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Abstract:

Introduction/purpose: In recent times, with the tendency to develop new
types of armor-piercing ammunition, constant investments in the
development of new types of armored obstacles is necessary. Obstacles
made of high-alloy steel plates are still the best form of protection against
larger caliber ammunition. There are a number of factors to consider when
selecting an alloy, including the weight, dimensions, intended use, desired
ballistic performance, and costs. According to that, a numerical analysis of
penetration of a 30mm armor-piercing fin-stabilized discarding sabot
projectile into the steel alloy Weldox 460 plates of different thicknesses at a
distance of 1000m with a velocity of 1300m/s is presented in this paper.

Methods: The stresses and deformations of the penetration effect were
calculated through numerical analysis and finite element modeling. To
specify material characteristics, the Johnson-Cook material model and the
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fracture of materials model have been utilized. In order to define models
and carry out numerical calculations, the software packages FEMAP and
LS Dyna have been used in this paper.

Results: For a numerical analysis of the penetration process of this
projectile type against armor obstacle, four different armor plate thicknesses
are calculated: 20mm, 50mm, 100mm, and 110mm. For each of them, the
results are shown in a form of stress and displacement, so that the
interaction phenomena between the sub-projectile and the armor plate can
be described.

Conclusion: Modeling the impact on armor-piercing obstacles is extremely
difficult, time-consuming, and complex, and the resulting models very
successfully (or with some deviation) approximate the real problem of
projectile penetration. One of the most effective methods for solving
problems of this kind and others of a similar nature in recent times is the
finite element method analysis. The material and the target dimensions, as
well as the ballistic parameters and the material of the projectile have the
biggest influence on projectile penetration. The target's resistance to
penetration increases when all input parameters are maintained at the
same level and its thickness is increased, and vice versa.

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

Introduction

Armor-piercing ammunition is designed to penetrate high-strength
obstacles. In modern times, in addition to improving the geometric and
ballistic characteristics of the projectile body, high efforts are invested in
the development of new types of ammunition and new types of materials.

The projectile shape has the biggest influence on velocity and by
optimizing its geometry, it is possible to decrease aerodynamic drag and
to keep a high level of projectile velocity until it reaches the target.

One of the most effective types of large-caliber armor-piercing
ammunition is sub-caliber ammunition which is mostly used for tank
cannons. Recently, there has been a development of this type of
ammunition for medium caliber cannons, e.g., 30mm.

This type of ammunition is made of tungsten heavy metal alloy
(WHA). Due to the specific characteristics of the heavy metal alloy, during
the process of penetration into the armor, certain phenomena occur, not
characteristic of the classic armor-piercing ammunition, which will be
discussed in more detail later. The high-density tungsten alloy increases
weight of sub-projectile more than 2.2 times compared to steel and this
increases the total kinetic energy of the moving projectile.
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The mechanical properties of tungsten heavy metal alloy are
adjustable via changes to the composition, sintering cycle, or post-
sintering treatment. Increased strength, with a loss of ductility, comes with
post-sintering deformation and aging treatments (German, 2022).

According to all mentioned, a numerical simulation of the penetration
process of a 30mm caliber armor-piercing fin-stabilized discarding sabot
projectile with a heavy metal alloy core into plates of various thicknesses
made of Weldox 460 alloy is performed in this paper. The sub-projectile
simplified drawing used in this analysis is shown in Figure 1.
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Figure 1 — 30mm sub-projectile, drawing

The armor-piercing fin-stabilized discarding sabot (APFSDS)
projectile is made of several subparts: core, fins, carrier, plastic cap, and
driving band. If it has a tracer implemented, it is labelled APFSDS-T.

Due to the specificity of the sub-caliber design compared to other
types of projectiles, it should be emphasized that the effect on the target
is achieved only by the core made of heavy metal and a negligibly small
part of the fins whose role is to ensure the stability of the core on the
trajectory from the muzzle to the drop point. The other parts (carrier, plastic
cap and driving band) have the function of guiding the projectile in the
barrel, and after that they are separated from the rest. This is ensured by
the construction. In Figure 2, a projectile with a cartridge case is shown in
the cross section view and it represent one design solution of this special
ammunition type (Sturgeon's House, 2018).

The sub-projectile body is made of two materials:

- Heavy metal alloy Wi-Ni-Fe — core, and

- Aluminium alloy ASTM 7075-T6 — fins.

For the analysis of the penetration effect, the plate made of armor
steel Weldox 460 is used. A 3D model of the sub-projectile design used in
analysis is shown in Figure 3.
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Figure 3 — 30mm sub-projectile, APFSDS, 3D model

The projectile ballistic characteristics are presented in Table 1.

Table 1 — Ballistic characteristics of the 30mm projectile

Caliber dxl 30x173 mm
Projectile weight m 0.23 kg
Sub-projectile weight m 0.15 kg
Sub-projectile muzzle velocity Vo 1430 m/s
Sub-projectile velocity at a distance of 1000 m V1000 1300 m/s

Material characteristics

The penetration represents one of the typical examples of explicit
nonlinear analysis, which is characterized by large deformations,
deformation rates, as well as material failure.

In order to define the material properties of a high-strength steel target
and a heavy metal alloy sub-projectile, it is necessary to define an
appropriate material model that will describe the properties and the
behavior of the material.

