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ABSTRACT. Simulation and analysis of the projectile impact and penetration
problem and its effects are among the practical topics that can be used to
design bulletproof panel and military equipment, construction of impact and
penetration resistant structures, design of projectiles with appropriate
penetration strength and high performance noted. One of the most important
parameters affecting penetration is the impact velocity of the projectile. The
mechanism of penetration varies in different speed ranges. In this paper,
Ansys Autodyn software is used for penetration simulation. The simulation
carried out in this study is based on the accuracy and physical conditions of
the problem and the compatibility of numerical simulation with the governing
analytical relations indicates the validity and accuracy of the assumptions made
in the simulation. In this study, we selected materials such as material
behavior, grating, contact surfaces, and controls, as well as collision of the
blunt projectile with angles of 0°,15°,30°,45° by of high velocity impact 1000
m/s with the same mass and diameter and shape of the projectile nose and
properties. Ceramic materials are discussed. The result of the numerical
simulation comparison shows relatively good agreement between them.
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INTRODUCTION

he projectile penetration has been a complex, nonlinear, transient phenomenon, and research on it has begun many
years ago and is still ongoing. Today, in addition to military applications, its civilian uses, such as the manufacture
of satellite Defence equipment, the protection of nuclear reactors, the transportation of hazardous materials, the
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retrofitting of helicopters, airplanes, etc., have increased the development of this science. At low velocities, various theories
have been presented to analyze the impact and failure process. But at high velocities, often the phenomenon of projectile
shattering and part of the target occurs. Other important parameters in the penetration and infiltration process are the angle
of impact, material property, projectile nose shape, projectile thickness, and target [1]. The lack of pivotal symmetry in the
oblique collision problem has made the analytical study of this issue very complex. Therefore, the problem of the collision
has so far been investigated more extensively by laboratory and semi-empirical analysis as well as numerical and computer
simulations. The projectile and the target are two key components of the infiltration process. The use of different projectiles
such as AP kinetic energy projectiles, long rod projectiles, and segmented rods has been developed, in contrast, different
types of armor such as reactive armor, composite metal ceramic multilayer armor, composite ceramic, metal multilayer, have
also been developed [2]. Minimum weight is one of the main criteria in armor design. Therefore, it is important that when
the weight of the armor decreases, its penetration resistance remains high. As a result, it is necessary to use materials for
the manufacture of armor that have a low weight and high resistance to penetration. Here is an example of ceramics used
in the manufacture of armor that is both lightweight and has a high penetration resistance. Among the steps taken in the
design of the armor to reduce the weight of the armor are the following:

1) Use spaced or stacked armor made of two or more aluminum or steel plates.

2) The use of composite armor uses ceramics as a front panel (a screen directly exposed to projectile impact) and an
alloy or metal plate as a back panel, and the two plates are bonded together.

Multilayer targeting is done to improve penetration resistance and weight loss by using materials with different mechanical
properties. Also, the simplicity of construction and avoidance of damage to the entire target in the infiltration can be the
reasons for multilayer targets. Tab. 1 shows the penetration and impact studies of high velocity projectiles on ceramic targets

3].

Author(s) Characteristic Years

Interaction of projectiles

Florence et al. [4] . 1967
and composite armor
X. Zhang et al. [5] long ro‘i fi‘;’;ﬁi fmpact 2017
R.-c. Yi et al.[6] p‘;if:am?g ceramic 2017
posite target
Brown ct al.[7] penetration of an AK47 2017

bullet into ceramic armor

Das et al.[§] Penetration of confined 2018
’ ceramics targets

Ballistic performance

. L 2018
evaluation of ceramic tiles

Savio et al.[9]

Oblique Penetration of
Moslemi Petrudi et al.[10] Blunt Projectile into 2019
Ceramic-Aluminum Target

Table 1: Studies on the impact and penetration of ceramic targets.

THE PHENOMENON OF IMPACT AND PENETRATION

he impacts phenomenon is an interdisciplinary phenomenon and therefore deals with various phenomena such as

elastic and plastic waves propagation, heat and mass transfer, hard work, friction, hydrodynamic flow, different

fracture modes, fracture resistance, abrasive impact. On the other hand, due to the lack of access to some of the
properties of the material in the high strain rate, this phenomenon is very complex and presents many problems [11-12].
Numerous scientists have been taking this step seriously over the last fifty years and have prepared this complex subject for
comprehension and investigation by numerous empirical and analytical methods or numerical simulations. Classification by
purpose type in different types such as The semi-infinite goal is a thick and thin target and can be accomplished in a variety
of metallic, ceramic, and composite purposes, depending on the type of target material, while the target can be single-layered
or multi-layered. Classification can be done by projectile type and shape. The projectiles can be nose-shaped in the form of
a hemispherical, ogive, blunt, or conical [13-14]. The projectiles can also be short or long cylinders and can be made of one
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material in one piece or several materials in multi-laminated. Fig. 1 shows the Properties of ceramics and Tab. 1 shows the
approximate velocity ranges and Tab. 2 shows the collisions based on impact velocity. The velocity ranges, of course, are
merely the basis of comparison and the transition processes between them are quite flexible because the process of changing
the forms due to impact loading depends on many parameters in addition to velocity [15].

