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Size effects are key issues that hinder the enhancement of impact resistance of films with increasing
thickness. In this paper, we consider Ni;Ta amorphous metallic alloy as a prototype thin film and
demonstrate that the impact resistance of metallic glass (MG) nanofilms with surface oxidation
subjected to micro-ballistic impact can be increased significantly by lamination of thin monolayers,
overcoming significantly the size effects in the impact resistance of MG nanofilms. Shear band
formation and delamination are the dominant energy dissipation mechanisms for multilayered films
under impact. Our molecular dynamics (MD) simulations confirmed that the interfaces between
thin layers as modified by surface oxidation play an important role in the impact resistance of the
multilayered films. Surface oxidation of multilayered films increases significantly the impact resistance
due to oxidation-induced curly structure and the increase of the interfacial strength, which contributes
greatly to the energy dissipation during impact. However, excessive oxidation initiates defects near
the surfaces of the monolayers to therefore reduce greatly impact resistance of the multilayered films.
Our work suggests an effective pathway for fabricating high-performance multilayered MG films with
extraordinary impact resistance by overcoming the size effects through the lamination of monolayers.

© 2023 Elsevier Ltd. All rights reserved.
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1. Introduction relatively high density, low specific heat, and low melting tem-

perature of the amorphous alloy, the unique Whipple shield

Advanced materials with high-impact resistance are persis-
tently required for both military and civilian applications such
as protecting soldiers from high-speed bullets [1] and shielding
spacecraft from debris [2]. In recent decades, metallic glasses
(MGs) have attracted extensive attention and found a variety
of engineering applications due to their unique mechanical and
physical properties such as high strength, large elastic strain limit,
and high fracture toughness [3-5].

Metallic glasses are also regarded as promising impact pro-
tective materials. Huang et al. [6] proposed a Whipple shield
structure consisting of an amorphous alloy coating. Due to the
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structure showed much higher impact resistance under hyperve-
locity impact compared to the traditional Whipple shields. The
study by Hofmann et al. [7] showed that using metallic glasses as
intermediate layers for spacecraft leads to significantly increase
in resistance of Whipple shields to hypervelocity impact of debris
particles.

As the thickness is decreased to nanometers, amorphous alloy
nanofilms subjected to micro-ballistic impact exhibit excellent
impact resistance [8], which is equivalent to Kevlar fibers [9]. The
shear bands, cracks, and bending of the impact-induced petals
around the perforated hole are the main energy dissipation meth-
ods. Micro-ballistic impact experiments and molecular dynamics
(MD) simulations by Cheng et al. [10] revealed the dynamic size
effects of amorphous alloy films. The impact resistance of the
amorphous nanofilms increased rapidly with decreasing thick-
nesses, indicating that higher impact resistance of MG films could
be realized by fabricating with thinner thickness.
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To overcome the size effects of the impact resistance while
fabricating relatively thick amorphous alloy films, a method that
has attracted considerable interest in recent years is the layer-by-
layer assembly of thin films with high impact resistance. This can
improve the impact-protective performance of relatively thick
films by optimizing the layering design and number of layers
at the nanoscale [11-13]. The interactions between the layers
could contribute to energy dissipation during impact. Dewapriya
et al. [14] demonstrated through MD simulations that the specific
energy absorption (SEA) of polymer/ceramic multilayered films
could be improved remarkably by optimizing the individual layer
thickness and their arrangement. However, there is not yet di-
rect experimental proof that the excellent impact resistance of
multilayered amorphous films can overcome the size effects by
reducing the thickness of each monolayer.