Pantovi¢ et al (2023) analyzed the penetration ability of a 30mm
armor-piercing projectile and defined Johnson-Cook’s constitutive material
model (Wang & Shi, 2013; Liu et al, 2012) for metals characterized by high
stresses, high strain rates and high temperatures. Each of the phenomena
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(strain hardening, strain hardening rate and thermal softening) is
represented by an independent factor. To determine the pressure in solids
exposed to high pressure for a short period of time, the Mie-Griineisen
equation of state is defined which represents the relationship between
pressure and volume of a solid at a given temperature (Heuzé, 2012;
Wilkins, 1999).

Table 2 defines the Johnson-Cook parameters for various materials
used in the numerical simulation of a 30mm APFSDS projectile
penetration, and Table 3 provides the temperature parameters. The
damage parameters for the same materials are defined in Table 4. These
parameters are defining the Johnson-Cook material model used in
numerical simulations (Sun et al, 2021; Flores-Johnson et al, 2014;
Rezasefat et al, 2018).

Table 2 — Johnson-Cook parameters for different materials

Material A [MPa] B [MPa] n C m
Wi-Ni-Fe alloy 1506 177 0.12 0.016 1.0
ASTM 7075-T6 520 477 0.52 0.001 1.0
Weldox 460 490 807 0.73 0.0114 0.94

Table 3 — Thermal characteristics for different materials

Material Tmelt [K] cp [J/kgK]
Wi-Ni-Fe alloy 1723 250
ASTM 7075-T6 893 910
Weldox 460 1800 452

Table 4 — Damage parameters for different materials

Material D1 D2 D3 Da Ds
Wi-Ni-Fe alloy 0 0.33 -15 0 0
ASTM 7075-T6 0.096 0.049 -3.465 0.016 1.1
Weldox 460 0.0705 1.732 -0.54 -0.015 0

213

Pantovi¢, P., et al, Numerical analysis of the penetration process of a 30mm armor-piercing fin-stabilized discarding sabot projectile, pp.209-240



ﬁ VOJNOTEHNICKI GLASNIK / MILITARY TECHNICAL COURIER, 2024, Vol. 72, Issue 1

Table 5 defines the parameters of the equation of state for different
materials used in the numerical simulation.

Table 5 — Equation of the state parameters for different materials

Material Co [mm/s] S Iy

Wi-Ni-Fe alloy 4.029-10° 1.237 1.54
ASTM 7075-T6 5.452-108 1.259 2.14
Weldox 460 3.574-10°8 1.920 1.69

Finite element modeling

For the purpose of defining the geometry of the projectile and plate,
due to the existence of two symmetry planes, a quarter model is created
using the finite element method. By simplifying the model, it is possible to
save time and obtain calculation results many times faster. In order to
obtain more accurate calculation results, the projectile and the plate model
are created using a 3D element hexa.

The sub-projectile and plate models are shown in Figures 4, 5 and 6.
The sub-projectile geometry is modeled using 162000 nodes and 122000
elements, while the 10mm thick plate is modeled using 108000 nodes and
96000 elements. The average size of the elements is 0.5mm.

Figure 4 — FEM model of the sub-projectile and the plate, isometry
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Figure 5 — FEM model of the sub-projectile and the plate, side view

Figure 6 — FEM model of the sub-projectile elements

Results and discussion

The chapter on the results presents the numerical simulation output
results for different cases. As it is mentioned, four different plate
thicknesses are analysed: 10mm, 50mm, 100mm, and 110mm.

The 30mm APFSDS projectile muzzle velocity is 1430m/s, but due to
the aerodynamic resistance that occurs during the projectile motion until it
reaches the target, it loses some amount of its kinetic energy. At a distance
of 1000m from the barrel muzzle, the sub-projectile has a velocity of
1300m/s and that is the value which is used as an impact velocity in the
performed numerical simulations.

It is determined that the penetration ability of the projectile decreases
with the increase of the target plate thickness, and vice versa.
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Case 1 — 10mm thick plate

The Von Misses equivalent stress and penetration effect of the armor
plate Weldox 460 with thickness of 10mm are shown in Figures 7-12.

Penetration APFSDS 30mm - Weldox 460, e=10mm, V=1300m/s

Effective Stress (v-m)

Contours of Effective Stress (v-m) 5.722¢-06

min=0, at elem# 128724

max=5.72205¢-06, at elem# 278189 5:150e-08
4.578¢-06 _|

4.0058-06 _
3.433e-06 _
2.861e-06
2.289¢-06 ]
P
1.144e-06
5.722e-07
0.000e+00_|

Figure 7 — Von Misses equivalent stress, step 1 — case 1

Penetration APFSDS 30mm - Weldox 460, e=10mm, V=1300m/s
Effective Stress (v-m)

Contours of Effective Stress (v-m) 21340403

min=0.00322005, at elem# 206968

max=2133.89, at elemi 257557 10218403
1.707e+03 |

1.494e403 _
1.280e+03 _
1.067e+03
8.536e+02 :I
6.402e+02
4.268e+02
2.134e402
3220003 |

Figure 8 — Von Misses equivalent stress, step 2 — case 1
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Penetration APFSDS 30mm - Weldox 460, e=10mm, V=1300m/s

Contours of Effective Stress (v-m)
min=0.28245, at elem# 307134
max=2115.69, at elem# 274255

A

Figure 9 — Von Misses equivalent stress, step 3 — case 1

Penetration APFSDS 30mm - Weldox 460, e=10mm, V=1300m/s

Contours of Effective Stress (v-m)
min=4.92898, at elem# 372009
max=2097.52, at elem# 235334

Figure 10 — Von Misses equivalent stress, step 4 — case 1

Effective Stress (v-m)
2.116e+03
1.904e+03
1.693e+03 _§
14816403 _
1.270e+03
1.058e+03
8.464e402
6.340e+02
4.234e+02
2.118e+02
2.825e-01

