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Abstract:

Introduction/purpose: Thin plates made of high—strength steel are
frequently used both in civil and military ballistic protection systems. In order
to choose an appropriate type of alloy, it is necessary to fulfil a number of
criteria, such as the condition of use, the desired ballistic performance,
weight, dimensions, and price. This paper presents a numerical analysis of
the penetration of a 30mm armor-piercing projectile with a velocity of
750m/s into steel alloy Weldox 460 plates of different thicknesses at a
distance of 1000m .

Methods: The analysis has been performed using numerical methods and
finite element modeling to calculate stresses and deformation caused by
the penetration effect. For defining material characteristics, the Johnson-
Cook material model and the fracture of materials model have been used.
In this paper, the software packages FEMAP and LS Dyna have been used
for defining models and performing numerical calculations.

Results: The results of the performed numerical analysis as well as the
obtained stress and displacement values are presented for four different
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armor plate thicknesses: 30mm, 33mm, 34mm, and 40mm. The results
show a penetration effect and an interaction between the projectile and the
armor plate.

Conclusion: Modeling the impact on armor-piercing obstacles is very
complex, extensive, and demanding, and the formed models approximate
the real problem of projectile penetration in a very successful way (or with
a certain deviation). In recent times, the analysis using the finite element
method has proven to be one of effective approaches to solving such and
similar problems. The material and the dimensions of the obstacle, as well
as the material and the ballistic parameters of the projectile have the
greatest influence on projectile penetration. Keeping all the input
parameters at the same level and increasing the thickness of the target
leads to its increased resistance to penetration.

Keywords: armor, projectile, penetration, Weldox 460, numerical methods.

Introduction

Studying the effect of impact loads and, as a consequence, the
resulting damage in a structure, is very demanding and complex. This
stems from the very nature of the process, which is a dynamic event, as
well as from the problem of defining the resulting damage.

Ballistic penetration is an extremely complex mechanical process that
has been researched for more than 200 years. Today, three different
directions of research into the problem of penetration can be defined:
empirical, analytical, and numerical.

The empirical approach is based on the formation of appropriate
relationships between relevant quantities on the basis of experimentally
established dependencies. In contrast, analytical methods are
characterized by the development of relatively simple models of the
penetration process and the application of relevant equations of movement
and material behavior, while the numerical approach is characterized by
the discretization of the structure into smaller elements and the application
of the fundamental laws of physics to each element individually. Each of
the three methods for studying penetration has advantages and
disadvantages. Numerical analysis has proven to be capable of
determining exact solutions for very complex problems, but it is necessary
to invest a lot of time for the required calculations. In most cases, it is best
to use a combination of all three approaches. Due to the need for
computing resources and the costs of performing a large number of
parametric studies, there is a considerable interest in transitional solutions
or approximate engineering modeling.
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Armor-piercing projectiles are intended to destroy armored targets.
They penetrate armor thanks to the enormous kinetic energy they have at
the moment of collision with an obstacle and the great endurance of their
bodies. The importance of the study of penetration is reflected in its
application, which has two aspects. The basic field of application is military
technique, considering that penetration is one of the most important
mechanisms involved in projectile construction, i.e., terminal ballistics.

The consideration of the penetration process is of fundamental
importance for the optimization of projectiles with a penetrating effect, as
well as for the design of armor protection. On the other hand, there are
also numerous civilian applications of the penetration process, such as the
protection of facilities (e.g., nuclear power plants), as well as applications
in mining and construction.

In this paper, a numerical simulation of the penetration process of a
30mm anti-aircraft armor projectile into plates made of Weldox 460 alloy
of different thicknesses have been done. The drawing of the projectile
design used in this analysis is shown in Figure 1.
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Figure 1 — 30mm projectile, drawing
Puc. 1 — CHapsd 30mm, pucyHoK
Cnuka 1 — lNpojekmun 30 mm, upmex

The projectile body is made of three different materials:
- Steel AISI4340 - projectile core,

- Steel AISI1006 — ballistic cap, and

- Copper — driving ring.

The plate is made of armor steel Weldox 460. A 3D model of the
projectile design is shown in Figures 2 and 3.
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Figure 2 — 30mm projectile, 3D model
Puc. 2 — CHaps0 30mm, 3/ modesnb
Crniuka 2 — lpojekmurn 30 mm, moden 34

Figure 3 — 30mm projectile parts, 3D model
Puc. 3 — Yacmu cHapsida 30mm, 3] modenb
Cnuka 3 — [Jenosu npojekmuna 30 mm, moden 34

The ballistic characteristics of the projectile are presented in Table 1.

Table 1 — Ballistic characteristics of the 30mm projectile
Tabnuua 1 — bannucmuyeckue xapakmepucmuku cHapsida 30Mm
Tabena 1 — banucmuuyke kapakmepucmuke rpojekmuna 30 mm

Caliber dxl 30 x 165 mm
Projectile weight m 0,4 kg
Projectile velocity (at a distance of 0 m) Vo 970 m/s
Projectile velocity (at a distance of 1000 m) | Viooo 750 m/s
Max pressure at 15°C Pmax < 3500 bar
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Theoretical basis

Penetration process

All bodies filled with explosives or some other substance capable of
causing a certain effect on the target are called by a common name —
ammunition. Today, a large number of different types of ammunition are in
use and are distinguished from each other by purpose, shape, structural
parameters, launch method, effect on the target, etc.

This type of projectile is used in cannons from 20mm caliber up to the
heaviest ones, that is, in all cannons where it is possible to give the
projectile such an initial speed that the trajectory is flat, and the impact
speed is such that the kinetic energy of the projectile is sufficient to
overcome the resistance of a hard obstacle — body armor.

The armor-piercing projectile penetrates the armor thanks to the
kinetic energy it has at the moment of collision with the armor and the great
endurance of its body.

Penetration, i.e., breaking through, is the process of movement of the
penetrator through an obstacle. Every movable body designed for
penetration is called a penetrator, and the target body exposed to the
influence of a moving penetrator is called an obstacle. The study of the
penetration process is of great importance both in the field of civilian
application and in the field of military technology.

