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Intense irradiation and high-speed collision of metls results in the forma-
tion and dissemination of shock compression pulsés them. The recent develop-
ment of experimental technology using high-power dpicosecond laser pulses
makes it possible to obtain shock pulses of the pisecond range. A molecular dy-
namics simulation of high-speed collisions for alumium samples is conducted.
The presence of a nanorelief or precipitated nanoptcles on the back superficies
of the sample may essentially enhance the rear dgilng threshold. The coopera-
tion of a shock wave with a nanorelief or precipitéed nanoparticles results in
strong plastic deformation. Consequently, part ofhe compression pulse energy is
spent on plastic deformation, which prevents spalilestruction. The effect of in-
creasing the threshold can reach hundreds of metegger second in terms of colli-
sion speed and tens of gigapascals in amplitude tfe incident shock wave. The
distribution of shear strain and temperature in the sample is considered. It is
shown that the maximum degree of deformation and mamum heating are ob-
served in those parts of the nanorelief, for whiclthe greatest change in shape is
observed. The maximum temperature reaches the metiy point, but no obvious
traces of melting are found, which may be relateda the speed of the processes.

Keywords: high speed impact; plastic deformatiomlenular dynamics; nanore-
lief.

Introduction

High-speed collision [1, 2] and intense irradiat[8n4] of metals results in the formation and des-
simination of shock compression pulses in them. fdeent development of experimental technology
using high-power sub-picosecond laser pulses makessible to obtain shock pulses of the picosdcon
range [2, 4, 5]. The method of molecular dynamM®] is often used in the theoretical study of the
phenomenon of broken fragments. At the same timetiidy of the behavior of the nanometric zones of
metals in the conditions of the model train [6—-80 the direct modeling of the formation and the
elimination of shock waves triggered by a pistomdrammer [6, 11-16]. Despite the fact that onlig-re
tively small system volumes and process times earonsidered due to technical restrictions, MD mod-
eling offers several advantages. It offers the ipditg of automatically taking into account the au-
tion of the structure of the material during higieed forming, at least qualitatively. The accuratthe
guantitative description is determined by the dualf the interatomic potentials used.

Practically important is the question of the stapibf the material to rear fragmentation and the i
tensity of the threshold of the incident shock wavehe speed of impact of the threshold at which
fragmentation will occur. The fragmentation thrdshe determined by two factors: (i) the resistante
the material to tensile stresses; (ii) the relatiop between the amplitude of the incident compoess
pulse and the amplitude of the expansion pulseattl from the free superficy. The tensile stremgth
metals was carefully studied by modeling [6-9, Bl;-including the effect of [6-8], cavities [9, 12,
16], grain boundaries [12—-14], twins [15] inclusiorilso noteworthy is the problem of reducing the
amplitude of the tensile wave that forms on the &eperficy.

If the free superficy is not flat and has protrasicor grooves, the uniaxial deformed state per-
formed in a plane shock wave will be replaced Ioyagie complex deformed state when interacting with
these relief elements. For example, when a shodsle waters cylindrical protrusions on the rear super
ficy of the target, a discharge on the lateral sipes of the cylinders leads to a transition tstate of
uniaxial tension. As a result, compressive andileesgresses are limited by the dynamic yield sjtlen
The process of interaction of the incident shockevaith the protrusions leads to intense plastic de
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plastic deformation in the superficy layer, as sulieof which part of the energy of the compression
pulse is scattered. This should lead to a decr@ashe amplitude of the expansion wave and,
consequently, to an increase in the fragmentatimaeshold. A significant effect should be expected
when the size of the reliefs or other elementsha telief are comparable to the width of the
compression pulse. If the width of the compresgputse is much larger than the height of the
protrusions or if the shock wave is strong enoubh, allowed plastic deformation of the protrusions
becomes insufficient to effectively suppress tHeected wave. The presence of protrusions in tasec
can lead to the development of Richtmyer—Mashkstaioility and to release [17-19] jets, as in theeca
of liquids. Work is underway on modeling MD ejectistream from nanostructured metal superficite,
initiated by sufficiently strong shock waves [18)].1At the same time, there are no MD studies
regarding the effect of dorsal superfica relief the scaling threshold. Also of interest is the
investigation with MD with a similar effect in th@resence of a layer of precipitated nanopartictea o
flat superficy. This article deals with the anatysif this effect. The development of the plastic
deformation and temperature is considered afterdfiection of an impact compression pulse from the
superficy with nanorelief and with deposited nambples.

