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ABSTRACT: Establishing scaling laws for amorphous alloys is of critical importance 0 NiTa simulation data
for describing their mechanical behavior at different size scales. In this paper, taking 35 & NiTa experimental data f

. . . . . o CoCrNi experimental data
Ni,Ta amorphous metallic alloy as a prototype materials system, we derive the scaling _ ;,] < cuzal experimental data \ [
law of impact resistance for amorphous alloys. We use laser-induced supersonic micro- & &
ballistic impact experiments to measure for the first time the size-dependent impact 57 Qe"\@ |
response of amorphous alloys. We also report the results of molecular dynamics (MD) f 20 < % 1
simulations for the same system but at much smaller scales. Comparing these results, & 15 » 1 TR
we determined a law for scaling both length and time scales based on dimensional j“m- &, |4 /
analysis. It connects the time and length scales of the experimental results on the ' {\&e
impact resistance of amorphous alloys to that of the MD simulations, providing a 08 > 5 :[%(n%)%] [
method for bridging the gap in comparing the dynamic behavior of amorphous alloys e Z.OV - p';,o —

at various scales and a guideline for the fabrication of new amorphous alloy materials

i ; ) X 1/2In(dih)-1/4
with extraordinary impact resistance.

KEYWORDS: scaling law, amorphous alloy, micro-ballistic impact, dimensional analysis, molecular dynamics simulation

Bl INTRODUCTION comparable to Kevlar fiber."® The shear banding, cracking, and
bending of cracking-induced petals are the main energy
dissipation modes beyond the localized perforated hole, which
is strongly dependent on impact velocities. It is known that the
strength of materials generally increases with decreasing
dimensions due to the dimensional constraints at small
scales.'*™'® The impact resistance of amorphous alloy films is
also expected to improve significantly upon decreasing their
thickness. This raises the intriguing question: do amorphous
alloy films possess a scaling law regarding impact resistance
under high loading rates? If the thickness of the film is decreased
to several nanometers, will the scaling law still apply at the
atomistic scale?

Here, we consider the Ni,Ta metallic glass (MG) as a model
material due to its good glass-forming ability, ultrahigh strength,
excellent impact resistance,'” and thermal stability.'” We obtain
the size-dependent impact resistance of amorphous alloy
nanofilms through micro-ballistic impact experiments. Then,
we develop the scaling law based on dimensional analysis to
describe the multiscale impact resistance of amorphous alloys. In
addition, we obtain the size-dependent impact resistance of the

High-performance materials with excellent impact resistance are
essential to developing dramatically improved protective
engineering.' > Understanding the dynamic mechanical re-
sponse at different sizes is of critical importance for the design of
protective structures and the fabrication of materials with
extraordinary impact resistance. However, it is challenging to
obtain the scaling effects of the mechanical behavior of materials
at different scales due to size effects.”” In this paper, we bridge
the gap in comparing the impact resistance of amorphous alloy
materials at the micro-ballistic impact experimental scale and the
atomistic level of molecular dynamics (MD) simulations.

For the development of high-performance protective
materials, amorphous alloys have attracted considerable
attention in recent years.”” The disordered atomic-level
structure renders excellent properties such as ultrahigh strength,
high hardness, and unique fracture toughness,g_m making
amorphous alloys promising for applications as bulletproof
materials.'' A Whipple shield structure consisting of an
amorphous alloy coating showed much higher impact resistance
under hypervelocity impact compared to the traditional
Whipple shields due to the higher density, lower specific heat,
and relatively low temperature of the amorphous alloy."' ™" Received:  November 2, 2022
Similarly, using metallic glasses as intermediate layers increased Accepted: January 26, 2023
significantly the impact-protective performance of the Whipple Published: February 7, 2023
structure.'” With decreasing the thickness to nanoscale, the 60-
nm-thick Nig,Ta,, amorphous alloy nanofilm exhibited excellent
impact resistance subjected to micro-ballistic impact, which is
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Figure 1. Laser-induced micro-particle impact testing (LIPIT) for the Ni,Ta MG nanofilm. (a) Low-magnification SEM image showing the Ni,Ta
nanofilm supported by TEM copper grids. (b) Schematic diagram of the LIPIT platform. (c) SEM images of the Ni,Ta nanofilm before and after

perforation. (d) Multiframe snapshots show the velocity change and energy loss of the Al micro-particles during penetration at the speed of SO0 m s™".
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Ni,Ta amorphous alloy film using MD simulation, from which
we extract a specific formula for the scaling law. Indeed, we find
that the MD-derived scaling law agrees with the experimental
scaling law for several types of amorphous alloy nanofilms,
indicating a universal scaling law that is applicable down to the
atomistic scale. The study provides a method for predicting the
multiscale impact resistance of amorphous alloys, which is of
great significance for the preparation and screening of
amorphous alloys with extraordinary impact resistance.

