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Abstract: - This study investigates a composite double-layer structure for improved thermal shock
resistance. A modified Hugoniot elastic limit model is presented for the composite, followed by a 2D
thermo-elastic impact simulation using commercial software. The simulation focuses on a composite
material under initial extreme low temperature conditions with alternating metallic (Steel, Aluminum)
and non-metallic layers (Kevlar 49, Graphite). The frozen target is subjected to pre- heated projectile.
The objective is to optimize the composite's durability by strategically placing reinforcement particles
within specific layers. The analysis explores the effect of different particle types (oil, water, Aluminum,
Steel) and sizes (0.3mm, 0.5mm, 1mm) on the composite's stress response. It was found that aluminum
and steel particles significantly reduce stress compared to fluid/gas particles, confirmed qualitatively by
literature. Kevlar particles within the SiCp layer enhance its resistance, while Aluminum particles within
the Kevlar layer offer weight reduction benefits. Moreover, for Kevlar, larger particles improve
resistance, and vice versa for the SiCp case. Considering weight, a particle size of 0.5mm is chosen for
both layers. Moreover, a finite element analysis of the optimized composite model subjected to thermo-
elastic impact loading demonstrates its superior performance compared to the non-reinforced composite.
Specific layer combinations (SiCp with Kevlar particles, Graphite or Kevlar with Aluminum particles)
show the most significant stress reduction. Finally, separate 3D ballistic analysis was performed for
Tungsten having 600m/sec projectile into 5 layered target with thickness of 2.8mm each layer and
appropriate interaction friction (SiCp - Steel 304 - Al 7075-T651 - Kevlar 49 - Graphite Crystalline)
during penetration time of 0.006sec at 300K. The dynamic explicit transient analysis was confirmed
with the predecessors' analytic calculations.
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pressure, known as thermo-mechanical shock

1 Introduction created in short time duration, as consequently
, thermo-mechanical ~ stresses are  being
Thermal shock happens when a material developed, is meaningful for mechanical,
undergoes a rapid temperature change, stressing medical, environmental and civil engineering
the material. A material's ability to handle this industries [1] — [66].
stress is called thermal shock resistance. Initially, PCs were designed for specific
Thermal shock can be affected by many factors limited range values of temperatures or heat
including the material's properties, how quickly fluxes. In further development stages PCs were
thg temperature .changes, anc} the shape of the designed to absorb high amount of energy
object. The entire process is temporary and through smart decorative layers management.
depends on how fast the temperature changes. The shield, actually become a protective system
The importance of protective components or to withstand variety high thermal stresses, and
elements (PCs, PEs) with variable material to keep durability for reuse purposes. Those

properties to withstand high temperatures and protective systems were investigated over the

decades, for instance, light weight foam carbon-
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based materials combined with high thermal
conductivity Graphite foam creating phase
change through pores of foam has been
proposed by Klett and Conway [1]. Xie et al. [2]
have also investigated the micropores effect on
photothermal anti-icing and deicing process
through carbon-based photothermal
superhydrophobic thermal insulation. They [2]
showed that the microholes array structure can
increase light absorption and hydrophobicity,
including the inhibiting of the heat transfer from
the surface to the subcooled substrate, which
synergistically enhances significantly the
photothermal conversion.

In 2013, Hu et al. [3] have interlaced Hollow
glass microsphere (HGM) in silicon rubber
(SR) matrix due to their excellent heat isolation
property and light density features. Their study
involved with the percentage of broken HGM
effect on the overall composite shield properties
(increasing of mechanical, density and thermal
conductivity properties alongside of broken
HGM increase was found). The current study
examines pores filled with different gas or fluid
materials, simulated as shell particles
containing gas or fluid materials.

To understand, particularly, the effects of
nanofluids over thermo-physical properties, i.¢.,
thermal conductivity and viscosity, that have
significant influence over heat transfer
coefficients in case of single- or two-phase
flow, one should read the study be Azmi et al.
[4]. Accordingly, here the nanofluids will be
integrated inside the pores, while their effect
will be examined. Yet, viscosity will not be
considered in the current essay since the fluid
will be assumed as a bulk.

Other studies concerning hollow
microspheres (HM) particles combination made
of different materials like ceramic, silica, and
glass-filled silicone rubber (SR) composites
performed by Zhao et al. [5]. The effect of
different hollow microspheres (HM) on the
mechanical and thermal properties of styrene-
butadiene rubber (SR) composites was
investigated [5]. They found [5] that hybrid HM
can effectively improve the thermal insulation
property of HM/SR composites because of
higher modulus of hybrid HM than the SR
matrix. The hardness of composites increases
with increasing single HM loading, but
decreases slightly at high filler loadings due to
the saturation of high modulus microspheres.
The tensile strength of composites is affected by
the strength of matrix, interfacial compatibility,

E-ISSN: 2732-9941

27

Jacob Nagler

shape, and dispersion of particles. Also, HM,
HCM and HSM effect on interfacial
compatibility and optimal proportions was
investigated and well elaborated alongside
extensive comparisons, as well [5].

The case of 2D-asymmetric circular adjacent
particles, named pebble beds inside emulsion
has been investigated in the context of heat
conduction, by Liu et al. [6], using discrete —
element and finite-element method. Verified by
experiments, obtained results have accurately
predicted bed particle internal and external
distribution of temperature due to its
counterpart's particles.

Solid / Liquid phase change inside pores and
cavities, particular analytical examination has
been demonstrated by [7] — [8] in the context of
molding and thermal protection supersonic
cruise, respectively. Another example is based
on polymer layered silicate nanocomposites to
improve flammability resistance of heat shields
against ablation by improving the effective
thermal diffusivity property by Kokabi and
Bahramian [9]. In their studies the researchers
have not considered pores or material phase
change in their examination. Although the
current paper discussion is limited to pre-
ablation heat transfer that resulted by thermo-
mechanical impact process.

Cryogenic layered materials, consisting of
several functional layers including aerogel that
suitable for thermal insulation purposes under
extreme conditions and nonvacuum
applications was proposed by Fesmire [10]. The
protective system [10] is based on layer-pairs
working in combination, while each layer pair
is comprised of a primary insulation layer and a
compressible radiant barrier layer.

Wang et al. [11] reported on of carbonaceous
composite materials mixtures and matrices for
different heat protective applications (among
them heat exchangers and space radiators).
Other types of protective composite systems
against ultra-high temperatures include
Zirconium-doped  hybrid composites  as
reported by [12]. They also modified thermal
shock resistance coefficient to be dependent on
Young's modulus and fracture strength by
increasing the critical temperature difference of
rupture to some extent, while claiming that their
Zirconium-based ceramics coating could absorb
the heat shock (suitable for nose-tip and nozzle
as well as other exposed surfaces, like wings
leading edge).
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Multilayer protection systems with various
systematic layering methods have been
proposed by Xue et al. [13] (in the context of
Multi-laminar aligned silicone rubber (SR)
flexible hybrids (SABE) with highly oriented
and dispersed boron nitride (BN) and expanded
graphite (EG) filler network), Zhang et al. [14]
in the context of ramjet combustion chamber
design made of internal C/C-SiC layer / first
mid layer of carbon-phenolic / second mid layer
aerogels / outer metal layer, Renard and Puskarz
[15] in the context of firefighters protection
cloth examined (by FEM) configuration based
on various woven and non-woven textiles layers
assemblies, respectively. Guo et al. [16] has
recently extended the woven fabric composite
shield analysis by using inverse methods based
on particle swarm optimization algorithm.

Other types of protective shields based on
multiphase functional phases have been
suggested by Zang et al. [17]. He examined
empirically the synergistic effect between three
different functional phases of thermal
insulation, i.e., hollow ceramic microspheres
(HCMs), hollow silica microspheres (HSMs),
and hydroxyl silicone oil blowing agent, to
prepare a flexible and efficient thermal
insulation composite with low thermal
conductivity and high structural strength.
Metamaterials are also being modified and
examined to create thermal protection that is
robustly and can be fast printing production
[18]. Macak et al. [19] have predicted
analytically the thermal radiation heat fluxes
inside heterogeneous granular media over
protective graphite tube containing pebble bed
filled and nitrogen which is also can be
considered as phase transition for protective
shield future applications.

Impact generates stress and displacement
waves in both projectile and target [20].
Traditional modeling used equations and
material properties to predict stress and
displacement [21]-[23]. Finite element methods
(FEM) are used for advanced simulations. The
initial shock wave and its effect on the projectile
are of particular interest [24]-[26]. Different
materials and projectile shapes can influence
the non-linear process [27] - [31]. This study
proposes a thermo-mechanical analytic pulse
model to analyze the initial shock wave [32] —
[33]. The current model considers separation of
energy into thermal and mechanical
components  with  composite  material
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parameters to assess shield resistance and
improve armor design.

The discussion in the current work is limited
to shock-based thermoelastic analysis, which is
a pre-ablative analysis without chemical change
of the material itself during the passage of heat
and / or mechanical loads, yet, focused on
strength analysis without chemical ablation
phenomenon. Here, the projectile (i.e. bullet) is
pre- heated to over seven hundred Celsius
degrees while the target is in initial extremely
frozen conditions (-248.15°C). The idea is to
observe clearly compression and tensile stress
wave during process and to examine the pre
heated projectile effect.

