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Abstract

We study the ballistic properties of two dimensional (2D) materials upon the hyper-

velocity impacts of C60 fullerene molecules combining ab initio density functional tight

binding and finite element simulations. The critical penetration energy of monolayer

membranes is determined using graphene and the 2D allotrope of boron nitride as

case studies. Furthermore, the energy absorption scaling laws with variable number of

layers and interlayer spacing are investigated, for homogeneous or hybrid configurations
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(alternated stacking of graphene and boron-nitride). At the nano-level a synergistic

interaction between layers emerges, not observed at the micro- and macro-scale for

graphene armors. This size-scale transition in the impact behavior towards higher

dimensional scales is rationalized in terms of scaling of the damaged volume and of

material strength. An optimal number of layers, between 5 to 10, emerges demon-

strating that few layers 2D materials armors possess impact strength even higher than

their monolayer counterparts. These results provide fundamental understanding for

the design of ultra-lightweight multilayer armors using enhanced 2D-materials-based

nanocomposites.
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1 Introduction

The protection of structures and devices from the penetration of high-energy impacting

projectiles is still an open issue for theoretical modeling and applied research, as well as

relevant in several areas of technology, such as materials science and engineering, automotive,
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aerospace, and defense. For example, spacecrafts are commonly exposed during their operation

to hypervelocity collisions (velocities ≥ 7− 8 km/s) of micrometeoroids or orbital debris,1

leading to surface degradation, on-board instrumentation failures, up to complete perforation

and structural damage. Other applications where impact assessment shows great deal of

interest are in the field of stretchable and wearable electronics,2 where devices may undergo

several and severe accidental shocks during their service life. Protection with a massive shield

is straightforward but is often impracticable since lightness, flexibility, or ergonomics are

of paramount importance in all these applications. Thus a growing interest towards the

development of unconventional nanocomposites having high specific toughness and low weight

has been witnessed. Solutions that embed 2D nanomaterials layers3,4 exploiting size-scale

effects on mechanical properties are ideal candidates for such applications, increasing the

resistance to shock loads while keeping the required flexibility. Furthermore, the possibility

to exploit properties of embedded nano-material beyond the mere structural function5 can

lead to further lightening of the system.

Among intercalated materials, graphene, along with extraordinary thermal, optical,6,7

and electrical properties,8,9 shows outstanding fracture strength (σ ≈ 130 GPa) and Young’s

modulus (E ≈ 1 TPa)10 coupled with relatively low density (ρ ≈ 2200 kg/m3). According to

the dimensional analysis carried out by Cuniff,11,12 the limiting penetration velocity of an

homogeneous elastic barrier scales as U1/3 where U = σε
2ρ

√
E
ρ

is the product of the material

specific dissipated energy times the wave speed in the considered medium, and ε is the

ultimate strain of the material. In this regard, graphene embedded into composite materials is

an ideal candidate for impact protection, reaching unprecedented values of U ≈ 0.8 ·1011m3/s3

(ε = σ/E = 0.13). Indeed, it has been reported that graphene intercalation in conventional

composite materials effectively increases their ballistic resistance.13 Other 2D materials such

as the hexagonal allotrope of boron-nitride (h-BN)14 or molybdenum disulfide (MOS2)
15

also display excellent tensile properties and are equally promising. However, their tensile

characteristics are lower than graphene and studies on these materials have been discarded
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due to the overwhelming interest in graphene-based structures.

While computational modeling of defect-free structures moght overestimate the mechanical

properties of actual 2D-materials, however these latter ones usually outperform those of

materials traditionally employed as energy absorbers, being able to guarantee the same level

of protection against penetrating masses at ≈ 1/100 in weight. Indeed, the remarkable

mechanical properties of 2D materials have been confirmed using analytical methods based

on continuum theories16,17 and computational atomistic models18 also in the presence of

defects19 and in out-of-equilibrium configurations.20 In particular, layered graphene has been

the subject of intensive experimental21,22 and computational21,23,24 investigations to evaluate

its performance as ballistic material, showing great potential for its use in these applications.

However, discrepancies in energy absorption capabilities between the atomistic scale and the

micro-scale were reported, suggesting the presence of scaling effects.

Nevertheless, the search for unconventional materials with outstanding mechanical prop-

erties should be pursued hand-in-hand with the structural optimization3 in order to achieve

specific mechanical requirements in a cost-effective and efficient way. In this regard, some

studies investigated the role of spaced armors, also at the nanoscale.25 In a previous work26

we demonstrated how the monolithic solution for a composite laminate aimed at ballistic

applications is tougher than the corresponding spaced counterpart due to synergistic interac-

tion between layers. Furthermore, we identified optimal interface strength parameters for

maximizing the specific energy absorption of the layers. This behavior suggests that the

material structural arrangement, along with impact conditions, highly affects the impact

properties, thus it is worth to be more thoroughly investigated.

From a methodological point of view, approaches beyond molecular dynamics (MD) based

on classical force fields have not yet been widely used for studying the impact properties of

2D nanomaterials due to their high computational cost with increasing size of the system.

Notable exceptions have been reported in modeling analogous problems, in which intermediate

kinetic energy regimes (around tens of eV) were used to achieve the epitaxial growth of

4



silicon carbide27–29 and graphene30,31 via buckyball beams impacting on silicon or metallic

substrates.