B RESULTS AND DISCUSSION

Experimental Results. As a model material system for
amorphous alloys, we used Ni,Ta MG fabricated by ion-beam-
assisted deposition (IBAD) attached with 100 mesh trans-
mission electron microscopy (TEM) copper grids as the impact
target (Figure la). To explore the size-dependent impact
resistance performance of the amorphous alloy films, we built
the laser-induced micro-particle impact testing (LIPIT) plat-
form originally developed by Lee et al." and further improved by
Veysset et al.'® and Hassani-Gangaraj et al,,'” as illustrated in
Figure 1b. It opens a window for directly studying the
mechanical response and deformation behavior of nanoscale
materials under extreme dynamic conditions.”*”>* In LIPIT
experiments, the nanofilms are fully perforated by the Al micro-
bullets (Figure S1 and Table S1) for all impact velocities.
Molecular sieves with different screening sizes are used for
particle screening before the impact test to ensure uniform
particle diameter. We extracted the microscale yield strength Yy
of Al under micro-particle supersonic impact to be about 308
MPa (Figure S2 and Table S2). The morphologies of the
nanofilm before and after perforation were imaged in high-
resolution scanning electron microscopy (SEM), as illustrated in
Figure 1c. The kinetic energy loss, AE,, of the micro-bullet
during penetration is calculated by measuring its initial impact

13450

velocity, v;, and residual velocity, v, through the high-speed
imaging system,

T

L 2 2
AE, . m(v| — v?) )
where the mass of the micro-bullet is m = (2.2 + 0.3) X 107" kg
(Table S1). The diameter D of micro-particle is measured by
SEM image, then the particle mass is calculated by m = 4/
37p(D/2)% where p is the density of Al (2.7 g cm™). Figure 1d
shows a typical penetration process at a high impact velocity of
500 m s~', indicating the abrupt decrease of the velocity and
rapid increase of the kinetic energy loss of the micro-bullets
during penetration. The Al micro-bullet keeps its spherical shape
intact after penetrating through the Ni,Ta MG nanofilm. Both
the numerical simulation results (see Figure S3 in the
Supporting Information) and the experimental observations
confirm that the deformation and the fracture of the Al micro-
bullets are negligible in the present impact velocity range.
Therefore, we ignore the contribution of deformation and
fracture of the Al micro-bullets to energy dissipation during the
impact. In experiments, the AE, consists of the energy E, used to
penetrate the MG nanofilm and the energy dissipation E ;. due to
the air drag. Since E,;, is much lower than the corresponding AE,
(calculated accounting for the air-drag-induced projectile
deceleration, see the Supporting Information), the air drag
loss during impact is negligible. Both v; and v, are corrected to
the values right at the front and back sides of the nanofilm.

The penetration energy E, is rewritten as

2
V.

E = (pAh)— + E

p (P s ) 2 d (2)
where p is the density of the Ni,Ta MG nanofilm (13.65 gcm ™,
from simulations), k is the thickness of the film, and A, = 7D*/4
is the strike-face area impacted by the spherical micro-bullet.
The first term on the right-hand side of eq 2 represents the
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kinetic energy transferred to the nanofilm within A and the
second term, E4, accounts for all other types of dissipated energy
beyond A,. To reveal the intrinsic impact resistance performance
of materials, we employ the specific penetration energy, E =
EP(pAsh)_l, representing the kinetic energy dissipation per unit
mass of the nanofilm. This leads to
Ef = 124 B
PN T 3)
where EF is the delocalized penetration energy. Large
delocalized penetration energy is critical for mitigating high-
speed ballistic impact energy.
The Ef of the Ni,Ta MG nanofilms with various thicknesses
and impact velocities are measured as shown in Figure 2 (Table
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Figure 2. Specific penetration energy (E;‘) of the Ni,Ta MG nanofilms
with different thicknesses and impact velocities in micro-ballistic impact
experiments.

