NUMERICAL ANALYSIS OF A FRONTAL
IMPACT OF A 12.7 mm PROJECTILE ON
AN ARMOR PLATE

Milo$ S. Pesié?, Aleksandra B. Zivkovic®, Aleksa D. Anicice,
Lazar J. Blagojevi¢?, Petko M. Boncheve, Predrag R. Pantovi¢f
aUniversity of Kragujevac, Institute for Information Technologies -
National Institute of the Republic of Serbia,
Kragujevac, Republic of Serbia,
e-mail: milospesic@uni.kg.ac.rs, corresponding author,
ORCID iD: “@https://orcid.org/0000-0002-3405-5216
b Military Technical Institute, Belgrade, Republic of Serbia,
e-mail: aleksandra.zivkovic.bom@gmail.com,
ORCID iD: “https://orcid.org/0000-0001-7973-8590
¢ Agency for Testing, Stamping and Marking of Weapons, Devices and
Ammunition, Kragujevac, Republic of Serbia,
e-mail: aleksa34@live.com,
ORCID iD: ‘=https://orcid.org/0000-0002-9490-833X
d University of Kragujevac, Faculty of Engineering,
Kragujevac, Republic of Serbia,
e-mail: lazarblagojevicl8@gmail.com,
ORCID iD: ““https://orcid.org/0000-0001-6034-6888
¢ Bulgarian Defense Institute "Professor Tsvetan Lazarov",
Sofia, Republic of Bulgaria,
e-mail: p.bonchev@di.mod.bg,
ORCID iD: “https://orcid.org/0000-0002-0645-1676
fUniversity of Kragujevac, Faculty of Engineering,
Kragujevac, Republic of Serbia,
e-mail: predragpantovic92@gmail.com,
ORCID iD: ““https://orcid.org/0000-0001-6811-7238

DOI: 10.5937/vojtehg70-38412; https://doi.org/10.5937/vojtehg70-38412

FIELD: Mechanical engineering, Materials
ARTICLE TYPE: Original scientific paper

Abstract:

Introduction/purpose: The paper presents a numerical simulation of an
impact of a 12.7 mm projectile on an armored metal plate with a velocity of
500 m/s at a distance of 900 m. Numerical simulations offer the possibility
of drastically reducing the time required to obtain results in comparison to
the time required for planning, organization and execution of experiments.
The numerical simulation is done by variations in the thickness of the armor
metal plate, specifically an armor metal plate of a thickness of 10 mm, 17
mm, 18 mm, and 23 mm. The mentioned armored plate thicknesses were
chosen based on the results in order to determine the limit thickness of the
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armored plate for the projectile perforation limit, as well as for complete
ballistic protection.

Methods: Finite element modeling is used for analyzing stresses and
deformations of the armored plates. The mentioned method calculates the
impact of the projectile on the obstacle, precisely the collision of the
projectile and the armor plate.

Results: For the comparative analysis, the parameters used are the values
of the stress and the displacement. For each of the above-mentioned
thicknesses of the armored metal plate, the values of stress and
displacement during projectile impact were determined. The results of this
study show how the thickness of the armor plate affects the interaction of
the projectile and the armor plate.

Conclusion: If the physical and chemical characteristics of the armored
plate remain unchanged, as the thickness of the armored plate increases,
the possibility of projectile penetration decreases, and vice versa. This
research is of essential importance because it analyzes the stresses and
deformation of armor plates whose basic role is the protection of personnel
and equipment from the projectile impact. In this regard, the thickness of
the armored plate for semi-penetration of the projectile is determined.

Keywords: armor plate, projectile, impact, finite element modeling.

Introduction

Small-caliber bullet protection is a key concern for both military and
civilian facilities, especially at distances up to 100 m. The main task is how
to protect infantry from the effects of anti-materiel rifles in calibers of 10
mm to 20 mm. Modern war implies that infantry is transported by combat
vehicles such as Infantry Fighting Vehicles (IFVs), also known as
Mechanized Infantry Combat Vehicles (MICVs), or Mine-Resistant
Ambush-Protected (MRAP) wheeled armored vehicles.

Troops transported by such vehicles are a very easy group target, and
because of that, it is very important to protect troops inside vehicles from
the effect of projectiles. In order to reduce the penetrability of vehicles,
armored steel plates are added. Metallic armor plates are often used to
protect moving and stationary platforms from a variety of projectiles.
However, it is necessary to be careful, because the addition of armor
plates affects the overall weight of the vehicle and reduces the mobility
and passability of the vehicle.

Large deformation, erosion, high strain rate, dependent nonlinear
material behavior, and fragmentation are all problems associated with
high-velocity impact and projectile penetration.
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The basic task of this paper is to determine the thickness of the plate
that will be resistant to the impact of a projectile of 12.7 mm, thus protecting
the infantry, and which will not affect the performance of the vehicle. For
this study, only a frontal impact of a projectile into a plate of various
thicknesses was considered.

The bullet used in this analysis is 12.7 mm and it is shown in Figure 1.
The core of the bullet is made of an alloy of copper and zinc, and the

core of this bullet is the projectile used in the simulation. The ballistic
characteristics of the core are presented in Table 1.