In this work we investigate the ballistic behavior of 2D-materials-based armors, undergoing

the hypervelocity impact of fullerene (C60) using a multiscale approach, ranging from density

functional tight-binding (DFTB) simulations at nanoscale, to finite element method (FEM)

and continuum models at microscale. Graphene, h-BN and hybrid nanomaterials based on

the alternate stacking of these 2D materials are taken as case studies. First, we determine the

critical perforation conditions, and thus the intrinsic impact strength of these 2D-materials, by

simulating ballistic curves of graphene and h-BN monolayers. Multilayer armor configurations,

including heterogeneous mixing of layered materials (alternate stacking of graphene and

h-BN), are then analyzed to understand the scaling of energy absorption capabilities. The

latter investigations are aimed at understanding the modifications introduced in materials by

using 2D structures as reinforcement in nanocomposites. Finally, ab initio DFTB simulations

are supported and extended across dimensional scales by FEM and continuum models and

compared with the experimental data available in the literature.21,22

2 Methods

DFTB atomistic model. First-principles simulations of fullerene-surface collisions were

carried out within the framework of the DFTB approach. In this method, a second-order

expansion of the full DFT electronic density is performed, resulting in an expression of the

total energy of the system as a sum of three different contributions:32 tight-binding-like

matrix elements, a Coulomb interaction, and a repulsive pair-potential. Usually, the terms

appearing in the total energy expression are parametrised to reproduce accurately high-level

electronic structure calculations for several different bonding conditions. In this way, the

transferability of these pre-calculated terms (the so-called Slater-Koster matrix elements) to
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different chemical environments and physical conditions as well as a considerable reduction

(around 2 orders of magnitude) of the computational cost of this approach with respect to

full DFT simulations29,33 are generally obtained. Due to this substantial speed gain, DFTB

can be used to simulate systems larger than those accessible by full DFT, to follow their

dynamics for longer time scales and to test how the tuning of the DFTB parameters affects

the impact dynamics at an affordable computational cost.

The computational supercell used in the impact calculations is tetragonal (see Figure

S2 in the Supporting Information) and, after optimization of both atomic positions and

lattice vectors, measures 48.83 Å along the x-direction and 41.67 Å along the y-direction for

h-BN substrates, 47.96 Å and 50.41 Å for multi-layer graphene, and 50.08 Å and 50.08 Å for

intercalated h-BN graphite multilayer, respectively. These dimensions were selected to have

a ratio between the target supercell dimension L and the fullerene mean nucleus to nucleus

diameter (d = 7.06 Å) greater than 6. This threshold ratio allows one to obtain negligible

influence of edge effects on the impact properties. Fullerene was separately optimized and

initially placed at 5 Å distance on the top of the slab. The supercell size was then increased of

5 Å along the collision direction (thus orthogonal to the membrane plane) to avoid spurious

interaction among periodic images due to the long-range part of the Coulomb potential. The

dimension along the z-direction increased according to the number of layers considered and

to the initial kinetic energy. The Brillouin zone was sampled at the Γ-point only, due to

the large number of atoms in the calculation supercells, always larger than 1000 up to 6000,

depending on the number of layers.

DFTB calculations were performed equilibrating the system at room temperature (T=300 K).

We used a room temperature Fermi smearing for the electronic density, within the self-

consistent charge framework (SCC-DFTB) that leads to an improved description of the

Coulomb interaction between atomic partial charges. DFTB interactions have been empiri-

cally corrected for the van der Waals (vdW) forces among carbon and boron nitride planes,

since SCC-DFTB does not include these effects. In particular, the pair-wise Lennard-Jones
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potential was included between each pair of atoms with the parameters taken from the

Universal Force Field (UFF).34 Atomistic simulations were performed in the micro-canonical

ensemble (NVE), setting the time step to 1 fs to enforce total energy conservation and each

simulation lasted 2 ps. Finally, the perimeter edge of each layer in all simulations was kept

fully clamped during the dynamic evolution to simulate a material bulk. Electronic band

structure is parametrised by the semi-relativistic, self-consistent charge Slater-Koster inter-

atomic matrix element sets matsci-0-3.35 The DFTB+ code suite was used to perform

the ab-initio simulations.36

FEM model. Continuum models based on finite element method were developed and

used to complement first-principles simulations. Indeed a major goal of our computer

investigation is to build and calibrate a computational tool based on continuum mechanics to

investigate impact problems on nano-membranes at lower computational cost. The graphene

and h-BN membranes were modelled with thin shell elements with graphene and h-BN layer

having a nominal thickness of 3.415 Å and 3.407 Å, which correspond to their inter-layer

equilibrium distance.37 The fullerene spherical impactor was modelled as a rigid shell body,

having an external radius of 5.15 Å. The dissipated energy by internal deformation of

the fullerene, not considered in the model, was conventionally taken into account for the

a posteriori computation of the absorbed energy according to the computations of Xu and

co-workers.38,39

The nanomembranes were modelled with fully integrated shells (2x2 Gauss points) based

on the Reissner–Mindlin kinematic assumption. Since the graphene is assumed to experience

large strains at impact, the constitutive response of the material is assumed to be elastic and

isotropic with a non-linear law of the type σ = Eε+Bε2 40 where σ is the symmetric second

Piola-Kirchhoff stress, ε is the uniaxial Lagrangian strain, E is the linear elastic modulus, and

B is the third-order non-linear elastic modulus. The law parameters for both graphene and

boron nitride are determined according to DFT computations available elsewhere.18,41 The

densities are ρG = 2.2 g/cm3, and ρh-BN = 2.1 g/cm3 10,41 for graphene and h-BN respectively.
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Material failure was treated via an erosion algorithm based on the Lagrangian uniaxial strain

ε. When the failure condition is reached at one of the element integration point, the element

is deleted from the simulation (elastic strain energy properly accounted in the computations)

and thus fracture can nucleate and propagate.

The molecular vdW interactions between graphene and h-BN layers with the fullerene

projectile were taken into account by a cohesive model on the basis of the work by Jiang

et al.,42 under the hypothesis that the layers have an infinite extension in the plane xy.

