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ABSTRACT

BALLISTIC PENETRATION OF HARDENED STEEL PLATES

Deniz, Tansel
M.Sc., Department of Mechanical Engineering

Supervisor : Prof. Dr. R. Orhan Yildirim

August 2010, 113 pages

Ballistic testing is a vital part of the armor design. Howe\eis impossible to test every
condition and it is necessary to limit the number of testsubhzige costs. With the intro-
duction of hydrocodes and high performance computersgtlsean increasing interest on
simulation studies to cutbthese aforementioned costs. This study deals with the ricaher
modeling of ballistic impact phenomena, regarding theidalpenetration of hardened steel
plates by 7.62 mm AP (Armor Piercing) projectile. Penetragprocesses of AP projectiles
are reviewed. Then, a survey on analytical models is givefterAhe introduction of fun-
damentals of numerical analysis, an intensive humericalysis conducted in 2D and 3D.
Johnson Cook strength models for the foufetient heat treatments of AISI 4340 steel were
constructed based on the dynamic material data taken freriténature. It was found that
2D numerical simulations gave plausible results in termesitiual projectile velocities, con-
sidering the literature review. Then, 3D numerical simols were performed based on the
material properties that were selected in 2D studies. Ggogement was obtained between
the numerical and test results in terms of residual prageetlocities and ballistic limit thick-
nesses. It was seen that the ballistic protectifiiciency of the armor plates increases with

the increasing hardness, in the examined range.
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This study is a part of Tubitak project 106M211 of MAG.
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SERTLESTRILM IS CELIK PLAKALARIN BAL ISTIK PENETRASYONU

Deniz, Tansel
Yuksek Lisans, Makina Muhendisligi Bolim
Tez Yoneticisi : Prof. Dr. R. Orhan Yildirim

Agustos 2010, 113 sayfa

Balistik testler zirh tasariminin dnemli bir parcasidiakat tasarim esnasinda her tirlt kon-
figlrasyonu test etmek zaman ve maliyet agisindan imkandugu icin analitik ve sayisal
yaklasimlar kullanarak ongoriulerde bulunmak ve testsni en aza indirgemek gerekmek-
tedir. Bu calismada, sertlestiriimis celik plakatai.62 mm zirh delici mermilerle delinmesi
incelenmistir. Zirh delici mermilerin delme prosesleiizgen gegcirilmistir. Daha sonra ise
analitik modeller Uzerine bir literatir taramasi sunugtur. Sayisal benzetim yaziliminin
temelleri tanitildiktan sonra 2 ve 3 boyutlu olmak tizeneigbir benzetim ¢alismasi yapilmis-
tir. Literatirden alinan dinamik malzeme verileri 1gdg AlSI 4340 celigi icin Johnson-Cook
dayanim modelleri olusturulmustur. Bu modeller ile yapisayisal benzetimler neticesinde
2 boyutlu sayisal benzetimlerin mermi artik hizlari agigin gercekgi sonuglar verdigi gorul-
mustir. Basarili olan malzeme modelleri 3 boyutlu salybenzetimlerde de kosturulmustur.
Yapilan degerlendirmede 3 boyutlu benzetim sonuclatest sonuclari ile mermi artik hizlari
ve balistik limit kalinliklari agisindan uyumlu olduklagorulmustur. Yapilan calismalar ne-
ticesinde incelenen sertlik araliginda, artan plakai§erin balistik koruma performansini

arttirdig1 goralmustr.
Bu calisma 106M211 nolu Tubitak MAG projesinin bir pasgdir.
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Anahtar Kelimeler: balistik delme, sayisal benzetim, &2 AP, sertlestiriimis celik, AU-
TODYN
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CHAPTER 1

INTRODUCTION

From the beginning of the human history, the battle of weaggmharmor had continued. As
new weapons are developed, corresponding armors are alstopled in response. Today,
development of lightweight armors against small calibasjqutiles is getting important as
mobility is considered. In this context, a study regardimg éfect of heat treatment of steel
plates on ballistic protectiorfiéciency is performed. The interaction between the smalbeali

projectile and steel armor plate falls into the domain ofistids science.

1.1 Terminal Ballistics

Ballistics is the science of mechanics that mainly dealb tie acceleration of the projectile
in the gun barrel, behavior of projectile at the muzzle andnduthe flight and its fects on
the target. It is mainly separated into three branches wéniehinterior, exterior and terminal

ballistics. Current study is an interest of terminal bélis

The branch that studies the interaction between a prageatil a target is callegtrminal
ballistics[1]. The parameters regarding the study of terminal baiisincludes strike veloc-
ity, strike angle and the type of the projectile and targéte Tollowing sections (1.2,1.3,1.4)

introduce the projectile types, target configurations anget materials respectively.

1.2 Threats for Armors

Type of projectiles are generally separated into two madugs; namely kinetic energy pro-

jectiles and chemical energy weapons.



1.2.1 Kinetic Energy Threats

According to Hazell [2] kinetic energy rounds can be studietvo main groups as small-
arms ammunition€<20 mm) and higher-caliber KE (Kinetic Energy) rounds inahgdmedium

caliber &20 mm). Following sections introduce these type of threats.

1.2.1.1 Small Caliber Armor Piercing Projectiles

In general; small caliber ammunition consists of a peniegahass surrounded by a gilding
jacket that acts as a layer which protects the penetraterfomm the rifling of the barrel. The
penetrator is manufactured in various kinds of shapes ams.siFor aerodynamic stability;
simply most of the projectiles possess an ogival nose. Arsaltie view of 7.62 mm ball and

AP projectile are given in Figure 1.1 [3]

a

b
Lead cap

Hard steel core

Brass jacket Brass jacket

Lead core

Figure 1.1: Schematic drawing, geometry and cross-sepiixiare of (a) Ball projectile and
(b) APM2 projectile [3]

These ammunition can be grouped into two such as the onedarsstbpping a target (not
necessarily killing) and the ones for penetrating a targfetlhe first group consists of rounds

with high deforming core such as lead or soft steel, whiclcatiedball rounds The projec-

2



tiles of the second group are callaanor piercing roundsand consist of a fast non-deforming

core such as tungsten carbide or hard steel.

AP projectiles typically have a length to diametey[l ratio in the range 3:1 to 5:1 with
muzzle velocities which can reach to 100@smThese kind of projectiles tend to produce a

total KE on the order of 10— 10* J [4].

1.2.1.2 Long Rod Penetrators

Generally, there are two types of higher-caliber KE ammamitvhich are classified as the
APDS (Armor Piercing Discarding Sabot) round and the APF&&&or Piercing Fin Sta-
bilized) round [2].

The APDS round usually consists of a dense core (mostly tengsrbide) with |D in the
range 6 to 7. These kind of ammunition have been largely seded by the APFSDS round.
The APFSDS round consists of a steel, tungsten heavy alldggleted uranium alloy core.
Its L/D ranges between 15 and 25 and muzzle velocities vary betha@hand 1900 ps [2].
These threats yield £@ of KE during impact. A view of APFSDS round shortly after ralez

exit is given in Figure 1.2

)

Figure 1.2: APFSDS at point of separation of sabot



1.2.2 Chemical Energy Threats

Unlike KE projectiles, chemical energy threats use thegnef an explosive to form a pen-
etrator. These munitions can be classified into two groupshaped charge devices and

explosively formed projectiles.

1.2.2.1 Shaped Charges

Shaped charge warheads belong to HEAT (High Explosive Aantk) threats. Upon impact,
a very high velocity jet is formed by the collapse of the lingterial (usually copper) which
is a result of a high-compressive detonation wave from afoekg charge. The resulting jet
possesses a tip velocity in the rangeld. ks and a tail velocity typically around 2 Ks[5].

Flash X-ray image of a shaped charge jet is given in Figure 1.3

Figure 1.3: Copper liner and explosive on the left, flash Xeoha jet in right [5]

1.2.2.2 Explosively Formed Projectiles

In the case of EFP (explosively formed projectile) or SFHf (®eging fragment), the pro-
jectile is formed by the dynamic deformation of a metallishddue to the detonation of an
explosive charge located behind it. The mechanism of dighdton is very similar to that
of a shaped charge warhead, however the fundameritatatice is that, instead of a conical
liner being deformed into a jet, a relatively shallow disHdemed into a slug or projectile.
The dish is often made of a relatively soft material to ensluaeit deforms into an appropriate
projectile like shape. Relatively dense materials suclopper, iron, steel and more recently
tantalum are used to ensur@eetive penetrative performance, especially in the lowetr gia

the hydrodynamic regime 2 3 knys) [2].



1.3 Armor Configurations

Armor configurations can be classified in three main grougsraling to the way they treat

the threat. These groups are namely passive, reactive &ne aenors.

1.3.1 Passive Armors

Passive armors are designed to absorb the kinetic energkioétic energy projectile or a
shaped charge jet. Special combinations of high strengtlriaks and geometrical designs
are used to achieve desired mechanisms against aforemashtioreats. From the experience

of the author, known types of passive armors are listed below

Sloped Armor These armors are placed obliquely rather than having ecaégurface. The
thickness of the armor can be increased by this way. The dguanpose is to ricochet

or deflect incoming KE threats.

Spaced Armor Its commonly used to defeat shaped charge jets by increéisindistance
the jet has to travel to penetrate the armor configurationreller the internal layers

can be designed to tumble and deflect incoming KE threats.

Slat Armor It works by holding @f the shaped charge device from the skin of the vehicle,

and increase the way the jet has to travel so that stéheffect can occur.

Composite Armor These armors make use of special combinations of steelnaey and

other materials to absorb andfdise the damage caused by the threat .

1.3.2 Reactive Armors

Reactive armors make use of elements which are sandwiclwedretwo metal plates. They
react upon the impact of a threat and use special mechanssfeat the threat. These

armors can be classified as follows:

Explosive Reactive Armor It consists of a sandwich with a front and a rear plate of iden-
tical or different thickness and of identical orffirent materials, with a layer of high

explosive between generally arranged at an angle to thekatieection [6]. When a
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projectile with enough kinetic energy hits, reactive elamgill be initiated and plates
will be accelerated outward. An X-ray view of shaped chasjadgfeat by explosive

reactive armor is given in Figure 1.4 [7].

ERA 3/3/3

200 ps

Figure 1.4: Flash X-ray image of explosive reactive armdraped charge jet interaction [7]

Non Explosive Reactive Armor It is very similar to explosive reactive armor but it inclgde
an energetic material instead of a high explosive. Thisgaier material reacts in a

lower order then detonation, therefore smaller pressuregenerated.

Non Energetic Reactive Armor It uses non-energetic materials such as elastomers instead
of energetic materials. These materials absorbs the ingpacgy and cause the bulging

of steel plates.

Electromagnetic Reactive Armor It passes an electric current through the incoming projec-

tile to disrupt and destroy it.

1.3.3 Active Armors

Active armors make use of sensors to detect incoming thesmtsare designed to respond to
intercept, disrupt or deflect these threats. Held [8] clessdiferent active defense concepts

according intercept ranges as:
a) Closerange <2m

b) Mediumrange 2to10m

c) Longrange >10m
The working principles of these three classes are intradibetow [8]

a) Sensors fire a small number of shaped charges to initiateigiieexplosive content of
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an attacking shaped charge warhead. Such an initiatiorept®ygood jet formation.
Sensors trigger impactors to destroy or disrupt incominmgepator such that its broken

pieces will hit a larger area on the armor with having lesspattive capability.

b) Sensors discriminate the direction, velocity and distarieethreat and fire a suitable frag-
menting charge from an array. The fragments hit the incorpiagectile and destroy

it.

c) Sensors launch a highly maneuverable mini missile withvaabr semi-active homing

head.

1.4 Armor Materials

Armor materials can be classified into three main groups,ahametallic, ceramic and com-

posite materials.

1.4.1 Metallic Armors

Metals are still the most widely used materials in armor giesi The main advantage of
these materials is that, they are capable of carrying stralcand fatigue loads whilefi@ring

efficient protection. They are less expensive compared to tiex ataterials.

The most commonly used metallic material in armored fightiabicles is steel. The main
properties such as toughness, hardness, good fatigugtsirease of fabrication and joining
and relative low cost make it a popular material for armorelicle hulls [2]. Steel armor can
be studied in four main groups which @&elled Homogeneous Armor (RHA), High Hardness

Armor (HHA), Variable Hardness SteedsdPerforated Armor

Rolled homogeneous armor (RHA) is usually used in depth ofpation testing [2] as a
benchmark material. Therefore it is used to describe andhacenthe performance of dif-
ferent armor systems or materials. The chemical compasjipand classification of RHA
according to UK Ministry of Defense Standard for Armor Plggeare given in Table 1.1 and
Table 1.2.



Table 1.1: Composition of RHA [9]

Mn Ni

Cr

Mo

S P

0.18-
0.32

0.60-
1.50

0.05-
0.95

0.00-
0.90

0.30-
0.60

0.015| 0.015
(max) | (max)

Table 1.2: Classification of RHA [9]

Classification

Description

Hardness
(BHN)

UTS (MPa)

Elongation
(%) Min

Class 1

Readily weldable

steel subjected to

structural loads.

262-311

895-1,050

15

Class 2

Readily weldable
steel to protect
against AP ammu
nition.

255-341

895-955

14-16

Class 3

Readily weldable
higher
steel manufacture(
in thin sections.

hardness

D

)

470-540

1,450-1,850

Class 3A

Readily weldable
higher
steel manufactureg
in thin sections.

hardness

D

)

420-480

1,200-1,600

Class 4

Higher carbon
and alloy content
higher
armor for
sections.

thick

hardness

475-605

1,450-2,000

Class 5

High alloy content
armor with very
high hardness use
for special appli-
cations such ag

perforated armor.

560-655

1,800-2,400

High hardness armor (HHA) on the other hand, is the name divarclass of homogeneous

steel armor which have hardness values exceeding 430 BHN [2]

Variable hardness steel plates introduces some advantatievarying through-thickness
properties. By surface hardening one side of a thick lovb@arsteel plate, it is possible to

incorporate both hard disruptive and tough absorbing ptigsein a single material [2]. The
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main advantage is that, the more ductile backing layer sstabdrrest crack propagation in the
armor plate while the hard front layer is able deform or fuaetthe threat. Thefiectiveness
of dual-hardness armor (DHA) is given by a comparison in @db8 [10]. It can be seen that

DHA is more dficient compared to HHA in defeating steel cored 7.62 AP hullet

Table 1.3: Density, thickness and areal density valuesnesdjto protect against 7.62 mm AP
bullets at normal incidence [10]

Armour Steel Density kg/n) | Thickness' (mm) | Areal Density kg/n")
RHA (380 BHN) 7830 14.6 114
HHA (550 BHN) 7850 125 98
DHA (600-440 BHN) 7850 8.1 64

In perforated armor, holes are introduced into the ste¢éplarhese holes in high hardness
steel plate has been shown to be #lieaive way of disrupting and fragmenting incoming
projectiles. This mechanism can be regardeddage gect Chocron et al [11] has studied the
impact of the 7.62 mm APM2 projectile against the edge of aitietarget and a photograph

of a fractured core due to aforementioned edfjectis given in Figure 1.5.

