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The design of materials with enhanced resistance to impact and shock deformation is critical for
numerous technological applications. This work investigates energy dissipation mechanisms in ballistic
impacts on nanoscale polymer thin films through molecular dynamics simulations and theoretical
modeling. Using a pseudo-continuous model for polymer chain generation followed by Kremer—Grest
potential relaxation, we systematically study the effects of impact velocity, projectile radius, and film
thickness for various polymer chain lengths. Our findings reveal that traditional kinetic impact models
are insufficient to describe the observed energy dissipation. We propose an improved model incorporat-
ing an energy dissipation term that scales with the cylindrical hole area created during impact, charac-
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terized by a single fitting parameter f, that encapsulates shear-dependent deformation and failure
mechanisms. This model accurately predicts energy dissipation across both low and high-velocity
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1 Introduction

The development of novel materials resistant to impact and
shock waves is of great importance across various industries.
For instance, cavitation causes wear in pipes and turbines,'
impacts from small space debris can damage satellites or
windows of space stations,” and aircraft turbines may be
compromised by atmospheric particles.>* Coating surfaces
with thin polymer films is a promising approach offering
several advantages, including lightweight design, transparency,
low cost, and shear-rate-dependent mechanical properties.>®
Notably, laser-induced projectile impact tests (LIPIT) have
demonstrated that polymer thin films exhibit superior impact
absorption compared to materials such as metals or multilayer
graphene.” This motivates further exploration into the energy
absorption mechanisms within polymer thin films.

In general, the impact response of polymer thin films is a
complex phenomenon influenced by multiple factors. For
example, the entanglement density of polymer chains has been
shown to positively correlate with ballistic energy absorption.®®
Additionally, Cai and Thevamaran demonstrated that the
degree of crystallinity strongly affects the specific penetration
energy,'® while molecular dynamics simulations by Giirel et al.
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regimes and shows that energy dissipation scales linearly with film thickness at the nanoscale.

suggest that polydispersity can also affect ballistic energy
absorption.**

In a simplified kinetic model,"* the impact is treated as an
inelastic collision between the projectile and a plug of the thin
film, which is ejected at the same residual velocity (v,) as
the projectile after the impact. The energy balance is then
expressed as:

%mpvi2 = %(mp + mf) v + Eq, (1)
where m;, and m; are the masses of the projectile and film plug,
respectively, v; is the impact velocity, and Eq comprises all other
energy dissipation mechanisms, including heat and sound
generation, film deformation, and crack formation."® Equiva-
my d y = 2Ed

my + mg my + my
model the dissipated kinetic energy via: v.> = w;® — .

The mass of the film plug is typically approximated as
the mass contained within the projectile’s strike area, m; =
2mR,’Hp, where R, is the projectile radius, and H and p
are the film thickness and density, respectively. Although the
impact creates tensile and transverse waves that extend
beyond the immediate strike area,'*"® we will demonstrate that
this simple model for m¢ yields quantitatively reliable results.
Chen et al. studied the dissipation mechanisms in polymeric
thin films using microscale projectiles.'® By comparing their
results with experimental data, they concluded that fracture
work and plastic yielding are the primary energy dissipation
modes, especially at low film thicknesses. They introduced an

lently, by defining o = , one may
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energy contribution ~H> to account for
fracture work.

Meng and Keten conducted ballistic impact molecular
dynamics simulations on four different materials, including
polymer thin films.'® They investigated the effects of material
density, mechanical properties, and geometric factors on dis-
sipated energy. Their findings indicate that mechanical proper-
ties predominantly influence energy dissipation at low v;, while
material density tends to dominate at high v;.