912,.7
$13,01

64.6

Figure 1 — Bullet 12.7 x 108
Puc. 1-Tlyna 12.7 x 108
Cnuka 1 — Memak 12,7 x 108

Table 1 — Ballistic characteristics of the bullet core
Tabnuya 1 — bannucmu4eckue xapakmepucmuKu cepOeyHuKa rynu
Tabena 1 — banucmuyke Kapakmepucmuke 3pHa Memka

Projectile velocity (at a distance of 25 m) V2s 805 m/s
Projectile velocity (at a distance of 300 m) V300 720 m/s
Pressure Pmax 304 MPa
Precision Rs300 10 cm
Core weight m 51,39

The material characteristics of the core of the bullet for the explicit
dynamic analysis are given in Table 2.
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Table 2 — Material characteristics of the core of the bullet for the explicit dynamic
analysis
Tabnuya 2 — Xapakmepucmuku Mamepuara cepoedHuka nysu u 07s i8Ho20
OuHamu4yecKoz0 aHanu3a
Tabena 2 — MamepujanHe kapakmepucmuke 3pHa Memka u napamempu

nompebHu 3a ekcrnnuyumHy OUHaMU4Ky aHanusy

Parameters Values
Johnson- Yield stress A [MPa] 112
Cook Proportionality coefficient B [MPa] 505
parameters | Strain rate C 0.009
Impact parameter
Temperature m 1.68
impact parameter
Reinforcement exponent n 0.42
Melting temperature Tm [K] 1189
Room temperature T [K] 293
Constant é 1
0
Johnson- Damage parameters D1 0.54
Cook D2 4.89
damage Ds 3.03
parameters D4 0.014
Ds 1.12
EOS Mie-Gruneisen equations M [m/s] 3667
parameters | of state parameters S1 1.507
S2 0.000
Ss 0.000
r 2.086
a 0.485
General Density o [t/mm3] 8.52E-9
parameters | Young’s modulus E [MPa] 110
Shear modulus G [GPa] 40
Poisson’s ratio v 0.375
Specific heat Cp [J/kgK] | 385

Finite element modeling

The penetration, damage, and failure mechanisms when the projectile
impacts the armor plate were investigated using a computational model
based on finite elements (Jena et al, 2019). Theoretical models are used
in simulations with real material properties (projectiles and armor plates)
to show how the projectile interacts with the armor plate. LS-DYNA
(Livermore Software Technology, 2014), a commercially available finite
element software, was used for finite element modeling and analysis
(Mahfuz et al, 1999).
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A two-dimensional finite element model of the armor plate and the
bullet core was developed as shown in Figure 2.

Figure 2 — Finite element model
Puc. 2 — MoOesnb KOHEYHbIX 371IEMEHMO8
Cnuka 2 — Moden KoHa4YyHUX erlemeHama

The armor plate was meshed with four-node continuum hexahedral
elements. Two-dimensional finite elements provide better computational
performance/cost than fully integrated 3D elements. The element size was
smallest in the region where the projectile impacted the armor plate and
the element size was increased in regions away from the impact point. The
overall finite element model had 8400 2D four-noded hexahedral
elements. Contact was defined between the projectile and the armor plate
with a hard contact definition for normal contact. The developed finite
element model was used to investigate the penetration of the projectile
through the base armor plate. The numerical calculation was performed at
a distance of 900 m when the projectile velocity was 500 m/s.

Theoretical basis

Penetration is the motion process of a penetrator through an obstacle
(armor plate for this study). The term, penetrator, means anything that is
intended for penetration, and the obstacle is the environment that is
exposed to the action of the penetrator. The study of the penetration
process is of great importance both in the field of military technology and
in the field of civilian application (Feng et al, 2020). Terminal ballistics is
one of the basic disciplines that deals with defining the mechanisms of
penetration, which significantly contributes to the optimization of the
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design of the projectile, penetrating, and destructive action, as well as for
the design of armor protection (Meng et al, 2021).

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

Perforation - means the penetration of the entire penetrator through
the obstacle (armor plate for this study), forming a regular, approximately
cylindrical hole in the obstacle.

Limit perforation - represents the limit case of penetration because
the hole in the obstacle is of irregular shape and a smaller area than the
cross-sectional area of the penetrator, unlike the perforation, i.e. only parts
of the broken penetrator pass through the hole.

Semi penetration - characterizes the stopping (jamming) of the
penetrator in the obstacle or its breaking during penetration.

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

The penetrating power of a penetrator is the ability to break through
an obstacle. Increasing the penetrating power of the penetrator can be
achieved by increasing the length and density of the penetrator, as well as
by reducing its diameter. In opposition to this, the ability to resist
penetration is the resistance of an obstacle. Increasing the resistance of
the obstacle is achieved by increasing its thickness and density, as well as
by improving the mechanical properties of the material. When considering
penetration, the impact velocity, output velocity, and velocity of the ballistic
limit are of greatest importance.

Impact velocity Vs (or Vo) is the instantaneous value of the penetrator
line velocity at the moment of initial contact with the obstacle. It is assumed
that the impact velocity vector is collinear with the penetrator axis, i.e. the
flight of the penetrator with zero angle of attack is always assumed. The
effects of the angular velocity of the penetrator around its own axis, in the
case of gyro-stabilized penetrators, are not taken into account (Rajole et
al, 2020).

Output (residual) velocity V; is the velocity of the penetrator at the
moment of passing the bottom of the penetrator through the plane
determined by the rear surface of the obstacle.

