constitutive model based on metallographic
structure of the materials. In some metals, multi-phase crystallographic structures
can exist in the material at the same time. They developed a dislocation mechanics
based model especially for FCC and BCC metals as presented in Eq.(54) [110].

Ooq = Co + [C1 + Cov[elex p[—C5T + C,Tiné] + Cse™ (54)

C, = 0, n is the strain hardening parameter and T is temperature.

4.5. Failure Models

Different failure models proposed by various authors. There are two major
parameters that triggers the degradation of an element in the material. Stress
triaxiality and critical plastic strain will cause the damage in the material. The
models such as constant fracture strain and maximum shear stress considers the

failure depends on only one parameter and give a rough estimation to user.
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4.5.1. Johnson-Cook Fracture Model (1985)

Johnson & Cook [109] offered a damage model for strained materials. They
included the stress triaxiality, hydrostatic stress and some material parameters.
Also, the model works for the materials represent different behaviors at different
temperatures.

Agq

b= (55)
el

In this model (Eq.(55)) fracture occurs when D = 1. Hence until the value of D
reaches to unity the material does not lose its stiffness. The JC damage model

relates the fracture strain to five distinct damage parameters stated in Eq.(56).

& = [Dy + Dy exp(D30*) [1 + €*]P+[1 4 DsT"] (56)

Where o}, = :T: = §+ In (1 + %) is the maximum value that stress triaxiality

ratio can take, a and R are the initial cross-section diameter and the notch diameter
of the test specimen respectively, oy, is hydrostatic stress and parameters D; - are

the material damage parameters.

4.5.2. Cockcroft-Latham (CL) Fracture Criterion

The CL model suggests that the material fails with fracture when the fracture
energy density reaches to a specific value [111]. The CL fracture model is given in
Eq.(57).

£f
Dy = f [[(UI,UII: O-III)max]]dgpl (57)
0
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Where gy, 0y, 0y, are principal stresses, & is equivalent fracture strain, &, is

O'iifO'i>0>

equivalent plastic strain and a; = [(0;,011, G111 max] = ( 0if 0, <0
l —

Cockcroft & Latham modified their model with a normalized version. A normalized

version of CL model with equivalent stress is given in Eq.(58).

&f
D, =f [[(O-I,O-II;TO-III)max]] de, (58)
0 eq

The CL model depends on only one parameter to calibrate the fracture model. Thus,
this model allows one to select different calibration methods such as tension,

compression, or shear tests.

4.5.3. Bao-Wierzbicki (BW) Fracture Criterion (2004)

This fracture criterion claims that as the stress triaxiality term reaches to the critical
value _§1 fracture will occur [112]. Damage D fracture model is presented in

Eq.(59).

D= J‘gpl;‘de_pl (59)
0 f(;h)

where weighting function f(%) is a function of stress triaxiality and highly depends

on the material type [113].

BW model is valid for ductile materials. The failure of the material can be
dominated either void growth or shear decohesion. In other words, single parameter
for identifying the fracture of the material could be insufficient for different loading
cases. BW model deals with the fracture behavior of ductile metals under tension as
well as compression loading. Figure 39 illustrates how the loading case effects the

fracture strain.
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Figure 39 Critical Fracture Strains in Different Loading Cases for 2024-T351
Aluminum [112]

Igbal et al. [114] reported that BW model does not give accurate results in wide
range problems. Meanwhile, the prediction of JC model reportedly gives more

accurate and realistic results.

There are many alternative models proposed for failure of the material. For
example, The Wilkins Model depends on only material characteristics (fracture
strain, hydrostatic and deviatoric stress states), and it does not depend on the
loading or geometry of the material. [111]. Further information and the calibration

of the failure models can be followed from the reports [112], [115].

As a conclusion of this section a comparison of failure modes regarding fracture
models would be good to visualize. Teng et al. [116] reported a small comparison

table for three different models in Figure 40.
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Figure 40 Comparison of Failure Criteria [116]
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CHAPTER 5

NUMERICAL AND EXPERIMENTAL STUDIES

The experimental investigations of this work are done in shooting gallery of Makina
Kimya Endiistrisi Kurumu (MKEK) Small Arms Weapon Factory located in
Kirikkale, Turkey.

Since the scope of the thesis covers only ballistic behavior of layered target
systems, the dynamic material properties of target materials are directly taken from
the literature. So, the experiments conducted do not cover the material

characterization testing procedures.

In terminal ballistics, there are many factors which are very hard to control and
measure that affect the results of the tests. These factors are impact velocity,
ambient temperature and humidity, angle of impact, horizontal and vertical yaw
motion of the projectile etc. Thus, there is no globally accepted test standard for
ballistic studies. However, NATO published several reports on test procedures of

some Kinetic energy projectile impact cases [12], [117].

According to the NATO AEP-55 standard, there is no ballistic test setup with
specific construction details. But, there are some equipment needed to make a valid

experiment. The equipment are as follows.

e Launching system

e Time counters (velocity detectors)
e Test specimen

e Target positioning equipment

e Yaw card (optional)
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e Witness plate (optional)

e Camera (optional)

AEP-55 dictates that yawing of the KE bullet should be controlled for a valid
impact test. Measurement of projectile yaw could be made by any proper method
such as yaw card, orthogonal photography, X-ray method or Doppler radar system.
The yaw card should be so designed that it must not cause an instability of the
projectile. Yaw angle of a level 3 threat should be less than 5 degrees at any impact
angle. Moreover, the impact velocity tolerance should be in the range of +20 m/s at

nominal impact speed [6].

Since the projectile velocity cannot be measured directly just prior to impact,
velocity measurement equipment placed at a distant point where the target

shattering would not cause a damage to the measurement equipment.

The velocity of the projectile drops due to the air drag by the distance between the
measurement equipment and target. Furthermore, the distance from launcher to the
target would affect the time of flight of the projectile, consequently the projectile
will undergo gravitational forces which may ultimately increase the yawing motion
of the bullet.

The velocity drop of the projectile can be calculated by the Eq.(60) where C is the
air drag coefficient which is constant and it is taken as 0.33 for threat level 1-4
projectiles, 0.165 for threat level 5 projectiles, 1.5 for 20 mm FSP, p is air density
(1.225 kg/m®), D is the bullet caliber, m is the projectile mass, and X is the distance
from measurement device to the target, V; is incidence velocity and V; corrected

velocity [6].

chanZ)

o (60)

Vs = Viexp(—
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In order to decrease the effect of air resistance in measuring the impact velocity
read by detectors to negligible levels, the distance between the target and the

velocity detectors should be kept short.

The schematics of test set up is presented in Figure 41. For the experimental studies
7.62 mm AP bullets are used. A G3 automatic rifle is placed 16.5 m away from the
target position. This distance is just enough for achieving stable flight of the bullet.
Laser switching method is utilized to measure the bullet velocity. While the bullet is
passing from the first switch the bullet cuts the laser light curtain and triggers the
chronograph. As the bullet reaches and cuts the second light curtain the
chronograph stops counting the time and calculates the bullet speed. The distance
between the two switches is 5 m, and the distance from gun to the first switch is
selected as 8 m. The distance between the second-time switch and the target

position is selected as 3.5 m as shown in Figure 41.

Time Switches .

