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High-performance fabrics with outstanding mechanical performance hold great promises in load-
bearing and protection applications, where the capability to dissipate mechanical energy is one of the
key figures of merits. We study in this work the microstructural evolution and mechanical responses of
carbon nanotube films upon ballistic impact. Both cross-ply laminated and non-woven films are explored
by molecular dynamics simulations, which are validated by penetration experiments. The results indicate
that high stiffness and strength of carbon nanotubes offer excellent mechanical resistance. In addition to
brittle fracture of the nanotubes, ductile failure of van der Waals interfaces between the nanotubes in
forms of detachment or sliding opens new channels to dissipate mechanical energy resulted from the
impact. The reversible nature of intertube interaction endows the film self-healable capabilities, which is
superior compared to polymers that are widely used in industry, and graphene multilayers that are
fractured by emitting radial cracks. Combined with the fact that carbon nanotubes feature outstanding
thermal and chemical stabilities, these findings bring perceptive insights into the design of strong yet

dissipative materials for load-bearing and protection applications in harsh environment.

© 2019 Published by Elsevier Ltd.

1. Introduction

Structured materials with superior mechanical resistance to
loads of high strain-rates in harsh environment (e.g. high temper-
ature, chemical attack) are highly demanded for a wide range of
applications from load bearing to impact protection [1]. Efforts
have been made for rational design of light-weight, impact-resis-
tant and multi-functional materials [2—6]. Fabrics and composites
of high-strength polymeric fibers such as Kevlar and ultra-high-
molecular-weight polyethylene (UHWMPE) have been extensively
used in impact protections. In spite of the high strength-to-weight
ratio of Kevlar and UHMWPE fibers ~8 GPa/(g/cm>) [7], the strain to
failure is less than 10% under high-strain-rate loading due to the
improved orientational order in these high-performance polymeric
fibers [8]. Moreover, their resistance to heating and oxidization is

* Corresponding author. Applied Mechanics Laboratory, Department of Engi-
neering Mechanics and Center for Nano and Micro Mechanics, Tsinghua University,
Beijing, 100084, China.

E-mail address: xuzp@tsinghua.edu.cn (Z. Xu).

https://doi.org/10.1016/j.carbon.2019.01.110
0008-6223/© 2019 Published by Elsevier Ltd.

weak. For examples, Nylon 66, spider silks and Kevlar degrade at
138 °C[9],150°C [10], and 450 °C [11]. Meanwhile, the mechanical
performance usually decays significantly upon temperature rising,
enforcing restrictions on the practical applications in harsh envi-
ronment [12]. On the other hand, inorganic fibers made of ceramics,
glass or metal feature higher stabilities, but relatively high mass
density and low structural flexibility [13,14].

Carbon nanotubes (CNTs) based fabrics or composites are
promising for impact protections thanks to their low mass density,
high flexibility and excellent intrinsic mechanical, thermal, electric
properties [2,15,16]. Macroscopic fibers of CNTs can be fabricated,
for example, through wet spinning from well-dispersed CNT solu-
tions [17] or solid-state assembly from as-grown CNT forests [3].
The mechanical performance of the fibers can be improved by
densification, enhancing CNT alignment and minimizing micro-
structural defects [5]. Models have been proposed to elucidate the
correlation between their microstructural complexities (porosity,
bundling, entanglement, etc.) and macroscopic mechanical per-
formance [18,19]. For fiber-woven fabrics, theories are formulated
to predict energy absorption and velocity of the projectile during
ballistic impact [6,20], based on which CNT films would display
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outstanding performance in impact protection. To quantify this
dynamical process, one can define the residual projectile speed as

(6]
v = {2[Ek_EC(t)]}1/2 (1)

mp +mc/4

where E and my, are the incident kinetic energy and mass of the
projectile, E(t) refers to the energy of deformed (conical) films at
time t, and m. is the mass of the moving cone. The modulus-to-
weight ratio of CNTs are higher than polymeric fiber by almost an
order of magnitude, which results in a larger value of E¢ in CNT films
upon the same conical deformation with the equal weight. If the
values of Ex and my, are constants, the residual velocity v; derived
from Eq. (1) can be much lower in the CNTs-based fabrics than that
in the polymeric fabrics upon same conical deformation, implying
improved performance of protection [20—22]. Dynamical me-
chanical tests of CNT films were conducted, showing that vertically-
aligned CNT films own outstanding fatigue resistance under cyclic
compression with large stain [23]. Moreover, CNT films with
randomly entangled network microstructures demonstrate excel-
lent temperature-invariant viscoelasticity ranging from —196 to
1000°C [24], holding great potential for energy absorption and
dissipation applications in harsh environment. Commercial CNT
sheets produced by Nanocomp Technologies, named Miralon®, are
currently available for light-weight and flexible armor applications,
which could reduce the weight by up to 25% in the bullet-proof vest
according to ballistic tests [25]. Mechanistic studies of the micro-
structural evolution and mechanical responses of CNT fabrics under
high-strain-rate loads or ballistic impact, however, have not been
reported, prohibiting further rational design of relevant
applications.

