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a b s t r a c t

We present atomistic molecular dynamics simulations of the impact of copper nano particles at 5 km s�1

on copper films ranging in thickness from from 0.5 to 4 times the projectile diameter. We access both
penetration and cratering regimes with final cratering morphologies showing considerable similarity to
experimental impacts on both micron and millimetre scales. Both craters and holes are formed from
a molten region, with relatively low defect densities remaining after cooling and recrystallisation. Crater
diameter and penetration limits are compared to analytical scaling models: in agreement with some
models we find the onset of penetration occurs for 1.0 < f/dp < 1.5, where f is the film thickness and dp is
the projectile diameter. However, our results for the hole size agree well with scaling laws based on
macroscopic experiments providing enhanced strength of a nano-film that melts completely at the
impact region is taken into account.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

A detailed understanding of cratering mechanisms and
morphologies resulting from hypervelocity impact is critical for
analysis of experiments such as Stardust. Post-flight examinations of
retrieved space hardware frequently show evidence of micro-cra-
tering as a result of collisions with micrometeoroids/interplanetary
dust particles [1,2]. Laboratory simulations using light-gas-guns
(LGG) have typically beenused togenerate analogue impact features
[3]. These simulations enable insights into the micro-cratering
processes including residue preservation and the ability to calibrate
the original projectile size. To support the interpretation of impact
craters preserved on the aluminium foils on the collection tray
assembly of NASA’s STARDUST cometary sample return spacecraft
[4], a detailed LGG shot programwas performed to calibrate particle
size from craters down to approximately 1 mm in diameter [5].
During the preliminary STARDUST post-flight investigation of the
foils, a diverse range of crater diameters were observed from a few
hundred mm down to tens of nm [6]. The observation of the abun-
dant nm-sized craters requires further laboratory analogue impacts.
.ac.uk (A. Higginbotham).
w House, Wilderspool Park,
nited Kingdom.
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However, at this size regime there are operational difficulties using
LGG facilities, therefore different methods are required.

For macroscopic impactors (dp > 1 mm) impacts can be carried
out experimentally using light-gas-guns (but there are limitations
on the nature and type of particles that can be accelerated to
a given velocity). However, there are currently limited experi-
mental techniques able to easily access the sub-micron regime,
with only a handful of experiments using projectiles of hundreds of
nanometers. Simple empirical scaling laws extrapolated to the
nanometer regime do not seem to predict crater sizes for nano
particles with dozens to thousand of atoms [7].

In this paper we investigate cratering due to a fully dense copper
projectile undergoing hypervelocity impact with a single crystal
copper film. We show that penetration occurs at a similar particle
radius to film thickness ratio as in macroscopic impacts. We also
discuss the applicability of macroscopic scaling equations in this
regime.

In Section 2we describe the simulations and analysis techniques
employed. Discussion of the results in both the penetration and
cratering regimes is presented in Section 3.
2. Simulations

Simulations were carried out using non-equilibrium molecular
dynamics (NEMD). This technique determines material response of
an ensemble of atoms by integration of Newton’s equations based
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Notation

dd Crater depth
dc Crater diameter
dh Diameter of hole at rear target surface
rt Film density
f Film thickness
rp Projectile density
dp Projectile diameter
st Yield stress of target

A. Higginbotham et al. / International Journal of Impact Engineering 38 (2011) 247e251248
on a semi-empirical interatomic potential. In this case the Mishin
copper potential was chosen [8]. This potential is fitted to the
equation of state of Cu, and gives good energetics for defects. The
melting temperature for this potential is approximately 1200 K.
Previous work has also shown that this potential is able to reliably
recreate high pressure, high strain rate behaviour in single crystal
[9] and polycrystalline samples [10]. Note that this technique
describes the interaction of distinct atoms it allows the study of
nanoscale systems in a way not accessible to hydrocodes, where
mesh entangling and difficulties in treating microstructure at the
nanoscale inhibit meaningful simulation.

