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Low-Density Multilayer Graphdiyne Film with Excellent
Energy Dissipation Capability under Micro-Ballistic Impact

Kailu Xiao, Weiyue Jin, Huibiao Liu, Chenguang Huang, Yuliang Li, and Xiangian Wu*

Dynamical performance of multilayer graphdiyne (MLGDY) with ultra-low
density and flexible features is investigated using laser-induced micro-pro-
jectile impact testing (LIPIT) and molecular dynamics (MD) simulations. The
results reveal that the MLGDY exhibits excellent dynamic energy dissipation
ability mainly due to the excellent in-plane wave velocity resulting from the
diacetylene linkages between benzene rings. In addition, the unique mul-
tiple crack tips and their propagation further promote the energy dissipation
capability. The energy dissipation capability of the MLGDY is found to reduce
with increasing thickness due to compression-shear induced failure of several
upper layers of relatively thick MLGDY, which hinders delocalized energy
dissipation ability. Moreover, the impact resistance force of the MLGDY
increases almost linearly with increasing impact velocity, demonstrating the
applicability of the traditional compressive resistance theory of laminates for
MLGDY. Based on the experimental observation and the simulation results,
two feasible strategies, i.e., combining with high-strength multi-layer gra-
phene and rotated graphdiyne (GDY) interlayer to avoid stacking of sp-hybrid-
ized carbon atoms, are proposed to further improve the impact resistance of
the MLGDY. The study provides direct proof of excellent impact resistance of
the versatile MLGDY and proposes feasible fabrication strategies to further

strengths!? and thermal conductivities, and
extremely low densities, promoting their
wide application in the fields of energy
storage,’! coating materials, solar cells,?!
seawater desalination® etc. Graphdiyne
(GDY), which is a 2D carbon material
with diacetylene linkages (—C=C—C=C—),
attracts considerable attention in these
fields. It exhibits unparalleled advantages
in the formation of highly stable inter-
faces and the protection of high-energy-
density electrodes.”’ In addition, its
unique nanostructure displays unusual
electrocatalytic properties,® an excellent
photothermal conversion efficiency, and
a high synergistic antibacterial activity.’}
Due to such a wide range of applications,
dynamic loading due to bubble collapse,
dust deposition, and mechanical impact
during processing, fabrication, and appli-
cation may affect the performance of the
structure.'! Therefore, understanding the
dynamic responses of GDY films is critical

improve the anti-ballistic performance in future.

1. Introduction

Appeal is growing for 2D carbon materials that exhibit excel-
lent properties, such as good electrocatalytic efficiencies,!! high
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in improving their performances in

engineering applications.
Since its first synthesis on a copper
surface,™l the mechanical performance of
the GDY film has been critical in terms of expanding its appli-
cation and further improving its performance. As an allotrope
of graphene (GR), the formation of the diacetylene linkages
improves the toughness of GDY compared to that of GR, with a
slight sacrifice in strength, based on molecular dynamics (MD)
simulations.'Zl A previous study™¥! of the mechanical perfor-
mances of multilayer GDY (MLGDY) films using atomic force
microscopy (AFM) and MD simulations reported the strengths
and elastic moduli of the defect-containing films and the step-
wise failure behavior of MLGDY under nanoindentation. The
dynamic performances of MLGDY films, which is a critical
topic with expanding applications, have rarely been directly
studied experimentally. Laser-induced microprojectile impact
testing (LIPIT) of a multilayer GR (MLGR) film confirmed its
excellent specific penetration energy, which is approximately
ten times that of steel owing to the ultrafast in-plane elastic
wave velocity of 21.07 km s7L.* This not only provides an
experimental method of studying the impact behaviors of mate-
rials at the microscale, but also strengthens confidence in the
application of 2D materials in high-efficiency energy dissipa-
tion. GDY, with a relatively low density (pgpy) of 1.19 g cm™,
still exhibits an elastic modulus (Egpy) and intrinsic strength of
513.8 and 36 GPa, respectively, based on MD simulations.[2>1]
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Hence, the in-plane elastic wave velocity (C, = \[Ecpy / pepy) OF
GDY is =20.78 km s}, which is comparable to that of GR and

much higher than those of metals. Currently, related research
regarding the failure behavior and efficiency of dynamic energy
dissipation of MLGDY is limited to MD simulations, which
predict its superior ductility due to the introduced extended
acetylenic bonds. These bonds may not only dissipate the
kinetic energy of a projectile via in-plane wave propagation and
deformation, but also slowly extend the acceleration time of
GDY films during contact with projectiles.l®! The lack of direct
experimental studies of the impact responses of MLGDY films
limits their application in the field of impact protection due to
the relatively large differences between experimentally prepared
GDY and that simulated using MD.

