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Abstract

In this research, a numerical investigation is reported in finding out the ballistic limit velocities
of various sandwich structures when subjected to high speed impact. Composite Armor
structures consisting of Thermoplastic Polyurethane core and Aluminum AA 5083 — H116
face-sheets were studied to find out their ballistic limit velocities, perforation and penetration
resistance. The dynamic response of the sandwich structures was investigated using finite
element analysis package ABAQUS/EXPLICIT. The geometrical nonlinearities were
considered for both the materials. The Aluminum face-sheets were modelled using Johnson-
Cook’s Material model while the TPU foam core was modelled using Ductile damage with
Damage evolution model. Aluminum AA5083-H116 face skins were used as face skins with
TPU cores of varying thicknesses to enhance the impact penetration and perforation resistance
of sandwich structures. Increasing the thickness of face sheets and Core served to increase the
impact and damage resistance. Increasing the thickness of face sheets from 1.2 mm to 1.5 mm
and 2 mm thicknesses can enhance the ballistic resistance of structure up to 11.7% and 18.2%,
respectively. By increasing the core thickness from 20 mm to 30 mm and 50 mm , ballistic
resistance can be enhanced up to 30.6% and 40.8%, respectively. Target configuration, material
parameters, projectile nose shape and impact velocity are some of the key factors that influence
the ballistic response of the structure. The numerical methodology is found to be more efficient
and reliable in the prediction of ballistic limit velocities and damage resistance of composite

armor structures with more accurate results and this surely can replace the time consuming and

expensive dynamic experiments.

Key words: High speed Impact, Composite sandwich structures, Ballistic simulation,

Thermoplastic Polyurethane, Impact resistance, Abaqus FEA
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CHAPTER 01: INTRODUCTION

Impact penetration and perforation resistance of different structures have been studied for long
time, and numerous works have been done in order to understand the phenomena of impact events.
Several factors effect the penetration and perforation processes in structural impact events. Several
studies have been carried out to study and improve the response of engineering structures to high

speed impact.

1.1. Background, Scope and Motivation

Sandwich structures, also known as foam cored sandwich structures, are engineering
structures that consists of two thin and strong face sheets separated by light weight foam core.
Increase in the moment of inertia due to separation of face skins by the core tends to improves its
capability to withstand bending and buckling loads [1]. Numerous research studies have been
carried out in the past on the design and development of sandwich panels that can endure high
intensity impulsive loads [2—7]. The face sheets are generally Aluminum or fiber re-inforced
polymers whereas the core is usually, wood, metal foams, polymers and metal honey combs. The
behavior of sandwich structures either static or dynamic, have been studied extensively [8-9].
These structures are extensively used in both aerospace and naval structures due to their energy
absorption capabilities, structural efficiency and durability.

In the recent studies, sandwich structures when subject to projectile impact, have offered great
dissipation of impact energy as compared to monolithic armor plates with equal aerial density [10—
12]. In another research study, it was found that monolithic plates offers more resistance to impact
penetration due to increased bending resistance [13]. We may conclude from these research studies
that the impact penetration and perforation resistance of sandwich panels, as compared to other

designs, is dependent on certain impact situations.

In previous studies, core material and its density have been proven to be key factors and the
selection of the proper material can optimize the performance of the structure. Both experimental
as well as accurate numerical techniques are required to understand the material response and to
improve the optimization process. AP Projectiles can easily penetrate through the armor plates.
This phenomenon is difficult to understand using analytical relations. These analytical relations

can only be applied under certain conditions[14]. In comparison, Experimental techniques can be
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used to understand the impact event and materials’ response with the help of high speed cameras
and X-ray images. Borvik et al[15] conducted the analytical and experimental study to understand
the behavior of Al 5083-H116 behavior with ogival nose shaped rods and 7.62 mm APM2
Projectiles. Residual velocity data and ballistic limit velocities were also calculated for armor

plates.

Excessive deformation, erosion, high strain rate dependent nonlinear material behavior, and
fragmentation are among problems associated with high speed impact and penetration. Modelling
of penetration is carried out with all the aforementioned aspects in check. The penetration pattern
and complex deformation that take place during ballistic impact, can now be easily computed using
numerical methods and other various computer technologies. After a thorough study of the
literature, it can be deduced that the majority of the attention is on the development and practical
use of continuous hydro-codes [16]-[19]. Ls-Dyna, a well-known explicit code, has been
successfully utilized to simulate a variety of armors subjected to impact for various danger levels

and capable of using multiple simulation techniques [20]-[25].

Finite Element methods can accurately anticipate the material behavior of metallic armors as well
as the underlying physics of bullet penetration [26]-[29]. To accurately anticipate material
behavior under impact, Finite Element Simulation requires accurate material models. The flow
stress of metallic plates is often modelled using the Johnson Cook's model, which predicts strain
rate and temperature dependent material response. In order to properly characterize the material
behavior, the Johnson-Cook material model requires the definition of a number of material
properties.

Kilic & Namik [30] carried out numerical simulations on Secure 500 armox steel in which the
ballistic limit thickness of secure 500 armour steel was computed using Lagrangian and smoothed
particle hydrodynamics. The simulation is carried out using the SPH method, which is a particle-
based model of continuum partial differential equations. The particles are not connected by edges
as they are in a normal finite element mesh. Johnson Cook'’s and Johnson Cook's failure model are
being used to record the behavior of the steel armor's material. To simulate the hydrodynamic
behavior of a material, the Mie-Gruneisen equation of state is utilized. The steel armor plate was
simulated utilizing an element erosion criterion, which brought mesh dependency into play.

Element erosion increases when the mesh density of the Lagrangian finite element model is



increased. The findings obtained experimentally and numerically were found to be highly
correlated with each other. Tria and Trebi [31] built a finite element model of a 7.62 mm AP bullet

hitting 30 PM armor steel using a modified version of Johnson Cook's material model.

Polymers are commonly utilized as a sandwich structure's core material because of their low
density and high energy absorption capabilities. Thermo- plastic polyurethane, a versatile polymer
material in the family of polymers materials, exhibits highly ductile behavior and shows good
stress strain recovery under both tension and compression. Jamil et al [32], [33] showed that when
the impact energy increases, the energy absorption capability of TPU improves. TPU can with
stand high impulsive loads and have the capacity to recover after being subjected to extreme

loading conditions.

1.2. Goals and Motivation

To understand the response to impact loading a detailed study of the impact and penetration
mechanics is required. Therefore a comprehensive relevant background and literature survey is of
prime importance to carry out this research precisely. The major objective of this research is to use
finite element analysis to investigate the behavior of composite sandwich structure under high-
speed impact. The main objectives of this research are,

e To analyze the response of sandwich structures when impacted with ogival shaped nose
Armor piercing projectiles.

e To analyze the plastic deformation and its concentration in sandwich structures during
impact.

e To analyze the behavior of sandwich structures of different core sizes upon impact.

e To determine the effect of hole pattern in core and face sheets on ballistic resistance of
structure.

e To determine the potential benefits and ballistic limits of sandwich structures of different
thicknesses.

e To evaluate the failure mechanism occurred on sandwich structures upon high speed
impact.

e To analyze and compare variable approaches to determine the failure criterion.

e To validate the FEA simulation models of ballistic impacts on sandwich structures

by employing the data available in literature.
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1.3. Research Methodology

For improvement and optimization of shielded armors, and before executing their
accreditation, one could use the predictive ability of Finite Element codes to save cost involved in
experimentation. Since such numerical analysis (huge deformations and fragmentation) is an
extensive and separate research field for the CAE-branch, therefore some of the base is needed. A
solution to deal with initial computational ballistics model depends on detailed literature study.
The methodology of the current research based on some of the relevant fields of study are shown

in the form of a chart in the Figure 1,



Implicit Explicit Lagrange Euler SPH
L | L |
L
|
FEM
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=
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l

\

Tensile Testing

Compression Testing
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Figure 1: Research Methodology




2. CHAPTER 02: LITERATURE REVIEW

In high-tech applications such as aircraft, spacecrafts, race cars and naval ships, innovative and
high-performance load-bearing part design is often pursued. These structures should be light
weight while maintaining a high strength-to-weight ratio. Structural efficiency can be achieved by
properly selecting the most efficient material and an optimized structural design.

In addition to general stiffness and strength requirements, there can be other requirements on a
structure. Fire protection, sound insulation, and impact protection requirements Thus, it is not
always required to design a lightweight structure which meet general stiffness and strength

requirements.