The velocity of the ballistic limit is one of the basic characteristics of
the penetrator-obstacle system and can be defined in several ways.
Theoretically, this is the minimum value of the impact velocity at which the
penetration occurs, or the maximum value of the impact velocity at which
the penetration through the obstacle does not occur.
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Johnson-Cook material model

The Johnson-Cook plasticity model was used to calculate the strain
rate-dependent plastic deformation of the projectile core and armor plate
material. Metal high-strain rate deformation has been successfully defined
using the Johnson-Cook plasticity model (Wang & Shi, 2013). The effects
of strain, strain rate, and adiabatic heating on flow stress are included in
the Johnson-Cook plasticity model. The Johnson-Cook plasticity model is
represented by Equation 1.

o= A+B&" |[1+ClIn&*][1-(T)" ] (1)

where A, B, C, n, and m are the material parameters determined from
experimental data. The temperature is determined from equation 2.

U

e (T elt _Tref ) @)

m

where Tt is the temperature below which material shows no
temperature dependence on flow stress. The strain rate is given by
equation 3.

&= z ®3)

The initiation of damage is determined by equation 4, which gives the
equivalent plastic strain at the onset of damage.

- pl
g" =[d1+d2e(‘d3’7q{l+ d4ln[5‘—ﬂ(l+ d;T *) (4)
&
where di, dz, ds, ds4, and ds are the material damage parameters and
&, s the reference strain rate. The damage in the material is defined by

using a parameter D with a value between 0 and 1 where 0 means no
damage and 1 means fully damaged material. Material failure occurs when
D reaches a value of 1.

Material characteristics and initial conditions

AISI 4340 steel material characteristics were used for the armor plate
and are shown in Table 3, while the projectile material characteristics were
the ones from a copper alloy and are shown in Table 2.
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518HO020 OUHaAMUYECKO20 aHalu3a

Table 3 — Material characteristics of the armor plate for the explicit dynamic analysis
Tabnuya 3 — Xapakmepucmuku Mamepuasa 6poHenucma u xapakmepucmuku st

Tabena 3 — MamepujanHe kapakmepucmuke banucmuyke rjodye u napamempu

nompebHu 3a ekcrnnuyumHy OUHaMU4Ky aHanusy

Parameters Values
Johnson- Yield stress A [MPa] 792
Cook Proportionality coefficient B [MPa] 510
parameters | Strain rate C 0.014
Impact parameter
Temperature m 1.03
impact parameter
Reinforcement exponent n 0.26
Melting temperature Tm [K] 1793
Room temperature T [K] 293
Constant é 1
0
Johnson- Damage parameters D1 0.05
Cook D2 3.44
damage D3 -2.12
parameters D4 0.002
Ds 0.61
EOS Mie-Gruneisen equations M [m/s] 3850
parameters | of state parameters S1 1.354
S2 0.000
Ss 0.000
r 1.707
a 0.430
General Density o [t/mm3] 7.85E-9
parameters | Young’s modulus E [MPa] 210
Shear modulus G [GPa] 80
Poisson’s ratio v 0.29
Specific heat Cp [J/kgK] | 477

Results and discussion

In accordance with theoretical and practical knowledge, it is very easy
to conclude that with increasing the thickness of the obstacle (it is
important to mention that the same physical and chemical characteristics
are maintained) the probability of achieving the effect of penetration
decreases.

Within this paper, a numerical simulation of the penetration of a 12.7
mm projectile was performed for four different cases, i.e. for four different
obstacle thicknesses.
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Model 1

Figures 3-7 show the field of distribution of the von Misses equivalent
stress for model 1. For this case, the impact projectile velocity was 500
m/s, the armor plate thickness 10 mm, and the simulation time 0.2 ms.

Penetration - Armor plate AISI 4340, e=10mm, Vo=500m/s Eft
Time = 1.8088e-05 ective Stress (v-m)

Contours of Effective Stress (vm) 1.0006400
max IP. value

min=0, at elems 13253 000801
Max=0.0560272, at elems 1261 8.0006-01 _

7.000e-01

6.000e-01 __
5.000e-01 _|
4.000e-01 _|
3.000e-01 _

2.000e-01
1.000e-01
0.000e+00_|

Y

b

Figure 3 — Von Misses equivalent stress, time of analysis 0.01 ms — Model 1
Puc. 3 —Von Misses akguganeHmHoe HanpsixeHue, epemsi aHanu3a 0.01 ms —

Mooenb 1
Cnuka 3 — Von Misses-08 ekgugasnieHmHu HaroH, epeme aHanuse 0,01 ms — modesn
1
l::nrlel(r:l’lg.:r;; A,vmov plate AISI 4340, e=10mm, Vo=500m/s Enectve Stress (v-m)
Contours of Effective Stress (v-m) 16576403 _
l:::.lg 14555, ot clemi 50 1480e+03 _
max=1650,67, at elem# 17400 13216403 _

1.1566403 _
9130+02
2640402
616e+02
9670402
.319e+02

1.670e402 ]

2.146e+00

Y

b

Figure 4 — Von Misses equivalent stress, time of analysis 0.03 ms — Model 1
Puc. 4 — Von Misses akeugasnieHmHoe HanpsixeHue, epems aHanusa 0.03 ms —
Moderns 1
Cniuka 4 —-Von Misses-08 ekgugasieHmHU HaroH, epeme aHanuse 0,03 ms — modes 1
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Penetration - Armor plate AISI 4340, e=10mm, Vo=500m/s
bty s Effective Stress (v-m)
Contours of Effective Stress (v-m) 1.604e+03
max IP. value

min=16.8874, at elem# 107 1400
max=1603.67, at elem# 15492 1.286e+03

1.680e+01 _|

Y

b

Figure 5 — Von Misses equivalent stress, time of analysis 0.05 ms — Model 1
Puc. 5—Von Misses akguganeHmMHoe HanpsixeHue, spemsi aHanu3a 0.05 ms — Modersnb 1
Cnuka 5 -Von Misses-08 ekgusaneHmHu HaroH, epeme aHanuse 0,05 ms — moden 1

g;\rle.tr;iggogge-aﬁrmor plate AISI 4340, e=10mm, Vo=500m/s Effective Stress (v-m)