Terminal ballistics is one of the basic disciplines that deals with the
definition of penetration mechanisms, which significantly contributes to the
optimization of the design of projectiles with a penetrating and destructive
effect, as well as to the design of armor protection.

On the other hand, there are also numerous civilian applications of
the penetration process, such as the protection of buildings, etc.
Applications for military purposes are certainly a priority and the most
important driver of research in the field of penetration (Elek, 2018).

The basic types of penetration processes characteristic of armor-
piercing ammunition are shown in Figure 4.
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Figure 4 — Basic types of penetration processes
Puc. 4 — OcHO8HbIe murbl MPOYECCO8 MPOHUKHOBEHUSI
Cnuka 4 — OcHo8HU munosu neHempayuoHUX rnpoueca

Depending on the outcome of the penetration process, four different
cases are distinguished:

- Penetration —implies the passage of the entire penetrator through the
obstacle, whereby a regular, approximately cylindrical opening is
formed in the obstacle,

- Limited penetration — represents the borderline case of penetration
because the opening in the obstacle is irregularly shaped and has a
smaller area than the area of the cross-section of the penetrator, in
contrast to a breakthrough, i.e. only parts of the broken penetrator
pass through the opening,

- Semi penetration — characterized by stopping (jamming) of the
penetrator in an obstacle or breaking it during penetration, and

- Ricochet — represents the repulsion of the penetrator due to sliding
on the surface of the obstacle if it is inclined.

The penetrating power of a penetrator is the ability to break through
an obstacle. Increasing penetrating power of the penetrator can be
achieved by increasing the length and density of the penetrator, as well as
by reducing its diameter. Conversely, the ability to resist penetration
represents the resilience of an obstacle. Increasing the resistance of the
obstacle is achieved by increasing its thickness and density, as well as by
improving the mechanical characteristics of the material (Elek, 2018).

In the last few years, a large number of papers in the field of ballistic
penetration have been published. Some of them contain detailed
descriptions and give certain recommendations for various engineering
models and numerical techniques, and there are also activities on the
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development of new models of the penetration process. In addition, great
efforts have been made to obtain models and algorithms for simulating the
actual response of materials under high-velocity loading. Equations of
state and the calculation of strength effects require the definition of
constitutive models.

Johnson-Cook material model

Johnson and Cook proposed a semi-experimental constitutive model
for metals characterized by high stresses, high strain rates and high
temperatures. Each of the phenomena (strain hardening, strain hardening
rate and thermal softening) is represented by an independent factor.
Taking all factors into account, yield stress is obtained as a function of
effective plastic strain, rate of plastic strain and temperature (Wang & Shi,
2013; Liu et al, 2012).

Johnson and Cook represent yield stress by equation 1:

o, = (A+Bg,")(1 + clné")(1 —T*™) (1)

where A is the initial yield stress, B is the reinforcement coefficient, n is the
amplification exponent, ¢ is the deformation rate constant and m is the
thermal softening exponent.

&, Is the effective plastic deformation and ¢* is the effective plastic strain

rate for §, = 1s~! given by equation 2:

g=22 )
€o
Temperature is given by equation 3:
T* = T — Troom (3)

Tmelt - Troom

where T,,,m IS the room temperature and T,,.;; is the material melting
temperature.

The constants for materials are determined by various types of tests,
such as tensile test, Hopkinson rod test, etc.

The deformation of the material during damage is given by equation
4:

el =[Dy + D, exp(D30*)](1 + Dy Ilne*)(1 + DsT) (4)

where D;,i = 1,...,5 are the parameters that define the material damage
criteria and ¢*is the ratio of the pressure divided by the effective stress.

Material failure occurs when the parameter (equation 5):
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€
p=) £ (5)
reaches the value of 1.

Mie-Grlneisen equation of state

The Mie—Grlneisen equation of state represents the relationship
between pressure and volume of a solid at a given temperature. It is used
to determine the pressure in solids exposed to high pressure for a short
period of time. There are several different relations that define a given
dependency. Grineisen's model can be presented in the form given by
equation 6 (Heuzé, 2012; Wilkins, 1999):

dp
fo= V(dE)V ©
where [, is the Grineisen parameter which represents the thermal
pressure arising from a set of vibrating atoms, V is the volume, p is the
pressure and E is the internal energy.

If it is assumed that I, does not depend on pressure and internal

energy, it can be written (equation 7):

I
p—po =7 (E— Eo) (7)

where p, is the reference pressure at a temperature T = 0K and E, is the
reference internal energy at a temperature T = 0OK.

In that case, p, and E, are also independent of temperature, so the
values of these parameters can be estimated from Hugoniot's equation-
equation 8, 9 and 10 (Heuzé, 2012; Wilkins, 1999).

One version of the equation of state is

I7
pOCOZX (1 - 70)()

(1-sy)?

p
x=1-= ©9)
dUs (10)

S =
du,

where C, is the speed of sound through the material, p, is the initial density
of the material, p is the current density of the material, I, is the Griineisen
parameter, s is the linear slope coefficient of Hugoniot's line, U; is the
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shock wave speed, U, is the particle velocity and E is the internal energy
per unit of reference volume.

Material characteristics

The Johnson-Cook's parameters for different types of materials used
in the numerical simulation of the penetration of a 30mm armor-piercing
projectile are defined in Table 2 and the temperature parameters are given
in Table 3. In Table 4, the damage parameters for the same materials are
defined. These parameters are defining the Johnson—-Cook material model
used in numerical simulations (Murthy & Santhanakrishnanan, 2020;

Bataev et al, 2019; Champagneet al, 2010; Rezasefatet al, 2018).

