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Taylor tests suggesting a high-velocity impact of specimens on a rigid anvil are widely used
to study dynamic response of various metallic materials. In order to extend our previous
experimental investigations and to reveal the features of Taylor tests at nanoscale, here we
perform molecular dynamics simulations for single crystalline and polycrystalline copper
considering both classical cylindrical samples and profiled ones with the reduced head
part. The sample shapes are similar to that used in experiments, but the total length is 80
or 200 nm in contrast to 40-mm-length samples in the experiments. In spite of five orders
of magnitude difference in length, the MD-calculated curves of the normalized length
after impact versus the impact velocity are similar to that experimentally measured for
millimeter samples, but, as expected, reveal much higher strength of nanoscale samples.
Both single crystalline and polycrystalline samples are subjected to loss of the initial
cylindrical symmetry in the course of impact. In the case of single crystal, this is due
to activation of certain slip systems. In the case of polycrystals, this is connected with
the anisotropy of individual grains and is clearly evident when the profiled part of the
sample contains only a few grains in the thickness direction. This loss of the symmetry
correlates with the distortion of the shape of the profiled samples in our experiments
with annealed coarse-grained copper, in which the largest grains reach millimeter sizes.
Thus, the symmetry distortion observed in the experiment has a fundamental reason of
the deformation localization.
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Introduction

Taylor tests suggesting a high-velocity impact of specimens on a rigid anvil are
widely used to study dynamic response of various metallic materials, including ordinary
metals [1-3| and alloys [4-6], as well as additively manufactured alloys [7-9] and high-
entropy alloys [10-12|. This is a standard experimental technique to extract dynamic
yield strength at strain rates of the order of 10%-10°s™! [13] and to optimize material
model parameters [14; 15] including the application of machine learning methods [16-18|.
Typical sizes of the impacted samples in these studies are several millimeters in diameter
and tens of millimeters in length characterizing the macroscopic plasticity and fracture
response. Classical uniform cylinders are commonly used as the investigated samples in
the Taylor impact tests, while profiling of the head part of the impacted samples allows
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one to concentrate the kinetic energy and to increase the strain rates and strain values
[5;13; 18].

Recently, microscale dynamic testing gain substantial attention [19], including
the laser-induced particle impact test [20-22|, which applies spherical particles with
diameters of about tens of micrometers accelerated by nanosecond laser pulses through
ablation and expansion of a nanometers-thick gold film and a micrometers-thick
polyurethane film deposited on a glass substrate. The particle velocity varies from
tens of meters per second up to several kilometers per second providing severe plastic
deformation of a softer material at a strain rate up to 10%s™' [23]. This technique
can be used to study both the dynamic property of particle material if the target
material is harder and the dynamic property of target material in the opposite case [20].
When considering the microscale samples and even more so the nanoscale samples, an
important issue is the transferability of macroscopic properties. In this sense, study on
the impact behavior of nanoscale samples in Taylor anvil tests with the help of molecular
dynamics (MD) simulations is a relevant topic, although it has not been addressed in
the existing literature to the best of our knowledge.

Taylor impact tests with single crystal tantalum samples [1]| reveal strong anisotropy
with respect to the impact direction and loss of the initial symmetry due to the strain
localization. These features are the challenges for macroscopic plasticity theories and
attracts substantial modeling efforts [24; 25| in the frames of crystal plasticity combined
with the finite element calculations. Polycrystalline materials are assumed to have
an averaged properties and not so prone to anisotropic behavior, but it can be the
case for coarse grained annealed materials with the grain size comparable with the
sample dimensions. For instance, our previous experiments with cold-rolled [2;13; 18|
and annealed copper samples reveal much stronger bending of the head part of profiled
samples in the case of annealed copper with the average grain size of about 300 ym (only
5-10 grains per the diameter of the head part) compared with the cold-rolled copper
with the average grain size of 18 yum (about hundred of grains across the head part).
Our present MD simulations show that this behavior has a fundamental origin from the
anisotropy of individual grains, which, in the case of small number of grains across the
impactor head part leads to the strain localization and the loss of symmetry similar to
the case of single crystals.