In this work, we investigate ballistic energy dissipation
mechanisms in nanoscale polymer thin films through numer-
ical simulations. In order to interpret the results beyond the
simplified kinetic model, we incorporate an energy dissipation
term scaling with the area of the cylindrical hole created during
impact. This model features a single fitting parameter encap-
sulating shear-dependent deformation and failure mechanisms.
Our model is validated against extensive impact simulations
spanning a broad range of impact velocities, projectile radii, and
film thicknesses. Our results establish a unified framework applic-
able to both low- and high-velocity impacts, demonstrating that

the appropriate energy dissipation scaling at the nanoscale is ~ H.

scaling as

2 Simulation model
2.1 Pseudo-continuous model

The simulation of highly entangled polymers poses the chal-
lenge of relaxing long polymer chains, which would result in
inaccessible simulation times when using standard models like
Kremer-Grest. For this reason, a pseudo-continuous model of
polymer solutions has been chosen, in which the chains inter-
act via a soft potential field."” This novel model of entangled
polymer solutions has proven effective in simulating polymer
brushes under shear flows,'® star polymer solutions,'® and,
particularly relevant to our work, thin polymer films.>°

The motion of chains C, each described by a continuous
curve R.(t,s) with variables ¢ for time and s € (0,1) as the
monomer index, is solved numerically. s uses a finite number
of discrete points j = 1, 2,..., J to oversample the chains.
Choosing J = N, the chain reduces to the standard spring
model, which, for this soft potential, has gaps that may allow
chains to cross each other. Crossings are avoided by sufficiently
oversampling the chains to effectively suppress gaps along the
polymer. In this work, we use N = J/4 as it is sufficient to
accurately describe the chains in all our simulations, avoiding
phantom crossings between the chains. In contrast, higher-
resolution sampling would unnecessarily slow down the
simulations.

Each chain has N degrees of freedom corresponding to
the usual Rouse modes and follows the first-order stochastic
equation of motion:

Q(?I{CT(?S)zFSfNVVﬁr V2kgT{W, (1, ¢) @
where { = N{, is the friction coefficient of the chain’s center of
mass. The thermal noise force is modeled by a Wiener process
(W (t,c) W (t',c)) = d.00(t — t)o(s — §').
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In eqn (2), F; models the bond interaction via F=
(3ka azRC(l,S)

Nb? Os?
distance of a free chain and can be combined with other
parameters to define the microscopic time unit, t = {ob”/k,T.
V. describes the chain interaction:

), where Nb? is the mean square end-to-end

v, = zC: rqD[Rc(t, §) — Ro(t',$)]ds 3)

=Jo

The soft potential @(r) combines a Gaussian function
simulating an excluded volume potential with an attractive
potential:

o(r) = gka[(w +1)e e - we—'2/4”2] (4)
where w is a parameter controlling the relative weight of the
attractive part of the potential and takes the value w = 0.5 in
this work, ensuring thermodynamic stability. More details on
the pseudo-continuous model can be found in ref. 20.

The initial configuration begins by randomly placing C
monomers in a periodic boundary conditions box of appro-
priate size to achieve the desired thin film dimensions. Initi-
ally, each chain has a single monomer. As the simulation
progresses, monomers are systematically added along the
chain, rescaling the box to preserve the polymer solution
density. This process is repeated until the desired chain length
is reached. The attractive potential, dominated by the para-
meter w, leads to the spontaneous formation of a thin film.

2.2 Kremer-Grest model

Impact simulations require a polymer model with potentials
stable under high shear rates. The Kremer-Grest model is a
simple, computationally efficient, and successful model for
simulating polymer responses to shock waves.”’>* Impact
simulations were performed using the open-source molecular
dynamics program HOOMD-Blue.>*

Thus, once the initial configuration of the thin polymer films
has been generated using the pseudo-continuous potential, the
system is relaxed using a generalized version of the Kremer-
Grest model. This consists of a truncated and shifted Lennard-
Jones (LJTS) potential used to model the interaction between two
monomers at a distance 7:>°

(r) = 48’7[(%)]2‘@1”’ SR )

Uvryrs(r

0, >

where ¢; is the interaction strength between two particles 7 and
J, o represents the diameter of a monomer, r. = 2.5¢ is the
potential cutoff distance, and ¢ is the value of the Lennard-Jones
potential at r = r.. In this work, all results are reported in reduced
units where ¢ = 1, the energy parameter ¢ = 1, and the particle
mass m = 1. The strength of the interaction is determined by the
parameter ¢, defined as ¢; = 1e.