§3), indicating that the E}* increases significantly with increasing
impact velocity and decreasing thickness of the nanofilm. When
v; = 323 m s~/ the partial overlap of results from 60-nm-thick
and 100-nm-thick nanofilms results from experimental measure-
ment uncertainties. As v; increases from 300 to 500 m s, E¥
increases by about 0.055 MJ kg™" for the 600-nm-thick film and
by 0.18 MJ kg™" for the 60-nm-thick film. For v, = 500 m s, the
E of the 60-nm-thick film'” is about 1.5 times that of the 600-
nm-thick film, showing the size-dependent impact resistance of
the nanofilm. According to eq 3, a thinner film possesses a larger
delocalized energy dissipation capability. Compared with
traditional impact-protective materials, the Ni;Ta MG nano-
films show the obvious superiority of the impact resistance with
higher specific penetration energy. In addition, the Ni,Ta MG
nanofilm shows an impact resistance performance comparable
to that of the “armor-grade” Kevlar composite as shown in
Figure S4.

The observed postpenetration features of the damage zone of
the Ni,Ta MG nanofilms with different thicknesses and impact
velocities are shown in Figure 3. The damage behavior involving
both the damaged area and form depends significantly on the
impact velocity and the thickness of the nanofilm. For films with
the same thickness, the perforation area increases with increased
impact velocity. At the same impact velocity, the penetration
area of the Ni,Ta MG nanofilm increases with decreasing
thickness of the film, indicating higher delocalized penetration

Increasing impact velocity
400 m/s

300 m/s

500 m/s

Shear band
100 nm|

Increasing nanofilm thickness

Figure 3. Postpenetration SEM images of the damage zone of the
Ni,Ta MG nanofilms with different thicknesses and impact velocities.

energy (Figure S5). The TEM images of shear bands at the shear
crack of the NiyTa MG nanofilms with different thicknesses
indicate the basic energy dissipation mechanism (Figure S6). As
shown in Figure 3, for the 100-nm-thick film, multiple cracks
formed as a consequence of shear band propagation are
observed around the perforation hole, resulting in several
petals.”® Unlike the plastic dissipation of crystalline solids, shear
transitions (STs) can occur in MGs as basic flow events.”¥*
With increasing impact velocity, the perforation hole enlarges
with permanent bending deformation of the petals, indicating
significant energy dissipation capacity by global plastic
deformation of the nanofilm in addition to the localized shear
bands. This behavior contrasts sharply with the bulk state, which
exhibits very limited plasticity.'” With increasing the thickness
to 300 nm, in addition to the localized shear bands the petals
around the penetration hole resulting from the propagation of
shear bands are observed. However, the bending of the petals is
not obvious compared to that of the 100-nm-thick film. For the
thickest 600 nm film, the penetration morphologies of the MG
nanofilm are circular holes with almost the same strike area as
the micro-bullet, implying a low delocalization energy
dissipation capacity. It can be seen from Figure 4. that no
crystallization occurs and the Ni,Ta MG nanofilms still maintain
amorphous structures after penetration.

Based on experimental results, the Ni,Ta MG film exhibits a
brittle-to-ductile transition under ballistic impact similar to
crystalline materials'>' >~ with decreasing thickness from
600 to 100 nm. The failure of the 600-nm-thick film shows a
typical brittle fracture of the bulk MG material,'” while the 100-
nm-thick film shows obvious plasticity as evidenced by the
bending of the petals. MGs generally lack inherent barriers for
crack propagation such as at grain boundaries in crystalline
metals and alloys. They mainly dissipate plastic energy through
local shear bands™ as shown in Figure 3. The formation of shear
bands involves both nucleation and growth of the shear bands.
The nucleation triggers the creation of new shear bands
providing plastic deformation, while the growth process
accelerates the destruction of MGs, leading to the ultimate
fracture. Competition between energy dissipation of shear band
nucleation and gropagation determines the deformation
behavior of MGs.”" As the study by Guo et al.'* and Jang et
al,'® when the sample sizes of ZrCuAINiTi and ZrTiCoBe MGs
are smaller than the characteristic critical size of about 100 nm
under quasi-static loading, the dissipation energy of shear band
nucleation will be less than the energy required for growth of
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Figure 4. TEM images of fracture edges of the Ni,Ta MG nanofilms
with different thicknesses.