Various standards ought to be considered while choosing materials to be used in armor systems.
There is not a single material which is considered as ideal. One material providing an adequate
protection against one threat, can be dangerous to use to protect from other threats. Commonly

used armor materials are as follow,

e Steel Homogenized rolled steel is tough, hard and powerful enough to stop the high speed
impact and fast moving projectiles. It does not shatter once hit by high speed projectile.

e Aluminum is also widely used in protective structures to its less weight and high toughness
properties. Normally, it is being used in APCs (armored personnel carrier) and armor cars.

e Plastic armors are widely used as they can stop the APPs Armor Piercing Projectiles by
deflecting from their original trajectory and stuck between the plastic armor and base
steel/Aluminum backing plate.

e Projectile Proof Glass is widely used in defense industry as it is immune to penetration
when hit by a projectile.

e Ceramics are one of the most widely used for armor applications. Some notable ceramic
materials are Tungsten Carbide, Silicon Carbide, Titanium Dibromide, Aluminum Oxide,
Boron Carbide, and Aluminum Nitride.

e Composite material is a broader category of materials that can be used for armor protection
and similar goals. Three main categories of composites are, Reinforced particle
composites, Reinforced fiber composites and composite structures. This classification is

illustrated as follow in Figure 2.



[ Composite ]
|

|

Particle reinforced Reinforced fiber Composite structures
composites composites

[ |
[ Lamina type J [ Sandwich type J

Figure 2: Classification of composites

2.1. Deformation in Metal Armors

When a metal or a material is subjected to a load, it deforms in an elastic and partly plastic
manner. The deformation depends upon the type of material, applied force and the geometry of
material. When a material is subjected to high speed impact, the internally generated heat due to
friction and plastic deformation get no time to disperse away which results in massive local
temperature rise, thermal softening and extensive plastic deformation or even failure. Figure 3
portrays an engineering stress-strain graph for a typical ductile material, which addresses different

material behaviors when subjected to force/load.
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Figure 3: Stress strain graph for deformation in ductile materials [34]

2.1.1. Elastic Deformation

Elasticity is the ability of the material body to resist the deformation and return to its
original size and shape when the applied load is removed. Elastic deformation can be expressed
with the help of Hooke’s law. Hooke’s law is only applicable for material that deform linearly in

their elastic region.

o=E.z¢ 1)

Where E represents the modulus of elasticity, e denotes the strain induced and o represents the
stress caused due to applied load. When the material reaches its yield point, its elastic deformation

limits exceeds and material starts deforming plastically.
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2.1.2. Plastic Deformation
When a material reaches to its yield point, a non-recoverable permanent plastic
deformation occurs. In this zone, stress is no longer proportional to strain, and Hooke's law no

longer applies.

The strength of a material to endure plastic deformation until rupture point defines whether the
material is ductile or brittle. In ductile materials, elastic behavior, yielding, plastic deformation
and necking are involved in deformation process. While, brittle materials have very less or low
yielding behavior and may fracture upon very little plastic deformation without prior warning or

notice.

The percentage elongation or the percentage area reduction until fracture in case of ductile

materials can be expressed as:

Percentage elongation = (If — lo/ ly) x 100

Percentage area reduction = (Ao — Af/ Ao) x 100

Where lo is the initial or pre load length, If is the length at fracture. Ao is the initial or pre load

cross sectional area and Af represents the cross sectional area when material ruptures.

2.1.3. Deformation energy and fracture
When a material is distorted by an external loading, it tends to store strain energy with
in it throughout its volume. Strain energy density is a parameter that is defined as the strain energy

stored in a unit volume, it is expressed as,

u = [ odef (2

Where, & is the strain at rupture.

2.1.4. Modulus of Resilience
Modulus of resilience can be defined as “ Elastic energy stored in a unit volume of a

material without undergoing any plastic or permanent deformation”. Modulus of resilience is also

12



known as elastic strain energy density. The elastic strain energy density is represented by the area

under the stress-strain curve before the yielding point.

ur = % .02/E2 3)
Stress D
N
/ E
Ultimate Strength
AB f B Fracture
\(_
Yield Strength
modulus of toughness
¢ |
&
L=)
] stress |
? Young’s Modulus = —————
g strain |
L > Strain
0

Figure 4: Modulus of Resilience [35]
2.15. Modulus of Toughness

Material’s ability to absorb elastic and plastic strain energy till fracture point”. This
parameter is also known as strain-energy density of material. The area enclosed by the stress-strain

graph until fracture point represents the modulus of toughness.
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Figure 5 : Modulus of toughness

2.2. Deformation at high strain rate
Strain rate is the deformation rate of the material when an external force is applied on it. In

comparison to low temperature deformations, time dependent deformation mechanisms vary more
greatly at high temperatures. If the strain rate increases, The deformation process changes the
material’s temperatures to completely adiabatic. At high strain rate, the heat due to adiabatic
heating does not have significant available time so the generated heat escapes out of material body
upon deformation. This will cause an adiabatic shear instability, which will have a significant
impact on the material's mechanical behavior. As deformation continues, adiabatic heating will
occur in a very small area, causing the thermal softening of the material. As a consequence,
adiabatic shear bands are formed on the material. Adiabatic shear bands
(ASB) are thin regions of excessively deformed material due high strain rate loading which results
in complete failure of material in many cases. ASBs are generally produced due to shock wave

loading in material. Shock wave loading can be defined as the loading at high strain rates.

14



2.2.1. Adiabatic shear band

Adiabatic shear bands are the localized zones of intense shear which occurs when the
material is deformed at high strain rate. At high strain rates, the internally generated heat in a
material due to deformation has no time to disperse away from the material. As a result, the regions
where contact loads occurs, experience shear loading and behave adiabatically. This leads to
intense local temperature rise and thermal softening which results in extensive plastic loading or
even complete failure of material. This phenomenon is known as adiabatic shear localization which
makes the adiabatic shear bands. The localization of ASBs depends upon the velocity of the
impact. With the present Finite element modelling technique, it is realistically impossible to
capture the shear band formation phenomenon due to very small mesh size which results in

excessive distortion of elements at high speed impact.

2.3. Failure mechanism in impact loading

When a high force or a shock is applied on a material for a very short interval of time, it is
considered as Impact loading. The severity of impact load depends upon the weight and velocity
of the impactor. When a projectile hits the body, its kinetic energy transfers to the targeted body
and get converted into strain energy from kinetic energy. This transfer of energy deforms the armor
material and deformation depends upon the impacting projectile energy and their contact velocity.
If the deformation energy exceeds the enduring ability of the armor then the projectile will
perforate through the armor material resulting in complete failure or damage. Figure 6 shows the

various failure mechanisms of armors.
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Figure 6: Failure mechanisms in impact loading [36]

Plugging is the material failure mechanism which occurs when the blunt or hemispherical nosed
projectile with a very high velocity impacts the armor material close to ballistic limit of the
material thus causing slugging in armor of roughly identical diameter as the projectile.
Penetration is the material failure mechanism which occurs when the projectile excavates into
the target body beyond the thickness of spall crater. Penetration depth is the measure of cross
section of the crater depth.

Petalling is the material failure mechanism in which the armor fails from the flow of the initial
waves of stress due to excessive circumferential and radial tensile stresses. The maximum stress
occurs close to the projectile tip. The projectile forward motion pushes the material in its
direction of motion thus producing a bending stress in the armor plate thus causing the
characteristic failure pattern. It is often determined in thin plates affected by cone-shaped

projectiles at comparatively low velocities of impact near the ballistic limit.
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Spalling is tensile failure mechanism in which the armor fails as a result of reflected impulse wave
from the rear surface of armor plate by the impact of projectile. Spalling takes place in materials

that are more vigorous in compression than they are in tension.

2.4.  Numerical models for Ballistic Impacts

In previous years, a great advancement has been achieved in the field of research by the
use of numerical modelling techniques to analyze different problem effectively and efficiently. In
recent years, different numerical techniques have been used by various researchers to analyze the
response of high strain rate of different materials under impact loading. Variety of numerical
methods are being used by the researchers to get a realistic picture of high speed impact
phenomenon. These methods are accurate as well as inexpensive as they save huge experimental

cost involved in impact problems.

As discussed earlier, there are several methods available to understand the various stages of impact
process. The most effective and realistic method is the experimental method but it involves
extensive experience and huge experimental cost to conduct those experiments. Another, but most
competitive and realistic approach is computer based numerical simulations to study the impact
phenomenon. Numerical simulations provide accurate and detailed understanding of the impact
and failure mechanisms of armors. Improved and optimized armor designs can also be achieved
by using computer based numerical techniques as this method provides complex analysis and saves

huge experimental cost and time.

Extensive research has already been performed to effectively model the impact loading mechanism
and to demonstrate the damage and failure criteria of armor plates both at low and high velocities.
Barvik et al.[37] effectively demonstrated the damage in ductile materials such as Weldox 460E
steel using the explicit analysis technique of LS-DYNA software, they found that the

computational numerical model is highly sensitive to mesh size and material defining parameters.