Effective Stress (v-m)
2.008¢+03
1.888e+03
1.679e+03 _|
1.470e403 _
1.260e+03
1.051e+03
8.420e+02
6.327e+02
4.234e+02
2.142e402
4.920e+00 |
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Penetration APFSDS 30mm - Weldox 460, e=10mm, V=1300m/s Z ] Effective Stress (v-m)
Contours of Effective Stress (v-m) : % 2.046e+03
:::32'33;?7"6;(3;"&42?;52 5 E 1.842e+03
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Figure 11 — Von Misses equivalent stress, step 5 — case 1

Penetration APFSDS 30mm - Weldox 460, e=10mm, V=1300m/s
Effective Stress (v-m)

Contours of Effective Stress (v-m) 19880403

s 1983.15,t sl 273609 1.mem]
1.502e+03 _|
1.394e403 _
1.106e+03 _|
9.984e402
8.005e+02_|

6.025e+02

4.046e+02
b 2066402
8.686e+00_|

.

Figure 12 — Von Misses equivalent stress, step 6 — case 1

As the presented results show, the sub-projectile has enough kinetic
energy to achieve the full penetration effect into the 20mm thick plate. The
core of the projectile retains its structure, while the main part of the fins is
welded to the structure of the plate and the cylindrical part of the fins
fragments behind the plate due to stress relief.
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The sub-projectile velocity is shown in Figure 13 and it represents the
velocity value from the moment of leaving the barrel, until the moment it
penetrates through the target plate. As it can be seen, the sub-projectile
velocity after penetration is still high and has the value of 1280m/s.

Penetration APFSDS 30mm - Weldox 460, e=10mm, V=1300m/s
T T

Subprojectile Z-velocity [mm/s] (E+6)

|
T
0.02 0.04 0.06 0.08 01 012 0.14

Time [s] (E-03)

Figure 13 — Projectile velocity as a function of time — case 1

The plate displacement is shown in Figure 14. The first movement of
target plate occurs after 0.1ms, and the maximum displacement is 0.3mm.

Penetration APFSDS 30mm - Weldox 460, e=10mm, V=1300m/s
0.35 T T T T T

Plate displacement [mm]

Time [s] (E-03)

Figure 14 — Plate displacement in function of time — case 1
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Case 2 — 50mm thick plate

The Von Misses equivalent stress and the penetration effect of the
armor plate Weldox 460 with a thickness of 50mm are shown in Figures
15-20.

Penetration APFSDS 30mm - Weldox 480, e=50mm, V=1300m/s
Effective Stress (v-m]

Contours of Effective Stress (v-m} 5722606

min=0, at elem# 128724 5450806

max=5.72205¢-06, at elem# 278189 <1908
4.578e-06 _f
4.005¢-06 _

3.433e-06
2.861e-06
2.289¢-06 ]
1.717e-06
1.144e-06
572207
0.000e+00

Figure 15 — Von Misses equivalent stress, step 1 — case 2

Penetration APFSDS 30mm - Weldox 460, e=50mm, V=1300m/s

Effective Stress (v-m)

Contours of Effective Stress (v-m) 2113403

min=0.00759217, at elem# 286639

max=2113.19, at elem# 266026 "9"29‘03:'
1.691e+03

1.479e+03 _
1.268e+03
1.057e+03
8.453e402
6.340e+02_{
4.226e+02
2113402
7.592¢-03 |

;
L !

Figure 16 — Von Misses equivalent stress, step 2 — case 2
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Penetration APFSDS 30mm - Weldox 460, e=50mm, V=1300m/s g
Effective Stress (v-m)

Contours of Effective Stress (v-m) 2.115e+03

min=2.45157, at elem 823383

max=2114.81, at elem# 237624 19040103
1.692e+03 _|

14816403 _
1.270e+03
1.059e+03
8.474e+02
6.362e+02
4.249e+02
2137402
2.452e+00 _|

Figure 17 — Von Misses equivalent stress, step 3 — case 2

Penetration APFSDS 30mm - Weldox 460, e=50mm, V=1300m/s e
ective Stress (v-m)

Contours of Effective Stress (v-m) 2.102e403
min=5.31308, at elem# 770479 S
max=2101.57, at elem# 225791 St
1.682¢+03 |
1.473e+03 _
1.263e+03
1.053e+03
8.438e+02
6.342e+02
4.246e+02
2.149e402
5.314e+00 |

Figure 18 — Von Misses equivalent stress, step 4 — case 2
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Penetration APFSDS 30mm - Weldox 460, e=50mm, V=1300m/s Effective Stress (v-m)

Contours of Effective Stress (v-m) e i #h 20392403
min=5.62179, at elem# 779129 F Y 1.836e+03
max=2038.97, at elem# 225658 XU VR
% 1.632e+03
} 1.420e+03 _
o 1.226e+03
5 ; 1.022e+03
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6.156e+02
4.123e+02
2.090e+02
5.622¢+00 |

Figure 19 — Von Misses equivalent stress, step 5 — case 2

Penetration APFSDS 30mm - Weldox 460, e=50mm, V=1300m/s Effective Stress (v-m)

Contours of Effective Stress (v-m) 1.976e+03

min=5.70028, at elem# 537856

max=1975.52, at elem# 188822 1.779e+03
1.582e+03 |

1.385e+03 _
1.188e+03
9.906e+02
7.936e+02
5.966e+02
3.997e+02
2.027e+02
5.700e+00 |