To demonstrate this, we fabricated multilayered Ni;Ta MG
nanofilms through layer-by-layer (LBL) assembly. We then used
Laser-Induced Projectile Impact Testing (LIPIT) to examine their
impact resistance. Our experimental results showed that the SEAs
of multilayered MG nanofilms were improved remarkably com-
pared to the monolayer films with the same total thicknesses.
The SEA of the multilayered MG nanofilm was almost at the same
level as the individual thin monolayer, indicating that the size
effect of the impact resistance of MG nanofilm was overcome
significantly by the laminated fabrication. We also carried out
MD simulations to investigate the impact response of the multi-
layered MG nanofilms, with results indicating that the interfaces
between monolayers play an important role in the impact re-
sistance of the multilayered films. After surface oxidation, the
SEAs of the multilayered films increased significantly due to the
oxidation-induced rough or curly structures and the increase of
the interfacial strength, which contributed greatly to the energy
dissipation during impact. However, excessive oxidation reduced
greatly the impact resistance of the multilayered films, which we
ascribed to the initiation of defects near the monolayer surfaces.

2. Methods
2.1. Micro-ballistic impact experiments

In this work, we extended our previous work on size effects
of single MG nanofilm [10] to the ballistic impact response of
multilayered MG nanofilms. Here we used Ni;Ta MG as the model
material due to its good glass-forming ability, ultrahigh strength,
excellent impact resistance [8], and thermal stability [15]. The
fabrication of the single Ni;Ta MG nanofilms used the same
method as Cheng et al. [10] As shown in Figure S1, the Ni,Ta
MG films oxidized inevitably during the preparation process. The
thickness of the Ni;Ta MG monolayers varied from 100 to 600 nm.
We used the LBL assembly of three or six monolayer films with
a thickness of 100 nm to obtain a multilayered film with a total
thickness of 300 or 600 nm, respectively.

The experimental setup of the LIPIT platform was the same as
described by Cheng et al. [10], which was originally developed
by Lee et al. [16] and further improved by Veysset et al. [17]
and Hassani-Gangaraj et al. [18] Before LIPIT, the aluminum mi-
croparticles were screened using molecular sieves with differ-
ent screening sizes to ensure an almost uniform diameter of
about 25 pm [10]. The launch speed of the micro-particle varied
from 290 to 570 m/s by changing the laser pulse energy of the
LIPIT platform. During the supersonic microprojectile impact, the
multilayered Ni,Ta MG films deformed under high strain rates
ranging from 1.2 x 10°® to 3.3 x 10% s~! (Table S1). Due to the
short penetration duration and the small ratio of the TEM grid
length to the diameter of the micro-particle, we can neglect the
influence of the boundary on the impact resistance performance
of the films.
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2.2. MD simulations

The MD simulations were performed with LAMMPS code [19],
and the visualization of atomic structures was conducted with
the aid of OVITO [20]. To investigate the Ni-Ta interaction of
the multilayered Ni;Ta MG films, we used the embedded atom
method (EAM), which is regarded as one of the most effective
force fields for metallic systems. The specific EAM parameters
were derived from a recently developed EAM potential database
of alloys, from which the alloy potentials can be determined by
the normalized elemental potentials [21].