Nazeer et al. [38] used the mathematical model to successfully demonstrate the perforation and
fracture mechanism of ductile metal targets when impacted by conical impactor, they found out
that a numerical method can be used to effectively analyze the toughness of ductile armor sheets
before fracture occurs during impact event. They also found out that, Rigid-plastic fracture

mechanism can be used for mathematical and numerical analysis of toughness of ductile armor
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sheets. Also, this analysis technique can be utilized to determine the number of cracks/petals

formed when the material fractures.

Rusinek et al. [39] studied the damage evolution in mild steel sheets both numerically and
experimentally. The impacted the mild steel plates with hemispherical nose shaped projectile and
demonstrated the petal formation in ductile targets. They found out that the dislocation of petals
in numerical simulation is quite similar to experimental results. To determine the ballistic limit
thickness of Secure 500 armor steel, Ekici and Kilis [25] used numerical simulations utilizing the
Lagrangian and SPH methods. The simulations are carried out using the SPH method, which is a
particle-based model of continuum partial differential equations. Particles are not connected by
edges like in a normal finite element mesh. The failure model being utilized is Johnson-Cook’s
plasticity which records the response of the steel armor’s material. Modeling of hydrodynamic
material response employs the Mie-Gruneisen equation of state. The steel armor plate was
simulated utilizing an element erosion criterion, which brought mesh dependency into play. As the
mesh density of Lagrange finite element models increased, which resulted in an increase in
element erosion. The results of the experiments and the numerical results were found to be
substantially linked. Tria and Trebi [31] built a finite element model of a 7.62 mm AP bullet hitting

30 PM armor steel using a modified version of the Johnson Cook’s material model..

Borvik et al. [15] conducted the analytical and experimental study to understand the behavior of
Al 5083-H116 behavior with ogival nose shaped rods and 7.62 mm APM2 Projectiles. Residual
velocity data and ballistic limit velocities were also computed.

Wang et al.[40] studied the dynamic response of impact on aluminum target protected or layered
with alumina tiles. They observed that the conical shaped nose of the projectile that hits the target
gets damaged and also the fracture pattern of cone shape develops in the nose of the projectile.
They discovered that the optimum base plate thickness is a function of the damage evolution and
material’s failure mechanism e.g. Petalling, partial penetration, plugging, and indentation etc. They
noted that the resistance capability of ceramics against ballistic impacts improves with the increase
in ceramic plate thickness. Many researchers have also conducted extensive study in order to
properly assess the performance of composite armors, soft laminates, fabric, and fibre reinforced
composites [40]-[50].
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Several research studies have been carried out in the past on the design and development of
structures that can bear high intensity impulsive loads[2—7]. The face sheets are usually Aluminum
or fiber reinforced polymers whereas the core is usually, wood, metal foams, polymers and metal
honey combs. Radian et al. [13] found that monolithic plates offers more resistance to impact
penetration because of their augmented resistance to bending loads. We may conclude from these
research studies that the impact penetration and perforation resistance of sandwich constructions,
as compared to other designs, is dependent on certain impact situations. In previous studies, core
material and density have also been proven to be key factors/paramters and the selection of the
proper material can optimize the performance of the structure. Both experimental as well as
accurate numerical techniques are required to understand the material response and to improve the
optimization process. Jamil et al[32], [33] showed that the energy absorbing characteristics
increases with the increased impact energy. TPU can with stand high impulsive loads and be able

to recover from high-intensity loading conditions.

Impact at High velocity such as ballistic impact cases involves strain rate dependent material
deformation, erosion, and shattering. Therefore, a numerical model is required that takes into
account the above mentioned effects to simulate the impact response effectively. With the advent
of modern technology and computer programs the new numerical methods used by the researchers
shows more realistic picture of impact response. Detailed literature review on the numerical
simulation of ballistic impact problems shows that the most of the researchers are making use of
continuum hydrodynamic codes to analyze the ballistic impact response [16], [18], [19].
Abaqus/CAE, Ls-Dyna, and Ansys AUTODYN are some of the most widely and
successfully used explicit analysis tools to simulate the ballistic impacts of number of threat levels
of different type of armors. Borvik et al. [20] investigated the impact behavior of cylindrical
projectiles at high speeds on Weldox 460 E steel plate. Weldox 460 E steel was tested using
Johnson Cook's plasticity and damage model. Because the projectile's material data was
unavailable, the projectile was modelled using a linear elastic material model with an elastic
modulus of 200 GPa and a poisson's ratio of 0.33. Buchar et al. [25] in the research analyzed the
steel armor performance against ballistic impact of 7.62 mm AP projectile. Key factor behind
success of the numerical results and experimental results closeness of this study is the use spall
failure model for hardened steel projectile. Borvik et al. [21] determined the effect of projectile
shape on ballistic performance in Ls-Dyna. Teng et al. [22] and Dey et al. [23] determined ballistic
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performance of dual layered steels and the resistance of monolithic steel and Weldox 700 steel
targets respectively. Johnson-Cook’s plasticity and damage model were used for armor plate. One
of the most comprehensive research on ballistic simulation was done by Borvik et al. [24]. He
studied the performance of five different hardened steel alloys when struck by hard projectiles. On
comparison with ballistic test results, very close correlation was found between experimental and

simulation results.

2.5. INTRODUCTION TO FINITE ELEMENT CODES

Finite Element Analysis is the most credible and widely acceptable numerical procedure
to examine the basic and complex mechanical problems. It has become a very powerful tool among
the most essential and valuable apparatuses for researchers and designers in past years. The
description of the problem and assignment of fundamental parameters are usually what determine
the unwavering quality of numerical solutions. Many commercial Finite Element packages are
now available that include simulation-based design approaches and make use of modern
computational resources. Some of the well-known FE processors are ABAQUS, LS-DYNA,
ANSYS, MATLAB, IMPETUS AFEA SOLVER, MSC DYTRAN, MSC NASTRAN, COMSOL,
COSMOS, MSC MARC and many more. Pre-processors like MSC PATRAN, HYPERMESH and
MENTAT are equipped with finite element models production facilities for the above mentioned
FEA codes. In current research ABAQUS/CAE s utilized as a vital finite element analysis code
to analyze the response of composite sandwich structures. ABAQUS CAE is widely acceptable

and acclaimed software for Finite Element Analysis tasks.

2.6. Introduction to Abaqus Software

Abaqus was originally released in 1978 by Hibbitt, Karrisson and Sorensoen, Inc. Abaqus
IS a programme that visualizes the results of finite element analysis and is used to model and
analyze complex mechanical systems. Abaqus is a suit for building finite element based models
for solving different engineering related problems, which is not only capable for simple static or
linear analysis but also can solve nonlinear or dynamic problems. Abaqus CAE has a graphical
user interface for problem definition and solving. It can be used effectively to make or import
geometries in a mesh-able regime. Abaqus CAE contains intense alternatives to work complex
geometries and confirm the subsequent investigation model. Abaqus/CAE can be used to assign

the material properties to the geometry, applying load, boundary conditions, and presenting the
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finished model by making a job for analysis. The results of the analysis can be interpreted using

the visualization module of Abaqus. There are two primary analysis modules of Abaqus/CAE.

e Abaqus Standard.
e Abaqus Explicit.

2.6.1. Abaqus/Standard

Abaqus/Standard, a universally useful examination module utilized as part of tackling
an extensive variety of linear and nonlinear problems, including the static, dynamic, heat, and
electrical behavior of materials. It is a general purpose solver that employs implicit integration

schemes.

2.6.2. Abaqus/Explicit

Abaqus/Explicit is an extraordinary examination module of Abaqus /CAE, used for
explicit dynamic analysis of finite element based models. Unlike implicit analysis, explicit analysis
generates a time based solution after every small time interval rather than solving a system of
mathematical equations after every increment. Abaqus/Explicit is extremely proficient for
analyzing dynamic and transient loading cases, for example, blast and impact problems, and for

simulation of nonlinear problems involving contact conditions.

2.7.  Principles of Formulation
In this section, principles of formulation for numerical techniques are discussed. It

involves,

2.7.1. Lagrange Formulation

One of the most sought after FEA formulation is lagrangian formulation technique
commonly used in experimental operations. The basic characterization propagated by Lagrange
formulation is that each body has unique nodal points. Elements are formed when nodal points are
joined. When a change in shape occurs (i.e. a disfigurement of any sorts) the nodal points moves

causing a change in shape.

One of the primary problem with conventional Lagrange-based formulations for impact
perforation issues is excessive elements distortion. Mesh convergence study is necessary to

accomplish a certain degree of unwavering quality. The material removal option can be used to
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remove the extensively distorted elements, allowing the computation to proceed. The fact that

small relocations and material contacts are shown with remarkable clarity is of enormous interest.