" H&K G3 Rifle
(J )— Target
Target
8m 5m 3.5m

1 Fixation

Figure 41 Experimental Test Setup

The target plates are press-cut in square shapes from 10 mm and 5 mm thick mild
steel sheets. Since the area of sight is reduced for the oblique targets, the square
target plate dimensions are selected as the side dimension of 200 mm to ensure
subsequent strikes would not be affected by the former impact craters. The target
plates are welded to each other or to 25 mm L-profile at the corners of the plates to
demonstrate the pinned support boundary condition. Then, each welded target

module is anchored to a massive table by bolted joints.
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5.1. The Numerical Studies

5.1.1. Computational Scheme

There are mainly two types of hydrocodes developed to solve linear and non-linear
engineering problems. They are Implicit and Explicit hydrocodes. Implicit solvers
may converge during the solution of contact or material complexities. On the other
hand, Explicit solvers use less disk space and memory during the computation.
Explicit method is effective on wave propagation analyses. In general, explicit
solvers are used for dynamic problems while implicit solvers give better results in
static problems. Since the impact problems are very strain rate sensitive and
requires element deletion and wave propagation, Abaqus/Explicit solver is selected

as numeric solver.

There are several computation methods to simulate physical problems. Solid
continua with finite deformations can be computed by Lagrangian processor. The
Lagrangian Method describes problem with conservation laws. The code tries to
solve the problem for each calculation step for every discrete element with the
following criteria: Conservation of mass, conservation of energy and conservation
of momentum. If the problem contains very large deformations such as fluid or
gases flow, Eulerian processors may give better results. In such problems,
sometimes a hybrid of the two may be a better approach. The Arbitrary Lagrangian-
Eulerian (ALE) method is utilized for this kind of problems. However, the above-
mentioned methods require mesh discretizing of the media. An alternative method
describing scattering behavior of the media is the Smoothed Particle
Hydrodynamics (SPH) method [117]. Although Abaqus v6.14 can use any of these
methods to solve engineering problems, the Lagrangian method is used for impact

problems in this thesis.

In order to solve a high-speed impact problem, a numerical model should be

constructed. The constructed numerical model includes mechanical and material
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properties of the media being interaction. As a last step, a numerical solver should
be determined. The obtained numerical results should be compared with the
experimental findings (Figure 42).

Engineering
Problem

Numerical
Method

Analytical
Models

Experimental

Studies

Material Validation of
Characterization Results

Explicit/Implicit
Solver

J

Lagrangian
Solver

Eulerian Solver SPH Method ALE Method

J

Figure 42 Approach to Engineering Problems

5.1.2. The Contact Algorithm

There are mainly three different types of contact algorithm embedded in Abaqus
finite element analysis program. They are general contact, contact pairs and contact
element. The explicit solver module includes the general contact and contact pairs
algorithms. These algorithms allow the user to define contact of rigid-deformable
body interactions, self-contact of the body, contact of eroding bodies with node-
based surface definition, moreover, contact between Eulerian or Lagrangian bodies
also can be defined. In more complicated problems, the general contact and the
contact pair algorithm can be defined to the problem at the same time.
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In the general contact algorithm, the bodies in the interaction are included in the
model definition. However, including or excluding of selective surfaces of the
model is possible for user intervention. The contact pairs algorithm requires
definition of each pair of surfaces being interacted. The contact pairs definition

includes the kinematic or penalty method.

5.2. Selected Material Model and Material Properties

The nature of the impact problem highly depends on the material properties being
interacted. The proposed material model should describe stress-strain relations,
effect of high strain rate deformations and temperature softening parameters.
Material damage initiation criteria should also be identified in the numerical model.

The most commonly used constitutive model describing these properties is Johnson-
Cook Constitutive model and Johnson-Cook Damage model. These models are also
available in many hydro-codes as well as in Abaqus v6.14. In the scope this thesis,
the material of the target plates is chosen as mild steel. The hardness of the target
plates is measured as 132 HV (128 BHN). A standard tensile test specimen coupon
[96] with 50 mm gage length is manufactured from the target plate. The tensile test
performed with DARTEC tensile test machine. The yield strength (at €=0.2%) of
the mild steel is found as 270 MPa and the ultimate tensile strength is found as 371

MPa. The plastic strain at fracture is calculated as 0.38.

Igbal et al. [114] presented physical and mechanical properties of mild steel at high
strain rate deformations. The material properties of hardened steel and brass jacket
for the bullet core, and mild steel for the target are tabulated in Table 9. The same
authors also noted the physical and mechanical properties of brass jacket of the
bullet.

The JC-Damage criterion D3 is imposed as a positive value in the Abaqus
implementation, because the software does not accept the negative value for this
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parameter. In the JC Damage model definition, the parameter D3 exists in the
exponential term. At the onset of damage, equivalent plastic strain decreases in
most cases with the increase of stress triaxiality. Since the equivalent plastic strain
at the beginning of ductile damage is an accumulative quantity it cannot be negative

and the sign of this parameter should be reversed so that it will take a positive value

[118].
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Table 9 Johnson-Cook Material Properties of Bullet Components

Hardened Steel

c Brass Jacket Mild Steel
Symbol Unit ore
[114] [28] [114]
P Density kg/m? 7850 8960 7850
E Young’s GPa 202 124 209
Modulus
N Poisson’s ; 0.32 0.34 0.33
Ratio
Yield
A Strength MPa 2700 90 304.33
Constant
Strain
B Hardening MPa 211 292 422.007
Constant
Strain
N Hardening - 0.065 0.31 0.345
Exponent
. Reference
£ Strain Rate 1/s 0.0001 1 0.0001
Viscous
C Effect - 0.005 0.025 0.0156
C Temperature | 5 1 o1 386 477
P Softening 9
T, Room K 293 300 293
Temperature
T Melting K 1800 1356 1800
Temperature
Thermal
M Softening - 1.17 1.05 0.87
Parameter
D1 - 0.4 0.54 0.1152
D2 - 0 4.89 1.0116
D3 JC Damage - 0 -3.03 -1.7684
Parameters
D4 . 0 0.014 -0.05279
D5 . 0 1.12 0.5262
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5.3. The Numerical Model of 7.62 mm AP Bullet

The geometrical properties and the mass of 7.62 mm AP bullet core are taken from
the study of Bervik et al. [119]. They stated that the material of the armor piercing
(AP) bullet core is a hardened steel with 6.1 mm in diameter and 27.6 mm in length
with ogive nose profile. The major dimensions and the structure of the 7.62 mm AP
bullet is presented in Figure 43. However, the exact profile geometry of the bullet
nose, jacket and the lead cap are not available in open literature. Knowing the major
dimensions of the bullet components, proper curves are fit to the nose profile and
jacket profile which satisfy the mass properties of given components as presented in
Figure 44.

/ \7 Lead cap

Hard steel core

Brass jacket

l ']7 Brass sabot

Figure 43 The Geometrical Properties of a 7.62 mm AP Bullet [119]

91



Bullet Core : Brass Jacket

[ i

7.90

27.60

Figure 44 7.62 mm AP Bullet Assembly and Dimensions

The same authors also report the masses of brass jacket and lead cap. The brass
jacket, which is made of CuzZn10, has a mass of 4.4 g and the lead cap, which is an
antimony-lead alloy, is 0.7 g in mass. The entire bullet is remodeled and assembled.

In the model presented in Figure 44 the mass-specific properties of the bullet core
are calculated.

The bullet is modeled as analytical rigid part in Abaqus/CAE v14. The mass of the
bullet core is found as 5.0 g which is consistent with the measured value in [119].
The mass is assigned to the calculated center of mass of the bullet core.

