Vojnotehnicki glasnik/Military Technical Courier
ISSN: 0042-8469

ISSN: 2217-4753
vojnotehnicki.glasnik@mod.gov.rs

University of Defence

Serbia

SHILITARY TECHMICAL
COURIER

Numerical analysis of a frontal impact of a
12.7 mm projectile on an armor plate

Pesi#, Milos S.; #ivkovi#, Aleksandra B.; Ani#i#, Aleksa D.; Blagojevi#, Lazar J.; Bonchev, Petko M.;
Pantovi#, Predrag R.
Numerical analysis of a frontal impact of a 12.7 mm projectile on an armor plate

Vojnotehnicki glasnik/Military Technical Courier, vol. 70, no. 4, 2022
University of Defence, Serbia
Available in: https://www.redalyc.org/articulo.oa?id=661773214007

DOI: https://doi.org/10.5937/vojtehg70-38412
http://www.vtg.mod.gov.rs/copyright-notice-and-self-archiving-policy.html

This work is licensed under Creative Commons Attribution 4.0 International.

- PDF generated from XML JATS4R by Redalyc
¢
r@g)a‘y(}. ;T g Project academic non-profit, developed under the open access initiative



https://www.redalyc.org/articulo.oa?id=661773214007
https://doi.org/10.5937/vojtehg70-38412
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

MiLoS S. PESI#, ET AL. NUMERICAL ANALYSIS OF A FRONTAL IMPACT OF A 12.7 MM PROJECTILE ON AN ARMOR ...

Original scientific papers

Numerical analysis of a frontal impact of a 12.7 mm projectile on an armor plate

Yucaennslit aHaau3 A060Boro yaapa cHapsiaa 12,7-mm o 6poneaucry

Hymepuruka anaausa ¢poHTasHOr yaapa npojektuaa 12,7 mm y naHIHpHY [AOYY

Milos S. Pesica
University of Kragujevac, Serbia
milospesic@uni.kg.ac.rs

® heeps://orcid.org/0000-0002-3405-5216

Aleksandra B. Zivkovié b
Military Technical Institute, Serbia
aleksandra.zivkovic.bm@gmail.com

® heeps://orcid.org/0000-0001-7973-8590

Aleksa D. Anicié
Agency for Testing, Stamping and Marking of Weapons,
Devices and Ammunition, Serbia

aleksa34@live.com
® heeps://orcid.org/0000-0002-9490-833X

Lazar J. Blagojevi¢ d
University of Kragujevac, Serbia
lazarblagojevic18@gmail.com

® heeps://orcid.org/0000-0001-6034-6888

Petko M. Bonchev e

Bulgarian Defense Institute "Professor Tsvetan Lazarov”,
Bulgaria

p-bonchev@di.mod.bg

® heeps://orcid.org/0000-0002-0645-1676

Predrag R. Pantovié £
University of Kragujevac, Serbia
predragpantovic92@gmail.com

® heeps://orcid.org/0000-0001-6811-7238

DOI: https://doi.org/10.5937 /vojtehg70-38412
Redalyc: https://www.redalyc.org/articulo.oa?
id=661773214007

Received: 11 June 2022

AUTHOR NOTES

a  University of Kragujevac, Institute for Information Technologies - National Institute of the Republic of Serbia

b Military Technical Institute, Belgrade, Republic of Serbia

¢ Agency for Testing, Stamping and Marking of Weapons, Devices and Ammunition, Kragujevac, Republic of Serbia

d  University of Kragujevac, Faculty of Engineering, Kragujevac, Republic of Serbia
¢ Bulgarian Defense Institute "Professor Tsvetan Lazarov", Sofia, Republic of Bulgaria

f  University of Kragujevac, Faculty of Engineering, Kragujevac, Republic of Serbia