2.7.2. Euler Formulation

The Euler formulation is a widely used formula for studying moving materials or fluids,
or for experiencing severe distortions. The Eulerian formulation is ideal for this purpose since the
projectile and reinforcing material are subjected to such significant deformation and can approach
the softening stage. The Eulerian formulation is supported by the spatial node points joining to
create the elements. The mesh's elements move from one position to the next, creating mass, force,
and vitality, and the material is referred to as a 'stagnant reference frame.' The Eulerian mesh must
be big enough to capture all of the intricacies of material flow during deformation in order to use
it.
2.7.3. Smooth Particle Hydrodynamics (SPH)

Smooth Particle Hydrodynamics technique is a computational method to simulate the
mechanics of continuum media. It is a lattice free system that are connected for irregular issues
having substantial and excessive distortions. From [51] , we may say that SPH overcomes the
limitations of the Euler and Lagrange methods. The approach for function interpolation has
cognizance of free nodal points with a changed mass, referred to as elements, for SPH
formulation. In terms of introduction totals, a piece gauge allows you to portray the protection of

mass, force, and vitality.

2.7.4. Dynamic Failure Models

The damage and material failure can be analyzed and demonstrated by the dynamic
failure models in Abaqus. These failure models can be used for modeling of static and
dynamic loading problems. In Abaqus/Explicit, there are two types of dynamic damage models
that are appropriate for dynamic situations with a high strain rate. The key failure initiation criteria
in the shear failure model is the material's plastic yielding. The ductile failure model uses elastic
stacking of the material as the main failure initiation criteria. Failure models such as mentioned
above can be utilized to restrain resulting load conveying limit of an element (up to the point of
element removal) until the maximum value of stress is achieved. Both of the aforementioned

models can be utilised for the same material at the same time.
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2.7.5. Shear failure criterion

Shear based material failure criteria depends on the estimation of the proportional
plastic deformation at element nodes i-e; damaged elements erode when the value of critical
damage variable reaches 1. The damage variable is denoted by, o, and is given by

el + zAeP! (4)

-p l
&

w =

Where, eé’l defines initial value of plastic equivalent strain, AgP! represents the plastic

equivalent strain increment, e‘]f’ “is the failure strain, and the overall damage parameter can be

determined by summation of overall increments in analysis.
The failure strain, g‘}’ ! depends on the plastic strain rate (e‘]f’ l), stress ratio (p/q) (p is the stress due

to pressure and q is the stress known as Mises stress), field variables and temperature. The shear
failure model utilizes the proportionate plastic strain for failure initiation. It is intended for large
strain rate misshaping of numerous materials. It can also be used with Mises as well as Johnson-
Cook’s plasticity models. Shera based material model can be utilized as a part of tensile based

failure model.

2.7.6. Tensile failure criterion

The tensile failure criterion of Abaqus/Explicit uses the hydrostatic cutoff pressure to
model dynamic spall for element failure. The tensile failure occurs when the cutoff pressure, p,
increases from the hydrostatic cutoff stress of the material. The hydrostatic cutoff stress depends
on temperature of element and the field variables. Hydrostatic cutoff stress does not have any

default value.

With Mises and Johnson-Cook plasticity models, as well as equation of state models, the ductile
damage model is employed. The tensile failure criteria is used to assess the damage caused by high
strain rates in a variety of materials. To simulate element spall or a weight cutoff, this material
model employs the hydrostatic weight as a disappointment scale. It may be used as part of Mises,
Johnson Cook Plastic, or equation of state models, just like shear failure models. It may be

incorporated into a shear failure model.
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2.8. Failure decisions
When the elastic or tensile failure initiates at the nodal point, the material elements fails.
There are five choices available in the tensile based failure criteria which offers element failure at

nodal points, these choices include,

e Element removal (Default choice), which erodes the elements on failure
e Four spall models, which depicts the material failure by shock wave generated

from the rare face of the impacted material.

2.8.1. Element removal

At an integration point when the tensile failure occurs, all the stress components are
assigned a value of zero and the material failure occurs at this point. The element of the material
will be removed, whenever the tensile failure variable reaches a value of 1. For complete failure
of material all the elements are not necessary to fail or erode. In first-order solid elements, the
elements erosion takes place whenever nodal point fails. In shell elements, all the nodal points
along the thickness must fail in order to cause the element removal from the mesh. For second
order beam elements, when all of the nodal points fail at one of the two element integrations
along the beam's axis, the beam fails. Similarly, the triangular and tetrahedral elements fail when

anyone of nodal point fails.

2.8.2. Spall models

Spall (the material disintegration) model is an alternative failure choice in which,
instead of element removal, there are four alternate choices available. This category involves
four failure combinations. At an integration point when the tensile failure occurs, it may or may
not set the deviatoric stress components to zero, similarly the cutoff pressure may or may not be
limited by the hydrostatic cutoff stress. Therefore, four failure combinations are possible which
are as follow,
Ductile shear and ductile pressure: The stress components are unchanged, and the hydrostatic
cutoff stress determines the pressure stress.
Brittle shear and ductile pressure: the components of stress become zero and will be zero for
the remaining analysis, and the pressure stress is given by the hydrostatic cutoff stress.

Brittle shear and brittle pressure: the components of stress become zero and will be zero for the
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remaining analysis, and the pressure stress is given by compressive stress.
Ductile shear and brittle pressure: the stress components remain unchanged, and compressive

stress determines the pressure stress.
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3. Chapter 03: Materials and Modeling

3.1. Material Properties and Dimensions

Abaqus/CAE, a finite element technique software, was utilized for numerical simulations.
Lagrange method of spatial discretization was used for numerical analysis because according to
the study conducted by [30]. When compared to mesh-free approaches like Smooth Particles
Hydrodynamics, the Lagrange method produces substantially better results. Only issue that
appears is that the mesh becomes excessively distorted in Lagrange method, which results in
simulation errors which leads to termination of simulation or have a substantial impact on the

accuracy of the results. Thus mesh size is an integral part of numerical analysis.
Two materials were chosen for the impact analysis in this study which are,

e Aluminum Alloy Al-5083 H-116
e Thermo-plastic Polyurethane TPU

1. Aluminum AI-5083 H-116 is an aluminum-magnesium alloy majorly used for naval structures
and for ballistic protection purposes. Aluminum alloy AI-5083 H-116 was chosen due to its
high strength properties. Aluminum AI-5083-H116 is used as a face sheet material in this
study. Some mechanical characteristics for aluminum alloy armor plates are specified by the
US Army Research Laboratory [30]. The following mechanical characteristics are
recommended for AA5083-H116 plates: ultimate tensile strength o, = 283 MPa, yield strength
determined by the 0.2 percent offset 6o=200 MPa, and percent elongation at tensile failure

€ =0.10. Mechanical properties of Al-5083- H116 are tabulated in Table 1.

2. Thermo-plastic polyurethane TPU belongs to polymers family and it is used as a core
material in sandwich structures in this study. Polymers are widely used for many purposes due
to its cheapness, corrosion resistance, production ease and relatively low density. Highly
ductile behavior and stress - strain recovery under tensile tests, TPU is one of the most useful
and flexible plastic material in its family. Under impact loading, TPU energy absorption
increases proportionally with increased impact loading. TPU can also recover from extreme
loading conditions, whereas metal-based cellular solids like honeycomb cores are unlikely to

do so. Mechanical properties of TPU material are tabulated in Table 3.
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3.2. Dimensions

Dimensions of Aluminum AI-5083 H-116 are taken from the standards mentioned in
NATO Stanag 4569 standard [30]. Similarly the Core material TPU dimensions are taken same as
that of Aluminum Al 5083- H116. Both the face sheets and core material are according to NATO
standards for ballistic impact testing. The sandwich structure is 400 x 400vmm? in dimensions.
There is no adhesive or chemical material between the face sheets and the core material because it

is mechanically bonded to them. Projectile dimensions are taken from [54].

The material properties and the Johnson-Cook’s plasticity model parameters of aluminum face
sheets are given in Table 1 . Mie-Gruneisen EOS parameters for aluminum sheets used in this
simulation are tabulated in Table 2. Johnson cook’s failure model parameters for base armor plate
are also given in Table 2. The material properties Ductile damage and failure criterion parameters

are tabulated in table 3. Isotropic hardening data for TPU is tabulated in Table 4.

