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This study analyzes the optimal energy characteristics of a flying body (FB) impacting an armor plate (AP). The considered energy
characteristics include momentum, kinetic energy, and the power of both bodies. It is shown that only a small fraction of the FB momentum
is transferred to the AP, whereas nearly all of the FB kinetic energy is converted into the internal energy of the AP. This internal energy
consists of the energy of mechanical oscillations of the plate and the energy associated with material displacement within it. The energy of
the natural oscillations of the AP, modeled as a rectangular parallelepiped with dimensions a, b(with a ~ b) and thickness c, is estimated.
The frequencies of bending oscillations perpendicular to and along the plate surface are calculated. It is shown that the energy of bending
oscillations along the surface with the largest area exceeds that of oscillations perpendicular to the surface by a factor of a?/c2. The transfer
of the FB kinetic energy is assumed to occur in a cylindrical channel of base area Sy . It is shown that the maximum power transferred from
the FB to the AP is equal to 16/27 = 0.5926 of the initial FB power and is accompanied by a reduction of the FB velocity by a factor of
three. The characteristic penetration length corresponding to maximum power loss is proportional to the FB length h. The multilayer AP
configuration is also considered. It is shown that in subsequent layers with lower material density, conditions for maximum power loss are
preserved. The thickness of each layer is determined by the distance over which maximum power loss occurs. The results indicate that
properly designed multilayer APs can significantly reduce overall dimensions and weight while maintaining high protective efficiency. It
should be noted that the present analysis is qualitative and does not aim at quantitative agreement with experimental data, as some
secondary effects are neglected. The results provide a physical basis for understanding energy dissipation mechanisms and suggest
directions for further optimization using numerical methods.
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INTRODUCTION

In recent years, due to the increasing number of military conflicts and localized hostilities, the problem of protecting
personnel and equipment from high-speed projectiles has become especially relevant. This topic has been extensively
studied and is widely covered in monographs, scientific publications, and textbooks. Typically, such works describe
different types of ammunition, their key parameters, and their penetration capabilities (see, for example, [1-3]).

After introducing the properties of projectiles, various methods for analyzing their interaction with protective barriers
are considered. One common approach is the use of empirical relationships derived from extensive experimental data on
projectile impact and penetration. These relationships provide practical estimates of penetration depth and energy absorption.

In addition to empirical approaches, analytical models have been developed to describe projectile motion within a
target as a combination of functions that account for projectile design, the barrier's material properties, and interaction
conditions. Although such models can be reasonably accurate within their domain of applicability, they often remain
closely related to empirical formulas and may be insufficient to solve advanced design problems.

Another important class of methods is based on continuum mechanics. These approaches rely on conservation laws
of mass, momentum, and energy and are typically implemented using finite-difference or finite-element numerical
techniques. Such methods provide a more physically grounded description of high-speed impact processes and allow
detailed analysis of stress, deformation, and failure mechanisms.

Nevertheless, regardless of the modeling approach, experimental validation remains the primary criterion for
assessing model accuracy. Numerous studies demonstrate that existing theoretical and numerical methods can adequately
reproduce experimental results under appropriate conditions.

Modern research on improving the protective performance of armor systems increasingly focuses on multilayer and
composite materials. For example, composite armor consisting of Al,O3; ceramics and ultra-high-molecular-weight
polyethylene (UHMWPE) has demonstrated significant improvements in energy absorption [4]. Optimizing layer
thickness and configuration can lead to substantial gains in ballistic resistance.

Similarly, studies of laminated aluminum alloys have shown that enhanced ballistic performance can be achieved
by increasing energy dissipation through plastic deformation and delamination [5]. Lightweight protective structures
based on aluminum alloys have also been proposed, with modeling approaches demonstrating good predictive
capability under high strain-rate conditions [6].

A common drawback of many existing approaches is the need for extensive numerical computations to achieve
optimal performance, particularly when maximizing energy absorption while minimizing weight. This limitation can be
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addressed by introducing an additional optimization criterion that maximizes the projectile's power-loss rate during
penetration.

The aim of the present work is to develop a theoretical framework for an ideal armor plate that maximizes the
energy dissipation of a high-speed flying body. The proposed approach identifies key energy-loss mechanisms and
establishes conditions under which the penetration depth is minimized while the projectile's power loss is maximized.
This framework can serve as a basis for further refinement using numerical simulations and experimental validation.