Low
density

Y4

Low
toughness

High =

hardness \
/ High
brittle

Corrosion
resistance

Figure 1: Properties of ceramics.

The type of behaviot Damage Numbet Velocity (m/s)
Elastic behavior 0.00001 0.5
Plastic behavior 0.001 5
Ultrasonic penetration 40 1000
Hydrodynamic behavior 1000 5000
Explosive impact 10000 15000

Table 2: The approximate velocity ranges [10].

The type of behavior Velog;cl};gange The type of Velocity
Elastic waves propagation 0-100 Low velocity’s
Elasto-plastic waves 100-1000 Average velocity’s
propagation
Elasto-plastic propagation 1000-3000 High velocity’s
ot hydrodynamic behavior
Hydrodynamic behavior More than 3000 Very high velocity’s

Table 3: The collisions based on impact velocity [10].

TYPES OF FAILURE TO PENETRATION

failure depends on various factors such as material properties, geometry, and velocity of impact. Explanation

‘ ) : T hen a projectile hits a target of limited thickness, there are several possible types of damage. The mechanism of
of some basic concepts of penetration mechanics [106]:
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Kinetic Energy Launcher: A projectile that has high kinetic energy due to its high speed and mass and is therefore
highly efficient in creating a cavity in the target.

Impact of the projectile (cross-section) diameter: The projectile diameter is one of the important and effective
parameters in penetration. Increasing projectile diameter results in an increased cross-sectional area, and this factor
reduces ballistic speed in ceramics that are brittle and exhibit brittle behavior. In other words, due to the ceramic
brittle, the higher the cross-sectional area, the higher the surface of the ceramic being broken at the first moment
of impact, thus facilitating projectile penetration.

Mushrooming projectile shape: The flow of projectile head material after it hits the target in a radial direction and
increases the projectile cross-section.

Ricochet: The projectile crosses the surface of the striker without stopping or penetrating it.

Fracture due to initial stress wave: occurs when the initial stress wave in an impacted zone exceeds the
ultimate compressive strength o,c of the material. This can occur in weak and low-density targets.

Radial fracture at the frontal side: occurs in the frontal side of the target. This is conceivable in brittle
target elements whose tensile strengths are substantially lower than their corresponding compressive
values, such as ceramics.

Spalling and Scabbing is a tensile material failure due to the tensile reflection of the initial compressive
transient waves from the distal side (far side) of the target and is a common phenomenon under explosive
loading. Failure by spalling can occur on either the front or back of a target and is characterized by the
formation of petals or ejects. Scabbing has a similar appearance, but the fracture is produced by
deformation and its surface is determined by local inhomogeneity and/or anisotropies that may exist in
the rolling direction.

Petaling: is produced by high radial and circumferential tensile stresses after the passage of the initial wave
occurring near the tip of the penetrator. This deformation is the result of bending moments created by
the forward motion of the plate material being pushed ahead of the striker, and by inhomogeneity or
planes of the weakness of the target. It is most frequently observed in thin plates struck by ogive or conical
bullets at relatively low impact velocities or by blunt projectiles near the ballistic limit.

Fragmentation: occur when the projectile strikes at high velocities on the brittle targets like ceramics and
targets made of heterogeneous materials like concrete.

Ductile failure or the ductile hole enlargement: the impact impulse overcomes the peripheral dynamic
shear strength of the target material, pushing it outward and toward the impact surface to form a crater
that is much larger than the projectile diameter. At the same time, the projectile pushes into the target,
and there are hydrodynamic erosion and inversion of the penetrator material against the preceding face
of the target.

Plugging: develops as the result of a nearly cylindrical slug of approximately the same diameter as the
bullet being set in motion by the projectile. Failure occurs due to large shears produced around the moving
slug. The heat generated by the shear deformation is restricted to a narrow annulus in which it decreases
the material strength resulting in instability and is called an adiabatic shearing process. Plugging is most
frequently found when blunt penetrators strike intermediate or thin, hard target plates. Its presence is
sensitive to velocity and the angle of obliquity of pointed projectiles. Shear plugging is generally observed
for thick targets, particularly with high strength materials. In these instances, an intense shear band may
be observed intersecting a tensile opening at the stretched rear surface.

Discing failure: in the case of discing, shear cracks develop in the plane of the plate as a consequence of
in-plane shear stresses induced by bending. Both metallurgical inclusions and inhomogeneity in the plane
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of the plate, as well as adiabatic thermal softening effects associated with the high rate of deformation,
contribute to discing failure.

