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MODELING THE INFLUENCE OF SHOCK WAVES ON THE STABILITY OF CHEMICAL
LINKS DURING SUPER-DEEP PENETRATION OF MICROPARTICLES

In this paper, we simulate the effect of shock and Coulomb wave centers on the binding energy
of metal targets with ultra-deep penetration of microparticles up to 500 microns in size. To calculate
the chemical bond, a quantum-mechanical model of the influence of external factors on a separately
selected chemical bond is developed. The calculations were carried out using the solution of the
Schrodinger equation in ellipsoidal coordinates, which made it possible to reduce its solution to the
Whittaker equation. As a result of the calculations, it was found that the influence of external factors
leads to a decrease in the binding energy, and this in turn leads to a decrease in the viscosity of the
target material during microsecond time intervals. This fact well explains the ultra-deep penetration
of microparticles.

Keywords: mathematical modeling; super deep penetration, chemical bonding, metal viscosity.

Y yiti pobomi mu moodenroemo enaus YOapHux ma KyioHIBCbKUX XGULbOBUX YEHMPI6 HA eHepeilo
368 'A3KY Memanesux miuleHell i3 Ha0eIUuOOKUM NPOHUKHEHHAM MIKDOYACMUHOK posmipom 00 500 mxm.
Jlna obuucnenns XiMiuHo2o 36 513Ky po3pobiena KaHmogo-Mexaniuna mMooensb 6nauey 306HIUHIX pak-
mMopie HaA OKpeMo SUOParUll XiMiunull 36 30K. Po3paxynku npoeoounucs 3a 0onomo2or piuienHs pie-
nauna Llpedineepa 6 enincoioanbHux KOOPOUHAMAX, WO 00360UN0 36eCMU 1020 PIUUEHHS 00 PIGHAHMS
Bimmaxepa. B pesyromami po3paxynxie 0y10 6CMAH0BIEHO, WO GNIUE 306HIUHIX (haKmopie npu36o-
Oums 00 3HUIICEHHA eHepaii 36 A3V6aHMHS, a ye, 8 CBOI0 Uepzey, NPU3E00UMb 00 3HUNCEHHSL 8'A3KOCMI Yi-
Jb0B020 MAMeEPIANy NPOMI2OM MIKPOCEKYHOHUX yacosux inmepaanis. Lei ¢hakm 0obpe noscrioe Hade-
JUOOKE NPOHUKHEHHSL MIKPOUACIMUHOK.

Kniouoei cnosa: mamemamuune MoOenio8anHs,; cynep eiuboxKe npoHUKHeHHs, XiMiune 3'€Onam-
HA, 8'A3Kicmb Memarny.

Formulation of the problem

Modeling of physicochemical processes caused by the interaction of microparticles flying at
supersonic speeds with metal obstacles is fundamental and requires clarification of the conditions for
superdeep penetration, and as a result of changes in the physicochemical properties of solids. In the
study of amorphous materials, there are several approaches to the study of the structure and properties
of liquids based on the use of laws and concepts of both gaseous and solid states. At first, based on the
works of Van der Waals, the liquid was considered as a compacted gas and sought to apply modified
equations of state of gases to it. Ya. L. Frenkel first drew attention to the fact that the structure and
properties of liquids, at least far from the critical point, correspond more to a crystalline state than to a
gaseous one.

Many scientists have created various theories of the liquid state, which ascribed the entire lig-
uid or its individual regions to a quasicrystalline structure. In some theories of the liquid state, the
concepts of gas and crystalline states are not used: a liquid is considered as a form of existence of mat-
ter, has a structure peculiar only to it [1,2]. The need for research in this direction has ripened due to
the fundamental contradictions that have arisen in the physical interpretation of the detected phenome-
na of super deep penetration from the point of view of using not only the laws of mechanics, hydrody-
namics, thermodynamics, etc. Numerous studies of super deep penetration into metal barriers do not
give an answer due to what physical phenomena occur this effect. Microstructural changes, phase
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transformations, synthesis of new elements and many other phenomena can be combined with one
idea — a change in the energy of chemical bonds. Calculations of changes in the energies of chemical
bonds using quantum mechanics will allow us to establish the influence of various physical factors on
their stability.