In recent studies, ballistic tests were conducted for multilayered
graphene (MLG), where radial cracks are nucleated and emitted
under localized impact. The high sound speed ¢ = (Y/p)"
2 = .22.2 km/s within the basal plane of graphene allows fast stress
wave propagation [26]. The superior thermal conductivity of MLG
also protects it from thermally-induced damage. Compared to the
MLG with compact layer-by-layer stacking and tearing of the gra-
phene sheets as the only route to dissipate the kinetic energy
[27,28], CNT-based fabrics possess richer energy dissipation path-
ways by incorporating the failure of the van der Waals (vdW) in-
terfaces between CNTs [29]. To probe the dynamical processes of
mechanical energy dissipation and material failure in the CNT
fabrics, we perform coarse-grained molecular dynamics (CGMD)
simulations to model the microstructural evolution and mechanical
responses, as well as mechanical penetration tests to characterize
the failure mechanisms and validate the theoretical predictions.

2. Models and methods
2.1. Coarse-grained models for the CNT films

CG models are constructed for the CNT films as described in
Ref. [4]. Rings of carbon atoms in the CNT are clustered into beads
with the same mass. Two adjacent beads in a CNT are bonded by a
linear spring with stiffness ks, where ks = YA/r is fitted through the
Young's modulus Y, cross-section area A and equilibrium inter-bead
distance rp. The strain energy for each bond under stretch is thus
Es = ky(r — 10)%/2. Here r is the bond length after stretch. For the
bending deformation of CNTs, the bead triplet is constrained by a
linear angular spring with stiffness kp,, where ki, = 2YI/rg is fitted
through the bending stiffness that is calculated from the Young's
modulus Yand the bending moment of inertia I. The CNT breaks at a

strain to failure of e.=24% as predicted for armchair carbon
nanotubes by full-atom MD simulations by using the Tersoff po-
tential [30]. The strain energy of each bead triplet is Ep, = kp(¢ —
#0)*2, where ¢ is the angle of the triplet with an equilibrium value
¢@o = 7. For the vdW interaction between bare CNTs in contact, the
Lennard-Jones 12—6 function is used for beads located in different
CNTs, that is, Ey = 4e[(a/r)'%2 — (a/r)°]. Here parameters ¢ and ¢ are
fitted to the cohesive energy and equilibrium intertube distance,
respectively. To take the interfacial friction that dissipates me-
chanical energies into account, Langevin thermostat is used [31].
The target temperature and damping parameter 7 are set as 300 K
and 10* fs without further specification. All parameters used in
CGMD simulations are fitted to full-atom MD calculations of
double-walled carbon nanotubes (DWNTs) (8, 8)/(12, 12) [4,29],
which are listed in Table S1.

CG Models for the CNT films with both cross-ply laminated (CPL)
and non-woven (NW) network structures are constructed (Figs. S1a
and S1b). The CPL network is constructed layer by layer with a 7t/2
rotation for each layer and six layers are used in total. The CNTs are
arranged in parallel with an equal distance that is defined by the
mass density. Each CNT contains 100 beads, corresponding to an (8,
8)/(12, 12) DWNT with a length of 100 nm. Two-dimensional pe-
riodic boundary conditions (PBCs) are applied for the simulation
box in the lateral (in-plane) dimensions. Consequently, for woven
structures, the CNTs are continuous across the boundaries, while
for non-woven structures, the CNTs are randomly placed in the
simulation box, each contains two open ends. The random network
isrelaxed in the NVT ensemble with a Langevin thermostat at 300 K
for 1 ns[29]. The final structures ensure that both the CPL and NW
films have the same thickness t = ~12 nm and lateral size L.

2.2. Molecular dynamics simulations

All CGMD simulations are performed by using the large-scale
atomic/molecular massively parallel simulator (LAMMPS) [32,33].
To simulate the dynamical responses of CNT films under ballistic
impact, a spherical projectile is constructed based on a diamond
lattice, with a diameter of dy=28nm and a mass density of
p=7.8g/cm? (Fig. 1c). The nano-projectile is constrained as a rigid
body by considering the fact that the projectile in experiments is
usually much stiffer than the films. We confirm that the lattice
structure of a rigid projectile has negligible effects on the dynam-
ical responses of CNT films. The interaction between the projectile
and CNTs in the films is modeled through the 12-6 Lennard-Jones
potential, with the same parameters for intertube interactions. As
shown in Fig. 2, the projectile is initialized with a speed vy or
constrained as v. towards the center of CNT films.