The moment of inertia around longitudinal axis (z axis) of the bullet is calculated as
1,,=21.69 g.mm? and the location of the center of mass of rigid core is found at
11.18 mm on z axis. The moment of inertias around x and y axes are calculated as
[,=842.94 g.mm’ and [,,,=842.94 g.mm’, due to the symmetry of the problem,
there will be no rotation around these y and z axes so, they are actually not needed
to be imposed to the model.
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Since there is no solid data about the tip radius of the bullet core in the literature,
the nose radius the tip of the bullet is taken as R = 0.25 mm. A detailed drawing of
7.62 mm AP is presented in Appendix-A.

5.4. Numerical Model of Mild Steel Target

To visualize the plate bending and to decrease the computational cost, the target
plates are modeled as 100 mm side length. Also, due to the symmetry and the
boundary conditions of the problem half model symmetry is valid for the nature of
the problem. Thus, the numerical model of the target plate is simplified to 100 mm

x 50 mm with half symmetry.

The bullet core is assumed to make pure translation motion along —z axis. The

symmetry plane of the target is assigned as x symmetry as shown in Figure 45.
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(O ZASYMM (U1 = U2 = UR3 = 0; Abaqus/Standard only)
(O PINNED (U1=U2=U3=0)

(O ENCASTRE (U1 = U2=U3=URT1 = UR2= UR3=0)

OK Cancel

Figure 45 Half Symmetry Plane of The Target
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A pinned support boundary condition is assigned to the free ends of the plate to

simulate the fixing for the experimental studies as highlighted in Figure 46.
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Figure 46 Pinned Support Boundary Conditions of The Target Plate

5.4.1. Mesh Convergence Study

High speed impact problems are highly mesh sensitive. The convergence study is
carried out by discretizing the impact zone with different mesh sizes. In order to
reduce the computational cost, the plates are partitioned in 4 distinct zones as shown
in Figure 47 to determine the optimum mesh size for the problem. A 6.2 mm
diameter zone on the plate is meshed with 8-node linear brick elements with
reduced integration (C3D8R), an outer zone of 10 mm diameter ring is created and
meshed with wedge elements (C3D6) in order to make mesh transition from the
impact zone to the distant regions of the plate. This zone is enclosed with a diameter
16 mm ring zone which is meshed with 8-node linear brick elements (C3D8R) and
the rest of the plate is discretized with larger size brick elements (C3D8R).
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Figure 47 Partitioning of The Target Plate for Mesh Convergence Study

Since the partition | is greatly affected by the bullet impact, it is meshed with the
smallest element size. The element sizes are increased with every subsequent
expanding portion as seen in Figure 48. The outmost partition (partition V) is
meshed with approximate size of 0.5 mm elements. The approximate element
lengths are 0.25 mm, 0.20 mm in partition 111 and partition Il respectively. In the
impact zone (partition 1), mesh sizes are changed to find the optimum element size
for the problem (ranging from 0.1 mm to 0.5 mm).
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Figure 48 Mesh Transition (Front View)

Between the partition zones | and 111, wedge elements are used to ensure the mesh
transition uniform from fine elements to coarse elements. The element transition in

partition zone Il is presented in Figure 49.

Figure 49 Mesh Transition for 1 mm Thick Target Plate (Section View)
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In order to understand the mesh sensitivity of the problem, a 1 mm thick target plate
and the rigid bullet core are chosen. To visualize a better mesh convergence, the
bullet velocity is chosen as 100 m/s which is very close to ballistic limit for 1 mm
thick target. The coefficient of friction between the plate and the bullet is selected
as 0.1. The approximate element sizes at impact region (Partition 1) decreased from
0.5 mm to 0.4, 0.3, 0.2, 0.1 mm respectively by keeping the aspect ratio of the
elements (1:1:1) and exit velocity of the bullet core is plotted in Figure 50. Beyond
the approximate element size of 0.2 mm no significant change of bullet exit velocity
is observed despite there is a significant increase in the computation time. Thus 0.2
x 0.2 x 0.2 mm?® element size selected for further calculations regardless of the
target thickness. On the other hand, further decreasing the element size increases

computational cost significantly as can be seen in Table 10.

Mesh Convergence Study

~N
N © B W ool

Bullet Exit Velocity (m/s)
g o OO0 OO0 OO O ~N
©O© Fk W O

(6]
g

0 0,1 0,2 0,3 0,4 0,5
Approximate Element Size at Impact Region (mm)

a1
(82}

Figure 50 Mesh Convergence for Appropriate Element Sizes
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Table 10 Computational Costs of Mesh Convergence Study

No. of Appr. CPU Time | Step Time No. of
Elements | Element Size Increments
(s) (s)
(mm)
4352 0.5 0:47 8.000E-04 36452
7213 0.4 2:09 8.000E-04 58550
8489 0.3 2:33 8.000E-04 55659
11841 0.2 6:33 8.000E-04 95558
28619 0.1 31:10 8.000E-04 159942
43539 0.075 2:13:17 | 8.000E-04 435419

Since this work mainly investigates the oblique impact cases with spaced targets,
another meshing strategy is needed to simulate impact zone behavior more
accurately. The impact zone at the target plate is severely affected by the projectile
at oblique impacts. In such cases, the projectile pierces the target with an elliptic
hole and gains some angular velocity while exiting the first target. Thus, the
projectile starts tumbling motion and hits the next plate with a greater angle
(obligue plus yawing angles) causing a wider of elliptic penetration and generates a
much wider elliptic exit hole.

Due to this reason, oblique impact cases require a comparatively larger contact
region than the normal impact cases. This zone, may also referred as contact
anticipated region, may increase by the angle of obliquity. Since the contact
anticipated region at oblique impact cases is a very large zone, meshing of the first

zone requires using the same element types with same sizes entirely.
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Since, the target plate requires uniform meshing at the impact affected zone and it is
comparatively wider, the further cases require a different meshing strategy. Because
of this requirement, the target plate is partitioned with two distinct zones as shown
in Figure 51. For example, for 5 mm thick target plate, the first zone covers a 3.1
mm width narrow distance from the symmetry plane. This zone is discretized with
187500 hexahedral brick elements with reduced integration type. However, in the
second zone the element aspect ratio is gradually increased starting from 1:5 to 1:25
to reduce the number of elements and the computational cost. The same element
type is selected for the rest of the plate and a total of 425000 elements are generated
for the whole plate. Another mesh web is generated on the part using a different
meshing strategy in order to reduce the number of elements. However, utilizing the
alternative meshing strategy, less number of elements does not reduce the

computational effort. This detail is discussed in detail in Appendix-B.

The contact definition between the bullet core and the contact anticipated zone at
the target plate is defined using two distinct contact formulations. The “Normal
Contact” with “Hard Contact” definition and the “Tangential Behavior” with
“Penalty Contact” formulations were used to model bullet-plate interaction. The
coefficient of friction for the penalty term in the contact formulation is selected as
0.1. The analytical rigid surfaces of the bullet core are selected as “Master Surface”
and the impact region in the target plate is assigned as “Slave Surface”. In-contact
layered targets require one additional contact definition. That is the interlayer
contact definition. In this type of target arrangement, both the contact anticipated
zone and the rest of plate interacts with the subsequent layer. To define this contact

formulation “General Contact” algorithm code is added to the input file.
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Figure 51 X-Axis Symmetric Model Mesh Web

5.4.2. Determination of Ballistic Limit Thickness Numerically

While determining the ballistic limit thickness of the mild steel against normal
incidence of 790 m/s AP bullet core an iterative method is utilized. Starting from 40
mm thick target, the thickness is iteratively decreased and the analysis is rerun so
that the bullet cannot completely pierces the target. The army ballistic limit
definition is taken as basis while determining the ballistic limit thickness of mild
steel plate against 7.62 mm AP bullet core having 790 m/s. This ballistic limit
definition requires the bullet core to pierce the target but should be embedded in as
can be seen in Figure 52. The ballistic limit thickness of the mild steel against a
7.62 mm AP core which have 790 m/s impact velocity at normal incidence is found

numerically as 27 mm. This result is experimentally verified.
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Figure 52 Ballistic Limit of a Mild Steel Against 7.62 mm AP Bullet
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The bullet cores removed from the target after the experiment are shown in Figure
53. As observed from the figure, the deformation at the tip of the bullet core is
negligible, so that even the turning marks did not vanish due to impact. This
evidence shows that, assuming the bullet core as a rigid part will not affect the
penetration mechanics of the bullet core.