Considering two layers, the homogenized cohesive energy per unit area, function of the

distance r between two pair nodes, is the sum of the contributions of the potential energy

Π(r) of the n atomic pairs a-b (C-C, B-B, N-N, C-B, C-N, B-N):

Φ =
n∑
i=1

2πψi,aψi,b

∫ ∞
0

Πi(r)zdz, (1)

where, in our case, Π(r) is a Lennard-Jones 6-12 functional form. The ψ are the homoge-

nization parameters to spread the discrete interaction of Π(r) over a continuum equivalent

surface. In particular, ψ = Γ/(3
√

3l20) has the meaning of number of atoms per unit area,

being l0 the equilibrium C-C or B-N bond lengths before deformation, Γ = 4 for C atoms in

the graphene lattice and Γ = 2 for B and N in the h-BN lattice. The cohesive stress-layer

separation law is then obtained from derivation of the cohesive energy with respect to the

normal and shear interface displacement (see Section S2 in the Supporting Information for

more details on the derivation of the cohesive model and its implementation). The cohesive

law in the multilayer is dominated by the first 3 closest layers and the contribution of further

layer can be neglected (see Figure S1 in the Supporting Information). Such homogenization

neglects the effect of lattice, being actually rather small.37
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3 Results and discussion

3.1 Ballistic properties of the single layers

To compare the response of different thin armors upon impact it is a customary in ballistic

analysis to plot the projectile residual velocity Vres against its initial impact value V0. This

representation, also known in the field as ballistic curve, easily enables to discriminate between

the projectile bouncing (ricochet) and the penetration regimes, thus identifying the critical

penetration energy of the target.43–45 The initial velocity (V0) of the fullerene center of mass

(COM) is imposed within the range 3-15 km/s orthogonally to the substrate layers (normal

impact condition). The projectile residual center of mass kinetic energy (Kres) and velocity

(Vres) are intended respectively as the translational kinetic energy and velocity that the

fullerene COM reaches asymptotically after the collision. In DFTB simulations COM kinetic

energy is calculated as difference between the total energy of the fullerene and its internal

energy (see Section S1 in the Supporting Information), the latter being associated to the

molecule shape distortion. A value very close to 0 eV of the COM kinetic energy represents

the fullerene molecule embedded in the layer and “almost at rest”. The resulting ballistic

curves for the graphene and h-BN monolayers are reported in the left panel of Figure 1, while

the corresponding numerical values of Vres and Kres can be found in Table 1.

In order to rationalize the result in the perforation regime we introduce a model based on

the conservation of energy. The initial impact kinetic energy K0, associated to the center of

mass, is dissipated by the membrane after the complete projectile penetration by failure of

a material volume defined by the layer thickness and the damaged area. Referring to the

fullerene COM kinetic energies:

K0 −Kres =
1

2
MV0

2 − 1

2
MVres

2 = ησ̄πR2t. (2)

where M is the fullerene projectile mass, σ̄ is the impact strength of the 2D-membrane, t is
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Figure 1: Left panel: ballistic curves of single layer graphene and h-BN, from DFTB (filled
dots) and FEM (empty dots) simulations. The residual velocity Vres is referred to the C60

center of mass (COM). Graphene provides a higher limit penetration velocity (and impact
energy) than h-BN monolayer. Consequently, graphene provides lower residual velocity Vres
at perforation and a higher restitution coefficient in the ricochet regime. The dashed lines
represent a guide to the eye while the continuous lines are derived from Equation (3) on the
data corresponding to penetration regime. Right panel: configurations of graphene and h-BN
at the penetration limit velocity with comparison between DFTB and FEM simulations. The
contour plot of von-Mises stresses from FEM is also depicted. The equivalent damaged areas
are highlighted and have a radius of 6.65 Å for graphene and 6.39 Å for boron nitride and are
used for determining the material impact strength σ̄. (See Videos S1S4 for impact DFTB
simulations on h-BN at 8 km/s, on graphene at 10 km/s, and FEM simulations on graphene
and h-BN at 13 km/s).
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Table 1: Residual kinetic energy (Kres) and velocity (Vres) obtained from DFTB and FEM
impact simulations on single layer graphene and h-BN.

Graphene h-BN
MethodK0 V0 Kres Vres Kres Vres

[eV] [km/s] [eV] [km/s] [eV] [km/s]

33.63 3.0 -1.30 -0.59 -0.03 -0.09 DFTB
59.78 4.0 -2.47 -0.81 -0.14 -0.19 DFTB
93.41 5.0 -4.30 -1.07 -2.00 -0.73 DFTB
134.51 6.0 -6.43 -1.31 -4.83 -1.14 DFTB
183.09 7.0 -8.41 -1.50 -5.37 -1.20 DFTB
209.88 7.5 -8.07 -1.47 0.00 0.00 FEM
239.13 8.0 -7.52 -1.42 9.42 1.59 DFTB
302.65 9.0 -4.60 -1.11 51.15 3.70 FEM
336.73 9.5 0.00 0.00 79.06 4.60 FEM
373.64 10.0 11.15 1.73 113.85 5.52 DFTB
451.47 11.0 75.33 4.49 187.82 7.09 FEM
630.56 13.0 253.08 8.23 364.73 9.88 FEM
839.50 15.0 462.86 11.13 575.44 12.41 DFTB

the thickness of the single layer, and η is a damage parameter, whose physical meaning is the

ratio between the effective damaged area of the perforated membrane versus the fullerene

projected area πR2 (R = 5.15 Å is the fullerene outer radius in the undeformed configuration,

given by the sum of the half nucleus-to-nucleus fullerene diameter of 7.06 Å and the mean

carbon vdW radius of 1.62 Å46). In order to include energy dissipation beyond the model

considered here, the Equation (2) can be generalized as:47

Vres = γ

(
V p
0 −

p(ησ̄πR2t)

M

) 1
p

, (3)

where p is theoretically equal to 2 for rigid projectile, and γ is a model-dependent coefficient,

which is equal to unity assuming that dissipation is due only to target deformation and

thus projectile damage is not taken into account, as in Equation (2). From the best-fit

of simulation data (Figure 2) corresponding to the penetration regime we find γ ≈ 0.975,