¢ Dishing: occurs in targets of thinner plates where bending is favored. The stretching of the sheet can lead
to tensile failures at the edges with a plug ejected, or the plug folded away attached to one of the petals,
or necking and tearing in the form of a star pattern from the center of impact. This last mechanism
involves bending and ironing the flat of the petals as well as radial stretching.

Fig. 2 shows different failure modes in impacted plates and Fig. 3 shows the effect of the impact below the
ballistic limit on the projectile.

Low Ductility High Ductility
(a) (d)

_—
Spall fracture Petaling (frontal}

(b) e)

Plugging Petaling (rearward)
U]

Radial fracture Ductile hole enlargement

Figure 2: Different failure modes in impacted plates [10].

VO
:I M. J )Mo J—LM“ J LM"
pre-impact Mushrooming

Buckling Embedding

Figure 3: The effect of the impact below the ballistic limit on the projectile [10].

EFFECTIVE PROJECTILE AND TARGET PARAMETERS IN THE PENETRATION PROCESS

impact are important parameters of the projectile penetration process, which is the most important parameter in
determining the type of failure [17-18].
1) Mechanical Properties and Material of the Projectile: One of the properties considered in ballistic penetration is the

mechanical and material properties of the projectile. The projectile can generally be classified as follows.

l ) arameters such as material and mechanical properties, nose shape, projectile diameter, velocity, mass, and angle of
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% Soft projectiles: are projectiles that are deformed by impact.
% Rigid Projectiles: These are projectiles that do not deform due to the target's hardness.

Soft projectiles are used for special applications. They are usually made of aluminum and copper with a very thin shell [19-
20]. These projectiles, after they hit the target, undergo severe deformation and cover a large area of the target, and in the
event of an explosion, the explosives inside the projectile destroy the large area of the target but have little penetration
depth. Rigid projectiles are usually made of high-alloy steels made of carbon, silicon, nickel, and alloys [21]. Most projectiles
are rigid projectiles. The main criteria of these projectiles are resistance to deformation in the target encounter and are
designed to penetrate a specific target that differs in the method of manufacture, type and percentage of alloys used [22-23].

2)

3)

V)

5)

Projectile Mass: The higher the kinetic energy of the projectile, the greater the projectile's penetration into the target.
1
Given the equation of the initial energy of the projectile (E :E M PVZJ

The mass of the projectile (similar to the velocity of impact) is of particular importance in how much and how it
penetrates.
Impact Angle: The angle between the projectile axis and the target surface is the impact angle and can be divided

into normal and oblique impacts depending on the impact angle. Normal collision in which the projectile axis and
the target plane are perpendicular to each other and the collision is oblique. The angularity of the collision increases
the ballistic speed of the target. Also, in inclined collisions, the projectile is rotated and redirected within the target
and it is possible to ricochet the projectile.

Impact velocity: Most impact mechanics researchers consider impact velocity the most important factor in how
projectiles penetrate targets. In laboratories, these velocities are usually caused by light gas guns. In this limit, most
factors lose even the material resistance of their impact, and density plays a major role in the diffusion process. At
these velocities, the effects of the initial angle on the collision can be ignored to analyze the penetration on the
oblique collision, and the penetration process is similar to that of the normal collision. However, the effective
thickness is used instead of the target thickness.

Nose shape: There are usually projectiles with different nose shapes. Among these can be pointed projectiles with

flat nose, hemispherical, conical, and ogive shown in Fig. 4.

Henmusphernical nose Flat nose Ogive nose Conucal nose

Figure 4: Different forms of the projectile nose [10].

Parameters such as material, mechanical properties, total thickness, number of layers, and their placement and support
conditions are important parameters in the penetration process. Other parameters of the target, such as uniformity and
homogeneity of the target, are also effective in the penetration process. The presence of cracks, cavities, or impurities in the
target causes stress concentration in the impact area and severely reduces the target strength [24-25].

)

Effects of Multilayer Targeting: One of the effective parameters in the penetration process is the number of layers
and how these layers are placed in the target set. The multilayer technique is usually used to improve the target's
resistance to penetration and weight loss, using materials with different mechanical properties. These layers can be
adjacent to or separated from each other (at a distance). In addition to improving penetration resistance, other
reasons for multilayer targeting include the ease of constructing and repairing the target and preventing the entire
target from being destroyed when the penetration is minor. Using a hard layer in front of the armor that is highly
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2)

3)

4

5)

6)

resistant to impact, along with a soft layer that is highly absorbable (behind the target) is a very good combination
to improve the penetration resistance of the armor or target body.

Target Thickness: Target-thickness and the ratio of projectile diameter to target thickness are important parameters
in penetration resistance and type of fracture and selective analytical model of penetration. As the thickness
increases, ballistic resistance to penetration also increases.