milospesic@unikg.ac.rs

897


https://orcid.org/0000-0002-3405-5216
https://orcid.org/0000-0002-3405-5216
https://orcid.org/0000-0001-7973-8590
https://orcid.org/0000-0001-7973-8590
https://orcid.org/0000-0002-9490-833X
https://orcid.org/0000-0002-9490-833X
https://orcid.org/0000-0001-6034-6888
https://orcid.org/0000-0001-6034-6888
https://orcid.org/0000-0002-0645-1676
https://orcid.org/0000-0002-0645-1676
https://orcid.org/0000-0001-6811-7238
https://orcid.org/0000-0001-6811-7238
https://doi.org/10.5937/vojtehg70-38412
https://www.redalyc.org/articulo.oa?id=661773214007
https://www.redalyc.org/articulo.oa?id=661773214007

VOINOTEHNICKI GLASNIK/MILITARY TECHNICAL COURIER, 2022, VOL. 70, NO. 4, OCTOBER-DECEMBER, ISSN: 004...

Revised document received: 13 October 2022
Accepted: 14 October 2022

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 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.

Pe swowMme

BeeacHue/ueap: B AQHHOM cTaTbe IPEACTABACHO YHCACHHOE MOACAHMPOBAHHE yAapa cHapsiaa 12,7-MM mo 6poneamcry co
cxkopocreio 500 m/c Ha paccrosiaun 900 M. HucaeHHOE MOACANPOBAHUE TO3BOASIET 3HAYUTEABHO COKPATUTD BPEMsL, HeOOXxoAnMOe
AAA HOAy‘ICHI/IH PeByAI)TaTOB, Juge) CpaBHCHI/IIO co BPCMCHCM, HCO6XOAI/IMI>IM AN HAaHI/IPOBaHI/IH, opraﬂnsaunn u HPOBCACHI/IH
9KCIIEPUMEHTOB. IHCACHHOE MOACAHPOBAHUE TPOBOAMAOCH HA ITAACTHHAX PA3HOM TOAIIMHEI, MX TOAIIMHA cocTaBAsAa: 10 mm,
17 MM, 18 MM U 23 MM. yHOMHHyTbIC TOAIITHMHBI 6POHCAI/ICT3 6]>IAI/I BI)IGPaHI)I Ha OCHOBAaHUU HOAy‘ICHHbIX peSyAbTaTOB C LICABIO
OIIPEACACHUS NPEACABHOI TOAIIMHBI OPOHEAHCTa M OPOHENPOOHUBACMOCTH CHAPSAA, & TAKKE AAS IIOAHOH GaAAMCTHYECKOH
3aIUTHI.

Meroasr: KoHeuHO-9ACMEHTHOE MOACAMPOBAHME HCIIOAB3YETCS AASL AHAAMSA HANPSDKCHHH U AedopManuil 6pOHHPOBAHHBIX
IAACTHH IPH IPOOHTHH CHAPSIAOM. YIIOMSHYTBIH METOA BBIYHCASCT YAAP CHApsAA O IPEIATCTBUE, & MMCHHO CTOAKHOBEHME
CHapsiAa ¢ GpoHeAncTOM.

PesyabraTsr: AAst CpaBHUTEABHOTO AHAAN3A UCIIOAB30BAAKCD [TAPAMETPBI, IPEACTABASIONINE 3HAYCHUS HANPSDKCHHUS M CMEIICHHUS.
AASI Ka)KAOI:I us BbII_HCyHOMXHyTbIX TOAITH 6pOHHPOBaHHOﬁ CTaAI)HOI:I IMTAACTUHBI 6bIAI/I OHPCAeACHI)I SHAYCHU S HaHPﬂ)KCHI/II';I
U CMCICHMII IPU YAApE CHapsiad. PesyAbTaTbl AQHHOIO HCCACAOBAHHSI IIOKASBIBAIOT, KAaK TOAIIMHA OPOHEAHCTA BAMSET HA
B3AHMOACIICTBUE CHAPSIAA U OPOHEBOM AUTHL