-

Figure 20 — Von Misses equivalent stress, step 6 — case 2

As the results show, the sub-projectile still has sufficient kinetic
energy to achieve a full penetration effect in the plate of a thickness of
50mm. It is interesting to mention that compared to the standard armor-
piercing (AP) ammunition type, the APFSDS projectile has a different
penetration effect. This effect will be described in more detail later in the
paper. Figure 21 shows the sub-projectile velocity which is still on high
level after penetrating 50mm of steel and it has a value of 1210m/s.
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Subprojectile Z-velocity [mm/s] (E+6)

Penetration APFSDS 30mm - Weldox 460, e=50mm, V=1300m/s
1.32

1.28

1.24

0.05 0.1

Time [s] (E-03)

Figure 21 — Projectile velocity as a function of time — case 2

The plate displacement is shown in Figure 22. The maximum plate
displacement is low, 0.06mm. It is lower than in case 1 because the plate
thickness in the case 2 is much higher.

Plate displacement [mm]

Penetration APFSDS 30mm - Weldox 460, e=50mm, V=1300m/s
0.06

/A

|
0.05 0.1 0.15

Time [s] (E-03)

0.2 0.25 03

Figure 22 — Plate displacement as a function of time — case 2
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Case 3 — 100mm thick plate

The Von Misses equivalent stress and the penetration effect of the
armor plate Weldox 460 with a thickness of 200mm are shown in Figures
23-28.

Penetration APFSDS 30mm - Weldox 460, e=100mm, V=1300m/s

Effective Stress (v-m)
Contours of Effective Stress (v-m}
min=0, at elem# 128724
max=5.72205¢-06, at elem# 278189

5.722e-06
5.1508-06
4.578e-06 _f
4.005¢-06 _
343306
2.861e-06
2.289e-06
1.717e-06

1.144e-06
5722e-07
0.000e+00

Figure 23 — Von Misses equivalent stress, step 1 — case 3

Penetration APFSDS 30mm - Weldox 460, e=100mm, V=1300m/s
Effective Stress (v-m)

Contours of Effective Stress (v-m) 21176403

Min=0.203933, at elem# 570023

max=2117.39, at elemi 267496 10068403
1.604e+03 |

1.482e403 _
1.271e+03
1.059e+03
8.471e+02
6.3548+02
4.237e+02
2.120e+02
2.030e-01 |

Figure 24 — Von Misses equivalent stress, step 2 — case 3
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Penetration APFSDS 30mm - Weldox 460, e=100mm, V=1300m/s

Contours of Effective Stress (v-m)
min=2.19249, at elem# 1155964
max=2110.23, at elem# 155244

Figure 25 — Von Misses equivalent stress, step 3 — case 3

Penetration APFSDS 30mm - Weldox 460, e=100mm, V=1300m/s
Contours of Effective Stress (v-m)

min=5.1382, at elem# 767925
max=2085.19, at elem# 193273

Figure 26 — Von Misses equivalent stress, step 4 — case 3

Effective Stress (v-m)
2.110e403
1.nvvew3:|
1.689¢+03 _|
14780403 _
1.267e+03
1.056e+03
8.454e+02
6.346e+02
4.238e+02
21306402
2.192¢+00 |

Effective Stress (v-m)
2.085e403
1.877e+03
1.669+03 _|
1461403 _
1.253e+03
1.045e+03
83720402
6.202e+02
4211e+02
2131e402
5.138e+00 |
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Penetration APFSDS 30mm - Weldox 460, e=100mm, V=1300m/s g
Effective Stress (v-m)

Contours of Effective Stress (v-m) 2.104e+03

aw=2103.12.at semd 191552 1.amm3:|
1.684e+03 |
1.474e+03 _
1.264e+03
1.054e+03
8.442e+02
6.343e+02
42446402
2.145e402
4.554e+00 |

Figure 27 — Von Misses equivalent stress, step 5 — case 3
s

Penetration APFSDS 30mm - Weldox 460, e=100mm, V=1300m/s . Effective Stress (v-m)

Contours of Effective Stress (v-m) 1 1.051e403

e i350.35, at lomd 135400 1756403
1.562e+03 |
1.367€+03 _
1.173e+03
9.781e+02
7.835e+02
5.880e+02
3.944e+02
1.998e+02
5.217e+00 |

Figure 28 — Von Misses equivalent stress, step 6 — case 3

As the results show, the sub-projectile has a sufficiently high kinetic
energy to achieve the full penetration effect in the 100mm thick plate.
Because it loses too much of energy during penetration, its length behind
the plate is short and therefore does not have a large number of fragments
behind the plate (Figure 28). That reduces its effect behind the target, but
in any case, it still has a high penetration ability.

The sub-projectile velocity is shown in Figure 29. The fragments
velocity after penetration is around 470m/s.
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Penetration APFSDS 30mm - Weldox 460, e=100mm, V=1300m/s
1.4 T

0.8

Subprojectile Z-velocity [mm/s] (E+6)

Time [s] (E-03)

Figure 29 — Projectile velocity as a function of time — case 3

The plate displacement as a function of time is shown in Figure 30.
The maximum plate displacement is 0.04mm and the first plate movement
occurs after 0.05ms.

Penetration APFSDS 30mm - Weldox 460, e=100mm, V=1300m/s
4
T T

0.03—

0.02—

Plate displacement [mm]

0.01—

Time [s] (E-03)

Figure 30 — Plate displacement as a function of time — case 3
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Case 4 — 110mm thick plate

The Von Misses equivalent stress and the penetration effect of the
armor plate Weldox 460 with a thickness of 110mm are shown in Figures
31-36.