Considering all above motivation and supplementing our previous experimental
program for copper [2;13;18], here we perform MD simulations of the Taylor impact
tests for monocrystalline and polycrystalline copper samples, which are geometrically
similar to the experimental ones, but having a length of 80 or 200 nm in contrast to
40-mm-long samples in the experiments. Both classical uniform cylinders and that with
the profiled head part are considered. The impact velocity range is close to that in our
experiments.

1. MD problem statement

Classical MD simulations are performed with the widely used Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) [26;27], which now is the
standard software in the most of MD simulations. Well-approved classical interatomic
potential [28] of the embedded atom model (EAM) type [29] is used for Cu—Cu
interactions. To analyze the calculated atomic configurations, the OVITO software |30]
is applied, which implements, in particular, the dislocation extraction algorithm (DXA)
[31] and the polyhedral template matching algorithm [32].

The examined MD systems are shown in Fig.1 and include small monocrystalline
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Fig. 1. Studied MD systems: (a) single crystal with 1.1 million atoms, (b) small polycrystal
with 1.09 million atoms (profiled cylinder) or 1.34 million atoms (uniform cylinder) and
(c) large polycrystal with 17.1 million atoms (profiled cylinder) or 21 million atoms
(uniform cylinder). The color coding is described in Figs. 2-5; central sections are shown

and polycrystalline copper samples with the length of 80 nm and the number of atoms of
about 1.1-1.3 millions (Fig. 1, a,b), as well as large polycrystalline copper samples with
the length of 200 nm and the number of atoms in the range of 17-21 millions (Fig. 1, ¢).
In the case of polycrystalline copper, we consider both classical uniform cylinders and
profiled cylinders with the reduced head part. In the case of copper single crystals, only
profiled samples are analyzed. The MD-considered samples are geometrically similar to
that were experimentally examined [2;13; 18], but reduced in 5 - 10° or 2 - 10° times for
small and large MD systems, respectively.

The lattice direction [100] of single crystals is directed along the cylinder axis as
shown in Fig. 1, a. To prepare the polycrystalline models, preliminary MD simulations
of melting and crystallization were performed. In the case of large polycrystalline models,
a copper single crystal with the dimensions of 200 nm x 45 nm x 45 nm was molten at high
temperature and, thereafter, was cooled and crystallized with introducing of randomly
oriented and randomly located crystallization centers maintained at low temperature.
As a result, a polycrystalline bar was obtained containing 830 grains with an average
grain diameter of about 8 nm, from which the classical and profiled cylinders were
cut out. In the case of small polycrystalline samples, a smaller single crystal with
dimensions of 20nm x 20nm X 20 nm was molten and crystallized on 9 crystallization
centers providing a close grain size. The small crystallized cube was replicated four
time to reach the total length of 80 nm and, thereafter, the required sample shape was
cut out. This preparation procedure leads to periodically repeating grain structure of
small polycrystalline samples, but does not influence the average mechanical response
as shown below. As shown in Fig. 1, the monocrystalline samples have a perfect initial
crystal structure of face-centered cubic (FCC) lattice, while the polycrystalline samples
reveal a large number of grain boundaries and intra-grain stacking faults indicating the
traces of plastic deformation at crystallization and thermal shrinkage.

After relaxation and thermalization at 300 K, an initial velocity directed along the
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cylinder axis toward the rigid anvil is set to the sample by adding this ordered velocity
to the thermal velocity of each atom. Periodic boundary conditions in all directions
act during the relaxation stage; thereafter, they are replaced by free (shrink-wrapped)
boundaries from all sides except the anvil side. The rigid anvil is modeled by fixed
boundary condition, leading to the momentum reflection of the atoms in contact with
this boundary (the imaginary anvil surface). The collision of sample with anvil is
simulated in microcanonical (NVE) ensemble with the conservation of total energy. The
investigated range of impact velocities with the maximal velocity of 180 m/s is somewhat
wider than that investigated in the experiments [2;13;18|.