Table 1
Mechanical Properties of Al 5083 - H116 Face sheets

Parameters Symbol Unit Al 5083 - H116
Density P) Kg/m?® 2700
Elastic modulus E GPa -
Shear modulus G GPa 70
Poisson’s ratio v - 0.3
Initial yield stress A MPa 167
Strain hardening B MPa 596
coefficient

Strain rate coefficient C 0.001
Strain hardening n 0.551
exponent

Reference strain rate Eo 1/s 1
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Thermal softening m 0.859

exponent

Specific heat at constant Cp J/kg.K 910

pressure

Room temperature Tr K 293

Melting temperature Tm K 893
D1 - 0.1
D> - 0.4

J-C Failure Ds - -1.3
Da4 - 0.05
Ds - 0
Eo /s 1x10*

Table 2

Mie Gruneisen EOS parameters for Al 5083 - H116 Face sheets

Parameters Symbols Units Al 5083 H116
Density P) Kg/m?® 2700
Elastic wave velocity C m/s 5340
Slope values S - 1.40
Gruneisen Coefficient y - 1.97

Table 3

Mechanical Properties of Thermoplastic Polyurethane TPU Core

Parameters Symbols

Units

Thermoplastic
Polyurethane TPU

Youngs’ modulus

MPa

158
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Poisson’s ratio 1% 0.40

Density p Kg/m3 1150
Strain rate & 1/s 0.001
Fracture strain for - 29

ductile damage

Stress traxiality - 0.33

Table 4

Isotopic Hardening data for Thermoplastic Polyurethane

Yield stress 11.05 25.92 45.36 119.02 265.26 295.43 390.17
(MPa)

Plastic 0 0.36 0.76 1.42 1.90 2.18 2.97
strain

3.3.  Finite Element Analysis

In finite element analysis, materials behavior is analyzed by characterizing the material
into small discrete elements. Spatial discretization requires a variety of numerical methods.
Commonly used techniques for discretization of material are Euler, Lagrange, ALE (Arbitrary
Lagrange Euler, a mixture of Euler and Lagrange), and meshless techniques like SPH (Smooth
Particles Hydrodynamics). In comparison to the meshless SPH approach, the Lagrange
methodology appears to be the most appropriate tool for analyzing deformations. The material
mesh moves with the movement of the material in the Lagrange method, which is perfect for
capturing material movement and features in areas with little deformation. Because of its ability
to trace material interactions precisely and effectively, this detailing is widely used. The drawback

of Lagrange technique is that the numerical mesh can become highly deformed or knotted in an
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incredibly disfigured area, causing unwanted effects on the time step and accuracy. Excessive
element distortion leads to zero and negative volume error for some cases. These issues may be
solved by using a different and more effective meshing approach, which may require more
computing power but improves the output results substantially.

Numerical models used in this numerical analysis are,

3.4. Ductile Damage

The Ductile Damage Initiation Criterion is a model for predicting ductile metal damage
initiated by nucleation, growth, and void’s coalescence. The model assumes that the equivalent
plastic strain at the start of damage is a function of stress triaxiality and strain rate. The ductile
criterion can be used in conjunction with the Mises, Johnson-Cook, Hill, and Drucker-Prager
plasticity models, as well as the equation of state. Parameters of ductile damage criterion for
Thermoplastic Polyurethane TPU are tabulated in Table 3.

3.5.  Damage Evolution
3.5.1. Displacement

Displacement damage evolution to define the damage as a function of displacement
after damage initiation. It defines damage in terms of displacement in cohesive elements for elastic
materials.

3.5.2. Energy
Energy damage evolution defines damage in terms of the energy required for failure

(fracture energy) after the initiation of damage.

3.6.  Johnson Cook plasticity model

Johnson Cook’s plasticity model is a well-known model used for high strain rate dependent
problems [52] . Johnson-Cook’s model is available in commercial FE analysis software packages
and is most used for the ballistic impact numerical simulation studies. This model particularly
describes the rate dependent in elastic behavior of ductile materials. J-C model also describes the
effects of strain, strain rate hardening and thermal softening on the flow or yield stress of the

material. Johnson Cook’s ductility model is expressed as,

o=[A+B&e"[1+Clng"[1-(TH"] ®)
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The term “ep” represents the equivalent plastic strain rate, “€*” is the ratio of equivalent plastic
strain rate to reference strain rate i.e. “*= &p/€ °”, and T* is the Normalized Temperature term

and is expressed as,

*_ (T _Tref) (6)
(Tmelt _Tref )

T

where T~ is the room temperature and T is the melting temperature. A, B, C, nand min J-C
plasticity model are the experimentally determined material constants where A is the initial yield
stress, B is the coefficient of strain hardening, C is the coefficient of strain rate, n is the strain

hardening exponent, and m is thermal softening exponent.

3.7.  Johnson Cook Damage Model
The Johnson Cook Damage model is a fracture strain model that includes the effects of
temperature, stress triaxiality, and strain rate on material fracture strain. The material fails when

the damage variable reaches a critical value, according to the JC failure model. This damage

=y @)

variable is defined as,

The damage parameter “D” can be 0 or 1. If the the material is undamaged then D = 0 and if the

material is fractured then D = 1. According to J-C failure model, the strain energy is expressed as,

.pl 8
e" :[dl+d2e(—dsﬂ):||:l+d4 |n(5_]i|(l+ dST*) ( )

€0

Here di, @, ds, di, and ds represents the temperature strain rate and strain rate hardening

dependent material constants
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3.8. Mie-Grlneisen equation of state

The Mie—Griineisen equation of state is an equation that describes relationship between a
solid's pressure and volume at a given temperature. It's used to find out the pressure in a shock
compressed solid. In this numerical simulation, the Mie-Griineisen equation of state is employed.
This Mie-Grilineisen EOS represents materials that are subjected to high pressures. Parameters of

Mie-Grilineisen EOS for Aluminum plate are tabulated in Table 2.

3.9. Plasticity modeling for Thermoplastic Polyurethane

Thermoplastic Polyurethane TPU can be modelled using Cowper — Symonds power law
by considering it as an isotropic elastic — plastic material that exhibits strain rate dependency.
Total strain-rate can be disintegrated into an elastic component, el, and a plastic component, pl.

and the plastic flow stress as opi, of @ material which can be expressed as,

o, = f(ep1)-R(E) 9)

Where f represents quasi-static stress - strain behavior of material which is acquired from stress
strain curve. Stress strain behavior can be introduced into Abaqus from stress strain curve values.

R is the ratio of the yield stress at any strain-rate to the static yield stress and E * denotes the strain.
Cowper-Symonds model which is used to incorporate the strain rate effects in TPU as follows,

ép1 = D(R — 1)P (10)

The power-law relationship is given as follow,

1

o= 0|14 (%)F (11)

Here, &pi represents the strain-rate and, osand go denotes the yield stress at the higher strain-rate
and the static yield stress, respectively. D and p are the material parameters, which can be
determined by Regression procedure from Split Hopkinson Pressure Bar tests data. D and p are
the coefficients for the Cowper Symonds power law. The values of these two coefficients (D & p)

are 971 s'tand 0.98, respectively. These values were determined from SHPB data from tests. The
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material properties and isotropic hardening data for TPU are listed in Table 3 and Table 4,
respectively. Ductile failure criterion available in ABAQUS/Explicit [50] is used to simulate

failure of the TPU.

Prior to the impact simulations, the TPU's mechanical response was simulated under in-plane
tensile load. Figure 7 shows the load-displacement graph, for the TPU under in-plane tensile

loading conditions simulated in Abaqus.

2
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Figure 7: Load vs Displacement graph of TPU under tensile load

3.10. Sandwich Structure

Sandwich structures used in this research study are comprised of Core material and front -
back face-sheets. The Polymer based core material is sandwiched between the two aluminum face
sheets. The areal dimensions in all the cases are same while the thickness of the structure varies.

A visual representation of sandwich structure is given in Figure 8.
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Figure 8: Sandwich Structure

3.10.1.  Aluminum Al-5083-H16 Face sheets

Face sheets used in this research study are Aluminum Alloy Al-5083 H116. The areal
dimensions of the sheets are 400 x 400 mm? which is accordance with NATO stanag 4569 standard
[55]. The thickness of the face sheets varies are 1.2 mm, 1.5 mm and 2 mm. Each of them are used
in different case studies in this research.

3.10.2.  Thermo-plastic Polyurethane Core
Core material used is this material is Thermo-plastic polyurethane polymer. The areal
dimensions are same as that of face sheet that is 400 x400 mm?. The thickness of the cores are 20

mm, 30 mm and 50mm. Each of them is used in different case study of this research.
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Figure 9: TPU Core with different thicknesses

3.11. Projectile
Projectile used in this study was modelled as analytical having mass of 52.5 grams and

19mm Diameter. The projectile dimensions is taken from [54]. In numerical simulations, initial

projectile velocity ranges from 66.3 - 360.30 m/s.

3.12. Mesh

The meshing methodology acquired in the analysis of current impact problem involves a
continuous mesh that transitions from coarser mesh to fine mesh depending upon the region of
interest. This method involves the partitioning of face sheets and core material regions. Each part
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is seeded with appropriate mesh density in the individual region based on the required refinement

and continuum behavior in the results. The projectile is also meshed finely for the accurate results.

St
Lo e Dy,
ALl s g
X% e{fﬁﬁf‘i‘?@“:“:ﬁ;
() ul . LT
‘:‘:’g&s,‘; X QQ~§‘$‘A§."‘,". I

eeany
5
SR

EA ey
SRR ““‘ﬁﬂa

e &
AL
L] .'. 5 “-“

o
Tty
i

i
S

|

L

Serhies
e

T
L

%

L7
£ 77
7
i

o
=

7

P AT
2
775
i
q{.