The discussion is an extension of the
previous study [34], while here we concentrate
on the resultant impact (principal) stress over a
composite target plate through thermoelastic
shock mechanism. The medium, which is the
thickness of the base plate, is significant for the
passage of shock waves, as we will argue later,
and certainly also for continuous material
change in a full ablative process. We would like
to keep away from the process a change /
plasticity of the ablative material as much as
possible, in such a way that the target plate will
damp the thermoplastic wave optimally before
the transition to plasticity (change of material,
thermoplastic waves). Two-dimensional (2D)
analysis includes the impact sensitivity of target
composite material (layered with and without
particles), strength, temperature and size
geometry. Usually, the projectile temperature is
maximum 90°C and the penetration occur in
standard environmental conditions of 25°C [35]
— [36] (e.g. the maximum temperature
difference will be AT~65 — 75°C). Afterwards,
the optimized shield will be examined for full
elastic-plastic penetration of 600 m/sec bullet
under standard 25°C temperature conditions.

The empirical existing literature mentioned
here focus mainly on double layered metal —
composite rigid plates. In 1969, Wilkins et al.
[37] have conducted study on multi-layer AD85
Alumina protective armor made of different
(mainly brittle) ceramics materials (e.g. TiC,
ALOs, SiC, ADS8S, B4C, etc.) bonded to Al
6061T6 to investigate strength and durability
during impact and projectile penetration
moving at about 700 m/sec. According to the
researchers [37] ductility material property and
gradation should be considered for armor
design. New materials should be developed
focusing on ceramic-metal  composites
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(cermets) containing less than 10% metal. Also,
more focus on understanding how the metal and
ceramic parts of cermets bond together.
Lightweight materials like boron and beryllium
compounds should be investigated. Optimizing
fiber strength and elasticity in fiberglass
composites is recommended. In 1997, Espinosa
et al. [38] have led numerical investigation of
ballistic penetration into multilayered structural
systems based on multiple plane micro -
cracking model. Two types of ceramics have
been considered for each shield test, i.e.,
Alumina (Al>O3) and SiC while the cover plate
was made from RHA steel. Another type of
target made of alternate layers of aluminum and
PMMA layered materials composition was
investigated. The projectile normal impact
velocity was 1500 m/sec. Their main
contribution was that they have found that the
design of the layers (material choice and
arrangement) is more important than the
specific type of ceramic used. Next, Kanel et al.
[39] focused on the complex response of brittle
materials (ceramics, glasses, rocks) under
dynamic compressive loads (explosions,
impacts). Unlike tensile loading, where these
materials shatter easily, compressive behavior
is less understood, especially at high strain rates
and hence, challenges in understanding and
predicting how brittle materials respond under
rapid compressive loads still exist. Their key
findings include:

e Interpreting failure is difficult:
Traditional methods (Hugoniot data,
shock wave profiles) are not sufficient
to  distinguish  between  brittle
(cracking) and ductile (deformation)
failure.

e Spall strength can be misleading:
Material may still be ductile even with
reduced shear strength if spall strength
(resistance to tensile failure) is not zero.

e Failure mode depends on stress state:
Cracks may form under high
compressive stress even if unloading
shows some tensile stress. Observing a
failure wave is a clear sign of brittle

response.

e Cracking vs. plastic slip: Inelastic
deformation can occur through
cracking or slippage within the
material. Confining pressure can
suppress  cracking and promote
ductility.
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o Strain rate matters: High strain rates
can make material behavior more
sensitive to microscopic processes.

o Griffith's criterion for dynamic
failure: This approach seems to better
predict failure mode (brittle or ductile)
under dynamic compression compared
to yield criteria used for ductile metals.

Overall, the study highlights the challenges

in understanding and predicting how brittle
materials respond under rapid compressive
loads.

Alternatively, Candera and Chen [40] — [41]
investigated the complex impact response of
layered composite materials, like those used in
armor. Unlike metals and ceramics, the stress
waves in composites are irregular due to the
layered structure. They developed an analytical
solution to predict the stress response within a
layered composite under impact, considering
material properties and layer thickness factors.
Their study confirms that material
heterogeneity at the interfaces between layers is
the main reason for the observed complex stress
wave profiles for thin layered plates (most
effectively) and suggested it can be used for
designing optimal layered armor. The study
acknowledges limitations of the model for
thicker plates and complex 2D woven
composites, recommending further research in
these areas. In continually, Chen et al. [42]
investigated the wave structure in composite
materials under high velocity impact loading.
They claimed that homogenization methods,
effective for low velocity impacts, are not
suitable for this scenario. An analytical solution
was presented for layered composites under
high velocity impact, applicable in elastic cases
with extensions proposed for shock regimes.
The analysis assumes perfectly bonded
interfaces and damage-free constituents. Three
key heterogeneity factors influencing the
material response were identified:

e Impedance mismatch: Affects
reflection/transmission ratios, stress
wave structure, and wave arrival time.

e Interface density: Determines wave
train strength and oscillation frequency.
High density leads to shorter rise time
and higher frequency (shock regime:
overtaking effect).
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e Thickness ratio: Governs wave
propagation patterns, affecting rise
time, oscillation behavior, and mean
stress. Explains the anomaly of lower
measured wave speed compared to
constituents.

Overall, their study [42] provided valuable
insights into the wave behavior of composite
materials under high velocity impact loading.

Colombo et al. [43] explored a new lightweight
bulletproof, vehicle armor or any other blast
protection armor design. Their design combined
for the first-time ceramic tiles with a special
ceramic foam infiltrated with polymer to create
a lightweight ballistic protection system, which
also absorbs effectively and dissipate energy
from impacts. Due to their successful test
results, armor made with this design could stop
fragmentations (e.g. bullet calibers) using a
thinner ceramic tile (lighter weight) compared
to traditional methods. Rajendran et al. [44]
used a modified two-cap constitutive model to
simulate shock wave propagation in powdered
ceramics under impact loading. Their model
was validated with experimental data and
successfully captured the effects of factors like
shock intensity, material impedance, and
densification on the shock wave behavior, as
consequently, providing valuable insights into
the complex behavior of powdered ceramics
under shock loading, which is difficult to obtain
experimentally. The findings can be used to
improve constitutive models for predicting
damage in ceramic armor plates. The problem
of composite materials thickness effect when
struck by objects at high speeds (impact,
damage, and penetration) have been examined
by Gama and Gillespie Jr. [45]. They
accomplished it using a computer simulation
technique called explicit finite element analysis
(FEA). The model accurately predicts how the
material will break and how far the object will
penetrate at various speeds (validated with
experiments). Two main penetration phases are
identified: short-time shock compression and
long-time penetration. The model can be used
to design composite materials that absorb more
impact energy.

Specifically, Babei et al. [46] investigated
how the order and type of materials in a double-
layered target affect its resistance to being
penetrated by a projectile. They tested four
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configurations: aluminum-aluminum,
aluminum-steel, steel-aluminum, and steel-
steel. Steel-steel offered the highest resistance,
followed by steel-aluminum, aluminum-steel,
and then aluminum-aluminum. The study also
successfully developed a computer model to
simulate these impacts, achieving good
accuracy. The model showed that the order of
materials matters, with steel absorbing more
energy when placed in the front layer compared
to aluminum. A previously existing analytical
model (Ipson and Recht) did not accurately
predict the impact resistance for aluminum-
steel and steel-aluminum targets. Another study
by Shanel and Spaniel [47] have explored using
computer modelling to design lighter,
composite armor for vehicles. They fired real
bullets at armor plates and compared the
damage to computer simulations. By adjusting
the model, they achieved good agreement with
reality. This validated model can now be used
to design composite armor without needing as
many real-world tests. This is important
because composite armor is lighter than
traditional metal armor, which can improve
vehicle performance. Islam et al. [48] study
addresses the challenge of simulating how
ceramic and ceramic-metal plates react to high-
speed impacts from metal rods. They developed
a computer model to analyze these impacts,
whilst testing different material models for the
ceramic and found that the JHB model produced
the most accurate results compared to real-
world experiments. Their model can predict
various damage forms in the plates, including
cracks, fragmentation, and bending. Peimaei
and Khademian [49] examined how adding
silicon carbide (SiCp) to aluminum plates
(A17075) affects their ability to stop a projectile
(bullet) using FEA. They found that plates with
more SiCp (9%) absorbed more energy and
stopped the bullet completely, while those with
less SiCp (3% and 6%) absorbed less energy
and did not stop the projectile (bullet) entirely.
The study also explains the mechanics of how
the bullet interacts with the plate and how the
damage zone increases with more SiCp.
Fernando et al. [50] have proposed a new design
for armor using a layered metal system
(impedance-graded multi-metallic or IGMM) to
absorb the impact of high-speed projectiles. The
IGMM system uses metals arranged in a
specific order to weaken and reduce
shockwaves. The research showed that IGMM
targets were effective at reducing stress on
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impact and preventing metal spalling compared
to traditional monolithic targets. Ranaweera et
al. [51] addresses a gap in knowledge regarding
multi-metal layered armor (MMMLS). While
traditionally, heavy steel plates have been used,
they are impractical for lightweight
applications. MMMLS offers a solution but
research on it is scattered and lacks consensus
on the best design. Their study reviewed the
effects of wvarious factors on MMMLS
performance, including metal types, thickness,
plate arrangement, and connection methods.
They found that steel-aluminum combinations
were most common, but the optimal plate order
is unclear. An interesting new concept,
impedance-graded systems, needs further
exploration. The study proposes several
avenues for future research:

¢ Including new metals like titanium and
exploring their alloys with steel.

o Investigating the impact of increasing
MMMLS layers beyond double- and
triple-layered systems.

e Validating the impedance mismatch
concept for  optimal  ballistic
performance.

e Exploring alternative  connection
methods between metal layers.

e Researching continuous MMMLS
manufacturing techniques like
explosive welding and 3D printing.

e Comparing the ballistic performance of
continuous vs. discontinuous MMMLS
designs.