shear band. As a result, shear band nucleation will be more active
to form multiple shear bands to exhibit ductile deformation
behavior.'®?” As the thickness increase, shear band propagation
will eventually play a dominant role, leading to localized
deformation and eventually brittle fracture behavior. In the
present study, the failure morphology of the Ni,Ta MG film with
a thickness of 100 nm shows shear band multiplication, which
can remarkably improve the plasticity of the Ni,Ta film. In
contrast, the failure of the 600-nm-thick film shows typical
brittle fracture of the bulk MG material due to the limited
plasticity provided by a single shear band propagation.'” In
addition, it is to be noted that the critical size of about 100 nm
for brittle-to-ductile transition of the Ni,Ta MG film under
ultrahigh loading rates up to 10°® s™" is the same as the Zr-based
MG under quasi-static loadings,'* implying that the critical size
might be the same for MGs and is independent to strain rates,
which will be further studied in future. The wave speed of Ni,Ta
MG nanofilm is obtained as 3580 m s~ based on the density p
=13.65 g cm ™~ and elastic modulus E = 175 GPa. The stress wave
takes about 0.16 ns to go through the thickness of the 600-nm-
thick film, which is far less than the projectile penetration time of
about tens of nanoseconds. Therefore, the stress wave is in
equilibrium along the thickness of the film during penetration.

MD Simulation Results. To understand the dynamic
response of the Ni,Ta films under the micro-ballistic impact,
we performed molecular dynamics (MD) simulations. Figure S.
shows the MD-predicted specific penetration energy of the
nanofilms for various thicknesses and impact velocities. For each
thickness and impact velocity, we simulated 5 cases with an
independent assignment of the Maxwell—Boltzmann velocities.
This leads to a maximum error of less than 0.2 MJ kg™". As a
result, the error bars are not discernable in Figure S. It is obvious
that the specific penetration energy increases quadratically with
increasing impact velocity. In addition, the specific penetration
energy increases quickly with decreasing thickness of the film,
indicating a size-dependent impact resistance of the MG
nanofilm consistent with the experimental results. For v; = 8
km s7', the specific energy absorption of the 0.5-nm-thick MG
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Figure . Specific penetration energy (Ej) of the Ni,Ta MG nanofilms
with different thicknesses and impact velocities from MD simulations.
For 1.5-nm-thick and 2.0-nm-thick films, the films are not fully
penetrated at impact velocities lower than 5 km s™.

film reaches an incredible 40 MJ kg™', which is about four times
that of the 2-nm-thick film at the same impact velocity.

The ultrahigh impact resistance of the Ni,Ta MG nanofilm
should be contributed by the size-dependent mechanical
behavior at small scales.'>'®**™>° The strength and ductility
of the nanoscale film increase significantly compared to its bulk
state due to the considerable reduction of inner defects and the
larger proportion of surface energy. Once the particle impacts
the target, the center of the film is under compressive stress,
while the surrounding is under tensile stress. The propagation of
the tensile wave leads to the continuous expansion of the conical
deformation of the film (Figure 6), which provides the main
impact energy dissipation channel. The typical perforation
process for the Ni,Ta metallic glass film is depicted in Figure 7.
The film shows large plasticity as evidenced by the clear conic
deformation during propagation of the stress waves followed by
the occurrence of microvoids when the high-amplitude tensile
stress exceeds the Hugoniot elastic limit (HEL), resulting in a
circular crack due to the growth, gathering, and coalescence of
the microvoids. The perforation hole of the Ni,Ta MG film is
larger than the strike-face area as observed in the experiments,
indicating fast delocalized energy dissipation of the nanofilms.
Both the ultrahigh strength and relatively large plasticity of the
Ni,Ta MG nanofilm lead to excellent impact resistance of the
film. Due to the small size of the film and high impact velocity in
the MD simulations, the Ni;Ta MG nanofilms experience
almost homogeneous plastic flow in the MD simulation rather
than shear bands (Figure 8). During impact, a local region of the
film stretches dramatically during impact leading to cavitation,
which leads to the ultimate failure of the film. Although the MD
simulation does not provide insights about the shear band
deformation observed in experiments, the MD predicts the
impact resistance and deformation mechanisms of the Ni,Ta
MG nanofilms at much smaller scales and higher impact
velocities compared to experiments.