SEEe

77
A,
i,
i,
i

o

T %
LA ‘\‘ K

i

Figure 10: Mesh on sandwich structure

3.12.1.  Aluminum Face sheets

The meshing module uses an 8-node linear brick with reduced integration (C3D8R)
and hourglass control elements to mesh aluminium face sheets. Face sheets are partitioned in two
regions, the mesh size was adjusted in these regions based on the area of interest. Elements size
for the face sheets ranges between 1 mm to 5 mm, whereas the element size of 1 mm was used
along the thickness of the plate. In each cross sectional direction, the element size is assumed to
be small in the impact zone and gradually grows away from the impact region. The elements size
for face sheets is very critical in the current model because much smaller or larger elements can

cause different stiffness issues in the model of face sheet.
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Figure 11: Mesh on AI-5083-H116 face sheet

3.12.2.  Thermo-plastic Polyurethane core

TPU Core was meshed with 8-node linear brick, reduced integration with
hourglass control elements of different sizes in two regions of plate. These regions were defined
by partitioning the plates into two parts. Elements size for the core material ranges between 1 mm
to 5 mm whereas the element size of 5 mm was used along the thickness of the plate. The elements
size for core material is very critical in the current model because much smaller or larger elements
can cause different stiffness issues in the model of core material. Element mesh size increases from

impact region to away from center along the cross sectional direction
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Figure 12: Mesh on TPU Core
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Figure 13: Different orientations of mesh on TPU core

3.12.3. Projectile mesh

Projectile was meshed with using 8-node linear brick, reduced integration (C3D8R)
with hourglass control elements (structured mesh) by the meshing module in three regions. The
mesh size was adjusted in the area of interest. Elements size for the projectile ranges between 0.5

mm to 1 mm along the length of the projectile.
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Figure 14: Mesh on Projectile

3.13. Boundary and Contact Conditions

Sandwich structure is fully clamped/fixed at its exterior edges and all its degrees of
freedoms are zero. The Abaqus kinematic contact method was used to assign contact between the
projectile and the target structure. Between the face sheets and the core material, general contact
(explicit) was used. Between the projectile and the sandwich structure, surface to surface (explicit)
contact was assigned (face sheets and Core). In contact definition, the projectile surface was treated

as a master surface, while the face sheets and core were treated as a nodal-based slave surface.

3.14. Setting up the model

Sandwich structure compromising of face sheets and core material was constrained at its
edges. The projectile was normal to the plate with its tip touching the face sheet. The contact
definition was hard contact for normal objects. The initial velocity of the projectile varied with

each new case. Similarly the configuration of sandwich structures also varied with different cases.

For the face sheets and the core, a three-dimensional finite element model was created. Eight node
continuum hexahedral elements with reduced integration formulation were used as the mesh type
(C3D8R).The projectile impact is an extremely localized phenomenon. To save the computation

time, the mesh size was refined and smaller near the center, while the mesh size for the areas
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increased as the distance from the centre of the plate increased using biased meshing. Elements
size for the face sheets and core ranges between 1 mm to 5 mm, whereas the element size of 1 mm
was used along the thickness of the face sheets. In order to prevent the Projectile from unrealistic
distortion, distortion control alongside enhanced hour glassing properties were used in the

simulation.
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4. Chapter 04: Results and Discussions

To model the numerical setup as an accurate finite element model, it was necessary to create a
model that is based on prior experiments. The work done by Borvik [15] on the perforation of
AA5083-H116 Aluminum armor plates with ogive-nose shape rods, 7.62 mm APM2 bullets was
considered as a reference. The material model parameters and Johnson cook’s material model
parameters were taken from [56] , [57] for Aluminum 5083-H116.

Table 1 contains the Johnson cook’s material parameters for Aluminum 5083-H116. Mie —
Gruneisen EOS parameters were taken from [58] and its parameters are listed in Table 2. Prior to
the impact simulations, the TPU's mechanical behavior was simulated under in-plane tensile stress.
The computed load-displacement graph for the TPU under in-plane tensile stress conditions is
shown in Figure 7. Figure 7 shows that the simulated mechanical response validates the data

available in literature [33].

4.1. Validation models

To accurately model the simulation, setting up the simulation as done by the [59] was
considered to validate his results for Weldox 460E and residual velocities were validated with the
already available data in [59] , [21]. This task was done to model the simulation accurately and in
perfect manner. Validation results for Weldox 460E are listed in Table 5. After making an accurate
simulation, material model for Aluminum 5083 — H116 was also validated in accordance with
work done by Borvik [15] against 7.62 mm APM2 bullets; a 20mm Aluminum 5083-H116 plate

impacted by a 7.62 mm AP core at 741m/s. The results are compiled in Table 6.

Table 5 : Numerical Model Validation for Weldox 460E

Initial Velocity
In Literature [21]

AXxis-Symmetric
Numerical Results

with Adaptive

3D Numerical
Results without
Adaptive Meshing

3D Numerical
Results of Present
Validation Model

Meshing [21] [59]
600 523.00 555.04 541.31
405.70 304.00 332.64 338.05
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Table 6 : 20 mm Aluminium-5083 — H116 against 7.62mm AP Projectile

Initial Velocity (m/s) in Residual Velocity (m/s) in Residual Velocity (m/s) in
Literature [15] Literature [15] Present Validation Model
741 532 537.12

4.2. Ballistic Impact

In present study, composite sandwich structures of variable thicknesses were developed
to test against 12.7 mm Ogival nose shaped projectiles. Numerical simulations on Abaqus
Software were developed to find out the ballistic limit velocities of sandwich structures. This
study was conducted to find out the impact perforation and penetration resistance, ballistic limit
velocities, effect of core and face sheets thickness on structural integrity and performance and
failure mechanisms in sandwich structures during impact loading in different configurations of

sandwich structures.

In sandwich structures, thickness of the face sheets are 1.2 mm, 1.5 mm and 2 mm while the core
material thickness was 20 mm, 30 mm and 50 mm. There were total of 9 different sandwich

structures and their configurations are listed in Table 7.

Table 7 : Different Configurations of Sandwich Structures

Sandwich Structures TPU Core 20 mm TPU Core 30 mm TPU Core 50 mm

Aluminum FS 1.2 mm 1.2x20x 1.2 mm 1.2x30x1.2mm 1.2x50x 1.2 mm

Aluminum FS 1.5 mm 1.5x20x1.5mm 15x30x1.5mm 1.5x50x1.5mm

Aluminum FS 2.0 mm 20x20x 2.0 mm 20x30x2.0mm 20x50x2.0mm

These configurations are divided in 3 cases which are further subdivided in 3 types for the ease

of discussion which are as follow,

Case 1 includes 1.2 mm thick face-sheet panels with all three core thicknesses. 1.2 x 20 x 1.2

mm, 1.2 x 30 x 1.2 mm, 1.2 x 50 x 1.2 mm sandwich panels configurations are included in this
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case. Each configuration is named as a type 1, type 2 and type 3 respectively to further discuss

the results with ease.

Case 2 includes 1.5 mm thick face-sheet panels with all three core thicknesses. 1.5 x 20 x 1.5
mm, 1.5 x 30 x 1.5 mm, 1.5 x 50 x 1.5 mm sandwich panels configurations are included in case
2. Each configuration is named as a type 1, type 2 and type 3 respectively to further discuss the

results with ease.

Case 3 includes 2 mm thick face-sheet panels with all three core thicknesses. 2 x 20 X 2 mm, 2 X
30 x2mm, 2 x 50 x 2 mm sandwich panels configurations are included in case 3. Each
configuration is named as a type 1, type 2 and type 3 respectively to further discuss the results

with ease.

4.2.1. Ballistic Impact Testing

In this section, ballistic response of sandwich structures against 12.7 mm ogival nose
shaped projectile is discussed for each case. There were total nine different sandwich structure
configurations and each sandwich structure was impact tested for different velocities ranging from
360.30 — 66.00 m/s. The ballistic limit velocity, which shows the lowest impact velocity necessary
for a projectile to completely perforate a target, is mostly used to evaluate sandwich panel
perforation resistance [60]. Ballistic limit velocities were found out in each case. The highest
impact velocity, Vi, where the residual or rebound velocity, Vr, equals zero is designated as the
ballistic limit velocity, VBL (i.e. no full penetration). The effect of the projectile's impact velocity,
Vi, on its residual velocity, Vr, and velocity drop, Vd, is listed.