1. Problem Statement

The molecular dynamic systems of samples from siogystalline aluminum are considered. The
direction of thex, y andz axes is chosen by the crystallographic direct[@08], [010], and [001]. After
initial thermalization for 2 ps in a thermostaB80 K and in a barostat at zero pressure, thesiligterfi-
cial layer of thickness H (15 or 30 grating perijogsceived an additional velocity v, which along th
axis was normal to the boundary with the x wasatii@ to rest of the system (Fig. 1) [20]. The laiter
dimensions of the system were 30 lattice perioti® ddditional velocity was added to the thermal ve-
locity of each atom of this flat layer that playgée role of a drummer. Either a cylindrical projent
with a height of | and a diameter d or precipitapadticles with a common layer thickness of 1 and
different diameters d were set on the rear supedicthe target. The height | of the cylinder oeth
thickness of the layer of particles varied fromwhich corresponds to a flat back ultrafast, up @o 6
lattice parameters. The diameter d of the cylirdrjgrotrusion or deposited nanoparticles also darie
from 14 to 30 lattice periods. Note that we comgatee strength of the samples with the same total
thickness L, which includes the height of the prsion or of the deposited particles.

Molecular dynamics modeling was carried out usidgVIMPS [21]. The calculations were made
for aluminum using the interatomic potential [2Bbth potentials are based on the method of immersed
atoms. The atomic configurations were visualizegishe OVITO [23] program. The fault structure
was visualized on the basis of a central symmedrampeter [24], which is zero for an ideal fcc netyo
and the difference of zero shows the degree ofctldfee common neighbor analysis algorithm was also
used [25, 26].

To reach a state of thermodynamic equilibrium beefive collision started, a barostat and a Nose-
Hoover thermostat were used. After establishingripact velocity, the calculations were made within
the NVE set (the time energy E, the volume of ystesn V and the number of particles N are constant)
Periodic boundary conditions have been specifiedghll axes. The calculation domain was chosen to
be significantly larger than the size of the molacdynamics system along the direction of theisiolh
coinciding with the x axis. This ensured compliamgeh the conditions of the free superficy at thie a
tacker's border and the rear superficy of the taydinished thickness beater generated a comjoress
pulse composed of a shock wave followed by an winhgawave. Maximum compressive stresses were
determined by the impact velocity. In the case of the presence of protrusions orositgu
nanoparticles on the back superfity (), this is equivalent to a sample with periothicbocated pro-
trusions [20, 27-29].

particles

Velocity.X (m/s)
-1500 Il 1500
Fig. 1. Configuration of the MD system at the begin  ning of the collision: a) the schematic model and b) the general view,
the color shows the x component of the atom velocit y [20]
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2. Discussion of Results

Plastic deformation, as in the macroscopic casajefined as irreversible deformation of the
material after removal of the external load. Thegnitude of the deformation is calculated through th
derivatives with respect to the coordinates ofdisplacement of atoms from the initial state. la don-
sidered problems, the removal of the load meanddparture of the wave from the region near thé& bac
superficy. Thus, irreversibility is the main feauhat allows us to distinguish plastic deformation
cluding in molecular dynamics calculations. An nedt sign that the deformation is plastic is thegma
tude of shear deformation: shear deformations greélaan 0,1-0,2 correspond to the plastic mode.