Table 2 — Johnson—Cook parameters for different materials
Tabnuuya 2 — Napamempsi [JxoHcoHa—Kyka dns pa3nu4Hbix Mamepuanos
Tabena 2 — [loHcoH—KyKkoeu napamempu 3a pasfuqyume Mamepujane

Material A [MPa] | B [MPa] n C M
Steel AISI 4340 792 510 0.26 0.014 1.03
Steel AISI 1006 350 275 0.36 0.022 1
Copper 90 292 0.31 0.025 1.09
Weldox 460 490 807 0.73 0.0114 0.94

Table 3 — Thermal characteristics for different materials
Tabnuya 3 — Ternosble xapakmepucmuKku pasfuyHbIX Mamepuasnos
Tabena 3 — Tepmuyke Kapakmepucmuke 3a pa3nu4yume Mamepujarne

Material Theit [K] Cp [J/kgK]
Steel AISI 4340 1793 477
Steel AISI 1006 1811 450
Copper 1356 383
Weldox 460 1800 452

Table 4 — Damage parameters for different materials
Tabnuua 4 — MNapamempsbi nogpexx0eHuUs1 pa3nuyHbIX Mamepuasios
Tabena 4 — lNapamempu owmehera 3a pasnuyume mMamepujane

Material D, D> D3 Da Ds
Steel AISI 4340 0.05 3.44 —-2.12 0.002 0.61
Steel AISI 1006 —0.8 2.1 -0.5 0.0002 0.61
Copper 0.54 4.89 -3.03 0.014 1.12
Weldox 460 0.0705 1.732 —0.54 —0.015 0
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Table 5 defines the parameters of the equation of state for different
materials used in the numerical simulation.
Table 5 — Equation of state parameters for different materials

Tabnuya 5 — Napamempbl ypagHeHUs COCMOSIHUS Pa3/iuYHbIX Mamepuasnos
Tabena 5 — lNapamempu jeGHa4yuHe cmakrsa 3a pasnudume Mamepujane

Material Co [mm/s] S Iy

Steel AISI 4340 3.850-10° 1.354 1.707
Steel AISI 1006 3.075:10° 1.294 1.587
Copper 3.940-10° 1.489 1.990
Weldox 460 3.574-10° 1.920 1.690

Finite element modeling

The creation of the model using the finite element method is
performed on the basis of the existing projectile 3D model. Since the
analysis system has two symmetry planes (along the projectile axis), a
guarter model is created to obtain faster calculation results. In accordance
with the shape and construction of the tested projectiles and the plate, in
order to properly define the network, a 3D eight-nodes element type hexa
is used. The projectile and plate models are shown in Figures 5, 6 and 7.
The finite element model of the projectile is modeled using 141000 nodes
and 127000 elements, while the 10mm thick plate is modeled using
1275000 nodes and 1200000 elements. The average size of the elements
is 0.5mm.

Figure 5 — FEM model of the projectile and the plate, isometry
Puc. 5 — MK3-mo0enb cHapsida u nnacmuHbl, U30Mempusi
Cnuka 5 — MKE moden npojekmuna u nsiode, usomempuja
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Figure 6 — FEM model of the projectile and the plate, side view
Puc. 6 — MK3-modenb cHapsida u nnacmuHbl, 8Uud cb6oKy
Cnuka 6 — MKE moden npojekmuna u nnoyve, 604Hu noaned

Figure 7 — FEM model of the projectile elements
Puc. 7 — MK3 modenb anemeHmos cHapsida
Cnuka 7 — MKE moden ennemeHama ripojekmurna

After creating the projectile model and the plate model, the initial and
boundary conditions are defined.

Numerical simulation of the penetration process is performed for the
value of the projectile impact speed of 750m/s. The reason for choosing
this velocity value is that, for 30mm armor-piercing ammunition,
penetration is defined at a distance of 1000m from the mouth of the cannon
barrel, and the defined velocity of the projectile is a table value at that
distance.

Results and discussion

In this chapter, the results for four different cases are presented.
Every case represents one plate thickness: 30mm, 40mm and two
additional cases for determining the projectile maximum penetration:
33mm and 34mm.

By increasing the thickness of the armor plate, probability that the
projectile will have full or partial penetration decreases, and vice versa.

In each case, the constant parameter is the projectile velocity and it
has a value of 750m/s.
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Case 1 — Plate thickness of 30mm

Figures 8-13 show the Von Misses equivalent stress and penetration
effect for armor plate Weldox 460 with a thickness of 30mm.

Penetration - Weldox 460, e=30mm, Vo=750m/s

Time= 0 Effective Stress (v-m)

Contours of Effective Stress (v-m) 5.204e-18

min=0, at elem# 92069

max=5.20417¢-18, at elem# 169376 4.554e18 _|
3.903e-18 _|
3.253e-18 _
2.602e-16 _|
1.952e-18 _|

1.301e-18

6.505e-1 B:I
0.000e+00

f.

Figure 8 — Von Misses equivalent stress, step 1 — case 1
Puc. 8 — OksusaneHmHoe HanpsixeHue ®oH Musuca, waz 1 — cnyyal 1
Crniuka 8 — BoH Mucecos ekgugsanieHmHU HaroH, kopak 1 — cryyqaj 1

Penetration - Weldox 460, e=30mm, Vo=750m/s

Time = 4.2586€-005 Effective Stress (v-m)
Contours of Effective Stress (v-m) 1.257e403
min=0.0891641, at elem# 235919 100kt
max=1256.68, at elem# 147366 100e+03_|

9.425e402 _|
7.855e402 _
6.284e402
4.713e+02_|
31426402

1.572e+02

8.916e-02 |

£

Figure 9 — Von Misses equivalent stress, step 2 — case 1
Puc. 9 — OkeusaneHmHoe HanpsixeHue ®oH Musuca, wae 2 — cnydal 1
Cnuka 9 — BoH Mucecoe ekgugarnieHmHU HarloH, Kopak 2 — ciyqaj 1
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z;r:gu:\)t;&r; 3;3Weldox 460, e=30mm, Vo=750m/s Effective Stress (v-m)

Contours of Effective Stress (v-m) 1.371e403

min=0.216398, at elem# 92163 1.2000+03

max=1371.48, at elem# 225752 ‘
1.029e403 _

85736402 __
6.858e+02

5144402 ]

3.430e+02

1.716e+02 ]
2.164e-01

Figure 10 — Von Misses equivalent stress, step 3 — case 1
Puc. 10 — 3ksusaneHmHoe HanpsikeHue ®oH Mu3uca, wae 3 — cryqali 1
Cnuka 10 — BoH Mucecoe exksuganeHmHu HaroH, kopak 3 — criyyqaj 1