BbIBOAI)I: ECAI/I q)I/IBI/I‘ICCKI/IC U XUMHUYECKUEC XapaKTePI/ICTI/IKI/I 6pOHCHAI/ITbI OCTaTCA HEU3MECHHBIMH, TO IIO MCPC yBCAH‘IeHI/IH
TOAIIMHBI OPOHEIAUTEL BEPOATHOCTD MPOOUTHS CHAPSAOM YMCHBIIACTCS, U HA000POT. AaHHOE HCCACAOBaHHE HUMEET 0COOyIo
3HAYMMOCTb, IIOCKOABKY B HEM aHAAUSHPYIOTCS HAIIPSDKCHHA U AeGOpMALiU OPOHEAUCTOB, OCHOBHOM POABIO KOTOPBIX SIBASICTCS
3aIMTA ANYHOTO COCTaBa H 00OPYAOBAHUS OT IPOHUKHOBEHUSI CHAPSIAA. B CBsISH ¢ 9THM OIpeaeAseTcs TOAMHA OPOHEANCTA AASL
IPEAOTBPAILECHUS IIPOOUTHSI CHAPSIAOM.

Kn1oueBo e CJ OB a: GPOHEAHCT, CHAPSIA, YAAP, METOA KOHCIHBIX IACMCHTOB.

ABSTRACT:

VBoa: Y 0BOM paAy IpeACTaBACHA je HyMEpHYKA CHMYAALMja YA2pa Ipojektuaa 12,7 mm y HaHIUPHY 1AOYYy GP3HHOM 0A
500 m/s Ha pacrojamy op 900 m. Hymepuuxe cumyaannmje Hyae moryhHOCT apacTMdHOr cMamema BpeMeHa IOTpebHOr 32
AobHjame pesyatara y nopelerby ca BpeMeHOM OTpeGHNM 32 IIAAHUpalbe, OpraHusalujy 1 usBoheme excriepumenara. Hymepuaka
CHMyAalHja je ypabex—xa 32 pasAMYUTE Acbmune naoya: 10 mm, 17 mm, 18 mm u 23 mm. [TomenyTe AcOmune HAHIMPHUX ITAOYA
usabpaHe cy Ha OCHOBY pesyATaTa, a pasu oapehuBama rpaHuYHe AcOsUHE MAHIUPHE IIAOYE 32 IPOAOP MPOjEKTHAR, K20 U 3a
HOTIYHY 6aAMCTHYKY 3alUTHUTY.

Merope: MeTopa KOHauHHUX eACMEHATa NPHMEHCHA j¢ KAKO OM ce aHAAMSHMPAAM HANOHU M AcpopMalyje MaHIUPHHUX MAOYA
IIPUAUKOM yA2pa npojextuaa. [Tomohy HaeacHe MeTOAE padyHa ce yAap NPOjEKTHAA Y IPEIPEKY, OAHOCHO KOAM3Hja IIPOjEKTHAA
U MIAHIMPHE IIAOYE.
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Pesyaratu: 3a ynopeaHy anaausy kopuimheHy cy mapaMerpu: BpeAHOCT HAIIOHA U AIICOAYTHOT IIOMeparba. 3 CBaKy OA HABEACHUX
AeOmHHA TAHIMPHE METaAHE IAOUE oapel)eHe Cy BpeAHOCTH HAIIOHA M AIICOAYTHOT IOMEPaba IIPU YAAPY IpojeKTHAA. Pesyararu
OBOT HCTPKUBAHA IIOKA3Yjy KAKO AeOsHHA [TAOYE yTHYE HA HHTEPAKLIHU]Y MPOjEKTUAA U TAHLUPHE IIAOYC.