1. GENERAL POSITIONS

When a flying object strikes an armored structure, the primary focus is on analyzing the structure's strength and
reliability. AP with various geometric dimensions can serve as armored structures. The thickness, width, and height of
APs can vary widely, but they generally have the form of rectangular parallelepipeds with a volume of V = Sc, where
S = ab is the maximum cross-sectional area of the AP, a and b are the length and width of the AP, respectively, and c is
the thickness of the AP. The AP material is characterized by density p = M /V, where M is the mass of the AP.

The AP material is a single-layer or multi-layer metal plate whose elastic properties are characterized by Young's
modulus E, strength by the tensile strength of the metal or its composition o, and flow stress gy .

The FB is, in turn, also a metallic object, often of complex shape and composition. The FB is characterized by
geometric dimensions comparable to the base plate's thickness. The volume of the FB has a cylindrical form and is equal
to Vy = Sph, where S is the base of the cylinder and h is its height.

The density of the material FB is equal to p, = m/V,, and the velocity is directed perpendicular to the maximum
cross-sectional area AP and is equal to u,.

In its simplest form, the FB material is a single-layer or multi-layer metal cylinder, the elastic properties of which
are characterized by Young's modulus E*. Strength is determined by the tensile strength of the cylinder's metal or metal
composition og, as well as the flow stress g; 5.

1.1. Energy Characteristics of the FB
The FB is characterized by the momentum Mg,:

be = muo, (1)
and kinetic energy Wey,:
2
mu,
Wfb = 2 O. (2)

The power of the FB is determined by the expression:

,00520118. (3)

The energy characteristics of the FB are momentum, kinetic energy and transferred power.

be =

1.2.  Processes of Transfer of Energy FB to Energy AP

The impact of the FB on the AP leads to an increase in the momentum and kinetic energy of the AP, as well as
mechanical oscillations of the AP.

Furthermore, there will be an increase in the AP temperature in the region of the FB's impact, limited to an area of
approximately S,. This localized temperature increase has been confirmed in many experiments studying the impact of
the FB on the AP (see, for example, [3]). The localized temperature increase is so great that over an area of approximately
So, the metal liquefies. In this case, we will consider a situation in which the depth of metal melting is approximately
equal to the AP thickness. Otherwise, the AP is not pierced, and it performs its intended function. Therefore, we will not
consider this case further.

Based on the above, when analyzing the energy characteristics of the AP, we will assume that two energy absorption
processes are occurring simultaneously.

One process involves the absorption of energy by the entire volume of AP.

The second process is associated with the absorption of energy by the FB in a cylindrical channel of area S,.

1.3. Transfer of the FB Energy into Oscillatory Energy of the Entire AP Volume
When FB impacts an AP, its kinetic parameters must be analyzed. These include the AP's momentum, kinetic
energy, and power.
The AP's momentum M, is determined by the expression:

M, = Mw @)

where w is the AP velocity.



602
EEJP. 2 (2026) M.P. Odeychuk, et al.

The kinetic energy of the AP W,,, is equal to:

Mw?

Wop = —— )
The power of the AP F,, is determined by the formula:
Sw3

P = (©6)

To determine the energy of mechanical oscillations of bending AP, we will proceed from the fact that the oscillations
are subject to a rectangular plate with supported edges, whose edges only rest on a fixed support, but are not attached to
it. We will determine the lowest frequency w,, of the bending oscillations of a rectangular plate for a neutral surface on
which there is no tension. We will define the shape of the neutral surface by the expression {(x,y,t) =
hapsin(kxx)sin(kyy)sin(wapt), where hyg,, is the bending amplitude, k, = /a, k,, = m/b are the wave numbers of
oscillations in the x and y directions, w,, = 21/T, T is the period of the bending oscillations of the AP [7]. The magnitude
of the frequency w,, is determined by the expression:

Ec? T\2 /T2
= 757 I\ - 7
W ’12p(1 —v?) [(a) +(3) ] @
where v is Poisson’s ratio.