Penetration - Weldox 460, e=30mm, Vo=750m/s

Time = 0.00025989 Effective Stress (v-m)
Contours of Effective Stress (v-m) 1.389e403
min=13.352, at elem# 1201008 o
max=1388.98, at elem# 200549 1.217e403
1.045e403 _
87316402 _
7.012e+02
5.292e+02 |
3573402
1.853e402 ]
1.335e+401

£

Figure 11 — Von Misses equivalent stress, step 4 — case 1
Puc. 11 — OkeusaneHm+oe HanpsixeHue @oH Mu3suca, wae 4 — ciydal 1
Cnuka 11 — BoH Mucecoe eksuganeHmHuU HaroH, kopak 4 — crydaj 1
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Penetration - Weldox 460, e=30mm, Vo=750m/s
Time = 0.00039027

Contours of Effective Stress (v-m)

min=7.85427, at elem# 253331

max=1246.89, at elem# 214705

Effective Stress (v-m)
1.247e+03
1.092e+03 ]

- 9.371e402 |
. 7.823e+02 _
P, 6.274e402

. 4.725e+02 :ﬂ
3.176e+02
1.627e+02 ]
7.854e+00

£

Figure 12 — Von Misses equivalent stress, step 5 — case 1
Puc. 12 — 3ksusaneHmHoe HanpsikeHue ®oH Mu3uca, wae 5 — cnyqali 1
Cnuka 12 — BoH Mucecoe ekguganeHmHu HaroH, kopak 5 — criyyaj 1

Penetration - Weldox 460, e=30mm, Vo=750m/s
Time= 00005

Contours of Effective Stress (v-m)

min=2.99138, at elem# 377376

max=1231.99, at elem# 258650

Effective Stress (v-m)
1.232¢403
1.078e+03_M
0.247e+02_\\

- 77116402 _

6.175e+402__

e 46308402 1|

- 31020402

1.566e+402 ]

2.991e+00

f.

Figure 13 — Von Misses equivalent stress, step 6 — case 1
Puc. 13 — 3ksusaneHmHoe HanpsykeHue ®oH Mu3suca, wae 6 — criyqal 1
Crnuka 13 — BoH Mucecoe ekguganeHmHu HaroH, kopak 6 — criyyaj 1

As the results from Figures 8-13 show, the projectile has sufficient
kinetic energy to achieve a full penetration effect in the plate of a thickness
of 30mm. A large number of fragments are created behind the armor plate
as separated parts of both the projectile and the plate.
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Figure 14 shows the projectile velocity from the moment when it starts
penetration into the plate until the moment of passing through the plate.
The projectile velocity after penetration is 220m/s.

0.8 Penetration - Weldox 480, e=30mm, Vo=750m/s

Velocity [mm/s] (E+6)

04

Time [s] (E-03)

Figure 14 — Projectile speed as a function of time — case 1
Puc. 14 — Ckopocmb cHapsiGa Kak QoyHKUUsI epemeHu — cryydal 1
Cnuka 14 — Bp3uHa npojekmurna y QoyHKYuju epemeHa — criydaj 1

Figure 15 shows plate displacement as a function of time. It shows
that the first movement of the plate occurs after 0.1ms. The maximum plate
displacement is 1.4mm.

i% Penetration - Weldox 460, e=30mm, Vo=750m/s

Displacement [mm]

0 01 02 03 ‘ 04
Time [s] (E-03)

Figure 15 — Plate displacement as a function of time — case 1
Puc. 15 — CmeuweHue nnacmuHbl Kak QoyHKUUSI epeMeHu — cry4dal 1
Cnukal5 — lNomepatbe nnoye y hyHKUuju epemeHa — criyyvaj 1

692



Case 2 — Plate thickness of 40mm

Figures 16-21 show the Von Misses equivalent stress and penetration
effect for armor plate Weldox 460 with a thickness of 40mm.

Penetration - Weldox 460, e=40mm, Vo=750m/s

Time= 0 Effective Stress (v-m)
Contours of Effective Stress (v-m} 5.204e-18
min=0, at elem# 92069 ey |
max=5.20417¢-18, at elem# 169376 .554e-18 _|

3.903e-18 _
3.25%€-18 _
2.602e-18 _
1.052e-18 __

1.301e-18

E.ﬁUEE-ﬂ]
0.000e+00

£

Figure 16 — Von Misses equivalent stress, step 1 — case 2
Puc. 16 — 3ksusaneHmHoe HanpsikeHue ®oH Mu3suca, wae 1 — cryval 2
Cniuka 16 — BoH Mucecoe exkgueaneHmHuU HaroH, kopak 1 — criyyaj 2

Penetration - Weldox 460, e=40mm, Vo=750m/s

Time = 4.2662e-005 Effective Stress (v-m)
Contours of Effective Stress (v-m) 1.254e403
min=0.0836077, at elem# 1238918 s
max=1253.94, at elem# 147704 =+
9.405e+02 _|
7.837e402 _
6.270e+02 _|
4.703e402 _
31350402
1.568e+02

8.361e-02 _|

f.

Figure 17 — Von Misses equivalent stress, step 2 — case 2
Puc. 17 — OksusaneHmHoe HanpsixeHue ®oH Mu3suca, wae 2 — crydad 2
Cnuka 17 — BoH Mucecoe exksusaneHmHuU HaroH, Kopak 2 — crnyyaj 2
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P - Weldox 460, e=40mm, Vo=750m/s
Time = 9.4904e-005 Effective Stress (v-m)

Contours of Effective Stress (v-m) 13750403

Min=0.212496, at elem# 160308

Max=1374.74, at elem# 208805 12000803
10316403 _
8503402 _
6.875¢402

5.157e+02 _|

3.438e+02

1.7202002]
2.125e-01

f.