114

7-425

Figure 1.5: Photograph of fractured core due to edigre[11]

Aluminum alloys also provide a versatile choice for an arg@sign engineer. The main ad-
vantage is that, it has a relatively low density while thestienstrengths range from 60600
MPa. It can be deduced that equal mass of aluminum armor &t a larger volume com-
pared to steel, which leads to improvement in rigidity. Miatleproperties of some commonly

used aluminum alloys are given in Table 1.4 [2].
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Table 1.4: Material properties of some aluminum alloys enily used in AFVs [2]

Alloy Proof Strength (MPa) UTS (MPa) | Elongation (%)| Hardness (HV)
Type 5083 (0.1 %) 278 386 6 ~100
Type 7017 (0.2 %) 440 490 8 ~160
Type 7039 (0.2 %) 420 475 10 ~150

However, there are some disadvantages associated witlinalomalloys. The harder alloys
that are suitable as armor are susceptible to stress ammrosacking [2]. This type of failure
occurs when the aluminum alloy is attacked by a corrodanteahis subjected to tensile
stress. The magnitudes of stresses required to start eefallower than that of yield strength

and the residual stresses induced during machining, agsemivelding can lead to failure.

These alloys also possess a lower spall strength than stéw®histhey are prone to scabbing.

This makes it necessary to employ a spall liner behind th@arm

The ballistic grade form (Ti-6Al-4V) of titanium also pralés a good alternative to steel. It
possesses a relatively low density (4g¥sn?) while it maintains high strength and hardness
(UTS 900- 1300 MPa, BHN 306G- 350). However, high cost related with titanium alloys is

a prominent shortcoming.

1.4.2 Ceramic Armors

It can be anticipated that the resistance of a given materip¢énetration mainly depends on
its compressive strength [12]. Ceramic materials, whickspes high compressive strength
and hardness values are good candidate materials as famtloe designer because of their
relatively low densities [2]. High strength ceramics suslalmina, boron carbide and silicon
carbide exhibit compressive strengths that are an orderagnitude higher than those of
metals. Then, it seems plausible to make an assumption ¢haing faced targets will be

efficient for armored protection [12].

The costs of ceramic tiles are taken into consideratiordessts performance. A comparison

of some ceramic materials with prices are given in Table 135.[
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Table 1.5: Relative cost of ceramic materials for armoriappibns [13]

Ceramic | Bulk Density kg/m®) | Hardness (HV)| Kic2(M Pam%) Relative Cost|
98(%) Al,O3 3,800 1,600 4.5 1.0

RBPSiC 3,100 1,2002,200 ~4.5 2.5
Sintered SiC 3,150 2,700 3.2 4.5

HPCSIC 3,220 2,200 5.0 9.0

HP B4,C 2,520 3,200 2.8 16.0

a Fracture Toughness
b Reaction Bonded
¢ Hot Pressed

1.4.3 Polymeric Armors

Polymeric composite materials possess high specific dtreartd specific sfiness and they
are able to absorb significant part of kinetic energy indumggrojectile impact. They also

have relatively lower densities.

These materials consist of laminates of matrix bonded oetiig fibers. The function of
the matrix is to provide a medium for theflilision of load to the stronger andfi&r fibers.
Typical fiber materials are S-glass, E-glass, aramid, cadra boron. Some properties of

these materials are presented in Table 1.6 [14].

Table 1.6: Properties of some fiber materials [14]

Fiber Bulk Density | Tensile Strength Young'’s Failure Strain

(kg/m®) (MPa) Modulus (GPa) (%)

Aramid 1,440 2,900 60 3.6
(low modulus)

Polyethylene 970 3,200 99 3.7
(high modulus)

E-glass 2,600 3,500 72 4.8

S-glass 2,500 4,600 86 5.2

Carbon 1,780 3,400 240 1.4
(high strength)
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1.5 Aim of the Thesis

The process of armor design necessitates extensive stwiriich possess the significant
cost of the study. The aim of these tests are sometimes atéssbme material or geometric
effects. However, it is, in reality, very hard to conduct expents to optimize every design

parameter.

Hydrocodes (hydrocode is a computational analysis toahfedelling large deformations and
fluid flow), with the introduction of high performance comerg, became as a candidate of
a very versatile tool for the armor design engineer. It i/\@vious that, when the physics
regarding the high velocity impact is well understood tbgetwith the material behavior
at these regimes, it is possible to conduct numerical sitionls that matches the reality to
some extent. Of course, procedures regarding the numenizdéling issues should be well

understood too.

The aim of this thesis is to represent numerical modelingeisselated to impact of 7.62 mm
AP projectile to hardened steels. The 7.62 mm AP projectilesists of a hard steeR¢

= 60) ogive-nosed core, followed by a lead plug and is surredrigy a brass jacket. The
ogive-nosed projectile has a maximum diameter of 7.62 mnisa88.95 mm long. It weighs
9.75 grams. The impact velocity was measured as 782 &ome properties of the projectile
are given in Table 1.7 [15]. The target material was choseAl8t4340 steel. The target
materials were heat treated to fouffdrent hardness. The main purpose was to establish a

relation between the ballistic performance of the steeth maspect to their hardness values.

Table 1.7: Some properties of the 7.62 mm AP ammunition [15]

Length of the cartridge  71.%D.76 mm

Weight of the cartridge  25.471.75 ¢

Casing material 7.62x51 mm Brass (CuzZn30)
Core material DIN 100Cr6 (6% 62 HRC)
Projectile weight 9.780.7 g

Length of the projectile  32.95 mm

Nose type Conical (half cone angle= 17°)

ANSYS Autodyr® software was used for the numerical simulation studies. nmibdeling

alternatives provided by the hydrocode were experiencedhfoimpact studies. The well
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known Johnson-Cook strength model was chosen to reprdseriehavior of the core of
the projectile and the heat treated steels. Predictionbditjs of several modeling alterna-
tives and the #ect of material model parameters were emphasized. Thenegsined from

the review of penetration mechanics were taken into acciouimterpret numerical analysis

results.

Finally, numerical simulation results were compared wkik experimental and analytical
results. A detailed discussion was made about the advantage shortcomings of the nu-

merical simulation methodology.
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CHAPTER 2

LITERATURE SURVEY ON BALLISTIC PENETRATION OF
STEEL PLATES

This part of the thesis contains work on literature surveyualhe penetration phenomena.
First, dynamic mechanisms which yield penetration andqgpation of metallic targets by
armor piercing projectiles were reviewed. This study lea@ tbetter understanding of the
subject, and was necessary for the validation of numerioallations. Then, previous work

on experimental and numerical studies were reviewed.

2.1 Impact Regimes

Dynamic events fall into the regions of interest for manyciibnes. Although sources of
the impulsive loading may ffier, response of the structures to this kind of loading islaimmi

Material behavior is characterized by the physical progerdf materials and the duration
of the loading which termed by strain rate. Dynamic eventhsas crash and impact are
characterized by transient response in terms of stressteaid states. The duration of the
event plays a significant role in this processes. As the duraif the event gets smaller (ie.
increasing strain rate), response of the material divengya the quasi-static behavior. Also

the inertial forces become significant. These regimes argrsrized in Figure 2.1 [16].

Typical duration of impact is in the order of 0.1 seconds far crash events whereas mil-
liseconds for ballistic impacts and microseconds for stiag®arge jet impacts. With the
increasing impact velocity the response of the structupmipes strongly strain rate depen-
dent. With the higher strain rates, the propagation of shamkes comes into play. After this

point, liquid-like (hydrodynamic) behavior is seen in goli
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Dynamic material behavior is fierent from that of quasi-static response. With the dectkase
duration of event, the material does not have enough timestorich. This results in both
higher deformation stresses and local deformations asrshowrigure 2.2 [17] and Fig-
ure 2.3 [18].

2000
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£
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!
0 0.1 0.2 0.3 0.4 0.5 0.6

Figure 2.2: Stress-strain curves of Uranus B66 at room teayne for diferent strain rates
[17]
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Figure 2.3: Global to local transition of response of a bgvaoted by a high speed projectile
[18]

The kinetic energy density delivered by the projectile gngicant for the determination of
target response to an impact. This is defined as the kinegigygmf the projectile divided by
its cross-sectional area [19]. When the kinetic energy itleas the impact site is low, the
shear stress generated in the target may be of the same bnalegoitude as the shear strength
of the target. Penetration process is governed by the ctawah strength materials such as
strength, sfiness, hardness and toughness. This is known asutiaydrodynamicegime of

penetration. The kinetic energy density increases fordagramaller cross-section and higher
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density projectiles. The shear stresses generated ontimagdoe many orders of magnitude
greater than the shear strength of both the target and thetrptor. This time the impact
process can be characterized as a fluid-fluid interactiorremine strengths of the materials
are negligible. This is known as thgydrodynamiaegime of penetration. Below 1000/sn
all impacts are sub-hydrodynamic whereas above 30@0athare hydrodynamic [16]. Thus
the transition zone is quite wide. In this zone, although fithecess is governed by fluid
flow, strength still proves to be an important parameter.r@foee, small-arms and AP bullet
impacts with impact velocities below 1000/srare at sub-hydrodynamic regime, long rod
penetrators, with impact velocities in the region of 160& @mre clearly in transition zone
whereas for shaped-charge impact, with jet tip velocitieexcess of 8000 fa is purely in

hydrodynamic zone.

2.2 Review on Penetration Mechanics

The study of plate penetration and perforation covers asiiveange of problems and appli-
cations. The interest of current study is to understand amghasize theféects of impact of

armor piercing projectiles into metallic plates.

Penetrationis a general term that refers to the impact case in which tbgegtle enters
the target.Perforationrefers to a penetration case in which the projectile passemletely
through the targetEmbedmentefers to a penetration case in which the projectile does not

pass through the target, and remains attached to the tdirgetiee impact event is over [16].

First, itis necessary to identify flierent ballistic impact concepts. The ballistic limit vetgc
VgL, is the velocity below which the projectile will fail to petnate the target completely.
Figure 2.4 presents filerent approaches on ballistic limit concepts [20]. The rt$slediffer-
ence between those concepts are in the criterion appliedfioeda perforation. The actual
assessment of ballistic limit is usually based upon a sizdigperforming of large number of
tests. The resulting velocity is expressedvag which is a 50 % probability that a projec-
tile will perforate a target. A typicaV/so data is shown for a bullet impacting on a target in

Figure 2.5 [21].

Segwick [22] identified possible failure modes in a targettelafter ballistic penetration.

These modes are represented in Figure 2.6. The followingitiefis are taken from his
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discussions.

Fracture due to inertial stress wave Compressive waves propagate into the plate upon im-
pact. If the stress magnitude of this wave exceeds the dyngield strength of the
target, failure may occur in an unconfined region of the tiaptgte. For a plate target,
failure or fracture would occur near the rear target surfade probability of this type
of failure decreases with an increase in target densitgrtesss or compressive yield or

ultimate strength.

Radial fracture behind initial wave front Tensile radial stresses are built up as the com-
pressive wave propagates away from the impact sight. Ifatgeet material behavior is
tensile and the magnitude of the built up stresses are htgharthe ultimate dynamic
tensile strength, radial afat circumferential cracks may occur. The hoop or circumfer-
ential stresses will be tensile because of the Poissdigsteas the compressive wave

propagates outward. Radial cracks are caused by this diecential tensile stress.

Spallation The compressive waves reflect from the rear surface asdemailes. First, the
tensile wave cancels the compressive wave. As the comyeesaive propagates to the
back of the plate, the amplitude of the compressive waveysedhan the net tensile
stress may exceed the ultimate dynamic tensile strengtheadfarget material. In this

case, a tensile fracture will occur.

Plugging This type of failure occurs when the projectile pushes seghitg through the rear
surface of the plate. This plug has approximately an eqdalsdo that of the deformed

projectile.

As the hardness of the plate is increased (related to theé gtedngth or the hardness num-
ber), the tendency for plugging increases. The reason tisitheecomes harder for the plate
material to be pushed radially outward by the projectile.u§a narrow shear zone builds
up in front of the projectile in the periphery region and thasfic flow is confined to this
region. Other parameters thdfert the formation of plugging are the relative plate thidse
and projectile nose shape. Plugging occurs more easilyringh plates such that even softer
plates may fail in this in case that the impact velocity is sigticiently close to the ballistic
limit so that radial momentum transfer causes severe pkateibg. In a similar way, for

the impact of a blunt projectile, the chance of this failurereases The cylindrical projectile

19



\

{a} FRACTURE DUE TO INITIAL {b) RADIAL FRACTURE BEHIND
STRESS WAVE INITIAL WAVE IN & BRITTLE
TARGET

7

- "‘-.
lel SPALL FAILURE [SCAEBING) {d) PLUGGING
ng

{el PETALING (FRONTAL] if} PETALING (REARWARDI)

5

.

g} FRAGMENTATION ih} DUCTILE HOLE ENLARGEMENT
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would establish a much higher shear stress gradient at ltglefened periphery than would

a conical or ogive shaped projectile.

The process of plug formation is governed by the shearigréaof the target material. The
accompanying rise in temperature due to the plastic flow iswree resistance of material to

shear and thus shearing process becomes more easy.

The shape of the plug depends on the orientation of the mamishear planes. If there is
pure shear at the projectile periphery, the plug will berayfical. If tensile or compressive
stresses are superimposed in the vicinity of maximum slwedhe case of small amounts
of plate bending or the influence of supports; the shape wilakiruncated cone, inverted

truncated cone, barrel, inverted barrel as well as cyloadias observed.

Zukas [21] noted that separation of the plug from the targay wccur by a conventional
fracture mode which is void formation and growth in shearpbpra mechanism known as
adiabatic shearing which is characterized by the formatiomarrow bands of intense shear.
It is believed that the adiabatic shear instability develapa site of stress concentrations in
an otherwise uniformly straining solid. Because of the lizea high deformation rates, the
work by plastic deformation which is converted almost efyiinto heat is unable to dissipate
away from the vicinity of plastic deformation zone. Moss][2&ims that shear strain rates
within adiabatic shear bands may reach td 0' and temperature within the band will be
about 16 °C. As a result, rising temperature in the zone enables futttal plastic flow
and concentrates the local plastic strain more. This psocastinues up to the propagation of
a narrow band of intense plastic strain through the matat@lg planes of maximum shear

stress or minimum strength until unloading occurs or theenmetfractures.

Further discussion regarding the adiabatic shear failbenpmena is addressed in the Sec-

tion 2.3.

Petalling This type of failure occurs in relatively thin plates. Largjecumferential stresses
occur trough the thickness of the plate as the compressive papagates outward.
The stress pattern is formed by the extensive radial flowgnifstant plate bending.
Plates of a relatively ductile material subjected to imgmchard conical or ogive pro-
jectiles are likely to exhibit petalling. Also thin platesigh bend significantly exhibit

this type of failure due to large bending stresses imposed the free surface of the
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plate. The chance of occurring petalling is increased atrhpelocities very near

the ballistic limit since at these relatively low velocgiehe momentum transfer is not

restricted merely to the region beneath the deforming ptitge

Fragmentation Large amounts of energy are deposited in a short time at higimact ve-

locities which results in high local stresses. For reldyivkin plates, the local material

under the projectile nose will fracture, causing fragmioiaof the plate.