Bes 6 -
ll‘illllli'lllllllllhll||||l|l;!H A

Figure 53 The Bullet Cores Ejected From 27 mm Thick Mild Steel Target

The kinetic energy loss of the bullet core having an initial velocity of 790 m/s is
plotted in Figure 54. Total time spent to full penetration of the bullet is calculated as
75 us. As one can see, kinetic energy drop rate of the projectile is initially low, yet,
it increases by the course of penetration, and the maximum deceleration is observed

when the ogive part of the projectile totally penetrates the target.
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Figure 54 Velocity Drop of the 7.62 mm AP Projectile Against Ballistic Limit
Thickness Target

5.5. A Comparison on Analytical and Numerical Results

A 5 mm thick target is impacted with normal incidence angle at various velocities
ranging from 330 m/s to 800 m/s and bullet exit speeds were plotted in Figure 55.
The Recht-Ipson model parameters for 5 mm thick mild steel impacted by 7.62 mm
bullet core are obtained by curve fit of the results. Since there is not considerable
plug ejection observed by bullet core, the plug ejection parameter a in Recht-Ipson
empirical model is taken as unity. The parameter p is found as 2.13 from curve fit

of results of the numerical analyses.
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Figure 55 Bullet Exit Speeds Against 5 mm Mild Steel Target Obtained by Recht-

Ipson Model Calculations and The Numerical Results

The Recht-Ipson model and the corresponding numerical analyses show great
consistency at high velocities. However, the results of the analyses deviate from the
calculated bullet exit speeds at the velocities close to the ballistic limit. The bullet
exit speeds obtained by numerically and calculated by analytical model proposed by
Recht & Ipson are tabulated in Table 11.
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Table 11 Recht & Ipson Model and Numerical Results

vy vy
IncidencZiVeIocity Numerically Calculated Recht-Ipson Calculated
(/9) Bullet Exit Velocity Bullet Exit Velocity
(m/s) (m/s)
800 736,4 740,6
750 681,6 685,6
700 624,0 629,8
650 564,1 572,8
600 505,8 514,3
550 448,8 453,5
500 386,2 389,5
450 321,8 319,9
425 283,1 281,7
400 249,6 239,8
375 210,2 191,3
360 176,0 156,3
350 145,8 128,2
345 118,6 111,6
340 92,6 91,9
335 50,5 66,1
330 0,0 0,0

5.6. The Resistance of Single Targets with Varying Obliquities

Understanding how the obliquity affects the kinetic energy drop of a bullet core is
important before proceeding the oblique and layered target systems. First of all, the
critical angle of ricochet of the projectile having 800 m/s incidence velocity is
determined for every thickness of the target from 1 mm to 10 mm. An iterative

method is followed to determine the critical angle of ricochet of the projectile at 800
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m/s incidence velocity. Numerically obtained results are plotted in Figure 56 and
tabulated in Table 12.
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Figure 56 Critical Angle of Ricochet vs Target Thickness at 800 m/s Incidence
Velocity

As one can see from Figure 56, there is an inverse relation between the critical
angle of ricochet and the target thickness. In other words, defeating the bullet by
ricocheting is possible at higher degrees of obliquity for thinner plates. However,
thicker the target, lower the critical angle of ricochet until 45 degrees. This result

may also indicate that, by controlling the angle of impact of the projectile at every
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subsequent layer of target configuration one can determine the order of layers of the

target plates.

Table 12 The Table of Critical Angle of Ricochet by per Thickness of Target Plate

Target Critical Angle of Target for
Thickness Projectile Ricochet

(mm) )

1 80

2 68

3 60

4 54,5

5 51,5

6 49,5

7 48

8 46,5

9 45,5

10 45

The target plates from 1 mm to 10 mm thickness are modelled and simulated for
purely oblique impact cases including zero obliquity, assuming the bullet moves
without any yawing, and the bullet exit velocities are plotted. As shown in Figure
57 the bullet exit velocities are greatly affected by the oblique angle of the
projectile. However, velocity drop of the bullet against oblique targets of different
thicknesses represent clearly a distinct behavior. Thin targets do not show
considerable increase in the ballistic resistance against the projectile above 20-
degree obliquity, while, an opposite fashion is observed for the thicker targets.
Namely, the ballistic resistance of the thick and intermediate thick targets

drastically increases above 20 degrees of obliquity.
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Figure 57 Target Plates in Different Thicknesses Impacted by Varying Degrees of
Obliquities (Impact velocity = 800 m/s)

As seen in Figure 58, the analytical approach shows that the kinetic energy loss of a
rigid projectile having 800 m/s initial velocity impacting a 1 mm thick target can be
increased from 2.7% to 3.4% as the angle of obliquity is increased from 0 degree to

45degrees. Numerical results of 1 mm thick mild steel target show that increasing
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the obliquity beyond 20 degrees do not contribute the target effectiveness in a broad
sense (Figure 58).
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Figure 58 Kinetic Energy Drop of the Projectile Against 1 mm Target at Varying
Obliquities

Contrary to this result, increasing the target thickness makes the projectile more
sensitive to target obliquities especially beyond 15 degrees of obliquities. Figure 59
presents the effect of the angle of obliquity on the kinetic energy of the projectile.
As one can see in the same figure, beyond 15 degrees of obliquity, considerable
kinetic energy drop occurs for any target thickness. Another important result can be
seen at this point is the targets especially thicker than 5 mm, resist oblique bullet

impact to a greater extent.
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Figure 59 Effect of Target Obliquity

For example, the results reveal that at normal incidence angle, 10 mm target reduces
the kinetic energy of the projectile by 34.7%, however, when the angle of incidence
is increased to 45 degrees, the projectile ricochets with a kinetic energy loss of 94%.

Figure 60 shows the resistance of 5 mm and 10 mm targets of varying obliquities.
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Figure 60 Kinetic Energy Drop of The Projectile Against 5 mm and 10 mm Targets
at VVarying Obliquities

45 degrees of obliquity is found as the critical angle of ricochet numerically. This
result is also verified with the experiments. The experimental depth of penetration
and the penetration crater length have great consistency with the numerical results.
Figure 61 shows the sectional and isometric views of 10 mm thick target with 45-
degree obliquity impacted by a rigid bullet core having initial velocity of 800 m/s.
Figure 62 shows the experimental results of the same target shot twice. The bullet
velocities for the shot numbers, #4 and #5 which are written on the parts, were
measured as 794.7 m/s and 791.1 m/s respectively.
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Figure 62 Deformations on the Target Plate by the Ricochet of 7.62 mm AP Bullets

Another criterion mentioned before is the target effectiveness in terms of the areal
density of target plates. The areal density is the weight per unit projected area [13],
[2]. A comparison of areal density and the kinetic energy loss of the projectile
calculated numerically is presented in Figure 63.
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The nonlinear increase in Kinetic energy loss of the plates can easily be observed.

