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Introduction

The firearm is the weapon designed to
mechanically defeat of the target at the distance by the
projectile that receives directional movement due to
the energy of the powder or other charge [1].
Automatic small arms, called the assault rifles, are
used to create high-density fire and the targets defeat
at the short distances. The reliability and the simplicity
of the design of the Kalashnikov assault rifle make it
the most common small arms in the world [2].

The 5.45mm and 7.62mm cartridges are used for
shooting, depending on the modification of the
Kalashnikov assault rifle. The 7.62mm cartridge
considered in this work is used for shooting from the
AK-109 assault rifle. The cartridge consists of the
bullet, the case, the powder charge, and the percussion
cap. The general view of the 3D model of the 7.62mm
cartridge for the AK-109 assault rifle is presented in
the Fig. 1.

.

Figure 1 — The 3D model of the 7.62mm cartridge for the AK-109 assault rifle.

The initial flight speed of the steel bullet is 700-
720 m/s. The high flight speed and the design of the
assault rifle bullet allow you to fire with high striking
ability. One of the characteristics of striking ability of
the bullet is the penetrating ability, which is
determined by the path traveled by the bullet along the
ballistic trajectory in the targets made of various
materials [3-5]. It depends on the characteristics of the
moving bullet. The values of the bullet penetration of
the assault rifle into the metallic, brick, glass, wood,
concrete and other targets were determined
experimentally (under the normal conditions).
However, the analysis of the deformation degree,
cracking and destruction of materials can be done after
the thorough examination in the laboratory. To reduce
the time of testing and the laboratory examinations, it
is rational to carry out shooting from the assault rifle
and the analysis of the stress and strain state of the
target materials by the method of finite element
modeling in special software products.

BULLET

2. Materials and methods

2.1. Modeling conditions

The computer simulation [6] of the process of
shooting from the AK-109 assault rifle at the targets
was implemented in the ANSYS Autodyn 14.5
program. The process simulation of penetration of the
bullet model at the angle of 90 degrees into the targets
models made of various metallic and non-metallic
materials was the two-dimensional statement of the
study. The initial velocity (v) of the bullet flight along
the X-axis was adopted 720 m/s. The target was the
plate fixed on one of the sides. The bullet and target
models were divided into 1250 and 3500 finite
elements, respectively [7]. The interaction between
the bullet and the target was carried out by the
Lagrange/Lagrange solver. The external gap during
the contact was determined by the value of 0.008741.
The safety factor in the conditions of deformation of
the bullet and target models was adopted 0.2. The
statement of the modeling process of the bullet
penetration of the assault rifle into the target is
presented in the Fig. 2.

Figure 2 — The statement of the modeling process of shooting at the target.
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The bullet and targets models were given the
properties of carbon steel, Kevlar, high-strength
concrete, stainless  steel, aluminum alloy,
thermopolished glass, and titanium alloy.

2.2. The properties of 1006 carbon steel (the
bullet material)

1006 carbon steel is steel containing mainly
carbon as the alloying element. It contains about 0.4%
silicon and 1.2% manganese. Chromium, nickel,
aluminum, copper and molybdenum are also present
in small quantities in carbon steel. The features of
AISI 1006 carbon steel are mainly softness and
ductility. 1006 carbon steel was adopted for the bullet
model of the assault rifle. The material density is
7.896 g/cm®. The following parameters were set for
the material state: the equation — shock; the Gruneisen
coefficient — 2.17; the parameter C1 —4.569x10° m/s;
the parameter S1 — 1.49; the reference temperature —
300 K; the specific heat — 451.999969 J/(kgxK). The
strength characteristics of material were set by the
following parameters: the type of the strength model
— Johnson-Cook; the shear modulus — 8.180001x107
kPa; yield stress — 3.5x10° kPa; the hardening constant
— 2.75x10° kPa; the hardening exponent — 0.36; the
strain rate constant — 0.022; the thermal softening
exponent — 1.0; the melting temperature — 1.811x10°
K; the reference strain rate (/s) — 1.0; the strain rate
correction — 1% order.