Overall, this study highlights the need for
further research to optimize MMMLS design
for superior ballistic protection while
maintaining a lightweight construction.

Goda and Girardot [52] investigated the
ballistic performance of ceramic/composite
armor using computer simulations. They
created impact simulation durability of a
ceramic plate backed by a composite layer
against moving projectile. The ceramic layer
stops the bullet initially, then shatters. The
composite layer catches the fragments and
absorbs energy. The study also showed the
ceramic and composite layers interaction
affects the armor functionality. Their model can
help design better armor by predicting how
different materials and designs will perform. In
similar way, Jasra and Saxena [53] examined
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how the pre-stressed state of a material (tensile
or compressive stress) affects its fracture
behavior under high-speed impact. They
created a computer model to simulate a blunt
projectile hitting a flat steel plate under various
pre-stress conditions. The model showed that
pre-stress significantly affects how the plate
fractures. Tensile pre-stress improves the plate's
ballistic performance (resistance to penetration)
by reducing damage accumulation.
Compressive pre-stress weakens the plate and
makes it easier to penetrate. It might be
significant to real-world structures experience
residual stress from welding or other processes
(i.e. high-velocity impacts resistance), which
can act like pre-stress.

Current essay presents a modified
equation of the approximate Huogoniot elastic
limit [34], [54] — [59] which basically
corresponds through equation algebraic shape
for two kinds of developed stress type inside
rigid solid materials (i.e. especially, ceramics,
metals); spall strength (0gpqy) and elastic
strength (oyg.), respectively. The point on the
shock wave at which a material transitions from
a purely elastic state to an elastic-plastic state is
called the Hugoniot elastic limit (HEL) as
illustrated in Fig. 1. The Hugoniot elastic limit
is derived from the equation of state (EOS) [54]
— [55], a thermodynamic relationship between
pressure, density and temperature parameters

through mass, momentum and energy
conservation equations. The HEL
approximation stress is:
1
OHEL = EUHPOCI (1)

where the free surface velocity (projectile
impact velocity), bulk longitudinal speed and
density represent by Uy, po, C;, respectively.
The spall strength represents the reflection of
the initial compression pulse from the free
surface that generates tensile stresses. Spalling
is initiated when stress reaches the fracture
threshold as illustrated in Fig. 1. Afterwards,
tensile stresses relax to zero as the fracture
develops. As a result, a compression 'spall
pulse' wave appears in the extended material
free surface velocity profile [56] and
accompanied  with  decaying  velocity
oscillations due to subsequent wave reflections
between the sample surface and the fracture
surface. The spall strength [54] is characterized
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by shorter load duration while the drop in
surface velocity from the peak value (Uy) to the
onset of spallation-the so-called
“pullback’*(AUss = Ur — Uy, Uy, is the free
surface velocity just a head of the spall pulse) -
is proportional to the tensile stress in the spall
plane [57] — [58]:

1
Ospall = EAUfs,DOCbulk (2

where the bulk sound speed and density
represent by pg, Cpuix, respectively. The
Couix = \/K(l —-v)/p(1 +v)(1 —2v) sound
speed [59] is dependent on the bulk modulus K
while the longitudinal sound speed C; =V, =
\/E(l —v)/p(1 +v)(1 — 2v) is dependent on
the Elastic Young's modulus (E). Both
dependent on the bulk's Poisson's ratio and the
material density.

However, here we are interested in the
purely elastic state of material's limit, since the
idea is to delay the plastic transition as much as
possible, and to extend the elastic domain both
in terms of the amplitude of the maximum
allowable elastic yield stress and the elastic
flexibility behavior (i.e. high elastic straining).
As consequently, the discussion will focus on
the modified approximated Hugoniot elastic
limit (HEL) as brought by Nagler [34]:

1
Omodified— HEL = 5 UnPoCi — PoCpAT =
gVimpact (Ve - Vimpact) (3)

where Vimpace = Un, Ve = C; and AT, C, are
the projectile's impact temperature difference at
the initial contact and material's heat capacity,
respectively. In the following sections 2 -3 we
will introduce algebraic procedure for the
composite (mainly, double) rigid layer case
accommodation  alongside experimental
validation, respectively.

Remark that alternative analytic strength
equation is proposed by [12], [60] — [62]. The
mentioned method is based on the following
generalized double layer UHTC (Ultra-high
temperature ceramics) impact stress due to
surficial thermal shock:

EREc[T]ac|[TI(T-T;)
Eg([T]-(1~vc)+Ec[T]-(1-vp)

“4)

OyHTC =
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where Eg, E-[T], ac[T],vg, v¢, T; are the base
material Young's modulus, ceramics material
Young's modulus dependent on temperature,
Poisson's ratio of base and ceramics materials
and the initial environment temperature,
respectively.

From here we will pass to discuss briefly on
the protective shield containing pores as appear
in [63] —[66] and their effect over the protective
shield, which will be also examined in the
current essay continually in Sec. 4 - 5. Wei et
al. [63] investigated how rapid temperature
changes (thermal shock) damage carbon
composite used in pantograph strips for electric
trains. They found that Thermal shock weakens
the material by increasing pore size and causing
cracks. This damage gets worse with repeated
heating and cooling cycles. The damage is
linked to the different expansion rates of
materials in the composite under temperature
changes. Water trapped in the pores worsens the
damage by rapidly turning to vapor during
heating. Overall, the study highlights the
importance of considering thermal shock
resistance when designing pantograph strips for
reliable performance. Ramirez-Gil et al. [64]
proposed a new design methodology for
lightweight ballistic resistant steel plates based
on holes. They achieved weight reduction by
creating holes in the steel plates using two
approaches: parametric design based on
biological structures and topology optimization.
Testing showed that the topology optimized
design achieved similar ballistic resistance to
solid plates while being lighter, which is a
significant improvement. Their study [64] is the
first to explore topology optimization for
designing ballistic resistant structures and paves
the way for new, lighter protective gear. The
study also identifies limitations, such as
potential crack formation in the perforated
plates and the need for more advanced
manufacturing processes for mass production.
Overall, this research offers a promising new
approach for the ballistic protection industry
using conventional materials and processes,
potentially making ballistic protection more
affordable and accessible. Moreover, Li et al.
[65] examined the hollow pores potential by
investigating how a metal plate that is already
deformed (due to an explosion for example) will
perform differently when hit by a projectile
compared to a static metal plate. They found
that the way the plate deformation manner
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significantly affects its resistance against
projectile. Also, they used a combination of
experiments and simulations to explore this
effect in detail. In addition, they have found that
deformed plates can stop some projectiles better
than static plates, but it depends on the amount
of deformation and the shape of the projectile.
There are three main ways that deformation
affects how well a plate stops a projectile:

o The deformation can give the
plate some extra energy to
resist the projectile.

o The deformation can change
how much energy the plate
absorbs as it bends and
stretches.

o The deformation can change
the forces acting on the
projectile as it punches through
the plate.

Accordingly, one can design armor that takes
advantage of deformation to improve its
performance, but need to consider how much
deformation is helpful and how much is
harmful. Wen et al. [66] introduced a new type
of ceramic material, 9-cation porous high-
entropy diboride (9PHEB), with excellent
mechanical strength and thermal insulation
even at high temperatures. Traditional porous

2 Modified Hugoniot elastic limit
for composite double layer under
thermal shock analytic model

Suppose we have general material protective
shield specimen that is subjected to thermo-
elastic impact loading as appear in Fig. 2. The
exerted (input) acting force impact over the
material surface yields reaction (output) force.
The general kinematic and force equilibrium
over a plate with acting input (P; (t)) / reaction
output (P,(t)) forces in Cartesian coordinates
that is derived by Newton's 2™ law is:

f =P,(t) — P,(t) = m& + cx + kx (5)
where f is the force vectors, m, c, k are the total
mass (specimen mass and projectile mass),
specimen dumping coefficient and stiffness
coefficient. x is the longitudinal dimension,
denoting the elastic impact wave propagation.
Now, the force difference also fulfills the
following stress equilibrium multiplied by the
projectile area section A:
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ceramics struggle to be both strong and good
insulators. They created 9PHEB using a special
technique and it achieves both high strength and
good thermal insulation at up to 50% porosity.
This makes 9PHEB a promising material for
extreme environments requiring thermal
insulation.

Finally, examples of thermal shock space
applications including penetration variations
and double bumper shock shield in NASA
including different situational investigation of
penetrations can be found in [67] — [68],
respectively. The applications of Thermal
Protection System (TPS) materials, specifically
Polymeric Ablatives (PAs) in the aerospace
industry are numerous, based on Natali et al.
[68]. TPS materials protect vehicles and probes
during atmospheric re-entry and high-
temperature environments. PAs are the most
versatile type of TPS material due to their
tunable density, lower cost, and high heat shock
resistance  compared to  non-polymeric
materials. Nanostructured polymeric ablatives
(NPAs) show promise for improving heat
resistance and reducing weight, yet, further
understanding is required to optimize
processing techniques and cost. The future of
NPAs likely involves combining them with
heat-resistant fibers to improve performance.

Py(t) — Pi(t) = OmecnA + Othermai4 (6)
Where the mechanical (0y,00,) and thermal
(Othermar) Stresses supply stresses supply the
uniaxial strain condition where are shear
stresses zero [34]:

Othermal = — %AT; Omech = mff&
(7)
Note that those relations are derived from the
generalized constitutive stress relation classical
thermo-elastic model equilibrium. In case of
rigid isotropic material with hollow pores:
f_BO-PO _

Gimpact,final 2 A
p
2 VeVimpact - pCpAT -

Oimpact
1-v Ea
¢ ((1+v)(1—2v) Ee -1, AT) -

Oresistance
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p
EVimpact(Ve - Vimpact) -

Oimpact

1-v

Ea
¢ ((1+v)(1—2v) Ee -1 AT) ®)

Oresistance

where ¢ = 1 — 1) which is the volume fraction
of the active protective material that resists the
penetration of the projectile. 1 is the relative
free portion (fracture) of an inactive material
substance (voids, hollows, empty pores).
Observation in Eq. (8), might lead to the
comprehension, by substituting ¢ = 0 into Eq.
(8), we return back to the impact peak stress in
the homogenous case [34].