Target material: One of the most important factors in determining the penetration process and type of failure is the
target material. Parameters such as hardness, density, yield stress, ultimate stress (stress-strain equation), and target
material depend.

Target hardness: one of the important and effective parameters in the penetration phenomenon. According to
research, increased ceramic hardness results in increased resistance to target penetration. An important feature of
metal armor is that they have high hardness. It should be explained that there is no simple relationship between
hardness and resistance to penetration.

The target density: proportional to the dynamic energy and has a linear relationship. In other words, as the target
density increases, its resistance to penetration increases.

The yield stress and ultimate stress of the target: directly penetration the target's resistance to projectile penetration,
and in the analytical study of the penetration process it is assumed that at failure, the stress created at the target is
equal to the target equal to the stress. In and around the collision zone, the deformations are plastic and permanent.
Also, the stresses during penetration are far more than the elastic yield stress. Stress-strain behavior is shown in Fig.

5 and Comparison of the properties of ceramic, metal, and polymer shown in Fig. 6.
Ceramics

Metals

Stress

Polymers

>

Strain
Figure 5: Typical Stress-strain Curve for the three classes of materials [16].

Ceramic Metal Polymer

Hardness

Elastic modulus

High temperature
strength

Thermal expansion

Ductility

Corrosion resistance

Resistance to wear

Electrical conductivity

Density

HaoDDEEDh
DODDEEDD EDdE
€deaerded

Thermal conductivity

ﬁ _Tendency to high values D 7/ Tendency to low values

Figure 6: Comparison of the properties of ceramic, metal, and polymer [22].
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Awerbuch and Bodner in 1973 divided bullet penetration into metal targets into three main parts [20]:

0

** Part One: In this section, only compressive and inertial forces are applied to the projectile and no shear occurs.
R/

¢ Part Two: In this section shear, compressive and inertial forces are applied to the projectile and due to shear force,

the plug begins to form.

with the projectile from the back surface of the target.
Ravid and Bodner in 1994 divided the projectile penetration into the target into five stages [27]:

e

S

X3

%

e

2

e

S

X3

%

Stage Three: Develop a convexity behind the target.
Stage Four: At this stage, the plug is formed behind the target and exits.
Stage Five: Exit the projectile from behind the target.

Material

AlLO3
AIN
B4C

SiC

Thermal expansion

|

ffici i
coethicient Tensile Flexural Hardness coli%sctilgnt
1 _
0_]10 6 strength (MPa)  strength (MPa) (GPa) (GPa)
c
4.2 280-300 - 9.4-14.5 380
7.4 125 350-400 10-11 310
5.6 350 500 20-25 420
3.8 180-280 350-450 20-26 400

Density
(g/cm?)
3.99
3.26
2.52

3.21

Table 4: Mechanical Properties of Armor ed Ceramics [26].

Toughness
Material
Kic (MPa-m!/?2)
Metals
Aluminum alloy (7075) 24
Steel alloy (4340) 50
Titanium alloy 44-66
Aluminum 14-28
Ceramics
Aluminum oxide 3-5
Silicon carbide 3-5
Soda-lime-glass 0.7-0.8
Concrete 0.2-1.4
Polymers
Polystyrene 0.7-1.1
Composites

Mullite fiber reinforced-mullite
composite

1.8-3.3

Table 5: The amount of fracture toughness in different materials [24].

%+ Part three: In this section, the only shear force is applied to the projectile and a plug is formed which is thrown out

Stage One: In this stage, the plastic penetrates dynamically and the plastic flow around the projectile is considered.
Stage Two: In this section, the bulge formation is considered behind the target as the material moves backward.
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Tab. 4 Mechanical Properties of Armored Ceramics and Tab. 5 The amount of fracture toughness in different materials and
percentage Contribution of research on reinforcements and ceramics is shown in Fig. 7.

Hybrid
reinforcement

22%

SiC

B4C
7%

Al,04
18%
LaP04
1%
Figure 7: % Contribution of research on reinforcements and ceramics [21].

ANALYTICAL MODELS OF PENETRATION ON CERAMICS

T his section examines the theories and models presented in the field of ceramics penetration.

Model by Johnson Cook
The relationship proposed by Johnson and Cook to express the effects of plastic work, plastic strain rate, and temperature
on yield stress is given by the Eqn. (1):

7 K *m
o=[A+B"|[1+Chné [1-T ] ®
where A,B,C,n,m the constants of the material and & the strain of the plastic equivalent & are the dimensionless

parameters of the strain rate of the plastic & =£/1.057" tobe defined. T"” The dimensionless parameter is the temperature,
which is calculated from the Eqn. (2).