In this study, the impact responses of MLGDY films with
various thicknesses were measured directly using LIPIT, and
the underlying thickness-dependent mechanisms of dynamic
energy dissipation were investigated using MD simulations.
The overall aims of this study are to provide experimental
evidence of the excellent impact resistances of MLGDY
films, elucidate the relationship between the microstructure
and impact resistance of the MLGDY film, and reveal the
corresponding thickness-dependent dynamic responses of
the MLGDY film. This study not only provides insight into the
dynamic behaviors of MLGDY films, but also broadens
the applications of MLGDY in the field of impact protection as
an extraordinary bulletproof material.

2. Results and Discussion

2.1. Characteristics of the MLGDY Film

The 2D MLGDY nanosheets with wrinkling characteristics
(Figure 1a), as observed using scanning electron microscopy
(SEM), are formed on the surface of copper foil (see Experi-
mental Section and Figure S1, Supporting Information). The
enlarged red-dotted rectangular region shown in Figure la
reveals the unique surface of the MLGDY film with erect nano-
walls and uniformly distributed voids of tens to hundreds of
nanometers. These voids, which are critical in energy dissipa-
tion, endow the MLGDY film with the properties of 3D porous
materials with network structures. The inset high-resolution
transmission electron microscopy (HRTEM) image of MLGDY
reveals an interlayer spacing of 0.365 nm. In addition, the 2D
morphology of the MLGDY film (Figure 1b), as determined
using AFM, indicates that the surface of the prepared sample
displays excellent smoothness and quality, ensuring the consist-
ency of the dynamic performance during LIPIT. The surface
roughness of the prepared MLGDY with a thickness of 500 nm
is about tens of nanometers (Figure 1b).

To identify the structure and elemental composition of the
MLGDY sample, three positions of the produced MLGDY
film were randomly subjected to Raman spectroscopy. The
Raman spectra display four peaks at 1386.7, 1572.4, 1926.4 and
2190.2 em™ (Figure 1c), and the wavenumbers of the peaks are
consistent at the three selected positions. The intense peaks
at 1386.7 and 15724 cm™ are due to the breathing and E,,
in-phase stretching vibrations, respectively, of sp?-hybridized
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carbon within the aromatic rings. The intensity ratio of these
peaks is 0.79, indicating that the MLGDY film exhibits a highly
ordered structure and a low number of defects. The peaks at
1926.4 and 2190.2 cm™ are attributed to the vibrations of the
conjugated diyne linkages (—C=C—C=C—). The results of a
narrow scan of the MLGDY film for asymmetric C 1s using
X-ray photoelectron spectroscopy (XPS) are deconvoluted into
four sub-peaks at 288.2, 286.9, 284.1, and 285.1 eV (Figure 1d).
These peaks represent the C 1s orbitals of C—0O, C—0, C—C
(sp), and C—C (sp?), respectively, as determined after deducting
the Shirley background and fitting via a combination of Lorent-
zian and Gaussian functions.!”] The XPS and Raman spectra
of the MLGR film are shown in the Supporting Information
(Figure S2).

The LIPIT platform was used to initiate a high-impact-
velocity (Vi) microprojectile to impact the MLGDY film after
it was transferred to a 100 mesh copper TEM grid (hole size:
160 x 160 um, Figure le), and a high-speed camera was used
to capture the real-time trajectory of the microprojectile. The
thicknesses of the 30 £ 0.4 nm MLGDY films were measured
via AFM (Figure 1f), whereas those of the 500 + 20 nm and
2 + 0.04 um MLGDY films on the copper foil were measured
using focused ion beam SEM (FIB-SEM, Figure 1g,h).

2.2. Ballistic Resistance of the MLGDY Film

To evaluate the ballistic resistance of the MLGDY film under
microprojectile impact, a silica projectile with a diameter of
25 um (Figure 2a) was employed and launched with velocities
of 280-500 m s~! by varying the energy of the ablation laser.
The entire impact process was recorded in fast multi-exposure
images (Figure 2a), wherein the motion of the microprojec-
tile may be distinguished. The projectile velocities before and
after impact were calculated by measuring the distance traveled
between the continuous snapshots of the projectile divided by
the time between consecutive images. To accurately obtain the
reduction in the kinetic energy (AE,) of the projectile, the effect
of projectile attenuation due to air dragl®¥! was considered, and
AE, was corrected (see Figure S4, Supporting Information).
Notably, the evaluated MLGDY films were fully perfo-
rated using the adjusted V; due to the relatively large mass
of the projectile used. Based on the relationship between the
post-penetration residual velocity (V;) and V; of the projectile
(Figure 2b), V; decreases with an increase in the thickness of
the MLGDY film at the same V,, indicating that higher abso-
lute impact energy may be dissipated by a thicker MLGDY
film. Moreover, the absorption energy (E,) of the target mate-
rial during penetration is calculated using AE, of the projectile:

E,=AE, = %mr,(vi2 - V), where m, represents the mass of the

projectile. E, depends on the energy dissipation channels of
the target materials, including elastic and plastic deformation
and crack propagation. The relationship between AE, and V;
(Figure 2b) is obtained based on the relationship between V,
and V;, which directly reveals an increase in the absolute energy
absorption with an increase in the thickness of the MLGDY
film. To quantitatively compare the ballistic resistances of
different materials with various thicknesses and projectile
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Figure 1. a) SEM image of the MLGDY film and the corresponding network structure, as indicated by the enlarged red-dotted rectangle, and the
HRTEM image showing the interlayer spacing of 0.365 nm. b) AFM surface morphology image of the MLGDY film, indicating a well-defined surface.
c) Raman spectra of the MLGDY film, which are very consistent at three different positions. d) Narrow scan of the GDY film for asymmetric C 1s using
XPS, with the four sub-peaks at 288.2, 286.9, 284.1, and 285.1 eV representing the C 1s orbitals of C=0, C—0, C—C (sp), and C—C (sp?), respectively.
e) Schematic diagram of the experimental platform for LIPIT and the imaging process. Thickness measurements of the f) 30 £ 0.4 nm MLGDY film via
AFM and the g) 500 = 20 nm and h) 2 £ 0.04 um MLGDY films via FIB-SEM.

masses, the specific penetration energy (E,) is defined by the
absorption energy normalized by the mass of the target mate-
rial in the impact region (my):*% E;=F,/m,=E,|pAh,
where p, A, and h represent the density, area of the impact
region, and thickness of the target material, respectively.

The E, of the MLGDY film is a function of V; (Figure 2c),
where the green V7/2 curve indicates the baseline of E;. As
V; increases, E, increases, and the E, of the MLGDY film
increases with decreasing thickness, which may be ascribed to
the changes in the failure modes and energy dissipation chan-
nels. The MLGDY films with thicknesses of 30 nm exhibit
the highest E; of 0.74 £ 0.034 MJ kg™ at 500 m s7, which is
=32% and =124% higher than those of the MLGDY films with
thicknesses of 500 nm or 2 pum, respectively. Meanwhile, the
MLGR films with thicknesses of 500 nm were also evaluated
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(Figure S5, Supporting Information) to provide a quantitative
comparison with the results obtained using the MLGDY film,
and the E, of the MLGR film is consistent with that reported
by Lee et all The strength (=36 GPa), elastic modulus
(=513 GPa),™ and density (1.19 g cm™3) of GDY are only 33-50%
of those of the GR film, with a strength, elastic modulus,
and density of 130 GPa, 1 TPa, and 2.21 g cm3,12>20] respec-
tively. This is due to the formation of the diacetylene linkages
between the benzene rings. Remarkably, however, the E, of the
MLGDY film may be up to 87% of that of the MLGR film at the
same thickness. This provides more confidence in using such a
lightweight 2D material in designing flexible, ultralight energy
dissipation materials and structures. Unlike those of polymer
materials, such as polystyrenel'®, poly(vinylidene fluoride-co-
trifluoroethylene)? and polycarbonate films,?? impact-induced
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Figure 2. a) SEM image of a silica projectile with a diameter of 25 pm, which was used in LIPIT. And the impact was recorded using a high-speed
camera, which allows to track the motion and displacement of the projectile. b) Residual velocity (V,) and change in kinetic energy (4E,) of the
projectile. c) Specific penetration energies (E;) of the MLGDY films with different thicknesses. The in-plane sizes of the MLGDY samples used in LIPIT

are 160 x 160 um.

adiabatic heating and the corresponding mnonlinear
viscoplastic deformation dominate the energy dissipation pro-
cess. The increase in temperature upon energy dissipation
is insignificant in MLGDY and MLGR owing to their high
melting temperatures, and the ultrafast in-plane wave propaga-
tion considerably promotes energy dissipation.