3akaydak: YKOAHKO (USMUKO-XEMHUjCKE KApPaKTCPUCTHKE NAaHLUPHE IAOYC OCTAaHY HENpoMemceHe, ca mosehamem acbmpune
NaHLMpPHE IAOYE cMambyje ce MoryhHocT mpo6oja npojextuaa, u obpuyro. OBO HCTpaskuBambE je OA CYIITHHCKOT 3HAYaja, jep
aHAAM3HUPA HAaIIOHE U AedpOopMalltje TaHIMPHUX ITIAOYA, YHja je OCHOBHA HAMEHA 3aIlITHTA SYACTBA M OTIPEME OA ACjCTBA IIPOjEKTHAA.
C tum y Besn, oapelyena je ae6mrHa maHIMpPHE TAOYE 32 3aA0P NIPOjEKTHAR.

KEYWORDS: MMaHIIMPHA ITAOYA, I‘IpOjCKTI/IA, YAap, METOAQ KOHAYHUX €ACMCHATA.

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.

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.

| @12,7
P13,01

64.6

FIGURE 1
Bullet 12.7 x 108

Puc. 1 -Tlyasn 12.7 x 108
Cauka 1 — Merak 12,7 x 108
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TABLE 1

Ballistic characteristics of the bullet core

Frojectile velocity (@t a Voo | 805 mis
distance of 25 my)

Frojectile velocity (@t a Vaoo 7e0mjs
distance of 200 )

Pressure Prax | 304 MFPa
Precision Roogn | 10 cm
Core weight Il 51,3g

T8.6AI/ILla 1 — baaauctuveckue XaPaKTCPI/ICTI/IKI/I CCPAC‘-IHI/IK& IIyAH
Ta6€A3. 1 — baanctuuke KQ.PQ.KTCPI/ICTI/IKC SPHa MCETKa

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

Parammeters Values
Johnson- ield stress A 112
Coolc [MPaj
parameters |Proportionality | B s0s
coefficient [MPaj
Strain rate Z 0.003
Impact
parameter
Temperature ™ 168
Irpact
parameter
Reinforcement | n 0.4z
ExpONent
Melting T,/Kl | 1183
termperature
Eoom T MK} | 293
termnperature
Constant 1
Johnson- Damage Dy 0.54
Cook parameters D, 489
damage
parameters Dg 3.05
D, 0.014
D, 1.12
EOS Mie- M 3667
parameters | Grureisern sl
equations of | 5; 1.507
state
parameters 52 0.000
55 0,000
I~ 2086
a 0.485
General Density o 8 52E-
parameters t/m w2
i
Young's E 110
modulus [MPal
Shear G 40
modulus [ Paj
Polsson’s v 0375
ratio
Specific heat | Cp 385
[ fgK]

TEI.6AI/IL[2. 2 - XQ.PQ.KTCPI/ICTI/IKI/I MaTCPHaAa CCPAC‘{HI/IKQ. IIYAH H AASL SIBHOI'O AMHAMHUYCCKOI'O aHAAH3a
T3.6CA3 2 - MEI.TCPI/Ij&AHC KaPaKTCPI/lCTI/lKC SPHQ. MCTKa U l'IaPElMCTPI/I HOTPCGHI/I 3a CKCIMMAUIUTHY AMHAMUYKY aHaAU3Y

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 — MoaeAb KOHEYHBIX IAEMEHTOB
Cauka 2 — Moaea KOHaYHUX eAeMeHaTa

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 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.c. 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.
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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 V; (or ¥} ) 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.c. 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.

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.

gz[A+Bg”][1+(?1nf:-*][l—{T*)“”] »

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

(T —1y )
(?:nd{ o I:'q" ) 2)

where T'is the temperature below which material shows no temperature dependence on flow stress. The

T*=

strain rate is given by equation 3.

pr=t
€0 (3)
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The initiation of damage is determined by equation 4, which gives the equivalent plastic strain at the onset
of damage.