0.958 and p ≈ 2.003, 2.005 for graphene and h-BN respectively. The impact strength can be
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estimated from the intercept of the linear fit of the Kres−K0 curve (see Figure 2). In order to

get a precise estimate of η the actual damaged area was computed by measuring the mass of the

eroded elements in the FEM simulations: we find ηG = 3.61 and ηh-BN = 3.33 for graphene and

h-BN respectively. Assuming an equivalent circular damaged area the corresponding radii are

RG = 6.65 Å and Rh-BN = 6.39 Å. Note that the damaged area increases, not monotonically,

with the projectile impact energy (see Figure S3 in the Supporting Information) and the

previous estimation refers to the critical penetration condition, corresponding to the measure

of the intercept. In this way, we derive an impact strength σ̄G ≈ 125 GPa for graphene and

σ̄h-BN ≈ 91 GPa. The estimated values are comparable with the tensile strength of the two

materials, namely 130 GPa for graphene10 and 108 GPa for h-BN.48

These results show that graphene is tougher than h-BN, being higher the minimum (critical)

initial energy Kc necessary to the fullerene molecule to penetrate the layer (Kc,G=352 eV for

graphene, corresponding to a critical velocity of about Vc,G= 9.7 km/s while Kc,h-BN=227 eV

and Vc,h-BN=7.8 km/s for h-BN). Figure 1 shows also the comparison between the two different

membranes superimposing the top view of DFTB and FEM simulations at the two minimum

velocities leading to complete perforation, that is 10 km/s for graphene and 8 km/s for h-BN.

The comparison between the radius of the impact crater shows good agreement between the

two approaches. Moreover, FEM simulations show how the stresses (von-Mises depicted in

the figure) are highly localized around the hole within a distance from the impact point lower

than three times the molecule radius R. Referring to the estimated damaged volume, the

specific critical energies for the perforation of the monolayers are equal to K̄c,G = 51.8 MJ/kg

and K̄c,h-BN = 45.0 MJ/kg respectively.

3.2 Ricochet regime

If the impact kinetic energy K0 is not sufficiently high to perforate the membranes (ricochet

regime), the target will dissipate the kinetic energy by undergoing two different deformation

mechanisms, that is bending or stretching of the membrane, in relation to its bending and
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Figure 2: Plot of the fullerene residual COM energy Kres vs. the initial impact energy K0

at penetration regime (filled dots correspond to DFTB simulations, empty dots to FEM
simulations). Assuming an energy dissipation within a material volume defined by the
layer thickness t and the projectile effective imprint area, nominally corresponding to the
fullerene radius, the membrane impact strength is derived from the intercept of the linear fit
(Equation (3), p = 2). The damage parameter η is the the ratio between the actual damaged
area and the projected fullerene area.
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membrane stiffness, boundary conditions, and the impact kinetic energy of the projectile

itself. We consider a configuration at which the instantaneous COM velocity of the projectile

is close to zero, i.e. at the bouncing onset. Part of the energy is converted to vibration

(phonons) of the membrane (bending or stretching); thus the elastic strain energy of target

would be Kstrain = (1− f)K0 where f represents the amount of the projectile kinetic energy

dissipated by mechanical waves in the membrane plus the one converted into kinetic energy

of the target and other forms of dissipation. To analyze the sub-critical regime, the target is

assumed to be made of linear elastic and isotropic material, defined by the Young’s modulus

E and Poisson’s ratio v. Although the material properties are non-linear at high strain

–as used in the FEM models- this simplification is acceptable far from the perforation and

failure conditions. We model the system as a circular membrane of radius L� R (as for the

simulations) and thickness t. The circular membrane approximation is in good agreement

with the armors’ deformation, which is not affected by our choice of rectangular boundary

scheme (see Videos S5-S6). Furthermore, this approximation implies a closed form solution.

The impact is accounted as a normal concentrated force F acting on the target. This force

represents the counterpart only of the elastic strain energy Kstrain. Considering a finite

kinematic mechanism in a membrane regime, the vertical elastic displacement w at the impact

point satisfies:49 (w
t

)3
=

[
1−

(
1− 3ν

4

)1/3
]3

4L2

(1 + ν) πEt4
F. (4)

It follows that the relation between the membrane strain energy and the midspan vertical

displacement w under pure stretching regime is non-linear and, for the instant at which the

projectile residual velocity is approximately close to zero (whereby projectile kinetic energy

K0 is almost completely transferred to the target), one can write Kstretch ∝ w4:

Kstretch =

∫ w

0

F (w)dw

=

[
1−

(
1− 3ν

4

)1/3
]−3

(1 + ν) πEt

16L2
w4.

(5)
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Note that this result is analogous to the case of a cable subjected to a transversal concentrated

force. On the other hand, if bending mechanism prevails the elastic strain energy for

a clamped circular plate loaded at the center is Kbend = 1/2kw2, with k = 16πD/L2,

D = Et3/[12(1− ν2)]. It follows that, under bending, Kbend ∝ w2:

Kbend =
2

3
π

Et3

(1− ν2)

(w
L

)2
. (6)

To not overestimate the bending stiffness we used a reduced thickness of tr = 0.63 Å = t/5

to match the bending properties of single-layer graphene.50 The elastic modulus is scaled

accordingly (Er) to maintain constant the tensile stiffness of the membrane (Et = Ertr).