A spherical projectile, dp ¼ 4 nm, (containing close to 3000
atoms), was allowed to impact at normal incidence into a free
standing, thin, single crystal copper film at a velocity V ¼ 5 km s�1.
The initial temperature of both impactor and substratewas 5 Kwith
sample thermalised (in the microcanonical ensemble [11]) for
several picoseconds before impact. This temperature was chosen to
simplify visual analysis of the samples, however, simulations at
300 K showed quantitatively similar features. After impact the
system was allowed to evolve until the crater morphology had
stabilised. Hole and crater dimensions within 10% of the final values
were typically reached 40e50 ps after impact, but simulations were
run for a total of 130 ps to ensure that the late structural relaxation
did not modify the relevant dimensions.

The films were square, with a side length of 36 nm, leading to
samples with 110,650 atoms per nm of film thickness. Periodic
boundary conditions were imposed at the edges of the film.
Thickness of the filmwas varied between 2 nm and 16 nm. The size
of the craters did not change (within our error bars) when the size
of the simulation cell was doubled (leading to a 72 nm foil width),
indicating that periodic boundary constraints did not significantly
affect crater formation mechanisms.

Simple analysis was carried out by visualisation of the impact
process. The centrosymmetry parameter (csp) was used as an
indicator of local structure in the initially perfect crystal. The csp of
an atom, i, in an fcc crystal is defined as [12] e

P ¼
X

j¼1.6

jRjDRjD6j2

where Rj and RjD6 are the position vectors of the 12 nearest
neighbours of atom i. The indexing is defined such that Rjþ Rjþ6¼ 0
for a perfect crystal; that is to say Rj and RjD6 have positions related
by in inversion about Ri for all j ¼ 1/6. If the atoms around i move
from their lattice positions, atom i’s csp will increase. This leads to
a measure of the departure from centrosymmetry useful for diag-
nosing both defects and amorphous phases resulting frommelting.
3. Results

The thin film hypervelocity simulations presented show
surprising qualitative and quantitative similarities to macroscale
impact experiments. Fig. 1 shows the impact and subsequent cra-
tering or penetration for 0.5 � f/dp � 4. It can be seen that the final
crater morphology is broadly similar to those seen experimentally
[6,13,14]. There is a clear crater rim for f¼ 16 nm, but curling lips are
only observed for larger projectiles [15].

In the limit of small thickness, (i.e. small f/dp), we observe
penetration of the projectile, as expected. For f¼ 2 and f¼ 4 nm the
early frames show void nucleation in a molten region, similar to the
initial stages of spall in a liquid [16,17]. This mechanism is similar to
that seen during the collision of nanograins by Ohnishi et al. [18].
Note that this molten region covers the entire thickness of the film.
This melting dominated behaviour explains why we saw very little
difference between 10 and 300 K simulations; both temperatures
are significantly below melting.

The film expands and breaks apart in elongated fragments,
which slowly evolve into more spherical shapes due to surface
tension. As most of the hot molten material is shed away, the
remaining film displays a thin molten covering at the side of the
hole, surrounded by defects (point defects, line defects - disloca-
tions, and planar defects - stacking faults and twin boundaries).
Only a few defects survive the cooling and recovery stage and are
shown as red lines in the final frame.

At f ¼ 6 nm (f/dp ¼ 1.5) we observe no penetration. The film
melts throughout its entire thickness, but the additional
surroundingmaterial allows faster cooling andmomentum transfer
avoiding perforation. The large dislocation density produced in
{111} planes, seen at 45� respect to the impact direction, is mostly
recovered and leads to a perfect crystal with few defects around the
crater. The dislocation density, however, is larger than in the
thinner films, since the surface is less effective as a defect sink.

The computational expense of these simulations (around 3600
cpu-hours each) prevents a more detailed examination of param-
eter space. It is clear however that the onset of penetration occurs
for 1.0 < f/dp < 1.5. We transition from a region of full penetration
(dh ¼ dc) at f/dp ¼ 1.0 to a cratering regime (dh ¼ 0) at f/dp ¼ 1.5.

Numerous penetration limit equations of varying complexity
exist to predict the onset of the penetration regime. Table 1 lists
a selection of these equations. The CourePalais equation [19] is
a simple expression with no dependence on material strength.
McDonnell et al. [20] use a more complex model to predict the foil
thickness which satisfies the condition f ¼ dc at the penetration
limit. The equation in Gardner et al. [21] was fitted to describe the
perforation region and so gives the condition of dh ¼ 0. Although
CourePalais fails to predict a reasonable penetration limit for the
nanoscale impacts it is seen that there is reasonable agreement
between the simulations and the predictions of Gardner and of
McDonnell.