A typical melt-and-quench technique was used to fabricate
Ni,Ta MG monolayer nanofilms with a thickness varying from 1
to 3 nm. The length in the x, y direction is 31 nm. The cooling
rate of the films during preparation was about 7 x 10! K/s [22],
which is sufficiently high to keep the metal atoms from rear-
ranging back to the crystalline phase. Here, a monolayer film
with a thickness of 1 nm was stacked twice and three times to
obtain a multilayer film with a total thickness of about 2 and
3 nm, respectively. Since the experiments observe oxidation on
the film surfaces, which changes both the mechanical behavior of
the film and the interaction between layers, we included surface
oxidation of the multilayered films. We used the Vienna Ab
initio Simulation Package (VASP) [23,24] to generate the Density
Functional Theory (DFT) data, specifically for the Ni-O and Ta-
O interactions, which served as the basis for developing our
Morse potential [25]. To accurately account for the exchange and
correlation energy of electrons, we employed the Perdew-Burke-
Ernzerhof (PBE) functional form of the generalized gradient ap-
proximation (GGA) [26,27]. Furthermore, we incorporated the D3
(Grimme-Becke-Johnson) corrections [28] to capture London dis-
persion interactions (Van der Waals attractions). The plane-wave
projector augmented wave (PAW) method [27] was employed
to produce pseudopotentials necessary for accurately describing
the interaction between the core and valence electrons. For DFT
simulations, we used an energy cutoff of 500 eV, which resulted
in converged energies, forces, and geometries. Convergence was
achieved with an energy threshold of 10~ eV for terminating
the electronic self-consistent field (SCF) calculations, along with
a force criterion of 1072 eV/A. The K-point sampling was set at
4 x 4 x 1[29], with the z direction representing the vacuum
direction. To minimize interactions between periodic images, a
dipole correction [30] along the z direction was implemented. All
calculations performed on the Ni-O system were spin-polarized.
To calculate the binding energies, we firstly constructed a slab
model with four layers for both Ni and Ta, of which the top 2
layers were allowed to relax and the bottom 2 layers were fixed.
We also included a vacuum region of 15 A along z direction to
minimize the possible interactions between two periodic images.
Then, we added one oxygen atom terminated on the surface
and calculated the energy differences between the structures
with different heights of O atom relative to the surface and the
equilibrium point.

As shown in Fig. 1, the Morse potential has acceptable ac-
curacy compared to density functional theory (DFT) results, in-
dicating that it is appropriate for simulating the interaction of
oxygen atoms with the Ni;Ta MG nanofilms. In the meanwhile,
we adjusted the area density of oxygen atoms ranging from 0.26
per nm? to 2.08 per nm? on each surface, to explore the influence
of oxygen content on the impact resistance of the laminated films.
The oxidized monolayer contracted and curled (Figure S2, see
Supplementary Material for details), leading to the increase of
thickness during the preparation process. For monolayers with a
thickness of 1 nm, the final thickness after oxidation is ~1.5 nm.

Our experimental observations indicated that the deformation
and fracture of the Al micro-bullets were negligible in the present
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Fig. 1. Comparison of the DFT binding energy for (a) Ni-O and (b) Ta-O with our Morse potential.

impact velocity range. Therefore, we neglected the contribution
of deformation and fracture of the Al micro-bullets to energy
dissipation during the impact. Thus, aluminum projectile was
constrained to retain its spherical rigid body shape modeled
in the impact simulations. We adopted the Lennard-Jones (LJ)
potential (6-12) to describe the interaction between the rigid Al
ball and the Ni;Ta MG multilayers. All potential parameters are
summarized in Tables S2 and S3 (see Supplementary Material).
We employed the velocity-Verlet time-step method with a 1 fs
timestep for the metallic system in all simulations [31-33].

The impact model for MD simulations was the same as de-
scribed by Cheng et al. [10]. The length of the oxidation film
decreased from 31 nm to about 24 nm due to the curling and
shrinkage of the film during the release of residual stress. The
lengths of the films were more than (or equal to) four times
the diameter of the projectile (6 nm) to minimize boundary
effects [34]. If the impact velocity of the projectile was too high,
a large number of high-speed fragments occurred in the front
monolayer, resulting in the early failure of the bottom mono-
layers of the multilayered film [10]. In this case, it was useless
to stack the Ni;Ta MG nanofilms due to the premature failure
of the top film. Hence, a series of impact tests were conducted
with impact velocities ranging from 0.7 to 2 km/s to avoid high-
speed fragments. However, the aluminum projectile could not
fully penetrate the thin film (1-5 nm) at such low impact velocity.
Therefore, we increased the molar mass of the bullet by a hundred
times to obtain a heavier bullet with the same diameter, so
that it had adequate penetration energy at relatively low impact
velocities. This was different from experimental conditions, which
might change the SEA of the multilayered films. Nevertheless, the
MD simulations reveal the size effects and the energy dissipation
mechanisms of the multilayered films under impact.

