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High velocity projectiles cause damage to critical structures in space. Many of them travel at speeds of a few
km/s to several hundred km/s. Such projectiles can punch through aircraft. In addition, bullets from modern
weapons might reach 2.5 km/s. Spherical diamond projectiles are tested against Poly-Methyl-Metha-Acrylate
(PMMA) and single-crystal corundum alumina (a-Al,05) thin films. PMMA is created from two configurations:
random and oriented along impact direction. The penetration velocity (Vs,) of PMMA and a-alumina are found
to be near 400 m/s and 4.5 km/s, respectively. This study indicates that PMMA sandwiched between two layers
of alumina can be produced, with a thickness that can be calculated using specific penetration energies (E;)
from the projectile radius, to stop most projectiles effectively.

1. Introduction

Molecular dynamics (MD) simulations have been effective studying
impact at mesoscale using nanoscale projectiles and thin films [1,2].
Bioinspired PMMA-a-Al,O5 composites are considered to have superior
mechanical properties than their individual components and their nacre
counterparts [3,4]. When a spherical projectile of radius R and density
pp hits a film of height h and density p;, an impact zone (IPZ) larger
than the size of the projectile is created [1]. This is given as

P
r,PZzR+0.8R1/p—p~§ e))
s

As one can see from Eq. (1) that the ratio of projectile and film
density and that of R and h can control IPZ size. % < 1 can have non-
penetrating scenarios [5]. It is sufficient to have % =1 for an efficient
simulation. A spherical projectile having diamond lattice with lattice
constant 3.567 A, density p, = 3527 kg/m®. The densities of PMMA
and alumina thin films were ppypa = 1130 kg/m? and p, — Al,O; =
3860 kg/m?>, respectively. For PMMA, using Eq. (1) the impact zone
radius is calculated as rpypa_ipz = 2-4R. PMMA thin film has h=10 nm
were created with side length 60 nm, greater than that of calculated
IPZ diameter. For alumina, using Eq. (1), the impact zone radius is

calculated as r. 7 = 1.76R. Alumina thin films have thickness

alumina—IP!
h=1.3 nm and a square side of 15 nm, greater than that of calculated

IPZ radius.

* Corresponding author.

2. Computational methodology

All MD simulations in this work were run using Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) [6]. Corun-
dum a-Al,05 is the most stable form of alumina and has a trigonal
structure belonging to R3c space group (167). It has a lattice constant
of a=b=4.761 A in two directions and ¢=12.995 A. For a-alumina, a
third-generation Charge-Optimized Many-Body (COMB3) is used [7].
The timestep in all simulations is 1 fs. A recently developed Coarse-
Grained (CG) forcefield is used [8] for MD simulation of PMMA.
Initially, a 100-monomer polymer chain was created. 80 such chains
were randomly aligned like spherocylinders in non-overlapping fashion
using a large cutoff of 30 A [9]. The CG PMMA films are subjected to
energy minimization and were equilibrated at 750 K, 100 atm pressure
Nosé-Hoover (NPT) dynamics for 5 ns and brought down to room
temperature and pressure as mentioned in the original work [8]. This
creates a 10 nm cubic box with the converged PMMA density, referred
to as PMMA bulk in Fig. 1. PMMA films of dimensions 60 x 60x10 nm
(length x width x height) are obtained by replicating this box in x and
y directions. Edge effects were taken care during thin film preparation.
For studying impact dynamics, the top and bottom surfaces of PMMA is
smoothed using a fix wall technique like previous works [10,11]. The
residual velocity, V, is the steady-state velocity reached either after
penetration of the target, or after rebounding from the target in a non-
penetrating scenario. If the projectile penetrates the target, it exists
with a positive velocity V, less than impact velocity V;. This is like
Vs, velocity at which 50% of projectiles penetrate. The difference in
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Fig. 1. PMMA thin film generation and equilibration from (a) random and (b) oriented configuration.
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Fig. 2. Residual velocity of projectile as a function of impact velocity (a) before (300 m/s) and after V;, velocity (400 m/s), (b) residual velocities of projectile
as a function of impact velocities, (c) Specific penetration energy (E, (MJ/kg)) as a function of impact velocity and (d) Specific dissipation energy (E; (MJ/kg))

as a function of impact velocity.

kinetic energy E, of the projectile is referred to as penetration energy
(E,) and is given as

1

Ey=AE =5 - myy, S(VZ-V2) 2

If E, in Eq. (2) is scaled by the mass of the thin film directly under
projectile, then it is referred to as specific penetration energy E;. The
mass of the thin film under projectile impact is given as mg;, =

Pfitm * Vyum- In all previous works, the volume V/;,, is considered as
a cylinder with a radius of projectile (R) and height h. If R = h, then
Mfitm = Pfitm - © - R - h = p sy, - m - R®. The specific penetration energy

is given as

* AEk Uiz s
E; = ~ o +E; 3
Mprjim 2
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Fig. 3. Residual velocity of projectile as a function of impact velocity (a) before (4 km/s) and after Vs, velocity (4.5 km/s) for a-Al,Os, (b) residual velocities of
projectile as a function of impact velocities and (c) Specific penetration energy (E; (MJ/kg)) as a function of impact velocity and (d) Specific dissipation energy

(E} (MJ/kg)) of a-Al,O; as a function of impact velocity.