In case we have particles or filled gas pores
mixed instead of hollow / empty pores, then by
superposition, Eq. (8) becomes:

Ofinal = Ufinal|¢=1_¢, - Ufinal|¢=¢, )
Where,

’ _ 1-v' ror E'a’

Ofinal = Ty a-2v") E 120 2T (10)
while E',a’,&',v" are the particles elastic
properties. In case of one-dimensional multi-
layer shield, then the conditions will be:

Oin,2 = Ofinal,1

Oin1 = Oin (11)
Oin,i = Ufinal,i—lli =1: 1IN; N EeN
There 1s a difference in terms of the

development of elastic impact stress for cases of
connecting particles/pores in a continuous row
or laterally, as well as the effects of spreading
the spacing in a row or column. The suggested
algorithm might be with the analytic / numerical

3General approximate analytic
approach for energy absorption
evaluation and material selection
of composite shield

In order to examine the plastic aspect, we would
like to obtain a sufficient initial approximation
in order to estimate the deformations, strains
and displacements that develop against a
damage model. It should be understood that the
sensitivity to the materials properties is
ultimately derived from the behavior of the
deformation in the plastic state, i.e., the damage
criterion is combined with stress properties.
Hence, we need that averagely each layer
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composite scheme, proved by [40] - [41], [43],
[69]. In similar way to (8), we can write the
classical equations for the thermo-elastic
micromechanical composite lamina stress as:

Ar
Oimpact,final = Ofibers | impact A,
Am
Omatrix | impact A_c (12)

where 0. , and A r mare the composite stress
and area of composite, fiber, and matrix,

respectively.  Now, Ufiberslimpact and
Jmatrixlimpact will supply Eq. (3), by:
Pfibers
{ O'fiberslimpact= ! 2 Vimpact(Ve,fibers_Vimpact)
Pfibers ’
O'matrixlimpact= ! 2 Vimpact(Ve,matrix_Vimpact)

(13)
Next section, target layers component under
thermo-elastic loading shock will be examined
from mechanical impact loading prospective
instead of ballistic aspect in order to separate
between the mechanical and thermal
components that develops during the process at
the very initial motion start (few initial
microseconds). Finally, the protective shield
containing particles will be also examined
separately. The examination will be performed
using FEM (finite element method) procedure
by commercial software, focusing on internal
components material's layer, connectivity,
particularly, particles' material size. The
investigation will consider high pressure and
temperature loadings values, approximately
100atm and 726.85°C, respectively.

absorbs a certain percentage of the energy. In
each layer, we define in advance what
percentage of the total energy it will absorb,
then, we will get the stiffness of each layer
according to a certain percentage of the total
energy multiplied by the thickness of the layer
and divided by the cross-sectional area of the
sphere and the difference of the squared
displacement to failure.

The theory will be developed based on the
author previous papers [75] —[76]. Suppose we
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have general composite shield specimen as
appear in Figs. 2 — 3. Now, we will consider the
specimen as spring with two states: linear -
elastic and non-linear plastic, such as each state
represents difference spring' stiffness constant.
The kinetic energy input 1/2m,, vg (my, v, are
the projectile mass and velocity, respectively)
will be transferred into spring potential energy
and heat losses as appear in the following
energy conservative equilibrium:

mv? kpx2 K12
x pl¥Xpi
- f,r Pllexdx = 222 Zelzel + mCl,AT =
2 el 2 2

ke x2 2
p¥pl _ KelXg
e (14)
2
kplxpl

Since mC,AT < > where the stiffness

constants (ke kp; are the elastic and plastic
specimen material stiffnesses, respectively) are
dependent over the material states (plastic or
elastic) and displacements (x¢,x,; are the
elastic and plastic relative specimen
displacements, respectively). Now, using the
spring force — stress balance relations, we have
the Hooke's law,

A=kexe, (15)

Ferastic = Ee1€e

Olinear—-elastic
where E,;, &.,and A are the Young' elastic
modulus, elastic strain and projectile are

section, respectively, whereas the power
Hooke's law fulfills the plastic state stress as
[771-1[78]:
Fplastic = C‘Sgl A= kplxpl , (16)
——

Onon-linear—plastic
where the maximum tensile stress C =
2.2E, & (or the true stress where the true strain
& = 1), n - hardening index (usually in rigid
metals = 0.17) maximum plastic strain value,
gpl|max = 0.2 suchas 2.2 - 0.2°'7 ~ 1 for hard

metals and rigid parts (even though graphite and
Kevlar materials stress-strain curves act
differently than in metals case due to their high
rigidly performance and their composition with
metals, it will be considered similarly [79] —
[80] as initial required Young's modulus
evaluation). x,; and x,,; are defined as:

L, (17)

Xpr = gp| L, (18)

where L is the total layered target thickness.

Therefore, since &,; = 107* and L is few

millimeters size, then, Xo; = 1073,

Accordingly, the elastic potential energy
expression becomes approximately zero.

Xel = € |max
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2
kelxel — AE g

> > (19)

-0
By substituting back (16) and (18) — (19)
relation into (14), we obtain:

g4l - 0.
N——

mv? EelAgpllmaxxpl _ Eele;Z;l
- = = . (20)
2 2 2L
where spl|max = Xp;/L;  Assuming the

projectile has cylinder geometry and since the
mass constitutes a multiplicative sum of volume
(V) and density as m, = p,V,, while the
volume is V;,, = AL,, and the projectile length is
denoted by L, we finally obtain an
approximation for the elasticity modulus as:
ppLpLv?
= ey

Eel - xzzn >
where accepted literature typical values for the
maximum plastic displacement are about x,,; ~
0.5~1mm, since if the maximum strain is
Epl |max = 0.2 and the thickness width is about
few (2.5) millimeters, then by multiplying the
parameters, yields x,; = 0.5mm. Remark that
for different velocities the ratio between
different materials is approximately equivalent
to the squared velocity to plastic displacement

ratio value as E,; « (v/xpl)z. For v = 600m/
sec, p, = 8500 [kg/m’], L, = 70mm, and the
total sum of layers are L = 20mm, then the
total elastic modulus equal to Egtorg =
8 [GPa]. In other words, the meaning is that in
case of 10 homogenously layers with single
layer thickness of 2mm, averagely, where each
layer absorbs the same proportional value of
kinetic energy, the required averagely elastic
modulus of each layer to withstand the plastic
stress and deformation will be Eel,single layer &
80 [GPal].

In the case of impact slicing or cutting, one
may insert the Young's modulus of elasticity
expression (21) based on kinetic energy into the
stress relations derived by Mora et al. [105]-
[106] and Arnbjerg-Nielsen et al. [107] and
have closed analytical explicit solution for high
shear strain energy or buckling.

The transition from elastic to plastic energy
is the focus of the specimen mechanical energy
absorption, because in the elastic state the
deformation returns to its previous state while
in the plastic state it remains in its current state.
In reality, it is of course necessary to perform a
large number of firing tests experiments
because both the speed of the projectile changes
from experiment to experiment and the hitting
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angle of impact. Remark, care must be taken to
have a middle layer that disperses the shocks so
that the wearer of the vest shield will not be
damaged by the concentrated shock. It is
customary to apply this layer of rubber, metallic
(e.g. aluminum compound) foam or Dyneema
materials. In many applications where thermal
energy is involved, the thermal strain fulfill a
linear relationship with temperature difference
&n = aAT (a is the thermal expansion
coefficient) and therefore the total strain will be
composed from the mechanical and thermal
strain linear sum as €rotq1 = €th + Emechanical-

Moreover, it should be understood that
energy management of layers in layered
systems (Laminated system kinetic energy
management) is a complex thing. To illustrate,
we assumed that the energy is distributed in a
uniform / homogeneous way, and in any case,
the Young's modulus per layer is derived from
dividing by the number of layers (n). In more
thoroughly way of thinking, the energy terms or
terminology, when speaking in energy
language, it is necessary to decide how much
energy each layer absorbs and accordingly, the
Young's modulus / coefficient of elasticity is
determined. This process is carried out using
multi-level layer optimization. Example 1:
Absorption of kinetic energy:

e First layer: 40%.

e Second layer: 30%.

e Third layer: 20%.

e Fourth layer: 10%.
Example 2: Absorption of kinetic energy:

o First layer: 30%

e Second layer: 20%
e Third layer: 20%
e Fourth layer: 20%
o Fifth layer: 10%
The 'thumb rule' says that the first layers

sacrifice themselves for maximum energy
absorption in relative to the following layers. At
the same time, sometimes we would like to have
'strong' 'weak' layers materials in terms of
strength, arranged alternately, sometimes in a
direction perpendicular to the fibers (0°, 90°,
180°, 360° and sometimes from other
considerations, such as heat transfer or shock
dissipation. In case of extremely high energies
(high kinetic energy, e.g. velocity > 600 m/sec)
the required Young's modulus of each layer is
high such as it is difficult to obtain materials in
reality with high Young's modulus values.
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Therefore, we would like the energy
absorption to apply to as many layers as
possible with maximum Young's modulus
according to what currently exists in reality (i.e.
the stock market). On the other hand, there is
still room to consider as the number of existing
materials have a high energy absorption
capacity increasingly, to propose a different
multilayer arrangement than is customary
according to the discussed thumb rule.
Alternative way, is to vary the thickness or to
use larger strain materials with special
suspended particles.