3. Results and discussion
3.1. Experimental results

In LIPIT experiments, the SEA Ej, which is defined as the
scaled ballistic penetration energy by the mass of projected film
volume, is employed to characterize the impact resistance of
the nanofilm. Since the energy dissipation due to air drag dur-
ing the impact process is much lower than the corresponding
kinetic energy loss (see Supplementary Material), the ballistic
penetration energy is approximately equal to the kinetic energy
loss of the micro-bullet during penetration. The E’ of the Ni,Ta
MG monolayer and multilayer nanofilms with respect to the
impact velocity were measured as shown in Fig. 2(a). The E;
increases significantly with increasing the impact velocity and

with decreasing the thickness of the nanofilm, which is consistent
with previous results [10]. To more visually illustrate the effect of
thickness on the specific energy absorption of multilayered films,
the SEAs of monolayered and multilayered Ni;Ta MG nanofilms
with respect to areal density are shown in Fig. 2(c). The SEA
of the multilayered nanofilm with a total thickness of 300 nm
(stacked by three 100-nm-thick monolayers) or 600 nm (stacked
by six 100-nm-thick monolayers) is much higher than that of the
monolayered film with the same total thickness. Intriguingly, the
SEAs of the 3-layer and 6-layer multilayered Ni;Ta MG films are
almost the same as that of the 100-nm-thick monolayer films,
indicating that the size effect of the Ni;Ta MG films is overcome
significantly, which provides a useful method for improving the
impact resistance by stacking monolayer films. However, we can
see that the SEA of the 6-layer film is slightly lower than the 3-
layer film for the same impact velocity, showing the size effect
of amorphous metallic films, as observed by Cheng et al. [10]
remains for the multilayered films. As shown in Fig. 2(a), when
the impact velocity is below a critical value of ~430 m/s for the
3-layer and 6-layer nanofilms, the SEAs of the laminated films
can even exceed slightly that of the monolayered film, which
we attribute to the interaction between layers at relatively low
impact velocity. However, when the impact velocity is higher
than the critical value of ~430 m/s, the SEAs of the multilayered
films are slightly lower than that of the monolayer film due to
the size effects [10].

The post-penetration SEM images of the damage zone of the
multilayered Ni;Ta MG nanofilms (6-layer, 600 nm) at different
velocities are shown in Fig. 3(a) to further characterize the en-
ergy dissipation mechanisms. The perforation area increases with
increasing impact velocity, indicating higher delocalized penetra-
tion energy. A typical penetration hole features a set of petals.
The area beneath the bullet impact shows severe damage through
folding, radial cracking, delamination, and loss of parts of the
multilayer. During the impact process, the petaling cracks prop-
agate away from the point of impact under the pressure of the
penetrating projectile. The passage of the projectile through the
target enlarges the circumference of the hole, extending the radial
cracks. In addition, the radial cracks of the multilayered film in-
crease with increasing impact velocity, indicating that the higher
tangential stresses at 560 m/s were relaxed through additional ra-
dial cracks. In contrast to the simple petals at low impact velocity,
extensively delaminated petals were observed at the perforation
edge of the multilayered Ni;Ta MG nanofilms under high impact
velocity. We believe this deformation through delamination is
also responsible for the high energy dissipation capacity. Fig. 3(b)
shows the typical penetration morphology of the monolayered
nanofilms at different impact velocities [8]. At the same thickness,
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Fig. 2. Relationship between the specific energy absorption of the monolayered and multilayered Ni;Ta MG nanofilms with various thicknesses and impact velocities
obtained by (a) LIPIT experiments and (b) MD simulations. (c) and (d) show the measured and predicted specific energy absorption of the monolayered and
multilayered Ni;Ta MG nanofilms with various thicknesses with respect to areal density, respectively.