Penetration APFSDS 30mm - Weldox 460, e=110mm, V=1300m/s

Effective Stress (v-m)
Contours of Effective Stress (v-m}
min=0, at elem# 128724
max=5.72205¢-06, at elem# 278189

5.722e-06
5.1508-06
4.5782-06 _|
4.005e-06 _
3.433€-06
2.861e-06
2.28%9e-06
1.717e-06

1.144e-06
5.722e-07
0.000e+00

Figure 31 — Von Misses equivalent stress, step 1 — case 4

Penetration APFSDS 30mm - Weldox 460, e=110mm, V=1300m/s

Effective Stress (v-m)

Contours of Effective Stress (v-m) 2122e+03

min=0.282395, at elem# 732723

max=2121.82, at elem# 267735 191 Ue+03]
1.698e+03

1.485€+03 _
1.273e+03
1.061e+03
8.480e+02 _|
6.367e+02

4.246e+02
2124e+02
2.824e-01

Figure 32 — Von Misses equivalent stress, step 2 — case 4
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Penetration APFSDS 30mm - Weldox 460, e=110mm, V=1300m/s Ef
fective Stress (v-m)

Contours of Effective Stress (v-m) 2.000e+03
min=1.45054, at elen# 1257963 .
max=2089.92, at elem# 226111 18816403
1.672¢+03 |
1.463e+03 _
1.2556+03
1.04Ge+03
8.368e+02
6.280¢+02
4.191e+02
2.103e+02
1.451e+00 |

Figure 33 — Von Misses equivalent stress, step 3 — case 4

Penetration APFSDS 30mm - Weldox 460, e=110mm, V=1300m/s Efte
fective Stress (v-m)

Contours of Effective Stress (v-m) 2.120e403
min=4,14975, at elem# 1262324 1.909e+03
max=2120.32, at elem# 225471 i
1.607e+03 |
1.485¢403 _
1.274e+03
1.062e+03
8.506e+02
6.390e+02
42746402
2.158e+02
4.150e+00_|

Figure 34 — Von Misses equivalent stress, step 4 — case 4
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Penetration APFSDS 30mm - Weldox 460, e=110mm, V=1300m/s 2
Effective Stress (v-m)

Contours of Effective Stress (v-m) 2.086e+03
min=3.48913, at elem# 815023 18780403
max=2086.03, at elem# 132860 878

1.670e+03 _§

1.461e+03 _
1.253e403
1.045e+03
83650402
6.283e+02
4.200e+02
2.117e402
3.489e+00 |

Figure 35 — Von Misses equivalent stress, step 5 — case 4

Penetration APFSDS 30mm - Weldox 460, e=110mm, V=1300m/s g
Effective Stress (v-m)

Contours of Effective Stress (v-m) 1.956e+03

min=6.04478, at elem# 676764 17616403

max=1955.72, at elem# 188922 Lo1e
1.566e+03 _|

1.371e403 _
1.176e+03
0.800e+02
7.850€+02
5.909e+02
3.960e+02
2.010e+02
6.045¢+00 |

£

Figure 36 — Von Misses equivalent stress, step 6 — case 4

As the results show, in this case the sub-projectile does not have
enough kinetic energy to achieve full penetration into the 110mm thick
plate. After the impact with the plate, the sub-projectile core penetrates to
the point it loses its length, weight and velocity and its kinetic energy. After
that, the remained particles get jammed into the armor steel plate structure
and behind the plate there are no fragments.
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In Figure 37, the sub-projectile velocity is shown from the moment the
projectile leaves the barrel until the moment it jams into the plate after
0.23ms.

Penetration APFSDS 30mm - Weldox 460, e=110mm, V=1300m/s

Subprojectile Z-velocity [mm/s] (E+8)

0 0.05 0.1 015 0.2 0.25 03

Time [s] (E-03)

Figure 37 — Projectile velocity as a function of time — case 4

The plate displacement is shown in Figure 38. The maximum plate
displacement is 0.043mm.

Penetration APFSDS 30mm - Weldox 460, e=110mm, V=1300m/s
T T

Plate displacement [mm]

0.01

Time [s] (E-03)

Figure 38 — Plate displacement as a function of time — case 4

The comparative overview of the analysis results is given in Table 6.
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Table 6 — Comparative overview of the analysis results

Plate Penetration Output velocity Plate
thickness behind plate displacement
[mm] [m/s] [mm]

10 yes 1280 0.3

50 yes 1210 0.06

100 yes (limited) 470 0.04

110 no n/a 0.043

As it is already mentioned in this paper, compared to the classic
armor-piercing (AP) ammunition type, the APFSDS sub-projectile has a
different penetration effect. It penetrates through a steel plate without
energy dissipation and “digs” the steel plate structure; while penetrating,
its length becomes shorter. This effect resembles the penetration of a
cumulative jet of HEAT (High-explosive anti-tank) ammunition, because of
high temperatures and effect of material melting.

Magier, M. (2010) also demonstrated this specific penetration effect
of APFSDS ammunition while analyzing the penetration capability of
kinetic energy projectile with a tungsten alloy core for 120mm tank guns.
This effect which M. Magier analyzed is shown in Figure 39.
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Figure 39 — The time sequence of equivalent plastic strain

The concurrence between the phenomenon shown in Figure 39 and
the calculation results shown in figures in the previous part of the paper is
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the confirmation of the accuracy of the claims and the applied methods
and parameters used in this paper.