Analysis of recent research and publications

The use of explosive alloying of the surface with microparticles of various compositions with
highly concentrated energy flows is a promising method for increasing the physicochemical properties
of the surface layer. When using this method, the phenomenon of super deep penetration of a sub-
stance (SGBP) occurs [3—5]. One of the most effective ways of restructuring the structure of metals is
the effect of pulsed loads on them. Ultimate impulse loads during processing lead to the appearance of
metastable structural complexes that cannot be unambiguously evaluated from the standpoint of static
and long-term processes. The study of the phenomenon of SHPW showed that finely dispersed solid
microparticles with a diameter of 1—200 um, which move at a speed of 1—3 km / s, penetrate solid
metal obstacles (targets) to depths of up to 10,000 their diameters, and the lengths of the filiform
channels in steels reach 200 mm and even more. Calculations showed that the kinetic energy of the
particle is enough to penetrate the target to a depth of no more than 6—10 diameters of the micropar-
ticle itself. Assessment of the energy necessary for the penetration of microparticles established an
abnormal release of energy, which is 102...10" times more than the kinetic energy of microparticles at
the time of their impact on an obstacle [6—S8]. Therefore, it is necessary to look for new mechanisms
conducive to SHPV.

It is known that the structure of metals and alloys changes under the influence of shock waves
formed during the collisions of a high-speed flow of micro particles, taking into account thermody-
namic, hydrodynamic, and quantum-mechanical phenomena. The change in the structure of the target
is local in nature, since close to 1% of the micro particles are involved in the GBSW phenomenon.
Particles that penetrate the target form a system of partially healed channels. Channels have a complex
structure. The established effect cannot be explained from the standpoint of modern thermodynamics,
electrodynamics, hydrodynamics and mechanics, since the mechanisms of ultrafast interactions and
chemical reactions must be described from the point of view of quantum mechanics. To explain the
processes of superdeep penetration of microparticles into metals, it is necessary to consider penetration
based on the known laws of physics. The main idea is to establish the influence of physical factors on
the previously destabilized microstructure of materials. One of such destabilizing factors is the effect
of shock waves and electric charges of ions on the chemical bond [9].

The purpose and objectives of research

The purpose of the work is to quantum-mechanical modeling of the influence of shock waves
and Coulomb centers on the stability of chemical bonds inside metal targets with ultra-deep penetra-
tion of microparticles. When a microparticle moves in the volume of a metal target, a change in the
energy of the chemical bond occurs under the influence of high pressure, the influence of ions sur-
rounding the given chemical bond, the effect of shock waves, etc. To clarify these facts, it is necessary
to construct quantum-mechanical models and solve the corresponding equations. The solution to the
problem of the interaction of molecular systems with the structures of condensed matter is based on a
quantum-mechanical model of the motion of an electron in the field of two Coulomb centers. The
Born-Oppenheimer adiabatic approximation was used (the motion of electrons is considered separate-
ly from the motion of nuclei, the distances between which are considered fixed). To solve the two-
center problem, a model equation is selected from the Schrédinger equation, the solution of which is
obtained in an analytical form. Taking into account the boundary conditions made it possible to deter-
mine the quantum states of the valence electron in the field of two Coulomb centers. The obtained so-
lution is approximate, since it is a solution of the shortened Schrédinger equation and, taking into ac-
count the perturbation, can be considered the first approximation to the exact solution. Using this solu-
tion, one can establish a qualitative picture of the processes occurring in a metal during ultra-deep pe-
netration.