(a)

(b)

Fig. 3. Post-penetration SEM images of near-impact sites of the Ni;Ta MG nanofilms at different impact velocities. (a) Multilayer films (6-layer for a total of 600 nm).
(b) Single-layer films (600 nm). The red circles in the SEM images show the strike-face area.

the multilayered film shows obvious plasticity as demonstrated
by the bending of petals. In sharp contrast, the destruction of the
monolayered film shows typical brittle fracture of bulk MG mate-
rials [15]. MGs dissipate plastic energy mainly through localized
shear bands [35], which include both nucleation and growth of
the shear bands. Nucleation provides more plastic deformation
by triggering the formation of new shear bands, whereas the

growth process accelerates the failure of MGs, leading to eventual
failure. Thus the deformation behavior of MGs is determined by
the competition of energy dissipation between nucleation and
propagation of shear bands [36]. As illustrated in Fig. 3, the
failure morphology of the multilayered Ni,Ta MG film shows
shear band multiplication, which can remarkably improve the
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plasticity of the Ni,Ta film. In contrast, the failure of the mono-
layer with a thickness of 600 nm shows typical brittle fracture
due to the limited plasticity provided by a single shear band
propagation. Therefore, the impact resistance of the multilayered
MG films is improved significantly due to the obvious plasticity,
multiple crack initiation and propagation, and interfacial inter-
actions. Based on the relatively high specific energy absorption,
high melting temperature, and excellent thermal conductivity,
the multilayered MG films could be used as advanced coatings
to protect the surface integrity of materials especially under
relatively high service temperature conditions such as turbine
blade coatings and housing materials of smartphones.

3.2. Molecular dynamics simulations

We performed MD simulations aiming at providing an atom-
istic understanding of the dynamic response of the multilayered
Ni,Ta films under the micro-ballistic impact. Before the MD sim-
ulations, we examined whether non-oxidized multilayered films
can explain the size effect of the impact resistance. Three 1-
nm-thick non-oxidized monolayered films with different initial
structures were stacked with an initial space of about 1 nm and
then relaxed under the NVT ensemble to obtain energy-stable
multilayered films. Due to the mutual attraction between the
neighboring monolayers, the three monolayers eventually ad-
hered together as a single thick film. Figure S3 (in Supplementary
Material) shows the SEAs of the three-layered non-oxidized film
with a total thickness of 3 nm, together with the 1-nm-thick and
the 3-nm-thick monolayer non-oxidized films. The SEAs of the
three-layered film with a total thickness of 3 nm and the 3-nm-
thick monolayer are almost identical, which is not consistent with
experimental observation, indicating that the interfaces modified
by oxidation can significantly influence the impact resistance of
the multilayered films.

Fig. 2(b). shows the MD-predicted SEAs of the multilayered
surface oxidized Ni,Ta MG nanofilms at various thicknesses and
impact velocities. There are 82,420 Ni and Ta atoms and 1,000
O atoms in each 1.5-nm-thick monolayer film. We note that
after oxidation the SEA of the Ni;Ta MG monolayer increases
significantly (Figure S4 in Supplementary Material). The peak
force and its duration on the projectile for the oxidized monolayer
are larger than the unoxidized film (Figure S5 in Supplementary
Material), indicating that the curly structure of the oxidized film
is beneficial to dissipate impact energy. For each thickness and
velocity for the multilayered films, 3 independent penetration
simulations were performed for statistical analysis by changing
the random number for the initial atomic velocities. The MD
simulation results in Fig. 2(d) show that the excellent protective
performance of the multilayered films can be achieved by lam-
inating the oxidized monolayers, which is consistent with the
experimental results and some available data in the literature.
Dewapriya et al. [37] also conducted MD simulations of ballistic
impact tests on polyurea-aluminum multilayers to investigate the
energy absorption and deformation mechanisms at the nanoscale.
The results revealed that using multiple polyurea-aluminum lay-
ers does not have a significant advantage over bilayer structures.
However, the SEAs of the multilayer structures are only slightly
lower than that of the bilayer structures due to the presence of a
large number of polymer-metal interfaces that could effectively
contribute to energy dissipation under high-strain-rate impacts,
indicating that the interface is important for the impact resistance
of multilayered films.