2.3. Thickness-Dependent Failure Morphologies

The post-mortem morphologies of the MLGDY films with
different thicknesses (Figure 3) under various impact veloci-
ties were investigated to determine their failure characteris-
tics and energy dissipation mechanisms. During impact, a
compressive stress wave is generated in the MLGDY film and
propagates back and forth in the thickness direction, leading
to a rapid stress equilibrium in this direction. Meanwhile, a
radial longitudinal stress wave is generated and propagates
within the film, followed by conical deformation and radial
crack propagation, leading to the final failure morphologies
of the MLGDY films, as shown in Figure 3. Therefore, the
principal energy dissipation channels consist of the propa-
gation of the radial longitudinal stress wave at a speed of
20.78 km s7%, conical deformation at a speed of 4 km s,
and crack propagation. These energy dissipation channels
depend strongly on the thickness of the film and the V; of the
projectile.
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In the MLGDY film with a thickness of 30 nm at a V; of
280 m s7! (Figure 3a-), a semi-annular crack with a zigzag
boundary is initially formed in the impact region because of
increased tensile stress at the periphery during impact. Sub-
sequently, a radial crack is initiated and propagates along the
upper right direction perpendicular to the semi-annular crack.
Simultaneously, the tips of the semi-annular crack propagate
along the direction of the most severe shear deformation,
and a perforation hole is formed during the tearing of the
petal. During the dynamic bending of the petals, creases also
formed (as indicated by the pink arrow). With increasing V;
curling of the petal is observed due to the release of the stress
wave as the crack propagates. The degree of curling is enhanced
with an increase in V;, which is characteristic of the thin film.
The irregular perforation area (S) increases with an increase
in V; (Figure S7, Supporting Information) because a larger area
is affected by an impact with a higher V.. The results of SEM
indicate that, in addition to the stress wave propagation, the
initiation and propagation of the semi-annular and radial
cracks, the tearing of the petals, and the creasing and curling
of the film with a thickness of 30 nm contribute to the dynamic
energy dissipation.

Similar curling behaviors (as indicated by the yellow arrow)
of the petals are also observed, to reduced degrees, in the films
with thicknesses of 500 nm (Figure 3b). In addition to the semi-
annular cracks, more crack branches are generated around the
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Figure 3. Post-mortem failure characteristics of the MLGDY films with different thicknesses at various impact velocities (V;). a—c) Post-impact
characteristics of the MLGDY films with thicknesses of 30 or 500 nm or 2 um at V; values of 280-500 m s, as shown from left to right, respectively.

periphery at 280 and 400 m s! (Figure 3b-i,ii)). At 500 m s77,
the impact-induced petal detaches from the MLGDY target and
an irregularly shaped perforation hole is formed (Figure 3b-iii;
Figure S6b-ii, Supporting Information). With an increase in
the thickness of MLGDY, the enhancement of the perfora-
tion area reverses, i.c., the S, values of the MLGDY films with
thicknesses of 500 nm or 2 um decrease with increasing V,
(Figure S7, Supporting Information). As thicker films display
relatively strong support bases around the central impact areas,
an increase in thickness limits the delocalized failure of the
MLGDY film, particularly at a higher V;. The relatively small
perforation area and localized failure at a high V; are significant
reasons for the relatively low E; of the thick MLGDY film.

With a further increase in the thickness of the MLGDY
film to 2 um, the tearing and curling of the petals, as observed
in the films with thicknesses of 30 or 500 nm, become diffi-
cult. The two main radial cracks initiate and propagate along
the direction of 45° at V; = 280 m s~! because of the inertia of
material deformation due to the increased stiffness of the film
(Figure 3c). The severe out-of-plane deformation of the mate-
rial close to the crack surface during impact leads to a rela-
tively large S, (Figure S7, Supporting Information). When V; is
increased to 400 m s7!, the impact region detaches completely
from the MLGDY film, and three main directions of radial
crack propagation are observed (Figure 3c-ii). S, decreases
drastically, indicating that a larger V; hinders the expansion of
S, At 500 m s, the lengths of the cracks increase drastically
compared to those observed at 280 and 400 m s7!, whereas the
width of the perforation hole, which is close to the diameter
of the projectile, hardly changes, indicating the limited conical
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deformation of the MLGDY film with a thickness of 2 um
(Figure 3c-iii; Figure S6, Supporting Information). Notably, the
effect of the blast wave, which is produced during the launch
process, on the post-penetration features of the MLGDY film
may be neglected because the distance between the launch
pad and target is sufficiently large, i.e., 1.3 cm (see Figure S3,
Supporting Information).