The Schrodinger equation for an electron located in the field of two Coulomb centers, which
has the following form [10,11]:
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AY +2[E+U(r,,1n)]¥ =0, (1)
where U(r,,r,) — potential energy operator, A — Laplace operator in ellipsoidal coordinate sys-
tems, expressed using Lame coefficients [8]:
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where r, and r,— distance from the electron to the centers a and b. We denote by R the distance be-

tween potential centers, then equations (1) in ellipsoidal coordinates will have the form:
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where E — electron energy.
To solve equation (2), it is necessary that the variables in potential functions are separated, and
the condition:

U p)E = 1%) = (D) = a1

This class of separable functions includes functions of the type:
U(/‘L,,u) — Fl(inu) + Fz(ﬂ,,,u) )
A—u A+u

The most common types of potentials include:
Q) Uk p) =20y 22
R(A-—p) R(A+p)
charges Z, and Z,;

€)

— potential of the Coulomb interaction of an electron with two

0) U = )/(/12 - ,u2 ) — potential created by an isotropically oscillating two-center spatial oscillator;

B) any superposition of previous potentials.
The listed potentials can serve as a test for approximate calculation methods. For the Coulomb
potential, we present the solution ¥ = X (1)Y (1)@(@) equation (2), which is divided into three ordi-

nary differential equations of the second order [8]:
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where @(@) = exp(iAp), A| — integer.

2
£ _ER” ; z® = (Z, £ Z})R ; A(R) — separation constant.

If Z;, =0, then the equations for the functions X(A)and Y (u) exactly coincide, and the solu-

tion of the hydrogen-like problem has the form:
¥ =X(ADY (u)-2(9) (7

is the Whittaker equation whose solutions are quantum numbers: k:%, A=0, n=0. We will calculate

some states using the formula with allowance for perturbation [8]:
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where H(— hamiltonian of a one-center problem, W} , , — indignation to the two-center problem:
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a WA ‘I’; A,n — conjugate wave functions that are solutions of the Whittaker equation [8,9]:
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where a=-14+40.5+Z" If a chemical bond has more than one electron, then electron-electron inte-

ractions must be taken into account. We calculate electron-electron interactions using the Slater de-
terminant [12]:
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H5 , and — we represent it in the form of a Neumann expansion:
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where Z — electron charge, j, =

QL;"‘ (A.) associated functions of Legendre I and II kind. Then the electron — electron interaction
energy will be [10,11]:
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and indignation to the two-center problem:
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Considering the fact that elementary acts of chemical reactions involve the interaction of
chemical bonds with positive and negative charges, we will consider these charges as the influence of
the third Coulomb center (Z;) on a separately selected chemical bond. Let us represent the third Cou-
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lomb center as a certain perturbation that acts on a chemical bond. Given these assumptions, we
choose two Coulomb centers as the basis, and the perturbation caused by the influence of the third
center is presented in the form of a Neumann expansion, taking into account the fact that, then
Z = 75, the energy of the system of three particles, taking into account the influence of the third cen-
H+w,
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We will consider the shock wave as the influence of the potential U = 7(/12 - yz) to a

chemical bond. Since this potential belongs to the class of separable potentials, we bring this prob-
lem to the solution of the two-center problem.
The Schrédinger equation for this problem can be written as:
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R, and R, the amplitudes of the displacements of atoms 1 and 2. Now we can separate the variables:
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. . R
For identical atoms, the last (19) reduces to a =-1+, /0.5 +7Z% + % , where ¥ — shock wave repe-

tition rate (a function of wavelength).

It follows that, this solution of the Schrédinger equation under the influence of a shock wave
can be reduced to the solution of the two-center problem, and the influence of the third center as an
additive E3(R;,R,,R5) to the sum of equations (9), (12) and (13) taking into account (8) and (19).
The calculations of the chemical bond energy as the sum of perturbations of electric charges and shock
waves on the Fe-Fe bond energy are shown in Fig. 1, 2.
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Fig. 1. The influence of a positive charge  Fig. 2. Joint influence of shock waves and positive