Fig. 2. Impact of profiled 80-nm-long monocrystalline samples at the impact velocity of 130m/s (left
column) and 180m/s (right column). All plots besides the bottom ones present central section of the
sample; atoms are colored in accordance with the local ordering as described by the legend

2. Dynamic deformation of nanoscale samples

Fig. 2 shows dynamic deformation of single crystal copper at two impact velocities.
The plastic deformation starts with nucleation and propagation of Shockley partial
dislocations leaving the staking faults indicated in Fig. 2 as the stripes of hexagonal
closed packed (HCP) atoms. In contrast to the case of homogeneous nucleation of
dislocations in the bulk of material [33], the dislocations are emitted from the lateral
surface of the reduced cylindrical head part. Similar to that was reported previously
[34;35], a fraction of bulk-centered cubic (BCC)-ordered atoms appears before the
dislocation emission indicating an unstable state of the crystal lattice under imposed
elastic deformation. The emitted dislocations form slip bands in (111) closed packed
planes crossing the head part and leading to the strain localization, which, in turn,
leads to the loss of cylindrical symmetry of the samples and to an oblique rebound at
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the late stage of collision. The plastic deformation is mainly concentrated in the reduced
head part, but it touches the main part of the cylinder as well providing steps on the
lateral surface, ending the slip bands.

Fig. 3. Impact of 80-nm-long profiled polycrystalline samples at the impact velocity of 120m/s (left
column) and 180m/s (right column). All plots besides the bottom ones present central section of the
sample; atoms are colored in accordance with the local ordering as described by the legend

The polycrystalline samples shown in Fig.3 have initial abundant defect
substructure. As a result, there is no need to accumulate high elastic stresses required
to trigger the dislocation nucleation/emission, and the plastic deformation starts earlier
compared to the case of single crystals. Nevertheless, further evolution and the final
shapes are very similar, compare Fig. 3 and Fig. 2. Polycrystalline samples are also prone
to the strain localization and the oblique rebounding, just like single crystals. For the
profiled small polycrystalline models, the diameter of the reduced head part is about
the grain size. Therefore, the anisotropy of the elastic properties and the plastic slip of
particular grains in the head part are significant and not properly averaged through a
number of grains resulting in the loss of the initial cylindrical symmetry.

Fig. 4 shows the case of classical uniform cylinders traditionally applied in the Taylor
impact tests. This is a small polycrystalline copper model. One can see that the final
plastic deformation is much weak compared with the case of profiled samples in Fig. 3 at
the same impact velocities. This difference motivated us to develop the profiled cylinders
[18] in order to concentrate the kinetic energy in a small head part and to increase the
reached deformation degree. In spite of a weaker deformation and a higher number
of grains per cross-section, the uniform cylinders are also prone to the loss of axial
symmetry and to an oblique rebounding, although in a lesser degree than in the case of
profiled ones.
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Fig. 4. Impact of the classical uniform cylinders 80 nm in length made of polycrystalline copper at the
impact velocity of 120m/s (left column) and 180m/s (right column). All plots besides the bottom
ones present central section of the sample; atoms are colored in accordance with the local ordering

As far as the number of grains is very limited at the impact edge of the small
polycrystalline model, which can distort the deformation process, a larger polycrystalline
model shown in Fig. 1, ¢ was constructed and examined; the results are shown in Fig. 5.
The increase in the number of grains really increases the uniformity, but does not
completely eliminate the bending of the heat part and the oblique rebounding. Even for
this large polycrystalline model, there are still only about 3-5 grains per the diameter
of the impact edge, retaining the large influence of the plastic deformation anisotropy
of particular grains.

We can conclude that there is a fundamental reason for the loss of the initial
symmetry and for the oblique rebounding even for the geometrically perfect initial shape
and for the normal impact. Therefore, the bending of the samples in the experiment is
not always because of inaccurate experimental scheme, but can come from the features
of the material microstructure. This conclusion is in line with the experimental results
for macroscopic samples made of tantalum single crystals, for which strong anisotropy,
strain localization and loss of symmetry were reported [1] and confirmed by the crystal
plasticity calculations [24;25]. This is also in line with our recent experimental results
for cold-rolled [2;13;18] and annealed copper samples, which revealed much stronger
bending of the head part of profiled samples in the case of annealed copper compared
with the as-received cold-rolled ones. This can be explained by a large grain size of
about 300 pum in the annealed copper, which results in 5-10 grains per the diameter
of the head part, compared with the cold-rolled copper with the average grain size of
18 pm providing about hundred of grains across the head part and leading to an efficient
averaging of material properties. On the other hand, the strain localization obviously
takes place even for fine-grained materials, in particular at the initiation of fracture [5].
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Fig. 5. MD results for large polycrystalline model: Impact of profiled (left column) and classical
uniform (right column) cylinders 200 nm in length at the impact velocity of 120m/s. All plots besides
the bottom ones present central section of the sample; atoms are colored in accordance with the local

