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Intense irradiation and high-speed collision of metals results in the for-
mation and dissemination of shock compression pulses in them. The recent devel-
opment of experimental technology using high-power subpicosecond laser pulses
makes it possible to obtain shock pulses of the picosecond range. A molecular dy-
namics simulation of high-speed collisions for aluminium samples is conducted.
The presence of a nanorelief or precipitated nanoparticles on the back superficies
of the sample may essentially enhance the rear splitting threshold. The coopera-
tion of a shock wave with a nanorelief or precipitated nanoparticles results in
strong plastic deformation. Consequently, part of the compression pulse energy is
spent on plastic deformation, which prevents spall destruction. The effect of in-
creasing the threshold can reach hundreds of meters per second in terms of colli-
sion speed and tens of gigapascals in amplitude of the 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 maximum heating are ob-
served in those parts of the nanorelief, for which the greatest change in shape is
observed. The maximum temperature reaches the melting point, but no obvious
traces of melting are found, which may be related to the speed of the processes.

Keywords: high speed impact; plastic deformation; molecular dynamics;
nanorelief.

Introduction

High-speed collision [1, 2] and intense irradiation [3, 4] of metals results in the formation and
dessimination of shock compression pulses in them. The recent development of experimental technology
using high-power sub-picosecond laser pulses makes it possible to obtain shock pulses of the picosecond
range [2, 4, 5]. The method of molecular dynamics (MD) is often used in the theoretical study of the
phenomenon of broken fragments. At the same time the study of the behavior of the nanometric zones of
metals in the conditions of the model train [6—10] and the direct modeling of the formation and the elim-
ination of shock waves triggered by a piston or a hammer [6, 11-16]. Despite the fact that only relatively
small system volumes and process times can be considered due to technical restrictions, MD modeling
offers several advantages. It offers the possibility of automatically taking into account the evolution of
the structure of the material during high speed forming, at least qualitatively. The accuracy of the quanti-
tative description is determined by the quality of the interatomic potentials used.

Practically important is the question of the stability of the material to rear fragmentation and the in-
tensity of the threshold of the incident shock wave or the speed of impact of the threshold at which
fragmentation will occur. The fragmentation threshold is determined by two factors: (i) the resistance of
the material to tensile stresses; (ii) the relationship between the amplitude of the incident compression
pulse and the amplitude of the expansion pulse reflected from the free superficy. The tensile strength of
metals was carefully studied by modeling [6-9, 11-16], including the effect of [6-8], cavities [9, 12,
16], grain boundaries [12-14], twins [15] inclusions. Also noteworthy is the problem of reducing the
amplitude of the tensile wave that forms on the free superficy.

If the free superficy is not flat and has protrusions or grooves, the uniaxial deformed state
performed in a plane shock wave will be replaced by a more complex deformed state when interacting
with these relief elements. For example, when a shock wave enters cylindrical protrusions on the rear
superficy of the target, a discharge on the lateral superficies of the cylinders leads to a transition to a
state of uniaxial tension. As a result, compressive and tensile stresses are limited by the dynamic yield
strength. The process of interaction of the incident shock wave with the protrusions leads to intense
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plastic deformation in the superficy layer, as a result of which part of the energy of the compression
pulse is scattered. This should lead to a decrease in the amplitude of the expansion wave and,
consequently, to an increase in the fragmentation threshold. A significant effect should be expected
when the size of the reliefs or other elements in the relief are comparable to the width of the
compression pulse. If the width of the compression pulse is much larger than the height of the
protrusions or if the shock wave is strong enough, the allowed plastic deformation of the protrusions
becomes insufficient to effectively suppress the reflected wave. The presence of protrusions in this case
can lead to the development of Richtmyer—Mashkov instability and to release [17-19] jets, as in the case
of liquids. Work is underway on modeling MD ejection stream from nanostructured metal superficite,
initiated by sufficiently strong shock waves [18, 19]. At the same time, there are no MD studies
regarding the effect of dorsal superfica relief on the scaling threshold. Also of interest is the
investigation with MD with a similar effect in the presence of a layer of precipitated nanoparticles on a
flat superficy. This article deals with the analysis of this effect. The development of the plastic
deformation and temperature is considered after the reflection of an impact compression pulse from the
superficy with nanorelief and with deposited nanoparticles.

1. Problem Statement

The molecular dynamic systems of samples from single-crystalline aluminum are considered. The
direction of the x, y and z axes is chosen by the crystallographic directions [100], [010], and [001]. After
initial thermalization for 2 ps in a thermostat at 300 K and in a barostat at zero pressure, the flat, superfi-
cial layer of thickness H (15 or 30 grating periods) received an additional velocity v, which along the x-
axis was normal to the boundary with the x was directed to rest of the system (Fig. 1) [20]. The lateral
dimensions of the system were 30 lattice periods. The additional velocity was added to the thermal
velocity of each atom of this flat layer that played the role of a drummer. Either a cylindrical projection
with a height of | and a diameter d or precipitated particles with a common layer thickness of 1 and
different diameters d were set on the rear superficy of the target. The height | of the cylinder or the
thickness of the layer of particles varied from 0, which corresponds to a flat back ultrafast, up to 60
lattice parameters. The diameter d of the cylindrical protrusion or deposited nanoparticles also varied
from 14 to 30 lattice periods. Note that we compared the strength of the samples with the same total
thickness L, which includes the height of the protrusion or of the deposited particles.