Table 7 shows a comparison of the penetration capabilities of 30mm
APFSDS and 30mm AP projectiles (Pantovic et al, 2023).

Table 7 — Comparison of the penetrating capabilities of different types of projectiles

Projectile Muzzle Impact velocity at Penetration

type velocity 1000m at 1000m
[m/s] [m/s] [mm]

30mm APFSDS 1430 1300 100

30mm AP 970 750 33

The APFSDS sub-projectile with the defined material and ballistic
characteristics has the ability to fully penetrate the Weldox 460 plate with
a maximum thickness of 100mm.

Different manufacturers provide similar information on maximum
penetration capability for this type of ammunition. For example, Nammo
(Norway) in its catalogue gives a penetration value of 100mm at a distance
of 1000m (Nammo, 2023).

Other manufacturers, such as Mecar (Belgium), give a penetration
value of 50mm at 60°obliquity angle, which is similar to 200mm at 0°, due
to a cosine of the angle and specific effect of penetration at a low angle of
attack (Gyurdsi, 2019).

Conclusion

Armor-piercing ammunition is intended to penetrate ballistic armor
and different protective shields designed to protect certain defended
objects. This ammunition type achieves an effect on the target thanks to
its high material properties, velocity and a specially designed shape.

Representation of the effects that occur during the penetration
process is extremely complex, but by using special material and geometric
models it is possible to describe the real problem of armor-piercing
projectile penetration. For this purpose, different calculation approaches
are available in the modern times, but one of the most successful which
provides the most accurate results is the finite element method.

Accordingly, a numerical analysis of the penetration of a 30mm armor-
piercing fin-stabilized discarding sabot projectile into the steel alloy
Weldox 460 plates of different thicknesses at a distance of 1000m with a
velocity of 1300m/s is presented in this paper.
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In accordance with the penetration theoretical principles, the key
factors which have the greatest influence on the penetration process are
deformation, strain rate, temperature, and pressure.

For the purposes of defining the phenomenon of penetration, it is
necessary to define initial and boundary conditions, material
characteristics, and contact conditions.

For the analysis of a 30mm armor-piercing (AP) projectile on the same
type of armor steel plate, Pantovi¢ et al (2023) used the Johnson-Cook
material model and the Mie-Griineisen equation of state to describe
material behavior. The maximum armor plate thickness which a 30mm
armor-piercing projectile can penetrate, according to the numerical
calculation result, is 33mm.

To establish the penetration ability of a 30mm APFSDS projectile, four
different cases were performed in this analysis.

The 30mm APFSDS sub-projectile with defined ballistic and material
characteristics had a full penetration effect into the 10mm and 50mm thick
armor plates (case 1 and case 2), because its impact velocity and kinetic
energy were higher than needed for the full penetration effect. The
projectile velocity behind the plate, after penetration, in case 1 was
1280m/s, and in case 2, the velocity was 1210m/s.

In case 3, the sub-projectile had a limited penetration because only
small particles of the core and fins went through the whole plate thickness,
and the hole outer diameter was smaller than the sub-projectile core
diameter. The fragments velocity behind the plate after penetration was
around 470m/s.

In case 4, the sub-projectile did not have sufficient kinetic energy to
achieve penetration into the 110mm thick plate. After collision with the
plate, the sub-projectile core penetrates till the point it loses its kinetic
energy. After that, remained particles get jammed into the steel plate
structure and there were no fragments behind the plate.

By performing a penetration analysis of the sub-caliber armor-piercing
ammunition with a core made of tungsten heavy metal alloy, a specific
penetration effect was established and described. The appearance of such
an effect is a function of a large number of different factors - the type of
material, very high values of the collision speeds and the projectile and
obstacles deformation speed, which together, interpenetrating, lead to a
large destruction of the material structure and a high level of penetration.

The 30mm APFSDS sub-projectile with the defined material and
ballistic characteristics has the ability to fully penetrate the Weldox 460
plate with a maximum thickness of 200mm.
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The shown numerical results are confirmed with catalogue data given
by various ammunition manufacturers, as listed in the paper.

Depending on the armor barrier design, the thickness of 100mm can
be achieved in different ways — as a monoblock or as a sandwich armor
with several thicker and thinner plates (e.g., 10, 20, 50mm). In the
sandwich armor case, the sub-projectile penetration effect would be
different because that structure would represent a sandwich barrier with
different cross-sectional densities, which would give different output
results.

From the aspect of ballistic protection, it is necessary to design an
armored barrier in such a way that the personnel behind it is safe. For a
safe protection from this projectile type, it is necessary to use armor steel
with a thickness greater than the calculated one. That would neutralize the
potential effect of separate fragments from the other side of the plate.

The numerical and analytical methods of calculation can provide
guality results and present certain phenomena, but it is desirable to carry
out experimental tests on the training ground, and at the same time
numerical calculations, which would give comparable or incomparable
results, which in the end would be a confirmation of the quality of the
applied methods.
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CAMPO: ingenieria mecanica, materiales
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Resumen:

Introduccién/objetivo: En los Gltimos tiempos, con la tendencia a desarrollar
nuevos tipos de municiones perforantes, es necesaria una inversion
constante en el desarrollo de nuevos tipos de obstaculos blindados. Los
obstéaculos fabricados con placas de acero de alta aleacion siguen siendo
la mejor forma de proteccion contra municiones de mayor calibre. Hay una
serie de factores a considerar al seleccionar una aleacion, incluido el peso,
las dimensiones, el uso previsto, el rendimiento balistico deseado y los
costos. De acuerdo con esto, en este articulo se presenta un analisis
numérico de la penetracion de un proyectii de descarte de sabot
estabilizado con aletas perforador de armadura de 30 mm en placas de
aleacion de acero Weldox 460 de diferentes espesores a una distancia de
1000 m con una velocidad de 1300 m/s.