2.3. Models and simulations for MLG and polyethylene (PE) films

A CG model is constructed for MLG through a hexagonal lattice,
where the edge of triangle is modeled as an elastic spring and a pair
of triangles sharing a common edge is modeled with dihedral
interaction [34]. The size of a graphene layer is 100 x 100 nm, and
the number of layers is between 1 and 20 in order to match the
areal mass density of CNT films.

The PE is firstly modeled by full-atom MD simulations with the
optimized potentials for liquid simulations (OPLS) forcefield [35].
Then a coarse-grained model is constructed based on the full-atom
simulation results to perform larger-scale simulations that are
comparable with the CG models of CNT and MLG films. The simu-
lation procedure is similar to that for CNT films, and the size of
model is 100 nm x 100 nm x 2 nm (Fig. S2).
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Fig. 1. (a) CPL (top half) and NW (bottom half) CNT films represented in the coarse-grained model. The length and diameter of double-walled CNTs modeled are 100 nm and
1.62 nm, and mass density of the films is 0.753 g/cm?. The size of the simulation box (the black squares) is 100 nm x 100 nm x 15 nm, where the boundaries are fixed in simulations.
(b) Typical fracture pattern of the CNT film after penetration. (c) Deformation profiles of the CPL films under ballistic impact, where the film conforms to the projectile. (d) The setup
of mechanical penetration experiments. (e, f) The SEM images of thin CNT films measured before and after mechanical penetration tests, which demonstrate significant micro-
structural changes and a pull-out failure mode. The insets in e, f show the Y-type and X-type entanglement, respectively. (A colour version of this figure can be viewed online.)
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Fig. 2. Microstructural evolution and mechanical responses of CNT films under ballistic impact with an initial speed of projectile at 1 km/s (a-c: CPL films, d-f: NW films). Here v; is

the speed of projectile speed along the impact direction, and AE is the change in the potential energy of CNT films, measured with respect to Ko, the kinetic energy of impact. (A
colour version of this figure can be viewed online.)
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2.4. A continuum model for the CNT films

The continuum model for CNT film is applied for both small and
large deformations of thin plates based on the Foppl-von-Karman
(FvK) equations [36], which are a set of two nonlinear partial dif-
ferential equations. The equations can be solved using the FEniCS-
Shells package [37], where a pointwise displacement load is applied
to the geometric center of films and clamping boundary conditions
are enforced following the CGMD simulation setup. By varying the
amplitude of displacement load zg and a geometric parameters D/t,
the transition between the membrane and plate models is
identified.

2.5. CNT film sample preparation

The CNT films are prepared by drawing sheets from a CVD-
grown multiwalled CNT forest. Ten sheets are deposited on a Cu
substrate (10 mm x 10 mm x 0.5 pm) layer by layer with a /2
rotation between the neighboring layers, known as the cross-ply
laminated rather than the plain-woven sheet known in the textile
industry. The neat CNT sheets are then densified by dropping
acetone, with the single-sheet thickness reduced from 18 um to
50 nm [21].

2.6. Experimental penetration tests

The setup of mechanical penetration tests is illustrated in Fig. 1d,
where the CNT, graphene oxide, and PE films are transferred to a Cu
substrate with micro pores 1 mm in diameter using the conductive
glue. A tungsten tip serves as the projectile that is forced to pene-
trate the films through the pores with a constant impact velocity.
The diameter of the tungsten tip is 60 pm and the speed of pene-
tration is 1 m/s. The fractured morphologies of the films are char-
acterized using QUANTA 450 FEG scanning electron microscope
(SEM).

3. Results and discussion
3.1. Modeling ballistic impact and penetration

The ballistic impact processes are studied for CPL and NW films
of multiwalled CNTs (MWNTs) through CG model (Fig. 1a). Square
supercells with lateral size L =50, 100 and 150 nm are used, well
below the persistence length of CNTs that was reported to be over
10 um, and thus the entropic effect can be neglected [38]. The mass
density p of the numerical models ranges from 0.25 to 1.50 g/cm®
(0.753 g/cm? for the model illustrated in Fig. 2), close to values
reported in the literatures (0.1, 139g/cm3) [39,40]. Two-
dimensional (2D) periodic boundary conditions are used in the
CGMD simulations, and the CG beads at the boundaries are fixed,
representing structural supports in load-bearing or protection ap-
plications. The interactions between MWNTs are modeled through
the 12-6 Lennard-Jones potential. The Langevin thermostat is used
to provide the heat sink and damp excited lattice dynamics of CNTs
[31]. In CPL models, CNTs are continuous across the PBCs in lateral
dimensions, while in NW models, CNTs have finite lengths and free
ends (Fig. 1a), and intertube sliding is activated upon loading. A
projectile is initialized with a speed vy towards the geometrical
center of films, resulting in deformation and fracture (Fig. 1b).