The transition between the two deformation mechanisms takes place around a normalized

displacement w∗/L that can be determined by equating the two previous expressions for the

absorbed kinetic energy (Equations (5),(6)):

w∗

L
=

1

λ

√√√√[1−
(

1− 3ν

4

)1/3
]3

32

3 (1 + ν)2 (1− ν)
, (7)

where λ = L/tr is the plate slenderness. The impact kinetic energy K∗ corresponding to the

transition can be finally determined introducing Equation (7) either into Equation (5) or (6):

K∗ =

[
1−

(
1− 3ν

4

)1/3
]3

64πErt
3
r

9 (1 + ν) (1− ν2)2
1

λ2
. (8)

For the initial calculation, it is assumed that all the projectile kinetic energy K0 is converted

into strain energy of the target (i.e., f = 0). Critical values of the impact energy and

membrane midspan deflection, K∗ and w∗ respectively, which depend on the membrane

material properties and geometrical configurations, define the transition between the mem-

brane and bending deformation regimes. In particular, for K0 < K∗, or w < w∗, bending

prevails and thus K0 ∝ w2, while for for K0 > K∗ or w > w∗ the plate undergoes prevailing

stretching with K0 ∝ w4. The estimated transition displacement for both monolayers is

15



Table 2: Maximum deflection w at membrane midspan for single layer graphene and h-BN at
different initial impact energies K0 in the ricochet regime. At K0 = 239.1 eV h-BN starts to
show damage an thus it is not included in the computations.

Impact energy wG wh-BN

[eV] [nm] [nm]

33.6 0.370 0.456
59.8 0.437 0.543
93.4 0.493 0.619
134.5 0.560 0.716
183.1 0.628 0.781
239.1 0.695 perforated

w∗/L ≈ 0.03 and it is independent of the material elastic modulus. Table 2 reports the

recorded midspan deflection w at different impact energies for the plates in the ricochet

regime. The bi-logarithmic plot of Figure 3 shows the deflection w as a function of the impact

kinetic energy K0. The estimated scaling exponents of the law w = Ks
0 are s ≈ 0.320 for

graphene and s ≈ 0.322 for h-BN, and are intermediate between the predictions for stretching

(s = 0.25) and bending (s = 0.5). From the best-fit of the simulation points (Table 2) by

using Equation (5) with s = 0.25 we derive the elastic moduli of the materials, which are

ĒG ≈ 2.098 TPa and Ēh-BN ≈ 0.815 TPa. According to the ratio between these theoretical

predictions (computed assuming f = 0) and the actual values of the mechanical properties10,14

we estimate fG ≈ 0.52 and fh-BN ≈ 0.12 for graphene and h-BN membranes respectively.

These values represent an estimate of the amount of projectile kinetic energy dissipated by

mechanical waves. The corresponding transition kinetic energies, which are dependent on the

respective elastic moduli, are K∗G ≈ 24 meV and K∗h-BN ≈ 20 meV, confirming that for the

whole analyzed cases the plates mainly undergo stretching under impact.

3.3 Energy scaling and optimal number of layers

It is of paramount importance in multilayer armor design to know how the energy absorption

capability scales with the addition of materials to test whether the material coupling is either
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Figure 3: Plot of the maximum deflection w at midspan vs. the impact kinetic energy K0 of
the incident particle for graphene and h-BN membranes in the ricochet regime. The obtained
scaling w ∝ K0.32
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efficient or not in the configurations of interest. Indeed, it has been experimentally observed

in composite armors (and recently explained by continuum models26) that increasing the

number of layers n does not always results in an increase of the absorbed specific energy per

layer. Depending on interface characteristics (e.g. adhesive strength), the layer coupling in

some cases may be not effective, so that layers do not display synergistic behavior. We can

express this concept by the following equation:26

Kabs(N)

N
= K1 ·Nα, (9)

where K1 is a constant. A scaling exponent α > 0 indicates a synergistic behavior in which

single layers interact to mutually enhance their specific contribution. On the other hand, for

α = 0, the total absorbed energy is the mere sum of single-layer contributions, while for α < 0

a sub-optimal behavior is identified in which increasing the number of layers leads to worse

or inefficient inter-layer coupling. This inter-layer coupling results from the magnitude of the

vdW interactions, i.e. ultimately the interface properties, and from the additional restrain

that arises when the number of layer increases, changing from a thin- to thick- plate/bulk

behavior. These factors will affect both the stress distribution within the target and its

deformation capability, resulting at last in different protective capacity and in the possible

scaling of energy absorption. DFTB simulations have been performed on 1, 2, 4, and 6 layer

homogeneous and hybrid membranes with alternate stacking of graphene and h-BN. The

used COM initial impact velocities were equal to 10, 15, 25, and 35 km/s respectively, being

slightly higher than the ballistic limit of the multilayers. The analyzed graphene-based, h-BN

and hybrid nano-armors show all high positive values of α (Figure 4). From best fit we derive

K1,G=15.0 eV and K1,h-BN=14.5 eV for the studied nanoscale impact configurations. However,

this synergistic interaction between layers was not observed at the micro- and macro-scale

for graphene armors, e.g. in the recent experimental work by Lee et al.21 on micrometric

projectile impacts on graphite, in which a sub-optimal scaling law (α < 0) was found.
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Figure 4: (a) Determination of the specific energy absorption scaling exponent α for graphene
(red line), h-BN (blue line) and hybrid graphene/h-BN (grey line) alternate armors. Computed
values of α are greater than 0, showing a synergistic interaction as the number of layers
increases. The fit for the determination of the scaling exponent is performed by using DFTB
simulations (filled dots) while FEM simulation points (empty) are included for comparison.
This result is far from being trivial since values of α < 0 have been found in macroscopic
composite armors26 and graphene upon microscale impact.21 (b) Impact simulations of the
hybrid armor system (2, 4 and 6 layers) from DFTB (upper panel) and FEM (bottom panel)
simulations are depicted.
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To explain this apparent mismatch we analyzed the evolution of the damaged volume,

which can be directly correlated to the amount of the energy absorbed. During the perforation

of the target the radius of the damaged area is not constant but increases through the

thickness, creating a tapered damaged volume of truncated conical shape (see Figure S4

in the Supporting Information). The variable size of the radius at the i -th layer can be

expressed by the following relation:

Ri =
√
ηR +

N∑
i=1

ti tan θ, (10)

where θ is the inclination angle of the cone apothem and ti is the thickness of each layer, that

is, in our case, 3.415 Å or 3.407 Å for graphene or h-BN, respectively. For a shear-dominated

mechanism θ → 45◦.44 Assuming all the layers of the same material (ti = t), Equation (10)

yields to an evolution of the specific damaged volume as follows:

Vdam
N

=
πt3

3

[
3η

(
R

t

)2

+ 3
√
ηN

(
R

t

)
tan θ +N2 tan2 θ

]
. (11)

For the graphene membrane we determined from DFTB simulations θ ≈ 13.5◦ (Supporting

Information, Figure S4). The shape of the truncated cone depends on the dimensional

ratio R/t between the radius of the impacting mass and the target thickness. However, the

damaged area does not indefinitely increase as stated by Equation (11) but tends to saturate

leading into a cylindrical volume, hence Vdam
N
∝ N0 for N →∞. In order to take into account

this, Equation (11) is considered valid up to N < N∗ = int[6R/t], where 6R is acknowledged

in ballistic literature to be a reasonable value of the maximum radius of the damaged cone

(see Figure S2 in the Supporting Information for the determination of the models supercells).

Thus, for N > N∗ a constant asymptotic value of Rmax = R(N∗) is assumed. Furthermore,

accounting for a scaling law of the material strength σ,51 one can assess the strength from
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the following relation:

σ = σ0

[
(N + 1) ·

(
R

t

)]−β
, (12)

where β is the strength scaling exponent, and σ0 the ideal material strength. In particular,

the characteristic dimension of the material defect is assumed proportional both to N , i.e.

the plate thickness, and to the area affected by the impact, which is directly proportional

to R. The combination of volume and strength size-scalings, which both depend on N and

R/t, may yield in some cases -according to the competition between the two- to an optimal

configuration as reported in Figure 5(a). Nopt is the number of layer that characterizes the

transition between positive and negative scaling, and that maximizes the specific energy

absorption of the plate by means of strain. The evolution of the energy absorbed by the plate

can be obtained as follows from Equations (11),(12):

Kabs(N)

N
=

1

N

{
fKdyn(N) + (1− f)σ0Vdam(N)

[
(N + 1) ·

(
R

t

)]−β}
, (13)

where we assume β = 0.5 according to Linear Elastic Fracture Mechanics and f is again the

coefficient that accounts for the amount of dissipated energy via mechanical waves (Kdyn),

here assumed equal to 0 and independent of N .

Figure 5(b) reports the specific energy absorption versus the number of layers N for

different values of R/t. It can be clearly seen that Nopt emerges for nanoscale configurations

(R/t < 2), such as the ones investigated in this work with the fullerene impact (R/t ≈ 1.48).

Our DFTB-FEM simulation results are in good quantitative agreement with the analytical

prediction at the nanoscale. The optimal number of layer Nopt is predicted to be 5 for

R/t = 1 and 10 for R/t = 2, and from the coupled DFTB-FEM data we obtain Nopt = 7.

Furthermore, values of the absorbed energy at the nanoscale are in good agreement also with

molecular dynamics simulations of Haque et al.52 at a comparable scale. The difference in

the critical penetration energy with the microscale values obtained by Lee et al.,21 calculated

there in the order of 1 MJ/kg, can be attributed in principle to the size scaling of strength
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(see Equation (12)). Moreover, despite the specific impact kinetic energies over the impact

area are similar, K0/(πR
2t) ≈, the experimental velocities investigated by Lee et al. are

below the hypervelocity regime. These velocities result in a different damage mechanism,

governed in the latter work by circumferential and radial crack formation and propagation

rather than diffused and localized damage of the impact zone as in our simulations. For

higher scales (R/t > 2) the optimum value vanishes and the scaling is negative for any N .

For R/t < 10 the contribution to positive scaling of the damaged volume is still relatively

significant and a change in the slope α of the curves in the bi-logaritmic plane still appears. By

increasing the dimension of the projectile, the specific damaged volume tends to be constant

(Equation (11)) and the scaling of the strength is predominant (Figure 5(b)), determining

a nearly constant negative α independent of N . Despite the damage mechanisms between

our nanoscale simulations and microscale experiments by Lee et al.21 are different, our

model is able to predict a negative scaling at the microscale. Thus, this behavior deserves

further experimental investigation by perfoming microscale experiments also at higher impact

velocities.

We finally studied the role of the spacing of the layers on the absorption capabilities.

DFTB simulations have been performed on 2 and 4 layer graphene armors increasing by steps

of 0.5 Å the distance between the layers up to 3 times the standard vdW distance (3.4 Å),

which is practically identical in multi-layer graphene and h-BN despite presenting major

differences in the nature of chemical bonds and static polarizabilities.37 Impacts on multilayer

targets are set up at the minimal velocity necessary for perforation of all layers, i.e. 15 km/s

for 2 layer systems and 25 km/s for the 4 layer systems. Figure 6 reports the specific absorbed

energy Kabs/N as a function of the standard spacing multiplier (absorbed energy values are

reported in Table 3). No significant effect has been found in the analyzed domain, with a

maximum difference of 3 % between the standard spacing and the 3x spacing (10.05 Å), with

the standard spacing being the toughest solution.
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Figure 5: Scaling of the specific energy absorption in the multilayer nanoarmors with
the dimensional scale. (a) Conceptual representation of the role of the damaged volume
scaling (Equation (11)) and of the material strength scaling (Equation (12)) according to
LEFM in determining an optimal number of layer Nopt, to which correspond both the
maximum specific energy absorption by strain and the inversion in the sign of the scaling
exponent α. (b) Results obtained from analytical calculations (Equation (13)) for different
R/t configurations (curves with square dots, the lines are just a guide to the eye being the
function of integers values of N) compared with the results from DFTB and FEM simulations
(circular dots, filled and empty respectively), MD results from Haute et al.52 at the nanoscale,
and experimental results from Lee et al.21 at the microscale.