Ductile hole enlargement For ductile materials, the tip of the conical or ogive prdijec

Zukas [16] listed a brief summary of thé&ects observed in both striker and target in the pen-

concentrates stresses in its vicinity and this results tiense deformations along the

axis of the crater [24]. These extensive plastic deformati@sults in fractures on the

axis. The projectile forms a hole in the target along theqmiie axis and this hole

is enlarged as the perforation proceeds. This type of itor is characteristic of

extremely ductile materials.

etratioriperforation processes (See Table 2.1). Moreover, someaitioln of the magnitudes

of pressure, strain, strain rate, and temperature enamahite many impact events is given in
Table 2.2.

Table 2.1: Physical phenomena occurring in striker andetadgring perforation [16]

Phenomena Observed in the Target

Phenomena Observed in the Projecti

Nook~wd

Wave propagation (elastic, plastic,
hydrodynamic), normal, bending, shear
stresses, hydrostatic pressure

Plate deformation (elastic, plastic)
Cracks (initiation,propagation, arrest)
Petalling

Plugging and spalling

Frictional défects

arwd

Fragmentation, vaporization, phase changes

Wave propagation

Permanent deformation
Fracturing
Fragmentation

Heating

2.3 Thermoplastic Shear Instabilities

Dynamic plastic behavior of materials is influenced by inédlly generated temperature gra-

dients. These gradients are a function of thermophysicapeaties as well as strain rate
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Table 2.2: Range of physical parameters for target impagtomese [16]

Impact Event

Pressure (GPa)

Homologous Temperature Strain

Strain Rate §1)

Gun launched,
0.5-1.5 ks

Self-forged fragment,
1.5-3 ks

Shaped-charge jet,
3-10 km's

Peal20-40
Average-3-5

Peakk0
Average 10

Peak00-200
Average-10-20

Peak0.2-0.3
Average 0.1

Peak0.4-0.5
Average 0.2

Peakl
Average0.2-0.5

Peakl
Average0.2-0.3

Peakl
Average0.2-0.3

Peaks> 1
Average0.1-0.5

Peak 10° — 10’
Average 10¢ — 10°

Peak 10°
Average 10* - 10°

Peak 10° — 10’
Average 10¢ — 10°




and shear strength. Criteria are presented for the predicti catastrophic shear in materi-
als. Catastrophic shear occurs when the local rate of chahggnperature has a negative
effect on strength which is equal to or greater than the posifitert of strain hardening.

Catastrophic slip is an influential deformation mechanismng) high speed machining and
ballistic impact. Structural failure may occur during dymia loading of components which
are designed without regarding to the specific sensitivityestain materials to catastrophic

shear. [25].

Ductile materials possess strain hardening as they ardystbsformed plastically. If the

deformation rate is low, the process is isothermal. Firststit shear strain is restricted to
a few weak shear zones within the material [25]. As the weateri@ in these zones is
strengthened by strain hardening the strain is distribtliealighout the material. However,

the deformation would remain localized if strain harderiiid)not occur.

For high strain rates, the heat generated by plastic def@mereates local temperature gra-
dients. The highest temperature exists at points of maxitheat generation. If the rate of
increase in strength by strain hardening and strain ratéeharg is equal to or lower than the
rate of decrease in strength by temperature softening wkichused by the local increase
of temperature, the deformation process will proceed lpd¢ab]. This instability causes a

catastrophic condition which is termedadiabatic slipor adiabatic shear ban¢R6].

Recht [25] suggested a relation for the onset of these i The governing dferential

equation for shear strength as a function of strain and testyre is given in Eq. 2.1.

dr ot  ordT

When the slope of the true stress-strain curve becomescaastrophic shear instability will
occur at a plastically deforming location. Thus, the leftesof Eqg. 2.1 can be set as zero to

obtain the relationship Eq. 2.2.

or ot dT

Then the criteria for catastrophic slip can be expresseddoy B.
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ot

0<% <10 (2.3)

JT de

If the ratio given in Eq. 2.3 is unity,it means that the catgshic slip will happen soon. If the
ratio has values between 0 and 1.0, the catastrophic shkae feill happen immediately.
High positive values above unity indicate that the straid atrain rate hardeningffect is
predominant and the shear deformation will be distributedughout the material. Negative
values of the ratio indicate that the increasing tempeeatardens the material and the shear

deformation will be distributed [25].

The temperature increase by plastic deformation is givehéyelation Eq. 2.4 [27]. Relation
from Eq. 2.3 can be used together with Eq. 2.4 in the Johnsmk 6trength equation to locate
a critical strain value for the onset of instabilities. Thtreor had presented a paper about this
subject using the aforementioned method [28]. A shortcgnoiiithe used method was that

the critical strain value was independent of strain rate.

ﬁ Y

daT = = f rdr (2.4)
PCv Jo

The relation Eq. 2.4 assumes tatis independent of temperature in the regime investigated;

B is the fraction of mechanical work that is converted intothveaich is experimentally found

to be 0.9-1.0.

The process of adiabatic shear failure can be described &y sieps which are the instability
strain, localization strain and failure strain.To visaalthese concepts, shear stress-nominal
shear strain curves from torsional Kolsky bar tests by Mamnchand Dy [29] is given in

Figure 2.7.

The test depicted in Figure 2.7 was performed at room tertyrerat a shear strain rate of
1600s™t. On the curve, the maximum shear stress is obtained abotia galue of 0.27

which corresponds to the instability strain value. Thea ltitalization strain is located where
the shear stress begins to decrease significantly, whiclmgrtéat the stress distribution is
very low and the stresses are extremely localized, at ansteduie of about 0.38. After the
localization strain, catastrophic failure will be expettery immediately at a failure strain of

about 0.57.
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The model of Raftenberg [30] was included in the Epic finiengnt code and improvement

was observed in hole size predictions for the penetratitculzdions.

Daridon et al [31] compared the influence of several matedaktitutive models on the adi-
abatic shear band spacing. The discussed models were MT&hé@¥vieal Threshold Stress
Model), power law and Johnson-Cook strength models. It wated that the MTS model
seems to be in a better agreement with the experimentatselah the other models because
of the fact that this model describes the evolution of flovesdrbased on dislocation con-
cepts. The concept of adiabatic shear band spacing becagnégcant when fragmentation

of target plate or penetrator is seen.

Lindholm [32] claims that the failure in steel will be adiaiodf the strain rate exceeds 160

corresponding shear loading.

2.4 Experimental Studies

In this section, experimental studies from the literatuneballistic penetration of steel and

hardened steel plates are presented to support the thpoegented in Section 2.2 and 2.3.
Dikshit [33] stated that for the ballistic penetration of taléc plates at ordnance velocities,
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literature work can be grouped into two by assuming thingslathich have 8/D < 1 (T =

plate thickness; > projectile diameter) and thick plates which havg > 1.

Wingrove [34] and Manganello [35] studied the hardnesct on ballistic performance. It
was stated that as the hardness of the plate is increasdujlliséc performance increases up
to a certain hardness level. Than, increasing hardnespetf@mance decreases due to shear
plugging induced by the formation and propagation of adialshear bands. For a further
increase of the ratio of the hardness of target material@échtirdness of the projectile, the

ballistic performance improves again due to projectilettgmand deformation.

The work by Dikshit [36] identified that the penetration pges under plane strain and plane
stress conditions are governed bffelient characteristics. It was stated that the transitiom fr
plane strain to plane stress conditions occurs when thégilame in front of the penetrator
just impinges on the back face surface of the target plawwadt further noted that all of the
penetration of thin plates (for which/D < 1) occur under plane stress conditions. For thick
steel platesT/D > 1), it is all plane strain. The terms plane strain and planesstwere

defined to imply constraingcbnfined or unconstrainfthconfined plastic flow respectively.

Later study of Dikshit et al [33] was concerned about thei&tadl penetration of hardened
thick steel plates. They used RHA plates with varying hasdrie the range HV295-HV520
and of thickness 20 and 80 mm. The penetrator used had a 20 anmefdir, ogive nose shape
and velocity of 300-800 ys. The variation of strength and ductility properties of thmyet
materials is presented in Figure 2.8. The experimentalteeBur 20 mm thick plates were
identified for their mechanisms of ballistic penetratiowgiigen in Figure 2.9, where the solid
and dashed line mark the regions while the circles represeexperimental data point. Filled

circles indicate plugging whereas unfilled circles coroggpto bulging.

It was concluded that, for plane strain conditions (80 mrokharget plates), increasing the
hardness of the plate increases the ballistic performafite increased performance was
attributed to the increased energy dissipated in the plastie formed in the plate around
the penetrator with increasing hardness (therefore igngth). Moreover the extent of the

deformation of the penetrator with increasing hardnesbkeptate is a major reason.

Reijer [37] conducted an experimental study with ceraméeéharmors. He used steel rod

projectiles with appropriate geometry and material coritjposto represent the penetration
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capability of the 7.62 mm AP projectile. For instance, hedulash X-ray technique to
understand the projectilErmor interaction process and the important mechanismshighw

these armors and projectiles are defeated.

The rod selected for the study weighted 7.0 grams, had a 6.@liameter and was 31.5 mm
long (L/D = 5.3). It was manufactured from steel (ETG-100 von Moos StahlLuzern;Rc
= 28). A comparison of the rod and the 7.62 mm AP projectilevegiin Figure 2.10 .

Figure 2.10: 7.62 mm AP projectile core, 7.62 mm AP projectihd steel rod [37]

The ceramic faced armor test panels were composed of 8.1 rmknMlorgan Matroc Hilox
973 alumina and aluminum 6061-T6. The lateral dimensiotisefrmor panel was set at 155
mm. The thicknesses of four back-up plate configurationgewedd, 6.0, 3.83.0 (unbonded)

and 8.0 mm respectively.

It was suggested that, a high tensile strength and a higlr streagth are important for ce-
ramic materials apart from a group of static properties adress, sound velocity, Young'’s
modulus, Poisson’s ratio and porosity [38] in order to distie the load fiectively. Rosen-

berg [39] confirm that ceramic materials exhibiting a lowaitdr shock) shear strength are

easier to penetrate with blunt projectiles.

The comparisons performed by Reijer [37] showed that a higtdimg stffness for the back-
ing plate results in better support of the ceramics fractor®id as the deformation transient
and accumulation of strains are reduced. At later times piich &30 us), the back plate’s
ability to dissipate the kinetic energy of the eroded prioegcceramic particles and the back

plate itself becomes important.
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It was shown that when the armors were defeated by the rods thleempact velocity was
increased. It was claimed that the increased impact vgloe#ults in a higher impact load,
which is accordingly distributed through the ceramic cdnmier a section of the supporting
back plate. As a result of the increased loading, local stefarmation of the back plate
results in high tensile and shear stresses near the eddes adriamic fracture conoid base at
a certain back plate radius. These stresses cause failthhe oéramic conoid and reduce the
area over which the impact load is spread. Then the high itripad is distributed to even
smaller area, which causes more shear deformation and rmooédcbase reduction. By this
way, load distribution becomes smaller as the area of thiegtile in a fast concentration of

the impact load.

It was stated that back plate properties such as tensilegstreshear strength, strain to failure
and bending stiness strongly influence a ceramic faced armor’s performaitereasing
the back plate’s tensile strength, shear strength anchgtydailure will enhance the armor’s
ballistic performance. It was claimed that good tensiledloarrying capability reduces the
growth of tensile strains in case when deformations grogelarAlso high shear load carrying
capacity was found important relying on experiments in Wwhigo high shear load on the
back-up plate, early in the impact process causes catastroack-up plate failure. Moreover

a high strain to failure allows the back-up plate to absortrenenergy before failing. It
was shown that a higher bendingftess reduces the deformation transient and helps the
confinement of the ceramic fracture conoid to its originduare. The lateral extent of the
deformation field was found increasing with bendingfstiss as a result decreasing the tensile

strains in the back plate.

It was claimed that in the case when the back plate fails bgileestrains, the increase of
bending stifness will improve ballistic performance as it prevents tahekplate deformation
and accumulation of strain. However when back plate faltyrehear plugging is considered,
decreasing bending fiiness might be better. This decrease supports the respansekgblate
material surrounding the plug, thus increasing the timeessary for plug separation. As a
result, the projectile and plug is decelerated for a longeiogd, dissipating much more kinetic

energy.

Projectile behavior during impact was investigated with lielp of flash X-ray photography.

From the beginning of the impact, the projectile materiakwaen being ejected in radial
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direction from the impact point. This behavior is depictadFigure 2.11. The reason of
this behavior was attributed to the high circumferentiatsdées and the grain texture of the
projectile material which is in the form of long stretcheaigs in the axial direction. This

behavior was compared with that of a water jet impact on a rigll.
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Figure 2.11: A schematic view of the projectile behavioriggiimpact [37]

It was found that plastic deformation of the projectile wiasited to a small area adjacent to

the projectile-ceramic interface. The radial fracturimggess was claimed to be continuing.

Tyrone et al [40] compared the ballistic performance of nesium alloy AZ31B with RHA
and aluminum alloy AA5083-H131 against 7.62 mm APM2 bulléteir results are depicted

in Table 2.3.

Table 2.3: A comparison of the ballistic performance of AB3tith RHA and AA5083-H131
[40]

Alloy-Temper | Areal Density kg/n¥] | Plate Thickness [mm] V50 [my/s]
Steel (RHA) 7.11 524
AA5083-H131 "55.7 21.03 506
AZ31B-O 315 511
Steel (RHA) 17.22 914
AA5083-H131 "135.2 50.93 853
AZ31B-H24 76.48 863

Borvik et al [41] studied the ballistic penetration of Weldé60E steel plates by blunt-nosed

cylindrical projectiles in the lower ordnance velocity ireg. Projectiles were machined from
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Arne tool steel, with a nominal mass, diameter and length@f ¢, 20 mm and 80 mm
respectively. The projectile material had a hardness vall®C 53 and a yield strength of
1850 MPa. Target plates had a thickness of 12 mm. Graphipe¢sentation of test results
are depicted in Figure 2.12.

In Figure2.12a, the ballistic limit velocity can be idergiby a plot of initial projectile veloc-
ity versus residual projectile velocity plot by examinitge tpoint where the residual velocity
starts to increase from zero. In Figure2.12b, the yioitial kinetic energy is plotted against
initial kinetic energy, where the percentage is decreasiitly increasing impact energy. At
the highest projectile velocities, the absorption of epésgapproaching to asymptote, which
means that no more energy can be absorbed by the impact préddbe ballistic limit, this
percentage was found 35 % less than the amount absorbed quraigsstatic plugging con-
ditions. The impact of velocity on the target response wasctied in Figure2.12c¢, where it
is seen that the response is a combination of localizediilaid global dishing. The defor-
mations become localized as the projectile velocity iséased until it reaches a maximum
at the ballistic limit. Figure2.12d shows the measured getdnal values as a function of
incident projectile velocity. It is seen that target defation decreases with increasing pro-
jectile velocity up to the ballistic limit. The initial andrfal plug thicknesses were compared
and the plug thinning was seen to increase with increasioggtile velocity, while the plug
mass stayed almost constant. As the projectile is deforrastiqally, the projectile length is

decreased and the projectile nose diameter is increaskdnereasing projectile velocity.