Additionally, adjacent monomers along the chain are con-
nected through a finite extensible non-linear elastic potential

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Normalized projectile kinetic energy profiles and simulation snapshots of projectile impacts. (a) Kinetic energy profiles for three different impact
velocities (v;) on the same thin film (N = 256). (b) Kinetic energy profiles for three films with different polymer chain lengths at a fixed impact velocity of

vi = 4.5. All simulations are performed with « = 0.9, R, = 15and H = 11.

(FENE) defined as:

5 r<R0

()

1.50.>>” This specific choice

1
—Ek R()2 In

Urene(r) =

o0, r> Ry
where k = 30(¢/c®) and R, =
prevents chains from crossing each other.

The transition between the two models leads to a decrease
in the film thickness. Finally, the thin film reaches a mass
density of p ~ 0.87mc>. During the transition between the
two models, the topology of the entanglement network is
preserved.

The simulation snapshot in Fig. 1(a) shows the initial
configuration of the impact on a thin film. The projectile is
modeled as a rigid spherical shell, constructed as a spherical
polyhedron whose vertices are occupied by particles interact-
ing via a purely repulsive Lennard-Jones potential (eqn (5)),
truncated at a cutoff radius r. = 2"/°¢. This choice prevents any
adhesive interactions with the polymeric thin films, thereby
precluding additional chain pull-out that may occur in real
systems, especially at low-velocity impacts.>® The number
of particles comprising the spherical shell of the projectile
varies according to its radius, ensuring a particle surface
density exceeding 3.60 2, such that the results are inde-
pendent of the discretization. The projectile mass can be

This journal is © The Royal Society of Chemistry 2025

varied independently of its size and, in most simulations,
rescaled to preserve a constant value of the parameter o.
For simplicity, the possible rotation of the projectile during
the impact is neglected. The addition of projectile rotation,
although potentially relevant in some systems, does not
affect our results, as the films are sufficiently homoge-
neous to prevent an effective torque from developing during
impact.

The size of the simulation box is described in Table 1. In the
direction of impact, the box has a length L, = 4000. Since
impacts are short-duration events, they are modeled as adia-
batic processes. Consequently, impact simulations are per-
formed in a adiabatic (NVE) ensemble. To ensure the stability
of the simulations during impact, a small timestep At = 1 x
10" is selected.

Table 1 Dimensions of polymer thin films used in impact simulations,
indicating film thickness (H) and corresponding lateral dimensions (L, L,).
All lengths are expressed in units of ¢

Thickness, H Lateral size, L, = L,

11.0 82.0
14.0 103.0
17.5 130.0
21.2 118.0
25.5 107.5
29.5 100.0
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3 Results

3.1 Simulations

Since the dynamic response of a polymer chain depends on its
molecular weight, nanoparticle impacts were simulated for thin
films composed of polymer chains with lengths of N = 2", where
n ranges from 6 to 10. This exponential spacing of chain
lengths ensures rapid convergence of the pseudo-continuous
model. Impacts are generated by releasing the projectile at an
initial velocity v;, varying from 3 to 9, from an initial distance of
2¢ to avoid prior interactions. The momentum transfer due to
the projectile-film interaction initially reduces the projectile’s
velocity vp. Panel (a) of Fig. 1 shows impacts at three initial
velocities on a film composed of chains with N = 256. At higher
velocities, rapid kinetic energy transfer occurs between projec-
tile and film, while at lower velocities, energy transfer is more
gradual and substantial relative to the initial kinetic energy.

At high impact velocities, the collision generates a shock
wave traveling at velocity v, greater than the projectile velocity
(vs > vp). This shock wave ejects film material ahead of the
projectile, as evidenced by simulation snapshots. Consequently,
the projectile-film interaction is brief, ending once sufficient
energy is transferred to form the shock wave.*
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In contrast, low-velocity impacts cause polymers to wrap
around the projectile, requiring disentanglement for projectile
progression, as seen in simulation snapshots. This leads to
prolonged interactions and more irregular normalized kinetic
energy profiles. Similar results were reported by Bowman et al.
in atomistic simulations of nanoparticle impacts on thin poly-
ethylene and polystyrene films.