Métodos: Las tensiones y deformaciones del efecto de penetracion se
calcularon mediante analisis numérico y modelado de elementos finitos.
Para especificar las caracteristicas del material se ha utilizado el modelo
de material de Johnson-Cook y el modelo de fractura de materiales. Para
definir modelos y realizar calculos numéricos se han utilizado en este
trabajo los paquetes de software FEMAP y LS Dyna.

Resultados: Para un analisis numérico del proceso de penetracion de este
tipo de proyectil contra un obstaculo blindado, se calculan cuatro espesores
diferentes de placas de blindaje: 10 mm, 50 mm, 100 mmy 110 mm. Para
cada uno de ellos, los resultados se muestran en forma de tensién y
desplazamiento, de modo que se puedan describir los fendmenos de
interaccion entre el subproyectil y la placa de blindaje.

Conclusion: Determinar el impacto sobre obstaculos perforantes es
extremadamente dificil, requiere mucho tiempo y es complejo, y los
modelos resultantes se aproximan con gran éxito (o con alguna desviacion)
al problema real de la penetracion de proyectiles. Uno de los métodos mas
eficaces para resolver problemas de este tipo y otros de naturaleza similar
en los Ultimos tiempos es el andlisis por el método de elementos finitos. El
material y las dimensiones del objetivo, asi como los pardmetros balisticos
y el material del proyectil tienen la mayor influencia en la penetracion del
proyectil. La resistencia del objetivo a la penetracion aumenta cuando todos
los parametros de entrada se mantienen al mismo nivel y se aumenta su
espesor, y viceversa.

Palabras clave: blindaje, proyectil, penetracion, Weldox 460, analisis
numeérico.
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YUncneHHbI aHanus npouecca NpoHUMKHOBEHWS 30-MM GpoHeboiHOro
CHapsiga

lMpedpaz P. MaHToBUY2, KOpeccnoaeHT, ArekcaHop B. Kappw®,
Anekca . AHnuny®, Mupocrnae M. XXuskoBuy?, Bnadumup . MunosaHoBu4?

aKparyeBaukuin yHMBepcuTeT, hakynbTeT UHXEHEPHbIX HayK,
r. Kparyesau, Pecny6nuka Cepbus

6 BoeHHO-TEeXHMYeCKuMit MHCTUTYT, . Benrpag, Pecny6nuka Cep6us

8 AreHTCTBO MO WUCMNbITaHWsIM, MapKMPOBKE U 0603HAYEHUIO OPYXKNUSI, YCTPONCTB
n 6oenpunacos, r. Kparyesau, Pecnybnvka Cepbus

PYBPUKA TPHTW: 78.25.00 BoopyxeHne 1 BoeHHas TexHuka
BWO CTATbW: opurmHansHas Hay4Has ctaTbs

Pe3some:

BseedeHue/uyenb: B nocnedHee 8pemsi ecriedcmeue meHOeHUUU 8
rpoekmuposaHuu Ho8bix 8UG08 bpoHebolHbIX boernpurnacos mpebyromcs
MOCMOSIHHbIE  KarnumaroerioXeHUs 8 paspabomky HoebIx eudos
b6poHeboliHbIx  npensmcmeul.  BbpoHenpeepadbl U3 sIUCMO8
8bICOKOsIe2UpoBaHHOU  cmarnu  Mo-NpexHeMy  siensomcesi  fydwed
3awumotli om 6oenpunacos KpyrnHo2o Kanubpa. [Npu ebibope criiasa
cnedyem yyumbigamb psi0  hakmopos, e6KYasi eec, pa3Mmepbl,
npedronazaemoe ucrionb3o0eaHue, coomeemcmeyrowjue
bannucmudeckue xapakmepucmuku U cmoumocms. B coomeememesuu ¢
ebllernepeyYuc/ieHHbIM 8 cmambe rnpedcmaessieH YUCMeHHbIU aHanus
npoHukHogeHuUsi 30-MMm  6pPOHEBOUHO-0MNePEHHO20  MOOKaNubepHO20
CHapsila 8 nnacmuHbl cmanbHo2o crnasa Weldox 460 pasnuyHol
monuwuHbl Ha paccmosiHuu 1000 m co ckopocmbto 1300 m/c.

Memodsi: HanpsixkeHue u deghopmayuu aghghekma rpoHUKHOBEHUST bbIru
paccqyumanbi fymemM YUC/IEHHO20 aHanu3a u ModenupogaHusi Memooom
KOHeYHbIX ariemeHmos. [lpu onpedenieHuU xapakmepucmuk Mamepuana
ucrionb3osganuck. Molesnb Mamepuana [pkoHcoHa-Kyka u moderb
paspyweHusi Mamepuasos. [ns onpedeneHusi modesniel U rnposedeHusi
YucrieHHbIX pacdemoe 8 OaHHOU cmambe UCMOoMb308anuchb Makemsl
npoepammHoe2o obecriedeHuss FEMAP u LS Dyna.

Pesynsmamsi: [lpu 4ucrneHHoOM aHanuse rfpoyecca MPOHUKHOBEHUS
makoeo guda cHapsila 8 bpoHesyro ripezpady paccyumaHbl Yembipe
pasnuyHbIX monuwuHbl 6porHesiucmos: 10 mm, 50 mm, 100 mm u 110 mMm.
o kaxdol u3 HUx rpedcmaesrieHb! pesyribmamebil 8 8Uude HarpspKeHul u
degbopmayuli, a makxe ornucaHo e3zaumoldelicmseue noodkKanubepHo20
cHapsiGa ¢ 6poHeucmom.