Pickup et al [42] examined theffects of parameters which induce damage to the 7.62 mm
AP projectile. These parameters are target impedance,cing@ss pulse length, impact
velocity and target geometry. It was stated that the extédiamage to the AP round and
the morphology of this damage isfected by the dynamic deviatoric strength of the target
layers. There is a threshold value of the target hardnessdeyhich damage is initiated on
the projectile on the target interface which fractures andies the penetrator. Th&ects of
characteristics of impact stress pulse were found miniffiaé dfect of dynamic deviatoric
strength of target layers was found dependent on the lajenigsses, as the damage which
originates from the back surface of the layer releases @nstg pressure which occurs

earlier for thinner layers.
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Figure 2.12: Graphical representation of ballistic resggoof Weldox 460E [41]
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2.5 Numerical Studies

This section is devoted to the literature survey on modedindg simulation of the ballistic
impact phenomena. There are numerous studies that dealsheimodeling issues such as

numerical schemes, material modeling and numerical paeamsuch as mesh intensity.

Schwer [43] compared the Lagrangian scheme with non-Laggamumerical schemes such
as Eulerian and smooth particle hydrodynamics (SPH). ltagasluded that the Eulerian and
SPH methods can be an alternative to the Lagrangian methimth whed an ad hoc erosion
criteria for the simulation of ballistic impact. Howevepmying those methods was found to

require a considerable amount dfat.

Vahedi et al [44] conducted a numerical study concernindottilistic penetration of ceramic
faced semi-infinite metal backing. They used LS-Dyna forahalysis. The material behavior
of ceramic and metal backing are represented with Elasisti®e Hydrodynamic model with
pressure cutd and failure strain. The penetrator material was modeled ¥ahnson-Cook
strength and failure model and Mie-Gruneisen equationaiéstThe impact velocity of the
projectile was taken in the range 750-1350smThe numerical results were found quite in

agreement with the test results in terms penetration depttbacking material.

Vignjevic et al [45-49] studied the threefiirent Lagrangian methods that are commonly
used for the simulation of impact processes that possemggsdeformations. The aim of the
study was to apply the element erosion, discrete elemenSRirtitechniques in high velocity
impacts and to compare these methodsiaaiveness for the determination of post penetra-
tion fragmentation characteristics and material failugbdvior. In the numerical simulations,
an 11 mm diameter sphere projectile was impacted on a 3.2 rickilate, and both parts
were made of Al2024-T3 material. The impact velocities waken as 500 yis and 817 nfs

to observe dferent failure modes in the target. Screenshots regardengitiulations for 817

m/s impact velocity are given in Figure 2.13, 2.14 and 2.15.

All of the three methods were found to be in good agreemerit experimental results. It
was stated that the element erosion technique made idatitficof the material failure mode
difficult. The SPH method was found toffar from tensile instability which can influence de-
bris cloud. However, it was claimed that the main advantdglei® method was its robustness

and it needs fewer assumptions in model development sudheasgiture forces or strains.
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Figure 2.13: Screenshots for the element erosion modelegdYd 5Qs respectively [45]

Figure 2.14: Screenshots for the discrete element mod@uatahd 5Qs respectively [46]
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Figure 2.15: Screenshot at the SPH model for@7]

The results obtained with the discrete element method wasdfto represent a potential in
the simulation of the material failure mode despite of itsassitating several assumptions

during modeling.

Banerjee et al [50] presented a method for the simulatiompfaict and fragmentation. Re-
garding this methodology, failed particles are converted & new material with a ffierent
velocity field. The results showed that this method can be asean alternative method for
the numerical modeling of high strain rate, large defororaind penetration phenomena. A
comparison with a simulation without using this methodglag presented in Figure 2.16.
This methodology was found to produce results that are ird gp@litative agreement with

experiments.

Resnyansky [51] worked on a split-element algorithm forrtbhenerical simulation of impact
problems. This algorithm was implemented in LS-Dyna for elod) of fracture &ects. The
main promise of this implementation is that it preserveslthgrangian approach for a clear
resolution of fragmentation and it conserves mass comparte element erosion technique.
Furthermore it enables features of continuum damage maodkhkhows embedded cracks.

The method was foundtective in demonstrating the crack localization zones.
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Figure 2.16: Screenshot for two simulations with stres$ebenfailed particles set to zero
and failed particles converted respectively [50]

Park et al [52] presented an optimization procedure withenral simulation for multi layer
plates under ballistic impact. As a part of the work, tifiieet of mesh size on the solution
was stressed. The impact of mesh size on run time and averageetature is depicted in
Figure 2.17- 2.18. From these figures, it can be concludedttiearun time increases with
the increasing the number of elements, however the reséts $0 converge to a value after
some increase in the number of elements.
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Figure 2.17: Relation of run time with the changing mesh fb2¢

Teng et al [53] investigated six fracture models in high egloperforation. These models

were the Wilkins, the Johnson-Cook , the maximum shearssttbs modified Cockcroft-
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Figure 2.18: Mesh dependency of average temperature [52]

Latham, the constant fracture strain and the Bao-Wierzbioddels and they were imple-
mented to the Abaqyisxplicit by a user subroutine for the modeling of failure geeses
of a steel and an aluminum target impacted by a projectilevak found that the Wilkins
model predicts spallation of the impact zone beneath thggtile, which is stressed to its
power law form of the pressure term. The maximum shear stneske| failed to capture the
shear plugging feature. It was further stated that the eondailure strain and the modi-
fied Cockcroft-Latham models cannot fully characterizerttaterial fracture properties. The
Johnson-Cook and the Bao-Wierzhicki models were found tm lg@od agreement with ex-
perimental results in terms of residual velocities andttnscpatterns as they account for the

stress triaxiality dependence of failure strains.

Chocron et al [11] studied the impact of 7.62 mm APM2 projectigainst the edge of a
metallic target. The conditions that fracture the core ef pinojectile were investigated by
analytical, numerical and experimental methods. The 3-Darical model was used to in-
vestigate the fects of constitutive modeling, target properties and ntagdei of projectile

bending strains. It was found that the erosion strain fojabket material is a critical param-

eter in accurate numerical modeling of jacketed projedatilpact.

The properties of the projectile are examined. A schemdtibeoprojectile and stress-strain

graph of the projectile core material are depicted in Figui® and 2.20 respectively. It was
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stated that hard steel core (RE2) fails at approximately 2% strain at a stress of 2.3 GPa.
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Figure 2.19: A schematic of the 7.62 mm APM2 projectile [11]
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Figure 2.20: Stress-strain response of the projectile m@kerial [11]

The 3-D model of the full projectile is presented in Figurg12. A 10% erosion strain was
applied for the lead and jacket materials instead of nor@4150% values to represent better

core interactions [11].

Borvik et al [54] conducted a numerical simulation study afgging failure in LS-Dyna.
Blunt projectiles were impacted on Weldox 460 E steel plafEsey found that the choice
of element size is crucial for adiabatic shear band loctdina Agreement with experimental
results could be achieved with smaller element sizes. Eurtbre, strain rate, temperature
and stress state were found to be important parametersdantitel. It was further stated

that adaptive meshing may become necessary in case ofedootéd enlargement using cone
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Figure 2.21: 3-D model for the APM2 projectile at initial duration and at 24s[10]

projectiles.

Dey et al [55] compared a modified version of the Johnson-Gimdngth model with the
bcc (body centered cubic) and hcp (hexagonal close packesipn of the Zerilli-Armstrong
strength model and combined both with the Johnson-Coolaréainodel. It was stated that
both models were able to represent the physical phenomeaigatjuely. Some dierences
were seen in qualitative results. For practical purpogesas stated that the Johnson-Cook
strength model coupled with the Johnson-Cook failure medalld be a good choice in

modeling projectile impact of steel plates.

Cockcroft-Latham and the Johnson-Cook failure models wenepared by Dey et al [56] in
case of projectile impact on steel plates. It was seen teaCttkcroft-Latham model which
uses only one parameter gave similar results with the Joh@sok failure model. It was
further stated that the ballistic limit can be quantitdinvestimated independent of the chosen

fracture criterion, despite somefiirences seen during the perforation process.

Hoperstad and Borvik [57, 58] investigated the combingeat of stress triaxiality and strain
rate on dynamic behavior of steel. They used an experimanthb numerical approach and
found that the strength of the material increases with esirey strain rate. The ductility was

found to depend on triaxiality whereas it is independenhefdtrain rate.

Lenselink [59] used MSC-Dytran for the numerical simulataf obliqgue penetration of duc-
tile steel plates. The penetrator was modeled by Lagrared@anents whereas the target plate
was modeled by Eulerian elements and both processors wepéedo The simulation results

were found in agreement with the reported test results.
Kaufmann et al [60] conducted a numerical simulation stualytifie projectile impact on
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aluminum target using LS-Dyna. The influence of mesh intgrmn depth of penetration
(DOP) results was discussed. It was stated that, theresextisbptimum mesh density for
which further refinement did not significantly improve thegicted DOP. Moreover thefect

of the erosion strain of target was examined and it was fobatdptimum values lie in the

range 1.2 to 1.4 for more accurate DOP predictions.

Borvik et al [61] studied the nose shaptéeet of the projectile on ballistic perforation of steel
plates by conducting numerical simulation in LS-Dyna. Hegpherical, flat and conical nose
shapes were studied. Ballistic limit and the residual igfozurve of blunt and hemispher-
ical projectiles from numerical simulations were in agreatwith the experimental results
for fixed element mesh. However, using fixed element meshhfoconical nose projectiles
imparted some problems into the numerical simulation. & s@ted that severe hydrostatic
compression in the vicinity of the nose tip delayed the elg@negosion process and caused
errors that terminated the simulation. Reducing the nedt@rioperties of those elements
enabled a solution. These results were quantitatively reeagent with the test results de-
spite of some qualitative flerences. Therefore it was found that adaptive meshing wmeild

necessary for the simulations including conical nose shape

Schwer [62] presented a good review of using the SPH methbdliistic impact problems.
He used LS-Dyna for the numerical simulations and modeledhtipact region of target plate
with SPH particles. He stated that the SPH formulation wédder at projectile velocities
greater than the ballistic limit. However, the results mesuspect when there is significant
bending and membrane stretching of the target plate. Thiatgin was stressed to the tensile
instabilities of the SPH formulation and it was stated thattarget plate appears to have less

ballistic resistance with regard to test results.

Borvik et al [3] investigated the ballistic performance okfdifferent steel plates against 7.62
soft core and armor piercing projectiles. The steel platesewepresented with the Johnson-
Cook strength model combined with the Cockcroft-Lathartufaimodel. It was stated that
using the 2-D Lagrangian processor of LS-Dyna waBadilt to represent soft core projectile
impact. From the impact tests, it was found a linear deperelehthe ballistic performance
between the target yield strength. The importance of diyctilith regard to material strength
was found very low. Moreover, theffect of the brass jacket and the lead cap of the armor

piercing projectile was stressed. It was found that onlygishe core part of the projectile
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decreases the ballistic limit by 3-5%.

Wisnievski [63] conducted a numerical simulation study d® Arojectile impact on RHA
plates. It was found that the time spent during the penetrgtrocess increases with the

increasing yield stress of the projectile material.

Nsiampa [64] presented a numerical and an experimentay segérding the impact of 7.62
mm AP projectile into aluminum 5083 plates. The numericatdations were found in
good agreement with the experimental results. The influehtlee jacket and the lead core
material in the penetration and perforation mechanisms haen stressed. It was decided
that the contribution of the lead core to the DOP resultsésgr than the contribution of the
brass jacket even though the initial kinetic energy of tlesbljacket is twice of the one of the

lead core.
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CHAPTER 3

ENGINEERING MODELS ON BALLISTIC PENETRATION
OF STEEL PLATES

Literature survey showed that, analytical approaches sekition for the residual velocity
of the projectile or the minimum thickness of target for Isdilt protection, considering the
conservation of energy and momentum [65]. Another appreashto classify damage prop-
erties. Woodward [66] initiated studies for both approachdost of the models in literature
were built on these foundations. For instance, Madhu andaG[&7, 68], studied residual
velocity of the projectile and minimum ballistic thicknesssed on Woodward’s model and

taking into account stressfects.

3.1 Thor Equations

The most widely accepted curve fits to test results that aed ts determine the ballistic
resistance of armor materials to penetration by fragmemtgree THOR equations. Three
equations are provided for the residual velocity of a fragiadter penetrating, the striking

velocity just to penetrate and the residual mass of a fragmkich remains after penetrating.

These equations were a result of work performed umieject THOR Briefly this project
consisted of test firing compact steel fragments (With~ 1 and in the shape of short cylin-
ders and cubes) against several types of metallic and neallimanaterials [69, 70]. The
experimental cases in which the fragment perforated tlyetavere singled out for the anal-
ysis and log-linear fits were performed on the data for eagfetamaterial, which relates

fragment residual velocity and mass to the various impaematers (Eqns 3.1, 3.2 and 3.3).
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V; = Vs — 10°(hA)* (ms)’ (secd)” V4 (3.1)
Vo = 107 (hA)* (ms)Pt(secd) (3.2)

ms — my = 10°(hA)?(ms)’(secd)” Vs? (3.3)

The parameters of the Eqns 3.1, 3.2 and 3.3 are presentedbtm J4. The list of the
codficients or constants developed in Project THOR for ten metalaterials are presented

in Tables 3.2, 3.3 and 3.4.