. pl

il _I:gi' E
& =[d +d,e™ | 1+d,n - (1+d,T¥)
(4)

where dj, d3, d3, d4, and ds are the material damage parameters and 0 ¢, is 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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TABLE 3
Material characteristics of the armor plate for the explicit dynamic analysis

Parammeters Values
Johnson- ield stress A Taz
Coolc [MPaj
parameters |Proportionality | B 510
coefficient [MPaj
Strain rate Z 0.014
Impact
parameter
Temperature ™ 1.03
Irpact
parameter
Reinforcement | n 0.ze6
ExpONent
Melting T Kl | 1783
termperature
Eoom T MK} | 293
termnperature
Constant 1
Johnson- Damage Dy 0.05
Cook parameters D, S a4
damage
parameters Dg -2.12
D, 0.002
D, 0.61
EOS Mie- M 3850
parameters | Grureisern sl
equations of | 5; 1.354
state
parameters 52 0.000
55 0,000
I~ 1.707
a 0.430
General Density o 7 BSE-
parameters t/m w2
i
Young's E 210
modulus [MPal
Shear G 80
modulus [ Paj
Poisson's W 0.29
ratio
Specific heat | Cp 477
[ fgK]

T36AI/ILI3 3 - XaPaKTCPI/ICTI/IKI/I MaTCPI/IaAa 6POHCAI/ICT3 u XapB.KTCPI/ICTI/IKI/I AASL ABHOTO AMHAMHUYCCKOI'O aHAaAH3a
TQ.GCAQ. 3 - MaTCPI/IjaAHC KB.PQ.KTCPI/ICTI/IKC 62.AI/ICTI/I‘-IKC IIAOYC U HaPaMCTPI/I HOTPC6HI/I 3a CKCITAULIIUTHY AMHAMHUYKY aHaAHU3Y

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.

ff*nn-u‘lt’l.u’l-ol.;rmu plate AlS| 4340, e=10mm;, Vo=500mis Boctve Sirees (o)

Somurs of ENecties Siess frm) 1 Dode=00

mas B value 8000801

mins0. ot siems 13253

max=g. 0302 T2, gt wlems 1297 Bootw-01
¥ a0 _
& Do -01
e
4 0ve-01 _|
2,0008-01 _
3 bodeii
-0
B.D0Bw=00 _

L

FIGURE 3
Von Misses equivalent stress, time of analysis 0.01 ms — Model 1

Puc. 3 — Von Misses axBuBaseHTHOE Hanpsikenue, Bpems anasusa 0.01 ms — Moaeas 1
Cauka 3 — Von Misses-0B ekBUBaACHTHU HaIloH, BpeMe aHaause 0,01 ms — moaea 1

I[-"::e::fﬂun * Aol plate A1 4340, es10mm. Vo=300m/s [ —
Comivur s of Emcive JWEns (v 18310000
s s .
minaZ 1435 ot elemd 59 R
maE=1830 67, 48 miend 17400 13219000

¥

b

FIGURE 4

Von Misses equivalent stress, time of analysis 0.03 ms — Model 1
Puc. 4 - Von Misses aKkBUBaACHTHOE HarpsDKeHHe, Bpems aHaausa 0.03 ms — Moaeas 1
Canka 4 —Von Misses-0B ¢KBHBaACHTHH HalloH, BpeMe anaause 0,03 ms — moaea 1
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Penetration - Armor plate AISI 4340, e=10mm, Vo=500m/s [pp——
Contours of EMective Swss (v-m) 16080403
i . valie

min=16.3374 at elems 107 Lidse0d
maxwi8dl 67, at skems 15407

¥

b

FIGURE 5
Von Misses equivalent stress, time of analysis 0.05 ms — Model 1

Puc. 5 - Von Misses sxBuBaAeHTHOE HanpspKeHue, Bpemst aHaansa 0.05 ms — Moaeas 1
Canxa 5 —Von Misses-0B eKkBUBaAeHTHU HaroH, Bpeme anasunse 0,05 ms — moaea 1

Penetration - Armor plate ARSI 4340, e=10mm, Ve=500mis
Time = 7 9559604
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FIGURE 6
Von Misses equivalent stress, time of analysis 0.07 ms — Model 1