Figure 18 — Von Misses equivalent stress, step 3 — case 2
Puc. 18 — 3ksusaneHmHoe HanpsikeHue ®oH Mu3suca, wae 3 — criyqal 2
Cnuka 18 — BoH Mucecoe eksuganeHmHuU HaroH, kopak 3 — cryyaj 2

censtiation go;aWelﬂo)( 480, , Vo=750m/s Effective Stress (v-m)

Contours of Effective Stress (v-m) 1.360e+03

min=0.213818, at elem# 93008
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85028402 __
68026402 __
51020402 ]
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1,7023‘02]
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Figure 19 — Von Misses equivalent stress, step 4 — case 2
Puc. 19 — OkeusaneHm+oe HanpsixeHue @oH Mu3suca, wae 4 — ciydal 2
Cnuka 19 — BoH Mucecoe ekguganeHmHu HaroH, Kopak 4 — criydaj 2
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Penetration - Weldox 460, e=40mm, Vo=750m/s
Time = 0.00039094 Effective Stress (v-m)

Contours of Effective Stress (v-m) 1.263e+03

min=0.228608, at elem# 221295 11056403

Max=1262.89, at elem# 205706 3 5
9.472¢402 _
7.804e402 _

6.316e402 _|
arsresoz ||
31596402
1.581e402
2.286e-01

f

Figure 20 — Von Misses equivalent stress, step 5 — case 2
Puc. 20 — 3ksusaneHmHoe HanpsikeHue ®oH Mu3suca, wae 5 — criyqal 2
Crniuka 20 — BoH Mucecoe ekeueaneHmHu HaroH, Kopak 5 criyyaj 2

Penetration - Weldox 460, e=40mm, Vo=750m/s
Time=  0.0005 Effective Stress (v-m)

Contours of Effective Stress (v-m) 1271403

min=4.19658, at elem 880779 Se5its

max=1271.36, at elem# 218865 b
0.546e402 _|
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Figure 21 — Von Misses equivalent stress, step 6 — case 2
Puc. 21 — 3ksusaneHmHoe HanpsixkeHue ®oH Mu3uca, wae 6 — cryqal 2
Crnuka 21 — BoH Mucecoe eksusaneHmHuU HaroH, kopak 6 — criyyaj 2

As the results from Figures 16-21 show, the projectile does not have
sufficient kinetic energy to achieve a penetration effect in the plate of a
thickness of 40mm. After collision, the projectile jams into the plate.
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Figure 22 shows the projectile velocity from the moment when it starts
penetration into the plate until the moment when it jams into the plate after
0.24ms.

i Weldox 460, , Vo=750m/s

0.4

0.2

Velocity [mm/s] (E+6)

Time [s] (E-03)

Figure 22 — Projectile speed as a function of time — case 2
Puc. 22 — Ckopocmb cHapsifa Kak QoyHKUUSI 8peMeHuU — cryydall 2
Cnuka 22 — bp3uHa npojekmurna y ¢hyHKUUju epemeHa — criyqaj 2

Figure 23 shows plate displacement as a function of time. It shows
that the first movement of the plate occurs after 0.1ms. The maximum plate
displacement is 1mm. It is lower than in case 1 because the plate thickness
in case 2 is higher.

3 Penetration - Weldox 460, e=40mm, Vo=750m/s

08

0.6

Displacement [mm]
°
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0.2
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Figure 23 — Plate displacement as a function of time — case 2
Puc. 23 — CmeuweHue nnacmuHbl Kak QoyHKUUSI 8peMeHU — cry4dall 2
Cnuka 23 — lNomeparse nnoye y hyHKUUju epemeHa — cry4aj 2
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Additional cases

After numerical simulation and result analysis, the conclusion is that
a 30mm armor-piercing projectile at an impact speed of 750m/s achieves
the full penetration effect on 30mm thick plates while in the case of a 40mm
thickness, it jams into the plate.

For different purposes, it is of great importance to determine the limit
(maximum) plate thickness for which the projectile with defined ballistic
and material characteristics is able to achieve the full penetration effect.

For the additional simulation cases, the same input parameters are
used for the projectile, and the only difference is the armor plate thickness.

Additional numerical simulations are carried out in accordance with
the previously defined models using the same initial and boundary
conditions. It is found that the full penetration effect is achieved on plates
with a thickness of up to 33mm, and after increasing the thickness to higher
values, a limited penetration effect then occurs.

Case 3 — Plate thickness of 33mm

Figures 24-29 show the Von Misses equivalent stress and penetration
effect for armor plate Weldox 460 with a thickness of 33mm.

Pi:!r;"ka“q" -Weldox 460, e=33mm, Vo=750m/s Effective Stress (v-m)

Time =

Contours of Effective Stress (v-m) 5.204618

min=0, at elem# 92069

max=5.20417e-18, at elem# 169376 4.554¢-18 |
3.003e-18
3.253e-18
2.602e-18
1.952e18
1.301e-18

6.505¢-19 :I
0.000e+00

f

Figure 24 — Von Misses equivalent stress, step 1 — case 3
Puc. 24 — OksusaneHmHoe HanpsikeHue ®oH Mu3suca, waz 1 — crydad 3
Cnuka 24 — BoH Mucecoe eksusaneHmHu HaroH, kopak 1 — cnyyaj 3
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- Weldox 460, e=33 , Vo=750m/s

Time = 4.5374e-005 Effective Stress (v-m)

Contours of Effective Stress (v-m)
min=0,165139, at elem# 225066
max=1260.2, at elem# 147710

(.

Figure 25 — Von Misses equivalent stress, step 2 — case 3
Puc. 25 — OksusaneHmHoe HanpsixeHue ®oH Musuca, wae 2 — crydal
Cnuka 25 — BoH Mucecoe eksugsaneHmHu HarnoH, Kopak 2 — criy4aj 3

Penetration - Weldox 460, e=33mm, Vo=750m/s
Time = 8.3186e-005

Contours of Effective Stress (v-m)

min=0.18794, at elem# 161333

max=1385.53, at elem# 216754

(.

