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Motivated by recent discoveries concerning the extreme superiority of multilayer graphene in terms of kinetic
energy dissipation compared to conventional monolithic materials, this article investigates the ballistic perfor-
mance and physics-informed strategic sequencing of graphene-reinforced aluminum laminates under the influ-
ence of random disorder based on extensive molecular-level simulations of high-velocity impact. It is unraveled
that strategic sequencing of graphene layers within the aluminum matrix can significantly enhance kinetic en-
ergy absorption, while preventing complete penetration. However, the reinforcement of bilayer graphene in-
creases the projectile’s post-impact residual velocity due to high magnitude of stress wave release provided by
the reinforcement. We have further mitigated this effect to a significant extent by increasing the effective
thickness of Al laminates. Based on the insights gained by a series of molecular-level simulations, we have
proposed hybrid multifunctional laminates by coupling two individual configurations with high energy ab-
sorption and no penetration, respectively. By strategically providing higher graphene concentration near target
surfaces, up to 90.77% of the kinetic energy can be absorbed. The findings of this study would be crucially useful
in materializing the bottom-up multi-scale design pathway for producing graphene-reinforced Al composites to
develop a novel class of functional barrier material-based engineered surfaces with improved nano-scale ballistic
performance.

exceptional strength to weight ratio. Recent laser-induced micro-pro-
jectile tests on multilayer graphene (MLG) have revealed its extreme

1. Introduction

The quest for lightweight armor materials has inspired the scientific
community to explore the novel class of graphene-based composites for
achieving high specific energy absorption capability [1-5]. Such mate-
rials can be used in a variety of applications, including the development
of lightweight body armors for military personnel [6], bulletproof
automotive structures [7], aerospace and flight structures [8], and ma-
terials for turbine blades to resist shock loading caused by supersonic
particle impact [9]. The extraordinary mechanical behavior of graphene
can be harnessed to develop multifunctional composites having high
penetration resistance and energy absorption.capabilities along with
other mechanical properties related to specific strength and stiffness.
Being one of the lightest (density ~ 0.77 mgmfz), stiffest (Y ~ 1 TPa),
and strongest (fracture strength ~ 130 GPa) materials, graphene as the
reinforcement material can result in composite structures with
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superiority in terms of kinetic energy dissipation compared to conven-
tional monolithic materials like steel, with the specific penetration en-
ergy offered by the MLG being in the order of 1 MJkg™! [10]. This
establishes a strong rationale for exploring the dynamic behavior of
graphene-based metal matrix composites subjected to ballistic impact
loading for further performance enhancement. In this paper, we would
present the ballistic performance and physics-informed strategic
sequencing of graphene-reinforced aluminum laminates under the in-
fluence of random disorder based on extensive molecular-level simula-
tions of high-velocity oblique impact.

For several years, the multi-physical properties of graphene and its
derivatives [11-13,64] have piqued the interest of the research com-
munity. The mechanical and structural characteristics of such nano-
materials are extensively explored using experimental and
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(A) RVE-1: Al6a

(B) RVE-2: Al3a_Gr_Al3a
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(C) RVE-3: Al3a_Gr_Gr_Al3a

(E) RVE-5: Gr_Al6a_Gr

Fig. 1. Atomistic models of Al laminate and its graphene reinforced RVEs. (A) RVE-1:Pure Al laminate with the thickness of 6a (B) RVE-2: Al laminate (thickness 6a)
reinforced with single-layer graphene in the sequence of Al3a-graphene-Al3a (C) RVE-3: Al laminate (thickness 6a) reinforced with bilayer graphene in the sequence
of Al3a-graphene-graphene-Al3a (D) RVE-4: Al laminate (thickness 6a) reinforced with two single-layer graphenes distributed in the sequence of Al2a-graphene-Al2a-
graphene-Al2a (E) RVE-5: Al laminate coated by single-layer graphene on both the faces in the sequence of graphene-Al6a-graphene. In all the RVEs, the effective
thickness of Al laminates is described as a multiple of a, where a is the lattice constant of AL