The size L of supercells is chosen following consideration of the
computational cost, which defines a characteristic length scale, I,
and can be scaled up through continuum mechanics analysis [41].
Simulation snapshots in Fig. 1c show that the film under impact
conforms to the shape of projectile, with profiles aligning with
predictions from the theory of membrane or plate, depending on

the value of I, that is

Zm = Zg (1 - 4[)—22) for a stretching — only membrane model
(2)
and
r2\?
Zp =29 (1 - 4@) for a bending — only plate model (3)

Here r is the radial coordinate measured from the film center with
vertical displacement zg. D = ~ L is the size of supported region. Our
CGMD simulation results (Fig. 1c) show that for Ic = D > 100 nm,
the membrane model (Eq. (2)) offers a decent description. A con-
tinuum FvK model of the CNT films is constructed and solved with
penetration loads [36]. To assess the applicability of plate and
membrane models, we fit the scaling parameter « in

2:20(1—4;—22)0( (4)

from the solution of FvK calculations. The results demonstrate a
membrane-plate transition in the mechanical response of CNT
films, and the parameters of our simulations (D/t = ~10—100, zo/
t>5) correspond to the membrane limit (¢« =~1) (Fig. S3). The
understandings obtained for the submicron CG models can thus be
extended to even larger scales, which are validated by penetration
tests (Fig. 1d), showing that the CPL films are fractured by both
breaking the CNTs and intertube sliding across the thickness di-
rection of fabrics (Fig. 1e and f).

3.2. Failure mechanisms

To explore the effect of network topology in the CNT fabrics, we
compare the mechanical responses of CPL and NW films. Simula-
tion results show that, for the CPL films that correspond to the
continuous-fiber limit, CNTs are stretched and break in the region
in contact with the projectile with equibiaxial stress (Fig. 2a). With
an initial value at vo = 1 km/s, the projectile is damped within 60 ps
through the deformation and fracture of CNTs, with a residual
speed of v;=0.45km/s (Fig. 2b). The peaks in the evolution of
potential energy profiles upon impact correspond to breaking of
the CNTs (Fig. 2c). NW films with CNTs of finite lengths are less
resistant to the impact due to the weak interfaces between CNTs.
Moreover, microstructural changes are more spatially delocalized
and more area of the film bears the load (Fig. 2d) [42,43]. The
timescale of mechanical damping in NW films is similar to that of
the CPL films, while the reduction in the projectile speed is less
significant with v, = 0.72 km/s (Fig. 2e). The potential energy profile
exhibits no peaks (Fig. 2e), as the failure of NW films is established
through continuous process of dissipative intertube sliding in
contrast to the discrete bond-breaking events in CPL films.

We decompose the changes in potential energy of CNT films (AE
in Fig. 2c and f) into stretching, bending and vdW components (AE;,
AEy and AE, in Fig. 3a and b). The results show that the CPL films
dissipate more kinetic energies of the projectile than the NW films.
In the CPL films, the change in stretching energy is dominating over
the bending and vdW terms, indicating that tensile deformation
and fracture of CNTs provide major impact resistance (Fig. 3a). In
the CPL films, discrete peaks in the stretching energy change AE;
are attributed to the breakage of CNTs, while in the NW films,
changes in the bending energy AEy is more relevant for the energy
dissipation as tension in CNTs can be released through consecutive
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Fig. 3. (a, b) Mechanical energy dissipation decomposed to the stretching, bending and vdW components AE, AE;, and AE,, measured with respect to K. (¢, d) Time evolution of the
averaged radii of gyration of individual CNTs, which measure the structural deformation of CNTs. Panels a, ¢ and b, d are results for the CPL and NW films, respectively. (A colour

version of this figure can be viewed online.)

sliding between CNTs with dissipative vdW interfaces (Fig. 3b),
elevating the value of AE,.