The magnitude of plastic deformation upon reflettid a shock pulse from a nanorelief superficy
is analyzed. In Fig. 2 shows, in the case of alftaindary, the distribution of shear strain calada
from the displacement of atoms [30]. Similarly cdéted and shown in Fig. 3 distribution of shear
strain in the case of a cylindrical protrusion aeghosited nanoparticles. The magnitude of the defer
tion reaches one or more, which is substantiallyentiban the possible elastic deformations. Frosnithi
follows that the presented distributions corresppnecisely to plastic deformation. In this cases th
zones of plastic deformation correspond to thoses md the nanorelief that have undergone the gstat
change in shape when exposed to a shock wave. thisaleformation corresponds to the region of the
sample in which a spallation is formed in the cafsa flat superficy (Fig. 2) and an incomplete &pal
tion in the case of a nanorelief at a high impadbeity (Fig. 3).

Plastic deformation is accompanied by heating efrtfaterial. The temperature distributions calcu-
lated from the average kinetic energy of a disadenotion are shown in Fig. 4, 5 for the same time
points as the deformation in Fig. 2, 3. The greatesiperature increase is observed in the most de-
formed parts of the nanorelief and in the spalirfation zone. The maximum temperature reaches the
melting point, but no obvious traces of melting &mend, which may be due to the speed of the proc-
esses. At later stages, thermal conductivity hsigmificant effect on the temperature distributinrthe
sample.

1_' shear deformation

* Ol = il 1

Fig. 2. Shear deformation in the central section of an aluminum target with a flat rear superficy; whe n the impactor speed
is 1500 m/s and the total target thickness is 120  attice parameters (48,6 nm)

z

i shear deformation 60 ps I—' shear deformation 60 ps
& OlN ] x 0 __J
Fig. 3. Shear deformation in the central section of an aluminum target with a hammer speed of 1500 m/s  and a total target
thickness of 120 lattice parameters (48,6 nm): a) w ith cylindrical projections with I/H = 1; b) with deposited particles with

I/ H =1 (diameter of 30 lattice parameters (12,15 nm), one layer)

BecTtHuk OYplY. Cepus «MaTtemaTtuka. MexaHuka. Pusmka» 55
2021, Tom 13, Ne 2, C. 53-60



dusunka

temperature, K
L.x 300 BT W 930
Fig. 4. The temperature in the central section oft  he aluminum target with a flat rear superficy; when the impactor speed
is 1500 m/s and the total target thickness is 120  attice parameters (48,6 nm)
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Fig. 5. The temperature in the central section oft  he aluminum target with a hammer speed of 1500 m/s  and a total target
thickness of 120 lattice parameters (48,6 nm): a) w ith cylindrical projections with I/H = 1; b) with deposited particles with
I/H = 1 (diameter of 30 lattice parameters (12,15 nm),  one layer)

Conclusion

A study of the molecular dynamics of high speedigiohs for aluminum samples shows that the
presence of cylindrical protuberances or nanopastideposited on the rear superficy of the samguhe c
considerably increase the rear fractionation trokeshNote that the deposited nanoparticles make the
free superficy more resistant to burst fracturédted by the reflected compression pulse. Theore&s
that when a shock wave arrives at the rear of thperdicy with protrusions, the discharge of the
protrusions on the lateral superficy occurs, legdmsevere plastic deformation. Consequently, lart
the energy of the compression pulse is devotedatstip deformation, which limits the amplitude bét
stretching pulse and suppresses the destructidheofubstance during tensile stresses. The effect o
increasing the threshold can reach hundreds ofrsnp& second in terms of collision speed and oéns
gigapascals in amplitude of the incident shock wafe analysis of the distribution of shear
deformations and temperature in the sample showas ttie maximum degree of deformation and
maximum heating are observed in those parts ofamerelief for which the greatest change in shape i
observed. The maximum temperature reaches thenggltint, but no obvious traces of melting were
found, which may be related to the speed of theqa®es.