The local phase transformation of the Ni,Ta MG nanofilm
during impact also contributes to the impact resistance. Under
impact-induced adiabatic heating, the temperature rise of the
strike-face area of the film exceeds the melting temperature T, =
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Figure 6. Stress wave propagation (o,,) from MD simulations of the MG nanofilm with a thickness of 3 nm at impact velocity v; = 4 km s™".
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Figure 7. Deformation and failure mechanism from MD simulations of the Ni,Ta MG nanofilm with a thickness of 1 nm at impact velocity v; = 3 km

1800 K of the Nij,Ta crystal structure (Figure S7), leading to
melting of the film in the impact region, providing an additional
dissipation channel for the impact energy. However, no
crystallization is observed after impact as also observed in
experiments.

To understand the thermal behavior of the nanofilm, we
performed nonequilibrium molecular dynamics (NEMD)
simulations to obtain the thermal conductivity of the Ni,Ta
MG nanofilm,

k= -dQ/(dT/dX) (4)

13453

The simulation results show that the Ni,Ta MG nanofilm has a
high thermal conductivity of k = 9.7 w (m K)7', and it
experiences an ultrafast cooling process with a rate over 10" K
s™! as depicted in Figure 9, leading to the amorphous state as
observed in experiments. The temperature at the center of the
film has been corrected by subtracting the center of mass
velocity. In this paper, our force field-based MD simulations
consider only the lattice vibration contributions to the thermal
conductivity of the Ni,Ta MG nanofilms. Including the
electronic contributions would lead to a larger thermal
conductivity. The predicted thermal conductivity obtained by
the present MD simulation can be regarded as a lower bound. As
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Figure 8. Deformation behavior and shear strain distribution of the Ni,Ta MG nanofilm with a thickness of 1 nm at the impact velocity v;= 3 km s™".
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Figure 9. (a) Radial distribution of temperature of the Ni,Ta MG
nanofilm from MD simulations. This was used to estimate the thermal
conductivity k of the Ni,Ta MG nanofilm, leading to k= 9.7 w (m k)"
(b) Temperature evolution at the center of the Ni,Ta MG nanofilm
during impact from MD simulations.
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a result, we can conclude that the high thermal conductivity of
the Ni,Ta film limits the formation of the crystalline region.
Scaling Law for the Amorphous Alloy Film. There is a
significant gap in the aspects of impact duration and thickness
between experiments (0.2—2 ns, 60—600 nm) and MD
simulations (0.1—10 ps, 0.5-3 nm). To bridge this gap to
establish a means for predicting the impact resistance of
amorphous films at various scales, we investigated the scaling law
of the amorphous alloy film for impact resistance under high

loading rates utilizing dimensional analysis, by which the

dimensionless impact resistance — of the film is determined

by the dimensionless thickness d/h and dimensionless strength

%0

)
pv?

*
Eoo_fd o
v h’ pv’ (5)
where p, d, and v are the density, diameter, and initial impact
velocity of the micro-bullet; £ is the thickness of the film; and 6y
is the macroscale tensile strength of the film under quasi-static
loading rate.
From eq S, the dimensionless specific energy absorption is
determined by the dimensionless thickness and dimensionless
strength of the film. Assuming the influence of the dimensionless

thickness d/h and the dimensionless strength 6,,/pv* are
independent, their effect has a product form,

E* d o
P _ AL g 20
v? C( h )5[/wz] ©)

Clearly, there is a geometrical scaling law for the impact
resistance of the amorphous alloy film. If we keep 6,0/pv’
constant, but change the diameter d of the micro-bullet and the
thickness h of the film with the same proportion, the
dimensionless impact resistance E/ v* will remain the same,
which is validated by MD simulations (see Table S4 in the
Supporting Information).