A more general form of the equation presented in Gardner et al.
describes the scaling of hole diameter e

dp
f

¼ A

0
@ 10

9þ exp
�dh
fB

�
1
Aþ dh

f

�
1� exp

�
�dh
fB

��
(1)

where

A ¼ 6:97
�

Vrpffiffiffiffiffiffiffiffiffi
strt

p
��0:723�

st
sAl

��0:217

f�0:053 (2)

and

B ¼ B1 þ B2V (3)

dp and f have units of microns. For Cu, B1¼3.2 and B2¼ 2.62 [21].
We must use a suitable yield stress in this equation. Gardner et al.
suggest a yield stress of 0.22 GPa for copper, a value consistent with



Fig. 1. Color online: Snapshots showing evolution of the crater for 0.5 � f/dp � 4. Color denotes centrosymmetry parameter; a measure of order in the crystal structure. Blue
indicates perfect crystal with red denoting highly discovered environments. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article).
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those measured in polycrystalline copper samples. However, this is
significantly lower than yield stresses derived from molecular
dynamics calculations of shock induced plasticity in single crystal
copper where stresses of just over 30 GPa are required to induce
plastic flow [9]. This number is known to be significantly higher
than most polycrystalline experimental values due to high strain
rate effects, and the lack of pre-existing defects and defect sources,
necessitating homogeneous nucleation of dislocations to yield
plastically.
Table 1
A selection of penetration limit equations and the predicted minimum foil thickness fo
McDonnell are cgs with V in km s�1. Gardner is in SI units with dp in mm. Values used are:
30 GPa. We give values for strength 0.22 and 30 GPa if the equation is strength depende

CourePalais [19] fmax

dp
¼ 0:65d0:056p r0:5p

McDonnell and Sullivan [20]
fmax

dp
¼ 1:272d0:056p

 

Gardner et al. [21]
fmax

dp
¼ 0:129

 
Vrpffiffiffiffiffiffiffiffiffi
strt

p

The predicted crater width in the penetration regime is plotted
for both 0.22 and 30 GPa in Fig. 2, alongside the data from our MD
simulations. It is seen that the 30 GPa curve significantly under-
estimates the crater size. However, this can be easily understood by
noting that we see melt throughout the entire thickness of the foil
prior to perforation. This suggests that a more pertinent yield stress
to use would be a measure of strength (at ultra-high strain rate) in
the moltenmaterial. Onemeasure of yield strength in this regime is
the spall strength [17,22]. It should be remembered that early stages
r penetration of a 4 nm diameter projectile at 5 km s�1. Units for CourePalais and
rFe ¼ 7.874 g cm�3; rAl ¼ 2.78 g cm�3; rCu ¼ 8.95 g cm�3; sAl ¼ 0.069 GPa; sCu ¼ 0.22/
nt.

2V0:875 fmax

dp
¼ 3:64

rprAl
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!0:476 
sAl
st
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dp
¼ 1:06=0:55

!0:763 
st
sAl
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d0:056p
fmax

dp
¼ 1:73=0:82



Fig. 2. Color online: Scaled crater dimensions as a function of scaled particle diameter.
The crater diameter and depth are shown and compared to the Gardner et al. [21]
macroscopic scaling law for crater diameter assuming a number of yield strengths
and film thicknesses. We also include a thick dashed line indicating the boundary
between penetration and cratering regimes in our simulations.
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of the perforation process resemble liquid spall so this may be
a suitable choice of yield criterion.

Luo et al. present results for spall strength in Mishin copper at
strain rates comparable to the present study [16]. They observe
spall strength of 13.9 GPa for an impact velocity of 2 km s�1 on
a 10 K sample. They also report the spall strength falling as a func-
tion of impact velocity. If one assumes that the Gardner scaling
holds at the micro-scale this would imply a yield strength of
between 2 and 5 GPa for our 5 km s�1 impacts. This suggests that
a liquid spall strength (or a similar quantity) may be amore suitable
yield stress in the case of melt-dominated micro-cratering
processes.