This increase becomes more effective as the target thickness increases.
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Figure 63 Areal Density vs Kinetic Energy Drop (V;=800 m/s)

5.7. Effect of Layering and Spacing of Target Plates

Layering, spacing and different obliquity possibilities require many combinations of
arrangements. These combinations may sometimes be confusing. Furthermore,
elimination of some target thicknesses is needed to decrease the number of
numerical analyses and experimental efforts. In this work, only two different plate
thicknesses are considered. 5 mm and 10 mm thick mild steel plates and their

numerical models are used for the sake of reducing the total number of possible
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target arrangements. Also, 4 different obliquities and 4 different spacing cases are

projected for 5 mm and 10 mm target plates.

A nomenclature guide of investigated target arrangements is presented in Table 13.

This nomenclature is used for naming the target configurations in this work.

Table 13 Target Nomenclature

Target Thickness Interlayer Spacing
Target Obliquity 5mm 10 mm 0 mm -
0 1 2 30 mm A
15 3 4 50 mm B
30 5 6 75 mm C
45 7 8 100 mm D

Bold Characters Represent the Case Numbers

All angles are CW rotation, reversed angle denoted by letter "R", CCW

Subsequent numbers (numbers without letter config.) denote contacting plates
(i.e.; 1-1-1-1 denotes 4 x 5 mm contacting plates)

5.7.1. Effect of Layering and Spacing of Plates in Normal Impact Cases

In order to understand how the velocity of the bullet core drops against normal
impact, the total thickness of 20 mm target plates is investigated. Keeping the total
thickness 20 mm, the target is layered using 5 mm and 10 mm thick plates.
Furthermore, the layered plates are arranged both in-contact and spaced
configurations. In Figure 64 the velocity change of the bullet core is plotted for 20
mm thick monolithic target, four pieces 5 mm thick contacting plates (1-1-1-1 case),
four 5 mm thick 30 mm spaced target (LAL1A1AL1 case) and four 5 mm thick 75 mm
spaced target (1C1C1C1 case).
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Figure 64 Velocity Drop of Some In-Contact and Spaced Targets (Normal Impact

Cases)

Table 14 presents the bullet exit velocities of 20 mm thick monolithic target, 5 mm
in-contact layered target, 30 mm and 75 mm spaced targets of 5 mm thick plates.
The highest target resistance is obtained by the monolithic target configuration
while, the layering of the target (provided that the plates are in contact) impairs the
protection of the target by 3.5%. This finding is confirmed by Gokgoz’s work [120].
As a result, it can be said that at normal impact cases, the interlayer distance (the
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shortest distance between layers) does not cause a significant change in the bullet

exit velocity.

Table 14 Bullet Exit Velocities of Monolithic, In-Contact and Spaced Targets

Configuration Bullet Exit Velocity (m/s)
1-1-1-1 375
1C1C1C1 472,8
1A1A1A1 473,2
20 mm Monolithic 363,2

The sequence of the layer thicknesses may also affect the ballistic resistance of the
target. 2-2, 1-1-2 and 2-1-1 cases are arranged and analyzed to evaluate how the
sequence of the layers affects the ballistic resistance of target. The bullet velocities
are plotted for 20 mm monolithic target, 1-1-2, 2-1-1 and 2-2 target arrangements in
Figure 65. In example, whether placing the thicker plate in the front (bullet to

impact first) would affect the ballistic resistance is investigated.
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Figure 65 Velocity Drop of the Projectile Under In-Contact Layering
Configurations (V; = 790 m/s)

As can be seen from the Table 15, using thinner plates as frontal plates impairs the
resistance of the target. However, using a thick target as a front plate contributes to
the resistance of the target. Changing the order of layer from thinner layer as a front
to thicker layer as a front plate influences the penetration of the bullet which causes
a drop of the bullet exit velocity about 2.6%.
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Table 15 Residual Velocity of Bullet of In-Contact Type Layered Targets

Configuration Residual Velocity (m/s)
2-2 372,8
1-1-2 378,5
2-1-1 369,5
20 mm Monolithic 363,2

The experiments conducted show that the average bullet velocity is measured as
790 m/s. Thus, 790 m/s initial velocity is assigned to the bullet core for all cases in

numerical analyses.

From the numerical results, the bullet exit speed from the 20 mm thick monolithic
target is found as 363 m/s. This result is compared with a case in which the plate

thicknesses are reduced to half but the total target thickness kept the same.

The two 10 mm thick plates are arranged as in-contact type target. The experiment
conducted on 2-2 configuration (10+10 mm in-contact) shows that the numerical
result and the experimental study are in good agreement. The frontal and rear
surfaces of the impacted target plates are shown in Figure 66 and Figure 67. The
bullet velocities before impact for the shots #1 and #2 are recorded as 792 m/s and

793.5 m/s respectively.
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Figure 66 Frontal Image of the Impacted Plate 2-2 Configuration (20 mm Total
Thickness)

By inspecting the pierced target holes from Figure 66, there is a considerable bullet
rotation in the target material is observed. In the Figure 66, shot number #1, the
jacket material of the bullet smeared petal formations in the to the bullet entry hole.
The inhomogeneous bullet entry petal formations show that, the bullet actually does

not hit to the target perfectly normal to the target surface.

Figure 67 Rear Surface of The Impacted 2-2 Configuration (Back of Second Layer)
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5.7.2. Effect of Parallel Layering and Spacing of Plates in Oblique Impact
Cases

Effect of obliquity in parallel spaced targets investigated numerically. 5 mm thick
target plates are separated at 30 mm, 50 mm, 75 mm and 100 mm distances. The
results are plotted in Figure 68, Figure 69 and Figure 70. Figure 68 shows the
kinetic energy of the bullet core during penetration of 15-degree oblique plates with
different gap distances. 3C3C3C3 arrangement is found as the best arrangement
among 15-degree oblique plates with different interlayer spacings. 75 mm interlayer
distance causes 87% kinetic energy drop of the projectile. While 30 mm spaced
target (3A3A3A3) causes 71.5% Kkinetic energy reduction in the bullet, 75 mm
spaced target (3C3C3C3) causes 86.8% kinetic energy reduction.

- 16000
s N mmma 3A3A3A3
=
14000 3B3B3B3
"-”"‘v'—'—-\,‘ ......... 3C3C3C3
3 \
~12000 3 — — - 3D3D3D3
g A
Hr" - - 'k—_,,___,__,_,‘:_.,_,__,_,,___\
£10000 \
& a
&ﬂ .......................... i
o
=]
5 8000 r‘
2 1
2 '
£ 6000 |
M [
R T U S \
= 4000 : \
A '
20[}{] I I I I I I I I I I I I I I I I I I I I I I I .-"'Q-F.'-|cq-¢F:|
0 50 100 150 200 250 300 350 400
Time (pus)

Figure 68 Effect of Spacing in 15 Degrees of Obliquity Target Arrangements
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From the Figure 68, the best arrangement is found as the 75 mm spacing
(3C3C3C3) which is superior to the other spacing cases. However, 30 degrees of
obliquity eliminates the negative effect of the spacing of the target layers as seen in
Figure 69. The interlayer gaps do not affect the bullet residual kinetic energies as
seen in Figure 69 in 30-degree oblique target configuration. Yet, 50 mm spacing
with 30-degree obliquity provides a better protection compared to the other spacing
conditions. Interpreting the numerical results and Figure 68, the bullet completely
pierces the first 3 layers of the target 5A5A5A5, but it ricochets from the fourth
layer. On the other hand, the bullet pierces the first two layers of the other
arrangements 5B5B5B5, 5C5C5C5 and 5D5D5D5, and loses the 95%, 98% and
95% of its initial velocity respectively.
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Figure 69 Effect of Spacing in 30 Degrees of Obliquity Target Arrangements