For laminated films, there is a critical velocity below which the
SEAs of the multilayered films are higher than that of the mono-
layers (1055 m/s for 3-layered nanofilms with a total thickness of
~4.7 nm), showing a reverse size dependence below the critical
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impact velocity. This indicates that the size effect of the impact
resistance of the MG films depends on the impact velocity [10].
In addition, the critical velocity decreases with increasing the
number of laminated films. However, above the critical impact
velocities, the monolayers show higher SEAs, and the impact
resistance of the multilayered films decreases with increasing
the stacking number. This indicates that the deformation modes
of the Ni;Ta MG films depend on the impact velocities (Figure
S6 for non-oxidized monolayer films in Supplementary Material
and Fig. 4 for oxidized films). As shown in Fig. 4(a), above the
critical impact velocities of 1600 m/s, plugging failure occurred
for the multilayered films, which leads to premature failure of
the material in the impacted area of the multilayered films and
limits the delocalization of the impact energy dissipation during
the impact process. As a result, the SEA of the multilayered
film decreases with increasing total thickness. In contrast, the
multilayered films exhibit larger conical deformation below the
critical impact velocity, showing excellent delocalization energy
dissipation capacity. Compared with the micro-ballistic impact
experiments, the impact velocities in the MD simulations are a
little higher and the thickness of the monolayers is much smaller,
leading to the relatively higher SEAs and the severe plastic defor-
mation observed in MD simulations. However, the MD simulation
results still capture the phenomenon as observed in experiments
and predict the dynamic behavior of the films at higher velocities.

The typical deformation behavior of the multilayered films
during impact is shown in Fig. 5(a). At 3.6 ps, the projectile
just hit the first layer of the multilayered Ni;Ta MG film. As
the projectile moves continuously, the three layers of the film
experience conical deformation with the monolayers squeezing
each other to consume the kinetic energy of the projectile during
impact. Some obvious voids occur in the central impacted area of
the film under tensile stress at 9.3 ps. The projectile penetrated
completely the three-layered film at 18 ps. The dominant failure
mechanism is local tearing around the projectile edge. However,
no obvious hole formed in the MD simulation snapshots due
to the rebound of the deformed region. The multilayered film
exhibits localized thinning around the impact center. We believe
that this thinning process results from film stretching during
the impact process. Again, the severe plastic deformation of the
multilayered films during impact in MD simulations results from
the large plasticity of the 1.5-nm-thick monolayers due to the size
effect, as discussed by Cheng et al. [10].

We also investigated the influence of oxygen content on the
impact resistance of the multilayered Ni;Ta MG films as shown in
Fig. 5(b). For both the single-layered and the three-layered films,
the SEA increases substantially after oxidation up to a coverage
of 1.04 O per nm?. However, it decreases when the O coverage
further increases to 2.08 O per nm?. To investigate the effects of
oxidation, we calculated the average atomic potential energy of
the three-layered films with different numbers of oxygen atoms
as illustrated in Fig. 5(c). Here we partitioned evenly the three-
layered films into seven regions along the thickness according
to the atomic positions (whether the atoms are on the surface,
interior, or at the layer-to-layer interface of the multilayered film)
as shown in Figure S7. Regions consisting of surface atoms (the
top and the bottom regions) were denoted as surface regions.
The regions that include interfaces between two monolayers were
denoted as interface regions, and the others were denoted as inte-
rior regions. For all MG films, the energy of the interface region is
much higher than the interior regions. Most importantly, the high
energy of the interface regions destabilizes the multilayered films,
facilitating deformation in the interface regions compared to the
interior regions. As the oxygen coverage increases, the difference
between the energies of the interface regions and the interior
regions increases quickly, indicating additional instability of the
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Fig. 4. Typical deformation behavior of the three-layered films, the two-layered films, and the single-layered films at (a) v; = 1600 m/s and (b) v; = 900 m/s from

MD simulations.

interface regions during loading. This makes debonding of the
interfaces between two neighboring monolayers during impact
easier, which promotes the energy dissipation capacity of the
multilayered films.