(Z=+2) on the Fe-Fe chemical bond if its  charge (Z =+ 2) on the chemical bond: 1 — chem-

normal distance from itis: 1 — 1-10°m; 2—  ical bond of Fe-Fe; 2 — chemical bond Fe-Fe +

0,810°m;3—0,410°m; 4—0,2-10*m shock wave and Z at a normal distance of 0,4-10°
m; 3 — chemical bond of Fe-Fe + shock wave and
Z at a normal distance of 0,2-10° m

It can be seen from the figures that the influence of positively charged ions and shock waves
on chemical bonds significantly reduces their energy, and, accordingly, the viscosity coefficient of
the metal in a limited space, namely, in the region of microparticle motion inside the metal target. It
should be noted that a decrease in the viscosity coefficient occurs in a short period of time, less than
107 s. his is explained by the difference in the time of destruction of the chemical bond (10™*¢) u nd
its relaxation (107 c). Thus, the assumption of a decrease in the viscosity coefficient made in [6—9]
was qualitatively confirmed as a result of quantum-mechanical calculations.

Conclusions
Thus, in the framework of the proposed quantum-mechanical model on the influence of
shock waves and the third Coulomb center on a separately selected chemical bond, it was established:

— shock waves and positively charged Coulomb centers have a destructive effect on the chem-
ical bond;

— destabilization of chemical bonds by shock waves is due to interaction with valence elec-
trons;

— destabilization of chemical bonds by Coulomb charges occurs both due to the effect on va-
lence electrons and due to Coulomb interaction with Coulomb centers of chemical bonds;

— the decrease in the binding energy is spasmodic and lasts in the period of passage of the
shock wave in the region of motion of the microparticle and entails a decrease in the viscosity coeffi-
cient.
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MOJEJIOBAHHS BILIUBY YIAPHUX XBUJIb HA CTIMKICTh XIMIYHUX
3B’S3KIB 1P HAATI'J/IMBOKOMY ITIPOHUKAHHI MIKPOYACTHHOK
BackeBuu O.C., CoboueB B.B, Cepena Bb.II.

Pedepar

Jlana pobota npucBsYeHa MOJICITIOBAHHIO BIUIMBY YAAPHUX XBHIIb 1 KYJIOHIBCHKUX I[EHTPIB Ha
CHEprilo 3B’A3Ky aTOMIB MeTajeBUX MillleHeH MpH HAATTHOOKOMY MPOHWKAHHI MIKPOYACTHHOK, ILO
JISTATH 3 HAJA3BYKOBUMU MBUAKOCTAMU. [Iporiecu npu HaArmmOOKOMY MPOHUKAHHI MAalOTh (DyHIaMEH-
TaJbHUU XapakTep i moTpeOyroTh MOsICHEHHS (Pi3MKO-XIMIYHUX BIACTUBOCTEH TBepauXx Tii. Heobxin-
HICTh JOCTIJDKCHb B JJAHOMY HAIpPSMKY Ha3pijia B 3B’S3Ky 3 MPUHIUMIAIEHUMHI MPOTHPIYUSIMU MIPH
¢i3nuHIf iHTEeprperanii BUSBICHUMH SBHIAMUA HAAIMOOKOrO MPOHHMKAHHS 3 TOUKH 30py BHKOpHC-
TaHHS KJIACHYHUX 3aKOHOMIPHOCTSH MEXaHIKH, T1IPOJUHAMIKH, TEPMOJUHAMIKH Ta iH.