Panel (b) of Fig. 1 illustrates impacts on films with varying
polymer lengths at a fixed velocity v; = 4.5. Despite different
chain lengths, normalized kinetic energy profiles appear
initially similar. Short-chain polymers exhibit weak entangle-
ment, requiring minimal energy for displacement, leading to
sharp yet shallow kinetic energy profiles. Conversely, longer
polymer chains have greater mass and stronger entanglement,
requiring more energy for displacement. These chains wrap
around the projectile, resulting in irregular and more pro-
nounced kinetic energy variations, indicating higher energy
absorption. The final projectile velocity after interaction
defines the residual velocity v,, indicated by circles in Fig. 1.
The ratio (v./v;)* quantifies the fraction of projectile residual
kinetic energy so that the fraction of dissipated energy is
1 — ()™
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(a) Kinetic energy dissipation as a function of impact velocity and projectile radius Ry,. The film thickness is H = 11 and the results are averaged over

all chain length. (b) Dissipated energy as a function of « for different chain lengths N at H = 11 and R, = 5. Symbols represent simulation data, and solid
4(1 — o)

RpViz
f with impact velocity, and the dashed red line represents the kinetic energy dissipation considering only momentum transfer with the film plug mass ms.
Error bars represent one standard deviation.

lines represent fits using the function o — f(vi, N) , where f is the fitting parameter. For panel (b), v; = 3. The inset of panel (b) shows the variation of
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Fig. 3 Residual projectile kinetic energy as a function of projectile radius
R, for different impact velocities v;, using N = 64 and H = 11. Shaded
regions represent one standard deviation.
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3.2 Simplified modeling
Fig. 2(a) illustrates the kinetic energy variation for different impact

m
——P  fixed at 0.9. Con-
my, + mg

sidering only the energy dissipation due to momentum transfer

velocities and projectile radii, with o =

2
(%) = o (red dashed line) does not fully explain the observed
1
kinetic energy loss. Moreover, there is a clear dependence on
projectile radius not captured by conventional kinetic descriptions.
Fig. 2(b) displays the fraction of residual kinetic energy as a function
of o, varied by changing the projectile mass. It is clearly seen that the
simulation results deviate significantly from the traditional kinetic
model, especially at low o, where dissipation increases notably.
Meng and Keten demonstrated that, at low velocities, dis-
sipated energy scales more closely with the projectile circum-
ference (~R,) rather than its projected area (~R,’), due to a
tearing mechanism."® Inspired by this, we propose that energy
dissipation scales with the cylindrical hole area created upon
impact, leading to E4 = § x 2nR,Hp, where f(v;,N) is a prefactor
discussed below. Consequently, the dissipated kinetic energy is
expressed, using ms = TEpHRPZ, as:

e\’ 401 — o)
(E) = PN T ?)
(b) m, = 8000
071 —— model - 8 =25
—— model - =35
0.6 1 i simulation data

0. — 15

4 — 20
0.6 25
. 15 IQb 25 H. 30 . .
10 15 20 25 30

film thickness H

4(1 —a)

2 for film thicknesses H = 11 and H = 14. The dashed line
pri

represents the identity function. For each parameter set, three independent simulations were conducted, totaling 900 simulations. Here o = 0.9. The inset
highlights results for two representative N values. Panel (b) presents kinetic energy dissipation versus film thickness H for constant projectile mass
my, = 8000, chain length N = 512, R, = 5, and v; = 3. Simulation data lie between theoretical predictions using two estimated f values from Fig. 2(b). The
inset shows kinetic energy dissipation versus film thickness for constant « and varying R,. Error bars indicate one standard deviation.
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To determine f, data for each N and v; were fitted using
eqn (7) for different values of o, as shown in Fig. 2(b). Although
there is some scatter in the data, the agreement between the
model and numerical simulations is satisfactory. The mechan-
ical response of polymeric materials strongly depends on strain
rate and polymerization degree, thus the dissipation expressed
by the parameter fS(v;,N) naturally increases with both N and
impact velocity v; (see inset in Fig. 2(b) and appendix).