Although it is a GR allotrope, the failure characteristics of the
MLGDY films with thicknesses of 500 nm differ from those of
MLGR films with identical thicknesses (Figure S8, Supporting
Information). “Petal-like” failure characteristics, as observed by
Lee et al.,™ are manifested and extended along the direction
of =120° in the MLGR films (Figure S8, Supporting Informa-
tion) under the impact conditions, behaving more regularly
than the MLGDY film. In contrast, the MLGDY film exhibits
multiple crack tips, including the mainly propagated and minor
crack tips (as indicated by the white arrows shown in Figure 3).
During impact with the spherical microprojectile, owing to the
anisotropic feature of the MLGDY film, the main radial crack
initiates and propagates along the relatively weak diyne link-
ages, as indicated by the main directions of crack propagation
(Figure 3). The diyne linkages are mainly responsible for the
energy dissipation capacity during impact.?}l The multiple crack
tips of the MLGDY film indicate multiple possible directions of
crack propagation, further promoting energy dissipation. This
also renders the MLGDY film a more designable alternative for
use in impact resistance structures and composite materials by
combining the ultra-high strength of GR with the low density
and excellent toughness of GDY to realize a great mechanical
performance in the near future.
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Figure 4. a) Failure morphologies of the 5-layer GDY film at i) 0.5, ii) 1.25, iii) 2.5, and iv) 3.75 ps at the ballistic limit (Vs) of 5.8 km s™. b) Failure
morphologies of the 10-layer GDY film at i) 0.3, ii) 1.1, iii) 1.7, and iv) 2.2 ps at the Vg, of 8.7 km s7.

2.4. Atomic-Scale Failure Features and Impact Resistance

MD simulations were performed to observe the dynamic defor-
mation and failure behavior of the MLGDY film, explaining the
ballistic resistance of the thickness-dependent behavior, and
providing insightful strategies to further improve the impact
resistances of these films (Figures S9 and S10, Supporting
Information). Snapshots of 5- and 10-layer MLGDY films were
investigated to reveal their dynamic deformation processes
(see Supporting Information; Figure 4a,b).

The 5- and 10-layer MLGDY films were used as examples
to analyze the thickness-dependent deformation behaviors
and energy dissipation mechanisms. Continuous failure
occurs from top to bottom during high-velocity ballistic impact
(Figure 4a-i,b-i). In the 5-layer MLGDY film (Figure 4a), after
the localized failure of the top layer, the compression stress
attenuates and continues to propagate downward with a
reduced amplitude, causing the subsequent deformation of the
film. The velocity of the projectile declines sharply during the
subsequent penetration of the remaining layers. The out-of-
plane deformation coupled with the in-plane shock wave propa-
gation facilitates the impact of energy dissipation. The entire
film bears the impact-induced tensile force, effectively inducing
delocalized deformation and promoting energy dissipation
(Figure 4a-iv,b-iv), and the side view of the bottom two layers
of MLGDY also reveals in-plane stress (C; = 20.78 km s7!) and
conical wave propagation (C; = 4 km s7!) at the atomic level
(as indicated by the black-dotted box and arrows).[

In the 10-layer MLGDY film (Figure 4b), the sequence
of the impact process suggests the presence of a thickness
threshold that divides the system into upper and lower layers,
depending on the deformation mode. The upper layers mainly
undergo compression and shear deformation, causing delami-
nation failure, which hinders energy dissipation via delocal-
ized deformation. The lower layers (as indicated by the black
arrows) mainly undergo impact-induced tension and effectively
dissipate the impact energy. The threshold thickness for the
change in the deformation mode should depend on V; and the
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structure of the material. This observation, i.e., several upper
layers of the MLGDY film display lower contributions to energy
dissipation, may explain the experimentally observed lower E,
of the thicker film.

Compression wave propagation and a rarefaction wave at the
upper free surface result in the characteristics of a bulging rim
and stronger compression waves at a higher V; cause a higher
bulging rim. Moreover, a large conical out-of-plane deforma-
tion is caused by transverse wave propagation. In the MLGDY
film, the failure morphology develops from a perforation hole,
with a shape similar to that of the projectile, to a zigzag crack
boundary, as observed experimentally, which differs from the
MLGR system in forming clear petal-like damage (Figure S1la,b,
Supporting Information). This wave-induced failure is
generally related to the failure strength and intrinsic structure
of the material. In MLGDY, the complex sp?- and sp-hybridized
carbon atoms in GDY render its fracture feature similar to the
structure of a rope network, and the final annular perforation
hole is formed.* The crack propagates in the target along the
directions with relatively low binding energies owing to bond
cleavage, further contributing to the impact energy. In GR,
sp*-hybridized carbon atoms yield a typical damage morpho-
logy of asymmetrically shaped petals with different radial
angles. The abundant zigzag crack initiation and propagation
at the boundary of the perforation hole are critical in the energy
dissipation of the MLGDY film after failure.