ordering as described by the legend

3. Comparison with experiments for macroscopic samples

Fig.6 summarizes the change in length of all MD-simulated samples versus the
impact velocity. In order to compare the different-scale impactors, the ratio of the
final length to the initial one (the normalized length) is used as the measure of the
final plastic deformation. Fig.6, b shows that all three studied types of MD systems,
single crystals, small polycrystals and large polycrystals, reveal the same deformation
behavior, and the corresponding data points lay around the same dependence fitted to
the small polycrystals taking into account a certain statistical straggling. It is remarkable
that both the perfect single crystals and the defect-reach polycrystals experience very
similar final deformation, in spite of the fact that the dislocation emission triggers the
plastic deformation in the former case, while the activation of the existing defects is the
prevalent mechanism in the later case. This feature indicates that the system loses the
memory of the plasticity incipience. Fig. 6, a for classical uniform cylinders shows very
close final deformation of both small and large polycrystals.

MD results in Fig. 6 are compared with our recent experimental data [2; 13; 18| for the
cold-rolled copper samples with the length of 40 mm. In spite of five orders of magnitude
difference in length, the MD-calculated curves are similar to that experimentally
measured for the millimeter samples, but, as expected, reveal much higher strength
of the nanoscale samples. The higher strength of nanoscale systems can be explained
by two factors. The first one is much higher strain rates at deformation. Figs.2 and 3
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show that the main stage of the deformation of the head part lasts for about 100 ps
reaching the deformation degree of about 1, which gives an estimate of 10'°s~! for the
average strain rate, while it is only about 10*-105s™! in the case of experiment [2;13;18].
Such increase in the strain rate substantially enhances the yield strength. Another factor
is the small grain/sample size, which restricts the free path of dislocations before the
disappearance or pinning at grain boundaries or lateral surfaces, which is the leading
mechanism of the strengthening of nanoscale systems.

Fig. 6. Comparison of MD results for nanoscale samples with the experimental data [2; 18]
for macroscopic samples: Normalized length of the deformed samples in the case of (a) classical
cylinders and (b) profiled cylinders with the reduced head part

Remarkably, the scatter of experimental data points around the fitted curves in Fig. 6
is comparable with that is observed for the MD-calculated data points. It means that
the experimentally measured scatter can be partially explained by some fundamental
reasons, including variation of the material microstructure and properties.