From [7], we determine the average kinetic energy of bending oscillations AP over the oscillation period T'. It is

determined by the expression:
mt EhZ, (12 1\
= (GRS s
ap 192(1—v2)<a ) )@ ®

Deviations of the surface of the AP from the equilibrium position caused by mechanical oscillations lead to an
elongation &, the value of which is determined by the expression:
mhe,
£=——1
4 a?
Expression (8) allows us to determine the plasticity region of each AP, since exceeding the critical elongation value
can lead to AP failure. In each specific case, such calculations must be performed to assess the AP's shape retention.

&)

2. ENERGY TRANSFER FROM THE FB

When considering the energy transfer of the FB to AP, it is always important to know the answers to the following
questions:

1. What is the minimum initial penetration velocity of the AP.

2. What changes in momentum and energy occur between interacting objects.

3. What are the conditions for loss of maximum power by FB.

4. What are the requirements for the multilayer AP?

Some of these questions are answered in the dissertation [8] and in the monograph [3].

In the dissertation [8], a general concept for barrier penetration is defined based on an analysis of high-velocity
impact processes and armor penetration of various materials. This concept is based on the principle of redistributing the
kinetic energy of an impact between the surface area of contact and the barrier's deep penetration. Using the proposed
concept, the effects of ultra-deep penetration of micro-impactors under critical impact conditions are described.

However, the data in [3, 8] and many other sources not cited in this paper are not always readily available and require
additional calculations. Therefore, answers to the questions posed are proposed below, formulated based on conservation
laws.

2.1. A Minimum Initial AP Penetration Velocity
Based on the strength characteristics of the AP and the energy parameters of the FB, it is possible to formulate a
condition for AP penetration. This condition is the requirement that the FB pressure on the AP surface exceeds the
resistance force, which is determined by the flow stress g 50

1
Epoug > 0029 (10)

To inequality (10) it is necessary to add the condition of smallness of the speed FB compared to the speed of sound
¢ in the material AP:

Uy < Cs. (1D
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From (10) and (11) we obtain the condition for the value of the speed FB at which the penetration of the AP occurs:

200 2
Uo,min = DoC - < Uy < Cs (12)
0%s

The minimum speed ug ,;,, of penetration of the AP is determined by the lower limit of inequality (12).

2.2. The Momentum and Energy of Interacting Objects Changing

The kinetic energy and momentum of the FB will be transferred to the entire AP, as well as to the material located
in a cylindrical channel of area S,. When the FB impacts the material in a cylindrical channel of area S, it can be assumed
that a cork is formed, which can be squeezed out of the AP volume. Due to various dissipative processes (viscosity,
thermal heating, and friction of the cork against the walls of the cylindrical channel), incomplete energy and momentum
transfer between the FB and the cork should be observed.

Due to the high energy of the FB and the significant difference in the masses of the AP and FB, it can be concluded
that the laws of conservation of energy and momentum are approximately satisfied. In a perfectly inelastic collision, the
velocity of the AP after the interaction is equal to W and is determined by the expression:

m
)™ (13)

In a perfectly inelastic collision, the FB gets stuck in the AP, and the FB loses kinetic energy AW:

~
w=

muj  (m+MW> M muj
2 2 T M+m 2

Since m « M, practically all kinetic energy is converted into internal energy of the AP. The ratio M /(M + m)
determines the proportion of the FB kinetic energy converted into internal energy AP.

AW = (14)

2.3. Conditions for Maximum Power Loss of the FB
To evaluate the efficiency of AP use, it is necessary to determine the conditions under which the FB power loss is
maximum. For this, we will consider the energy exchange per unit of time between the FB and the cork in a cylindrical
channel AP of area S,,.
Per unit of time, the following mass passes through the area Sy:

m= Posou;): (15)

where u, is an average speed FB, and the dot above the letter means the time derivative.
The power transferred to the cork is estimated by the value:

m
Peork = 3 (u(Z) - ug,fin)' (16)

where U f;, is the final velocity of the FB in the channel.
At the same time, the power consumption of the FB can be defined as the product of the resistance force F and the
average speed of the FB:

Pry = Fuy, (17)
The resistance force can be estimated by the value:
F = m(uo - uoﬂn), (18)
From (16), (17), and (18) it follows that the average speed is equal to:
|
U =5 (uo + uo,fin)- (19)

From (16), we obtain a function that describes the dependence of the FB power on the speed together with the cork:

1 , 1 1
Peork = Eposouo (u% - u(z),fin) = EPOSO 2 (uo + uO,fin)(u(Z) - u(z),fin)

20)
1 uo,fin ug,fin (
= ZpoSOug (1 + uo ) 1 - u% .