Table 3.1: Definitions of the parameters in THOR equations

= the fragment residual velocity in fps

the fragment striking velocity in fps

the fragment striking velocity just to penetrate

the target material thickness in inches

the average impact area of the fragment in square inches

the weight of the original fragment in grains

residual mass of a fragment which remains after penetrating

= the angle between the trajectory of the fragment and the aorm
to the target material

C.a,B,y,4 are constants or céiicients for the THOR equations determined

separately for each material

Ve
Vs
Vo
h
A
Ms
m
6

Table 3.2: Constants for the estimating equations for uedidelocity (no particular fragment
shape)[69,70]

Form of Equation: y; = Vg - 10% (ha)® maB (sec e)Y VSA

Target Material c a B Y A N I g
Magnesium 6,904 1.092 -1.170 1.050 -0.087 85 600
Aluminum Alloy 2024T-3 7.047 1.029 =1.072 1.251 -0.139 189 400
Titanium Alloy 6.292 1.103 -1.095 1.369 0.167 51 703
Cast Iron 4.840 1.042 -i.{)5l 1.028 0.523 28 195
Face-Hardened Steel 4,356 0.674 -0.791 0.989 0.434 55 546
Mild Homogeneous Steel 6.399 0.889 ~0.945 1,262 0.019 } 117 } 516
Hard Homogeneous Steel 6.475 0.889 -0.945 1.262 0.019
Copper 2.785 0.678 ~-0.730 0.846 0.802 49 562
Lead 1.999 0.499 -0.502 0.655 0.818 71 700
Tuballoy 2,537 0.583 -0.603 0.865 0.828 ) 92 291
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Table 3.3: Constants for the estimating equation for thikisty velocity just to penetrate (no
particular fragment shape)[69,70]

Form of Equation: V, = lﬂcl-(h_A)al mﬂsl (sec B)Tl _

Target Material ey ay By Y1
Magnesium . 6.349 1.004 -1.076 0.966
Aluminum Alloy 2024T-3 6,185 0.903 -0.941 1.098
Titanium Alloy 7.552 1.325 -1,314 1.643
Cast Lron 10,153 2,186 -2,204 2.156
Face-Hardened Steel 7.694 1.191 -1.397 1.747
Mild Homogeneous Steel 6.523 0.906 -0.963 1.286
Hard Homogeneous Steel 6.601 0.906 -0.963 1.286
Copper 14,065 3.476 ~3.687 4,270
Lead 10,955 2.735 -2.753 3.590
Tuballoy 14.773 3.393 -3.510 5.037

Table 3.4: Constants for the estimating equation for rediduass (no particular fragment
shape)[69,70]

. Y
Form of Equation: m_ = m, - 10° (h)® msﬂ' (sec 0)Y Vs

. Target Material c () B b A N* g*
Magnesium ~5.945 0.285 0.803 -0.172 1.519 105 1
Aluminum Alloy 2024T-3 -6.663 0.227 0,694 -0.361 1.901 172 22
Titanium Alloy 2.318 1.086 -0.748 1.327 0.459 107 16
Cast Iron -9.703 0.162 0.673 2,091 2,710 29 13
Face-Hardened Steel 1,195 0.234 0.744 0.469 0.483 54 28
Mild Homogeneous Steel -2.507 0.138 0.835 0.143 0.761 )1 20
llard llomogeneous Steel -2,264 0.346 0.629 0.327 0.880 27 29
Copper -5.489 0.340 0.568 1.422 1.650 70 25
Lead -1.856 0.506 0.350 0.777 0.934 54 26
Tuballoy -3.379 0.560 0.447 0.640 1.381 148 30

The THOR equations have been used to determine whether mlatdrmor system design
will defeat a given fragment threat without having to pemficactual test firings on the armor

system.

There are several shortcomings of these equations. Fiest ts a limitation to the fragment
shape that can be used with confidence. For instance, poedi¢tom these equations for ex-
trapolations to projectiles withyd ratios approximately equal to three, show good agreement
with experimental results; however, for fragments witlgéai /d than three, the accuracy of
the predictions is not clear. Second, since it was not plessibtest all materials, one must
extrapolate the results to other materials. The standardpoiation method is to select the
closest THOR material, then modify the thickness by theratithe densities of the desired

material to the THOR material. Third, only steel fragmentsal did not deform or break up
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were used as projectiles.

3.2 Recht & Ipson’s Model

Recht & Ipson [71] proposed a model for the impact of a platesehthickness was on the
order of the projectile diameter. The schematic of their atasl given in Figure 3.1. This
model combined conservation of momentum and conservafi@nergy. For the case of
normal impact, the target is assumed to plug, and projeaiteplug are assumed to continue
forward in contact. From conservation of momentum, the aigloof the projectile and the

plug, Vpp at the instant of plugging is given by Eq. 3.4.

Vpp = (pL)Vo (3.4)

In Eq. 3.4,m is the target plug mass. An inherent assumption is that, nmentum is
transferred to any portion of the target except the plug niHssrefore the energy lost during

inelastic impact of the projectile and a free plug of magsis given in Eq. 3.5.

1 m
Elost = Empvg (—p ) (3.5

Recht and Ipson accounted for the accompanying energy\/ésdue to the shear stresses

between the plug and the target plate in deriving the overatgy equation Eq. 3.6.

1 1

In Eq. 3.6,V is the residual velocity of the projectile and plug after gheg is completely

separated from the plate.

Now, they considered that the residual velocity is zero athhllistic limit to obtain the

relation Eq. 3.7 for the shear energy loss at the balligidt Jiwhich isW,.

1 m
Wh = =myV3 | ——— 3.7
b= b'(mp+mtp) (3.7)

a7



.ﬂu

t}"“\"w
S

Impact, deformation
and peneiration

Figure 3.1: Schematic of plate plugging due to the normabichpf deforming projectile [71]
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In Eq. 3.7,Vy is the ballistic limit velocity for the projectile and tatgeombination. By
assuming that the shear enelffyis independent of velocity, theW = W, and the Eq. 3.8 is

given for the residual velocity.

Nl

m

3.3 Lambert’'s Model

Lambert [72, 73], proposed Eqg. 3.9 and Eq. 3.10 for the re$ideiocity of the projectile;

V. =0 0<Vp<VpL (3.9a)
V, = a/(Vip - VgL)l/IO Vi > VL (3.9b)
v — (3.10a)

mp + M'/3
p=2+12/3 (3.10Db)
z=(t/D)se@ "¢ (3.10c)

whereV;, V, andVg_ are residual, impact and ballistic limit velocities of thejectile, mp
andM’ are projectile and target mass, t is thickness of target,fboiectile diameter andis

obliquity angle in radians.

3.4 Stone’s Model

Stone [74] proposed Eg. 3.11 for the depth of penetratioraad projectiles into structurally

hard materials.

P = (MpV2/27R%)2/prcy (3.11)
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In Eq. 3.11;c; is dependent on the material characteristics in the plesgiene and is depen-

dent on the projectile shape. R is the radius of the progctil

He compared experimental data for the penetration of arneocipg projectiles into several
armor plates made offilerent materials. Figure 3.2 and 3.3 presents experimesmaitfation
capability of several armor piercing projectiles as a fiorciof areal kinetic energy of the

projectile.

© 50 CAUBER M2 AP
A 30 CALIBER M2 AP
wsk © 7.62cAUBER Ms1 AP

-
o
1

PENETRATION - INCHES

0 10 20 30 a0 50
Eo/D2x102 Ftibs/in?

Figure 3.2: The experimental penetration capability ofiotss armor piercing projectiles
against Rolled Homogeneous Armor as a function of the anealik energy of the total
projectile [74]

3.5 Wijk's Model

Wijk et al [75] proposed a model for rigid projectile pendiva and perforation into hard
steel and metallic targets. They assumed target matesiataace to be constant during pen-
etration, until the front end of the projectile isfBaiently close to the rear surface, where the
remaining volume of target material in front of the projexts crushed and forms secondary
fragments. Energy balance was used in the calculations mpaslesst model yields depth of

penetration in Eq. 3.12.

_ 2mpV2
nd%ﬂY—r

(3.12)
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Figure 3.3: The experimental penetration capability ofioizs armor piercing projectiles
against Rolled Homogeneous Armor as a function of the arealik energy of only the
hardened projectile core [74]

In Eqg. 3.12;d, is the hole diameteryt is the yield strength of the target material ghdbs
a target penetration resistance parameter. It was staagBte: 5 was assumed during the

calculations.

As it was assumed that the material in front of the projedtilfagmented during the pene-
tration, the perforation phase would start when the frorthefprojectile is at some distance
t* from the rear surface of the target. The minimum perforaginargyW, for a plate of hard

metallic material is given by Eq. 3.13.

W, = gdpt(nt + ydp)Yr t<t (3.13a)

W, = %(t - t*)d,zﬁYT + gdpt*(nt* +ydp) YT otherwise (3.13b)

In Eq. 3.13;y is an empirically determined parameter describing targebpation resistance

and is taken as 1 for 7.62 mm AP projectiles. Thicknéssan be determined by Eq. 3.14.

t = OIID( ) (3.14)
- 27_[ 2ﬁ y -
The massny of fragments can be estimated by Eq. 3.15 wheris smaller of t and*.
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Ve
mr ~ ngtTpT (3.15)

Finally, residual velocity of the projectile (and secondaiagments) is given by Eq. 3.16.

maV2 — 2W,
Vy = \/po—p (3.16)
mp + Mr

3.6 Woodward’s Model

Woodward [66] postulated Eq. 3.17 where he used energy tmlan

(1/2)mpVi = nD?07gt/2 (3.17)

where o is yield strength of target material. Woodward's model wasnid efective for

ductile materials whereas it was unsuccessful for britttamals.

3.7 Thompson’s Model

Thompson [76] proposed Eg. 3.18 based on Woodward’s model.

47Z'I’2h0
VZ=V2- mp (ory/2+VE/3) (3.18)
p

The energy required for penetration defined by Eq. 3.19.

2
2 Vorp
Ec = nr3t| 050y + Ap | T-° (3.19)

where A is a constant for projectile shape. It is taken as 11a8@ for conical and spherical

shapes andl, is length of the projectile.
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3.8 Ubeyli & Demir Model

Thompson’s model ignored percent elongation propertiasaterials which is an indicator
for toughness and ductility. Based on Thompson’s model PamiUbeyli [77] suggested
a model for ballistic thickness prediction. The model udémate strength instead of yield
strength. Then corrections were made for ballistic thisknalues taking into account percent

elongation values. Eq. 3.20 states ballistic thicknest@target materiahg as;

ho = ((100— £u)/100) T (3.20a)
(%mpvg) /36

ﬂr% (O.SO'UTS + Ap (VEZP)Z)

T-= (3.20b)

wheree stands for percent elongation and u is a calibration cohsthith is taken as 2 for

elongations higher than 13 % and 3 for smaller values.

3.9 Pol’'s Model

Pol et al [78] suggested a model for perforation of ogiveenprojectiles into thin metallic
plates. They assumed asymmetry petalling failure in thgetgplate and analysis was done
by using energy balance and work done. The ballistic limibeiey Vy, is a function of total

work done and represented by Eq. 3.21.

Voo (5 (3.21)

Total work done V) is sum of plastic deformatiow,, work done is transferring material to
new positionWy and work for bending of petaléh,. Eq. 3.22 represents these aforementioned

work values.
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Wp = gszt (3.22a)

27TptV2b4t2
= 3L°2 (3.22b)
22
Wy = = t: Y (3.22¢)

In Eq. 3.22,Y is the yield strength of target materidl,is radius of hole and. is the nose

length of the projectile.
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CHAPTER 4

FUNDAMENTALS OF EXPLICIT NUMERICAL ANALYSIS
OF BALLISTIC PENETRATION

This chapter covers the fundamentals of numerical anabysigiving a brief introduction to

the hydrocode used in the current study which is ANSYS Au@.y

Autodyn is a general purpose numerical analysis tool fostineilation of nonlinear dynamic
events. It employs a coupled finitefidirenc#inite volume approach and an explicit time

integration algorithm. It includes the following numeligarocessors [79]:

Lagrange processor for solid continua and structures

Euler processor for modeling fluids, gases and large distort

ALE (Arbitrary Lagrange Euler) processor for specializeshfimodels

Shell processor for modeling thin structural elements

SPH (Smooth Particle Hydrodynamics), an alternative nesshépproach

It is crucial to emphasize the advantages and disadvantddbese aforementioned proces-

sors to determine the processor that is used in numeriadikestu

In the Lagrangian processor, the elements move with matenavelocity. Material remains
within its initial elemental definition with no transport afaterial from cell to cell. It is
the most popular numerical scheme in ballistic penetratimaleling. A typical example is
illustrated in Figure 4.1. Several advantages and disadgas regarding this processor due

to its nature are itemized below.
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e As there are less computations per cycle, a fast solutioarfepned

e |t is easier to follow material interfaces, free surfaced history dependent material

behavior
e Mass conservation is automatically satisfied with this pssor
e It possible to apply various boundary conditions
e Damage and plasticity is handled easily

o If excessive material movement occurs, the numerical memsh mecome highly dis-

torted leading to an inaccurate andfii@ent solution or even termination

¢ In case of large material deformation, it is necessary taleatechniques such as ele-

ment erosion (which has physically no meaning), mesh regpoi remeshing

2% T
A LT

Figure 4.1: An example of Lagrangian modeling [21]

The Eulerian processor employs a control volume method lie sequation that governs
conservation of mass, momentum and energy. Thus, the elersiy still in the Eulerian
space and material flow occurs between elements. A typiaatrition is given in Figure 4.2.
Several advantages and disadvantages regarding thisspooaiue to its nature are itemized

below.

e With this processor, it is possible to handle extreme defbions

e It is suitable for modeling of fluid flow
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It is difficult to track free surfaces, material interfaces and histipendent material

behavior

Care must be given to limit the numericalfdision associated with the material con-

vection from cell to cell

As it employs more computations per cycle regarding the &agjan processor, the

numerical solution takes more time

It is necessary to model the empty space with elements whadmma larger solution

domain

It is necessary to employ smaller elements regarding thealogian processor so that

the solution is lessficient
It is difficult to model damage and plasticity

Contact treatment is more tedious

-
=

Figure 4.2: An example of Eulerian modeling [21]

The ALE processor is an extension of the Lagrangian methadad¥itional computational

step is employed to move the grid and remap the solution detméw grid. It is still under

development and generally slower than both methods desteabove.

SPH is a relatively new numerical method for simulatingibdl impact problems. Although

it is still under development, it has a big advantage sincgritbtangling occurs because it is
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a gridless technique. As it is a Lagrangian method [80], iteigy flexible for incorporating

sophisticated material models. Moreover it is very suédbl excessive deformation. How-
ever, there are several shortcomings. There is an ingyapiibblem in tension. As there is
no topology defined over the particles, it is harder to asbmmdary conditions. The calcu-

lations are time consuming since the processor employ$ibeigsearching (since there is no

topology).

Considering the advantages and disadvantages of aforiemeshimethods; it was decided to
use the Lagrangian processor in the numerical simulatiatiest. Moreover it was concluded
that the SPH solver can be a serious alternative to the Lggmaprocessor in case of brittle

material behavior.

4.1 Computational Scheme

The Lagrangian processor expresses the partta@rdntial equations of conservation of mass,
momentum and energy in Lagrangian coordinates. Togethbrthe material model and a
set of initial and boundary conditions, the complete solutbf a problem is defined. The
Lagrangian grid is deformed with the associated matetais the conservation of mass is
automatically satisfied. The density is calculated fromrentrvolume of grid element and the

initial mass by Eq. 4.1.

(4.1)

°
[
[
<3

Acceleration is related to the stress tensqgrby the partial diferential equations of conser-

vation of momentum (see Eq. 4.2).