Conclusions

For extension of our previous experimental investigations and revealing the features
of Taylor impact tests at nanoscale, here we perform MD simulations for single crystalline
and polycrystalline copper considering both classical cylindrical samples and profiled
ones with the reduced head part. The sample shapes are similar to that used in
experiments, but the total length is 80 or 200 nm in contrast to 40-mm-length samples
in the experiments. In spite of five orders of magnitude difference in length, the MD-
calculated curves of the normalized length after impact versus the impact velocity are
similar to that experimentally measured for macroscopic samples, but reveal much higher
strength of nanoscale samples. The enhanced strength is due to both much higher strain
rate and smaller free paths of dislocations in the nanoscale impactors. Both single
crystalline and polycrystalline samples are subjected to loss of the initial cylindrical
symmetry in the course of impact. In the case of single crystal, this is due to activation
of certain slip systems. In the case of polycrystals, this is connected with the anisotropy
of individual grains and is clearly evident when the profiled part of the sample contains
only a few grains in the thickness direction. This loss of the symmetry correlates with
the distortion of the shape of the profiled samples in our experiments with annealed
coarse-grained copper, in which the largest grains reach millimeter sizes. Thus, the
symmetry distortion observed in the experiment has a fundamental reason of the plastic
flow localization. Besides, our idealized consideration in the MD reveals a scatter of
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deformation results along some general trend, suggesting fundamental reasons of similar
scatter observed in the experiments. An obvious fundamental reason is variation of the
material microstructure and properties.
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Tectrr Teitopa, mpesmosaraonie BHICOKOCKOPOCTHOM yaap 00Opas3loB O KECTKYIO Ha-
KOBAJIBHIO, IMUPOKO HUCIOJb3YIOTCS JJIs U3yUEHUs JTUHAMAIECKOTO OTKJIUKA PA3JIUIHBIX
MeTaJIJIMYEeCKUX MaTepUuaJIoB. L:[TO6I>I paCcHIMpUTh Hallll IIPEeAbLAYIIINE IKCIIEPpUMEHTaJIb-
HBIE WCCJIEIOBAHNS U BBISBATH 0cOOeHHOCTH TecToB Teilopa B HaHOMAacInTabe, 371eCh MBI
[IPOBOJINM MOJIEKYJISIPHO- THHAMUYIECKOE MOJIEJIMPOBAHUE JIJIsi MOHOK PUCTAJIIMIECKOI U 110~
JINKPUCTAJITIIECKON Me/IN, PACCMATPUBAas KaK KJIACCHYECKUE IIINHIPHIECKre 00PasIihl,
TaK U MPOQUINPOBAHHBIE 0OPA3Ihl C YMEHBIIIEHHON I'OJIOBHOM YacThiO. ['eoMeTpuyecKast
dopma 06pa3IoB aHAJIOTHIHA TOI, KOTOPas MUCII0IHb30BAIACH B 9KCIEPUMEHTAX, HO 0DOIITast
nmaa cocrasisier 80 mim 200 HM B ommume oT 00pasnoB jymHON 40 MM B 9Kcrepu-
MeHTax. HecMOTpst Ha pa3HUIly B [STh HOPSJKOB 10 JJIMHE, PACCIUTAHHBIE MeTogoM M /T
KPUBbIE OTHOCHUTEJILHO JIJTMHBI II0CJIE yJiapa B 3aBUCHUMOCTH OT CKOPOCTH y/Iapa aHaJIo-
TUYHBI SKCIEPUMEHTAJIBHO U3MEPEHHDBIM JIJIsi MUJITIMETPOBBIX 00Pa3IoB, HO, KAK U OXKH-
JIAJIOCh, TIOKA3BIBAIOT TOpa3 10 60jiee BHICOKYIO MPOYHOCTh HAHOPa3MepHbIX 00pas3mnos. Kak
MOHOKpUCTaJIJIMIECKHEe, TaK U IMOJUKPUCTAJIINICCKNE 06pa311b1 IIO/IBEP2KEHBI I1I0TEpe UcC-
XOZHOW IMJINHIPUIECKON CUMMETPUU B TPOIEcce yaapa. B ciydae MOHOKPHUCTAJLIA TO
[IPOUCXOJUT U3-32 aKTUBAIUU OIPEIEJEHHBIX CUCTEM CKOJIbXKEHUsl. B ciydae mojukpu-
CTAJJIOB 9TO CBA3AHO C AHU3OTPOIHEN OTIEIbHBIX 36PEH U OTUYETIINBO IIPOABIISIETCs, KOTIA
npodHIMpOBaHHAs 9acTh 00pa3Ia COJEPKUT BCEI'O HECKOJIHKO 3EPEH IO TOJIIIHE. DTa
oTepsi CHMMETPUN KOPPEJIUPYyeT ¢ UCKaykeHneM (OpMbI TPOGUINPOBAHHBIX 0OPA3IOB B
HAIMX JKCIEPUMEHTaX C OTOXKYKEHHON KPYITHO3E€PHUCTOW MeJbi0, B KOTOPOil Hambojee
KpYIHBIE 36pHA JIOCTUTAI0T MUJUIMMETPOBBIX pa3MepoB. TakuM 0b6pa3zoMm, HADIIOaeMoe B
IKCIIEPUMEHTE MCKAXKEHNe CUMMETPHUH nMeeT (DyHIAMEHTAIbHYIO MPUYINHY JTOKAJIM3AIIIIT

IJIACTUYIECKOI'O TeYdeHud.

WccnenoBanme BbIMOMHEHO TIpu (PUHAHCOBOHN O/ IepKKe Pocchitckoro HaydHOro ¢oHja, MPOeKT
Ne 20-11-20153-P, https://rscf.ru/en/project/23-11-45024//.
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