Figure 26 — Von Misses equivalent stress, step 3 — case 3
Puc. 26 — OkgusaneHmHoe HanpsixeHue ®oH Musuca, wae 3 — criydal
Cnuka 26 — BoH Mucecos eksuganeHmHuU HaroH, kopak 3 — cnydyaj 3
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Penetration - Weldox 460, e=33mm, Vo=750m/s
Time = 0.00016722 Effective Stress (v-m)
Contours of Effective Stress (v-m) 1.383e+03
min=0.220455, at elem# 161315 12100408
max=1383.19, at elem# 197325 -

1.037¢+03 _|

£

Figure 27 — Von Misses equivalent stress, step 4 — case 3
Puc. 27 — 3ksusaneHmHoe HanpsikeHue ®oH Mu3uca, wae 4 — cryqali 3
Crnuka 27 — BoH Mucecoe eksuganeHmHuU HaroH, Kopak 4 — cryyaj 3

Penetration - Weldox 460, e=33mm, Vo=750m/s = i

Time = 0.00031007 Effective Stress (v-m)
Contours of Effective Stress (v-m) " 3 1.351e403
min=6.50263, at elem# 1985518

max=1350.79, at elem# 203691 < . '\ el “.v e 1.183e403

bk S 1.015e+03 _|
N 8.467e+02 _
6.786e+02_
! 51060402 ]
3426402
1.745e402
6.503e+00 |
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Figure 28 — Von Misses equivalent stress, step 5 — case 3
Puc. 28 — OksusaneHmHoe HanpsikeHue ®oH Mu3suca, waa 5 — crydal 3
Cnuka 28 — BoH Mucecos eksuganeHmHuU HaroH, kopak 5 — cnyyaj 3
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Penetration - Weldox 460, e=33mm, Vo=750m/s
Time = 0.0005 ' Effective Stress (v-m)

Contours of Effective Stress (v-m) o e h 1.260e+03
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Figure 29 — Von Misses equivalent stress, step 6 — case 3
Puc. 29 — 3ksusaneHmHoe HanpspkeHue ®oH Mu3uca, wae 6 — cryqali 3
Cnuka 29 — BoH Mucecoe eksusaneHmHu HaroH, kopak 6 — cryyaj 3

As the results from Figures 24-29 show, the projectile has sufficient
kinetic energy to achieve the full penetration effect in the plate of a
thickness of 33mm. A large number of fragments are created behind the
armor plate as separated parts of both the projectile and the plate.

Figure 30 shows the projectile velocity from the moment when it starts
penetration into the plate until the moment of passing through the plate.
The projectile velocity after penetration is 70m/s.

08 Penetration - Weldox 460, e=33mm, Vo=750m/s

Velocity [mm/s] (E+6)

0 0.1 0.2 03 0.4

Time [s] (E-03)

Figure 30 — Projectile speed as a function of time — case 3
Puc. 30 — Ckopocmb cHapsiGa Kak QoyHKUUsI 8peMeHuU — crydall 3
Cnuka 30 — bp3uHa npojekmura y (hyHKyUju epemeHa — criyqaj 3
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Figure 31 shows plate displacement as a function of time. It shows
that the first movement of the plate occurs after 0.1ms. The maximum plate
displacement is 1.2mm.

Penetration - Weldox 460, e=33mm, Vo=750m/s

Displacement [mm)]

Time [s] (E-03)

Figure 31 — Plate displacement as a function of time — case 3
Puc. 31 — CmeuwjeHue nnacmuHbl Kak QoyHKUUSI 8peMeHU — criydall 3
Cnuka 31 — Nomeparse nnoye y chyHKUUju 8pemeHa — crnydaj 3

Case 4 — Plate thickness of 34mm

Figures 32-37 show the Von Misses equivalent stress and penetration
effect for armor plate Weldox 460 with a thickness of 34mm.

Fenet f - Weldox 460, , Vo=750m/s Ertectve stress (vm)

Contours of Effective Stress (v-m) 5.204e-18

min=0, at elem# 02060

max=5.20417e-18, at elem# 169376 455418 |
3.903e-18
3.253e-18
2.602e-18
1.952e-18
1.301e-18
6.505e-19 :I
0.000e+00

f.

Figure 32 — Von Misses equivalent stress, step 1 — case 4
Puc. 32 — OksusaneHmHoe HanpsixeHue ®oH Musuca, waz 1 — deno 4
Cnuka 32 — BoH Mucecos eksuganeHmHuU HaroH, kopak 1 — criydaj 4
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P Weldox 460, , Vo=750m/s

Time = 4.7016e-005 Effective Stress (v-m)
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Figure 33 — Von Misses equivalent stress, step 2 — case 4
Puc. 33 — OksusaneHmHoe HanpsixeHue ®oH Musuca, wae 2 — cnyyad 4
Cnuka 33 — BoH Mucecoes exksuganeHmHuU HaroH, Kopak 2 — cryyaj 4

- Weldox 460, 4 , Vo=750m/s
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Figure 34 — Von Misses equivalent stress, step 3 — case 4
Puc. 34 — OksusaneHmHoe HanpsixeHue ®oH Musuca, wae 3 — criydad 4
Cnuka 34 — BoH Mucecoe eksusaneHmHu HaroH, Kopak 3 — cryyaj 4
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- Weldox 460, e=34 , Vo=750m/s

Time = 0.00012538 Effective Stress (v-m)

Contours of Effective Stress (v-m) 1.381e+03

min=0.214252, at elem# 92611
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Figure 35 — Von Misses equivalent stress, step 4 — case 4
Puc. 35 — 3ksusaneHmHoe HanpsikeHue ®oH Mu3suca, wae 4 — cnyqali 4
Cnuka 35 — BoH Mucecoe eksuganeHmHuU HaroH, Kopak 4 — criyJyaj 4

Penetration - Weldox 460, e=34mm, Vo=750m/s
Time = 0.00020113 ENsctive Stress (vim)
Contours of Effective Stress (v-m) 1.366e+03
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Figure 36 — Von Misses equivalent stress, step 5 — case 4
Puc. 36 — OksusaneHmHoe HanpsixeHue ®oH Musuca, waa 5 — cnydal 4
Cnuka 36 — BoH Mucecoe exkgusaneHmHu HaroH, Kopak 5 — cryqaj 4

703

Pantovi¢, P. et al, Numerical analysis of the penetration process of a 30mm armor-piercing projectile, pp.678-710



QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2023, Vol. 71, Issue 3

Penetration - Weldox 460, e=34mm, Vo=750m/s
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Figure 37 — Von Misses equivalent stress, step 6 — case 4
Puc. 37 — OkeusaneHmHoe HanpsixeHue ®oH Musuca, wae 6 — crydad 4
Cnuka 37 — BoH Mucecos exksuganeHmHuU HaroH, kopak 6 — cry4yaj 4

As the results from Figures 32-37 show, the projectile does not have

sufficient kinetic energy to achieve the penetration effect in the plate of a
thickness of 34mm. After collision with the plate, the projectile jams into
the plate. But, differently from case 2 with the 40mm plate, in this case
projectile’s semi penetration creates a number of fragments, which can
also have a big impact on potential targets behind the plate. Figure 38
shows the projectile velocity from the moment when it starts penetration
into the plate until the moment when it jams into the plate after 0.3ms.