Table 3: Absorbed energies for 2 and 4 layers graphene armors as a function of the layer
spacing expressed as multiplier of the vdW distance.

Layers spacing
Kabs [eV] Kabs [eV]

2 layers 4 layers

1.0x 768 2333
1.5x 766 2310
2.0x 764 2290
2.5x 762 2270
3.0x 760 2250
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Figure 6: Left panel: specific energy absorption of 2 and 4 layer graphene with variable spacing.
Comparison with the specific energy absorption of 330 eV impact on single layer graphene
confirms the synergistic interaction between layers at the nanoscale. Right panel: snapshots
of the impact simulations on the reference armors with normal graphite spacing (0.34 nm)
and three times this value are depicted.

4 Conclusion

In this work we studied the mechanical behavior of single and multilayer graphene and h-BN

armors subjected to hypervelocity impacts of a C60 fullerene molecule. Coupling atomistic

DFTB and continuum FEM approaches, the ballistic critical penetration energies of single

sheets of graphene and h-BN were determined along with the impact strength of these 2D

materials.

The membrane behavior in the subcritical impact regime (no perforation) was rationalized

via a kinematic model on an elastic equivalent continuum membrane. The results found on

homogeneous and hybrid multilayers suggest possible optimized designs at the nanoscale. The

interlayer synergy could be increased by realizing a series of stacked pillared layers, a solution

that has already been demonstrated doable in both computational20 and experimental53

studies. This solution would also realize a stable spaced configuration with interlayer distance

higher than the vdW equilibrium, allowing to maximize the energy dissipation by membrane

mechanism before the contact between adjacent layer occurs. This guideline is likewise
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applicable to both h-BN and hybrid armors since the critical displacement, with the exception

of the Poisson’s ratio, is independent of the membrane elastic properties.

The investigation on multilayer graphene structures has then been extended across different

dimensional scales. We have demonstrated that generally at the microscale the scaling of

these nanoarmors is not optimal, confirming that graphite is a weaker configuration also for

impact loads. However moving to nanoscale -that is projectile dimension comparable with

the thickness of the monolayer, R/t→ 1, and few layer armors, N < 10- a strong synergistic

coupling emerges. This dimensional scaling is rationalized by taking into account both the

damaged volume and the material strength scalings, according to the LEFM model. Our

approach suggests a transition between positive and negative scaling at different dimensional

scales which deserves further experimental investigation. At the nanoscale an optimal number

of layers, between 5 to 10, emerges that maximizes also the specific energy dissipation under

impact. These results suggest that multilayer 2D material based armors should be structured

and optimized at the nanolevel, not relying on the mere high specific mechanical properties

of the constituent materials. These armors, for example, would be particularly effective in

providing protection of spacecrafts, especially deployable ones, and related instrumentation

from high energy nanoscopic-size space dust54 or even suitable as coating for protection of

ship propellers from erosion caused by fluid acoustic cavitation.55

Supporting Information Available

The Supporting Information is available free of charge on the ACS Publication Website at

the DOI: http://dx.doi.org/10.1021/acsami.7b12030.
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S1 DFTB simulations

Determination of the fullerene projectile impact and residual kinetic energy. The

total kinetic energy of the C60 fullerene molecule is computed at each instant t of the

simulation as:

Ktot(t) =
1

2
mC

60∑
i=1

ẋ2
i (t), (S1)

where mC is the mass of a carbon atom, and ẋi are the current velocities of the atoms. The

values of the total kinetic energy are used to compute the Kres vs. K0 functions of Figure 2,

the absorbed energy Kabs = K0 −Kres of Figures 4-6, and the kinetic energy of Figure 3,

which can be found in the main text of this article.

The kinetic energy of the center of mass of the fullerene Kcm(t) is used to determine the

evolution of the projectile translational velocity:

Kcm(t) =
1

2
Mẋ2

cm(t), (S2)

where M = 60 ·mC and

ẋcm(t) =

60∑
i=1

mCẋi(t)

M
(S3)

is the center of mass velocity, whose component along the impact direction was used for the

computation of the projectile impact velocity (Figure 2 of the main text). The coordinates of

the center of mass are computed from the current positions of the atoms xi:

xcm(t) =
mC

M

60∑
i=1

xi(t). (S4)

The difference between Ktot and Kcm represents the total internal energy of the molecule and

measures the molecular distortion from its equilibrium configuration.
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S2 Finite element model

Cohesive zone model for G/G, h-BN/h-BN and G/h-BN interactions. We derived

the cohesive laws used in the FEM element model according to the work by Jiang et al.? The

interlayer bonding between graphene and h-BN layer is due to van der Waals interaction,?

which can be represented by the following canonic Lennard-Jones 6-12 potential law:

Π(r) = 4ε

(
s12

r12
− s6

r6

)
, (S5)

being r the spatial distance between two pair atoms, h = 6
√

2s is the equilibrium distance

between the two atoms and ε the corresponding bond energy. These parameters for the

interaction between carbon, nitrogen and boron atoms? ? are reported in the Table ??.

The cohesive energy ΦG/G between two graphene layers can be derived by including the

expression of Π(r) of Equation S5 within the potential energy per unit area of Equation 1 in

the main text. At the equilibrium distance hG/G the cohesive energy for the graphene-graphene

interaction is expressed by the following relation:

ΦG/G = 2πψ2
CεC-Cs

2
C-C

(
2s10

C-C

5h10
G/G

− s4
C-C

h4
G/G

)
. (S6)

Note that any arbitrary potential Π(r) could be used in place of the Lennard-Jones. The

equilibrium distance between two graphene sheets (that is along the direction perpendicular

to the layers surface) can be derived imposing
dΦG/G

dh
= 0, obtaining an equilibrium distance

hG/G ≡ sC-C. This is the interlayer spacing between graphene layers used in the FEM models

at the beginning of simulations.