Contours of Effective Stress (v-m) 1.614e+03
"ine14.6137, at elom# 781 . b 1e8deld
max=1613.92, at elem# 13753 3 1.204e+03 _!
11346403 _
9.742e+02 _
B.143e+02 3
a543er02 ||
49440402 _
3.345e+02
1.745e+02
1.462e+01 |

A

b

Figure 6 — Von Misses equivalent stress, time of analysis 0.07 ms — Model 1
Puc. 6 — Von Misses akeugasnieHmHoe HanpsixeHue, epems aHanusa 0.07 ms — Modess 1
Cnuka 6 —Von Misses-08 eksusasieHmMHuU HaroH, epeme aHanuse 0,07 ms — moden 1
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Penetration - Armor plate AISI 4340, e=10mm, Vo=500m/s

2okl d ~ Eftective Stress (vm)
Contours of Effective Stress v-m) 1.476e403
max IP, value

min=4.56833, at elom# 973 13200403
Max=1476.49, at elem 16721 . 1.182¢+03

1.518e+02 ]
4.568e+00

Figure 7 — Von Misses equivalent stress, time of analysis 0.1 ms — Model 1
Puc. 7 — Von Misses akguganieHmHoe HarnpsixeHue, epemsi aHanu3a 0.1 ms — Modesnb 1
Cnuka 7 — Von Misses-08 ekgugasnieHmMHu HarloH, epeme aHanuse 0,1 ms — moden 1

As it can be seen from the previous figures, for the case when the
thickness of the armor plate is 10 mm, the penetration of the projectile
occurs.

The projectile velocity after the impact and penetration is shown on
the diagram in Figure 8.

550 ?rojecnleveioclty

Y-velocity [m/s] (E+6)

Time [ms] (E-03)

Figure 8 — Velocity of the projectile in relation to time
Puc. 8- Ckopocmb cHapsida 8 3agucumMocmu om 8pemMeHU
Cnuka 8 — bp3uHa npojekmura y 3agucHocmu 00 epemMeHa

From the diagram in Figure 8, it can be seen that the projectile
perforates the armor plate after 0.03 ms. It can be noticed that the
projectile velocity decreases between 0.03 ms and 0.1 ms, for the
perforation required time. The projectile velocity after 0.1 ms is 350 m/s.
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The displacement of the armor plate after the impact and perforation
is shown on the diagram in Figure 9. The first displacements occur after
0.03 ms.

25 Displacement

- 15+ -
E
E
[
g
E' 0.5+
¥
>
[} . al .
0.5 | i |
0 0.05 01 015 0.2
Time [ms] (E-03)
Figure 9 — Displacement of the armor plate in relation to time
Puc. 9 — CmeuweHue 8 3agucumocmu om epemeHu
Cnuka 9 — lNomepare y 3agucHocmu 00 epemMeHa
Model 2

Figures 10-14 show the field of distribution of the von Misses
equivalent stress for model 2. For this case, the impact projectile velocity
was 500 m/s, the armor plate thickness 23 mm, and the simulation time
0.2 ms.

:ﬁ‘r;e:lrﬁ;]r;é%rmor plate AIS| 4340, e=23mm, Vo=500m/s Effeciive Stress (v-m)

Contours of Effective Stress (v-m) 1.000e+00
max IP. value

min=0, at elem 7253 0.000¢-01 %
max=0.0638868, at elem# 827 8.0008-01 _f

7.000e-01 _
6.0008-01 _
5.000e-01 _
4.000e-01 _|
3.000-01 _
2.000e-01

1.000e-01 :I
0.000e+00

ha

b

Figure 10 — Von Misses equivalent stress, time of analysis 0.01 ms — Model 2
Puc. 10 — Von Misses skgusanieHmHoe HarpsikeHue, spemsi aHanusa 0.01 ms — Modesb 2
Cnuka 10 — Von Misses-08 ekgugasieHmHU HaroH, epeme aHanuse 0,01 ms — modes 2
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:f“r;:ua:{?:.o-‘r‘ Armor plate AIS| 4340, e=23mm, Vo=500m/s Effective Stress (v-m)

Contours of Effective Stress (v-m) 1.560e+03
max IP. value

min=4.63885, at elem# 97 1415 °3:|
max=1569.28, at elem# 11803 1.256+03

Figure 11 — Von Misses equivalent stress, time of analysis 0.04 ms — Model 2
Puc. 11 —Von Misses skgusaneHmHoe HarpsikeHue, spemsi aHanusa 0.04 ms — Modess 2
Cnuka 11 — Von Misses-08 ekgugasieHmMHU HarloH, epeme aHanuse 0,04 ms — modesn 2

Penetration - Armor plate AISI 4340, e=23mm, Vo=500m/s

Time=  6.2e-05 Effective Stress (v-m)

Contours of Effective Stress (v-m) 1.560e+03

max IP. value

min=4.26382, at elem# 62 1.405e403 :l

max=1560.32, at elem# 11388 1.249e+03 |
1.004e+03 _

0.370e+02 _
7.823e+02
6.267€+02 ]
4711402

£
3.155e+02 _I
1.599e+02
4.264e+00

b

Figure 12 — Von Misses equivalent stress, time of analysis 0.06 ms — Model 2
Puc. 12 —Von Misses aksuganieHmHoe HarnpsixeHue, epems aHanu3a 0.06 ms — Modesns 2
Crnuka 12 — Von Misses-08 ekgaugasieHmMHU HarloH, epeme aHanuse 0,06 ms — moden 2
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l:;"r:e:ra;.l‘:]v‘;ﬁ ?rmor plate AISI 4340, e=23mm, Vo=500m/s Effective Stress (v-m)