Layers with high energy absorption
capacity with weak layers, alternately, for the
simple reasons of weight reduction, adaptation
to production capacity (like molding pressure),
heat transfer, shock dispersion or cost
reduction. The presented method will be used
continually when concerning the full plastic
projectile penetration.

The way in which the developed internal
stresses are distributed when hitting the target is
characterized by unique failure mode impacted
plate mechanism [98] — [99], either by a bullet
projectile or a hardened rigid part (metallic,
other), whether dependent on the angle of the
projectile impact in relation to the target [100]
or the projectile head shape and obliquity
incidence angle design [101] - [102], or even
impact with a projectile made of soft or fine
materials [103] — [107], each perpendicular
input force (component) or pressure might be
evaluated through the volumetric energy
expression according to the following
relationship (after making some algebraic
manipulation of Eq. (5) appearing in Ref. [34]):

_ pFAt FAt
Omodified— HEL/impact = 5 Ve -

2 m m
(22)
where  Vippaer = FAt/m  (assisting  the

impulse relation), At is the contact time
difference, usually At~0.1 — 1[usec] [34]
and the extracted (or given by empirical
measurements) term of F from (22) represents
the perpendicular force component acting on
the target (whereas Vigupqcls given and
therefore Omodified— HEL/impact using Eq.
(3)), respectively. In case of distributed
pressure (P) input, the perpendicular force
term should only be divided by the effective
impact area (A) such as P=F/A. The
internal stresses then can be readily
determined by substituting F or P loading
expressions into the developed stresses
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relations in the appropriate literature [98] —
[99] which also suitable for high shear strain
energy which suitable also for slicing or
cutting applications [103] — [107]. Be
reminded that the input force can be also
F = MpVimpact —
At
F;—”VifnpactA with the appropriate pressure

term P =~ %p Vifnpact. that

Omodified— HEL/impact is the resulting peak
stress while P is the input pressure.

found  directly by

Remark

4 General approximate analytic
approach for energy absorption
evaluation and material selection
of protective ablative insulation

In the same manner as in Sec. 3, an approach to
evaluate erosion (ablation) rate in protective
energy applications (e.g. external or internal
(liquid, solid or hybrid) rocket motor (SRM) or
spaceship insulations, internal protection in
nuclear core, etc.) will be introduced [82] —
[85]. Indeed, the case of ablation concerns
material removal or thermochemical phase
change (virgin >> gas / pyrolysis >> char) while
the previous section was concerning material
deformation. However, since the char state
occur when threshold temperature is achieved
(T¢har) and hence minimum energy balance
between the external thermal gas energy and the
material minimum thermal capacity energy
until prescribed threshold char temperature is
obtained could be used as follows. In other
words, the problem we are trying to solve is
what is the maximum distance (x;) and the
minimum time (At) for char state formation for
a given threshold temperature to rise in order to
estimate the optimal erosion rate. It is assumed
in the process that the calculation is strict and
maintains a linear relationship between the total
relative distance of the erosion (material
removal) and the speed of the erosion rate
through time difference (At). In addition, the
calculation assumes overloading region of
erosion rate. Accordingly, the classical
unsteady transient state energy equilibrium is:
mst(Tchar —T) = hAs(T; — Ty)At,

(23)
where the left-hand side term (mC,(Topgr —
T,)) represents the resulting thermal energy
developed inside the ablative material caused
the equilibrium right-hand side term, such as the
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flowing gas thermal convective energy
(h A(T; — Ts)At). The parameters
As, Cp, Tenars Toos Ty he, M, At represent  the
shield apparent area for the heat entrance,
ablative heat capacity, charred temperature of
the protective ablative material, gas surface
temperature, the environment initial
temperature, the thermal convective coefficient,
the ablative protective shield mass and time
difference, respectively. Now, by simple
algebraic manipulation, Eq. (23) becomes in the

following relationship form:
Tchar—Ts — hcAsAt . (24)
T;—Ts msCp
By substituting my = p;Vy = pgAsxs and using
the erosion rate term ug = x,/At with some
algebraic manipulation, yields the expression

for the erosion rate speed:
e LTy (25)
PsCp Tchar—Ts

where T}, Tepar <Ts and  pg, Vg, are  the
protective shield ablative material specimen
density and volume, respectively. In this stage,
we will write the convective coefficient
parameter as the ratio between the heat flux (g5)
and the temperature difference (T; — Ty) created
over the ablative material external / outer
surface, by:

Ug =

he = qujn . (26)

Substituting relation (26) back into (25)
gives:

Pst(Ts_Tchar) ’
and the appropriate total charred erosion

distance is:

Ug =

qsts
PsCp(Ts—Tchar) ’ (28)
where t, is the total heating (e.g. burning) time.
Moreover, the more generalized energy case
that considers also the heat radiation, turns (23)
into:
mst (Tehar — Ts) = hAs(T; — Ts)At +
hAs(T —THAE  (29)
where h,. is the total manipulation between the
view factor (F;_,) and the Stefan-Boltzmann
constant (o). After similar algebraic
manipulation, the radiative and convective

erosion rate will have the following shape:
h¢ Ti—Ts

PsCp Tchar—Ts
OF,L, Tf-T#
—=2_L = (30)
PsCp Tchar—Ts
Illustratively, empirical evidence shows

through distinguisher references [82] — [85] that
in many burning cases in SRM the heating flux

Xs = Usts =

us,convection & radation =
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rate fulfills g5 = 5 [M %], using (26), the

convective thermal coefficient is equal to h; =

1417.4[—].  where T, = 3550°C,T; =
meK

259C , respectively. Assuming [82] — [85] that
in Carbon — Carbon heat protective insulation
shield parameters are T.nqr = 650°C, pg =

2200 [%],cp = 1350 [k;—K] , based on (27) —

(28) the obtained values for the erosion rate and
distance are ug = 0.58[mm/sec] and x; =
3[mm] for total burning time of 5.7sec, which
are confirmed by the literature references [84] —
[85] in the overloading erosion region. Suppose
we have also radiation involved (from one
surface to another only, F;_,, = 0.1, 0 = 5.67 -
10~8[W/(m?K*)]), the contribution term to
the erosion rate will be 0.14[mm/sec] (see
[86]) and the total theoretical value is about

Us radiation and convection = 0-72[mm/sec].

5 2D thermo-elastic impact FEM
simulation of elastic wave
propagation inside protective
composite made of homogenous
isotropic material layers

As part of the examination of the shock
wave's propagation along the composite
material layers axial axis, a 2D finite elements
simulation framework will be developed for
four isotropic homogenous material's layers as
follows: Steel - Al - Kevlar - Graphite.

The whole Abaqus FEM explicit transient
temperature-displacement coupled equations
are reported by Koric et al. [70], full procedure
is brought there by Eqgs. 1-24, while extensive
numerical elasto-plastic method is brought by
[71] - [72]. Based on Badurowicz and Pacekv
[73], suppose we have both thermal energies
accompanied with mechanical pressure,
representing kinetic energy of a piercing bullet
projectile into a given armor. While here, pre-
heated projectile accompanied with mechanical
pressure hitting frozen target is concerned. The
Armor's axi-symmetrical geometry including
the analysis properties, boundary and initial
conditions (B. C., I. C.) appear in Table 1. Also,
the armor materials properties layers are
exhibited in Table 2. FEM axi-symmetrical
analysis and modelling will be performed by
Abaqus commercial software. For current
instance, the land diameter of the contact area
will be considered as the 5.56x45 [mm] NATO
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bullet [74]. The points of measurement for the
principal stress were taken at the bottom base of
each layer located in the axial axisymmetric
axis, as shown in Fig. 1.

As expected, described in Fig. 5, SiCp
material first layer absorbs high kinetic energy
which yields meaningful thermal energy values
that are conveyed / transformed to the next
metallic steel layer, and so on, such as the
mechanics loadings are absorbed by the
metallic layers plates and the thermal loadings
are absorbed by both metallic and non-metallic
layers which increase the shield survivability
and durability. Since the initial conditions occur
under an extremely low temperature (-
248.15°C), compressive stresses are developed,
alternately, when the material experiences high
temperature values, tensile stresses are
developed. Since the heat is generated in short
time through thermal shock, the compressive
stresses are accompanied with tensile stresses
and later through shock vibrations behavior, the
compressive state is dominated over the tensile
state.

The materials data is based on MATWEB
database. One can infer from Fig. 5 that most
metals (with the exception of the non - metallic
Kevlar 49 and Crystalline Graphite) are able to
experience high temperatures and high
mechanical stresses, yet, as the metal is tending
to be brittle together with mechanical strength
increase, and hence its resistance to mechanical
loads may increase, although simultaneously,
its resistance to thermal loads may decrease.

6 FEM examination of particles
effect on a 2D homogenous
isotropic material layer subjected
to thermo-elastic impact loading

Next step, a variety of insulation materials
types, based on different shapes of pores filled
with gas, fluid or solid (simulated as particles)
states matter, will be tested separately for their
resistance ability to withstand thermal shock
using finite element commercial software 2D
model. The FE model is based on heat transfer
conduction mechanism for the following cases;
(i) Different types of cavity filling (air, water,
oil, Aluminum or metal); (ii) Different sizes of
circular cross section filled cavities / particles;
The current discussion is limited to orderly
uniform particles partition and distribution
along the material specimen as possible.