4.2.2. Factors affecting Ballistic Impact
Target configuration is an important parameter on the protective performance which is
increased by increasing the thickness of target. Effect of core and face-sheets thicknesses are

discussed separately as follow,

4.2.2.1. Effect of core thickness

Influence of Core thickness on the overall performance of sandwich structure is
discussed in this section. Core material and its thickness plays a vital role on the impact penetration
and perforation resistance against projectiles during high speed impact. The thickness and density

of the core are both influential factors in the construction of sandwich panels. The core plays a
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critical part in the panel's energy absorption capabilities when it is hit at a low speed. By keeping
the face-sheets apart to generate an evenly stiffened sandwich panel, the core resists shear force
and enhances structural stiffness. As thermoplastic polyurethane TPU is one of the most versatile
polymer material in its family of polymers, it exhibits high ductility and can withstand high
impulsive loads upon high velocity impact. The increase in core thickness provides additional
strength to the structure along with increased damage resistance. Ballistic limit velocities were
found to be decreasing as core thickness increased. Increase in the impact resistance of 30.6% and
up to 40.8% with the increase in core thicknesses of 30 mm and 50 mm, respectively is observed.
Ballistic limit velocity is found out to be highest in structures with thicker core. Table 8, Table 9
Table 10 presents the numerical results of the residual velocity and velocity drop values for all

three cases and their subsequent types.

4.2.2.2. Effect of face-sheet thickness

Influence of the face-sheet thickness on the overall performance of sandwich
structure is discussed in this section. As the sandwich cores are of usually soft and less dense
material to lower the weight of the overall structure. In contrast, face-sheets are usually made of
strong material so they can bear more impulsive load and give enough strength by carrying all the
bending stresses acting onto the structure. When the sandwich panel is subject to impacting load,
the upper face-sheet confronting the projectile experiences the compressive load while the bottom
face-sheet experiences the tensile load. The front face-sheet experiences the damage due to
compressive loads pushing the core to the back resulting in debonding of face-sheet with the core.
The face-sheet at the back side will stay intact with the core while experiencing tensile load at the
back face. A thicker face-sheet will deform less as compared to the thin face-sheet as the
deformation area associated with bending deflection increase on the face-sheets. A thinner face
sheet can be penetrated more easily at high speed impact before its deformation extends to larger
area. With increasing face-sheet thickness, impact resistance and ballistic limit velocity are found
to increase. Increase in the impact resistance of 11.7% and up to 18.2% with the increase in face-
sheet thicknesses of 1.5 mm and 2.0 mm, respectively is observed. The ballistic limit velocity is

highest in the structure which has thicker face sheets and core.
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4.3. Investigation of failure and damage resistance

In this section, structural response to impact penetration, damage resistance against
projectile and failure phenomena is discussed in detail. According to US Army standards,
perforation is achieved if the projectiles is embedded in target but light can pass through it.
However, US Navy defines perforation when the projectiles fully emerges out from the target [61].
Based on these standards, Figure 15 shows perforation according to US Army standard where as
partial penetration according to US Navy standards. In this research study, we have considered US

Navy standard for the evaluation of deformation after impact.

Three standard failures statuses were found based on numerical results, corresponding to projectile
rebounded from, lodged in, and perforate the sandwich panel. The geometric characteristics of
sandwich structures, as well as the impact velocity, have a key role in the penetration process and
failure. Ballistic limit velocities were found out for each configuration type and structural behavior
to failure and damage resistance is observed. Figure 22 represents the Progression of the projectile
through the composite sandwich structure at various time intervals. The projectile comes in contact
with the front face skin and pushes it backwards bending the sandwich panel to the back. The front
skin experiences the compressive force and projectile starts to penetrate in. As the projectile breaks
in the front face skin, core starts debonding from front face sheet while the rear face sheet still stay
bounded to the core. The projectile penetrates through the face skin and then penetrates trough the
core as well. The rear face sheet deformed marginally due to the bending of sandwich structure.
Face-sheets are completely debonded from core when the projectile completely perforates the
structures and exist from rear side. This behavior is commonly observed in all the structures which
were studied in this research work. Figure 16 shows a half cut view of fully perforated sandwich

structure when impacted at 293.4 m/s velocity.

The study reveals that the mechanics of perforation are extremely intricate and are dependent on a
number of variables such as target thickness, target material characteristics, and projectile
geometry. The impact velocity of the bullet has a significant influence on the target deformation.
With increased impact velocity, the global deformation was observed to decrease. The target
exhibits higher global deformation at low velocities. The highest global deformation was found to

be highest at the ballistic limit velocities of the structures.
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Figure 15 : Perforated Structure as per US Army Criterion
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Figure 16 : Fully Perforated Sandwich Structure
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Figure 17 : Formation of Fragmentations in Core

Figure 18 : Formation of Petals in Face sheets

Total nine different variations of sandwich panels were taken into consideration to study their
behavior against 12.7 mm AP Projectile. These nine configurations are further classified into
general cases based on their core and face-sheet thicknesses. Damage resistance and failure
phenomena in each case is discussed as follow,

Case 1 includes 1.2 mm thick face-sheet panels with all three core thicknesses. 1.2 x 20 x 1.2
mm, 1.2 x 30 x 1.2 mm, 1.2 x 50 x 1.2 mm sandwich panels configurations are included in this

case and they are entitled as type 1, type 2 and type 3 respectively. All the structures showed a
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good damage resistance against ballistic impacts. Table 8 represents the residual velocity and
velocity drop values for all the structures included in case 1 study. The ballistic limit velocity is
found to be highest in type 3 structure (1.2 x 50 x 1.2 mm) followed by type 2 and type 1
structures. The core thickness played its role to improve the ballistic resistance of the structure.
The ballistic limit velocity increased with increasing core thickness. Increase in the impact
resistance of 30.6% and up to 40.8% with the increase in core thicknesses of 30 mm and 50 mm,
respectively is observed. Overall, highest ballistic limit velocity and maximum damage

resistance was observed in structures with 50 mm core.

Case 2 includes 1.5 mm thick face-sheet panels with all three core thicknesses. 1.5 x 20 x 1.5
mm, 1.5 x 30 x .5 mm, 1.5 x 50 x 1.5 mm sandwich panels configurations are included in this
case and they are entitled as type 1, type 2 and type 3 respectively. Sandwich structures studied
in case 2 showed better response and damage resistance than case 1 structures. Improved ballistic
response was noted due to increase in face sheet thickness to 1.5 mm from 1.2 mm. Increase in
the impact resistance upto 11.7% with the increase in face-sheet thicknesses of 1.5 mmis
observed. Similar to case 1, highest ballistic limit velocity and maximum damage resistance was
observed in structures having 50 mm core thickness. Table 9 represents the residual velocity and

velocity drop values for all the structures included in case 2 study.

Case 3 includes 2.0 mm thick face-sheet panels with all three core thicknesses. 2.0 x 20 x 2.0
mm, 2.0 x 30 x 2.0 mm , 2.0 x 50 x 2.0 mm sandwich panels configurations are included in this
case and they are entitled as type 1, type 2 and type 3 respectively. Sandwich structures studied
in case 3 showed overall better response and damage resistance than case 1 and case 2 structures.
Improved ballistic response was observed due to increase in face sheet thickness to 2.0 mm from
1.5 mm and 1.2 mm. Increase in the impact resistance of 11.7% and up to 18.2% with the
increase in face-sheet thicknesses of 1.5 mm and 2.0 mm, respectively is observed. On the other
hand, increase in the impact resistance of 30.6% and up to 40.8% with the increase in core
thicknesses of 30 mm and 50 mm, respectively is observed. Sandwich structures in case 3
showed high ballistic limit velocity and maximum damage resistance capabilities to impact.
Table 10 represents the residual velocity and velocity drop values for all the structures included

in case 3 study.
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Table 8 : Numerical Results of Sandwich Structures in Case 1.

Sandwich Structures

1.20 x 20 x 1.20 mm Sandwich Panel

Serial No. Model type Configuration Impact Residual Velocity
Velocity Velocity Drop
(m/s) (m/s)

1 Type 1 1.2x20x1.2 mm 360.3 342.785 17.515

2 Type 1 1.2x20x1.2 mm 2934 273.31 20.09

3 Type 1 1.2x20x 1.2 mm 220 194.9 25.1

4 Type 1 1.2x20x1.2 mm 150 116.17 33.83

5 Type 1 1.2x20x 1.2 mm 70 0 70

6 Type 1 1.2x20x 1.2 mm 66.3 Ballistic limit

1.20 x 30 x 1.20 mm Sandwich Panel
Serial No. Model type Configuration Impact Residual Velocity

Velocity (m/s) | Velocity (m/s) Drop

1 Type 2 1.2x30x1.2 mm 360.3 335.6 24.7

2 Type 2 1.2x30x 1.2 mm 293.4 265.61 27.79

4 Type 2 1.2x30x1.2 mm 220 182.5 37.5

5 Type 2 1.2x30x1.2mm 150 101.76 48.24

6 Type 2 1.2x30x 1.2 mm 90 0 90

7 Type 2 1.2x30x 1.2 mm 85 0 85

8 Type 2 1.2x30x1.2mm 82.4 Ballistic limit

1.20 x 50 x 1.20 mm Sandwich Panel

1 Type 3 1.2x50x 1.2 mm 360.3 326.51 33.79

2 Type 3 1.2x50x 1.2 mm 293.4 236.82 56.58

3 Type 3 1.2x50x1.2 mm 220 159.63 60.37

4 Type 3 1.2x50x 1.2 mm 150 69.35 80.65

5 Type 3 1.2x50x 1.2 mm 112 0 112

6 Type 3 1.2x50x1.2 mm 107.4 Ballistic limit
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Table 9 : Numerical Results of Sandwich Structures in Case 2.