T*”’ _ T - TRDO}?Z
TMe/z‘—TRoom (2

In this model, the effects of plastic strain rate overtime on yield stress ate considered, but in Steinberg's model, it is ignored.
The reason is the difference in the range of use of these models. In the experiments performed by Johnson and Cook to

calculate the coefficients used in this model, the highest plastic strain rate was 400 s~ but in the Steinberg experiments, they

were more than 1055~ because of their attention to explosive loading and the extremely high velocity impacts. The
equivalent plastic strain is obtained from Eqn. (3):

&=YéNt (3)

234



¢
f;of
(l A. Moslemi Petrudj et alii, Frattura ed Integrita Strutturale, 54 (2020) 226-248; DOI: 10.3221/IGF-ESIS.54.17

1
2f oV L oV a2
5:{5[(@—5{) +(ez—e(9) +(eg—er) :|+qu} (4)
¢,,¢9,¢, The strain rates are plastic and j,. the shear rates are plastic [18].

Model by Felorance

One of the most famous is the analytical model in which the penetration of composite targets (metal-ceramics) is
investigated. The basis of his model was that ceramics distribute force over a wide area and the backs will absorb all the
energy from the collision. In this model, ballistic limit velocity is predicted by Eqn. (5). The projectile approach to the metal-
ceramic target and our relationship between the variables are shown in Fig. 8 [4].

£,0,h, (5)
PN 9IM, £ (a)

M
L 5 5 .LZZLZ/)+2/72 ©)
M, +(pihy + p,h, ) ma sz

f(a)=
[

Variables in the above relationships are: 17 : ballistic velocity prediction, &, : backing failure strain, 0, : ultimate tensile

strength of the backing layer, p, : backing layer density, 5, : backing thickness, o, : front panel density, 4, : front panel

thickness, M »t projectile mass. A projectile collision into Target and the formation of ceramic cone shown in Fig. 8.

%
!
!
i ;
i Projectile
i
Half -angle ceramic conical i
i
s E
|
- 7 !
Ceramic P 3 hy
|
] r 3
Backing : iz
ap+hy i

Figure 8: Projectile collision into Target and the formation of ceramic cone [10].

Model by Zaera

The Zaera model is a method for analytical simulation of the vertical impact of small and medium caliber projectiles on
metal-ceramic armor. In this model, projectile erosion and mass reduction are considered. The Tate equation has been used
to describe projectile erosion. The response of the metal backing is based on the Woodward method [24]. It is important to
note here that Tate penetration is intended to penetrate metallic targets in this model, although it can also be applied to
ceramics provided that the conditions and properties of the target are replaced in the equations. Tate equations for projectile
modeling are as follows:

1 1
Y, +Epp (V_U)Z =Ry +EPTU2 (7)
dl

2o _(v-u 8
z -7 (®)
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di} Yp
L__»r )
i p,

where Y, is the projectile strength, R is the target penetration strength, p, and p, are projectile and target densities. L

The length of the projectile at any time interval, its velocity V, is the penetration velocity U. One of the most important
stages of the ceramic response under impact is the initial phase immediately after impact and contact with the projectile. In
the early microseconds after a ceramic collision, a compressive wave begins to advance the surface. This will cause the cone
to crack and move in the direction of impact. And it goes forward in the target material. These cracks ate caused by the
tensile stress waves created at the edge of the collision. This conical area is trapped between the metal backing and the
projectile. The assumption is that cracks occur when waves of pressure pass through ceramic plates. The time required to
create a crack is calculated from the following equation:

b, . b
l‘mﬂaid = + (1 O)

ﬂ/rmg Y tpack

where 4, are the ceramic thickness #,,, the velocity of the longitudinal stress wave, and 7, the velocity of the wave in
the radial crack. The linear momentum of the cone crack is calculated from (10):

2

ap, D, 2
L=y g—2— f7R 11
df c 4 _/(}7 I ( )

/, The pressure on the joint surface of the target and projectile and R, the radius of cone crack and p, linear momentum,

R, as determined by the following equation:

D,
R” :7+/9[,.tana (12)

where /5, is the actual thickness of the ceramic projectile head separator from the metal plate. The cone linear momentum

is obtained by considering the velocity distribution V on the joint surface of the ceramic projectile and W on the joint surface
of the ceramic backing layer by the following equation:

& ob, i OR &t owdr Ow b (13)
D2‘ Rz D R D2‘ RZ DR

R = ”-p[ /j” U eq + o + eq et +w eq + ot + eq~ (14)
6 12 12 48 4 12

To model the behavior of the metal backing layer according to the Woodward method the energy lost from the projectile
during the tensile and flexural plastic deformation of the back material is determined from the following equation:

E, =755, @/yb +%§j (15)

where /), is the thickness of the backing plate, J is the deformation of the central plate, and Y, is the dynamic yield stress
of the backing target material. Plastic work rate is:

dE 2
—L= ﬁbbif,]w(—bb + 5] (16)
dr 3
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The rate of change of the work done by the beams on the joint surface of the ceramic backing layer as shown in Fig. (9) is:

ﬂ‘ 2
—=xfR"w 17
o IR 17)

Ceramic cone

Backing layer fb

¢

Figure 9: Ceramic cone and force applied to the backing layer [10].

where W is the surface velocity of the ceramic backing joint. Therefore, the kinetic energy conversion rate for the active
region of the backing layer is:

dE, > dw (18)
—==7aRh, pw—
dt P

Given the energy balance:

ar_d, 1)
i ar
2

R =4,Y, (5% + 5] LR, p, ‘;—l: (20)

From the above equation, we can calculate W. At very high impact velocities, the conical ceramics may be completely eroded,
and therefore the projectile may come in contact with the back material. In this case, the actual behavior represents the
speed difference between the projectile and the metallic material. Based on the Tate equations, the projectile motion
equation can be modeled as follows:

1
@__Yh—kgp,?(p—w)z

_ (1)
d P,
The equation of motion of the back material is given by the following Eqn. (17):
1D’ 2
dw Z”Yb t—7hY, (3/7/7 +5j (22)
dr M,

where M), is the effective mass of the area and is equal to:
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2

. 23
M, =7p, [RZ L (4, —/y,,,)1 (23)

where 4, is the actual thickness of the center of the plate as shown in Fig. 10. Therefore, the analytical equations presented

can calculate the projectile velocity and the velocity of the backing layer at any time interval. If the speed difference between
them is zero, the projectile stops.

High Velocity Impact Low Velocity Impact

////

Figure 10: Full ceramic erosion and projectile contact Wlth the back material [1 0].

There are two different yield criteria for defining full armor penetration in this model. The first criterion for cases where
the speed is well above the speed of the ballistic limit. In this case, the projectile completely erodes the ceramic and exits
the metal upon contact with the metal without causing any twist. In this case, the yield criterion is:

b, =0 (24)

The second criterion for states that are high enough to cause a significant twist in the metal (velocities close to the ballistic
limit speed and slower than that). As can be seen in the numerical simulation, when the projectile speed is close to the metal
velocity, failure occurs even when the full penetration of the ceramic or metal is not achieved. Therefore, in this case, a
kinetic failure criterion is selected and the armor is assumed to fail when:

v=w (25)

Model by Fellows

This model investigates the penetration of projectiles into thick armor with high velocities. The basis of this theory is the
method of mass accumulation. Fig. (11) shows the schematic response of system mass accumulation. In this analysis, the
joint surface between the projectile, the surface of the eroded projectile, the front ceramic surface, the surface of the eroded
ceramic back, the surface of the eroded backing layer and the backing layer are considered [2].

Fr
—
Fp F fc
4—p AMp|le4+—»| AMge—>
Mp lw'r
Projectile Target

Figure 11: Reactions during a collision [10].

First, during high velocity impacts, the pressure at the joint surface of the ceramic projectile is greater than the erosive
strength (a material required for erosion) of the projectile and thus the projectile is eroded. If the collision speed is high
enough. The erosion strength of the ceramic will be excessive and the ceramic will also erode. As a result of projectile
penetration in the ceramic, a conical crack is formed in the ceramic that transfers the load onto the backing layer. This is
the case for ceramics. If the pressure at the ceramic joint surface of the backing layer is not high enough (less than the
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strength of the backing material's erosion), it is assumed that the projectile penetrates the ceramic and forms a smaller new
cone. At the ceramic surface of the backing layer more than the erosive strength of the backing material, the ceramic cone
begins to penetrate the backing material. Using mass accumulation theory, the basic equations of this theory can be written
as follows: Newton's second law of the application for projectiles:

F,=-M,X, (20)

Newton's Second Law Application for Eroded Ceramic Front Panel:

Fop - AM X, (27)
1 ¢ Af

Projectile Mass Reduction:

. . 28
AM, =(X, ~ Xop ) 7p, (28)
Reduce ceramic mass from the ceramic front panel
: ” (29)
AM, = (XCF - X¢ )”pc
Projectile forces when the projectile is eroded or mushrooming is formed:
Fyp =0 (30)
The relationship between ceramic front velocity, ceramic erosion, and ceramic velocity is:
XCF ZXCE +XC G

The joint surface force F, will be different for different phases of erosion, mushrooming shape, and projectile rigidity. In
the above equations X , and X » projectile velocity and acceleration at any instant, X cp ceramic front element speed, X c

ceramic element velocity, and o and oy the erosion stresses are ceramic and projectile.

Model by Forrestal and Iuk

Forrestal and Luk proposed a model for penetrating a projectile with a spherical nose. To calculate the force applied to the
projectile during penetration, they must consider the effect of frictional force in addition to normal stress. To do this, the
tangential stress was defined as follows [12]:

0, =uo, (32)

where p is the slip friction coefficient between the target material and the projectile.