Based on a large number of MD simulations, the specific

expressions of the functions {(d/h) and cf( ”—"‘;) are obtained as

pv
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Figure 10. (a) Influence of 6,/pv* and d/h on E;‘/v2 at MD simulation scale. By fixing d/h = 12 (d = 6 nm, h = 0.5 nm), the relationship between E}’,k/v2
and 6,9/pv” is obtained. Then, fixing the impact velocity to 5 km s, the relationship between E*/v*¢ and d/h is obtained. (b) Comparison of the
micro-ballistic impact experimental and MD simulation results with the dimensionless equation feq 9], which is represented by the straight line.

follows. First, we keep d/h = 12 (d = 6 nm, h = 0.5 nm) and
change 6,/pv?, the relationship between E}/ v* and 6,/ pv” are
shown in Figure 10a, which can be fitted with a power function,

B
{2)--(3)

pv pv (7)
where @ = 1/2 and § = 1/2. In this paper, the characteristic
tensile strength o, is defined as the tensile strength of the
material at macroscope scale under quasi-static loading rates.
Therefore, it is independent of the strain rate. The macroscopic
strength of bulk Ni,Ta MG rods with a diameter of 2 mm is
about 3 GPa using a quasi-static compression test.'” Thus, we
take the characteristic tensile strength o,y as 3 GPa. Then, we
keep 6,0/pv* = 0.0088 (the impact velocity v = 5 km s™') and

change d/h, leading to the relationship between f—i / f(%) and
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d/h (Figure 10a), which can be fitted with a logarithmic
function,

dy_ 4 _
C(ﬁ]‘““h > (8)

where y = 1/2 and 6 = 1/4. Equation 8 applies to the condition
d/h > 2 Otherwise, it would not be a thin-film impact
problem that is considered in the present study.

From eqs 7 and 8, we derive the following empirical formula

1/2
E: |t Gro (1 | 1]
— == + — — I
v 2 pv 2 4 )
Figure 10b shows all simulation and experimental results for the

Ni,Ta MG film. The straight line represents eq 9. Despite a
significant gap in the impact duration and film thickness between

d
nZ
h
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experiments (0.2—2 ns, 60—600 nm) and MD simulations (0.1—
10 ps, 0.5—3 nm), we see that the simulation results and the
experimental results both follow the same rule described by eq 9
when the value of d/h is smaller than 2.0. For d/h values larger
than 2.0, the experimental results begin to deviate from the
predicted results for Ni;Ta MG nanofilms. This may indicate
some other mechanisms at larger d/h or it could indicate that the
relationship is not linear. In addition, we performed micro-
ballistic impact experiments on two other amorphous alloys
(Cuyy5Zr4; sAlg and CoCrNi) films as shown in Figure 10b. It is
interesting to note that the results on these two films also obey
the same rule found for the Ni,Ta MG film, indicating that eq 9
may be universal for describing the size-dependent multiscale
impact resistance of amorphous alloy films. These results also
validate that the scaling law remains applicable at the atomistic
scale, bridging the gap between MD simulations and micro-
ballistic impact experiments. In the regime of ballistic impact,
the strength and ductility of material play significant roles.””*’
Although the mechanical behavior of a film at a level of atomistic
simulations varies markedly due to the size effects,>'**°*” the
impact resistance of the nanofilm should still be determined by
the strength and ductility. Therefore, we can scale successfully
the impact resistance of amorphous alloy films between MD
simulations and micro-ballistic impact experiments. The present
study provides guidance for fabricating amorphous alloy films
with extraordinary impact resistance and a method for
predicting its impact resistance at various scales in the protective
structure design.

B CONCLUSIONS

In this work, we provide the first examples of the dynamic size
effects of amorphous films based on micro-ballistic impact
experiments and MD simulations. The impact resistance
increases rapidly with increasing impact velocity and decreasing
thickness of the amorphous nanofilm. This dynamic size effect of
the amorphous films is related to the surface energy and the
inner defects, rendering a higher strength, and larger ductility at
a small scale. On the basis of dimensional analysis, we obtained a
scaling law for impact resistance of amorphous alloy films, which
describes successfully the size-dependent multiscale impact
resistance of the amorphous alloys. Our work establishes a
universal method for predicting the impact resistance of
amorphous alloy films and provides a guideline for fabricating
high-performance amorphous alloy films with extraordinary
impact resistance.