Contours of Effective Stress (v-m) 1.468e403

max IP. value

min=11.9105, at elem# 1972 13228903,

max=1467.74, at elem# 0912 1.177e+03 |
10316403 _

8.854e+02 __
7.3980+02
5.942e+02
4870402 |

3.031e+02__
1.575e0021
1.101e+01

Figure 13 — Von Misses equivalent stress, time of analysis 0.1 ms — Model 2
Puc. 13 — Von Misses skeuganeHmHoe HarnpsixeHue, epemsi aHanu3a 0.1 ms — Modersnb 2
Cnuka 13 — Von Misses-08 ekguganeHmHU HaroH, epeme aHanuse 0,1 ms — modesn 2

Penetration - Armor plate AIS| 4340, e=23mm, Vo=500m/s

Time=  0.0002 . Effective Stress (v-m)

Contours of Effective Stress (v-m) 1.552e+03
max IP. value

min=10.985, at elem# 765 1:308e203 ]
max=1551.66, at elem# 1547 12440403

1.089+03
9.354e+02
7.813e402
6.273e+02
4.732e+02

34910002 L
1.651e+02
1.099e+01 |

. N

b

»

Figure 14 — Von Misses equivalent stress, time of analysis 0.2 ms — Model 2
Puc. 14 — Von Misses akeueaneHmHoe HarnpsxkeHue, spemsi aHanu3a 0.2 ms — Modesns 2
Cnuka 14 — Von Misses-0e ekgugasieHmMHU HarioH, epeme aHanu3e 0,2 ms — modesn 2

As it can be seen from the previous figures, for the case when the
thickness of the armor plate is 23 mm, the perforation of the projectile does
not occur.

The projectile velocity after the impact and semi-penetration is shown
on the diagram in Figure 15.
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Projectile veloci
50012 L8

300 | i 1 -

200 ]

Y-velocity [m/s] (E+6)

100 i =

100 L } i |
0.05 01 0.15 0.2
Time [ms] (E-03)

Figure 15 — Velocity of the projectile in relation to time
Puc. 15 — Ckopocmb cHapsida e 3agucumocmu om epemeHuU
Cnuka 15 — bp3uHa npojekmuna y 3agucHocmu 00 epemMeHa

From the diagram in Figure 15, it can be seen that semi-penetration
occurs.

The displacement of the armor plate after the impact and semi-
penetration is shown on the diagram in Figure 16. The first displacements
occur after 0.03 ms. After 0.13 ms of the analysis, the maximum values of
the displacements are achieved.

Displacement

T T
T
N SO NS A S A e
08
L I
g °F
E L
£
E 04
£ )
g 6 e s s <@ L
P
z 02 e
2 s
I e
>
o P
02 i | | i |
0.05 01 0.15 02

Time [ms] (E-03)

Figure 16 — Displacement of the armor plate in relation to time
Puc. 16 — CmeweHue 8 3agucumMocmu om 8pemMeHuU
Cnuka 16 — Momeparse y 3agucHOCMU 00 epemMeHa
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Additional numerical simulations

It is of great importance to determine the maximum value of the plate
thickness at which the penetration effect occurs, as well as the minimum
value of the plate thickness at which the semi-penetration effect occurs, at
the same impact velocity.

After presenting the results obtained by the numerical simulation of
the penetration process, it is easy to conclude in which cases the projectile
has enough energy to break through obstacles of certain thicknesses. In
this case, an armor plate made of AISI 4340 alloy was used as an obstacle
and it was determined that the 12.7 mm armor projectile at an impact
velocity of 500 m/s achieves the effect of penetration on the armor plate
with a thickness of 10 mm, while in the case of an armor plate with a
thickness of 23 mm it achieves the effect of semi penetration, i.e. no
penetration occurs.

In accordance with the previously defined models, using the same
initial and boundary conditions, additional numerical simulations were
performed and on that occasion, it was determined that the penetration
effectis realized on up to 17 mm thick plates, and then the limit penetration
effect occurs.

Model 3

Figures 17-21 show the field of distribution of the von Misses
equivalent stress for model 3. For this case, the impact projectile velocity
was 500 m/s, the armor plate thickness 17 mm, and the simulation time
0.2 ms.

$Ienelratione-‘nA5rmol plate AISI 4340, e=17mm, Vo=500m/s Effective Stress (v-m)

1.000e+00

mi# 13253 2900e0%
25, at elem# 1351 8.000e-01_M
7.000e-01 _
6.000e-01 _
5.000e-01 __
4.000e-01 _
3.000e-01 __
2.000e-01
1.000e-01
0.000e+00 _|

Y

b

Figure 17 — Von Misses equivalent stress, time of analysis 0.01 ms — Model 3
Puc. 17 — Von Misses aksuganieHmMHoe HarnpsixeHue, spems aHanusa 0.01 ms — Modesnb 3
Cnuka 17 — Von Misses-08 ekgusaneHmHu HarioH, epeme aHanuse 0,01 ms — moden 3
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Penetration - Armor plate AISI 4340, e=17mm, Vo=500m/s
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Figure 18 — Von Misses equivalent stress, time of analysis 0.04 ms — Model 3
Puc. 18 — Von Misses akguganieHmHoe HanpsikeHue, epems aHanu3a 0.04 ms — Moderb