Volume 4, 2024



PROOF
DOI: 10.37394/232020.2024.4.4

The areas of interest that will be examined
for adding particles and having the main
absorption potential in the composite armor are
the upper layer (1*) and the two lower layers (4™
and 5%, so that most of the mechanical elastic
wave part is absorbed by the upper layer, and
from this, we would like to increase its
properties for resistance to high thermal stresses
while preserving its mechanical resistance
against high mechanical impact elastic stresses,
considering the weight of a minimal protective
layer, optimally.

Moreover, we would like to improve the
resistance of the ended two insulation layers of
the shield to the development of elastic stresses
during the optimization process of adding the
particles, while subjected only to high
temperature effect. It is important to define that
these particles are part of the two-dimensional
model and therefore the direction of length
dimension into the page is infinite. Therefore, in
reality, these particles will be considered as
long cylindrical rods or as an array (row) of
spherical / cylindrical particles, separated at a
distance of up to about 5 millimeters from each
other in such a manner that their continuity and
mutual functioning and in relation to the
protective layer will not be damaged.

The 2D thermal shock impact FEM
simulation of elastic wave propagation
(compression and tension are represented in the
perpendicular principal stress plots by positive
and negative signs, respectively) inside single
protective homogenous isotropic material layer
to be used as reference is depicted in Figs.6a —
C. The numerical data values of elements type
and number, boundary and initial conditions,
geometry are elaborated in Table 3. We will
mention that isotopic material has the same
properties in every direction while homogenous
material has the same properties at every
location (point in the material). In our case, the
particles are made of different materials and due
to their size affects the non-homogeneity and
non-isentropic nature of the whole layer that
they reside in it. Figs. 7a-C illustrate the
modelling and meshing of generalized layer
with particles when configuration is altered
according to the given data and configuration of
material in Table 3. The point of measurements
in all cases are in the bottom of the layer at the
axi-symmetric axis as appear in Fig. 6¢ and Fig.
7c, respectively. Analyzing Fig. 8 might lead to
the expectation / comprehension that
Aluminum or Steel particles reduces
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significantly the developed elastic wavy
principal stresses over the different types of
layers due to their thermo-mechanical ant
thermal loadings, respectively. Specifically, for
instance, Graphite layer without Al particles
peak stress versus same single layer containing
Al particles yields 50% decrease in peak stress;
in the case of Steel particles it becomes 67%
decrease difference. In the case of Kevlar 49, it
is less significant than Graphite, Yet,
comparison between Kevlar layers with Al or
Steel particles relative to homogenous isotropic
layers gives reduction percentage difference of
87.5% and 73.3%, respectively. In conclusion,
Steel particles are most efficient to use as
strengthen  additive  (positive = material
contamination) for the described homogenous
layers. However, since the gain difference is not
meaningful and since the ratio between the
densities fulfills py;/psteer~1/3, we would
select the Aluminum particles to reduce the
weight of the protective shield per layer.

Observing Fig. 9 for the various

configurations of SiCp with and without various
types of particles teaches that the existence of
particles in the SiCp material increases
significantly the chance to resist and withstand
high thermo-mechanical loadings, particularly,
Kevlar particles.
The Kevlar particles are not only support or
provides elastic protection, which is already
present in the ceramic material, but mainly
provides thermal protection at a low weight
compared to the metals, steel and aluminum and
even the non-metallic Graphite. Particularly, for
example, Graphite particles make the material
less resistance against thermo-elastic shock
even in relative to SiCp material with no
particles at all (72% increase in impact peak
stresses); The Kevlar 49 particles improves the
resistance against impact peak stress by 22%
(reduction) compared to Steel (35%) and Al
(25%) which cause to peak stress increase,
respectively.

Figs. 10a-b illustrations demonstrates that
oil and water particles with coated elastic shell
made of closed foam cells affects similarly
(quantitatively and qualitatively) over the
Graphite principal stress behavior thermal
shock resistance performance. All kinds of fluid
/ gas shell particles making the Graphite layer
less resistant against the thermal shock, while
air particles have the highest weakening
material potential. On the other hand, in the
Kevlar 49 case, the air and oil particles behaves
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/ affects similarly while this time, the water
particles make it less resistant. In conclusion for
both cases the gas and liquid particles makes
both Kevlar 49 and Graphite materials less
durable against the thermal shock (tens of
percent decrease in resistance) which is
confirmed qualitatively by the literature [63].
Alternatively, visco-elastic modelling should be
considered in future instead of enclosed elastic
foam.

7FEM investigation of rigid
particles effect on a 2D
homogenous isotropic material
layer subjected to thermo-elastic
impact loading

Now, after selecting the most efficient and
optimal weight layer — particles mixture, we
will turn into particles size effect over the whole
layer contained the suspended particles
examination. Two kinds of layer examinations
were performed:

e SiCp with immersed Kevlar 49
particles versus reference homogenous
SiCp layer.
e Kevlar 49 layer containing Al particles
versus reference homogenous Kevlar
49 layer.
The particles size diameters typical values of
each examination were 0.3, 0.5 and 1mm. The
mesh and modelling appear in Fig. 11 and Table
4, respectively.

It is derived from Fig. 12a that in the case of
Kevlar 49 lamina, the layer's resistance to
thermal shock increases with increasing Al
particle size. Although the quantitative
difference between a particle of size 0.3mm and
0.5mm in the magnitude peak stress aspect is not
significant (1% maximum and 0.5% maximum
difference, respectively), yet, compared to
200% maximum difference in the case of 1mm
diameter size. Accordingly, together with the
consideration of the insulator weight pxepiar/
Pa1~0.54 , the particle diameter size of 0.5mm
will be selected.

On the contrary, one can also infer from Fig.
12b that in the case of SiCp lamina, the layer's
resistance to thermal shock decreases with
increasing Kevlar 49 particle size. Although as
similar to the previous case, the quantitative
difference between a particle of size 0.3 and
0.5mm in the magnitude obtained peak stress
aspect is not significant as in the case of 1mm
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diameter size (1% maximum compared to 176%
maximum difference). Accordingly, together
with the consideration of the insulator weight
Pkeviar/Psicp~0.47 , the particle diameter size
of 0.5 mm will be selected.

8 FE final optimal axi-symmetrical
composite layered model
configuration results subjected to
thermo-elastic impact loading

Finally, the selected layers mixed with the

suspended selected particles material and size
will be introduced compared with their
counterparts without the internal particles
through axi-symmetrical FE model. The mesh
and modelling appear in Fig. 12 and Table 3,
respectively.
Observing at Figs. 14a-b might lead to
understanding that indeed the SiCp first layer
with the Kevlar 49 particles experiences lower
thermo-mechanical impact stress than the
homogenous layer case without particles (25%).
The Aluminum and Steel homogenous layers in
both cases behave qualitatively and
quantitatively the same. The Graphite 5™ layer
with the Al particles also exhibits lower peak
principal stresses development  than
homogenous layer case in the initial composite
configuration (400%). Nevertheless, the Kevlar
49 4™ Jayer with particles presents less better
performance (500%) due to the overall stress
wave propagation through the materials layers,
especially the 4™ (Graphite) that transfers
higher mechanical impact. Accordingly, we
might re-select / alternate homogenous Kevlar
49 layer without particles instead the current
Kevlar 49 layer with the Al particles. On the
other hand, since the maximum principal stress
value on the Kevlar 49 layer is about ~ 0.5GPa
and the ultimate strength is about ~3GPa, and
therefore the existing layer could be utilized
unchanged because the mechanical energy
transferred to the 5™ last protective layer is
small enough.
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9 3D full ballistic impact FEM
simulation of projectile
propagation inside protective
composite made of homogenous
isotropic material layers and
analysis

Suppose a projectile made of Tungsten [87,
88] gain velocity of 600m/sec hitting a
composite homogenous layered target initially
pinned (uy =u, =u3=0) at 300K
temperature based on the mechanical and
damage properties given data in Table 2 and
Table 5 during time of 0.006sec as appear in

Fig. 15a. The obtained contact stress
(Omodifiea-ueL) I Eq.  (3)  will
be Omoaifiea— ner = 10.5 [GPa]. The

approximate elastic modulus (21) required from
the whole protective shield is equal to E,; =
PpLplv® _ 15000-55:1073-14-1073-6002

x2 (2.31073)2 -
800[GPa]. The dynamic friction between all
shield plates was fyiqtes,qa = 0.5 and combined
tangential and normal behavior (Fig. 15b). The
general dynamic friction value between the
projectile body and shield plates was p; = 0.3
and also assumed tangential and normal
behavior (Fig. 15b). Each plate geometry was
100mmx100mmx2.8mm. The layers total
thickness sum was 14mm. The projectile and
each separate (individually) single protective
layer nominal element size was 2mm and
2.5mm, respectively. Elements type in the
whole analysis was C3D8R while projectile
(partially) wedge elements type was C3D6 as
appear in Fig. 16. The projectile finite elements
model includes 1189 elements (1102 linear
hexahedral elements of C3D8R type + 87 linear
wedge elements of type C3D6) appropriate to
1500 nodes. Each finite element layer 1600
linear hexahedral elements of C3DS8R type
appropriate to 3362 nodes. The total assembly
elements are summed to 9189 elements with
18310 nodes. The shield plates material order
alongside the references, from up to bottom is:
SiCp [87], Steel 304 [89], Al 7075-T651 [90],
Kevlar 49 [91-93], Graphite Crystalline [94],
respectively. Type of analysis performed using
Abaqus commercial software was 3D stress
dynamic linear explicit transient.

The selection of each material damage
model was laid on their empirical behavior
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under axial impact as reported by [87] — [94] as
appear in Table 5:

e The mechanism of tensile,
compression and shear have been
accounted for each material
behavior.

e The Kevlar fiber plate was assumed
to be isotropic and its properties
were taken in the longitudinal
projectile entrance direction only.