, where E} is specific dissipation energy due to the absorption/ dissi-
pation response of the target thin film to the incoming projectile. E?
can be obtained by subtracting from E;‘, the first term in Eq. (3).

3. Results and discussion

3.1. Impact of projectile on PMMA

The residual velocities V. of the diamond projectile after impact
coming with different initial impact velocities V; were obtained by
tracking projectile velocity with time as shown in Fig. 2(a). The Vs,
velocity for PMMA is between 300 and 400 m/s (Fig. 2(b)). In addition,
PMMA chains oriented along impact direction were analyzed (Fig.
1(b)). The residual velocities, for different impact velocities, of the
oriented films were lower than random films. Nevertheless, the differ-
ences were negligible (Fig. 2(b)). The V5, velocity also remained the
same (Fig. 2(b)). The specific penetration energy E;‘(M J /kg) increases
non-linearly as impact velocity V4., (Fig. 2(c)). For oriented PMMA
thin-films, the specific penetration energy EX(MJ [kg) (Fig. 2(c) and
the specific dissipation energy Ej(MJ/kg) are close to their random
counterparts (Fig. 2(d)). The temperature of the film target is tracked
by defining a circular region of diameter 60 nm (side of square film).
Evolution of the temperatures is plotted in Figs. 4(a)-(b) for random
PMMA thin-films and in Figs. 4(c)-(d) for oriented ones. The peak tem-
peratures of oriented films (2628 K), were significantly lower than 5450
K, for random films (Fig. 4(g)) at 5 km/s. This is due to anisotropic heat
transfer as bond alignment is along the projectile direction.

3.2. Impact of projectile on alumina

The V5, velocity for a-Al, 03 is found to be between 4 and 4.5 km/s
(Fig. 3(a)). Monolayer graphene has a Vs, velocity of 2.2 km/s [1,10].
E;(MJ/kg) of graphene layers is below 15 MJ/kg at 4.5 km/s [1].
a-alumina has E;(MJ/kg) of 16.5 MJ/kg at 4.5 km/s (Fig. 3(c)). a-
alumina outperforms graphene. Fig. 3(b) shows the residual velocities
V, of diamond projectile after impact with a-Al,05 initially travel-
ing with different initial velocities V,. The specific dissipation energy
E%(MJ [kg) decreases after the Vs, velocity of 4.5 km/s to 6 km/s (Fig.
3(d)). The temperature of e-alumina film target is tracked by defining
a circular region of diameter 15 nm (side of square film) (Fig. 4(e),()).
The peak temperatures are less than that of PMMA, even at higher
velocities (Fig. 4(g)).

4. Outlook and conclusion

The ballistic impact studies of diamond projectiles on PMMA and
alumina thin films were done using all atom MD simulations. The
specific penetration energy (E;) of the PMMA and a-Al,O5 thin films
at Vs, velocity of were 0.323 MJ/kg and 16.495 MJ/kg, respectively.
The decrease of projectile velocity from 4.5 km/s to a residual velocity
(V,) of 576 m/s shows a-alumina’s potential in ballistic-resistant appli-
cations. PMMA has a low density of 1130 kg/m?, e-alumina has a high
density of 3860 kg/m>. Whilst, random and oriented PMMA thin films
heats up to 5450 K and 2628 K under impact at 5 km/s, a-Al,05 heats
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Fig. 4. Temperature as a function of simulation time for impact velocities (a) before and (b) after 1 km/s for random PMMA films, (c) before and (d) after 1 km/s
for oriented PMMA thin films, (e) a-Al,O; temperature as a function of simulation time for impact velocities before and (f) after 4 km/s, (g) peak temperature

of PMMA and «-Al,0 as a function of impact velocity.

up to 1615 K . The prospect of a composite with PMMA sandwiched be-
tween alumina thin films for a better and lightweight ballistic-resistant
material at larger length scales entails further investigation.
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» Videos of ballistic impact of diamond projectile on PMMA
+ Videos of ballistic impact of diamond projectile on a-Al,04
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