Sandwich Structures

1.50 x 20 x 1.50 mm Sandwich Panel

Serial No. Model type Configuration Impact Residual Velocity
Velocity Velocity Drop
(m/s) (m/s)

1 Type 1 1.5x20x 1.5mm 360.3 341.08 19.22

2 Type 1 1.5x20x 1.5 mm 293.4 270.68 22.72

3 Type 1 1.5x20x 1.5 mm 220 192.11 27.89

4 Type 1 1.5x20x1.5mm 150 112.21 37.79

5 Type 1 1.5x20x1.5mm 85 0 85

6 Type 1 1.5x20x 1.5 mm 71.6 Ballistic Limit

1.50 x 30 x 1.50 mm Sandwich Panel
Serial No. Model type Configuration Impact Residual Velocity
Velocity Velocity Drop
(m/s) (m/s)

1 Type 2 1.5 x 30 x1.5 mm 360.3 332.62 27.68

2 Type 2 1.5x30x1.5mm 293.4 263.75 29.65

4 Type 2 1.5x30x1.5mm 220 183.21 36.75

5 Type 2 1.5x30x1.5mm 150 100.02 49.98

6 Type 2 1.5x30x 1.5 mm 85 0 85

7 Type 2 1.5x30x1.5mm 83.5 Ballistic Limit -

1.50 x 50 x 1.50 mm Sandwich Panel

1 Type 3 1.5x50x 1.5 mm 360.3 325.2 35.1

2 Type 3 1.5x50x 1.5 mm 293.4 255.31 38.09

3 Type 3 1.5x50x1.5mm 220 175.61 44.39
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4 Type 3 1.5x50x 1.5 mm 150 90.62 59.38
5 Type 3 1.5x50x 1.5 mm 112 0 112
6 Type 3 1.5x50x 1.5 mm 108.1 Ballistic Limit -
Table 10 : Numerical Results of Sandwich Structures in Case 3.
Sandwich Structures
2.0 x 20 x 2.0 mm Sandwich Panel
Serial No. Model type Configuration Impact Residual Velocity
Velocity Velocity Drop
(m/s) (m/s)
1 Type 1 2.0x20x2.0 mm 360.3 339.12 21.18
2 Type 1 2.0x20x2.0mm 293.4 268.55 24.85
3 Type 1 2.0x20x2.0 mm 220 188.11 31.89
4 Type 1 2.0x20x2.0 mm 150 104.7 45.3
5 Type 1 2.0x20x2.0 mm 80 0 -
6 Type 1 2.0x20x2.0mm 75 0 -
7 Type 1 2.0x20x2.0mm 73.3 Ballistic limit -
2.0 x 30 x 2.0 mm Sandwich Panel
Serial No. Model type Configuration Impact Residual Velocity
Velocity Velocity Drop
(m/s) (m/s)
1 Type 2 2.0x30x2.0mm 360.3 330.51 29.79
2 Type 2 2.0x30x2.0mm 293.4 258.85 34.55
4 Type 2 2.0x30x2.0mm 220 177.4 42.6
5 Type 2 2.0x30x2.0mm 150 88.89 61.11
6 Type 2 2.0x30x 2.0 mm 95 0 -
7 Type 2 2.0x30x2.0mm 92 0 -

52




8 Type 2 1.2 x 30 x1.2 mm 91.1 Ballistic limit -
2.0 x 50 x 2.0 mm Sandwich Panel
1 Type 3 2.0x50x 2.0 mm 360.3 309.04 51.26
2 Type 3 2.0x50x2.0mm 293.4 234.78 58.62
3 Type 3 2.0 x50 x 2.0 mm 220 158.83 61.17
4 Type 3 2.0x50x2.0mm 150 48.68 101.46
5 Type 3 2.0x50x2.0 mm 120 0 -
6 Type 3 2.0x50x 2.0 mm 115 0 -
7 Type 3 2.0x50x2.0mm 113.2 Ballistic limit -

Residual velocity data graphs for all configurations are shown in Figure 19, Figure 20, Figure
21.
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Figure 19 : Residual velocity Data for Case 1 sandwich structures
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Aluminum FS 1.5 mm with 20, 30 and 50 mm Cores

RESIDUAL VEOCITIES

150 200 250
INITIAL VELOCITIES

#=15x20x15mm e=@®=15x30x15mm =@=15x50x1.5mm

Figure 20 : Residual velocity Data for Case 2 sandwich structures

Aluminum FS 2.0 mm with 20, 30 and 50 mm Cores
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Figure 21 : Residual Velocity data for case 3 sandwich structures.
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Based on results, both the materials showed ductile hole formation upon failure. Ogival nose
projectiles penetrates the targets mainly by ductile, hole-growth deformation pushing the material
in front of projectile aside. Petal development, which is typical in thin ductile targets, caused the
face sheets to collapse. In thin targets, projectiles are responsible for Petalling causing radial
cracking due to high circumferential strains and subsequent rotation of the deformed target material
resulting in a number of petals. Petals were formed at front side of fully perforated face sheets at
all velocities. Figure 18 represents the petal formation in face sheets in a fully perforated structure.
TPU core acted as highly ductile material and material fragmentations of TPU core appeared when
impacted at high velocity. Figure 17 shows the fragments of core material in a fully perforated
structure. Figure 22 represents the Progression of the projectile through the composite sandwich

structure at various time intervals.

0.0002 sec
0.0001 Sec
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0.0004 sec
0.0003 sec

0.0006 sec
0.0005 sec

Figure 22 : Progression of the projectile through the composite sandwich structure at
various time intervals.
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5. Conclusions

Numerical investigation on Thermoplastic Polyurethane foam based sandwiches has been
undertaken using finite element analysis package Abaqus/Explicit. The explained methodology
of numerical simulations and physics of material models were proved to be efficient and reliable
to characterize the impact response of composite armor structure against high speed impact.
Various configurations of composite armor were numerically tested to study their response against

ogival nose shape projectile.

The study reveals that the mechanics of perforation are highly sophisticated and are dependent on
a number of variables. Various key factors including target configuration, material parameters,
projectile nose shape and impact velocities influence the response of composite armor against
high speed impact. Ballistic limit velocities were also found out for each composite armor
structure. It was found to be increasing with increasing thickness of sandwich panels. The ballistic
limit velocity was found out to be highest for sandwich panel of type 3 of case 3 (2.0 mm thick
face skin with 50 mm core) as it offers more energy absorption and resistance to impacting
projectile. It was observed that the global deformation decreases with increased impact velocity.
The highest global deformation was observed at the ballistic limit velocities of sandwich

structures.

Projectile shape is one of the key factor that decides the formation of hole structure in target.
Ogive nose projectiles are one of the most efficient penetrator for the thin ductile targets.
Projectiles with an ogival nose penetrate primarily by ductile, hole growth deformation, which
pushes the material in front of the projectile aside. In thin targets, projectiles are responsible for
Petalling causing radial cracking due to high circumferential strains and subsequent rotation of the
deformed target material resulting in a number of petals. The failure of the face sheets in sandwich
panels was caused by the formation of petals, which is common in thin ductile targets. Polymer
core which is also highly ductile failed mainly due to ductile hole formation and material

fragmentations of TPU were observed upon failure.

Target configuration, an influencing factor on protective performance has a strong effect on impact
penetration and perforation resistance. The sandwich panels with thick core exhibit better energy
absorption and impact resistance capabilities than sandwich panels with thin core. Similarly, with

thin face skins, the protective performance of sandwich panel decreases due to less energy
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absorption and resistance to impact. The protective performance tends to increase with increasing
target thickness. At high speed impact, the diffused and localized deformation of sandwich panels
tends to decrease and it increases with the increase in sandwich panel’s thickness. Increasing the
thickness of face sheets and Core served to increase the impact and damage resistance. Increasing
the thickness of face sheets from 1.2 mm to 1.5 mm and 2 mm thicknesses can enhance the ballistic
resistance of structure up to 11.7% and 18.2%, respectively. By increasing the core thickness from
20 mm to 30 mm and 50 mm , ballistic resistance can be enhanced up to 30.6% and 40.8%,
respectively.

The numerical methodology is found to be more efficient and reliable in the prediction of ballistic

limit velocities and damage resistance of composite armor structures with more accurate results

and this surely can replace the time consuming and expensive dynamic experiments.
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