Analysis (20) shows that the maximum power will be transferred to the cork in a cylindrical channel provided that
the final velocity satisfies the condition: g s, = uy/3. In this case, the lost power FB is equal to:
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1 16
(Pcork)max = EPOSOU'(S; ﬁ =n- (Wcork)o- (21)

where (Peori)o = PoSoud /2 is the initial power of FB, n = 16/27 ~ 0.5926 is the power transfer coefficient.

The coefficient 1 coincides with the condition of A. Betz, which determines the maximum efficiency of a wind
turbine [9].

Let us determine the distance at which this velocity FB decreases by a factor of three, i.e. U fin, = uo/3. To do this,
we write the equation of displacement of the contact boundary of FB of mass m with the cork:

du, 1 1
2% - h (uo + uO,fin) (uo - Euo,fin> (22)

Using the substitution t = x /1, f;,, Where x is the coordinate of the location of the contact boundary of the FB with
the cork, we transform the equation to the form:

dy 1 1
RACAN— S 23
dx h(y+1)(y 2) )
where ¥y = ug/Ug fin.

The solution to equation (23) is a function of the form:

) (1 4 26—%(&50))

y() = §—<1 - e—%(&fo))

where & = x/h is the distance at which the FB loses its maximum power, &, is the integration constant.
The constant &, is determined from the condition that y(¢) should change three times over the distance of maximum
power loss, for example, from y(0) = 3™*1 to y(zl_n) = 3", where the condition n > 1 must be fulfillment.
Calculations using formula (24) show that a decrease in the initial velocity FB by 3 times is observed at a distance of:

(24)

2 [+ 1) (371 -05)
fn =3 BT —05) @1 +1)

(24, a)

Thus, a threefold decrease in speed with a maximum loss of power FB occurs at a distance x,, = z; ,h, where n is
selected based on the realism of the obtained distance and experimental data.

2.4. Requirements for Ideal Multilayer AP
Ideal multilayer APs are those that provide maximum FB power loss. To calculate the ideal AP, for example, we'll
compile Table 1, which lists the characteristic FB and AP parameters.

Table 1. Mass, geometric, strength, kinematic and energy characteristics of FB and AP

Parameter name AP FB
Mass, kg M m
Base area, m? S =ab,(a — length,m; b — width,m) So
Thickness/length, m c h
Volume, m? V =35c Vo = Soh
Density, kg/m? p Po
Young's modulus, MPa E E*
Tensile strength, MPa Op og
Flow stress, MPa 00.2% 052%
Velocity, m/s w Uy
Momentum, kg- m/s Mgy, Mgy,
Kinetic energy, J Wap Wrp
Power, kg-m?/s> Py P

When describing the impact of the FB on the AP, we distinguish two main processes:
- transfer of the FB momentum and energy to the entire volume of the AP;
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- transfer of the FB energy to the AP material in a cylindrical channel of area S, which is formed by the high-energy
pulsed impact of the FB on the AP.

The energy indicators of these processes are summarized in Table 2, where the characteristic indicators of energy
transfer FB to the entire volume of the AP (Transfer I) and the characteristic indicators of energy transfer FB in the AP
in a cylindrical channel with the base S, (Transfer II) are highlighted.

Table 2. Characteristic indicators of optimal energy transfer from the FB to the AP

Parameter name Transfer I Transfer 11
Frequency of mechanical oscillations of bending of a rectangular plate, 57! Wap -
Amplitude of mechanical oscillations of the AP bending, m hap -
Energy of bending AP oscillations with amplitude hg,, kg* m?/s Doy -
Elongation due to mechanical oscillations AP, dimensionless e -
Velocity, m/s W K ug Uy
Power, kg- m?/s? Pop K Prp Pooric
. . 1
Final speed of the FB at maximum power transfer, m/s - 3 Ug
One-time distance of maximum power loss of the FB, m - Zonh

The previous section described the conditions for the loss of maximum power FB in a single-layer AP, which
corresponds to the ideal single-layer AP.

Below we will consider the requirements for ideal multilayer AP.

From (24) it follows that for a given n, at a distance z; = z, ;,, the maximum power loss of the FB is observed. For
a single-layer AP, this power loss may be insufficient, and the FB will continue its movement with an undesirable result.
Therefore, the question arises of using a second, and if that doesn't help, a third, or even more layers of AP. The answer
to this question is contained in the results obtained for the first AP layer.