Notably, perforation failure in the MD simulations did not
reproduce the shear failure observed experimentally. The
different perforation failure behaviors observed in the experi-
ments and simulations originated from two aspects. The
system energy was not precisely conserved, as the number of
layers increased once the cut-off radius of the adaptive inter-
molecular reactive empirical bond-order potential was modi-
fied to 2.0 A. However, this modification was necessary to study
the dynamic performances of the MLGDY films. On the other
hand, the highest experimental V; was 500 m s (strain rate of
=10° s7), whereas it was several kilometers per second in the
MD simulations (strain rate of =108-10' s7!). The relatively
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Figure 5. a) Relationships between V; and V, of the 5- and 10-layer MLGDY films, and the almost linear relationship between Vs, and the number of
GDY layers impacted by a projectile. b) Specific penetration energies (E;) of the 5- and 10-layer MLGDY films impacted by projectile with diameter of
2 nm and the linear relationship between the maximum force of the projectile (F,,,) and V, for the 10-layer GDY film.

high strain rate in the MD simulations also caused atomic scat-
tering during penetration. Although a difference in perfora-
tion failure compared with that observed experimentally was
apparent, the MD-simulated dynamic deformation, failure
behavior, and interaction between layers could still explain the
experimentally observed ballistic resistance of the thickness-
dependent behavior. Also, it is challenging to reproduce the
experimental conditions in MD simulation, especially for rela-
tively thick MLGDY film, due to the limitation of computation
scale and efficiency.

The relationships between V, and V; of the 5- and 10-layer
MLGDY and MLGR films were obtained (Figure 5a; Figure
S12a, Supporting Information) via extensive calculations. When
V; is slower than the ballistic limit Vs, V; is close to zero, and
the projectile is captured by the target. At V; > Vs, V; becomes
positive and increases with V;, and an inelastic conical deforma-
tion with a perforation hole occurs, which dissipates the impact
energy via deformation and crack propagation.

The relationship between Vs, and the number of layers is
also plotted (Figure 5a). With increasing film thickness, the
Vso values of the MLGDY and MLGR films increase almost
linearly. In the simulations, the thickness (h) of the MLGDY
film changes from 0.7 to 9.13 nm, corresponding to an increase
from 2 to 25 layers. The ratio of the thickness of the MLGDY
film to the projectile diameter (2 nm) is >0.2, and thus, the
impact event can be regarded as a thin-plate ballistic impact.
This displays more complex mechanisms, including spall and
radial fracture, petaling, plugging, and ductile hole enlarge-
ment,? during impact. This is due to the significant influ-
ence of the internal wave-induced overall deformation in the
thickness direction compared to that of a thin-film ballistic
impact. A similar phenomenon is observed in the MLGR film
(Figure S12a, Supporting Information).

The E, values of the 5- and 10-layer MLGDY films at
V; = 9.3 km s7! are =64 and 53 M]J kg! (Figure 5b), respec-
tively, indicating energy dissipation capacities comparable to
that of the MLGR film (Figure S12b, Supporting Information).
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Such a low-density material with a high E, may be character-
ized by extremely fast stress wave, plastic deformation, and
crack propagation. In addition, E, decreases as the thickness
of the MLGDY film increases, which is consistent with the
experimental results and may be explained by the change in
deformation mode. Notably, E, is calculated only when perfo-
ration occurs, and the maximum resistance forces (F,,) of the
10-layer MLGDY films were determined at different V; values
from non-perforation to perforation to analyze their impact
resistances (Figure 5b). Notably, multiple peaks are observed in
the force-time curve of the projectile (Figure S13, Supporting
Information) at a low V.. Therefore, we use the first peak as
F,, because it always represents the maximum force, even
if the projectile is captured by the target. Remarkably, the F,
values of the MLGDY and MLGR films increase linearly with
increasing V; (Figure S12b, Supporting Information). Generally,
the compression resistances of fiber-reinforced laminates under
macroscopic ballistic impact may be expressed empirically as
o=0,+pV, M , where o is the intensity of the stress wave
during impact, o, is the linear elastic limit strength when the
laminate is compressed in the thickness direction, which is
related to the elastic compressive modulus of the laminate, p
is the density of the laminate, and f is an empirical constant.
Thus, the intensity of the stress wave is linearly related to V,
and determined by the density and elastic limit strength of the
fiber-reinforced laminate. The linear relationships between F,
and V; of the MLGDY and MLGR films, as observed in this
study, indicate that the empirical relationship for macroscopic
ballistic impact is still applicable for nanosystems.[?’! Increasing
the compression strength should yield a higher F,,. Therefore,
the compression strengths of the MLGDY films may be further
improved by combining them with high-strength GR films or
rotating the interlayer of MLGDY to avoid the direct stacking
of sp-hybridized carbon atoms to realize an even higher impact
resistance (Figure S14b, Supporting Information).