Puc. 6 - Von Misses skBuBaAseHTHOE HanpsikeHue, Bpemst aaausa 0.07 ms — Moaeas 1
Cauka 6 —Von Misses-0B eKBHBaACHTHH HamoH, Bpeme anaause 0,07 ms — moaea 1
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FIGURE 7
Von Misses equivalent stress, time of analysis 0.1 ms — Model 1

Puc. 7 — Von Misses skBuBaAcHTHOE HanpspkeHue, Bpemst aHasnsa 0.1 ms — Moaeas 1
Canka 7 — Von Misses-0B eKBUBaACHTHH HAroH, Bpeme aHasunse 0,1 ms — moaea 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 Projactila velacmy

S500—
450+

40—

Yovelocity [mis] (E+8)

350+

300+ 1 +

[ 0.05 0.1 0.15 0.2

Time [ms] {E«0J)

FIGURE 8
Velocity of the projectile in relation to time

Puc. 8— Cxopoctb cHapsiaa B 3aBUCHMOCTH OT BPEMEHH
Canxa 8 — BpauHa 1pojeKkTrAa Y 3aBUCHOCTH OA BpEMeHa

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.

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.
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FIGURE 9

Displacement of the armor plate in relation to time
Puc. 9 — CmeuieHye B 3aBHCHMOCTH OT BPEMEHH
CAl/IKa 9 - HOMCPQH}C y 3aBHCHOCTH OA BPCMCHa

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.

:f:EIT;I&r;.-.nAsmr plate AISI 4340, e=23mm, Vo=800m/s Efective Siress (v-m)

Cantuurs of Effective Stress (v-m) 10004400
mas 1P, valist

=0 at sleme 7253 000801
mar=0.0838868, at slem® 327 000801 _

7000801 _
£000e-01 _
5000801
4000801
1000801 _
2000801
1.0008-01
oogou+i |

b

FIGURE 10
Von Misses equivalent stress, time of analysis 0.01 ms — Model 2

Puc. 10 — Von Misses sxBuBaseHTHOE HampspkeHue, Bpems aHaausa 0.01 ms — Moaeas 2
Cauka 10 — Von Misses-0B eKBUBAACHTHHM HaIIOH, BpeMe aHasuse 0,01 ms — moaea 2
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::“r:t:nnr:,lmor plate AISI 4340, e=23mm, Vo=500m's Effective Stress (v-m]
Contours of EMective Stress (v

1.50%+03
mirved B85, ot slomd 07 141003
max=1560.78, of slems 11803

FIGURE 11
Von Misses equivalent stress, time of analysis 0.04 ms — Model 2

Puc. 11 - Von Misses s5KBHBAACHTHOE HATIPSDKEHHUE, BPEMS AHAAM3A 0.04 ms — Moaean 2
Canxa 11 — Von Misses-0B eKBUBAACHTHH HAIIOH, BPEME AHAAH3E 0,04 ms — mopea 2

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

Tens®  8.2805 Eftective Biress v-m)
Cantours of Effective Sirevs fvam) 15800403
ma P, vatin

minved 26342, 8t slemb 62 ““”""”:I
max=1560.32, af siem® 11388 12456403

FIGURE 12
Von Misses equivalent stress, time of analysis 0.06 ms — Model 2

Puc. 12 — Von Misses skBHBaAeHTHOE HanpsDKeHHe, BpeMst aHaausa 0.06 ms — Moaeab 2
Cauxka 12 — Von Misses-0B eKBHBaACHTHH HaIloH, BpeMe anasuse 0,06 ms — moaea 2
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Penetration - Armor plate AIS] 4340, e=23mm, Vo=500m/s

Times GOOCI0N Effective Stress fvam|
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FIGURE 13

Von Misses equivalent stress, time of analysis 0.1 ms — Model 2
Puc. 13 — Von Misses skBuBaAeHTHOE HanpsKeHue, BpeMs aHaausa 0.1 ms — Moaeab 2
Canxa 13 — Von Misses-oB ekBUBaACHTHH HaloH, Bpeme aHaause 0,1 ms — Mmopea 2