To characterize the morphological changes in the CNT networks,
we calculate the radius of gyration Rg=[Zm;(r; — Tem)2/M]'2 for
individual CNTs with mass M. Here m; and r; are the mass and
position of the i-th CG bead. r¢y is the center-of-mass position.
Simulation results show that Rg decreases step-wisely upon impact
in the CPL films before reaching a plateau, while the number of CNT
segments with free/broken ends increase as well, aligning to the
irreversible bond breaking events (Figs. 3c and 1b). In the NW films,
CNTs are gently bent initially. The value of Ry decreases upon
impact and recovers after ballistic impact, demonstrating a self-
healing behavior at the intertube interfaces (Fig. 3d and S4). The
change in the number of CNT fragments is not significant in our
model since the load transfer between finite-length CNTs is not
sufficient to break them. To quantify the microstructural recovery
in CNT films, we define a degree of healability by measuring the
structure through the integration of radial distribution function of
the CG beads in CNTs (Figs. S4a and S4c) and the inter-tube inter-
action energy (Figs. S4b and S4d), which concludes that the more
than 90% of the damage is healed within ~2 ns (Figs. S4e and S4f).

3.3. Protection performance

To measure the protection performance, we measure the critical
speed, v, for a projectile to penetrate the film (Fig. 4a). The CGMD
simulation results show that v, increases with the density, which is
controlled through the intertube or inter-fiber distance in the
fabrics. The CPL film with a stretching-dominated load-bearing
mechanism has much higher v, than that of the NW film.
Considering the fact that the fabrication of very long CNTs is
technically challenging [44], we introduce broken ends of the CNTs
to model staggered CPL (SCPL) films (Fig. S1c). The value of v,
decreases significantly from CPL to SCPL films, to be comparable to
that of the NW films.

As a second indicator for the protection performance, the
maximum resistance force (MRF) experienced by a projectile is
calculated in the loading conditions with an initialized or con-
strained velocity (vo or v¢) (Fig. 4b). Simulation results with
Vo= Ve = 1.0 km/s show that for CPL films with p < 0.8 g/cm?, MRFs
measured under the initialized and constrained loading conditions
are close, which deviate from each other as the density increases.
The critical speed v is also closely related to the film density. For
CPL films, the v is below 1.0 km/s for p<0.8 g/cm? where the
projectile initialized at vop=1.0km/s can fully penetrate the CPL
films. The MRF increases as the film becomes denser, and with

p>0.8g/cm? the MRF becomes independent of density, where
projectiles initialized with vg<v¢ (the critical speed) will be
stopped by the film. The projectile constrained at v, however, al-
ways penetrate the film and thus the MRF increases with p > 0.8 g/
cm?. For NW and SCPL films, the values of ver are all below 1.0 km/s
even at a high density p = 1.5 g/cm? for both initialized and con-
strained penetration (Fig. 4a). It should also be noted that, even
though the NW films feature a similar v.-p relationship with that
for the SCPL films, the MRF of NW films is much lower with
p>10g/em’.

3.4. Practical considerations for design and fabrication

The CPL and NW models represent two extremes of CNT films
fabricated in practice, with long CNTs regularly patterned to bear
the load cooperatively by stretching (CPL films) [29], or short CNTs
randomly deposited with load carried through intertube sliding,
(dis-)entanglement of their network structures (NW films). To
simplify the microstructural complexity, we consider a represen-
tative volume element (RVE) (Fig. S5), where the ratio 8 =L/ be-
tween the lateral span of CNT films L and the length of CNTs [ is used
to measure the finite-length effect. Consequently, § = 1 represents
CPL films in the continuous-fiber limit, and ¢ > 1 correspond to the
SCPL and NW films, where the finite-length effect and interfacial
failure become significant. The critical speed v in CPL films is
0.92 km/s, much higher than 0.39 km/s or 0.37 km/s in NW and
SCPL films with § approaches 1 (Fig. 4c), which agrees with results
presented in Fig. 2b and e. Moreover, the values of v¢; in NW and
SCPL films are close and decrease with I. These results suggest that
the impact resistance is independent on microstructure as the CNTs
are relatively short (> 1). The discontinuity in the SCPL film,
compared to the CPL film, may lead to stress localized in the region
in contact with the projectile, especially for the SCPL films with low
density and reduced vdW interaction between neighboring CNTs.
The value of v in the NW film is slightly higher than that in SCPL
film for p < 1.0 g/em? (Fig. 4a). Meanwhile, the layered structures in
SCPL films make the interlayer sliding easy to be activated upon
impact-induced conical deformation of the woven film, reducing
the impact resistance. In the NW films, the interfacial interaction
between CNTs is significant in the disordered but spatially uniform
network, enabling load transfer and mechanical energy dissipation
through the interfaces. These results suggest that we may take the
advantage of 3D-woven structures to reach the load transfer and
interfacial energy dissipation, to further boost the impact resis-
tance of films [45—47]. For example, one may design a composite
film with CNT bundles for high capacity of load-carrying
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interwoven by random network of CNTs for high capacity of energy
dissipation.