2.3. The properties of Kevlar/epoxy composite
(the first material of the target)

Kevlar is the heat-resistant and strong synthetic
fiber, related to other aramids [8]. In unidirectional
Kevlar/epoxy composite, the modular ratio is 20 and
epoxy occupies 60% of the volume. This material was
adopted for the target No. 1. The material density is
1.65 g/cm?. The following parameters were set for the
material state: the equation — orthotropic; stiffness —
the stiffness matrix; C11 — 3.425001x10° kPa; C22 —
1.35x107 kPa; C33 — 1.35x107 kPa; C12 — 1.14x10°
kPa; C23 — 1.2x10% kPa; C31 — 1.14x10° kPa; the
shear modulus 12 — 1.0x10°¢ kPa; the shear modulus
23 — 1.0x108 kPa; the shear modulus 31 — 1.0x108
kPa; the material axes — the X-Y-Z space; the Z-
coordinate for the direction 11 (XYZ) — 1 mm; the
volumetric response — polynomial; the bulk modulus
Al — 4.153889x10° kPa; the parameter A2 —
4.000001x10" kPa; the parameter T1 — 4.153889x10°
kPa; the reference temperature — 300 K; the specific
heat — 1.42x10° J/(kgxK). The strength characteristics
of material were set by the following parameters: the
type of the strength model — elastic; the shear modulus
— 1.0x10° kPa. The process of material failure during
deformation was carried out according to the
following specified parameters: the type of the failure
model — material stress/strain; tensile failure stress 11
— 1.0x10% kPa; tensile failure stress 22 — 1.0x10%°
kPa; tensile failure stress 33 — 1.0x10%° kPa;
maximum shear stress 12 — 1.0x10%° kPa; maximum
shear stress 23 — 1.01x10% kPa; maximum shear stress

31 — 1.01x10% kPa; tensile failure strain 11 — 0.01;
tensile failure strain 22 —0.08; tensile failure strain 33
— 0.08; maximum shear strain 12 — 1.0x10%;
maximum shear strain 23 — 1.01x10%; maximum
shear strain 31 — 1.01x10%°; the material axes option —
the 1JK space; the post failure option — orthotropic; the
residual shear stiffness fraction — 0.2; maximum
residual shear stress — 1.0x10%° kPa; the
decomposition temperature — 700 K; the matrix melt
temperature — 1.01x10% K; failed in 11, the failure
mode — 11 only; failed in 22, the failure mode — 22
only; failed in 33, the failure mode — 33 only; failed in
12, the failure mode — 12 & 11 only; failed in 23, the
failure mode — 23 & 11 only; failed in 31, the failure
mode — 31 & 11 only; the melt matrix failure mode —
bulk.

2.4. The properties of 140 MPa compressive
strength concrete (the second material of the
target)

Concrete is composite material composed of fine
and coarse aggregate bonded together with fluid
cement (the cement paste) that hardens (cures) over
time [9]. Concrete is high-strength (it has compressive
strength greater than 40 MPa). This material was
adopted for the target No. 2. The material density is
2.75 glcm®. The following parameters were set for the
material state: the equation — P alpha; the porous
density — 2.52 g/cm?; the porous sound speed —
3.242x10° m/s; initial compaction pressure —9.33x10%
kPa; solid compaction pressure — 6.0x108 kPa; the
compaction exponent — 3.0; the solid EOS -
polynomial; the bulk modulus Al — 3.527x10" kPa;
the parameter A2 — 3.958x107 kPa; the parameter A3
— 9.04x10° kPa; the parameter BO — 1.22; the
parameter B1 — 1.22; the parameter T1 — 3.527x107
kPa; the reference temperature — 300 K; the specific
heat — 653.999939 J/(kgxK); the compaction curve —
standard. The strength characteristics of material were
set by the following parameters: the type of the
strength model — RHT concrete; the shear modulus —
2.206x107 kPa; compressive strength (fc) — 1.4x10°
kPa; tensile strength (ft/fc) — 0.1; shear strength (fs/fc)
— 0.18; the intact failure surface constant A — 1.6; the
intact failure surface exponent N — 0.61; the
tens./comp. meridian ratio (Q) — 0.6805; brittle to
ductile transition — 0.0105; G (elas.)/(elas.-plas.) —
2.0; elastic strength/ft — 0.7; elastic strength/fc — 0.53,;
the fractured strength constant B — 1.6; the fractured
strength exponent M — 0.61; the compressive strain
rate exp. alpha — 0.00909; the tensile strain rate exp.
delta — 0.0125; the maximum fracture strength ratio —
1.0x10%%; use CAP on the elastic surface — yes. The
process of material failure during deformation was
carried out according to the following specified
parameters: the type of the failure model — RHT
concrete; the damage constant, D1 — 0.04; the damage
constant, D2 — 1.0; minimum strain to failure — 0.01;
the residual shear modulus fraction — 0.13; tensile
failure — hydro (Pmin). Material was given the
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numerical mechanism to automatically removing the
elements during the simulation: the type of the erosion
model — geometric strain; erosion strain — 2.0; the type
of geometric strain — instantaneous.