The expression for the maximum power loss (21) contains only the material density FB, the cross-section, and the
velocity of the FB. Therefore, to estimate the optimal distance for the loss of maximum power in the second layer, the
previous consideration is applicable, where a threefold decrease in the velocity of the FB with the loss of maximum power
will already occur at a distance z, = z; ;4.

Fig. 1 shows a diagram for calculating the location of the first two layers of the AP when the FB passes with an
initial velocity u, with a AP thickness equal to c. Position I is the moment the FB enters the AP, position II is the moment
the first layer of the AP with thickness z; is formed, position III is the moment the second layer of the AP with thickness

z, is formed.
c
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Figure 1. Schematic diagram of the arrangement of the first two layers of the AP as the FB of length h passes with
an initial velocity u, at AP thickness equal to ¢

In the third layer of the AP, a threefold decrease in speed will occur at a distance z3 = z; ,,_,.

Summing up these distances, we obtain the total thickness of the N - layer AP, at which the speed of the FB will
change by 3V times:

Xpn R Zyp+Zyp-1t Z1pp + (25)
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Thus, for example, for n = 4 and for a three-layer AP (N = 3), there is a 27-fold decrease in the velocity of the FB
over a length of x3 = 0.024 + 0.072 + 0.205 =030l and aloss of AU; =n+ (1 —mn+ A —-n—-A-nnn=
0.932 of the part of the initial power of the FB.

If the number of layers is large, i.e. n > 1, then the total power loss of the FB tends to unity, since the power losses
in layers are determined by the expressions:

1 layer —1n;
2 layer- (1 — n)n;
3layer-(1—n—(1—=m)n)n;
4layer-(1=n—QA=mn—-0A-n—=O~=n)nmnn;
The total power loss is determined by an infinite decreasing geometric progression:
AR =n+A=mn+A-n-A-mmMn+A-n-0A-mMn-=A-n-=LA-mn)mn

1 —_—
1-(1-n)

From the calculations carried out it follows that in order to lose the maximum power of the FB in a multilayer AP,
it is necessary to select the thickness of the layers in accordance with (25), where each term determines the thickness of
the layers from the first z, ,, to the second z, ,,_1, the third z;,,_,, and so on.

For example, for an initial velocity of the FB 600 m/s and a minimum penetration velocity of 58.5 m/s, calculated
using formula (12), it is sufficient to use a two-layer AP, since in a two-layer AP the velocity of the FB decreases by 9
times.

Since the density of the AP material is not included in the calculation of maximum power loss, subsequent layers of

the AP can be composed of a lower-density material to lighten the structure. The optimal number and sequence of
lightweight layers placed after the first layer should be determined experimentally.

+oe=nl+A-mM+A-mN*+A-n°+-]1=1 L

3. NUMERICAL ESTIMATES OF THE IMPACT OF FB ON AP

Let us present numerical estimates of FB's impact on the AP. The initial data will be the average FB velocities and
the characteristic AP parameters corresponding to the 7.62 mm AKM 7.62 mm PS bullet of the 1943 model 57-H-231
cartridge in a steel shell with a steel core, weight 7.9 g, with an initial velocity of 730 m/s [3].

As stated above, the FB has two channels of momentum, energy, and power loss.

These losses are as follows:

- losses due to the transfer of momentum and energy of the FB to the entire volume of the power supply.

- losses caused by the transfer of energy FB to the AP material in a cylindrical channel with the base S,. The channel
is formed by the high-energy pulsed action of the FB on the AP.

Let's first estimate the momentum and energy transfer of the FB to the entire volume of the AP. We'll assume that
the angle a between the FB axis and the normal to the AP is equal to zero. Increasing this angle increases the AP thickness
and improves the APs protective properties. Table 3 presents the characteristic parameters of the FB and AP steel, taken
from [3].

Table 3. Characteristic mass, geometric, strength, kinematic, and energy parameters of FB and AP

Parameter name AP FB

m=179-10"3
7.62mm Kalashnikov assault rifle (AKM), steel core

Sp = 4.56- 1075

Mass, kg M =218

S=ab=02x02=4-107%
(a —length,M; b — width, m)

Base area, m?