3.3 Validation of the model

Fig. 3 compares residual projectile kinetic energy from simula-
tions with theoretical predictions, validating our model across
varying projectile radii and velocities. The simple model
successfully captures the scaling behavior with R;,. However,
there is a small discrepancy between the simple model
proposed here and the simulation outcomes. Fig. 2(a) and 3
shows that for the values investigated in our work, as the
impact velocity and the projectile radius increase, the dissi-
pated energy does not approach o but rather a smaller value.
Although this slight discrepancy (~4%) exists—likely due to
unmodeled thermal and elastic wave dissipation mechan-
isms—the agreement remains robust.

Fig. 4(a) confirms strong agreement between the proposed
model and simulation results. Minor discrepancies likely result
from local thickness variations. Increased kinetic energy

(@)
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absorption reduces agreement, suggesting deviation from the
localized fracture assumption. Similarly, longer polymer chains
tend to distribute damage more broadly, resulting in slight
deviations from the model, as shown in the inset of Fig. 4(a).
This deviation would be slightly enhanced if bond scission were
included in the polymer model.*®

Fig. 4(b) shows dissipated energy increases with film thickness
for constant projectile mass. Selecting representative upper and
lower f# bounds at the lowest thickness achieves good agreement
with simulation data. Agreement declines as maximum dissipa-
tion (v, = 0) is approached. The inset supports linear scaling of E4
with film thickness H at nanoscale. At higher velocities we observe
a slight increase of Eq with H, but this effect remains minor and
does not compromise the prediction of eqn (7).

3.4 Specific puncture energy

Besides the dissipated (or residual) kinetic energy, another
relevant metric in ballistic impact experiments is the specific
puncture energy,*'*? defined as:

. Imy v\ 1, 20
E; =3 |:1 (Vi) = 500 —I—ﬁ(v,,N)Rp. (8)

Note that, despite its name, E; has the dimensions of
velocity squared rather than energy and quantifies the stoppage
power of the film per unit of mass. Fig. 5 illustrates that both

18 1
(b) - model - 3 = 25
—— model - 5 = 35
179 N $ simulation data
16 -
54 @
E*
p
14 1
13 1
12 1
1
11 1 l

10 15 20 25 30
film thickness H

Fig. 5 (a) Specific puncture energy (E;) from simulations compared with egn (8), using velocity and chain-length-dependent f(v;N). (b) Specific
puncture energy as a function of film thickness for projectile mass m, = 8000.
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forms of the proposed theoretical expression match well with
simulation outcomes, confirming the robustness of our sim-
plified modeling approach. For clarity, Fig. 5 presents the same
dataset as Fig. 4 but recast in terms of the specific puncture
energy representation.

Recent LIPIT simulations of polymeric thin films by Zhu
et al.>* reported a phenomenological scaling £ oc H~'/2. In the

present work, we propose a linear scaling with «. When the
projectile mass is constant, as in Zhu et al.’s simulations, both
scalings are compatible with our data, however eqn (7) and (8)
are more easily interpreted in terms of geometry.

4 Discussion and conclusions

As pointed out by Meng and Keten, the energy absorbed through
tearing mechanisms is not negligible in ballistic impacts on
polymer thin films.'® Here, the parameter f(v;,N) is introduced
to quantify accurately the energy dissipated during this process.
This parameter has units of ¢°/7%, and f(v;,N)p can be interpreted
as surface energy. It is expected that ff(v;,N) correlates with fracture
toughness or yield stress, both of which depend similarly on shear
rate and molecular weight, represented in this study by the impact
velocity v; and the chain length N, respectively. Previous studies
have highlighted the relationship between yield stress, toughness,
and ballistic energy dissipation in thin films,'"** further support-
ing our interpretation of S(v;,N) as a measure of a film’s intrinsic
resistance to fracture and plastic yielding under high-rate defor-
mation. Nevertheless, since ballistic tests inherently differ from
conventional mechanical tests, direct quantitative comparisons
remain challenging.