Molecular dynamics modeling was carried out using LAMMPS [21]. The calculations were made
for aluminum using the interatomic potential [22]. Both potentials are based on the method of immersed
atoms. The atomic configurations were visualized using the OVITO [23] program. The fault structure
was visualized on the basis of a central symmetry parameter [24], which is zero for an ideal fcc network,
and the difference of zero shows the degree of defect; the common neighbor analysis algorithm was also
used [25, 26].

To reach a state of thermodynamic equilibrium before the collision started, a barostat and a Nose-
Hoover thermostat were used. After establishing the impact velocity, the calculations were made within
the NVE set (the time energy E, the volume of the system V and the number of particles N are constant).
Periodic boundary conditions have been specified along all axes. The calculation domain was chosen to
be significantly larger than the size of the molecular dynamics system along the direction of the collision
coinciding with the x axis. This ensured compliance with the conditions of the free superficy at the
attacker's border and the rear superficy of the target. A finished thickness beater generated a
compression pulse composed of a shock wave followed by an unloading wave. Maximum compressive
stresses were determined by the impact velocity v. In the case of the presence of protrusions or deposited
nanoparticles on the back superficy (I > 0), this is equivalent to a sample with periodically located pro-
trusions [20, 27-29].

(a)

impactor target particles

(b)

Velocity.X (m/s)
H L -1500 N [ | 1500
Fig. 1. Configuration of the MD system at the beginning of the collision: a) the schematic model and b) the general view,
the color shows the x component of the atom velocity [20]
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2. Discussion of Results

Plastic deformation, as in the macroscopic case, is defined as irreversible deformation of the
material after removal of the external load. The magnitude of the deformation is calculated through the
derivatives with respect to the coordinates of the displacement of atoms from the initial state. In the
considered problems, the removal of the load means the departure of the wave from the region near the
back superficy. Thus, irreversibility is the main feature that allows us to distinguish plastic deformation,
including in molecular dynamics calculations. An indirect sign that the deformation is plastic is the
magnitude of shear deformation: shear deformations greater than 0,1-0,2 correspond to the plastic mode.

The magnitude of plastic deformation upon reflection of a shock pulse from a nanorelief superficy
is analyzed. In Fig. 2 shows, in the case of a flat boundary, the distribution of shear strain calculated
from the displacement of atoms [30]. Similarly calculated and shown in Fig. 3 distribution of shear
strain in the case of a cylindrical protrusion and deposited nanoparticles. The magnitude of the
deformation reaches one or more, which is substantially more than the possible elastic deformations.
From this it follows that the presented distributions correspond precisely to plastic deformation. In this
case, the zones of plastic deformation correspond to those parts of the nanorelief that have undergone
the greatest change in shape when exposed to a shock wave. Also, the deformation corresponds to the
region of the sample in which a spallation is formed in the case of a flat superficy (Fig. 2) and an incom-
plete spallation in the case of a nanorelief at a high impact velocity (Fig. 3).

Plastic deformation is accompanied by heating of the material. The temperature distributions calcu-
lated from the average kinetic energy of a disordered motion are shown in Fig. 4, 5 for the same time
points as the deformation in Fig. 2, 3. The greatest temperature increase is observed in the most
deformed parts of the nanorelief and in the spall formation zone. The maximum temperature reaches the
melting point, but no obvious traces of melting are found, which may be due to the speed of the
processes. At later stages, thermal conductivity has a significant effect on the temperature distribution in
the sample.

I—» shear deformation
» Ol = il 1
Fig. 2. Shear deformation in the central section of an aluminum target with a flat rear superficy; when the impactor speed
is 1500 m/s and the total target thickness is 120 lattice parameters (48,6 nm)

shear deformation 60 ps
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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) with cylindrical projections with I/H = 1; b) with deposited particles with
I/ H =1 (diameter of 30 lattice parameters (12,15 nm), one layer)
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temperature, K
LX 300 mm T 930
Fig. 4. The temperature in the central section of the aluminum target with a flat rear superficy; when the impactor speed
is 1500 m/s and the total target thickness is 120 lattice parameters (48,6 nm)