2.5. The properties of 304 stainless steel (the
third material of the target)

SAE 304 stainless steel is the most common
stainless steel [10]. Steel contains both chromium
(between 18% and 20%) and nickel (between 8% and
10.5%) metals as main non-iron constituents. It is
austenitic stainless steel. This material was adopted
for the target No. 3. The material density is 7.9 g/cm?®,
The following parameters were set for the material
state: the equation — shock; the Gruneisen coefficient
— 1.93; the parameter C1 — 4.57x10° m/s; the
parameter S1 — 1.49; the reference temperature — 300
K; the specific heat — 422.999939 J/(kgxK). The
strength characteristics of material were set by the
following parameters: the type of the strength model
— Steinberg-Guinan; the shear modulus —7.7x10" kPa;
yield stress — 3.4x10° kPa; maximum vyield stress —
2.5x10% kPa; the hardening constant — 43; the
hardening exponent — 0.35; the derivative dG/dP —
1.74; the derivative dG/dT — -3.504x10* kPa/K; the
derivative dY/dP — 0.007684; the melting temperature
—~2.38x10° K.

2.6. The properties of 2024 aluminum alloy
(the fourth material of the target)

2024 aluminum alloy is aluminum alloy, with
copper as the primary alloying element [11]. It is used
in applications requiring high strength to the weight
ratio, as well as good fatigue resistance. This material
was adopted for the target No. 4. The material density
is 2.785 g/cm?. The following parameters were set for
the material state: the equation — shock; the Gruneisen
coefficient — 2.0; the parameter C1 — 5.328x10° m/s;
the parameter S1 — 1.338.

2.7. The properties of float glass (the fifth
material of the target)

Float glass is the sheet of glass made by floating
molten glass on the bed of molten metal, typically tin,
although lead and other various low-melting-point
alloys [12]. This method gives the sheet uniform
thickness and very flat surfaces. This material was
adopted for the target No. 5. The material density is
2.53 g/cm?®. The following parameters were set for the
material state: the equation — polynomial; the bulk
modulus Al — 4.54x107 kPa; the parameter A2 — -
1.38x10% kPa; the parameter A3 — 2.9x10® kPa; the
parameter T1 — 4.54x10” kPa. The strength
characteristics of material were set by the following
parameters: the type of the strength model — Johnson-
Holmquist; the shear modulus — 3.04x107 kPa; the
model type — continuous (JH2); the Hugoniot elastic
limit — 5.95x108 kPa; the intact strength constant A —
0.93; the intact strength exponent N — 0.77; the strain

rate constant C —0.003; the fractured strength constant
B — 0.35; the fractured strength exponent M — 0.4; the
maximum fracture strength ratio — 0.5. The process of
material failure during deformation was carried out
according to the following specified parameters: the
type of the failure model — Johnson-Holmquist; the
hydro tensile limit — -3.5x10* kPa; the model type —
continuous (JH2); the damage constant, D1 — 0.053;
the damage constant, D2 — 0.85; the bulking constant,
beta — 1.0; the damage type — gradual (JH2); tensile
failure — hydro (Pmin).