Analyzing the results appear in Figs. 17a-e
show that the projectile stops by decreasing
velocity and the shield configuration holding
him and resist its full perforation (during the
fourth Kevlar 49 layer penetration). It is also
demonstrated by Von-Mises, Principal stress
and displacement after 0.0006sec duration of
time. Also, both analytically above calculations
were confirmed by the results
(be Omoaified— neL = 10.5 [GPa] versus
11[GPa] and the young's modulus calculation
has proved to be effective prediction to the
protective shield strength withstanding against
the kinetic energy).

Note that the Graphite layer might be
alternative replaced by the more lightweight
material of aluminum foam, the results will be
improved in the context of strength ballistic
withstanding. The aluminum foam crushable
model data can be found in [95] whereas the
empirical material's nature appear in [96] —[97].

For each protective application it is always
recommended to use the NATO standard
STANAG (e.g. NATO STANAG 4569 for
logistic and light armored vehicles, NATO
STANAG 2920 for personal protective vest
guard, etc.). In future, personal light weight
protective configuration should be examined
for seven layers (each single layer geometry is
100mmx100mmx3mm) against impact velocity
higher than 600m/sec in the following order (1*
configuration: AL/4BC — Boron Carbide -
AL/4BC — Rubber - Boron Carbide — AL/4BC -
Boron Carbide, 2™ configuration: SiCp - Boron
Carbide — SiCp — Rubber — Dyneema - Boron
Carbide - Dyneema, 3™ configuration: AL/4BC
- Boron Carbide - AL/4BC — Rubber - AL/4ABC
- Boron Carbide - AL/4BC).
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10 Conclusion

Current study presented analytic
development of modified Hugoniot elastic
limit for composite double layer under
thermal shock analytic model. Also, two-
dimensional (2D) thermo-elastic impact FEM
simulation response of elastic wave's
propagation along the composite material
layers axial axis made of homogenous
isotropic material layers (Steel - Aluminum —
Kevlar 49 - Graphite) was developed using
commercial software (Abaqus) with explicit
transient temperature-displacement coupled
equations. The idea behind the mechanism
was that SiCp material first layer absorbs high
kinetic energy which yields meaningful
thermal energy values that are conveyed /
transformed to the next metallic steel layer,
etc., such as the mechanics loadings are
absorbed by the metallic layers plates and the
thermal loadings are absorbed by both
metallic and non-metallic layers which
increase the shield survivability and
durability.  Accordingly, the layers
improvement was focused on the upper layer
(1st) and the two lower layers (4th and 5th),
respectively, whilst most of mechanical
elastic wave part is absorbed by the upper
layer, and the thermal energy created could be
absorbed by the two ended insulation layers.
The idea is to improve the thermal energy
resistance of the first insulation layer, and
simultaneously, to increase the strength of the
two ended insulation layers, while preserving
the existing advantages qualities (properties)
of each layer, without weakening them by the
suspended particles.

Moreover, FEM examination of particles
(oil, water, Aluminum or Steel) effect on a 2D
homogenous isotropic material insulation
layers subjected to thermo-elastic impact
loading was performed in order to optimize
the composite layered protective durability.
Moreover, different sizes of selected
materials' particles diameter  were
investigated in the context of developed
principal peak stress during the thermo-elastic
response. In all cases the principal stress was
measured in the layer bottom at the axi-
symmetrical axis. Also, in all cases a
parentage difference comparison was made
with the homogenous case. It was found that
that Aluminum or Steel particles reduces
significantly the developed elastic wavy
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principal stresses over the different types of
layers (i.e. Graphite or Kevlar layer
containing Al or Steel particles) due to their
thermo-mechanical ant thermal loadings,
respectively. Although Steel particles are
most efficient to use as strengthen additive for
the described homogenous layers, yet,
Aluminum particles were selected due to
weight reduction per layer considerations.
Additionally, the existence of particles in the
SiCp material were found to increase
significantly the chance to resist and
withstand high thermo-mechanical loadings,
particularly, Kevlar 49 particles compared to
Steel and Al. All kinds of fluid / gas (water,
oil and air) shell particles making the
Graphite or Kevlar layers less resistant
against the thermal shock, while air particles
have the highest weakening material potential
against thermal shock resistance performance
as supported by literature [61].

Now, selecting the most efficient and
optimal weight layer — particles mixture, we
have investigated particles size effect over the
whole layer contained the suspended particles
examination; SiCp with immersed Kevlar 49
particles versus reference homogenous SiCp
layer and Kevlar 49 layer containing Al
particles versus reference homogenous
Kevlar 49 layer. The particles size diameters
typical values of each examination were 0.3,
0.5 and lmm. It was derived that in Kevlar
49 lamina case, the layer's resistance to
thermal shock increases with increasing
particle size, in contrast, a vice versa behavior
was found in the case of SiCp lamina.
Although in both cases the quantitative
difference between a particle of size 0.3mm
and 0.5mm in the magnitude peak stress
aspect was not found to be numerically
significant, compared to lmm diameter size.
Accordingly, together with the consideration
of the insulator weight the particle diameter
size of 0.5mm was selected for both cases.

Finally, FE final optimal axi-symmetrical
composite layered model subjected to
thermo-elastic impact loading was analyzed.
An overall good qualitative and quantitative
resistant against thermo-mechanical impact
was obtained by the composite armor with
immersed particles compared to the
composite layers without the particles. It was
found that, indeed the SiCp first layer with the
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Kevlar 49 particles, Graphite 5th layer with
the Al particles experiences lower thermo-
mechanical impact stress than the
homogenous layer case without particles. The
Aluminum and Steel homogenous layers in
both cases behave qualitatively and
quantitatively the same. The Graphite 5th
layer with the Al particles also exhibits lower
peak principal stresses development than
homogenous layer case in the initial
composite configuration. Although the
Kevlar 49 4th layer with particles presents
less better performance due to the overall
stress wave propagation through the materials
layers, especially the 4th (Graphite) that

transfers  higher = mechanical  impact.
Accordingly, we might re-select / alternate
homogenous Kevlar 49 layer without

particles or alternatively, due to relatively
small maximum principal stress value, the
mechanical energy transferred to the 5Sth last
protective layer is small enough, and hence to
rely on the 4th layer as it is.

A dynamic Tungsten projectile full 3D case
was examined over 5 layers target. The
projectile was moving by velocity of
600m/sec hitting a composite homogenous
layered target initially pinned
(u_1=u 2=u 3=0) at 300K temperature
during penetration time of 0.006sec. The
dynamic friction value between all shield
plates was p (plates,d)=0.5 and combined
tangential and normal behavior. Each plate
geometry was 100mmx100mmx2.8mm. The
layers total thickness sum was 14mm. The
projectile and each separate (individually)
single protective layer nominal element size
was 2mm and 2.5mm, respectively. Type of
analysis performed using Abaqus commercial
software was 3D stress dynamic linear
explicit transient analysis. The contact stress
and the total elastic modulus were pre-
calculated analytically and confirmed later
through the analysis results. The shield plate's
material order based on literature data from
up to bottom was: SiCp - Steel 304 - Al 7075-
T651 - Kevlar 49 - Graphite Crystalline,
respectively.

The selection of each material damage model
was laid on their empirical behavior under
axial impact as reported by classical
literature, considering the mechanism of
tensile, compression and shear. The Kevlar
fiber plate was assumed to be isotropic and its
properties were taken in the longitudinal
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projectile entrance direction only. It was
found that the projectile stopped by
decreasing  velocity and the shield
configuration resistance from completing full
perforation supported by projectile velocity
alongside layers' stress and displacement
results. In case the Graphite layer is
alternatively replaced by the more lightweight
material of aluminum foam, the results will be
improved in the context of strength ballistic
withstanding.

In future, further research should be made in
the context of anisotropic and non-
homogenous layers, especially on polymeric
mixtures with and without particles,
integrated or independent with metallic
layers, subjected to thermo-mechanical
impact loading during the short contact
period. Also, visco-elastic modelling should
be considered to model pores or particles
filled with gas or fluid with instead of
enclosed elastic foam.