Bbigodbi: ModenuposarHue ydapa Ha OpoHeboUHbIe rpensmcemeust
567151emcsl Ype3ebiHaliHO CIIOXKHbBIM U mMpPyGOEeMKUM MPOUEeCccoM, 0OHaKo
rnosyyeHHble  Modenu  eecbMa  YCreWHO (Unu C  HEeKoOmMopbIM
OMKJIOHEHUEM) arnpOKCUMUPYOm peasibHyto 3adady MpPOHUKHOBEHUS
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cHapsida. B rnocriedHee epemsi aHanu3 C UCMOfb308aHUEM Memoda
KOHEYHbIX 31eMeHmMoe8 sierisiemcst 00HUM U3 Haubosiee 3ghghekmueHbIX
odxo008 K peweHuro noGobHbIx 3aday.

Knrwyesbie criosa: bpoHsi, cHapsid, npoHukHoseHue, Weldox 460,
YUCIEeHHbIU aHarnus.

Hymepuyka aHanusa npoueca neHeTpaumje naHuMpHor
notkanubapHor npojektuna kanubpa 30 mm

Mpedpaz P. MaHToBMA?, ayTop 3a npenucky, AnekcaHdap B. Kapu®,
Anekca . AHnunh®, Mupocnas M. XKuskosuh?, Bnadumup . MunosaHoBuh?
2YHuBepanteT y Kparyjesuy, @akynTeT UHXeHEepPCKUX Hayka,

Kparyjeau, Peny6nuka Cpbuja
6 BojHOTEXHUYKM UHCTUTYT, Beorpag, Peny6nvka Cpbuja

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

OBJIACT: mMaLUMHCKO MHXEHEePCTBO, MaTepujanmu
KATEITOPUJA (TUIM) YITAHKA: opyruHanHu Hay4Hu paa

Caxemak:

Ye0d/yurn: Y Hosuje epeme, ca meHOEHUUjOM pa3goja HO8UX muroea
OKITOMHE MyHUyuUje, HeornxoOHa Cy cmarsiHa yrnazara y pa3eoj Ho8UX
murioga OKronHux npernpeka. [lpenpeke 00 eucoKoneaupaHux
Yyesnlu4yHuUXx nroya u dasbe cy Hajbosrbu 8ud 3awmume 0d MyHuyuje sehea
kanubpa. lNocmoju HU3 ¢hakmopa koje mpeba yzemu y ob63up npu
o0abupy neeype, ykribydyjyhu mexuHy, OumeH3uje, npedsuheHy
ynompeby, xerbeHe banucmuyke riepghopmaHce u ueHy. Y cknady ¢
mumMm, y oeoM pady je rpukasaHa Hymepuyka aHanusa rnpodopa
nomkanubapHoe npojekmuna kanubpa 30 mm, 6p3uHe 1300 m/s, y
yesnu4He risiode pasnudumux 0ebsrbuHa, uspaheHe 0d nezype Weldox
460, Ha ydarbeHocmu 00 1000 m.

Memode: HymepuykoMm aHanusom U MolernupareM KOHayHUX
efieMeHama uspadyyHamu Ccy HaroHu U Oegopmauuje eghekma
neHempauyuje. 3a OecbuHucare Kapakmepucmuka Mamepujana
KopuwheHu cy lLloHcoH-Kykoe mamepujanHu modesn u moden roma
Mamepujana, a 3a Oe¢huHucare modenia U u3Bohere HyMepuyKux
npopadyHa — cogpmeepcku nakemu FEMAP u LS Dyna.

Pesynmamu: 3a nompebe Hymepuyke aHanuse ripoyeca rnpodupara
0802 muna npojekmursia y OK/IOMHe MpernpekKe, uspadyHame cy Yyemupu
pasnudume 0ebrbuHe oknonHux nioya: 10 mm, 50 mm, 100 mm u 710
mm. 3a ceaky 00 HUX rpuKasaHu cy pedynmamu y ob/uKy Hanpe3ara
u rnomepara, a onucaH je U heHOMeH uHMmMepakyuje u3amehy
nomkanubapHoa npojekmura U OK/I0MHe rioye.
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3akmbyqak: Modenuparbe ydapa Ha OK/IOMHE MpPErnpeKke je u3ly3emHo
mewko, OyeompajHO U CrioXeHo, a OegbuHucaHu Modesu eeoma
ycrnewHo (unu y3 useecHo odcmyrnawe) o00peRyjy npasu rpobnem
npobujamka npojekmuna. JedHa 00 HajehukacHujux memoda 3a
pewasare npobnema ose spcme, U dpyaux CrUYHUX, y Hogsuje speme
jecme aHanusa memodoM KoHayHux esnemeHama. Mamepujan u
dumeH3uje meme, Kao u banucmuy4ku napaMempu u Mamepujan
npojekmurna Hajeuwe ymudy Ha rnpodop npojekmusia. Omnop meme Ha
npoboj ce nosehasa kada ce ceu ynasHu napamempu odp>xaseajy Ha
ucmom Hueoy, a heHa 0ebrbuHa ce rnosehaesa, u 06pHymo.

KrbyuHe peyu: oknon, npojekmurn, npoboj, Weldox 460, Hymepuuyka
aHanusa.
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