Introducing sliding and normal perturbation displacements between a pair of nodes of the

two layers, defined as u and v respectively, the Equation S6 is generalized as:

ΦG/G(u, v) = 2πψ2
CεC-Cs

2
C-C

(
2s10

C-C

5(hG/G + v)10
− s4

C-C

(hG/G + v)4

)
, (S7)
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where u =
√

∆x2 + ∆y2 from the two components of the in-plane displacement ∆x and ∆y.

The normal and shear cohesive stresses can be obtained by derivation of the cohesive energy

with respect to the corresponding displacement, thus u and v respectively:

σcohesive,G/G =
∂ΦG/G(u, v)

∂v
= 8πψ2

CεC-CsC-C

(
s5

C-C

(hG/G + v)5
− s11

C-C

(hG/G + v)11

)
, (S8a)

τcohesive,G/G =
∂ΦG/G(u, v)

∂u
= 0. (S8b)

from which it can be seen that the tangential cohesive stress vanishes. For the coupling of

graphene and h-BN layers the energy per unit area ΦG/h-BN in a non-equilibrium configuration

is given by:

ΦG/h-BN(u, v) = ΦC-N(u, v) + ΦC-B(u, v)

= 2πψCψNεC-Ns
2
C-N

(
2s10

C-N

5(hG/h-BN + v)10
− s4

C-N

(hG/h-BN + v)4

)
+ 2πψCψBεC-Bs

2
C-B

(
2s10

C-B

5(hG/h-BN + v)10
− s4

C-B

(hG/h-BN + v)4

)
,

(S9)

with:

hG/h-BN =

(
εC-Ns

12
C-N + εC-Bs

12
C-B

εC-Ns6
C-N + εC-Bs6

C-B

)1/6

. (S10)

The normal and shear cohesive stresses can be obtained again by derivation of the cohesive

energy with respect to the corresponding displacement:

σcohesive, G/h-BN =
∂ΦG/h-BN(u, v)

∂v

= 8πψCψNεC-NsC-N

(
s5

C-N

(hG/h-BN + v)5
− s11

C-N

(hG/h-BN + v)11

)
+ 8πψCψBεC-BsC-B

(
s5

C-B

(hG/h-BN + v)5
− s11

C-B

(hG/h-BN + v)11

)
,

(S11a)

τcohesive, G/h-BN =
∂ΦG/h-BN(u, v)

∂u
= 0. (S11b)
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Finally, for the coupling h-BN layers the cohesive stress can be, derived in an analogous

way, an is given by:

σcohesive,h-BN/h-BN = 8πψ2
NεN-NsN-N

(
s5

N-N

(hh-BN/h-BN + v)5
− s11

N-N

(hh-BN/h-BN + v)11

)
+ 16πψNψBεN-BsN-B

(
s5

N-B

(hh-BN/h-BN + v)5
− s11

N-B

(hh-BN/h-BN + v)11

)
+ 8πψ2

BεB-BsB-B

(
s5

B-B

(hh-BN/h-BN + v)5
− s11

B-B

(hh-BN/h-BN + v)11

)
,

(S12a)

τcohesive,h-BN/h-BN =
∂Φh-BN/h-BN(u, v)

∂u
= 0. (S12b)

Figure ?? depicts the cohesive laws obtained from Equations S8a, S11a, S12a. The

cohesive energy is weighted on each node of the mesh assuming that the area of influence of

the node is defined by the centroids of the adjacent finite elements. It can be easily computed

that the energy vanishes starting from r ≈ 3h (Figure ??), which was thus set as cutoff

distance for the computation of the cohesive stresses.

Table S1: Characteristic parameters for the Lennard-Jones 6-12 potential for the possible
interactions in graphene and h-BN hybrid coupling.

vdW bond ε [eV] s [nm] Ref.

C-C 0.002390 0.3455 [3]
N-N 0.006283 0.3365 [4]
B-B 0.004117 0.3453 [4]
C-N 0.004068 0.3367 [4]
C-B 0.003294 0.3411 [4]
N-B 0.005084 0.3409 [4]
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Figure S1: Plot of the normal cohesive stress law (σcohesive) as a function of the normalised
interlayer normal separation v/h for G/G, h-BN/h-BN, and G/h-BN interactions. Positive
values of v and σcohesive denotes layer separation and cohesive traction, respectively.

S3 Additional simulation data

Figure S2: Sketch of the single-layer nanomembrane geometries. From left to right: supercell
of graphene, h-BN, and the FEM membrane model used for both materials. The impacting
fullerene projectile is also depicted.
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Figure S3: Damage parameter η for graphene and h-BN monolayers, defined as the ratio
between the damaged area and the fullerene projected area πR2, for different fullerene
impact velocities V0, normalized to the ballistic limit of the material V0,crit, i.e. the minimum
projectile velocity necessary to perforate the membrane.

Figure S4: Conical shape of the damaged volume observed in DFTB simulations with a
measured diffusion angle θ ≈ 13.5◦. For the 6-layer graphene armor shown in the figure the
top and bottom radius of the damaged cone are respectively R1 = 6.65 Å and Rmax = 7.05 Å.
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S4 Supporting videos

Video S1. Ab initio impact simulation of a fullerene molecule on a single layer of graphene

at 10 km/s in the perforation regime.

Video S2. Ab initio impact simulation of a fullerene molecule on a single layer of h-BN

at 8 km/s in the perforation regime.

Video S3. FEM impact simulation of a fullerene molecule on a single layer of graphene

at 13 km/s in the perforation regime with contour plot of von-Mises stress.

Video S4. FEM impact simulation of a fullerene molecule on a single layer of h-BN at 13 km/s

in the perforation regime with contour plot of von-Mises stress.

Video S5. Ab initio impact simulation of a fullerene molecule on a single layer of graphene

at 3 km/s showing deformation of the membrane in the ricochet regime.

Video S6. Ab initio impact simulation of a fullerene molecule on a single layer of h-BN

at 3 km/s showing deformation of the membrane in the ricochet regime.
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