Thickness, M c=7-10"3 h=268-10"%
Volume, n* V=Sc=28-10"* Vo =Soh=1.22-10"°
Density, kg/m? p =7810 po = 7810
Young's modulus, MPa E=215-10° E* =215-10°
Tensile strength, MPa og = 30060 og = 30060
Flow stress, MPa 029, = 1370 0429, = 1370
Poisson’s ratio, o=0.33 o=0.33

Rate of plastic deformation, s™! §=5-10* §=5-10*

Sound velocity, m/s ¢, =5900...6100 ¢, =5900...6100
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Parameter name AP FB
Velocity, m/s w=0 uy = 600 --- 745
Momentum, kg- m/s Mg, =0 Mg, =4.74...5.9
Kinetic energy, kJ Wep =0 Wrp = 1422...2.192
Power, MW Py =0 Prp, =385...73.6

It should be noted that given such a huge energy input and the rapidity of the processes, not all the coefficients in
Table 3 are valid. However, we will assume that they are of the same order of magnitude. The true values of these
coefficients must be determined experimentally.

4. TRANSFER OF THE FB ENERGY INTO ENERGY OF THE ALL VOLUME OF THE AP
Penetration and energy transfer from the FB to the energy of the entire volume of the AP is possible at a velocity
FB satisfying condition (12). In numerical expression for the parameters of Table 3, this velocity value must satisfy the
inequality:

58.5 < u, < 6000,m/s. (26)
From the law of momentum conservation, we estimate the acquired speed by the AP:

7.9-1073-600 mu,
2.18 Y

w= =2.17,m/s (27)

Thus, the displacement of the AP during the incident is of the order of Ww/£~10"5 m and represents a very small
value. The acquired kinetic energy of the AP is of the order of:
~2

Mw
o= ~109-47~513, . (28)

The power received from the FB to the AP is determined by the value:

MW? 2.1810.22
2c 271073

P = =1.59-103%, W. (29)

The kinetic energy (28) and power (29) acquired by the AP are small values relative to the initial values for FB:
Wiy = 0.5-7.9-1073600% = 1.422 kJ and Py, = 0.5 7.810 - 4.56 - 10726003 ~ 3.85 - 107 W. Therefore, the change
in the kinetic energy (28) and power (29) of the AP can be ignored when analyzing the energy exchange between the FB
and the AP.

As shown above, the analysis of energy exchange between the FB and the AP includes an estimate of the power (21)
converted into the AP's internal energy and an estimate of the distance over which this transition occurs (24).

A certain portion of the FB kinetic energy is also converted into the internal energy of the mechanical oscillations
of the AP. Below, we present a numerical estimate of the energy and associated parameters transferred to the AP's
mechanical oscillations.

4.1. Elongation, Frequency, and Energy of Mechanical Bending Oscillations According to Thickness ¢
Below, based on formulas (7), (8), (9), and the data in Table 3, are numerical estimates of the elongation (30.1),
frequency (30.2), and energy of mechanical oscillations of bending across thickness ¢ (30.3) under the condition a~b:

mhg,
T (30.1)
EC2 T\ 2 T\ 2
= [mpa-wla) +(5) | =55610% s 30.2
Wap 12p(1 — v?) [(a) +(b) ] 5.546-10°% s (302)

2.15-105(7-1073)% K2,
(1-089) 4-10°2

h2 4
Qp = 2.03 ~1.68-10°—2 = 168-10°~¢, /. (30.3)
a I

In addition to mechanical bending oscillations along thickness c, similar flexural vibrations may also exist along
length a. In this case, the elongation, frequency, and energy of the mechanical bending oscillations are described by
other expressions. Let's define these expressions and perform numerical estimates of their values.
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4.2. Elongation, Frequency, and Energy of Mechanical Bending Oscillations According to Thickness a