2.8. The properties of Ti-6Al-4V titanium
alloy (the sixth material of the target)

Ti-6Al-4V is alpha-beta titanium alloy with high
specific strength and excellent corrosion resistance. It
is one of the most commonly used titanium alloys and
is applied in the wide range of applications where the
low density and excellent corrosion resistance are
necessary such as e.g. aerospace industry and
biomechanical applications. This material was
adopted for the target No. 6. The material density is
4.45 g/lcm®. The following parameters were set for the
material state: the equation — puff; the parameter A1 —
9.940001x107 kPa; the parameter A2 — 1.244x108
kPa; the parameter A3 —4.847x107 kPa; the Gruneisen
coefficient — 1.0; the expansion coefficient — 0.67; the
sublimation energy — 2.71x10° J/kg; the reference
temperature — 300 K; the specific heat — 525 J/(kgxK).
The strength characteristics of material were set by the
following parameters: the type of the strength model
— von Mises; the shear modulus — 5.5x107 kPa; yield
stress — 1.5x10% kPa. The process of material failure
during deformation was carried out according to the
following specified parameters: the type of the failure
model — hydro (Pmin); the hydro tensile limit — -
3.0x10° kPa; the reheal — yes; stochastic failure — yes;
the stochastic variance (gamma) — 16; the minimum
fail fraction — 0.1; the distribution type — the fixed
seed.

3. Results and discussion

The dynamics process of the bullet penetration
of the assault rifle into the target made of
Kevlar/epoxy composite is presented in the Fig. 3. The
target model was presented in the form of the finite
elements inscribed into the dimensional rectangle.
This allowed us to obtain the complete pattern of
deformation of the target material during the bullet
penetration. The results were recorded every 1200
cycles (0.002633 ms) of calculating the dynamics
process of flight (movement) and penetration of the
bullet into the target.

The penetration process is accompanied by
crumpling the bullet (reducing the length and
increasing the cross-section) and the formation of the
blind hole in the target.
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Figure 3 — The dynamics process of the bullet penetration of the assault rifle into the target made of
Kevlar/epoxy composite.

It is determined that at the maximum bullet
penetration (the bullet length is 14 mm), the target is
bent on the reverse side. The target material in the
contact zone with the bullet is significantly deformed
(the maximum stretched and compressed finite
elements of the target model). The images and the
values of the bullet penetration into the targets made

of various materials are presented in the Fig. 4 and in
the table 1. The bullet is deformed in the same way
during penetration into the targets made of stainless
steel and thermopolished glass. The density of
thermopolished glass is three times less than that of
stainless steel. Maximum deformation of the bullet
occurs during penetration into the target made of
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titanium alloy. In accordance with the scales plotted
on two coordinate axes, the maximum values of the
bullet penetration into the targets were determined.
Shooting at the target made of titanium alloy is
characterized by the minimum depth of the bullet

penetration, equal to 2 mm. Similar shooting at the
target made of aluminum alloy is characterized by the
maximum depth of the bullet penetration, equal to 15
mm.
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Figure 4 — The penetration depth of the steel bullet into the targets made of Kevlar/epoxy composite (A), 140
MPa compressive strength concrete (B), 304 stainless steel (C), 2024 aluminum alloy (D), float glass (E), and
Ti-6Al-4V titanium alloy (F).

Table 1. The values of the maximum depth of the bullet penetration into the targets, in mm.

. Kevlar/epoxy | 140 MPa compressive 304 stainless 2024 aluminum Float Ti-6Al-4V
Target material . L
composite strength concrete steel alloy glass titanium alloy
Maximum depth of 8.0 4.7 31 15.0 45 2.0
bullet penetration, mm

The state of the steel bullet and the targets made
of various materials is presented in the Fig. 5. The
velocity vectors of material displacement of the bullet
and the targets made of various materials are
presented in the Fig. 6. The contours of effective strain
of the steel bullet and the targets made of various

materials are presented in the Fig. 7. The contours of
compression of the steel bullet and the targets made of
various materials are presented in the Fig. 8. The
contours of pressure in the steel bullet and the targets
made of various materials are presented in the Fig. 9.