In addition to the stretching of CNTs and intertube interaction,
bending resistance of the CNTs plays a significant role in the impact
resistance of NW films (Fig. 3b). Considering the CNTs as hollow
cylinders composed of concentric graphitic shells, the scaling
relation between the bending stiffness and the diameter is kp, ~ d?
while the adhesive energy and stretching stiffness are scaled with
e ~d and ks ~ d, respectively. Therefore, the critical speed v, can be
modified by d as presented in Fig. 4d, where the range of the
diameter can include the (8, 8)/(12, 12) (d = 1.63 nm) [29], (14, 0)/
(16, 10) (d = 1.78 nm) [48], (15, 15)/(20, 20) (d = 2.71 nm), and (20,
20)/(25, 25) DWNTs (d =3.38 nm) [49]. It should be note that,
although Fig. 4d suggests that v increases with d for CPL, NW and
SCPL films with the similar amplitude. We also consider model
systems with only bending stiffness of nanotubes modified (~d>)
while other parameters remain the same (Fig. S6a). The d- or k-
dependence of v in the model CPL films is much weaker than
those in the model NW and SCPL films. Combing results in Fig. 4d
and S6a, we can find that, in CPL films, the kinetic energy is mainly
transferred into CNT stretching rather than dissipation through
interfacial failures. On the other hand, increasing ky, only for model
CPL films has a minor effect on the impact resistance, rather than
the model NW and SCPL films consisting of finite-length CNTs.
Microstructural heterogeneity is also considered by mixing (8, 8)/
(12, 12) and (20, 20)/(25, 25) DWNTs with content ratios of 0.25/
0.75, 0.50/0.50, and 0.75/0.25 (Fig. S6b), the simulation results
show that the effect on dynamical mechanical resistance can be
interpreted from the homogeneous counterparts. These results
could advise the design of film fabrication processes, by liquid- or
solid-state spinning methods [21,50,51]. In the liquid-state method,
MWNTs with larger diameter remain challenges to dissolve into
organic or aqueous solvents without sacrificing by damaging the

CNTs [15], and thus choosing CNTs with large aspect ratios and
improving their alignment could be the solution to obtain CNT films
with high impact resistance. For the solid-state method, which was
used to prepare samples for penetration tests in this work, con-
trolling the alignments of the CNTs or their bundles is difficult. An
inversely-proportional relation between the alignment and mean
diameter of CNTs was identified in vertically self-aligned CNT arrays
[52]. Consequently, using CNTs with larger diameters could be a
better choice to enhance the ballistic impact resistance. CNT sheets
can be drawn directly from as-grown CNT arrays, and multiple
process steps can be combined for microstructural optimization
and material purification [53]. Alternatively, using additive
manufacturing techniques can also help to fabricate rationally-
designed 3D-woven films. For example, epoxy-based ink with
controlled alignment of high-aspect-ratio fibers allow the printer to
create hierarchical structures [54].

3.5. Comparison with graphene and polymer films

In contrast to the CNT films, graphene and polymer films
demonstrate distinct behaviors in mechanical resistance and en-
ergy dissipation (Figs. S2a and S2d). MLG films are constructed
layer by layer, which fracture by nucleating radial cracks upon
ballistic impact, leading usually 2—5 petals along propagation di-
rections [26], preferentially in the armchair and zigzag directions of
graphene lattices [55]. The mechanical energy dissipated thus
scales with the total length of cracks, that is

Eq = knEgdy (5)
Here k is a geometric parameter depending on the number of petals

and the orientation of cracks, n is the number of graphene layers, Eg
is the energy density of edge cleavage and d, is the diameter of
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projectile. In the PE film with average molecular weight of ~9300 g/
mol (Fig. 5b), polymer chains are entangled, and mechanical energy
is dissipated through fracture of the chains. The fracture occurs
mainly in the region in contact with the projectile (Fig. S2d), and
the value of Eq is proportional to the contact area. However, me-
chanical energy dissipation through interfaces between polymer
chains is limited due to their weak resistance and topological
entanglement.