computational methods [14-19]. The superior mechanical strength of
the graphene and its derivatives is expected to improve the strength of
its metal matrix composites by many-fold [20-22], which is generally
not evident in the graphene-based metal matrix composites. Such a
decline in the expected mechanical strength of graphene-reinforced
metal matrix composite can be associated with the formation of multi-
ple inherent structural challenges, such as weak interfacial interaction
between graphene and metal [23], formation of metal carbide [24], and
agglomeration of graphene flakes due to the presence of van der Waals
forces [25]. The recent efforts of a few research groups have paved the
novel ways to produce graphene reinforced metal matrix composite with
higher strength and minimized structural irregularities. For example,
Dixit et al. [26] reported a two-fold increase in the strength of graphene-
reinforced aluminum composites produced by friction stir alloying,
whereas Zhang et al. [27] produced the high strength graphene rein-
forced aluminum composites by reduction of graphene oxide using the
powder metallurgy technique. In another study, Xie et al. [28] reported
that the deformation-driven metallurgy results in high-performance
graphene reinforced aluminum composites with ultrafine microstruc-
tures. To reduce the challenges associated with a uniform dispersion of
graphene in the metal matrix composites, Zhang et al. [29] integrated
the powder metallurgy with friction stir processing to retain the layered
structure of graphene within the aluminum-based composites. Such
recent efforts in producing the high-strength metal matrix composites of
graphene have created a strong rationale to explore the multi-faceted
properties of such composite structures, which will open new avenues
in the development of application-specific multi-functional materials.
Since the prospective performance of graphene based metallic com-
posites has not been adequately explored despite promising capabilities
in terms of other mechanical properties with the advancement in
manufacturing, we aim to focus on the ballistics of graphene/ Al com-
posites including various practically-relevant manufacturing conditions.

As the failure of any material system initiates at the atomic scale,
molecular dynamics (MD) simulations can be one of the most reasonable
ways to characterize the nanoscale behavior of a material. The MD
simulations have been utilized to successfully characterize different
stages of metal crystallization [30,31]. Moreover, graphene and its de-
rivatives being nanoscale materials have been explored extensively by
performing MD simulations [32-36,60]. In recent years, MD simulation
has also been used to characterize the ballistic performance of graphene
and other 2D materials [37-39]. Various polymer/metal/ceramic based
thin-film structures are also characterized for their superior ballistic
performance using MD simulations [40-44]. To scale up the material
discovery, the efforts of integrating graphene with the metal and
ceramic matrix have been made by utilizing material modeling and

performing atomistic simulations [45-49]. The nanoscale investigation
of the ballistic performance of graphene reinforced aluminum structure
is scarce to find in the literature. The ultrasonic pulse-driven targeted
penetration of tissues performed by using micro cannons further estab-
lishes the need to understand the impact performance of materials on
the nanoscale [50]. The recent laser-induced micro-projectile impact
tests have led to proposing a few promising barrier materials [10,62,63].
However, such experiments possess the limitation of not unveiling the
mechanism of kinetic energy dissipation at the fundamental atomic
level. A few research groups reported the ballistic performance of
graphene-reinforced/coated metal and ceramic composites by utilizing
MD simulation. For instance, Wu et al. [51] demonstrated the self-
healing process of the impacted graphene/Cu interface by conducting
MD simulation of high-velocity impact on the single layer graphene
reinforced copper laminate. In another study, Tian and Zhang [45] re-
ported an enhancement in the surface hardness of SiC laminate by
coating it with single and multi-layer graphene films. They conducted
MD simulations of nano-indentation and high-velocity impact to analyze
the superior dynamic response of graphene-coated SiC laminates.
Motivated by promising results from the literature, in the present
analysis, we focus on the ballistic performance of graphene/Al lami-
nates. A detailed analysis of the present article would elucidate the
mechanism of kinetic energy dissipation and dynamic failure of gra-
phene/Al thin film laminates at the atomic scale. The scientific contri-
bution of this article is to explore the influence of the stacking sequence
of graphene reinforcements on the ballistic performance of graphene/Al
thin film laminates under the high-velocity impact of nano-projectiles.
In this regard, we would present extensive MD simulations based on
representative volume elements (RVEs) to ascertain the mechanism of
kinetic energy absorption exhibited by different stacking sequences of
graphene and Al laminates. Thereby we aim to identify the most
favorable stacking sequence of graphene/Al laminates for maximizing
ballistic performance. Along with the kinetic energy dissipation, the
impact performance of the considered RVE models would also be
assessed by the extent of deflection/damage caused by high-speed nano-
projectiles. Such nano-engineered materials can find their applications
in the development of armor materials against high-velocity impact.
Hereafter, the paper is organized as: section 2 provides all necessary
details for modeling the different RVEs and performing the MD simu-
lations, section 3 presents the interpretation of numerical results gath-
ered by a series of MD simulations, and finally, the conclusion of the
study is provided in section 4.
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Table 1
Energy and distance parameters for the non-bonded LJ interactions between the
atoms.