From scaling of macroscopic results it would be expected that
with increasing f/dpwe should transition to the cratering regime via
a marginal perforation region where a small hole of diameter
dh < dc opens on the rear surface, as a result of spallation in the
target. In macroscopic targets, spall due to large tensile stress is
typically linked to the presence of pre-existing defects, like inclu-
sions, grain boundaries, microfractures, which are not included in
our simulations. Therefore, it is not surprising that back-spallation
is not observed here. Of course, the small thickness of the sample
may also be inhibiting such processes.

For f/dp � 1.5 the simulations show a cratering regime where
formation mechanisms are again dominated by melting. The
subsequent recrystallisation of target and projectile material leads
to a healing of the crater prior to cooling of the target. This ability of
the crater to recrystallise allows accommodation of deformation
leading to a crater with relatively little plastic deformation.

Fig. 1 shows three simulations in the cratering regime for f¼ 6, 8
and 16 nm. The crater size for these film thicknesses is the same as
that found in preliminary simulations of semi-infinite targets. The
crater depth increases roughly linearly with dp/f.

4. Discussion and conclusions

Wehave carried out perforation and cratering simulations at the
atomic level. We have used projectiles with a diameter of 4 nm and
film thickness of 0.5e4 times the projectile diameter. Penetration
occurs for a film thickness equal or smaller than the projectile
diameter, i.e. f/dp in the range 1e1.5. This agrees roughly with
a number of extant scaling laws fitted to macroscale impacts, as
shown in Table 1.

Independently of penetration, we observe a nearly constant
crater/hole diameter, about twice the projectile diameter. As shown
in Fig. 2, empirical scaling laws, obtained from experiments at the
micron-cm scale, seem to agree with our simulations, if we use the
nominal experimental strength for Cu. This is similar to the work
from Samela et al., [23] which used an experimental value of
strength to fit MD results of crater size. However, this is not an
appropriate comparison, because one should use the simulated MD
material strength to obtain consistent values. In fact, the macro-
scopic scaling laws do not follow our simulations when using
simulated strength values, indicating that they might break in
experiments at the nanoscale.

This problem was discussed from a different angle by Walsh
et al., [24] which pointed out that for sub-micron projectiles, the
large resulting strain rate might increase significantly the yield
strength of the material. This reasoning is supported by measure-
ment of material strength under shock conditions [25] and by
Walsh cratering data. In our simulations, the strain rate is extremely
high (above 1012 s�1) in the early stages of crater formation, so the
reasoning byWalsh and co-workerswould apply. Since our samples
are perfect single crystals we would also expect to have higher
strength than in most experimental conditions. However, in our
simulations, a detailed analysis of material strength is complicated
because the cratering process is dominated by melt.

We note that the scale of the craters under consideration is
considerably smaller than typical grain sizes (tens of microns) so
the single crystal assumption is actually well justified, but real
single crystals will have defects such as dislocations, microcracks,
and impurities which might change strength, melting nucleation
and recrystallization. If cratering happens near such defects, our
results would change. Simulations in films with defects will need to
be carried out in the future. We also note that our simulations are
for a ductile metallic film. Oxide films might display a different
behavior, for instance leading to brittle fracture and changing
penetration thresholds. On the other hand, a calculation of when
the melting of the whole thin film occurs, given the thermal
properties of the target, might provide an estimate of the onset of
penetration for both metals and oxide films.

Given that melting plays a fundamental role in crater formation
in our simulations, it is reasonable to expect that the film
temperature would affect penetration and crater dimensions for
temperatures closer to melt. However, film temperature does not
appear in any of the macroscopic scaling laws considered here.
Simulations at different temperatures are needed to explore this
further. Experiments looking at cratering at low/high temperatures
might also provide much needed information.

“Stardust” results have found sub-micron craters as a result of
cometary dust bombardment and novel nanotechnology tech-
niques and astrophysically relevant experiments may soon explore
impact experiments with projectiles in the nanometer scale,
opening up a new window on penetration processes [26].
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