In contrast, CNT films dissipate mechanical energy through
fracture of CNTs or interfacial failure, which depends on the
network topology. For woven CNT films with microstructural dis-
order, both mechanisms apply (Fig. 1e). Mechanical energy dissi-
pated by CNT fracture is proportional to the characteristic length
scale of damaged area [6], while interfacial failure can boost me-
chanical energy dissipation in CNT films, which scales with the total
area in contact with the projectile. Our CGMD simulation results
show that in CNT films, R is reduced by <10% only since the CNTs
can be considered as elastic rods with length shorter than the
persistence length. In contrast, the value of Rg in the PE films drops
by ~30% (Fig. S7a) due to the shrinkage of polymer chains, leaving a
hole after penetration (Fig. 5b). Although vdW interaction is rela-
tively weaker than covalent bonding, mechanical energy dissipated
through interfacial failure in the CNT films scales with the contact
area and will thus be more efficient than that through radial cracks
in MLGs as d, increases. Moreover, the non-covalent, reversible
nature of vdW interaction allows the recovery of CNT networks
after impact within a short relaxation time of a few nanoseconds
(Fig. 2). To sum up, the mechanical energy dissipation in a CNT film
can be written as

Edq = Efracture + Einterface = k1nEcntdp + k2nEadn d%) (6)

Here kj, k, are geometric parameters governed by the overlap and
alignment of CNTs, and n is the number of layers in the fabrics. Ecnt
is the fracture energy density of CNTs, and E.qn is the adhesive
energy densities between CNTs. The relationship between me-
chanical energy dissipation and the projectile diameter is sum-
marized in Fig. 5c, which shows that a MLG with n = 10 dissipates
more energy for d, <40 nm, while the NW films starts to take over
as dp further increases, at the same areal mass density. The effi-
ciency of energy dissipation through the lattice dynamics and
coupling to the environment is also important for the dynamical
response, which is captured by the damping time constant, 7, of the

Langevin thermostat in CGMD simulations. Our simulation results
show that energy dissipation and v decrease with 7 (Fig. 5c and
S7b). For the PE films, although the number of fractured bonds is
also proportional to the contact area, d%,, the mechanical energy
dissipation is much lower than that in the MLG and CNT films. The
polymer chains are weaker than the graphitic walls of CNTs at the
same mass density. The flexibility of PE chains results in a highly
entangled network with significant energy barriers for inter-chain
sliding and interfacial failure without sacrificing the covalent
bonds by fracturing. Therefore, the amount of mechanical energy
dissipation by interfacial failure is limited. This interpretation is
consistent with the finding for NW films with reduced bending
stiffness or enhanced flexibility in Fig. 4d, evidenced by a lower v,
and mechanical energy dissipation.

To validate the findings offered by CGMD simulations, we per-
formed penetration tests (see Models and Methods for details). The
experimental results show that, compared to the CNT films (Fig. 1f),
graphene oxide and PE films show distinct fracture patterns,
agreeing well with the simulation results (Figs. 1 and 5). Three petals
are identified in the graphene oxide films (Fig. S8b) [26], with
similar cracks paths in all layers, which clearly indicates the tearing
nature and the absence of interlayer failure (Fig. S8d). The interfacial
failures are, however, commonly observed in the CNT films, which
can be identified by comparing the fractured pattern (Fig. 1f) with
the initial structure (Fig. 1e). In the central region of CNT films, CNT
bundles break and the sheets are separated into ribbons. Intertube
sliding and X- or Y-type entanglement are identified (Fig. 1f). Wavy
distortion and coarsening feature of the network are identified in
the damaged zone, considered as the evidences for residual defor-
mation resulted from interfacial sliding (Fig. S8c). The self-healing
behaviors of CNT films are demonstrated by reconfiguration of the
random network structures after penetration (Fig. 1f), aligning with
the simulation results (Figs. 2d and 3d). In the PE films, flexible
polymer chains shrink and break into short fragments (Fig. 5e),
leading to smooth edges after penetration (Fig. 5b).

4. Conclusion

We conducted molecular dynamics simulations and penetration
experiments to explore the dynamical responses of CNT films under
impact, compared with graphene and polymer films. Distinct me-
chanical energy dissipation mechanisms are identified, with
consistent patterns of failure identified from simulations and

—m— NW,z=1ps
—¥— NW,7z=10ps
—@— Graphene layers
—*%— PE films

—X

20 30 40 50
d, (nm)

Fig. 5. Fracture patterns of (a) graphene and (b) PE films in penetration simulations. (¢) The relationship between mechanical energy dissipation in CNT, graphene and PE films
plotted as a function of the projectile diameter, where the films are 100 nm x 100 nm with the same areal mass density. Fracture patterns of (d) graphene oxide and (e) PE films in
experimental penetration tests. For panels a, b, d and e, top and bottom parts are the original and fractured structures, respectively. (A colour version of this figure can be viewed

online.)
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penetration tests. The results show that the CNT fabric, with syn-
ergetic strong covalent bonding in the CNTs and dissipative vdW
interfaces between them, is a highly promising candidate for
impact resistance and protection applications, with high impact
resistance and mechanical energy dissipation, as well as self-
healing capabilities.
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This Supporting Information material contains