A preliminary simulation of the effects of rotation schemes
on the dynamic performance of the 5-layer MLGDY film was
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also performed (see Figure S15, Supporting Information). Three
rotation schemes of MD models, denoted Models (ii)—(iv), were
investigated relative to the direct stacking model, i.e., stacking
sequences of [0/2/4/6/8], [0/5/10/-10/-5], and [0/15/30/60/90).
The rotation axis is along the z-axis of the model, and a
positive angle represents anticlockwise rotation. The observed
E, indicates an improvement of =5% compared to the direct
stacking model. Notably, the E, values of Models (ii)—(iv) are
almost identical, indicating that the stacking angles of these
rotation schemes do not affect the impact resistance of MLGDY
film, which is similar to that of the GR film.?®! Further careful
studies regarding the optimal number of layers and rotation
angle shall be conducted in the near future.

3. Conclusion

In summary, the dynamic thickness-dependent performances
of MLGDY films were investigated using LIPIT and MD
simulations, which provided an understanding of the use of
such a multi-nano-walled ultralight film as an effective energy
dissipation material in anti-micro-ballistic impact applica-
tions. The excellent in-plane wave velocity and multiple crack
initiation and propagation due to the introduction of diacetylene
linkages between the benzene rings endowed MLGDY with an
excellent energy dissipation capacity. Failure characteristics,
such as clear creasing, curling, and shear failure, also
contributed to the impact resistance of MLGDY. The E, of the
MLGDY film decreased with increasing thickness, which could
be explained by the deformation modes during micro-ballistic
impact. In a relatively thick MLGDY film, delamination failure
of several upper layers occurred due to compression-shear
deformation, which hindered the delocalized energy dissipation
capacity and thus decreased the impact resistance of the film.
In addition, F,, increased linearly with increasing V;, indicating
the applicability of the macroscopic ballistic impact theory of
laminates to nanoscopic films. Furthermore, two viable fabrica-
tion strategies, i.e., combination with high-strength multilayer
GR or rotating interlayer GDY to avoid the direct stacking of
sp-hybridized carbon atoms, are proposed to further improve
the impact resistances of MLGDY films. Our results indicate
the considerable potential of MLGDY films for use in designing
composite materials with excellent impact resistances.

4. Experimental Section

Materials: The GDY films were synthesized using a previously
described method."#?] Copper foil was pretreated via sonication in
3 M HCI, water, and ethanol for 5 min, dried under a flow of nitrogen
gas, and then used immediately in GDY film formation. The treated
copper plates were added to a mixture of acetone, pyridine, and
tetramethylethylenediamine in a volume ratio of 100:5:1 in a flask.
A hexaethynylbenzene (HEB) monomer was synthesized in good
yield (62%) by adding tetrabutylammonium fluoride to a solution of
hexakis[(trimethylsilyl)ethynyllbenzene in tetrahydrofuran, which was
then stirred for 10 min at 0 °C. Subsequently, HEB was dissolved in
acetone, added slowly over 3 h to the mixture containing the copper
plates, and maintained under an argon atmosphere at 60 °C for 24 h.
The GDY films then formed on the surface of the copper foil, and the
copper plates were washed with hot acetone and dimethylformamide to
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remove the unreacted monomer and oligomer and dried under ambient
nitrogen. After the preparation of the GDY films, a 1 M iron chloride
solution was used to exfoliate the MLGDY film from the copper substrate
and suspend the film. This solution was replaced with secondary water
until it became clear (Figure S1, Supporting Information). Subsequently,
a liquid adhesive polymer (Scotch Super 77, 3M, Saint Paul, MN, USA)
was diluted in toluene to a concentration of =20 wt.%, and this solution
was dropped onto a copper TEM grid to coat the grid frame with the
non-water-soluble adhesive.l28]

To prevent the sticky polymer solvent from blocking the pores of
the TEM grid, air was blown through the grid holes from one side. The
suspended MLGDY film was then mounted on the preprocessed TEM
grid on the side with the adhesive. Subsequently, the MLGDY film
with the designed thickness adhered to the TEM grid, which was then
dried in a vacuum at 40 °C for 30 h prior to LIPIT. The MLGR film with
a thickness of 500 nm was obtained via the mechanical exfoliation of
highly ordered pyrolytic graphite, and the preparation process was very
similar to that used to prepare the MLGDY film.