The kinetic energy loss of the projectile is found almost the same 45-oblique plates

irrespective of the layer spacing. The kinetic energy drop of the projectile against
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different spacing cases is presented in Figure 70. All the target arrangements cause
the bullet to ricochet from the second layer after completely piercing the first layer.
Thus, the residual kinetic energy of the projectile is close to each other for 45

degree oblique targets.
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Figure 70 Effect of Spacing in 45 Degrees of Obliquity Target Arrangements

45-degree oblique targets ensure the total protection with projectile ricochet. The
bullets completely ricochet from the second plate (plate no.1 is assumed at the
impact side) at the targets 7A7A7A7, 7B7B7B7, 7C7C7C7 and 7D7D7D7. The
bullet core pierces first layer and cause a wide bulging on the second layer and
ricochets. Though, the bullet core causes a great damage to the second layer, it loses
much of its kinetic energy by attaining tumbling motion as can be seen in Figure 71.
Kinetic energies of the bullet core in 45-degree target arrangements are plotted in

Figure 70.
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Figure 71 The Numerical Result of The Damage of 7B7B7B7 (Impact Side Left)

The 7B7B7B7 plates are impacted experimentally, and the impacted plates are
presented in Figure 72. The bullet speeds for the shot numbers #11 and #12 are
measured as 790.7 m/s and 791 m/s respectively. As can be seen in Figure 72, the
bullet core pierces the first layer and causes a wide bulge on the second plate but it
ricochets from the second layer. This result seems contradicting with the
experimental result. The both shots #11 and #12 shows that the projectile breaks
into two pieces and one piece of the projectile is found completely pierces the
second layer. This result shows that rigid projectile assumptions may overestimate

the real case in highly oblique targets.
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Figure 72 View of The Impacted 7B7B7B7 Target

The effect of obliquity in parallel spaced targets is investigated both numerically
and experimentally. Numerically calculated results of kinetic energy drop of the
bullet core are plotted in Figure 73, Figure 74, Figure 75 and Figure 76.
Considering 30 mm spacing of layered targets, the best obliquity for the targets is
found as 30 degrees. The kinetic energy loss of the bullet core against 30 mm
spaced of varying obliquity is plotted in Figure 73. The lowest projectile residual
velocity after ricocheting from the fourth layer is calculated in the target which have
30 degrees of obliquity and 30 mm interlayer distance (5A5A5A5). The bullet
completely pierces the target (3A3A3A3) with 388m/s residual velocity, while the

bullet ricochets from the second layer.
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Inspecting the Figure 74, the kinetic energy loss of the bullet core against the
obliquity of 30 degrees and 45 degrees show a very similar fashion. If the spacing is
increased to 75 mm the highest protection is obtained from 15 degrees of obliquity
with the highest ranking of all parallel and oblique impact cases using 5 mm thick
targets. The bullet exit velocity is calculated as 80.6 m/s after exiting of the third
target which is not high enough to defeat the fourth plate. A similar mode is

observed in Figure 75.
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Figure 76 Effect of Interlayer Spacing and Obliquity (100 mm Spaced Targets)
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Impact cases 3D3D3D3 and 5C5C5C5 are experimentally tested. The tests show
that the numerical results and the experiments conducted have a good agreement.
However, during the oblique penetration of the targets the projectile is broken into
at least two pieces. For example, the broken bullet pieces embed in the third layer of
the target 5C5C5C5 as shown in Figure 78. The impact velocities of the shot
numbers denoted by #17 and #18 in the Figure 78 are 785 m/s and 789 m/s
respectively. The postmortem view of the target 5C5C5C5 is presented in Figure
7.

Figure 77 Post-Impact Front and Left View of The Target 5C5C5C5 (Left View:
Impact Side Right to Left)
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Figure 78 Third Angle View of the Second Layer of the Target 5C5C5C5

The numerical results estimate the second layer of the target will undergo severe
deformations with the highly oblique impact of the rigid bullet core but the third
layer will remain undefeated. The analytical rigid assumption of the bullet core
prevents the failure of the bullet core which underestimates the deformations and
the major failure of the bullet, however, the overall plate defeat mechanism shows
similar results with the experimental findings. The corresponding numerical result
is given in Figure 79. The bullet tumbling increases so considerably that, although it
completely pierced the second layer, when it hit to the second layer it loses 98% of
its of initial velocity. Figure 79 shows the considerable bullet tumbling (180-degree

rotation from its direction of flight is observable) at second plate.
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Figure 79 Numerical Result of The Target 5C5C5C5 (Impact Side on the Left
Plate)

A similar result is observed for the target 3D3D3D3. The target 3D3D3D3 is shot
twice and the bullet velocities are recorded before impact as 797.2 m/s and 790 m/s
respectively. The bullet speed and damage to first two targets are predicted well by
the numerical results. Although, the numerical results show that the third layer is
defeated and severely deformed by the projectile, the experimental results of shot
numbers #15 and #16 shows that the damage at the third layer is not to that extent.

The deformation in the third layer of the target is presented in Figure 80.
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Figure 80 The Damage in The Third Layer of The Target 3D3D3D3

Moreover, the bullet core in shot #15 impacted to the third layer in two pieces. The
deformations after impact tests are presented in Figure 81.

Figure 81 The View of The Target 3D3D3D3 (Right to Left: First-Second-Third
Layers)
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Increasing the plate thickness from 5 mm to 10 mm is investigated both numerically
and experimentally. In other words, instead of using 4 plates each having 5 mm
thickness, this time two plates each having 10 mm thickness are being used. The
bullet velocity against the targets 4A4, 4B4, 4C4 and 4D4 are plotted in Figure 82.
The numerical results show that both 75 mm and 100 mm spacing of 10 mm thick

15-degree oblique plates provide ballistic protection.

800
ang --@- 4D4
N
700 I I ------ 4C4
,3600 - '.9“&‘;‘\?\=.==.=Q\. ——&--4B4
= \ AN - \
E 8 \A 4B4 4 ) R
2500 .. I ‘ \
S g ! Y
— \‘ 1
$ 400 II o | :
E ~~ ?—f _ ﬁ _ z _ \
@300 . °
N4 \
\ [}
200 \
\ \
\Q \
100 L3
"o {
0+t o i .
0 50 100 150 200 250
Time (us)

Figure 82 Effect of Spacing of 10 mm Mild Steel Targets with 15 Degree Obliquity

Although the simulations show that the bullet pierce the targets having 50 mm and
30 mm interlayer spacing, the 4B4 target (having 50 mm spacing) is experimentally

tried and the bullet core embeds into the second layer as shown in Figure 83. This
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finding is contradicting with the numerical analysis in which the bullet exit velocity

is found as 340 m/s.