The elongation (31.1), frequency (31.2) and energy of mechanical bending oscillations along the length a (31.3) can
be obtained from (7), (8), (9), if we replace a = ¢ and ¢ — a in them. Finally, under the condition a~b, we obtain
numerical estimates of the indicated quantities:

mh,
£ =73 (31.1)
Ea? N2 [(TT\2 Ea? Ty 2
Wap = ’12p(1—v2) [(Z) +(E) ]~ 12p(1 —v2) (Z) -
(31.2)
_ 2.15-1011-4-10—2( T )2_ 2.15-106 - 4 105+ 02 = 642 107, -2
~ | 12-7810-(0.89) \7-10-3/ ~ |12-7.810-0.89 s 'S
mt Ea*hZ, (1 (12 mt Ea®hZ, (1\* m* Ea*hZ, (1y°
o=t (3 + () ) - i ) o~ B (4 -
192 (1 —v3)\\c a 192 (1 —-v3) \c 192 (1 —v?) \c
(31.3)

n*  Ea* h%, w* 215-10'-2%-107*hZ,

~

T192(1—vdc ¢z 192 (089)-7-10-2 c2

h2 4
~28-1010—=2=28-10"0-¢, J.
c Vs

In (30.1), (30.3), (31.1), (31.3), unknown quantities are elongations &, .. Their values can be estimated by comparing
the initial kinetic energy of the FB W, ~ 1.422 kJ and the energy of mechanical bending oscillations across the thickness
cora:

From (32) it follows that the elongation of mechanical bending oscillations along the thickness c is greater than that
along the length a. It is obvious that it is these vibrations that are responsible for the mechanical destruction of the AP,
since for certain grades of steel, elongations of the order of several percent are destructive [10].

CONCLUSIONS

The conditions for realizing an ideal armor plate (AP) under impact by a flying body (FB) have been investigated.
As an illustrative example, an AP with a mass of M = 2.18 kg subjected to the impact of a 7.62 mm projectile with a
mass of m = 7.9 x 1073 kg has been analyzed. Although this specific case is considered, the proposed approach can be
extended to other types of projectiles and target materials. The study focuses on the transformation of the FB energy
characteristics - momentum, kinetic energy, and power - during interaction with the AP. It is shown that only a small
fraction of the FB momentum is transferred to the AP, while nearly all of the FB kinetic energy is converted into the
internal energy of the plate. This internal energy consists of the energy of mechanical oscillations of the entire plate and
the energy associated with material displacement within it. The AP is modeled as a rectangular parallelepiped with
dimensions a, b(with a ~ b) and thickness c. The frequencies of natural bending oscillations perpendicular to and along the
plate surface have been estimated. It is shown that oscillations along the surface with the largest area occur in the megahertz
range, whereas oscillations perpendicular to the surface lie in the kilohertz range. The energy of bending oscillations along
the surface exceeds that of perpendicular oscillations by a factor of a?/c2. Under the condition a?/c? > 1, this may lead to
significant tensile strains and potential cracking of the plate. The analysis demonstrates that the ratio M /(M + m)
determines the fraction of the FB kinetic energy converted into the internal energy of the AP, which approaches unity for
m <« M. The transfer of kinetic energy is assumed to occur in a cylindrical channel of base area S,. It is shown that the
maximum power transferred from the FB to the AP reaches 16/27 = 0.5926 of the initial FB power and corresponds to
a reduction of the FB velocity by a factor of three. For normal impact, the characteristic penetration length over which
maximum power loss occurs is proportional to the FB length h. The multilayer AP configuration has also been analyzed.
It is shown that in subsequent layers with lower material density, the conditions for maximum power loss remain similar
to those in the first layer. The optimal thickness of each layer is determined by the distance over which the FB experiences
maximum power loss. The results indicate that properly designed multilayer armor plates can significantly reduce overall
dimensions and weight while maintaining high protective performance. It should be emphasized that the present analysis
is qualitative and does not aim to directly quantify agreement with experimental data, as several secondary effects have
not been taken into account. Nevertheless, the proposed approach provides a physical basis for understanding energy
dissipation mechanisms and offers guidance for further optimization using numerical modeling and experimental
validation.
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TEOPISA IIEAJIBHOI BPOHEBOI IIJIMTH. EHEPTETUYHI 3AKOHOMIPHOCTI YIAPY
BUCOKOIIBUJIKICHOI'O TLJIA 11O BPOHEBI IJIUTI
MLIIL. Opeituyk, 1.B. Tkauenko, B.I. Tkauenko
Hayionanenuii naykosuii yenmp «Xapkiscokuil ¢izuxo-mexniunuil incmumymy, 8yn. Axkademiyna, 1, Xapxis, 61108, Yxpaina