Philadelphia, USA

586

2 Clarivate

Ana lytics indexed



ISRA (India)  =6.317  SIS(USA)  =0.912 ICV (Poland) =6.630
. ISI (Dubai, UAE) = 1.582  PHMHII (Russia) = 0.126  PIF (India) =1.940
Impact Factor:  gi¢ (australiay =0564  ESJI(Kz)  =9.035  IBI (India) = 4.260
JIF =1500  SJIF (Morocco) = 7.184  OAJI (USA)  =0.350
Material Status Material Status
Woid Void
Hydro Hydro
Elastic Elastic
Plastic Plastic
Bulk Fail Bulk Fail
Failed 11
Failed 22
kevlar conc140mpa
Cycle 9025 Cycle 6023
Time 2.374E-002 ms Time 1.374E-002 ms
Units mm, mg, ms Units mm, mg, ms
A Axial symmetry B Axial symmetry
Material Status Material Status
Woid Void
Hydro Hydro
Elastic Elastic
Plastic Plastic
55304 al-2024
Cycle 7365 Cycle 7090
Time 1.387E-002 ms Time 2. 636E-002 ms

Units mm, mg, ms
C Axial symmetry

Material Status
Void
Hydro
Elastic
Plastic

Bulk Fail

float-glass-b

Cycle 8033

Time 1.744E-002 ms

Units mm, mg, ms
E Auxial symmetry

Units mm, mg, ms
D Axial symmetry

Material Status
Void
Hydro
Elastic

Plastic

tifgal-4v)

Cycle 2277

Time 1.778E-002 ms

Units mm, mg, ms
F Auxial symmetry

Figure 5 — The state of the steel bullet and the targets made of Kevlar/epoxy composite (A), 140 MPa
compressive strength concrete (B), 304 stainless steel (C), 2024 aluminum alloy (D), float glass (E), and Ti-
6Al-4V titanium alloy (F) after the simulation.
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Figure 6 — The velocity vectors of material displacement of the bullet and the targets made of Kevlar/epoxy
composite (A), 140 MPa compressive strength concrete (B), 304 stainless steel (C), 2024 aluminum alloy (D),
float glass (E), and Ti-6Al-4V titanium alloy (F) after the simulation.
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Figure 7 — The contours of effective strain of the steel bullet and the targets made of Kevlar/epoxy composite
(A), 140 MPa compressive strength concrete (B), 304 stainless steel (C), 2024 aluminum alloy (D), float glass
(E), and Ti-6Al-4V titanium alloy (F) after the simulation.

Philadelphia, USA s 0 Clarivate
Analytics indexed



ISRA (Indiay  =6317  SIS(USA)  =0912 ICV (Poland)  =6.630
. ISl (Dubai, UAE) =1.582  PHHII (Russia) =0.126  PIF (India) =1.940

Impact Factor: g\ australia) =0564 ESJI(KZ)  =9035  IBI (India) = 4.260
JIF =1500 SJIF (Morocco)=7.184  OAJI (USA) = 0.350

COMPRESS. [All]
1.722:01

1.226e-01
7.310e-02
2.357e-02
-2.596e-02
-7.549e-02
-1.250e-01
-1.746e-01
-2.241e-01
-2.736e-01
3.231e01
-3.727e-01
-4.222e-01
-4.717e-01
5.213e-01
-5.708e-01

keviar

Cycle 9025

Time 2.374E-002 ms

Units mm, mg, ms
A Axial symmetry

COMPRESS. [All]
7.713e03

4.163e-04

-6.879e-03
-1.417e-02
-2.147e-02
-2.877e-02
-3606e-02
-4,336e-02
-5.065e-02
-5.795e-02
-6.524e-02
-7.254e-02
-7.984e-02
-8.713e-02

-9.443e-02

-1.017e-01
55304

Cycle 7365

Time 1.387E-002 ms

Units mm, mg, ms
C Axial symmetry

COMPRESS. [All]
4.009e-02

2.937e-02
1.866e-02
7.939e-03
-2.778e-03
-1.350e-02
-2.421e-02
-3.493e-02
-4.565e-02
-5.636e-02
-6.708e-02
-7.780e-02
-8.852e-02
-9.923e-02
-1.099e-01