Figure 83 Rear of The Target 4B4 (Back Surface of the Second Layer)

Inspecting Figure 84, one can notice that the bullet entry petal around the hole of
the impact side of the target plate shows there is a considerable amount of bullet
rotation due to horizontal yaw despite the target is aligned to the shooting direction
properly at 15-degree obliquity. The discrepancy between the numerical and

experimental conduct could stem from improper impact of the bullet.
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Figure 84 View of The Frontal Petal of the Target 4B4

Tabulation of the numerical results are presented in Table 16. It is clear from the
table that increasing the interlayer spacing enhanced the ballistic protection in

parallel layered oblique targets.
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Table 16 The Tabulated Results of Numerical Analyses of Parallel Layered Targets

Target Residual Velocity Rermark
(m/s)

3-A-3-A-3-A-3 388 Pierces the target
3-B-3-B-3-B-3 192 Pierces three layers
3-C-3-C-3-C-3 80 Pierces three layers
3-D-3-D-3-D-3 71 Pierces three layers
5-A-5-A-5-A-5 270 Ricochets from the fourth layer
5-B-5-B-5-B-5 242 Pierces two layers
5-C-5-C-5-C-5 12 Pierces two layers
5-D-5-D-5-D-5 25 Pierces two layers
7-A-T-A-T-A-7 383 Ricochets from the second layer
7-B-7-B-7-B-7 403 Ricochets from the second layer
7-C-7-C-7-C-7 395 Ricochets from the second layer
7-D-7-D-7-D-7 397 Ricochets from the second layer

4-A-4 360 Pierces the target

4-B-4 340 Pierces the target

4-C-4 0 Embedded in the second layer

4-D-4 0 Embedded in the second layer

5.7.3. Effect of Obliquity in Target Systems (Cassette Structures)

Up to this point the effectiveness of the parallel layering of the targets are
discussed. The effectiveness of non-parallel arrangements of target layers, which
can also be considered as cassette structure of target, is investigated. The alternative
target combinations could be as follows: Increasing the layer obliquity in
subsequent layers, decreasing the layer obliquity in subsequent layers or zigzag

arrangement of layers with various spacing may worth investigated.
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For this sake, 13 target cases are considered and investigated numerically and
experimentally. For the constituted targets, corresponding bullet exit velocities
numerically predicted and experimental results are tabulated in Table 17.

Table 17 Bullet Exit Velocities of Non-Parallel Layers

Target Configuration Residual Velocity Remark
(m/s)
1-3-5 553 Pierces the Target
1-3-7 444 Pierces the Target
1-5-7 168 Ricochets from the 3rd Layer
7-5-1 453 Pierces the Target
1-A-3-A-5 533 Pierces the Target
1-A-3-A-7 212 Pierces the Target
1-A-5-A-7 356 Ricochets from the 3rd Layer
3R-1-3 576 Pierces the Target
3R-A-1-A-3 155 Pierces the Target
5-1-5R 544 Pierces the Target
5R-A-1-A-5 0 Embeds in the 3rd Layer
7TR-1-7 458 Pierces the Target
TRALAT 121 Ricochets from the 3rd Layer
Good agreement with the experiment

Figure 85 shows the bullet velocity drop for the considered cases. As one can see
clearly from the figure, 1-5-7 configuration gives superior ballistic protection
compared to the other targets. However, changing the orientations of target plates
reverse, constituting the case 7-5-1, the target dramatically loses its ballistic
resistance. Moreover, increasing the interlayer spacing contributes the ballistic
resistance of targets 1-3-5 and 1-3-7 but it shows an opposite fashion for target 1-5-
7. Considering the targets 1-3-5 and 1A3AD5, there is a slight decrease in the bullet

exit velocity when the spacing is increased to 30 mm. Nonetheless, when the targets
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1-3-5 and 1A3A5 are compared, increasing the interlayer distance does not

contribute to protection effectiveness of the target clearly.
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Figure 85 Comparison of Target Effectiveness by Considering the Bullet Exit
Velocities of Non-Parallel Targets

As a last remark, configurations 1-5-7 and 1A5A7 give the total protection of the
bullet by ricocheting.

The angle of obliquity does not affect the bullet exit velocity much, as presented in
Figure 86. However, the spacing of zigzag layers can cause a bullet velocity drop
drastically. Zigzag arrangements of targets are found very sensitive to 30 mm
spacing. If the bullet exit velocities are compared for the targets 3R-1-3, 5R-1-5 and
7R-1-7 and their spaced configurations, 3R-A-1-A-3, 5R-A-1-A-5, 7TR-A-1-A-7 the

sensitivity of spacing can be clearly observed. The target 5R-A-1-A-5 is found
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superior ballistic resistance against the armor piercing bullet comparing the other

cases.
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Figure 86 Projectile Velocity Drop Against Zigzag Arrangement Targets

The bullet core ricochets from the third layer of the target 7R-A-1-A-7 which is
presented in Figure 87 and this result is experimentally verified as seen in Figure
88.
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Figure 87 The Numerical Result of 7R-A-1-A-7

The target 7R-A-1-A-7 is impacted with the shots #20 and #21 and the projectile
ricochets from the third layer of target causing a negligible deformation on it. The
bullet initial velocities for these shots are measured as 788.3m/s and 799.4m/s
respectively.

Figure 88 Impacted Target 7R-A-1-A-7
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CHAPTER 6

DISCUSSIONS AND CONCLUSIONS

6.1. Discussions

In this work, the ballistic behavior of monolithic, layered, layered with spacing,
layered-spaced and oblique targets is investigated numerically and experimentally.
Since the experimental work is costly and time consuming, only some selected
target arrangements are tested experimentally. The selected impact cases show great
consistency with the numerical results. The constructed numerical model can be

extended to further impact cases.

Considering the normal impact cases, the highest target resistance is obtained by the
monolithic target compared to layered targets. The 20 mm thick monolithic mild
steel target reduced the initial velocity of the projectile to 363m/s. The velocity drop
of the projectile is 54%. Layering of the monolithic target by 4 x 5 mm and 2 x 10
mm layers clearly impairs the target by keeping the total thickness (total areal
density) the same. Bullet exit velocities against 2 x 10 mm configuration (2-2) and 4
x 5 mm configuration (1-1-1-1) are calculated as 373 m/s and 375 m/s respectively.
Decreasing the individual areal density of the layers by half weakens the whole 20
mm thick target by 2.7%. If the thickness of the target layer is reduced to one-
fourth, then the target weakens by 3.6% compared to monolithic target when the
bullet exit velocities are considered. Leaving gaps between the target layers
dramatically impairs the target resistance. The target resistance drops by 30%
against the AP bullet having 790 m/s initial velocity. The amount of the gap does

not affect the penetration of the bullet.
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If the target is composed of different thickness in-contact plates, as in the case of 2-
1-1 and 1-1-2 configurations, choosing the thicker plate (10 mm in our
investigation) as frontal position would yield better ballistic performance.

The numerical results and the corresponding experimental results show that,
Johnson-Cook damage model well predicts the failure of the target material.
However, highly oblique targets also cause the projectile fracture due to high

bending stress. This causes the numerical results to deviate from experiments.

Two layers of 5 mm thick 45-degree oblique plates provide protection from 7.62
mm AP projectile. The bullet ricochets from the second layer in 45-degree oblique

layered targets.

The lowest projectile exit kinetic energy is calculated for the target arrangement

3C3C3C3 among the other parallel layered targets.

Although some of the parallel layering configurations using 5 mm thick layers
provide protection by ricocheting the projectile, none of the configurations is able to
stop the projectile completely. The target 4B4 is found strong enough to stop the
projectile. The numerical result of the 4B4 arrangement and the experimental result
do not match well. The reason of this difference may be caused from poor
alignment of the target with respect to the gun position, yawing/oblique impact of

the projectile or inhomogeneous deformations of the jacket and filler lead.