Ie mocmimKeHHs IPUCBAYCHO aHANII3Y ONTUMAJIBHUX €HEPreTHYHNX XapaKTepUCTHK JeTiodoro Tina (JIT), mo 3iTkHeThCsS 3 OPOHBEOBOIO
mwractuHoo (BIT). Po3rmstHyTi eHepreTHdHi XapaKTepUCTHKU BKIIOYAIOTH IMITYJIbC, KIHETHUHY CHEpPril0 Ta IHOTYXHICTH 000X TII.
INokasano, 1o yuiie HeBearka yacTuHa iMmyibcy JIT nepenaerscs BII, Toni sik Maibke Best kinernuna enepris JIT neperBoproerses Ha
BHyTpilHIO eHeprito BII. Ll BHyTpiIIHS eHepris CKJIagaeThcsl 3 eHeprii MeXaHiYHUX KOJIMBaHb IUIACTHHU Ta EHepril, MoB's3aHoil 3i
3MiLeHHsAM MaTepiaidy BcepenuHi Hei. OuiHeHo eHepriro BiacHuX konuBab JIT, 3MOIEIbOBAHOrO SIK NPSIMOKYTHHI Mapajenernimnes 3
po3mipamu a, b 1e a~b Ta TOBIIMHOIO €. Po3paxoBaHO 4acTOTH 3rMHAJIBHHUX KOJIMBAHb, IEPIECHIUKYIIPHUX MOBEPXHI IUIACTHHH Ta
B310BXK Hei. [loka3aHo, 110 eHepris 3rHHAIbHUX KOJIMBAHb B3I0BXK MOBEPXHI 3 HAHOUIBIIO IUIOLICIO MEPEBHIILY€E SHEPTil0 3rHHAIBHUX
KOJIMBAHb, MEPIEHANKYJIAPHUX JI0 ToBepxHi, B a?/c? pasis. BeakaeThcs, mo mepejada kinetwunoi eweprii JIT BinOysaeThest B
IIUTIHAPUYHOMY KaHai 3 IUIOIIeI0 OCHOBH Sy. IToka3aHo, mo MakcHMalbHa HOTYXHICTB, mo nepexaerses Bin JIT no BII, mopiHIoe
16/27~0,5926 Bix mouatkoBoi motyxHocti JIT Ta cympoBomkyerbest 3MeHIeHHsM mBuakocTi JIT ytpuui. XapakrepHa JOBXHHA
MPOHKUKHEHHSI, 1[0 BiANOBIJa€ MaKCUMAIbHUM BTpaTaM MOTY)XHOCTI, nmponopuiiina nosxuti JIT h. Takox po3risiHyTo GararorapoBy
koHirypauiro BII. TToka3aHo, 1110 B HACTYIHHX IIapaX 3 MEHILIO0 LIUIbHICTIO MaTepiaty 30epirafoThCsi yMOBH LISl MAKCUMAIBHUX BTPAT
MOTY>KHOCTi. TOBIIMHA KOYKHOTO APy BU3HAYAETHCA BIICTAaHHIO, HA SKIH BiIOYBalOThCS MaKCHMAIIbHI BTPATH MOTYXHOCTI. Pesynpratn
MOKAa3yI0Th, 0 MPABIJIBHO CIIPOEKTOBaHI OaraTomaposi BI1 MoXxyTb 3HAaUHO 3MEHIIMTH TabapuTHI PO3MIpH Ta Bary, 30epiratodu mpu
LIOMY BHUCOKY 3aXHCHY e(peKTHBHICTh. CITi/l 3a3HaYNTH, 10 LeH aHaIi3 € AKICHIM 1 He Ma€ Ha MeTi 3a0€3MeYHUTH KUTbKICHY BiJIIOBiJHICT
eKCHEePUMEHTATFHAM JIaHUM, OCKUIBKU IesKi BTOPUHHI eeKTH He BpaxoBYIOTHCS. Pe3ynbraT 3a0e3nedyloTh (isUdHy OCHOBY JUIS
PO3yMiHHSI MEXaHI3MIB AUCHUIIALIT eHeprii Ta IPONOHYIOTh HAIPSIMKH ITOJANBIIO] ONTHMI3amii 3a JOTOMOT0I0 YHCIOBHX METOJIB.
KurouoBi ciioBa: 6ponvosa nauma, nimaioue mino; yoap, eHepeis, empamu nomysicHoCcmi; 6a2amouaposicns