B MATERIALS AND METHODS

Materials. The Ni,Ta MG was fabricated by ion-beam-assisted
deposition (IBAD). First, an 80-nm-thick aluminum (Al) layer was
deposited on a flat polycarbonate (PC) plate with a diameter of 10 cm
and a thickness of 0.3 mm. Then, a series Ni,Ta MG films with a
thickness varying from 100 to 600 nm (Figure S8) were deposited on
the top surface of the Al layer by controlling ion beam deposition time
from 1000 to 6000 s. The ion beam energy is 750 mV, and the ion beam
current is 50 mA. The base pressure of the chamber is 2 X 107* Pa, and
the depositing argon pressure is 2.4 X 1072 Pa. The Ni,Ta MG nanofilm
was detached from the PC substrate by dissolving the in-between Al
layer with 1 mol L™ NaOH solution, and then the impurities on the
nanofilm were removed using deionized water. After that, the Ni,Ta
MG nanofilm was transferred to and attached with 100 mesh
transmission electron microscopy (TEM) cooper grids as the impact
targets. The Ni;Ta MG nanofilm within a 280 X 280 ym? grid is free-
standing and unsupported. Figure S9 shows the high-resolution TEM
image of the Ni,Ta MG nanofilm with different thicknesses. The typical

speckle pattern stemming from scattering at an amorphous structure of
films with different thicknesses is clearly observed, which is consistent
with the featureless halo observed by selected-area electron diffraction
(SEAD) as shown in the inset.

Micro-Ballistic Impact Experiments. The launchpad of the
LIPIT consists of a 4-mm-thick K9 glass substrate, a 40-um-thick Al
film, and a 70-um-thick poly(dimethylsiloxane) (PDMS) elastomer
film. A single Al micro-bullet with a diameter of 25 + 2 ym is attached to
the free surface of the launchpad. A single laser pulse excited by a Q-
switched Nd:YAG laser with a wavelength of 1064 nm and a full width
at half-maximum (FWHM) of 10 ns is focused into a 1-mm-diameter
spot size to irradiate the Al film, leading to the generation and rapid
expansion of the plasma that finally accelerates a single micro-bullet to a
supersonic speed due to the fast swelling of the PDMS film. The launch
speed of the micro-particle is adjusted to vary from 300 to S00 m s™' by
changing the laser pulse energy. The PDMS layer also serves as an
effective thermal barrier between the high-temperature ablation-
generated plasma and the micro-bullet so that it is maintained at the
pre-launch temperature.

The supersonic micro-ballistic impact results in high-strain-rate (10°®
s™') deformation of the nanofilms. Due to the short penetration
duration and large ratio of TEM grid length to the diameter of micro-
bullets, the influence of the boundary conditions of the film is negligible.
The impact process is in situ, real-time captured using a high-speed SI
Kirana camera (Specialised Imaging, U.K.) with a NAVITAR
microscope objective lens (12X magnification, 34 cm focal length).
An SI-LUX laser unit (640 nm wavelength, 10 us duration) is used for
illumination. The inter-frame time is 200 ns, and the exposure time is
100 ns.

MD Simulations. The MD simulations were performed using the
large-scale atomistic/molecular massively parallel simulator
(LAMMPS) code.** The Open Visualization Tool (OVITO) software
is used to visualize the atomistic configurations.”® Validated interatomic
potentials or force fields are essential to accurate atomistic simulations.
Therefore, we adopt the embedded atom method (EAM) potential,
which has adequate accuracy for predicting the properties of metallic
systems. The EAM interaction potential between Ni and Ta was derived
from a recently developed alloy EAM potential database, for which the
alloy potentials can be determined by the normalized elemental
potentials.*® Before the simulation, we verified the EAM potentials®® of
the Ni,Ta system. The results show that the EAM potential is
appropriate for the present study’’ >° (see the Supporting
information). We first melted the system completely by heating to
2500 K for 0.3 ns, followed by a rapid cooling procedure at a rate of
about 7 X 10" K s7* (see preparation process in the Supporting
Information), to obtain Ni,Ta MG films with in-plane dimensions of 31
X 31 nm?” and a thickness ranging from 0.5 to 3 nm.