In summary, we presented a combined computational
and theoretical approach to investigate energy dissipation
mechanisms in ballistic impacts on polymer thin films at the

View Article Online
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nanoscale. By explicitly accounting for the energy dissipated
through localized tearing around the projectile rim and kinetic
energy transfer, we derived, for the first time, an expression
capable of accurately describing energy dissipation across a broad
range of impact velocities and chain lengths. This work provides
insights valuable for the design and optimization of novel poly-
meric materials intended for ballistic protection applications.
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Appendix: behavior of f

Fig. 6 shows the variation of the impact parameter  obtained
through the fits in Fig. 2(a) for all N. N = 64 and N = 1024

(a) 180 (b) 180 — (e
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Fig. 6 Panels (a) and (b) show values of ff over the impacts velocity for different N for R, = 5 and R,, = 10 respectively (H = 11). Panel (c) shows the values
of  in terms of the entanglement density v for v; = 3 and R, = 5.
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represent the short-chain length and long-chain limits, respec-
tively, within the range investigated (see inset of Fig. 2). Panel (a)
corresponds to the case where the projectile’s radius is compar-
able to the radius of gyration R, of N = 64. Consequently, for all
larger values of N, R, > Ry, In this regime, the parameter fi(v;, N,
R, = 5), and thus the energy absorption, exhibits minimal varia-
tion across different chain lengths. Panel (b) presents the values of
B(vi,N,R, = 10) obtained by impacting the same thin films with a
projectile of radius 10. In this scenario, R, & R, for N =256. When
R, > Ry, as in the case of N = 1024, there is a significant increase
in (v;,N,R, = 10) due to enhanced polymer tearing. In contrast, for
shorter chains where R, < R, such as N = 64, the value of f8
remains lower.

We also examine the dependence of f§ on the entanglement
density, as shown in panel (c). Previous work by Chan et al.’
demonstrated that higher entanglement density enhances
energy dissipation. Consistent with their findings, our results
reveal a positive correlation between f and the entanglement
density. The number of entanglements, Z.,, was computed
using the Z1+ program,®® and the entanglement density was

Zent
L.L,H )
S =35 provide a suitable fit for the scaling law with H (Fig. 3(b))
where the impacts are at v = 3 and the extracted values of f§ for
the two thinnest films fall within this range regardless of chain
length.

To better understand the physical meaning of the parameter
f, we performed uniaxial tensile deformation simulations
of the thin film. The simulations were done in a canonical

calculated as v = Notably, the values of f = 25 and

true stress

0 5 10 15 20
strain €

Fig. 7 True stress as a function of strain at various shear rates for
nanoscale thin films. The data correspond to three independent samples
with N = 64 and H = 11. The inset (left) shows the toughness I', while the
inset (right) presents the yield stress o, across the range of shear rates
studied.
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ensemble at 7 = 1 while keeping the transversal area unde-
formed. The shear rate was calculated as the ¢ = v;/H to emulate
the shear rate of the ballistic simulation. After an initial over-
shoot due to fast deformation, the thin films start to craze and
reach a maximum yield stress that is shear rate dependent, as
shown in Fig. 7. Beyond the yield point, the true stress
decreases monotonically.

The inset of Fig. 7 illustrates that both the toughness, I', and
the yield stress, oy, increase with shear rate. Notably, the
monotonic increase of these mechanical properties parallels
the behavior of f, suggesting a strong correlation between
them. Previous studies have highlighted the relationship
between yield stress, toughness, and ballistic energy dissipa-
tion in thin films,""** further supporting our interpretation of
f as a measure of the film’s intrinsic resistance to fracture and
plastic yielding under high-rate deformation.
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