3

Cnuka 18 — Von Misses-08 ekgugasieHmHU HarloH, epeme aHanuse 0,04 ms — moden 3

Penetration - Armor plate AISI 4340, e=17mm, Vo=500m/s
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Figure 19 — Von Misses equivalent stress, time of analysis 0.06 ms — Model 3
Puc. 19 — Von Misses skgusanieHmHoe HarpsikeHue, spemsi aHanusa 0.06 ms — Modesnb 3
Cnuka 19 — Von Misses-08 ekgugasieHmHU HarloH, epeme aHanuse 0,06 ms — modesn 3
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Penetration - Armor plate AISI 4340, e=17mm, Vo=500m/s
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Figure 20 — Von Misses equivalent stress, time of analysis 0.1 ms — Model 3
Puc. 20 — Von Misses skguganieHmHoe HanpsikeHue, epems aHanu3a 0.1 ms — Modesnb 3
Cnuka 20 — Von Misses-08 ekgugarieHmMHU HarloH, epeme aHanuse 0,1 ms — modesn 3
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Figure 21— Von Misses equivalent stress, time of analysis 0.2 ms — Model 3
Puc. 21 — Von Misses akeugasnieHmHoe HanpsixeHue, epems aHanusa 0.2 ms — Modesib 3
Cnuka 21 — Von Misses-08 ekguganieHmHU HaroH, epeme aHanuie 0,2 ms — moden 3

As it can be seen from the previous figures, for the case when the
thickness of the armor plate is 17 mm, the penetration of the projectile
occurs.

The projectile velocity after the impact and penetration is shown on
the diagram in Figure 22.

914



Projectile velocity
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Figure 22 — Velocity of the projectile in relation to time
Puc. 22 — Ckopocmb cHapsida 8 3agucumocmu om epemeHuU
Cnuka 22 — bp3uHa npojekmura y 3agucHocmu 00 epeMeHa

From the diagram in Figure 22, it can be seen that the limit perforation
occurs after 0.03 ms. It can be noticed that the projectile velocity
decreases between 0.03 ms and 0.1 ms, for the limit perforation required
time. The velocity of projectile fragments after 0.1 ms is 140 m/s.

The displacement of the armor plate after the impact and limit
perforation is shown on the diagram in Figure 23. The first displacements
occur after 0.03 ms.
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Figure 23 — Displacement of the armor plate in relation to time
Puc. 23 — CmeuwjeHue 8 3agucumMocmu om epeMeHuU
Cnuka 23 — lNomeparse y 3agucHocmu 00 8pemMeHa
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Model 4

Figures 24-28 show the field of distribution of the von Misses
equivalent stress for model 4. For this case, the impact projectile velocity
was 500 m/s, the armor plate thickness 18 mm, and the simulation time
0.2 ms.

Penetration - Armor plate AISI 4340, e=18mm, Vo=500m/s
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Figure 24 — Von Misses equivalent stress, time of analysis 0.01 ms — Model 4
Puc. 24 — Von Misses akgusaneHmHoe HanpsixeHue, spemsi aHanu3a 0.01 ms — Modernb 4
Cnuka 24 — Von Misses-08 ekguganieHmMHU HarloH, epeme aHanuse 0,01 ms — moden 4
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Figure 25 — Von Misses equivalent stress, time of analysis 0.04 ms — Model 4
Puc. 25— Von Misses skgusaneHmHoe HarpsipkeHue, spemsi aHanusa 0.04 ms — Moderns 4
Cnuka 25 — Von Misses-08 ekgugasieHmHU HarloH, epeme aHanuse 0,04 ms — moden 4

916



:I'e“r;e:rgtglgogr;;o Aﬁrmor plate AISI 4340, e=18mm, Vo=500m/s Effective Stress (v-m)
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Figure 26 — Von Misses equivalent stress, time of analysis 0.06 ms — Model 4
Puc. 26 — Von Misses skgusaneHmHoe HarnpsikeHue, spemsi aHanu3a 0.06 ms — Moderns 4
Cnuka 26 — Von Misses-08 ekgugasieHmMHU HarloH, epeme aHanu3e 0,06 ms — modesn 4

Penetration - Armor plate AIS| 4340, e=18mm, Vo=500m/s
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Figure 27 — Von Misses equivalent stress, time of analysis 0.1 ms — Model 4
Puc. 27 — Von Misses akgugasieHmMHoe HanpsikeHue, epems aHanu3a 0.1 ms — Modersnb 4
Cnuka 27 — Von Misses-08 ekgugasieHmMHU HarloH, epeme aHanu3e 0,1 ms — moden 4

917

Pesi¢, M. et al, Numerical analysis of a frontal impact of a 12.7 mm projectile on an armor plate, pp.897-923



QVOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2022, Vol. 70, Issue 4

Penetration - Armor plate AIS| 4340, e=18mm, Vo=500m/s
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Figure 28 — Von Misses equivalent stress, time of analysis 0.2 ms — Model 4
Puc. 28— Von Misses akgugarieHmHoe HarnpsixeHue, epemsi aHanu3a 0.2 ms — Modesnb 4
Cnuka 28 — VVon Misses-0e ekgugasieHmMHU HarioH, epeme aHanu3e 0,2 ms — modesn 4

As it can be seen from the previous figures, for the case when the
thickness of the armor plate is 18 mm, the armor plate is splitting but the
penetration of the projectile does not occur.