-1.207e-01
float-glass-b
Cycle B033
Time 1.744E-002 ms
Units mm, mg, ms
E Axial symmetry

COMPRESS. [All
2.146e-02

1.733e-02

1.320e-02
9,067¢-03
4.936e-03
8.042e-04
-3.327e-03
-7.459e-03
-1.159e-02
-1.572e-02
-1.9850-02
-2.399e-02
281202
-3.225e-02
-3.638e-02

-4.051e-02
conc140mpa

Cycle B023

Time 1.374E-002 ms
Units mm, mg, ms
Auxial symmetry

COMPRESS. [All]
4.104e-03

8.747e-04

-2,355e-03
-5.584e-03
-8.813e-03
-1.204e-02
-1.527e-02
-1.850e-02
-2.173e-02
-2.496e-02
-2.819e-02
-3.142e-02
-3.465e-02
-3.788e-02
-4.111e-02

-4.434e-02
al-2024

Cycle 7090

Time 2 636E-002 ms
Units mm, mg, ms
Auxial symmetry

COMPRESS. [All]
1.686e-02

1.503e02

1.118e-02

7.358e-03

3.522e03

-3.126e-04
-4.148e-03
-7.983e-03
-1.1682e-02
-1.565e-02
-1.949e-02
-2.332e-02
-2.716e-02
-3.099e-02
-3.483e-02

-3.866e-02
ti{Bal-4v)

Cycle 2277

Time 1.778E-002 ms
Units mm, mg, ms
Axial symmetry

po

R 4

Figure 8 — The contours of compression of the steel bullet and the targets made of Kevlar/epoxy composite
(A), 140 MPa compressive strength concrete (B), 304 stainless steel (C), 2024 aluminum alloy (D), float glass
(E), and Ti-6Al-4V titanium alloy (F) after the simulation.
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Figure 9 — The contours of pressure in the steel bullet and the targets made of Kevlar/epoxy composite (A),
140 MPa compressive strength concrete (B), 304 stainless steel (C), 2024 aluminum alloy (D), float glass (E),
and Ti-6Al-4V titanium alloy (F) after the simulation.
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The state of the bullet and the targets after the
dynamic impact was calculated from the properties of
materials. In all cases, the bullet material is subjected
to plastic (changing the shape) and elastic (without
changing the shape) deformations. The targets made
of metallic alloys are also subjected to elastic and
plastic  deformations. For example, plastic
deformations in titanium alloy after the bullet
penetration are only 5%, and elastic deformations in
stainless steel are about 40%. Thus, damage of the
steel target is 12 times greater than that of the titanium
target. The information about the state of the target
made of aluminum alloy is not available due to the
adopted properties of the model from the standard
library of materials of the ANSYS Autodyn 14.5
program. The volume of destroyed material (about
8%) is formed in the contact zone of the bullet with
Kevlar. There is no plastic deformation, but there are
the failed volumes of material defined by two
coordinate axes. The target will not change its original
dimensions and the geometric shape due to elastic
deformations after removing the dynamic load. High-
strength concrete is characterized by the volume
destruction in the impact zone of the dynamic
concentrated load. The remaining volume of concrete
is subjected to elastic and plastic deformations. Due to
the protective layer of thermopolished glass, the bullet
penetrates into the target to the depth equal to 72 of the
bullet length. However, this leads to extensive
destruction of material (at least 50% of the volume). It
is possible to the target destruction, since this
deformation is determined over the entire cross-
section of the model. Elastic and plastic deformations
of material are also observed. Elastic deformations
prevail.

The velocity vectors determine the value and the
direction of materials displacement during the bullet
penetration. The displacement velocity of the target
made of titanium alloy is uniform throughout the
entire volume. The maximum displacement velocity is
calculated for the target made of Kevlar. In this case,
the displacement velocity of material in the contact
zone with the bullet is less than the displacement
velocity of material from the reverse convex side of
the target. The uniform displacement velocity of the
local volumes of the targets is observed for other
materials.
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