This work is supported by the Ministry of Scienod &ligher Education of Russian Federation
(state assignment for researches by C&W75-00992-21-00) and by Act No. 211 from 16 Mawth
2013 of the Government of the Russian Federatiomtf@ct No. 02.A03.21.0011).
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3BONOUMA NNACTUYECKOU AE®OPMALIUU U TEMIMEPATYPbI
NMPU OTPAXEHUN YOAPHOIO UMMYJIbCA OT NOBEPXHOCTU
C HAHOPEJIbE®OM Ui ¢ HAHECEHHbIMU HAHOYACTULIAMU

A.A. B6enb, A.E. Matiep
tOxHo-Ypanbckuli 2ocyGapcmeeHHbil yHugepcumem, 2. YensbuHck, Poccutickas ®edepayus
E-mail: ebelaa@susu.ru, mayer@csu.ru

HuTeHcuBHOE 00MyUYeHHE M BBICOKOCKOPOCTHOE CTOJIKHOBEHUE METAIIJIOB MPUBOJIUT K (hOPMUPOBA-
HUIO ¥ PacHpOCTPAaHEHHUIO B HUX WMITYJIBCOB yAApHOTO ckaTtus. HemaBHee pa3BUTHE SKCIIEPUMEHTAIh-
HOW TEXHHUKH C UCMOJIBF30BaHMUEM MOITHBIX CYOIMKOCEKYHIHBIX JIA3€PHBIX UMITYJIHCOB MTO3BOJISET MOITY-
4yaTh yAapHbIE HMITYyJbChl THKOCEKYHIHOTO Juamna3oHa. B paboTe MpoBEIeHO MOJEKYISPHO-
TUHAMHYECKOE MOJIETUPOBAHIE BEICOKOCKOPOCTHBIX CTOJIKHOBEHHH AT 00pa3IoB amoMuHuA. Hanmngre
HaHopenbe(a WIN OCAKICHHBIX HAHOYACTHI[ HAa 3aJIHEH MOBEPXHOCTH 00paslia MOXKET 3HAYUTEIILHO
YBEJIIMYUTH 33 JHUM MOPOT paclierieHus. B3anMoaelicTBue yaapHOW BOJHBI C HaHOpENnbe(oM WiTH oca-
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JICHHBIMH HAHOYACTHIIAMH MPHBOJUT K CHIBHOM Imactudeckor aedopmarmu. B pesynbrare yactb
SHEPTUU UMITYIIECA CIKATHS PACXOJYETCs Ha IDIACTHYECKYIO JeOpMaIliio, KOTopas MpeaoTBpallacT
paspymieare oTkona. DP(EKT OT MOBBIMICHHUS TOPOra MOXET JIOCTUTaTh COTEH METPOB B CEKYHIY IO
CKOPOCTH CTOJKHOBCHHS W JICCATKOB T'HTamacKajield Mo aMmIUTUTyJe Majaroliell yaapHoW BoJHBI. Pac-
CMOTPEHO pacripesienieHre aedopMaluy cABHra U TeMIiepatypsl B oopasiie. [Toka3aHo, 4To MakcuMaib-
Has CTENeHb JeopMallii U MaKCUMAIIBHBIH HarpeB HAOIOIAIOTCS B TEX YacTAX HaHOpenbeda, s KO-
TOPBIX HAOOaeTCs HauOoblee u3MeHeHne (GopMbl. MakcuManbHas TEMIlepaTypa JOCTUTAaeT TOYKH
TUTABJICHUS, HO SIBHBIX CIICJIOB IUIABIICHHUS HE OOHAPYKEHO, YTO MOXKET OBITh CBSA32HO CO CKOPOCTBHIO
MPOTEKAHUS TPOIECCOB.

Knioueswie cnosa: gvicokockopocmuoe gosoeticmsue, niacmuieckdas 0epopmayus; MONeKyIAPHAsL
ouHamuxa; Hanopenveg.
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