Velocity [mm/s] (E+6)

08 Penetration - Weldox 460, e=34mm, Vo=750m/s

Time [s] (E-03)

Figure 38 — Projectile speed as a function of time — case 4
Puc. 38 — Ckopocmb cHapsiGa Kak QbyHKUUSI 8peMeHuU — criyyqall 4
Cnuka 38 — bp3uHa npojekmurna y (hyHKUUju 8pemeHa — criyqaj 4
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Figure 39 shows plate displacement as a function of time. It shows
that the first movement of the plate occurs after 0.1ms. The maximum plate
displacement is 1.4mm.

Penetration - Weldox 460, e=34mm, Vo=750m/s
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Figure 39 — Plate displacement as a function of time — case 4
Puc. 39 — CmeweHue nnacmuHbl Kak QoyHKUUSI 8peMeHuU — criyqall 4
Crniuka 39 — Nomepare noye y hyHKUUju 8pemeHa — criyyaj 4

Conclusion

Armor-piercing projectiles are designed to penetrate either body
armor or vehicle armor. Due to their high kinetic energy at the time of
impact with an obstacle and their body’s exceptional endurance, they are
able to penetrate armor.

It is extremely difficult to represent the impact of an armor-piercing
projectile, but the models created successfully describe the real issue of
projectile penetration (or with a certain deviation). In recent times, analysis
using the finite element method has proven to be one of effective
approaches to solving such and similar problems.

In this paper, a numerical simulation of the penetration process of a
30mm anti-aircraft armor projectile into Weldox 460 alloy plates of different
thicknesses was performed. Spasi¢ (2018) has also taken into account the
analysis of Weldox 460 armor steel during numerical modeling of a
projectile impact on metal structures and shown its behavior when it is in
collision with projectiles of different shapes.

Based on a detailed review of the literature, it is found that
deformation, strain rate, temperature, and pressure are the key factors that
have the greatest influence on the penetration process.

In order to correctly describe these phenomena, it is necessary to
define equations of state and models of material behavior. The Johnson—
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Cook material model and the Mie—Griineisen equation of state were used
to define the models.

To determine the maximum penetrating ability of the projectile, four
simulation cases with different plate thicknesses were performed.

In case 1, with a plate thickness of 30mm, and case 3, with a plate
thickness of 33mm, the projectile had the full penetration effect into the
defined plates, because the projectile's impact velocity and kinetic energy
were higher than needed for the full penetration effect. The projectile
velocity behind the plate in case 1 is 220m/s, and in case 3 the velocity is
70m/s.

In case 2, the projectile jammed into the plate with a thickness of
40mm, while in case 4, the projectile jammed into the plate with a thickness
of 34mm, but its semi-penetration generated a larger number of fragments
behind the plate. In all four cases, the first plate displacements occur after
0.1ms of the analysis.

The projectile with the defined ballistic material and characteristics
has the ability to fully penetrate the Weldox 460 plate with a maximum
thickness of 33mm.

The calculated ballistic armor steel plate thickness of 33mm is not
produced as a standard monobloc plate, but in reality, this thickness can
be achieved as a sandwich armor plate with one thicker (e.g., 30mm) and
one thinner plate (e.g., 3mm), or with one 30mm plate placed at some
angle to the vertical axis.

When defining the ballistic protection of an armored vehicle against
projectiles of defined characteristics, it is necessary to use armor steel with
a thickness greater than the calculated one in order to neutralize a
potential effect of separate fragments from the other side of the plate.

Despite the fact that analytical and numerical methods of calculation
can provide correct data about the character of certain phenomena, it is
always desirable and necessary, first of all, to carry out experimental tests
on the training ground and, after obtaining certain results, to make the
necessary corrections and examine the given phenomenon with numerical
methods in order to solve the problem more easily and economically.
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PYBPUKA TPHTW: 78.25.00 BoopyxxeHune 1 BoeHHast TeXHWKa
B[O CTATbW: opurmHanbHas Hay4YHas ctatbsl

Pesome:

BeedeHue/uenb: ToHKUE nnacmuHbl U3 8bICOKOMPOYHOU cmarnu Yacmo
UCronb3yomces Kak 8 2paxOaHCKUX, maK U 8 B0EHHbIX cucmemax
bannucmudeckol 3awumel. [pu ebibope suda crinasa, Komopabili bydem
ucrionb308amecsi, HE06X00UMO cobsrodame psi0 KpUMepUES, MaKux Kak:
ycrosusi  UCMOMb308aHUsl,  coomeemcmsyouwue  bannucmuyeckue
Xapakmepucmuku, 8ec, pasmepbl U cmoumocmb. B daHHOU cmambe
npoeedeH YUCMEHHbIU aHanu3 MPOHUKHOBEHUST 6poHebolUH020 cHapsida
kanuépa 30 mm co ckopocmbro 750 m/c ¢ paccmosiHusi 1000 M 8 rirnacmuHsbl
pasnuyHol monuuHbI U3 neauposaHHou cmaru Weldox 460.

MemoObl: AHanu3 O6bis1 8bIMNOMIHEH C UCMO/Ib308aHUEM YUCIEHHbIX
mMemodo8 u MolenupogaHusi MemoOOM KOHEYHbIX 3rieMeHmos Orisi
pacyema HanpspkeHul u Oechopmayuli, ebi3eaHHbIX ecriedcmeue
NPOHUKHOBeHuUs. [lns onpedeneHusi xapakmepucmuk mamepuarna
ucrnonb3oeanuce usudyeckas modesnb [pkoHcoHa-Kyka u moderib
paspyweHusi mamepuasnos. B OGaHHoU cmambe 0na ymeepx0eHusi
molenell U BbIMOSIHEHUST YUCIIEHHbIX pacyemos UCrob308asuch
npoepammHbie nakems! FEMAP u LS Dyna.