Also, personal light weight protective
configuration should be examined for seven

layers (each single layer geometry is
100mmx100mmx3mm)  against impact
velocity higher than 600m/sec in the

following order (1st configuration: AL/4BC —
Boron Carbide - AL/4BC — Rubber - Boron
Carbide — AL/4BC - Boron Carbide, 2nd
configuration: SiCp - Boron Carbide — SiCp —
Rubber — Dyneema - Boron Carbide -
Dyneema, 3rd configuration: AL/4BC -
Boron Carbide - AL/4BC — Rubber - AL/4BC
- Boron Carbide - AL/4BC).
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Fig. 1 Ideal free surface velocity profile versus time to exemplify the Hugoniot elastic limit and the
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Fig. 2 (a) material specimen subjected to general thermo-elastic impact loading
| -
| E

Fig. 3 Two-dimensional generalized double layer protection shield material schematic description: (a)
Two adjacent different materials protective shield (b) Two adjacent different materials protective shield
with one side pores or particles (C) Homogenous protective shield material with pores or particles (d)
Two adjacent different materials protective shield consisting different pores or particles
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(b)

Fig. 4 Circular plate axi-symmetrical FE model: (2) Boundary conditions (b) FEM meshing model. (C)
Points of measurements (Marked by Red points)
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Fig. 6 Circular homogenous isotropic plate axi-symmetrical FE model: (a) Boundary conditions (b)
FEM meshing model. (¢) Points of measurements (Marked by Red points)

@

(b)

Fig. 7 Circular plate axi-symmetrical FE model with particles: (a) Boundary conditions (b) FEM
meshing model. (C) Points of measurements (Marked by Red points)
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Fig. 10 (a) Graphite versus (b) Kevlar materials (air, oil, water) single layer under thermal shock 2D
FEM heat - transfer model results
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Fig. 11 Circular plate axi-symmetrical FE meshing model with different particles sizes: (a) 0.3mm (b)
0.5mm (c) Imm
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(b)

Fig. 13 Circular plate axi-symmetrical FE optimized composite model configuration: (a) Boundary
conditions (b) FEM meshing model. (¢) Points of measurements (Marked by Red points)
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(b)

Fig. 14 Upgraded composite metallic circular plate axi-symmetrical FE 2D model results with particles
versus the initial composite configuration made of homogenous layers.
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Fig. 15 3D FE model of projectile and composite shield configuration made of homogenous layers: (a)
boundary conditions (b) dynamic friction interaction boundary.
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Fig. 16 3D FE model of projectile and composite shield configuration made of homogenous layers: (a)
projectile geometry (b) projectile FE meshing (C) single plate meshing (d) side view of assembly
meshing (e) isometry view of assembly meshing.
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Fig. 17 3D FE model of projectile and composite shield configuration made of homogenous layers: (a)
projectile velocity point of measurement (b) projectile FEM velocity behavior (¢) Maximum principal
stress results of 3D FE assembly model (d) Von-Mises stress results of 3D FE assembly model (e)
displacement magnitude results of 3D FE assembly model (f) displacement in the z axial direction of 3D
FE assembly model
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Table 1 Armor geometrical properties per B.C., 1.C. as input data for the FEM

Physical Property

Value [M.K.S.]

Target geometrical features

Mechanical loading simulating bullet

projectile ballistic penetration

Mechanical boundary conditions

Thermal boundary and initial conditions
simulating bullet projectile ballistic

penetration

Analysis and element mesh rules details

(No., size, type)

Five straight disk plates (layers) with diameter of 72
[mm] and 2.8 [mm] width, respectively. Total width =
14 [mm].

t < 0:0[Pa]

P(ryz=Lt)=H() = {0 <t <5 [usec]:4[GPa]

r; — specific radius characterized by land diameter
of 5.56 [mm] (impact dynamic pressure suits to
velocity impact of 1000 m/sec). L — the total shield
length. The contact acting area circular diameter equal
to 5.56 [mm] and the equivalent total pressure by the
projectile is §v2 ~ 4[GPa].

Ujt<o = Free

U~ = Free

T(r,z=1L,t) =H(t) =t < 0:-248.15[ °C]

(Tlr,z,t<0)i_c_ = —248.15[ OC]

Abaqus:

Type: Axi-symmetric, CAX4RT, Quad.
Number of elements: 5400. Element Size: 0.3 [mm]

Analysis type: plain — strain. total time = 5 [usec]

Table 2 Protective shield components materials properties

Young's
Poisson's
Materials  Densit Modulus
ratio
y [GPa]

Longitudinal Expansion = Thermal Specific
Sound of coefficient cond. heat
velocity capacity
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[kg/m’] [m/sec] [1/ °K] (w/ [J/kg °K]
m °K]

SiCp 3215 410 0.14 11772 52-107° 120 750
304 Steel 7850 210 0.33 6160 1.2-107° 44.5 440
Al7075-

2700 70 0.31 6037 6.9-107° 167 910

T651
Kevlar 49 1440 112 0.36 10450 1.1-1078 0.04 1420
Graphite

(Crystallin 2250 12 0.3 2335 1.4e-6 2.2 707
e)
255 (shear
Tungsten 15000 0.28 5200 2.5-107° 95 250
modulus)

Table 3 Armor geometrical properties per B.C., I.C. as input data for the FEM of single

isotropic and homogenous versus non-homogenous and non-isotropic layers

Value of single
Value of single homogenous
Non-homogenous

Physical Property layer
layer
[M.K.S.]
[M.K.S.]
Single straight disk
Single straight disk plate
Target geometrical features plate (layers),
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[mm] and 2.8 [mm] width, 12  particles each

respectively. (particle diameter = 0.5
mm), divided
uniformly, with

diameter of 72 [mm]

and 2.8 [mm] width,

respectively.
1. SiCp with
Al/Steel/Kevla

r 49 particles
2. Kevlar 49 with
Al/Steel/Air/O
il/Water
particles.
SiCp, Kevlar 49 and Graphite 3. Graphite with
The material configurations
single layers Al/Steel/Air/O
il/Water
particles.
All particles have
elastic properties
due to their
enclosed — cell
foam shell.
U;jr<o = Free Same
Ussg = Free

Mechanical boundary conditions

for single SiCp layer only P(ryt) = H(®)

_ t <0:0[Pa]
B {0 <t <5 [usec]: 4[GPa]
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Thermal boundary and Same
initial conditions for all SiCp, T(r,z=Lt)=H() =t
Kevlar and Graphite types of < 0:726.85[ °C]
single layers (Tlrzt<0),, = —248.15][ °c]

Abagus:
Type: Axi-symmetric, Same
CAX4RT, Quad. Number of elements:

Analysis and element mesh
Number of elements: 1080. 9028. Element Size:
rules details (No., size, type)

Element Size: 0.3 [mm] 0.1 [mm]

Analysis type: plain — strain. Same

total time = 5 [usec]

Table 4 Armor geometrical properties per B.C., I.C. as input data for the FEM selected single

non-homogenous and non-isotropic layer under the influence of particle size effects

Value of single
Physical Property Non-homogenous and non-isotropic layer

[MK.S.]

Single straight disk plate (layers), containing two rows of 12
Target geometrical features particles each, divided uniformly, with diameter of 72 [mm] and
2.8 [mm] width, respectively.
1. SiCp with Kevlar 49 particles.
2. Kevlar 49 with Al particles.
The material configurations

The two cases were examined for particle diameter nominal

sizes of 0.3, 0.5 and 1mm.

E-ISSN: 2732-9941 65 Volume 4, 2024



PROOF
DOI: 10.37394/232020.2024.4.4 Jacob Nagler

Ujt<o = Free

Mechanical boundary conditions
Upso = Free

for single SiCp layer only

_ _ t <0:0[Pa]
P(r,t) = H(t) = {o < t <5 [usec]: 4[GPa]
Thermal boundary and T(r,z=1Lt)=H() =t <0:726.85[ °C]
initial conditions for all SiCp and (Tlrz t<0)‘ = —248.15[ OC]
I L.C.

Kevlar types of single layers

Type: Axi-symmetric, CAX4RT, Quad.
Analysis and element mesh

Number of elements (range): 10207-11535, Element Size: 0.1
rules details (No., size, type)

[mm]. time = 2.5 [usec]

Table 5 Protective shield components materials plastic properties (Table 2 continuation)

Expansion ~ Thermal  Specific

Longitudinal
Densit Young's coefficient cond. heat
Poisson's Sound of
Materials y Modulus [1/°C] w/ capacity
ratio velocity
[kg/m’]  [GPa] m °C] U/
[m/sec]

kg °C]

SiCp Material parameters of Abaqus JH2 model:

E-ISSN: 2732-9941 66 Volume 4, 2024



PROOF

DOI: 10.37394/232020.2024.4.4

Po
3215 kg/m?

T

0.75 GPa

D,

0.48

G

193 GPa

max

Jacob Nagler

A N B M C €p
0.96 0.65 0.35 1.0 0.009 1.0
max HEL PHEL ﬁ

i

0.132 11.7 GPa 5.13 GPa 1.0

pl pl FS IDamage

Ef_,m:uc Ef1lllil.l

1.2 0.0 0.2 0

K

Johnson — Cook Plastic Parameters:

A =310[MPa], B =1 [GPa],n=0.65, m= 1, Tynersing = 1673[K], Tinitiar = 300[K],

304 Steel

Al7075-

T651

Kevlar 49

E-ISSN: 2732-9941

C=0.07, &, = 0.1 [1/sec]

Ductile damage parameters: rrqcrure = 0.25, Stress triaxiality = 1/3, & =

100[1/sec], Xfqiure = 0.25mm

Johnson — Cook Plastic Parameters:

A =520[MPa], B = 477 [MPa], n = 0.52, m = 1, Tpeting = 893[K1, Tinitias =

dl

0.095

300[K], C=0.001, &, = 0.0005 [1/sec]

Johnson — Cook Damage Parameters:

d2 d3 d4 d5
0.049 -3.465 0.016 1.099

Xfaiture = 0.2mm

Plastic Parameters: oy = 20[MPa], 0¢4i1ure = 500[MPal], &rqiyure = 0.025

Hardening Parameters — Power law Model: n = 30, Multiplier = 0.9

Ductile damage parameters: &frqcryre = 0.35, Stress triaxiality = 0.3, ¢ =

100[1/sec], Xfgijure = Imm
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Graphite Plastic Parameters: oy = 35[MPal], 0¢gj1yre = 140[MPal, &rqgiture = 0.08
(Crystallin Ductile damage parameters: &rrgcryre = 0.08, Stress triaxiality =-1/3, ¢ =
e) 100[1/sec], X¢qiyre = 0.2mm

Johnson — Cook Plastic Parameters:
A =3 [GPa], B=89[GPa],n=0.65, m= 1, Typeiting = 1768[K], Tinitiar = 300[K],

C=0.016, &, = 1 [1/sec]

Tungsten Johnson — Cook Damage Parameters:
dl d2 d3 d4 d5
0 0.0019 -3 0 0

Xfailure = 0.2mm
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