Based on numerical simulations (Figure S3 in the Supporting
Information) and experimental observations, there should be no
obvious plastic deformation and fracture of the micro-bullet before and
after penetration in experiments. As a result, we regard the Al micro-
bullet as rigid in MD simulations to improve the computational
efficiency. We adopted a Lennard-Jones (LJ) potential (6—12) to
describe the interaction between the bullet and the target. The potential
parameters are fitted according to the equilibrium distance and cohesive
energy curves*** (see Table S5 in the Supporting Information). Fixed
boundary conditions were applied on the peripheries of the film during
impact. The lengths of the nanofilms are more than S times the diameter
of the bullet to diminish boundary effects. The initial distance between
the bullet and the film is SO A to avoid initial interactions. We employed
the velocity-Verlet time-step method with a 1 fs timestep in all
simulations. Initially, the bullet was fixed and the system was fully
relaxed using conjugate gradient energy minimization. To obtain the
thermal equilibrium state under the NVT ensemble, the models were
equilibrated for 3 ns. After that, we used the microcanonical ensemble
(i.e, NVE) to describe the normal penetration behavior of the Ni,Ta
films under the impact of the rigid bullet. Due to the limitations on the
number of atoms in the MD simulations, the diameter of the rigid ball
and the size of the film in the simulation are much smaller than those in
the experiment. Since thinner films exhibit better impact resistance,
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higher impact velocities ranging from 2 to 8 km s are used to ensure
full perforation of the film, allowing the specific energy absorption of the
film to be determined at the nanoscale.

Dimensional Analysis. According to the Buckingham II
theorem,” a physical process can be described by a dependent
variable, ay, and n independent variables, ay, a,, a3, -, 4,, as follows

ao =f(a1, ayy a3y "y an) (10)

where f is the function of the physical process. If the number of
fundamental quantities is m (e.g,, fundamental quantities: a,, a,, a3, -,
a,,), then eq 10 can be rewritten as

m

f-—/\ﬂ
49 An+1 Ant2

=f 1; 1; ] 1; ]
q 4
";m abal>, alh’ abal.. adn

S g
a'a*, a

A

S 7,
a'ay*, a, m

" (11)

The parameters that affect the impact resistance E}* include:

o the density p, the diameter d, and the initial impact velocity v of
the micro-bullet, and

o the density p,, the thickness &, the Poisson ratio v, the elastic
modulus E, the tensile strength 6y, and the failure strain & of the

film.

The deformation mechanism of MG films changes depending on the
impact velocities. At low impact velocities, the film exhibits plastic
deformation carried by shear bands, while at high velocities the film
exhibits higher levels of adiabatic heating and eventually uniform plastic
flow. Therefore, we include the effects of strain rate in the dimensional
analysis. For the impact problem, we find that the tensile strength and
the failure strain, which determine the maximum strain energy of a
material, dominate the impact resistance of a film. In dimensional
analysis, the tensile strength, o, of the film depends on its thickness (h)
and strain rate (v/h) as 6, = 6,0g(h,v/h), where the constant, 6;, is the
characteristic tensile strength of the film, which can be regarded as the
macroscale tensile strength under quasi-static loading rate (about 3
GPa) without loss of generality. Similarly, the failure strain, &; of the
thin film can be written as & = &g (hv/h), where, &g, is the
characteristic failure strain of the film, which can also be regarded as the
macroscale failure strain under quasi-static loading rates. Therefore, we
include the strain-rate-dependent penetration behavior and size effects
of the film.

Therefore, the impact resistance of the film is a function of these
parameters,

E: zf(f)z Py d, h, v, EO) Opor €50 1/) (12)

Taking density p, thickness h, and initial impact velocity v as
independent variables, we obtain the following equation

*
B d o o,
2 ﬂ}h’ EO,[JVZ, f0r

(13)

5

E
In this study, the dimensionless parameter —£ represents the ratio
14

between the absorbed energy per unit mass of the film and the initial
energy per unit mass of the micro-bullet, indicating the energy
transmission efficiency of the film. If the materials of the micro-bullet
and the thin film are not changed, the dimensionless parameters p,/p,
04,0/ Eyy g, and v are constants. As a result, eq 13 can be rewritten as

*
El zf[d %]
v B opv? (14)

MG amorphous alloys have disordered structures. For MG films with
thicknesses smaller than 600 nm as employed in LIPIT experiments and
MD simulations, it is hard to form macroscopic defects so that the films
can be regarded as defect-free materials. Therefore, we do not consider
the influence of defects in simulations and dimensional analysis.

However, with increasing the thickness of the MG films, some
macroscopic defects may appear, which will be investigated in the
future.
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