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ideal candidate material for ballistic protection applications [1]. However,
the rapid strain increase found in these applications can lead to unexpected
behavior. For instance, experiments in this regime revealed unzipping of
carbon nanotubes (CNTs) into nanoribbons [2], While the high-strain-rate
behavior of CN'Ts, either isolated [3, 4] or in composites [5, 6, T, 8], has
heen studied for years, investigations on graphene mainly date from 2014
[9, 10, 11, 12, 13, 14, 15]. Of particular interest is the study by Lee e al. [9], in
which silica spheres were shot at multilayered graphene sheets. Exceptional
energy ahsorption capabilities were found: the specific penetration encrpy of
graphene was ten times greater than that of macroscopic steel. This was due
in part to the impact energy being dissipated over an area much larger than
that of the projectile cross-section.

Follow-up molecular dynamics (MD) studies elucidated the atomistic stre-
tures formed during penetration of graphene monolayers and the role played
by defects [13], determined the propagation veloeity of the impact-induced
stress wave [14], and studied the failure mechanism of the graphene sheets
(15]. These simulations also revealed extremely high specific eneroy penetra-
tion values, an order of magnitude greater than those measured in BRETI-
ments. Up fo now this large discrepancy between theory and experiment has
remained unexplained. In this work, we combined fully atomistic reactive
MD simmlations and analytical modeling to address this jssue.

Results and Discussions

Simulated ballistic tests

In the ML part of our study, we shot metallic projectiles at single and hi-
laver graphene sheets. We have considered different projectile velocitios and
impact angles. as well as sheets of different dimensions {up to 400,000 atoms).
As further discussed below, we also obiained MD specific penetration energy
values that are one order of magnitude larger than those from experiments,
but the difference decreased for the bi-layer case, From these results, we were
able to extract parameters to apply in a scaling law propesed by Pugno |1 ).
Chur analytical model fits very well all existing results for graphene, and sug-
£esls an asymplotic value of ~ (.26 MJ1/kg for graphene in the MACTOSCOpic
limit {when the number of layers (N) tends to infinity).

A typical setup used in cur ballistic tests is presented in fipure 1a. The
considered graphene targets are periodic along the planar directions, and
ranged from 20 nm x 20 nm (30, 000 atoms) up to 100 nm » 100 nm (385, 000
atoms). For the smallest cases, we also considersd bi-layer structures, For
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Figure 2: MD snapshot from a case of # = 0° and v = 900 m/s showing the
fractured graphene sheet after the ballistic impact.

all simulations we used a spherical (r ~ 3.5 nm) nickel particle as projectile.
Different v and & values were considered (see Fig. 1a). Detailed information
regarding the simulations can be found in the Methods section.

In Figure 1b and Figure 2 we present MD snapshots for the case of 8 = (F
and # = 900 m/s. In Figures 1, 2 and 3, graphene atoms are colored according
to their z (height) coordinate values: positive values are in blue and negative
ones in red. After impact, the generated elastic deformation wave propagates
radially outwards with velocity v. - see figure 1b. In agreement with the
report by Lee ef al. [9], we observed deformation areas far larger than the
projectile cross-section (figure 3b). Our typical fracture patterns are also
consistent with experimental results [9]. For a better visualization of the
whole process see videos in the Supplementary Information.

From our MD trajectorics we can analyze in detail the onset and prop-
agation of the impact-generated elastic deformation wave. Inspection of
the cross-sectional view of an impact event (Fig. 3a) reveals that graphenc
stretches Lo accommaodate the incoming projectile into a cone shape. Lee ef
al. [9] reached the same conclusion from their experiments and estimated, us-
ing the formula proposed by Phoenix and Porwal [17], a velocity of v, = 256()
m/s for an impact velocity of 900 m/fs. From our MD trajectories we can
not only caleulate average cone velocities, but also their time evolution. [n
our analysis, atoms that moved 12 A down from their initial position were
assmmend inside the cone. The first atoms to eross this threshold were consid-
ered at the impact center, and for every MD snapshot frame we caleulated
the distance [rom this center to the farthest atom in the cone, r, (see Fig.
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Figure 3: Results obtained for # = 0F and v = MW m/s. (a) Impact cross
soctional view, showing a graphene sheet deformed into a conical shape.
{b) Top view of an impact. Observe that the deformation cone radius (r.)
is far larger than the projetile cross-section value. {¢) Instantaneous cone
velocity values. The linear fit (red line) suggests that, considering error bar
fluctuations, the generated conical shape propagates at constant velocity.
The points congidered in the fit are to the right of the yellow line {impact
Lime).
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Figure 4: Analytical modeling fitting numerical results from molecular dy-

namics simulations carried out at the nanoscale and experimental ballistic
test results carried out at the microscale by Lee et al. [9]

g = digp =592 a {4)
ay = dompp=33.0 GPa, (5)

where we considered n = 1.

A general expression for the specific penetration energy can be found from
equations 1 and 3,

N
dp = <|'| 1 + —.r I:_ﬁ_]

where dy, = a0 /1p.

We can fit previous [9) and current resulis with equation G to estimate the
parameters dy,, N and _'"'.-:'__ Running a 100 iterations best fit with tolerance
10-% we found o, = 0.26, N. = 2584 and f'-."; = —[).T(). After all parameters
are obtained, we can use equation Eq. 6 to estimate the specific penetration
energy for any number of layers. The values obtained for few-layer graphene
sheets are much higher than those obtained in the microscale {up to 30 times
higher), sugeesting a very sharp fransition in the scaling law - see Fig.
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Figure 5: (a) Summary of results for the projectile kinetic encrgy value vari-
ations as a function of impact angle and initial velocity, Penetration ocours

if the ratio vgfv; is positive, gtherwise the projectile returns. (b-d) Fracture
patterns after impact for angle values of (b) 8 =0°, (c] 8 = 30°, {d) & = 45",
and [e) # = 60°. Alse indicated in these snapshots are the angle values

between adjacent cracks.
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radiug, Ny, is the number of layers, and py = 0.77 mg/m® is the area density
of graphene. For w = 5000 m/s, we obtained from the mamuscript that
E-";b = 36.13 aJ for Ny = 1 and E,ﬁs = 44.65 aJ for N; = 2. After dividing
these results by the mass, we get d; = 40.8 M and dy = 25.2 MJ. More E5¥
data is presented in the paper, but this is the only velocity for which results

are presented in which complete penetration is observed for different number
of layers.

Procedure to extract data from Lee ef al. [9], Yoon et
al. [13], and Xia et al. [15]

In order to extract data from fgure 4 of Lee ef al. [9), figure da of Yoon el al,
[13], and figure 9a of Xia ef al. [15], we used the web app WebPlotDigitizer
[23].
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