I. A List of Parameters used in the text.

II. Supplementary Table (S1), Figures (S1-S5) and Captions.



I. A List of Parameters

Symbols
B
L

t

AE;
AEy
AE,
Eq
Ko

Variables

Ratio between the lateral span of CNT film and the length of CNT
Lateral span of CNT films

Thickness of CNT films

Length of CNT

Mass density

Damping time

Diameter of CNTs

Diameter of the projectile

Tensile stiffness of CNTs

Bending stiffness of CNTs
Characteristic length

Radial coordinate

Initial speed of the projectile
Constrained speed of the projectile
Residual speed of the projectile
Critical speed for a projectile to penetrate the film
Deflection of the films

Deflection from the membrane model
Deflection from the plate model

Size of supported region

Change in potential energy

Change in stretching energy

Change in bending energy

Change in van der Waals energy
Mechanical energy dissipation
Kinetic energy of impact

Radius of gyration



II. Tables, Figures and Captions

Table S1. Parameters used in the coarse-grained force field for the double-walled carbon

nanotubes (8, 8)/(12, 12).

Parameters Units Values
Equilibrium bead distance, ro A 4
Tensile stiffness, ks kcal mol- A-2 9.4%x103
Equilibrium angle, ¢o degree 180
Bending stiffness, ky kcal mol-! rad-2 4.5x105
12-6 Lennard-Jones parameter, € kcal mol-? 2.724
12-6 Lennard-Jones parameter, o A 18.91
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Figure S1. (a) CPL, (b) NW, and (c¢) SCPL CNT films represented in coarse-grained models.
In the CPL structure the CNT mesh is periodic, i.e. in the continuous-fiber limit, while in NW
structures, CNTs have finite lengths and free ends. When broken bonds are introduce to
each CNT in a staggered manner in CPL films, the SCPL structures are generated. (d) The
bead-spring triplet in the coarse-grained model for CNTs, where the spring and angle-
spring constants are fitted to tensile and bending stiffness. (e) The coarse-grained model of
projectile that is set to be rigid. The diameter is 28 nm if not further specified and the mass

density is 7.8 g/cm3.
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Figure S2. (a, d) Microstructural evolution and (b, c, e, f) mechanical responses of MLG and
PE films under ballistic impact, obtained from CGMD simulations. The size of films is 100
nm x 100 nm and the boundaries are fixed. v: is the residual speed of projectile and AE the
changes in potential energy of MLG and PE films. In panel d, blue dots represent fractured

bonds at t = 50 ps in the initial (left) and current (right) configurations.
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Figure S3. (a) The continuum model of CNT films under a pointwise displacement load. (b)

The membrane-plate transition indicated by the exponential « (from 1 to 2), plotted in the

space of film deflection zo/t and geometric parameter D/t. The results show that the films

considered in our CGMD simulations are in the membrane limit (a = ~1).
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Figure S4. (a) Structural evolution of a NW CNT film

initial, damage-peak, and recovered states during a ballistic test. (b) Evolution of the Van
der Waals interaction energy between neighboring CNTs, Ev, measured with respect to Ko.
(c) The integration, N, of the radial distribution function of the CG beads in CNTs, calculated

with a cut-off of 30 and (d) the van der Waals energy, Ey, calculated for NW films with

different densities. All the values of N and the Ey are

the yellow boxes in (a). Reduction of N (e) and Ey (f) in damage-peak and recovered states
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with a density of p = 1.0 g/cm3 at its

calculated within the region marked

that are calculated with respect to the values at initial states (No and Evo).
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Figure S5. The top-views of RVEs of the (a-c) SCPL (one layer) and (d-f) NW films, with 5 =
2, 3, 4 from left to right.
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Figure S6. (a) The critical speed ver measured as a function of CNT diameter d, where only
bending stiffness ky, is modified (~d3) while stretching stiffness and adhesive parameters
remain as the same. (b) The effect of the microstructural heterogeneity on the critical speed
at different ratios between the number of (8, 8)/(12, 12) and (20, 20)/(25, 25) DWNTs. ¢ is
the content of (20, 20)/(25, 25).
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Figure S7. (a) Time evolution of the averaged radii of gyration of individual CNTs and PE

chains in CPL, NW and PE films. (b) The critical speeds plotted as a function of the damping
time constant 7 for CPL, NW and SCPL films.
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Figure S8. (a, ¢) CNT and (b, d) graphene oxide films after experimental penetration tests.
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