% = aO'xx_’_ (90'xy+ 00xz
PR= "ox ay 0z
. doyx Ooyy  doy,
Y=t dy T oz
s ao—zx 60'zy 50’22
PE= 5 dy " oz

(4.2)

Then the stress tensor is separated into a hydrostatic cmmpp and a deviatoric component
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s (see Eqg. 4.3). The hydrostatic pressure is augmented bgual@siscous force g. This

process is illustrated in Figure 4.3.

oxx = —(P+ ) + Sxx
oy =—(pP+0d) +sy
0zz=—(P+0Q) + S

4.3)
Txy = Sxy
Oyz= Sz
Ozx = Sx
a—r O-x+5} O.}I_G.x =_J‘t_ay
"
T > 2 2
- -
.
Crt
. - o "o "
a._ +a _ —
l .T}{y x ¥ Cr; {TJ’_ — ijy
2 v 2

Figure 4.3: Resolution of stress tensor (2D for simplifizal}iinto hydrostatic (change in
volume, EOS) and deviatoric terms (change in shape, stigngt

In EqQ. 4.3, the hydrostatic pressure has a negative sige #irgcusual notation assumes pos-
itive stress in tension and negative in compression. Tlanstensors;; is determined from

the relation between strain rates and nodal velocitiesEsed.4).
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X

S.XX:C')_X
.oy
syy:a/
0z
822_6_2
1 (0% (4.4)
oy = z(ay ax)
. 1(ay oz
yz_ﬁ(az ay)
35
ZX_E

The strain rates from Eq. 4.4 are related to the rate of chahgelume by Eq. 4.5.

v = &xx + SW + &7 (4.5)

The deviatoric part of the stress rate tensor is dealed bkélohaw and Eg. 4.5 in the elastic

region (see Eq. 4.6.

. .1V
S = 2G (Sxx - —_)

3V
1V
= 2G |6y - =
1V
Szz=2G (322_ I__%V) (4.6)
S‘yz = ZGSyZ
SZX = ZGSZX

Further dfects of deviatoric stresses when in presence of plastic ftewdiacussed in Sec-

tion 4.2.

The equation of state relates pressure p to the depsétyd specific internal energy e in
generalized form as shown in Eq. 4.7, which is solved simelasly with conservation of

energy (see 4.8).
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p="f(o.€ (4.7)

e=(1/p) (0'xx8;<x + OyyEyy + 0722877+ 20 xyExy + 207y 78y; + ZO'ZXS'ZX) (4.8)

The computational cycle is summarized in Figure 4.4. Thesstee itemized below.

Direct Calculation

Modal Velocities Zone Volumes
& Displacements & Strain Fates
fntegr(tmn Material Model
| Modal Accelerations | Zone Pressures
\ & Stresses
7
Force/Mass Conservation of Momenium

\l Modal forces |/

Boundary or Interactive Forces

Figure 4.4: Lagrangian computation cycle [79]

e At the beginning of the cycle, the new locations of each nodecalculated from nodal

velocities with time integration over timestep.
¢ From new node locations, new element densities and elernaint stes are calculated.
e Stresses are calculated from strain rates.
e Element deformation is separated into two componentsstititied in Figure 4.3).
e Changes in volume create hydrostatic stresses, whichledgalessure.
e Changes in shape create deviatoric stress field.

61



e Pressure is controlled by equation of state.

e Deviatoric stresses are dealed by the Hooke’s Law in thdielesgion and strength

model in the plastic region.
e With the integration of failure model, material modelingc@mplete.
¢ Nodal forces are computed from internal stresses in theaglem
e Boundary conditions and contact forces are applied on nibéesst.
e Nodal acceleration are calculated from nodal forces.
e Time integration of nodal acceleration over timestep givedal velocities.

e Computations defined for a single cycle are repeated unté@gbermined time or cycle

limit.

4.2 Material Modeling

In addition to the governing fierential equations governing dynamic material motions it i
necessary to define further relation between the flow vaggabThis is accomplished by the
material model which relates stress to deformation andriateenergy. As depicted in Fig-
ure 4.3, the stress tensor is separated into a hydrostassyme and a deviatoric stress tensor,
which is associated with the resistance of material to stiistortion. The relation between
the hydrostatic pressure, the local density and local Spemiergy is called an equation of

state (EOS).

4.2.1 Equation of State

Two kinds of equation of state were used in the simulatiodieg) which are discussed in the

following subsections.

4.2.1.1 Linear Equation of State

In many cases, it can be assumed that fiieces of changes in entropy is negligible so that

pressure p may be considered solely as a function of der®iy The approach used in the
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hydrocode was to express initial elastic behavior by an@gpration to Hooke’s Law which

is denoted in Eq. 4.9, whege= (o/po) — 1, and K is the material bulk modulus.

p= Ku (4.9)

It was noted that [79], this equation of state can be useddfioly fsmall compressions and

must be avoided in case of large compressions and shockpadi

4.2.1.2 Shock Equation of State

This equation of state is necessary in case of shock loaditidpage compressions.

The Rankine-Hugoniot equations for the shock jump conattioan be regarded as defining
a relation between any pair of the variabjegdensity), p (pressure), e, (particle speed)
and U (wave speed). In many dynamic experiments making measuts ofi, and U, it has
been found that for most solids and many liquids over a witge&zof pressure there is an

empirical linear relationship between these two variapl®$in the form Eq. 4.10.

U=co+ sl (4.10)

Based on the shock hugoniot, a Mie Gruneisen form of equatistate is established by

Eq. 4.11.

P=pu+Ipe-en) (4.11)

whererl is the Gruneisen Gamma for which it is assumed et I'gpog = constantand

_ pochu(l+ p)
" = (s— P @12

_ Pa(_#m
o = (1/2) ( l+u) (4.13)
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4.2.2 Strength Model

If the material is a solid and has a finite shear strength, fiteisessary further to define a
strength model to relate shear stress and strain. It is etgored to define transition between

elastic and plastic strain, for both compression and tensio

The well known Johnson-Cook [81] model was used to definagtheof the materials. This
constitutive model aims to model the strength behavior denes subjected to large strains,
high strain rates and high temperatures. Such behaviortraitge in problems of intense im-
pulsive loading due to high velocity impact and explosiveodation. The model defines the
yield stress Y as an explicit function of strain hardeniriggia rate hardening and temperature

softening in the form Eq. 4.14.

Y =[A+Bej|[1+Clogey|[1- T (4.14)

where
gp = effective plastic strain
ep = normalized fective plastic strain rate
Ty = homologous temperatuee(T — Troom)/(Tmelt — Troom)

The five material constants are A, B, C, n and m. The first setadKkets in Eq. 4.14 gives
the stress as a function of strain, which can be found by eptasc tensile testing £}, =
1.0sect andTH = 0). A is the basic yield stress at low strains whereas B andinalstrain
hardening. The second and third set of brackets represewfétts of strain rate hardening
and temperature softening. With the thermal softeningyiblel strength drops to zero at the
melting temperatur@ e, The material constants can be obtained empirically viaadyio
Split Hopkinson Bar tensile tests over a range of tempegatand strain rates. The obtained
model constants were checked by calculations of Taylos tfsmpacting metal cylinders on
rigid metal targets which provided strain rates in excess®$ec! and strains in excess of
2.0 [81].
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4.2.3 Failure Model

The well known Johnson-Cook failure model [82] was used ta@hdynamic material fail-
ure. With a similar form of the strength model; the fracturais, which is a material property,

is expressed to be an explicit function of strain rate, tawmtpee, and pressure in Eq. 4.15.

el = (D1 + Do expD3o*)(1 + Daln)(1 + DsTH) (4.15)

The dimensionless pressure-stress ratio (or the stresgalify ratio) is defined ag™ =
om/o, whereo, is the main stressg(i + o2 + 073)/3, ando is the dfective stress (or the
von Mises equivalent stress/BJ,), whereJ; is the second invariant of the stress devaitor).
The dimensionless strain rateis equal tae/ g, Whereeg is a unity strain rateT™ is termed

as the homologous temperature. The temperature may be theegxternally applied thermal
loads or due to internal heating from plastic work, as cayéneSection 2.3.D;, Dy, D3, D4
and D5 are the fracture model parameters. The model parametersecdatermined from

conventional laboratory experiments.

The Johnson-Cook model uses a linear summation conceptdoamaicfor changes during the
loading history. It computes both changes in the failuraistwith stress state, strain rate
and temperature as well as the accumulation of some typenedigia during the loading pro-
cess. However, the model does not account for any damagadigign of material strength
andor stiffness. Stresses and pressure are abruptly set to zero whagelasaches a critical
value. Therefore, it is classified as an instantaneousréaihodel. Damage is calculated as a

cumulative value in Eq. 4.16, and failure is set to occur aitecal value (usually 1).

D=3~ (4.16)

whereAe is the increment of equivalent plastic strain which occursrdy the tensile loading
history anc' is the equivalent strain to fracture corresponding to teimtaneous conditions

when that increment of strain is accumulated.
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4.2.4 Element Erosion

It was stated in the beginning of Chapter 4 that the Lagrangracessor has some limita-
tions. Although it is very capable of modeling dynamic sdi@havior, including plastic flow

and failure; large deformations lead to grid distortionsl #éangling. These distortions can
seriously impair the progress of the calculations by legdiery small timesteps, mesh tan-
gling or even termination. Therefore Autodyn provides aisoh method by removing those

problematic cells by several criteria. These criteria tmmized as follows.

Instantaneous geometric strain

Incremental geometric strain

Effective plastic strain

Timestep limit

Material failure

It possible to choose either to remove or to keep the mass@faated cell by a single option.
By keeping the eroded mass, the mass within the cell is bliggd to the corner nodes of
the cell. If the mass is retained by this way, conservatiomeitia and spatial continuity of
inertia are maintained [79]. However the compressive gtfeand internal energy are lost for

both options.

If the cells around a particular node are eroded, the nodenbes a free node (for the retain
of inertia option). These nodes are still included to imgsicte logic in the solver and thus
interact with both sides on the boundary. To the experientdise author, these free nodes
become problematic for 2-D axisymmetric and 3-D plane syimmsimulations by gathering

around the symmetry axis or plane.

It must be noted that this erosion procedure does not regress physical phenomena.
Therefore care must be given when setting erosion critéflae methodology used by the
author assumes that the erosion parameter should be seatnige where it should nottact

the results of the simulation. The only purpose for usingsiero should be to increase the

efficiency of the computation.
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It was chosen to use instantaneous geometric strain in tingaions from the past experi-
ences of the author. Westering [83] presented a study fopdissibles problems that may
arise from using this criterion. It was demonstrated thdiemva unit cell is strained to its
double length in one direction and slightly compressed éng@rpendicular direction, it had
almost zero instantaneous geometric strain due to theenafuhe computations. Therefore

it was decided to employ timestep erosion in the simulatighere necessary in this study.
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CHAPTER 5

MODELING AND SIMULATION OF BALLISTIC
PENETRATION OF HARDENED STEEL PLATES

In this chapter, modeling and simulation studies are caedubased on the fundamentals
given in Chapter 2 and 4. The study is mainly composed of twts pehich deal with 2D and
3D simulations. The first assessment of material models aderby 2D simulations as it is
a faster tool to get results compared to 3D simulations. Thetiinal assessment is made by

3D computations which can handle the physics of the protessughly.

5.1 2D Simulation Study

This part is dedicated to build material models for each iasd of the target material. An
erosion parameter study and a mesh sensitivity analysisometucted for the target and pro-
jectile. Then, sensitivity of J-C strength model resultsrtodel parameters is examined. Fi-
nally, the last part is dedicated to building strength medet each hardness and assessment
of ballistic performances. For simplicity, only the hardedtcore of the projectile is modeled
for the erosion and mesh sensitivity studies. The assumjtiat only the hard core gives
similar penetration results to the full projectile is alsgpported by Borvik et al [3]. Material
model for the hard steel core is taken from the work by BilgA][ The equation of state and

J-C strength model constants are given in Table 5.1.
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Table 5.1: Material model parameters for 100Cr6

plg/em) | K[GPa] | Tr[K] | Cp[Jkg.K] | G [GPa] Tm [K]
7.83 169 300 477 80 1793
A [MPa] | B [MPa] n C m g0 [s7Y]
2033 895 0.3 0.0095 1.03 1
K : Bulk Modulus, Tr : Reference TemperaturepC Specific Heat Capacity,
G : Shear Modulus andyf : Melting Temperature

Erosion parameter study is conducted to verify a range a@irtaneous geometrical strain
value to make sure that the results are rfie@ed by selected erosion parameters. Than a
mesh convergence study is done to eliminate the mesh 8@ Target material model is
chosen as the standard 4340 steel from the hydrocode’siatditanary. Both of the parts are

modeled with Lagrangian elements. A representative megivés in Figure5.1.

The target thickness is chosen as 10 mm to observe penetrdimmeter of the target is

chosen as 150 mm to eliminate the edffe@s. Velocity of the projectile is 782/

Figure 5.1: A representative mesh model for 2D axis-symimegiculations (0.200 mm)
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5.1.1 Erosion Parameter Study

Erosion studies are carried for thredfeient mesh configurations. Selected mesh sizes are
0.500, 0.250 and 0.125 mm respectively. Residual velo¢ittyeoprojectile after penetration is
taken as the identifying parameter in this study. The sitraraesults are given in Table 5.2-

5.4. Note that the residual velocities are iysm

Table 5.2: Residual velocity [rg] for different erosion combinations for 0.500 mm mesh size

PENTE* | 0O 1 2|25 3 4 6 8| 10| 15| 20| 30| 50100200
0|err
1 256
2 512 494
2.5 494 494
3 494
4 494
6 494
8 494
10 512|494 494
15 494
20 494
30 494
50 494
100 494
200 494
* 1 PE = projectile erosion, TE : target erosion

Table 5.3: Residual velocity [rg] for different erosion combinations for 0.250 mm mesh size

PENTE* | 0O 1 2125 3 4 6 8| 10
Oferr
1 574
2 537 532
2.5 532 532
3 532
4 532
o 532
8 532
10 537 (532 532
*: PE = projectile erosion, TE : target erosion
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Table 5.4: Residual velocity [ms] for different erosion combinations for 0.125 mm mesh size

PENTE*| 0| 1 2125 3 41 6| 8| 10
Oferr
1
2 550
2,5 543
3 536
4 532
6
8
10 532
* :PE = projectile erosion, TE : target erosion

From the results depicted in Table 2-4; it is deduced thah¢pkalues greater or equal to 4.0

as instantaneous geometrical strain limit will be in theesahge regardless of the mesh size.

5.1.2 Mesh Convergence Study

Mesh convergence studies are carried out forfedBnt mesh resolutions for the target and

the projectile. Residual velocity results for refined (allfarm) mesh are given in Table 5.5.

Table 5.5: Residual velocities [s] for different mesh sizes

Mesh size [mm]| V, [m/s]
0.100 524
0.125 532
0.200 535
0.250 532
0.400 510
0.500 494

It was seen that, as the mesh size for both parts is refined@660 mm to 0.200 mm, the
residual velocity is approaching to an asymptotical valBarther refinements beyond that
mesh size gave smaller residual velocities, which was arpawted result. It was evaluated
that the iterative nature of the explicit nonlinear solntleads to accumulating roundfer-

rors. As the mesh size is decreased, the number of cyclesriplete the solution increases
due to the decreased timestep value which is a function ofldreent size. Since the num-

ber of cycles increases, this accumulating errors due tatehative nature of the solution
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increases and starts tfect the solution significantly. Thus, 0.200 mm mesh size waad
as the practical smallest mesh size that could be achievedcd;l it is plausible to assume
that 0.200 mm mesh size is the closest value to the asympitoiic Then it was decided
to choosed.250mesh size with considerable savings in runtime in spite ofraita relative

difference to the 0.200 mm mesh size.