The projectile velocity after the impact and semi penetration is shown
on the diagram in Figure 29.
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Figure 29 — Velocity of the projectile in relation to time
Puc. 29 — Ckopocmb cHapsida 8 3agucuUMOcmu 0m 8pemMeHuU
Cnuka 29 — bpsuHa npojekmuria y 3agucHocmu 00 epeMeHa
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From the diagram in Figure 29, it can be seen that semi-penetration
occurs. It can also be noticed that the 18 mm thickness of the armor plate
does not provide complete ballistic protection.

The displacement of the armor plate after the impact and semi-
penetration is shown on the diagram in Figure 30. The first displacements
occur after 0.03 ms. After 0.2 ms of the analysis, the maximum values of
the displacements are achieved.
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Figure 30 — Displacement of the armor plate in relation to time
Puc. 30 — CmelweHue 8 3agucumMocmu om epemMeHu
Cnuka 30 — Nomeparse y 3agucHocmu 00 8pemMeHa

Conclusion

Armored projectiles are intended to destroy armored targets. They
penetrate armor plates thanks to enormous kinetic energy they have at the
moment of collision with an obstacle and the great endurance of their body.
Impact modeling for armor obstacles is very complex, extensive, and
demanding, and the formed models in a very successful way approximate
the real problem of projectile penetration.

It was determined that dynamic phenomena that occur during the
process of ballistic penetration largely depend on deformation, strain rate,
temperature, and pressure. In order to describe these phenomena in a
correct way, it is necessary to define the models of material behavior. The
Johnson-Cook material model and the material damage model proved to
be the most suitable models for this study.

In this paper, a numerical simulation of the process of a 12.7 mm
projectile penetration into armored plates of different thicknesses made of
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AISI 4340 alloy was performed. In all 4 models, there is a contact between
the bullet and the armor plate after 0.03 ms of the analysis. It is clear that
when the thickness of the armor plate is 10 mm, there is perforation, and
when the armor plate is 23 mm thick, there is semi-penetration.

In models 1 and 3, the armor plate destruction occurs. The velocity of
the bullet after perforation through the armored plate in model 1 is 350 m/s,
while in model 3 the velocity of the bullet fragments is 140 m/s.

In models 2 and 4, there is no destruction of the armored plate. In
model 2, the semi-penetration of the bullet is after 0.13 ms, and in model
4 after 0.2 ms.

In all 4 models, the first displacements occur after 0.03 ms of the
analysis.

However, what was also very important in this paper is to determine
the limit values of the thickness of obstacles/armor plates in which
penetration occurs.

The semi thickness of the armor plate at which the limit penetration
occurs is 18mm. With a thickness of 23 mm, the armor plate deforms but
withstands the impact of projectiles without splitting, which provides
complete ballistic protection.
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PYBEPUKA TPHTW: 78.25.00 Boopy>xeHne n BoeHHas TEXHMKa
BWO CTATbW: opurmHanbHas Hay4Has cTaTtbs

Pesome:

BeedeHue/uenb: B daHHOU cmambe npedcmassieHo YUC/IeHHOe
modenuposaHue ylapa cHapsida 12,7-mm o bpoHenucmy co
ckopocmbo 500 wm/c Ha paccmosiHuu 900 M.  YucrneHHoe
ModenuposaHuUe [10380715em 3HaYyUMeslbHO COKpamumb  8PeMs,
Heobxodumoe Orisi MOoSlyYeHUs pe3ysibmamos, M0 CPasHEeHUK CO
spemMeHeM, HeobxoOuMbIM Ofi1 MIaHUpPO8aHUsl, oOpeaaHu3auuu Uu
rnposedeHust 3KCrepuUMeHmos. YucneHHoe modenuposaHue
rpoeodusiocb Ha naacmuHax pasHol MOAWUHbl, UX MonawuHa
cocmasnsna: 10 mm, 17 mm, 18 Mm u 23 MM. YIoMsHymbie MOAUUHbI
bpoHenucma  6biu  8blbpaHbl HAa  OCHOBAHUU  [10JTyYEeHHbIX
pe3ynbmamog ¢ uesnbto onpedesieHUs npedesibHOU  MOSULUHBI
bpoHesnucma u bpoHernpobusaemocmu cHapsida, a makxe 0715l NOfIHoU
bannucmuyeckol 3auumesil.

Memodkl: KoHe4yHo-anemeHmHoe modenuposaHue ucronsb3yemcsi 0nsi
aHanusa HanpsixeHul u deghopmauuli 6poHUPOBaAHHbLIX M1acmuH rpu
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npobumuu cHapsi0oM. YrnoMsiHymbil Memod ebiducrisiem ydap cHapsioa
0 npensmcmeue, a UMEHHO CMOJIKHO8eHUEe cHapsida ¢ 6POHENUCMOM.

Pesynbmamsl: [ cpasHUMENbHO20 aHanu3a Ucrosib308asuch
napamempsl, npedcmasnsowue 3Ha4YeHUs! HanpPsKEHUsT U CMeWeHUs.
Ana  kax0ol u3 eblWeynoMsiHymbiX MOSUWUH 6pOHUPO8aHHOU
cmarnbHOU nnacmuHbl 6binu onpedesnieHbl 3HaYeHUs] HamnpsbkeHud u
cmeuweHull npu ydape cHapsida. Pe3ynbmambl 0aHHO20 uccriedo8aHusi
rokasbiearom, Kak  monwuHa  6poHenucma — enusem  Ha
83aumodelicmeue cHapsida u bpoHesoU Numal.