Material Characterization: The chemical compositions of the prepared
MLGDY films were analyzed via XPS (ESCALab 2201-XL, VG Scientific,
Waltham, MA, USA), and Raman spectroscopy was conducted using
a confocal Raman microscope (LabRAM HR Evolution, Horiba, Kyoto,
Japan) with argon laser excitation at 473 nm. The morphological features
and failure characteristics of the MLGDY and MLGR films were analyzed
using field-emission SEM (S-4800, Hitachi, Tokyo, Japan), and the
thicknesses of the MLGDY films with thicknesses of 500 nm or 2 um
were measured using FIB-SEM (Scios 2 DualBeam, Thermo Fisher
Scientific, Waltham, MA, USA). The interlayer spacing of the MLGDY
film was measured using TEM (JEM-2100Plus, JEOL, Tokyo, Japan) at
200 kV, and the surface roughness and morphologies of the MLGDY
films were investigated using AFM (Multimode 8, Bruker, Billerica, MA,
USA).

Projectile and Launch Pad Preparation: A cluster of silica projectiles
with diameters of 25 um was dispersed in 20 mL ethanol and then
ultrasonicated for 10 min. The launch pad was fabricated as described
by Lee et al.ll and Hyon et al.'® K9 glass with a diameter of 25.4 mm
was first coated with a gold film with a thickness of 30 nm using a
magnetron sputtering coater (PVD 75, Kurt J. Lesker, Jefferson Hills,
PA, USA). Subsequently, a polydimethylsiloxane (PDMS) solution was
prepared using a two-part PDMS kit (Sylgard 184, Dow, Midland, M,
USA), consisting of a PDMS monomer solution and PDMS hardener,
which were mixed in a 10:1 mass ratio and allowed to settle for 1 h. The
gold/glass component was then coated with the PDMS solution via spin
coating, yielding a PDMS top film with a thickness of 40 um. The launch
pad was then placed under vacuum for 1 h and thermally cured for 24 h
at 60 °C. The prepared projectile with a diameter of 25 um was dropped
onto the launch pad, and a standard lab wipe (Kimwipes, Kimberly-
Clark, Irving, TX, USA) was used to spread the projectile on the surface
of the PDMS film.

Fabrication of Numerical Samples: The GDY structure includes three
types of bonds, i.e., single, aromatic (e.g., sp?), and triple (i.e., sp),
and the original bond lengths of the single, aromatic, and triple bonds
were set as 1.40, 1.44, and 1.24 A, respectively. However, the GR model
includes only one bond type, with the length set as 1.42 A, based on
previous studies.l?l The MD-simulated models of several layers of GDY
and GR were established using the atomic coordinates (Figures S9
and S10, Supporting Information). The elastic moduli, strengths, and
fracture features of GDY and GR were efficiently captured to confirm
the computational models.*3% A spherical projectile with a diamond
structure (sp*-hybridized carbon atoms) was constructed and considered
as a rigid object during impact, and the diameter of the projectile
was set as 2 nm. In addition, the projectile was located at the central
position of the X-Y plane in the simulated system and 20 A from the
MLGDY and MLGR films in the Z direction to avoid initial interactions
prior to impact.

Sofiware Used: The perforation area and largest length of the
perforation hole were measured using Image] 1.53f51 (National
Institutes of Health, Bethesda, MD, USA), and all MD simulations were
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performed using the large-scale atomic/molecular massively parallel
simulator code.’ The open-source visualization software OVITOP?
(OVITO, Darmstadt, Germany) was used to visualize the atomic
configurations during impact.

Statistical Analysis: Each measured thickness of the MLGDY film was
the average of seven measurements. Each V; in LIPIT was used four
times to calculate E,. To obtain the Vs values of the MLGDY films with
different numbers of layers, the MD-simulated impact was repeated ten
times at each V; with a random seed configuration for each layer. V, was
defined as Vs, if the MLGDY film penetration probability was 50%. Error
bars of experimental data were presented as mean * standard deviation,
and Microsoft Excel (Microsoft, Redmond, WA, USA) was used to
calculate the error of each simulation.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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