It was further tried to optimize the mesh configuration favéwo run times, for which, dierent
mesh configurations for target are tried. The target meghvais enlarged through the radius.
The target mesh configurations which were called R1, R2, RBR#h are summarized in

Figure 5.2.

It was seen that R1, R2 and R3 gave the same residual velesitjts with the uniform mesh
configuration. Therefore it was fruitful to use target meshfiguration R4 in terms of smaller

run time.

Further, the fect of using diferent mesh sizes for the projectile and the target wereestudi
As the aim of the study is to examine the target behavior,gusinaller mesh size for target
and larger mesh size for the projectile would be better. €silual velocities were compared

with the uniform mesh configurations. The results are givefable 5.6.

Table 5.6: Results of efierent mesh sizes for the projectile and target

Projectile | Target Target V: | Uniform Mesh
mesh mesh | configuration| [m/s] [m/s]
0.250 | 0.100 R3 538 524
0.250 | 0.125 R3 540 532
0.250 | 0.200 R3 536 535
0.250 | 0.200 R4 535 535
0.250 | 0.250 R2 532 532

It was seen that the optimum mesh size ratio of projectilehnséze to the target mesh size
would bel.25mm; beyond which will give dierent results from the uniform mesh configu-

ration.

5.1.3 J-C Model Sensitivity Studies

This part is based on the study presented by the author [28].
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Material model selection is important in solving ballistienetration problems with the help
of numerical simulations. It was evaluated that it is neags$o analyze the influence of
material model constants to the strength model results\te ba insight in to the material
model and ballistic penetration phenomena. In this study, sirength model parameters
derived from SHPB (Split Hopkinson Pressure Bar) testsakert as basis and thé&ects of

changing this parameters on material model results aresiisd. The sensitivity of material

model results to material model constants were examined.

As itwas mentioned in Thermal Instabilities (Section 2ag)iabatic heating occurs in material
as a result of high strain rates. There is no time for heastean Therefore, the strength
of the material decreases due to heating. The amount of tatope rise can be found by

Eq. 5.1[27].

dT :ﬂia(s)ds (5.2)
pCp

Here, 3 denotes the ratio of mechanical work that is converted td; velgsich usually has a

value between 0.9-1.0.

In simulations, the material model gives similar resultshwhe real tests up to instability
strain values. Beyond this strain, special care must beaxdveompare the simulations with

test result as there may occur instabilities. The instgislirain is defined by Eq. 5.2.

do/de =0 (5.2)

It was seen from the previous simulations that the strasrat target material ranges from
1000 to 10000 8 and most of the deforming region possessed strain rates 4660 s*.
Stress - strain graph of the target (HRC39.5, for which nielteonstants will be given in next
section) and projectile material for strain rate of 100band adiabatic heating conditions is
given in Figure 5.3. It was found that due to adiabatic heatihe target and projectile

material reached 479 and 597 K, respectively.
The instability strains for the ffierent tempers of the target material are plotted in Figute 5.
It was seen from Figure 5.4 that the instability strain dases with the increasing hardness.
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The first multiplier of the J-C strength model defines the gatic stress - strain response
of the material. The material constant A is the yield straraftthe material in zero strain and
it is easy to determine this constant by a tensile test. Basttain hardening constant and an
increase of this constant results in an upper shift of theesugiven in Figure 5.3, and it is

also easy to determine this material constant.

The last material constant for strain hardening is therstnardening exponent n, which de-
fines the shape of the strain hardening curve. The resuliiagn$iardening curves offierent

values of n in the range 0.2-0.6 for the target material apécted in Figure 5.5.

1700
1600
SEEN
N ———
— .—’/
£ 1400 /// \ T
bl T mil
1200 o // pl n=0.4

= #I
s 120G

Strain

Figure 5.5: Strain hardening curves for the target matéoiadifferent n values

From the Figure 5.5, it can be deduced that increasing theadln results in a lower strength
of the material. Further it can be said that a lower value isftbnstant means a fast strength-
ening of the target material, which means a lower penetrat®ubsequent simulations veri-

fied this approach.

The second multiplier of the J-C strength model is defined @saKd resulting KC plot for

different values of strain rate hardening parameter C are @dpitt-igure 5.6.

From Figure 5.6, it can be seen that, increasing the valuefoér@ 0.014 to 0.14 increased
the value of KC from 1.1 to 2.0 for a typical value of strainerér ballistic problems as 1000

s~L. This implies that, changes in C in the order of 1e-3 doesigatficantly afect the strain
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Figure 5.6: KC as a inciting of strain rate foffidirent values of C

rate hardening multiplier.

The third multiplier of the J-C strength model which dealstvithe temperature softening is
denoted by KT. Resulting KT curves forftirent values of the temperature softening param-

eter "'m” are plotted in Figure 5.7.

As it can be seen from Figure 5.7, the material possessesa koftening trend for a unity
value of m. As mis increased, the temperature softeningedses. For steel, this value takes

values between 0.5 and 1.5 from the experience of the author.

The next step is the sensitivity study for material paransetd@hese sensitivities are exam-
ined as a function of strain, strain rate and temperature stidy is based on the work of

Saltelli [85], and was made for the target material at 39.5CHR

The sensitivities of the parameters were related to dérevatf the J-C strength model with
respect to each parameters and the resulting value wasphaadtivith the corresponding pa-
rameter to plot the sensitivities in the same scale. Seitigt of each parameter with respect
to changing strain and homologous temperature were plattédgure 5.8 and Figure 5.9

respectively.
As it can be seen from Figure 5.8, which is plotted for straite of 15, the sensitivity of
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m increasing with increasing strain as a result of adialdagiating. There is no change in
sensitivity of C as there is no change in strain rate. Negatansitivity of n means that the
stress will decrease with an increase in this parameter,agsalgo depicted in Figure 5.5.
With increasing strain, the sensitivity towards the pariamgen and A will decrease, whereas

m and B will increase.

It was found that there is hardly any change in sensitivitiggarameters for changing strain

rate.

Figure 5.9 was plotted for 1000%sand 0.2 strain. As it can be seen that, all parameters
(except m) possess decreasing sensitivity with incredsimgologous temperature. Only m
possesses low sensitivity for lower temperatures, thenirgrdasing sensitivity up to 0.39

homologous temperature.

5.1.4 Model Selection for Target

This part of the study presents the data about AlSI 4340 fweeld from the literature for

different tempers.
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The equation of state model was based on the parametershyiv&ieinberg [86], and it was
assumed that the EOS will be the same for each hardness. ©btle BDS constants for the

target material are given in Table 5.7.

Table 5.7: EOS for AISI 4340 for all tempers

plgem] | T [ CO[mys]| S [ Tr | Cp
7.83 1.67 4578 1.33| 293 | 477

Banerjee [87] suggested J-C strength model constantsfferefit tempers of the target ma-
terial. The relation of value of A to the hardness (HRC) of thaterial was given as A
EXP(AL+HRC + A2)(MPa) where Al= 0.0355 In(MPa), A2 5.5312 In(MPa). The ratio
B/A which is 0.6339 was assumed to be constant for all tempehg other parameters n,
C, g0 and m were stated as 0.26, 0.014,71 and 1.03 respectively. A plot of A and B with
respect to varying hardness (HRC) is depicted in Figure.5.10
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Figure 5.10: Variation A and B with respect to hardness (HRC)

Lee et al [88] presented the variation of strain hardenimpagnt n and reduction in area for
different tempers of the target material. Plots of change in rfaihole strain with respect to

varying hardness based on his results are given in Figufieahd 5.12.

Tanimura et al [89] worked on the strain rate sensitivity ddferent hardness of the target

material. A plot of changing strain rate sensitivity paréeneC with respect to change in
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hardness is given in Figure 5.13.
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Figure 5.13: Change in C for varying hardness (HRC)

The assumption that the same penetration will be achievélaedyll projectile (with lead and
cartridge) and only the hard steel core was checked. Trauasielocity of full projectile was
found 4 % lower than the residual velocity of the hard steetcdhis is a minor dference,

and thus the later model was selected for further studies.

It was chosen to use 0.250 mm mesh size for projectile and@4£€r target mesh from the

mesh sensitivity studies.

The dfect of using failure model was studied. Due to lack of experital data, J-C failure
model was not constructed for the target material. The usmiedtant plastic strain failure

was assessed by two simulations. Figure 5.14 depicts thése$ these simulations.

It was seen from Figure 5.14 that using constant plastiaraistrain as a failure model re-

sulted in erroneous elements. Therefore it was decidedssoa fiailure model.

Simulations with strength models derived from literatufeg(re 5.10- 5.13) were conducted.
The matrix of simulations and J-C strength modelfiioents used were summarized in Ta-
ble 5.8 and 5.9. The target thicknesses were 7- 14 mm with 1morerents. The projectile

model is 100Cr6 and simulations for a rigid projectile amogberformed to observe the dif-

ference between the results.
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Figure 5.14: Simulation results for no failure and consgdastic failure strain model

Table 5.8: Simulation matrix for the material model selacti

Model # Description of target Projectile model
model 100Cr6 Rigid

1 Banerjee 1A-1D 1AR-1DR

2 Banerjee + n 2A-2D 2AR-2DR

3 Banerjee + C 3A-3D JAR-3DR

4 Banerjee + n +C A4A-4D 4AR-4DR
1-4: Target strength model, A-D: Target hardness (39.5,

49.5,52.5, 58.5 resp.), R: rigid

Table 5.9: J-C model parameters for the target material

I A (HRC 39.5) B (HRC49.5) C (HRC52.5) D (HRC 58.5)

1 [ 2] 3] a 1 [ 2] 3] a 1 [ 2] 3] a 1 [ 2] 3] a
A 1026 MPa 1463 MPa 1628 MPa 2014 MPa
B 650 MPa 928 MPa 1032 MPa 1277 MPa
n_ | 0.260 | 0.256 | 0.260 | 0.256 | 0.260 | 0.428 | 0.260 | 0.428 | 0.260 | 0.463 | 0.260 | 0.463 | 0.260 | 0.583 | 0.260 | 0.583
¢ | o0.014 ] 0.024 [ 0.007 | 0.007 | 0.014 | 0.024 | 0.006 | 0.006 | 0.014 | 0.014 | 0.006 | 0.006 | 0.014 | 0.014 | 0.005 | 0.005
m 1.03 1.03 1.03 1.03

The residual velocity results for the simulations that agpicted in Table 5.8 are plotted in
Figure 5.15- 5.22.

From Figure 5.15- 5.22, it is seen that there is a consideraisiease between the residual

velocity results of 100Cr6 and rigid projectile for an ineseng hardness. For HRC 52.5 and
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HRC 58.5, there is no penetration (except 7mm 4C target)lffthiaknesses.

When the simulations of material model groups of 1 and 2 anepewed; it is seen that the
residual velocity increases for 2, which is an expectediresin is increased, taking sensitiv-
ity of J-C strength model into consideration. The same 8dnaapplies for the comparison
of 1 and 3, as C is decreased. A combiné@a is seen for material model group 4, which

yields the highest residual velocity results.

Auxiliary simulations for a target hardness of HRC 59.7 AISKO steel are also conducted.
The J-C strength and failure model is taken from the theadysbf Lee [90]. Corresponding
model parameters are given in Table 5.10 and the materiakhischamed as "E”. From
the simulations, it was seen that 100Cr6 penetration cootdoanetrate any of the target
thicknesses. The comparison of simulation results of Erafjaigid projectile is given in

Figure 5.23.
Table 5.10: J-C strength and failure model parameters fa€ BR 7 [95]

A[MPa] [ B[MPa] | n C m | DI [D2| D3 | D4 | D5
2100 1750 | 0.65] 0.0028] 0.75] -0.8 | 2.1 | -0.5 | 0.002] 0.61
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Figure 5.23: Comparison of simulation results for ER and 4DR

From Figure 5.23, it is seen that the simulation results RBd 4DR are quite in agreement
in terms of residual velocities. Assuming that material elawf E is calibrated from SHPB

tests (there is no justification for the model in the thesikexd [90]), it can be deduced that

88



material model group 4 combined with a rigid projectile githe closest results to the real
case. Therefore target model group 4 is chosen. Residuatityeresults for the material

group 4 against rigid projectile are plotted in Figure 5.24.
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Figure 5.24: Comparison of residual velocities of 4AR-4DR

From Figure 5.24, it can be seen that there is a decreaselistibdimit thickness for the
increase in target hardness. This seems plausible as ¢jee $trength is directly proportional

to hardness.

5.2 3D Simulation Study

2D simulations gave results in terms of residual velocitgl ballistic limit thickness. How-
ever, there is a need in 3D modeling to observe the completsiqgshof the interaction be-
tween the projectile and the target. Erosion and mesh cgeree studies were conducted
to assure that the simulations are in the range where thdisagte of these parameters is
minimal. Then, the simulations of various thicknesses fmhetemper were performed. A

representative mesh model for 3D simulation studies isgivd-igure 5.25

5.2.1 Erosion Parameter Study

It was found from 2D simulations that the safe range (wheeestmulations are notfiected

by the selected erosion criteria) is not a function of mezgh.sThus, it is plausible to assume
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Figure 5.25: A representative 3D mesh model (thicknesseofdtget is 5 mm and mesh size
is 0.400 mm, the model is a quarter model with 2 planes of sytryne

that the same applies to 3D simulations.

The selected mesh size was 0.5 mm both for the target and dijectile, and it was kept

uniform around the model. The projectile was modeled asl r@gid the target was modeled
with AISI 4340 steel from the hydrocode library. The instard@ous geometrical strain was
varied between 0.5 and 3.0 by 0.5 increments. The simulatisults are given in Table 5.11.
It must be noted that the residual velocity was taken as thetiiging parameter and all the

results are interpreted in/s

Table 5.11: 3D erosion matrix

PEATE | 05| 10| 15| 20| 25| 3.0
0.5 692
1.0 673
15 651
2.0 645
2.5 645
3.0 645

Thus, from Table 5.11, it can be seen that adjusting valueatgr or equal to 2.0 for the
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instantaneous geometrical strain will minimize the enosidects on the simulations.