3 temperature, K : temperature, K
Lx 300 ma M 930 Lx 300 BT w930
Fig. 5. The temperature in the central section of the aluminum target with a hammer speed of 1500 m/s and a total target
thickness of 120 lattice parameters (48,6 nm): a) with 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 speed collisions for aluminum samples shows that the
presence of cylindrical protuberances or nanoparticles deposited on the rear superficy of the sample can
considerably increase the rear fractionation threshold. Note that the deposited nanoparticles make the
free superficy more resistant to burst fracture initiated by the reflected compression pulse. The reason is
that when a shock wave arrives at the rear of the superficy with protrusions, the discharge of the
protrusions on the lateral superficy occurs, leading to severe plastic deformation. Consequently, part of
the energy of the compression pulse is devoted to plastic deformation, which limits the amplitude of the
stretching pulse and suppresses the destruction of the substance during tensile stresses. The effect of
increasing the threshold can reach hundreds of meters per second in terms of collision speed and tens of
gigapascals in amplitude of the incident shock wave. An analysis of the distribution of shear
deformations and temperature in the sample shows that the maximum degree of deformation and
maximum heating are observed in those parts of the nanorelief for which the greatest change in shape is
observed. The maximum temperature reaches the melting point, but no obvious traces of melting were
found, which may be related to the speed of the processes.

This work is supported by the Ministry of Science and Higher Education of Russian Federation
(state assignment for researches by CSU Ne 075-00992-21-00) and by Act No. 211 from 16 March of
2013 of the Government of the Russian Federation (Contract No. 02.A03.21.0011).
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3BONOUMA NNACTUYECKOU OE®OPMALIMU U TEMIMEPATYPbI
NMPU OTPAXEHUN YOAPHOIO UMMYJIbCA OT NOBEPXHOCTU
C HAHOPEJIbE®OM Ui ¢ HAHECEHHbIMA HAHOYACTULIAMU

A.A. 36enb, A.E. Maliep
tOxHO-Yparnbckul eocydapcmeeHHbili yHUgepcumem, 2. HYensabuHck, Pocculickass ®edepayusi
E-mail: ebelaa@susu.ru, mayer@csu.ru

HHTeHCHBHOE 00TyUeHNE U BRICOKOCKOPOCTHOE CTOJIKHOBEHHE METAJUIOB MMPUBOAUT K (POPMHUPOBA-
HUIO U PaCIpOCTPAHCHUIO B HUX HMMITYJIbCOB yAapHOro cxaTus. HenaBHee pa3BUTHE SKCIEPUMEHTANb-
HOW TEXHUKH C UCIOJIH30BAHUEM MOITHBIX CYOIMMKOCEKYHIHBIX JIA3EPHBIX UMITYJIHCOB MTO3BOJISET MOITY-
4yaTh yAapHbIE WMITyJbChl THKOCEKYHAHOTO [uama3oHa. B pabore mpoBeaeHO MOJEKYISpHO-
JTIMTHAMHYECKOE MOJICTUPOBAHIE BEICOKOCKOPOCTHBIX CTOJIKHOBEHHH 11 00pa3IoB anroMuHaus. Hanmnave
HaHOpenbe(da WM OCaXKJICHHBIX HAHOYACTHI[ HA 3aJHEH MOBEPXHOCTH 00pa3lia MOXKET 3HAYUTEIHHO
YBEJIMYHTH 3aTHAN TOPOT paclierieHus. B3anMmoeiicTBrue yIapHOi BOJHBI C HAaHOpeIbeoM MiIu oca-
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KJICHHBIMH HAHOYACTHIIAMH MPHUBOJUT K CHIBHOHM Iactudeckor aedopmanmu. B pesynbrare yacth
SHEPTUU UMITYIIECA COKATHS PACXOJYETCsl Ha IIACTHYECKYHO Ne(OpMaIlUio, KOTopasl MpeIoTBpaliact
paspymieHre oTkosa. D(P(EKT OT MOBBINICHHUS MOPOra MOXKET JIOCTUTATh COTEH METPOB B CEKYHIY IO
CKOPOCTH CTOJKHOBCHHS W JICCSATKOB T'Mramackajied 1Mo aMmIuIUTyAe NaJaroield yaapHoW BOJHBL Pac-
CMOTPEHO pachpezieneHne aeGopMalyy CIBUTa U TeMIIepaTypsl B oOpasie. [lokazaHo, 4T0 MaKCUMAaIIb-
Has CTENeHb JeopMallii U MaKCUMAIIbHBIH HarpeB HAOJIOAIOTCS B TEX YaCTAX HaHOpeIbeda, sl KO-
TOPBIX HAOJOACTCS HauOobIlee u3MeHeHHe (HopMbl. MakcuMaibHash TeMIlepaTypa JOCTUTaeT TOYKH
TUTABJICHUS, HO SIBHBIX CJIC/IOB IUIABIICHHUS HE OOHAPYKEHO, UYTO MOXKET OBITh CBA3aHO CO CKOPOCTBHIO
MPOTEKAHUS MPOIECCOB.

Kniouesvie cnosa: gvicokockopocmuoe go3oelicmaue; niacmudeckas 0eopmayus; MOAEKYIAPHAs
OuUHAMUKA, HAHOpeabeq.
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