To understand the deterioration of the impact resistance of
the multilayered films when the oxygen coverage is doubled to
2.08 O per nm?, we stretched the two-layered films along the
thickness direction using MD simulations to predict the inter-
facial strength at the strain rate of 10'" s~!, We observe that
all two-layered oxidized and non-oxidized films separate from
the interfaces (Figure S8 in Supplementary Material), which is
consistent with the MD predictions as shown in Fig. 5(c). Fig. 5(d)
shows the tensile stress-strain curves of the two-layered films
(~3.1 nm in total thickness) with various oxygen atom coverages.
Compared with the films without oxygen atoms, the interfacial
strengths of the films increase significantly up to 1.04 O per
nm?. However, as the oxygen coverage is increased to 2.08 O
per nm?, the interface strength decreases significantly, which
we ascribed to the initiation of defects in the monolayers. We
think there are two competition mechanisms with increasing
coverage of oxygen. One is to strengthen the interface strength
due to the introduction of O atoms, which trends to improve the
energy dissipation capacity during impact due to the fact that

the debonding of the interfaces contributes to the dissipation
of impact energy. A second mechanism is the weakening of the
interface strength due to the increase in surface roughness after
oxidation, as shown in Figure S9 in the Supplementary Material,
which could be regarded as a kind of defect. With increasing O
coverage from 0 to 1.04 per nm?, the strengthening mechanism
predominates, leading to the increase in strength. However, for
the excessive O coverage of 2.08 per nm?, the weakening mech-
anism facilitates premature failure of the film near the rough
interface which decreases the strength, leading to the decrease
of the impact resistance of the multilayered film as shown in
Fig. 5(b).

4. Conclusion

In this work, we developed the layer-by-layer assembly method
to fabricate multilayered Ni,Ta MG nanofilms with excellent
impact resistance. The impact resistance and the deformation
behavior of multilayered MG nanofilms were obtained by laser-
induced micro-ballistic impact experiments. We demonstrate
that the impact resistance of multilayered oxidation MG nanofilms
can be increased significantly by lamination of monolayers to
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Fig. 5. (a) Deformation history of the three-layered film with a total thickness of 4.7 nm at v; = 900 m/s. (b) Specific energy absorption (E;) of the NiyTa MG

single-layer films with various oxygen coverages in O atoms per nm? (~1.5-nm-thick). (c) Average atomic potential energy for Ni;Ta MG oxidized three-layer
nanofilms with different oxygen coverages. (d) Tensile stress-strain curves of two-layer films (~3.1-nm-thick) with different oxygen coverages (¢ = 10" s71).

overcome the size effects to some extent. Shear band multipli-
cation and delamination are dominant energy dissipation mech-
anisms for the multilayered films under impact. In addition, MD
simulations were performed to investigate the impact response of
the multilayered films at a smaller scale. We described the Ni;Ta
using the EAM method and the interaction of O with Ni,Ta using
non-bond parameters derived from DFT calculations. The addition
of oxygen atoms increases the interface energy, facilitating the
deformation of interfacial regions. The curly structure of the thin
monolayer caused by oxidation increases the penetration force
and the duration of the projectile. The MD simulations predict
that the impact resistance of the multilayered films increases
significantly after oxidation due to the increase in interfacial
strength. However, above 2.08 O per nm?, oxygen reduces the
interfacial strength due to the initiation of defects, decreasing the
impact resistance of the multilayered Ni,Ta MG films. This work
provides an effective pathway for fabricating high-performance
multilayered MG films with extraordinary impact resistance by
overcoming the size effects through lamination of monolayers.
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