5.2.2 Mesh Convergence Study

Mesh convergence study was performed to identify the mepbridkence of simulation re-
sults. The mesh sizes of the projectile and the target waitedvaetween 0.5 mm and 0.2
mm. The thickness of the target was 5 mm and it was modeled Auth 4340 from the

hydrocode material library. The simulation results in temoh residual velocities and average

runtimes per microseconds of simulation are plotted in FEgu26- 5.27.
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Figure 5.26: Residual velocities and runtimes per microsds for diferent mesh sizes for
target and projectile

It can be seen from Figure 5.26 that, the residual velocith@projectile possesses an asymp-
totic behavior up to 0.3 mm element size. After correspondiesh size, the residual velocity
decreases unexpectedly, which was again attributed toettadive nature of the explicit simu-
lations (See Section 5.1.2). Thus itis plauseible to asghat€).300 mm mesh configuration
gives closest results to the asymptotic value. Having a tairelative diference with respect
to the 0.300 mm mesh size (1.7 %), 0.400 mm mesh was choseksttmthe considerable

savings in runtime.

The results depicted in Figure 5.27 possess no asymptdigvime. The results are the same

for 0.5 and 0.4 mm, however some deviation occurs from thiormimeshing with further
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Figure 5.27: Residual velocities for changing target mézah (Projectile mesh size was kept
constant as 0.5 mm)

refinements. Thus the selection of 0.4 mm mesh size enaldes#ye of higher element size

for the projectile.

5.2.3 Ballistic Limit Thickness for Each Temper

3D numerical simulations are performed to identify theibadl limit thickness for each hard-
ness. 2 plane symmetry was used in the simulations. Theqtitejevas modeled as rigid
and the target was modeled with the 4th material models (4BR) as shown in 2D simu-
lations. Target thickness was ranged between 7 and 14 mmh Medels are converted to
unstructured elements to save run time [79]. Also the comtearlel was selected as trajec-
tory contact, which saves run time (as the timestep is fiet&d by contact) and guarantees
energy conservation [79]. The inertia of eroded nodes wepe. KThe results of simulations

are depicted in Figure 5.28.

From Figure 5.28, it was seen that the ballistic limit thieka for each temper is 14, 12, 11
and 10 mm, which yields an almost linear decrease of limikiiness with an increase in target
hardness. This result is depicted in Figure 5.29. It mustdiedhthat this behavior may not
be seen in real case for all tempers as it may be the case thatuoh hardness may result
in a brittle target, which yields a low impact toughness aadde the target may behave as a

ceramic.
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Furthermore, the selection of "retain the inertia” optionthe hydrocode is investigated by
performing simulations for the high thicknesses that at@raoetrated. The simulation results

are given in Table 5.12.

Table 5.12: Comparison of the selection of residual velkesifnys] for "retain the inertia”
option

Model 4A | 4B | 4C | 4D
Thickness [mm]| 13 | 11 | 10 9 9

Keepinertia | 153 | 84 | 105| 133 | 144

Delete inertia | 109 | 85 | 121 | 182 | 139

m

Simulation results given in Table 5.12 suggest that thadballimit thickness is not fiected
by the selection of "retain the inertia” option. Howeveeth is a diference in terms of resid-
ual velocity. For 4A and E, deleting the eroded inertia galesser residual velocity, whereas
for 4B, 4C, 4D and E a higher residual velocity is observeds Ehuation is attributed to the
accumulating of eroded nodes into the planes of symmetrighahay attract instabilities. It

is evaluated that this situation will not be observed fof finbdel runs (no symmetry).
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Figure 5.30: A sample simulation result from 3D simulationdées (HRC 39.5 target with
13 mm thickness, plate after perforation)
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CHAPTER 6

EXPERIMENTS AND COMPARISON OF RESULTS

This chapter is dedicated to experimental part of the thretgdy. In the first part, experimental
setup is briefly explained. Then experimental results arergand in the last part, comparison

of the experimental results with the numerical and analytiesults are provided.

6.1 Experimental Procedure

The AISI 4340 samples were procured from the market and thahtreated to varying hard-
ness (39.5, 49.5, 52.5 and 58.5 HRC). Fivéalent areal densities were selected (as 55, 70,
85, 100 and 115 k(g12) which correspond to 7.2, 9, 10.8, 12.7 and 14.4 mm thickardghe
samples were machined to those corresponding thicknegsembsaw followed by milling.

The diameters of the samples were 70 mm.

Ballistic tests were performed at laboratory of Silahsa8.Aat Kirikkale. The test setup is
illustrated in Figure 6.1. The target plates were placed vy from the barrel of thefile.
2 velocity measurement systems were placed in front anchtieghie target plate fixture to

measure the incident and residual projectile velocities.

Regarding the test setup in Figure 6.1, 7.62 AP projectileseviired onto targets. 5 samples
were tested for each thickness, which amounts to 25 shogafdr hardness and a total of 100

shots. Incident and residual velocities of the projectierawecorded.
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Figure 6.1: Setup for ballistic tests (dimensions in mm)

6.2 Experimental Results

This part of the chapter is dedicated to macro investigatibtest samples after each shot.

Recorded incident velocity of the projectile was #88.4 nys.

The samples of HRC 39.5 were perforated in all shots excephéocase of 4th areal density
targets, of which 3 samples were not perforated in 5 samgplaghermore, the samples of
5th areal density were just perforated by the projectile thedorojectile was struck in target
or shuttered. Images of the test samples are given in FigQréo6 all target thicknesses.
Figure 6.3 depicts the corresponding specimens for whiehptiojectile was struck in the

target.

For the hardness of HRC 49.5, ductile penetration was saeallftargets at the 1st areal
density. None of the targets at the 2nd areal density werfenaged, however, deep cracks
were observed at the back of the plates. As the thicknessdathets were increased, crack
formation and the number of cracks were seen to decreaseoattkf5th areal density, no
cracks were observed at all. Figure 6.4 and 6.5 illustréte$ront and the back faces of each

target.

For the hardness of HRC 52.5, all the samples of the 1st andr2adidensity were perforated.
The samples from the 3rd areal density provided ballistidgmtion (i.e. not perforated). The
samples of the first two areal densities were shuttered ansiimples of the 3rd areal density
possessed several cracks on both front and back faces. blsar@re observed for the 4th

and 5th areal density samples. Figure 6.6 depicts the frahback faces of first four areal
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Figure 6.2: Post mortem images of HRC 39.5 samples from theXth areal density re-
spectively (front faces)

Figure 6.3: Sample image for 4th and 5th areal density tar@petck face) in which the pro-
jectile was struck in the target and shuttered after impact
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Figure 6.4: Post mortem images of the front faces of HRC 48mpdes from the 1st to 5th
areal density respectively

Figure 6.5: Post mortem images of the back faces of HRC 49nples from the 1st to 5th
areal density respectively
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density targets.

Figure 6.6: Post mortem images of front and back faces of HRE §gamples from the 1st to
4th areal density respectively

The samples of HRC 58.5 provided ballistic protection frdma 8rd areal density onwards.
The samples of first two areal density were shuttered interaépieces and failed to provide
protection. The samples whiclffer ballistic protection possessed no cracks on both frasht an
back faces. Figure 6.7 illustrates images of samples obgtddur areal density. The samples

of the first areal density were completely shuttered and & ma possible to take image.

Figure 6.7: Post mortem images of front and back faces of HRE &amples from the 2nd
to 5th areal density respectively

Recorded residual velocities of the projectiles are giveRigure 6.8.
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Figure 6.8: Recorded residual velocities of projectilasefach hardness

6.3 Comparison of Numerical, Analytical and Experimental Results

The 2-D and 3-D numerical analysis results were comparduthvt analytical calculations in
Table 6.1. It is seen that there is a discrepancy betweenutimenical results and the analyt-
ical findings. It is evaluated that the analytical modelsaredtimate the ballistic protection
provided. Moreover there is a relativefféirence of 10 % between 2-D and 3-D numerical
simulation results. That fierence was attributed to the axis-symmetric assumptiorDn 2
simulations. However 2-D simulations possessed some tayes in being robust and con-

siderable savings in runtime.

In Table 6.1, only Thompson model and THOR equation resudtiseveompared because of
the fact that only these two models and the Wijk’s model ezdlthe calculation of residual
velocities. Wijk’'s model was found to give high results ahdd it was not included into the

table.
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Table 6.1: Comparison of numerical and analytical resualteims of residual velocity [ys]

; HRC 39.5 HRC 49.5 HRC 52.5 HRC 58.5
N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. THOR
[mm] T.M. (20) (30) T.M. (20) (30} T.M. (20) (30) T.M. (20) (30}
7 730 611 555 707 544 471 698 535 446 677 438 391 450
8 722 575 513 695 506 401 685 479 363 660 418 286 408
9 715 537 471 684 453 344 672 418 275 643 339 133 367
10 707 494 414 672 389 243 659 341 105 626 211 0 326
11 699 451 341 660 314 84 645 242 0 609 0 0 286
12 691 397 253 648 199 0 631 0 0 590 0 0 246
13 683 334 153 636 0 0 617 0 0 572 0 0 207
14 674 252 0 623 0 0 603 0 0 552 0 0 168

: thickness, T.M. : Thompson's Model, N.A. : Numerical Analysis




Numerical results were also compared with the test restitbl¢ 6.2). It is seen that the
results are quite in agreement with regard to residual itgloEor HRC 39.5, the dference
for the 4th areal density is evaluated as acceptable becalg& of the 5 samples were not
penetrated. For the hardness of HRC 49.5, as far as the aksidlocities are concerned
the results of the numerical analysis and the test agregdwaelt for the first areal density
corresponding to a target thickness of 7.2 mm. Howeverher2d and 3d areal densities,
although the test specimenffered ballistic protection, the numerical analysis revkat th
perforation takes place. For the case of HRC 52.5, full ageze was seen. Lastly, in the
case of HRC 58.5, ballistic limit thickness was calculated@ mm, with a 1 mm dierence

from the test case.

Table 6.2: Comparison of experimental and 3D numericaltesuterms of residual velocity
[m/s]

t HRC 39.5 HRC 49.5 HRC 52.5 HRC 58.5
[mm] | Test| NLA. | Test | NLA. [ Test| N.A. | Test | N.A.
7.2 570 | 555 | 470 | 471 | 395 | 446 | 265 | 391
9.0 200 | 471 344 | 260 | 275 133
10.8 | 400 [ 341 a4 0 0 0
12.7 ] 153
14.4 ] ]

L g e Y e Y
L g e T e Y e

Ballistic limit calculations for both of the numerical agsis, test results and analytical cal-

culations were compared in Table 6.3.

Table 6.3: Comparison of ballistic limit results of numati@analysis, test and analytical
calculations (dimensions in mm)

Hardness Test Numerical | THOR | Woodward | Thompson | Pol | Ubeyli&Demir
HRC 39.5 12.1 14 18.5 27.5 25.4 9.3 12.8
HRC 49.5 9 12 18.5 25.4 23.8 7.6 12.1
HRC 52.5 10.8 11 18.5 23.5 22.3 7.1 11.6
HRC 58.5 10.8 10 18.5 21.3 20.4 6.3 11.2

From Table 6.3, it is seen thﬁlbeyli&Demir model best matches the test results as it takes
into account several facts as impact toughness. The otlayt@al models (except Pol’s
model) predicted higher ballistic limits. Calculationstlivihe Pol's model revealed lesser

amounts. It was attributed to the fact that this model wasitrooted for relatively thinner
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plates. Numerical analysis were overall in 90 % agreemanirximately 1 mm error) with
the test results. It was evaluated that where the numericallations revealed 150 &

residual velocity, the test specimens possessed 50 % pootec
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CHAPTER 7

DISCUSSION AND CONCLUSION

7.1 Discussion

The aim of this thesis was to investigate and evaluate tHistimperformance of hardened
steel plates as a function of target hardness. ANSYS Autedys used as the numerical
analysis tool and J-C strength model parameters for thets&amere constructed by using the

open literature.

It was evaluated that both the 2D and 3D numerical analysis giusible results in terms of
projectile residual velocities. 10 % relativeffdirence between the 2-D and 3-D simulations
was attributed to the assumption of no deformations in thd timension for the 2-D axis-
symmetric case. In Chapter 6, residual velocity resultshef 3-D numerical simulations
were compared to test results and a good agreement was etbs€or the target thicknesses
which are 1 or 2 mm lower than the ballistic limit thicknegsyas evaluated that the relative
error between the residual velocities were generally lawen 10 %, when compared with
the test results. It must also be noted that the selected miestwas 0.4 mm for the 3D
simulations, for which, 0.3 mm would be the optimal choicdghaut taking into account
the run times. Therefore it can be deduced that this disosgpwould be lower if lower
element sizes were used. These good results were attritauthd J-C strength model which
is very appropriate for the phenomena at these strain r&té®@0s . Moreover, the model
parameters were constructed with regard to actual teskisesthich evaluate the dynamic
behavior of tempered AISI 4340 at high strain rates takirig Bccount the sensitivity to

strain and strain rate hardening. No adjustment was maderfguerature softening.
It was further evaluated that using a rigid projectile madstead of 100Cr6 model predicted
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closer results to the test case. This approach was furtipgosied by the experimental in-
vestigation of post shot projectile cores, which showed videmce of plastic strain. The
investigated cores were kept their shapes or shuttered.Kird of brittle behavior would not

be supported by a simple model as J-C strength model.

When the post mortem images of the test samples and the maingirulation results were
compared, it was seen that the numerical analysis couldatoh c¢he brittle fragmentation
behavior of test samples. It was evaluated that, the nuaianiodeling of this phenomena
would be quite diicult and complicated failure models must be used which anstoacted

by advanced dynamic material tests. It was observed thataanplastic strain failure and

J-C failure models could not predict such cracks.

Most of the analytical models under predicted the balliptiatection dfered by the plates.
This discrepancy was attributed to the fact that those nsoal@ highly generalized models
and they do not take into account the strain and strain ratiehang properties for tempered

target plates.

7.2 Conclusion

To conclude, it was obtained that the ballistic protecti@nfgrmance fiered by the AlSI
4340 steel plates increases with the increasing hardnesgslseen that shuttering of the

target plates becomes an issue for high hardnesses duabatdishear instabilities.

The suggested numerical simulation methodology and materdels were proved to befe
cient in modelling the impact response of AISI 4340 platedlie studied hardness range in

terms of projectile residual velocities and ballistic lirtiiicknesses.

7.3 Future Directions

Future directions regarding this study can be itemized lksAfs:

e Advanced failure models taking into account dynamic phesrmansuch as adiabatic
shear bands fracture toughness can be designed and edlilfoatthe hardened steel

plates to observe the global response of plates such asforacétion.
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Other alternative is that numerical modeling strategieh s1s the split element method
(not available in AUTODYN) can be assessed with conjunctmm failure model to

catch the crack formation in target plates.

Other material modeling strategies (strength and failuoel@f) must be considered for
the projectile core. It was seen that J-C strength modebooot represent the dynamic

behavior of the projectile.

Shuttering conditions for the projectile can be investgdatit was evaluated that using
perforated targets instead of continuous targets wofflel detter results in terms of

areal density because of the increased edigets for the projectile.

The impact of obliquity on ballistic performance of hardérsteel plates can be inves-

tigated.

Assessment of ballistic performance of dual hardness9lzaa be performed. It was

evaluated that shuttering would be the limiting case fortigh hardness plates.

The dfects of edge impact on the ballistic performance of steaéplaan be assessed

numerically be performing simulations with targets of vagydiameters.
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