In cassette target structures, the penetration behavior of the projectile is found very
sensitive to second plate position and the oblique angle of the layer. The interlayer
distance is not a major factor for small degrees of obliquity in cassette structures if
the velocity drop of the projectile is considered. However, this fashion shifts to
opposite in highly oblique impacts. The targets 1-3-5, 1-3-7, 3R-1-3, 5-1-5R and
7R-1-7 and their spaced configurations are good examples on this phenomenon.

A summary table for comparison of the targets with respect to their areal densities is
presented in Table 18.
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Table 18 An Overview of The Investigated Cases for Areal Densities

Total Areal
Target Den-sity Until Remark
Ricochet
kg/m?
20 mm Monolithic 157 Pierces the Target
27 mm 212 Ballistic Limit Thickness
3A3A3A3 163 Pierces the Target (FAIL)
3B3B3B3 163 Pierces 3 layers
3C3C3C3 163 Pierces 3 layers
3D3D3D3 163 Pierces 3 layers
5A5A5A5 181 Ricochets from fourth layer
5B5B5B5 136 Pierces 2 layers
5C5C5C5 136 Pierces 2 layers
5D5D5D5 136 Pierces 2 layers
TATATA7 111 Ricochets from second layer
7B7B7B7 111 Ricochets from second layer
7C7C7C7 111 Ricochets from second layer
7D7D7D7 111 Ricochets from second layer
4A4 181 Pierces the target (FAIL)
4B4 181 Pierces the target (FAIL)
4C4 181 Embeds in the second layer
4D4 181 Embeds in the second layer
135 125 Pierces the Target (FAIL)
137 135 Pierces the Target
157 140 Ricochets from the 3rd Layer
751 140 Pierces the Target (FAIL)
1A3A5 125 Pierces the Target (FAIL)
1A3A7 135 Pierces the Target (FAIL)
1A5A7 140 Ricochet from the 3rd Layer
3R13 121 Pierces the Target (FAIL)
3RA1A3 121 Pierces the Target (FAIL)
5R15 130 Pierces the Target (FAIL)
5RA1A5 130 Embeds in the 3rd Layer
7R17 150 Pierces the Target (FAIL)
TRA1A7 150 Ricochets from the 3rd Layer
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6.2. Conclusions

e 5 mm thick target is found enough to strip off the lead and brass jacket
covering the bullet core. However, the jacket and the lead may affect the
bullet exit velocity and as well as the orientation depending on the obliquity.

e For thinner targets, the jacket and the lead may cause a deviation in
numerical result from the experimental studies. The inertial effects of the
jacket and the lead are neglected but thin targets can be affected by the
inertial effects of these parts. Furthermore, perforation energy may be lower
than the energy required to strip of the jacket. For such cases using a full
bullet model including jacket and the lead may yield accurate results.

e The bullet impact holes inspected and noticed that the bullet motion had
considerable horizontal and vertical yaw. This yawing impact can be
detected by inspecting the hole entry petals inhomogeneity on the target
plates. Increasing the distance between the target and the gun may yield
more accurate results.

e The tumbling motion and the flight path of the bullet core in the interlayer
space is not predicted well. The reason of prediction of the projectile
trajectory in the interlayer spaces could be the inhomogeneous deformations
of jacket and lead at the early stages of the impact to the front plate. This
inhomogeneity may have created rotation of the bullet core at hole entry and
it may have contributed the bullet tumbling motion in other planes then may
turned out the results seem to be pathological in some cases.

e Material properties of mild steel target is directly taken from literature. The
dynamic material properties along with the damage initiation and the
damage evolution properties of the used plates ideally should be tested and
implemented to the numerical model. The results should be updated

accordingly.

142



The nose shape profile, center of mass and the moment of inertia of the
bullet core might be slightly be different than the real case, but these effects
are assumed to be small and neglected in simulations. However, the exact
nose shape of the bullet core may also play a role on consistency of the
numerical results with experimental outcomes.

The target material anisotropy is not taken into account. Normalization
tempering of the target materials before the experiments can improve the
accuracy of the numerical predictions. However, the failure parameters of
the material should be updated after the normalization.

The bullet core is assumed to be rigid in this work. However, in the tests, in
some cases the projectile breaks into pieces. In such cases, while some half
of the bullet core embedded in a layer, the other half pierced that layer and
embedded in or ricocheted from the next layer. Utilizing a proper failure
criterion for the bullet core can yield to more realistic solutions.

Up to 15 degrees of obliquity thinner targets (thickness < 5 mm) seems to
weaken the target compared to normal impact cases in present investigation.
This phenomenon needs to be verified with the further experimental and
numerical investigations.

The numerical simulations showed that the position and the angle of
obliquity may greatly affect the protection limit of the layered targets. The
maximum protection is assured if the projectile hits a target with its bearing
surface. Since the angular velocity due to tumbling has a great effect on the
bullet rotation. Together with the interlayer spacing it may result in an
impact by the bearing surface of the bullet. Thus, the angle of obliquity and
the position of the second layer is very critical when the maximum is

considered. This may be called as second plate effect in ballistics.
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e In order to exploit the second plate effect as much as possible, the direction
of the angle of obliquity of the second layer should be opposite to the bullet
rotation after exiting the first layer.

Direction of bullet rotation

Figure 89 Bullet Rotation vs Target Obliquity

e The ballistic limit thickness is found as 27 mm for the 7.62 mm AP
projectile. This thickness may also be called as protection limit thickness for
a Level 3 threat. This protection limit can be reduced to 10 mm by single or
double layer oblique plates.

e Considering the areal density of the armor structure, using proper layering
and spacing configuration together, the total weight of the target can be
reduced to 64%.

6.3. Future Works

e Changing the target material types with the high-low strength couple the
effectiveness of the target could also be improved.
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Using some filler materials such as rubber, silica, granular materials, sand
etc. between the plates could be a potential research project.

The target plates were stress-free at initial conditions and they were assigned
pinned support boundary conditions from surrounding surfaces in this study.
Impacting of the prestressed targets and the effect of pre-stressing on the
ballistic behavior of the targets could attract the potential interest.

The target resistance at small degrees of obliquity should be investigated in

a separate work.
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APPENDIX A

DETAILED DRAWING OF 7.62 mm AP BULLET CORE
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Figure 90 Dimensional Details of a 7.62 mm AP Bullet Core
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APPENDIX B

DIFFERENT MESHING STRATEGY

The number of elements in the numerical model significantly affects the
computation time. However, it is not the only parameter for computational cost.
One another parameter is the smallest element size [118]. In an effort to reduce the
computational time, the author of this thesis tried different meshing strategies by
decreasing the total number of elements. This thesis is constructed on the meshing
strategy (Strategyl) explained in section 5.4.1. Mesh Convergence Study with the
Figure 51. A similar meshing strategy (Strategy2) is utilized to have a lower
computational cost. The difference between the two meshes are farther distances
from the impact zone element sizes are increased to 4 mm, and mesh transition from
0.2 mm to 4 mm is done with tetrahedral elements (C3D10R). The mesh transition

is presented in Figure 91.
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A 5-mm thick plate is impact with two different meshing strategies, and

Figure 91 A Different Meshing Strategy

computational details are presented in Table 19.

Table 19 Comparison of Computational Costs of Two Different Meshing Strategy

Number of Elements

Total No. of | CPU Time No. of

C3D8R C3D10R Elements [s] Increments
Strategyl | 425000 - 425000 210.6 4915
Strategy?2 97914 41818 139372 473 17190
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