Figure 12: Cylindrical projectile with spherical nose [10].
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According to Fig. (12), the forces resulting from normal and tangential stresses on the projectile nose can be obtained as
follows:

dF, =27Rac, (1/.0)d6 (33)

dF, = 27Rapo, (V.0)d0 (34)

This axial force enters on a projectile penetrating 17, is equal to:

F.=rd :/20'” (T/Xﬂ)[sin 20+ 27 5in° 6040 (35)

Given this equation, the axial force applied to the projectile with the spherical nose can be calculated for the time it hits the
target vertically. Also, the normal stress on the projectile nose, in Eqn. (30), can be approximated by the radial stress on the
surface and the velocity of the target particles at the joint surface of the target nose will be affected by the rigid projectile

penetration at the velocity 175 :

V(Vxﬂ) =17 cos0 (36)

The depth of penetration of the projectile can then be calculated by obtaining the force applied to the projectile by Newton's
law and the rigid equations of motion. The Forrestal model is one of the most widely used models of rigid penetration in
targets and has been studied by many people. If the projectile nose shape is taken as a function of y = y (x), the relationships
are obtained as follows:

N, =1+ S”J./jydx

(37-2)
N, =N+ 24 v’ /AN
201ty (37-b)
h
S j v’ (37-)

01+)/

where his the length of the projectile's nose. Also, a dimensionless parameter for different projectile shapes is defined as
follows:

g (38)
d

when the projectile is ogive, ¥ it is called the Caliber Radius Head. Thus, according to different projectile shapes and by
using the Eqns. (37a) to (37¢), the coefficients of shape can be obtained for different projectiles. This value for projectiles
ogive in Fig. 13 is equivalent to:

V4 sin2@
N1:1+4/,»PZK;—¢0)—T°} (39-2)
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Vi 1 . sin4 @,
N2=ﬂ‘P2KE—%j—5[2w2¢o+ 1 Oﬂ (39-b)
1 1 .1
TRy <N's- (39-¢)
.4 1 ] 1 (39-d)
=sn | 1———|; ¥Y>—
% ( 2% 2
d
a o

Figure 13: Projectile with ogive nose [10].

For flat nose projectiles in Fig. (14):

Figure 14: Ogive projectile with a flat nose [10].

_ [ E_ g |40 o L
N, =1+4u¥ KZ (/)Oj+ 5 2(1 Z‘ij;(ooi| (40-a)
T sind@, 8 1
N2 :/J\P3 |:[E_¢OJ+TO—5[1—EJUOJ3¢O:| (40—b)
N, =3 250&4(% _§(]_Lj(2+§iﬂ(po)(l—fiﬂ(po )2 +§2 e =ﬁ (40-c)
3 2¥Y d
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1 1
.1
=sin |1-——(1-¢)|; ¥Y=2—
@ [ Syl )} > (40-d)
and finally, these shape coefficients are equal to one when the projectile is in the head.
N, =N, =1 (41)

N, is a function of ¥ and is always 0 <IN, <1. The smaller the IN, content, the sharp the nose of the projectile, and
vice versa. For example, this coefficient is equal to 1 for blunt head projectiles, and ogive projectiles it is smaller than 0.5.

RESULTS AND DISCUSSION
T he rapid development of codes, especially in the field of impact, has allowed designers and engineers to design,
manufacture and test new products and reduce testing costs. This software is widely used in defense areas that are
usually cumbersome, expensive, and often limited. In the ballistic discussion of projectile penetration at different
targets, the main focus in numerical simulation is on selecting the appropriate material model. However, other parameters
such as element size, target thickness, impact velocity, and contact algorithm are effective in calculating the results. In this
simulation, the ceramic plate is modeled with 50X50X50 mm dimensions. Designed in the form of a blunt head cylinder,
the projectile is 10 mm thickness. In the mesh performed, SiC ceramics has 200,000 elements and 214,221 nodes and
cylindrical steel bullets have 8000 elements and 9,261 nodes. The mesh performed has high accuracy in the ballistic limit
results as shown in Fig. 14 after the projectile hit the target. In Fig. 15 the kinetic energy diagram of the projectile after
impact in terms of the number of elements and Fig. 16 shows the depth of penetration in terms of the number of elements.

1610 P . +
’
e /
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$ ’
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'™ ’
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.‘g ’
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Figure 15: The kinetic energy diagram of the projectile after impact in terms of the number of elements.
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Figure 16: The depth of penetration in terms of the number of elements.

Fig. 17 shows the projectile impact on ceramic target at angles 0°, 15°, 30°, 45° at 1000 m/s velocity and Fig. 18 shows the
projectile collision velocity to time at different angles and Tab. 6 projectile weight specifications and target in each
experiment shown.
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15°

30° 45°

Figure 17: Projectile impact on ceramic target at different angles.