Atoms e (eV) o (&)
AL-Al [23] 0.392 2.620
C-C [34,39] 0.00285 3.4
Al-C [56] 0.03507 3.0135

2. Modeling and simulations

The details of modeling various graphene-reinforced aluminum
laminates (RVEs) and then exposing these structures to high-velocity
impact (with varying velocity) are explained in this section. The RVEs
are modeled by varying the stacking sequence of the constituent gra-
phene and aluminum laminates (as shown in Fig. 1). The thickness of the
Allaminates is measured in multiples of the lattice constant (a = 4.05 i\).
For example, RVE-1 (Al6a) refers to an Al laminate with a thickness of
24.3A (6a =6 x 4.05 A), whereas other RVEs are modeled by splitting
Al6a into two laminae of Al3a (for RVE-2 and RVE-3) and three laminae
of Al2a (for RVE-4), with graphene reinforced in between the Al layers,
as shown in Fig. 1(B-D). The RVE-5 is modeled by coating the Al6a with a
graphene layer on the target face and rear face of the structure as shown
in Fig. 1(E). Following a similar procedure the other RVEs (RVE-(6-10))
used in the later part of the study are modeled (refer to Fig. 12).

We have maintained the same radii of the target structures as 215 A
while the targets are clamped at the edges up to the width of the 15 A;
hence the effective radii (R) of the targets are maintained at 200 A
throughout the study. The targets are impacted by cylindrical projectiles
(made of gold), and the height (h) and radius (r) of the projectile are
maintained at 78 A and 28 A throughout the study. It is noteworthy to
mention that the ratio of the effective radius of the target and the pro-
jectile (R/r) is maintained as more than 5 (~7.1) to avoid the boundary
effects [52]. The modeling of Al laminates, monolayer, and bilayer
graphene is carried out by using the open-source tool VESTA [53],
whereas different RVEs are prepared by packing the graphene and Al
laminates together in different stacking sequences by employing another
open-source code packmol [54]. The equilibrium interlayer distance
between graphene and Al is reported in the range of 2.31-3.36 A by the
observations gathered from the experiments and first-principle calcu-
lations [55]; in the present study, we have modeled the graphene and Al
laminates with the interlayer distance of 3.014A [56]. The interlayer
distance between individual layers of the bilayer graphene is kept as
344 [34,39]. The interatomic interactions between aluminum atoms
within the Al laminates are modeled by the modified embedded-atom
method (MEAM) force-field [57]; likewise, the interactions between
gold atoms within the projectile are modeled by the MEAM force field.
The interatomic interactions between carbon atoms within the graphene
layer are modeled by employing the AIREBO-m force field [58], wherein
the Lennard-Jones potential in the conventional AIREBO force field is
replaced by Morse potential to correctly mimic the high-pressure
deformation and breaking of bonds [59]. The non-bonded interlayer
interactions within the Al-Al, C-C, and C-Al atoms are captured by the
Lennard-Jones (LJ) forcefield, wherein the relevant energy, and distance
parameters of the LJ force field are provided in Table 1.