Bbigodbl:  Ecnu  ¢pusudeckue U XUMUYECKUE  Xapakmepucmuku
6poHENIUMbI  OCMAarmecsl HEUSMEHHbIMU, MO M0 Mepe yeenudyeHust
monujuHbl  6pOoHenIUMbI  8ePOSIMHOCMb  NPObuMuUsl  CHapsiooM
ymeHblwaemcs, U Haobopom. [aHHoe uccriedosaHue umeem 0cobyro
3Ha4YUMOCMb, [1OCKO/IbKY 8 HeM aHasu3upyromces HanpskeHuss U
Gegbopmayuu 6pPOHENUCMO8, OCHOBHOU pPOJIbIO KOMOPbIX S6/1semcs
3awjuma Jlu4Ho20 cocmasa U obopydoeaHusi Om  MPOHUKHOBEHUS
cHapsida. B ces3u ¢ amum onpedenisemcess monuwuHa bpoHenucma ons
npedomepalyeHusi npobumusi cHapssoom.

Knoyeebie cnoea: 6poHenucm, cHapsid, ydap, mMemod KOHEeYHbIX
3/1eMeHmMos.

HYMEPWYKA AHATI3A ®POHTAIHOTI YOAPA MNMPOJEKTUIIA
12,7 mm Y NAHLUWPHY MNNIO4yY

Munow C. Mewwuh?a, ayTop 3a npenucky, AnexkcaHopa b. XXuskosuhb,
Anekca . AHnuuh®, flazap J. bnarojeBuh',
lMemxko M. bonues?, Npedpaz P. MNMaHToBMA'

a¥YHusepsuteT y Kparyjesuy, MHCTUTYT 3a nHdopmaumnoHe TexHonoruje -
HauuonanHu nHctutyt Penybnuke Cpbuje, Kparyjesau, Pebynuka Cpbuja

6 BojHoTexHuuku MHCTUTYT, Beorpaa, Peny6nuvka Cp6uja

B AreHuuja 3a ucnutmBame, Xurocawe n obenexaBare opyxja, Hanpasa u
mMyHuumje, Kparyjesau, Penybnuka Cpbuja

"YHuBepauTeT y Kparyjesuy, ®akynteT UHXeHepCcKMX Hayka,
KparyjeBau, Peny6nuka Cpbuja

A Byrapcku MHCTUTYT oabpaHe ,lMpodecop LiBeTaH Jlasapos”,
Codouja, Penybnuka Byrapcka

OBJIACT: MaLUMHCKO MHXEeHepPCTBO, Matepujanu
KATETOPWUJA (TUM) YJTAHKA: opurnHanHm HayyYHu pag,

Caxemakx:

Y800: Y osom pady npedcmaerbeHa je Hymepuyka cumynauuja ydapa
npojekmuna 12,7 mm y naHuyupHy nnody 6p3uHom od 500 m/s Ha
pacmojarby 00 900 m. Hymepuyke cumynauuje Hyde moayhHocm
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OpacmuyHo2 cMaH-eHb-a 8peMeHa rnompebHoe 3a dobujar-e pe3ysimama y
rnopehersy ca spemMeHOM rompebHUM 3a nnaHupare, opaaHusauyujy u
useoheme ekcriepumeHama. Hymepudka cumynauyuja je ypafjeHa 3a
pasnuyume debrbuHe rnnoya: 10 mm, 17 mm, 18 mm u 23 mm. lNomeHyme
OebrbuHe naHUUpHUX rroYya usabpaHe cy Ha OCHO8Y pe3dynmama, a padu
odpehuearba epaHu4yHe OebrbuHe naHyupHe roYye 3a podop
rpojekmurna, Kkao u 3a nomryHy banucmudky 3awmumy.

Memode: Memoda koHauyHux enemeHama rpuMerbeHa je Kako 6u ce
aHarnu3aupanu HaroHu u deghopmayuje naHUUpHUX rioya rnpuiukom yoapa
npojekmuna. Nomohy HasedeHe memode padyyHa ce ydap rnpojekmusa y
npenpeky, 0OHOCHO Konu3uja npojekmuria u naHyupHe rove.

Pesynmamu: 3a ynopedHy aHanu3dy kopuwheHu cy napamempu:
8pedHOCM HarloHa U aricoslymHoa romeparba. 3a ceaky 00 HageOeHUX
OebrbuHa naHyupHe MemariHe rro4e odpeheHe cy epedHocmu HaroHa u
aricosiymHoe rnomeparba npu ydapy npojekmurna. Pe3ynmamu oeoe
ucmpaxuearba rokasyjy Kako 0ebrbuHa rnao4ye ymudye Ha uHmepakuujy
ripojekmuria u naHyupHe roqe.

Sakrbyyak: YKOMUKO (DU3UYKO-XeMUJCKe KapaKmepucmuke naHyupHe
ryio4e ocmaHy HerpoMereHe, ca noseharsem 0ebrbuHe naHyupHe rnioye
cmamsyje ce mMmoeyhHocm npoboja npojekmuna, u obpHymo. 0Oeo
ucmpaxuear-e je 00 CywmuHCKO2 3Hauaja, jep aHanuaupa HarioHe U
degbopmayuje naHYUPHUX Mrioda, 4Yuja je OCHoeHa HaMeHa 3awmuma
spydcmea u onpeme 00 dejcmeaa npojekmuria. C mum y ee3u, odpefjeHa je
OebrbuUHa naHyupHe rso4ve 3a 3a0op npojekmurna.

KrbyyHe peyu: naHyupHa nmoya, rnpojekmurn, ydap, Memoda KOHaqyHUX
efemMeHama.
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