Number Collision velocity Gas Gun Explosive C4 Sabot Bullet Ceramic
Test (m/s) (bar) (ar) Weight (g) weight (g) weight (g)

1 273 120 - 4.1 12.15 200

2 1000 - 6 4.2 12.13 200

Table 6: Projectile weight specifications and targets in each experiment [10].

Collision angles (Degree) 0° 15° 30° 45°
The thickness of the ceramic

20 20 20 20
layer (mm)
Numerical simulation (mm) 9.8 8.9 7.2 6.1
Experimental (mm) 8.5 7.7 5.8 4.9
Percentage error (%) 11.5 10.7 12.2 11.3

Table 7: Compatison of the penetration depth of the ceramic target in each experiment [10].
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Figure 18: Projectile collision velocity to time at different angles.
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Figure 19: Comparison of the depth of penetration in numerical simulation and experimental data [10].
Tab. 7 shows the penetration depth of the ceramic target in each experiment and, as shown in the diagram in Fig. 19, as the

angle of oblique decreases, the amount of penetration in the target decreases. Meshing and impact of the projectile on the
ceramic target shown in Fig. 20.
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Figure 20: Meshing and the impact of the projectile on the ceramic target.

In contact between projectile and target, the most common type of contact is the definition of Contact Automatic Surface
to Surface. Alongside this type of contact, there is also erosive contact. The problem with automatic contact for solid
elements is that the projectile passes the target, but the elements that reach the ultimate stress and strain are not eliminated
from the analysis. But with erosive contact, this problem can be resolved. In a projectile impact on a target, a three-
dimensional contact is defined as a type of erosive contact, which is the reason for selecting this contact, penetrating the
projectile into the target, and removing the elements. The kinetic energy of the projectile is reduced by removing its elements.
Tab. 8 shows the Characteristics of Johnson Cook's Material Model (JH-1) for ceramic purposes, Tab. 9 shows the
Characteristics of Johnson Cook's Matetial Model (JH-1) for steel projectiles.

CONCLUSIONS

sing the analytical equations and models presented in this paper as well as numerical simulation the following
results are obtained.

1. By increasing the initial projectile velocity, the blunt projectile performance improves.

2. When a projectile hits a target, due to axial asymmetry, there is a torque on the plate that causes the projectile to
deviate from its initial angle of impact. If the angle of impact of the projectile reaches the target, this torque can
cause the projectile to have ricocheted off the target surface. All of these factors can lead to the complexity of
analyzing and investigate oblique penetration processes.

3. The moment of impact, the Blunt projectile exhibits a higher surface area because of its brittle ceramics and fragile
behavior, therefore, in the collision of the Blunt projectile, the surface is destroyed and the sutface that is broken
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is greater and therefore less ballistic. It should be noted that this is true only for ceramics and crisp purposes in
general, and for soft objects such as the opposite metals, this will be the case.

4. As the angle of the projectile increases, more than 45° will reach Ricochet.

5. With the oblique impact at a given angle, the target velocity decreases with increasing target thickness, but this
parameter is ineffective on the angle of change of direction.

6. When the projectile hits the target with a specified thickness, the residual velocity decreases as the angle of impact
decreases, and the angle of change increases.

7. 'The behavior of the blunt projectile at high speeds is different.

8. As the oblique angle increases, the amount of penetration in the target decreases.

Constant Units Constants Units
Density 3.215(g/cm?) Density 7.83(g/cm3)
Equation of state Polynomial Equation of state Linear
Bulk modulus, K4 1.84x108 (kPa) Specific Heat 477(J /kg.K)
Pressure constant, K 1.85%108 (kPa) Shear modulus 8.18x101 G(Pa)
Pressure constant, K3 1.57x108 (kPa) Static ultimate strength 9.5e+5(kPa)
Strength model 1.93%x108 (kPa) Strain hardness constant 7.25e+5(kPa)
Strength constant, A 0.889(kPa) Strain Hardness Strength 0.014(N)
Strength exponent, N 0.764(kPa) ‘Thermal softening power 1.03 (M)
Strain rate constant, C 0.0045(kPa) Melting temperature 1.790 TM(K)
Maximum fracture strength 1(kPa) Ref. strain rate 1 EPSO(s)
Tensile limit -0.3x100(kPa) Failure parameter 0.05(D1)
Fracture strength constant, B 0.29 Failure parameter 3.44(D2)
Fracture strength exponent, M 0.53 Failure parameter -2.12(D3)
Hugoniot’s elastic limit 6x109(kPa) Failure parameter 0.002(D4)
Damage constant, d; 0.005 Yield stress 7.92 X108 A(Pa)
Table 8: Charactetistics of Johnson Cook's Material Table 9: Characteristics of Johnson Cook's
Model (JH-1) for ceramic purposes [18]. Material Model (JH-1) for steel projectiles [18].
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