Pesynbmambi:  [ns  onpedeneHusi pe3ynbmamos  npog8edeHHo20
YUCMIEHHO20 aHanu3a UCrofb308arucCb 3Ha4YeHUsi HarnpsbkeHul U
Oegbopmayuti. [NpedcmaeneHbl makxe pesynbmambsl M0 Yembipem
pasuYHbIM mosuuHam 6poHesbix nucmos: 30mMm, 33mm, 34mm u 40Mm.
Pe3synbmamsi rokasbiearom ahgpekm MPOHUKHOBEHUSI u
83aumodelicmaue Mexdy cHapsidoMm u 6poHernacmuHou.

Bbigodbi: ModenuposaHue eo3delicmeusi 6poHEbOLIHbIX npeapad O4YeHb
CrioxHoe, obbeMHoe U mpebosamesibHoe, a cchopMUPOBaHHbIE MOOesU
oyeHb ydayHO (Uru C HEeKOMOPbIM OMKIIOHEeHUEM) arnpoKCUMUpYyom
pearsbHyr 3adady nMPOHUKHOBEHUSI cHapsida. B nocnedHee sepemsi aHanus
C UCIMOb308aHUEM Memoda KOHEYHbIX 3[1eMEHIMOo8 S8r1semcsi 0OHUM U3
Haubonee aghghekmusHbIx Mo0xo008 K peuleHUro MoOobHbIX 3aday.
Haubornbwee enusiHue Ha 6poHernpobusaemMocmb CcHapsida oKkasbieatom
Mamepuan U pasmMepbl rfpezpadbl, a makxke bannucmudyeckue
rnapamempbl CHapsida u Mamepuarsb! u3zomoerneHusi. [lpu coxpaHeHuu
8cex 8X00HbIX rapamempos Ha OOHOM YPOBHE U y8esluHeHUU MOIUUHbI
MUWEHU y8esiu4u8aemcsi ee CornpomuenieHue K rnpoHUKHOBEHUIO.

Kntouesbie cnoesa: 6poHsi, cHapsd, rnpoHukHoseHue, Weldox 460,
YucrieHHbIe Memookil.
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Hymepuuka aHanu3a npoueca neHeTpaumje naHumpHor npojektnna 30 mm

lpedpaz P. MaHToBMN?, ayTOop 3a npenucky, Mupocnas M.>Knskosuh?,
Briadumup M. MunosaHosuh?, HeHad M. Munopagoeuh®

a¥YHuBepanteT Y Kparyjesuy, PakynTeT UHXeHepCcKkux Hayka,
Kparyjesau, Peny6nuka Cp6buja

5 MunmuctapcTteo oabpare Penybnnke Cpbuje, Beorpaa, Peny6nuvka Cpbuja

OBJIACT: MaLUMHCKO MHXeHePCTBO, MaTepujanmu
KATEITOPUJA (TWUIM) YITAHKA: opurnHanHu Hay4Hu paj

Caxemak:

Yeod/yurb: TaHke nnode 00 Yesiuka 8UCOKe Yspcmohe Yecmo ce Kopucme
y UusUSIHUM U 80jHUM cucmemuma banucmuyke 3awmume. 3a o0abup
epcme riegype Koja he ce kopucmumu nompebHO je ucryHUmMU Hu3
Kpumepujyma, Kao wmo cy ycriosu yrompebe, xesfbeHe banucmuydke
nepgbopmaHce, mexuHa, OuMeH3uje u ueHa. Y paldy je ypaheHa
HymMepu4ka aHanu3a npobojHocmu naHUUpHO-pobojHoz rpojekmuria
kanubpa 30 mm, 6p3uHe 750 m/s, Ha ydarbeHocmu od 1000 m, y noye
pasnudume debrbuHe 00 neaype vesuka Weldox 460.

Memode: AHanu3a je u3epweHa HyMepudkum memodama U
MoOesiupabeM KOHa4YyHUX efleMeHama 3a [popadvyyH HarioHa U
Oeghopmayuja y3pokosaHUX eghekmom rnpobojHocmu. 3a OecbuHucar-e
Kapakmepucmuka  Mamepujana  kopuwheH  je  LloHcoH-Kykos
mMamepujaniHu molen u mModen fioma Mamepujana, a 3a OeghuHucCaH-e
modena u u3gohere HyMepu4Koa rpopadyHa KopuwheHu cy cogomeepcku
nakemu FEMAP u LS Dyna.

Pesynmamu: 3a OJdeuHucare pedynmama u3sgpuieHe HymMepudke
aHarnu3se KkopuwheHe cy epedHocmu HarloHa u 0echopmauuja. NpukasaHu
cy pe3ynmamu 3a Yemupu pasnudume 0ebrbuHe OKIIoNHUX raoda: 30 mm,
33 mm, 34 mm u 40 mm. [lokazaH je eghbekam neHempauyuje u
UHMepakyuja usmer)y npojekmuria U OKI1oMnHe rroye.

Sakrbyyak: Modenosare ymuuaja OKIIOMHUX rperipeka je eeoma
CI10XkeHO, 06UMHO U 3axmesHo, a ghopMupaHu Moderu Ha eeoma ycrielwaH
HayuH (unu ca odpeheHum odcmyrnarbeM) arnpoKcumupajy cmeapHU
npobnem npodopa npojekmusia. AHanusa MemodoM  KOHa4YHuX
efieMeHama ce, y Hosuje epeme, rokasana kao jedaH 00 egbukacHujux
fpucmyrna 3a pewasare 08akeux U CIUYHUX rpobrema. Mamepujan u
OuMeH3uje npernpeke, Kao U MamepujanHu U banucmuyku rnapamempu
npojekmuna, umajy Hajeehu ymuuaj Ha npodop npojekmursna.
Odpxxasam-eM c8UX yna3Hux rapamemapa Ha UCMOM HUBOY, U
nosehan-em 0ebrbuHe meme, rnogehasa ce u HeH omrnop Ha fMpPooop.

KrbyuHe peuyu: oknon, npojekmur, ripodop, Weldox 460, Hymepuyke
memode.
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