Penetration - Armor plate AIS] 8340, e=23mm, Vio=500m/s
Time= 00007

Contours of Effectvs Sress (v " 15520003
max B value

min=10.983, at elems 763 1300002
max=1551.56, at elems 1547

e »

FIGURE 14

Von Misses equivalent stress, time of analysis 0.2 ms — Model 2
Puc. 14 - Von Misses 3KBUBaACHTHOE HanpspKeHHe, Bpemst aHaansa 0.2 ms — Moaeas 2
Cauka 14 — Von Misses-0B eKBUBaACHTHU HAIIOH, Bpeme aHaause 0,2 ms — moaea 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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FIGURE 15

Velocity of the projectile in relation to time
Puc. 15 — CxopocTs cHapsiaa B 3aBUCHMOCTH OT BPEMEHH

Camnxa 15 — BpauHa 1pojekTraa y 3aBUCHOCTH OA BpEMEHa

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.
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FIGURE 16
Displacement of the armor plate in relation to time

Puc. 16 — CMelieH1e B 3aBUCUMOCTH OT BpEMEHU
Cauxka 16 — TTomepare y 38aBUCHOCTH OA BpEMEHa

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
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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 effect is 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.

Penetratbon - Armar plate AISI 4340, e=1Tmm, Vo=500m's

Time e 1le08
Coniours of EMectrve Bireas (e-m| 1 2008+08
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maEn (BD01 74, af smE 1158 BO0k=-01
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4 000e-01
100001
1000841

mm--nl]
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]
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FIGURE 17
Von Misses equivalent stress, time of analysis 0.01 ms — Model 3

Puc. 17 — Von Misses skBuBaseHTHOE HanpskeHue, Bpems aHasnsa 0.01 ms — Moaeas 3
Cauka 17 — Von Misses-0B eKBUBaACHTHHM HaIloH, BpeMe aHasunse 0,01 ms — moaea 3

i::“rlu-lrflinn . n:rmol plate AIS| 4340, e=17mm. Vo=500m/s [ ———

Contours of EMective Stress (v-m) 16350403
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mIN=12AS15, at shems 788 LT
mATEIEIA.TE, b e 17413 1310040 _

114Bes03
LESBEZ
LIM6e02
G6140%02
Liead
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1 (A?E'OZ:I
12450401 |

FIGURE 18
Von Misses equivalent stress, time of analysis 0.04 ms — Model 3
Puc. 18 — Von Misses axBuBaseHTHOE HanpskeHue, Bpems anasusa 0.04 ms — Moaeas 3

Cauxka 18 — Von Misses-0B ¢KBHBaACHTHH HalloH, BpeMe anaause 0,04 ms — moaea 3
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Penetration - Armor plate AISI 4340, e=1Tmm, VosB00mis Effective Stress (v-m]
Be-05

Time &

Contours of Efective Stress (v.m| 17130003
man 1P value —
min=327.7121, at elems 64 A2e ’:'
mar 17134, ol olomd 15310 137 bee0)

10besad
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FIGURE 19
Von Misses equivalent stress, time of analysis 0.06 ms — Model 3

Puc. 19 — Von Misses skBuBaseHTHOE HanpspKeHue, BpeMst aHaausa 0.06 ms — Moaeas 3
Caunka 19 — Von Misses-0B ekBHBaAeHTHH HalloH, BpeMe anasuse 0,06 ms — moaea 3

I:::v.txlfg 1-D°Hm1w plate AlS| 4340, e=1Tmm, Vo=800ms Effecive Biress jvm)

Comtours of Bftective Saress (v-m| 1.8354=00
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max=1034.58, of elemd 14703 1.327ee03 |
pree——y
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FIGURE 20
Von Misses equivalent stress, time of analysis 0.1 ms — Model 3