[Tig yac pyxy MIKpO4acTHHKH B 00'€eMi MeTalIeBOI MIIlICHI BifOyBa€ThCS 3MiHA SHEPTil XiMid-
HOT'O 3B'I3KY IiJ I€I0 BUCOKOrO THUCKY, BIUTMBY iOHIB, III0 OTOYYIOTH IICH XIMIYHME 3B'I30K, IiI Ji€I0
yAapHUX XBHWIb i Tak jgam. Jlnus 3'scyBanHs 1ux (akTiB moOyaoBaHa KBaHTOBO-MEXaHIYHA MOJIEITh
B3a€MOIii XIMIYHUX 3 BSI3KIB 1 pO3B’s13aHi BIANOBIAHI PiBHAHHS. B OCHOBY po3B’s3Ky 3a1adi Ipo B3ae-
MOJIi0 MOJIEKYJISPHUX CHUCTEM 13 CTPYKTypamMH KOHJICHCOBAHHMX CEPEIOBHII TMOKIAJeHa KBaHTOBO-
MeXaHIYHa MOJeNb PYXY €IEKTPOHA B IOJIi JBOX KYJOHIBCHKHX IIEHTPIB. BHKOprcTOBYBaIH afgiadaTh-
yHe HabmmkeHHs: bopHa-Onenreiimepa (pyx €IEKTPOHIB PO3TIISIAETHCS OKPEMO Bill pyxy sjep, Bijc-
TaHi MiX SKAMHU BBaXKalOThCsl BBaKaM (pikcoBanuMm). [1ig yac po3B’s3Ky ABOIEHTPOBOI 3a/1a4i 3 piB-
usHHA llpeninrepa BUIIEHO MOJIENTbHE PIBHSAHHS, @ PO3B 30K SIKOTO OTPUMAHO B aHAJTITHYHOMY BH-
ni. BpaxyBaHHSI rpaHHMYHMX YMOB JO3BOJHJIO BH3HAYMTH KBAHTOBI CTAaHW BAJICHTHOTO EJIEKTPOHA B
TIOJTi IBOX KYJOHIBCHKHX IICHTPIB.

OtpuMaHe pimeHHsS € HaOMMKEHUM, OCKUTBKM BOHO € PO3B’S3KOM CKOPOYCHOTO PIiBHSHHS
[Ipeninrepa i 3 BpaxyBaHHSM 30ypEeHHS MOXE BBXATHCS IEPIIUM HAOIMKEHHSIM J0 TOYHOTO
PO3B’SI3Ky. 3a JIOMOMOIOK0 TaKOTO PO3B’S3Ky MOXHA BCTAHOBUTH SIKICHY KapTUHY IPOIIECIB, IO Bij-
OyBalOTHCS B METaJIi MPU HAITTHOOKOMY TIPOHUKHEHHI.

TakuM YMHOM, y paMKax 3ampONOHOBAHOI KBAaHTOBO-MEXaHIYHOI MOJEII 10 MOJICTIOBAHHIO
BILUTUBY yJapHUX XBWJIb 1 TPETHOTO KYJIOHIBCHKOTO IEHTPY HA OKPEMO BHOpaHHil XiMIYHHIA 3B'S30K
BCTaHOBJICHO:

— yJOapHi XBHJIi 1 MO3UTHBHO 3aps/DKEH] KYJIOHIBChKI LIEHTPH YMHATH PYHHIBHY Ail0 HA XiMid-
HUH 3B'SI30K;

— nectabimizamis XiMIYHHUX 3B'A3KIB yIApHUMH XBIJISIMH 3[1iHICHIOEThCS 32 PaXyHOK B3a€MOZIi 3
BaJICHTHUMH €JICKTPOHAMM;

— necraburizalis XiMIiYHHUX 3B'S3KIB KYJIOHIBCHKHMH 3apsiaMH BiJIOyBa€eThCS SIK 32 PaXyHOK
BILUTUBY Ha BaJICHTHI CICKTPOHHM, TaK i 32 PaXyHOK KYJIOHIBCHKOI B3a€MOJII 3 KYJIOHIBCHKUMU LIEHTPa-
MH XIMIYHOT'O 3B'S3KY;

— 3MEHIIICHHS €HEePrii 3B'13Ky cTPHOKONOIOHE 1 TPUBAE B MPOMIXKKY Yacy IMPOXOKEHHS y/a-
PHOI XBWIII B 00JIACTi PyXy MIKpOYACTKH 1 COPUUMHSIE 3HIKEHHS KOS(ili€HTY B'SI3KOCTI.
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