Puc. 20 - Von Misses sxBuBaseHTHOE HanpspkeHue, Bpems anaausa 0.1 ms — Moaeas 3

Canxa 20 — Von Misses-0B eKBUBaACHTHM HaroH, Bpeme aHaanse 0,1 ms — moaea 3
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Penetration - Armor plate AIS| 4340, e=1Tmm, Vo=500rk/s
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FIGURE 21
Von Misses equivalent stress, time of analysis 0.2 ms — Model 3

Puc. 21 — Von Misses akBuBaAcHTHOE HanpsDKeHue, BpeMs aHaansa 0.2 ms — Moaeas 3

Canxa 21 — Von Misses-0B eKBHBaACHTHH HaroH, Bpeme aHaanse 0,2 ms — moaea 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.

600 Projectile velocity ) :
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= 400+ 1 .
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E, 300
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0.05 0.1 0.15 02
Time [ms] (E-03)
FIGURE 22

Velocity of the projectile in relation to time
Puc. 22 — CkopocTs cHapsiaa B 3aBHCHMOCTH OT BPEMEHH
Canxa 22 — BpauHa IpojeKTHAA Y 3aBUCHOCTH OA BpEMEHa

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 - Cmemmenne B 3aBUCHMOCTH OT BPEMEHH
Cauka 23 — ITomepame y 3aBHCHOCTH OA BpeMeHa

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 AIS| 4340, e=18mm, Vo=500m/s
TeeE 10008 EMecte Stress fvm)
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FIGURE 24
Von Misses equivalent stress, time of analysis 0.01 ms - Model 4

Puc. 24 — Von Misses aKkBUBaACHTHOE HanpspKeHue, Bpemst aHaausa 0.01 ms — Moaeas 4
Camnka 24 — Von Misses-0B ¢KBHBaACHTHH HarloH, Bpeme aaause 0,01 ms — moaea 4
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w:r?n = Armor plate AlS| 4340, e=18mm, Vo=300mis EMective Stress fvm]
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FIGURE 25
Von Misses equivalent stress, time of analysis 0.04 ms — Model 4

Puc. 25 - Von Misses 5KBHBAACHTHOE HAIIPSDKECHHUE, BPEMS AHAAM3A 0.04 ms — Moaeas 4
Canxa 25 — Von Misses-0B €eKBUBAACHTHH HAIIOH, BPEME AHAAM3E 0,04 ms — mopea 4

Penetration - Armor plate AISI 4340, e=18mm, Vo=500m/s
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FIGURE 26
Von Misses equivalent stress, time of analysis 0.06 ms — Model 4

Puc. 26 — Von Misses sxkBuBaseHTHOE HAIPsDKEHUE, BPEMS AaHAAM32 0.06 ms — Moaeas 4
Canka 26 — Von Misses-0B eKBUBaA€HTHHU HAIIOH, BpEMe aHAAU3E 0,06 ms — moaea 4
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FIGURE 27
Von Misses equivalent stress, time of analysis 0.1 ms - Model 4
Puc. 27 — Von Misses akBuBascHTHOE HanpspkeHne, Bpems anaausa 0.1 ms — Moaeas 4
Canka 27 — Von Misses-0B ¢KBUBaACHTHH HaIloH, BpeMe anasuse 0,1 ms — mopea 4
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FIGURE 28
Von Misses equivalent stress, time of analysis 0.2 ms - Model 4

Puc. 28— Von Misses akBuBaseHTHOE HanpsDKeHHe, BpeMs aHaausa 0.2 ms — Moaeas 4
Canka 28 — Von Misses-0B ¢KBUBaACHTHH HaIlOH, BpeMe anasuae 0,2 ms — mopea 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 — CxopocTs cHapsiaa B 3aBHCHMOCTH OT BPEMEHH
Canxa 29 — BpauHa IpojeKkTrAa y 3aBUCHOCTH OA, BpEMEHa

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 — Cmemmenne B 3aBUCHMOCTH OT BPEMEHH
Camnxa 30 - ITomepame y 3aBUCHOCTH OA BpeMeHa
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.
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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 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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