The MD simulations of the high-velocity impact are conducted in the
LAMMPS [60] environment, where the simulation box is enforced with
periodic boundary conditions in the x and y directions. The iteration
timestep is used as 0.1fs (femtoseconds). In the initial stage of the
simulation, at first, the potential energy of the structure is minimized by
using a conjugate gradient minimization algorithm where the energy
tolerance and force tolerance are used as 1 x 107° (unitless quantity)
and 1 x 10~ eV/A3, respectively. The process of energy minimization is
performed for 5ps (picoseconds). In the next step, the pressure and
temperature equilibration of the energy-minimized structure is per-
formed under the isothermal-isobaric (NPT) ensemble to maintain the
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Table 2
The comparison of E,* values with the published literature.
Impact velocity Aluminum Graphene/
(m/s) Ey* BLG
(MJkg™h) E,*(MJkg h)
Dewapriya and Miller 500 3.1287 -
[44] 750 3.9825 -
1000 4.67 -
Present study 500 3.03 -
750 3.69 -
1000 4.13 -
Haque et al. [59] 5000 - 40.8
(Graphene)
Haque et al. [59] (BLG) 5000 - 25.2
Present study (Graphene) 5000 - 49.9
Present study (BLG) 5000 - 23.6

structure at a temperature of 300 K and eliminate the residual stresses in
the structure. The equilibration is performed for 10 ps. The relaxed
structure is then impacted with the rigid cylindrical projectile under the
NVE ensemble at different impact velocities. The development of the
stress distribution in the structure as a consequence of the high-velocity
impact is recorded as Von-Mises stress. The impact simulation is per-
formed for 50 ps and atomistic trajectories are observed using the OVITO
[61]. As a response, the time history of kinetic energy (KE) and velocity
(V) of the projectile are recorded at each timestep. The difference be-
tween the initial kinetic energy and residual kinetic energy of the pro-
jectile provides the kinetic energy absorption (E,) of the structure. The
post-impact velocity of the projectile is recorded as the residual velocity
(V) of the projectile. The time history of the force observed by the
projectile while penetration provides the resisting force (F,) offered by
the structure.

3. Results and discussion

In this section, we have presented the numerical results obtained
from a series of MD simulations of high-velocity impact on the various
configurations of RVEs, as discussed in the preceding section. To have
adequate confidence in the computational results, we started by vali-
dating the specific penetration energy (E,*) of the Al and graphene
(separately) with the published literature. The specific penetration en-
ergy can be defined as the kinetic energy absorbed by the structure,
which is normalized by the mass of the impact zone. The circular Al6a
(with the thickness 6 times a, whereastands for lattice constant of
aluminum) sample is modeled with a radius of 215A. During the
simulation the target is fixed at its edges up to the width of 15 f\; hence,
the effective radius of the target is maintained as 200 A. The Al6a target
is impacted (with impact velocities of 500 m/s, 750 m/s, and 1000 m/s)
with the cylindrical projectile of gold which has a diameter and height of
77 A and 81 A, respectively, similar to the study carried out by Dew-
apriya and Miller [44]. In the case of graphene, the square-sized single
layer and bilayer samples are utilized with an edge size of 200 A. The
graphene target is impacted by the Cigp fullerene projectile with an
impact speed of 5000 m/s, similar to a study carried out by Haque et al.
[59]. The E,* values obtained from the MD simulations are compared
with the published literature, which is presented in Table 2. A good
agreement can be found for both the cases of Al and graphene (single and
bilayer), corroborating the reliability of the computational approach
followed in the current study.

3.1. Transverse impact of the projectile

With the adequate confidence corroborated from the validation of
specific penetration energies of aluminum and graphene separately, we
further carried out extensive MD simulations to ascertain the high-
velocity impact resistance of different RVEs (which consist of varied
stacking sequences of Al and graphene; refer to Fig. 1). The radii of
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Fig. 2. High-velocity impact responses performed on the considered RVEs. (A) Comparison of the timehistory of velocity of projectile for different RVEs when impact
velocity is 1000 m/s. (B) Comparison of the time-history of velocity of the projectile for different RVEs when impact velocity is 2000 m/s. (C) Variation in the residual
velocity (V,) of the projectile for different RVEs when impact velocity is varied from 250 m/s to 2000 m/s. (D) Variation in the resisting force (F,) offered by different

RVEs when impact velocity is varied from 500 m/s to 2000 m/s.

targets are maintained as 215 A with the effective radii (R) of 200 A
(fixed edge up to the width of 15 10\). The radius () and height (h) of the
cylindrical projectile are maintained as 28 A, and 78 A, respectively. The
post-impact temporal variations in the velocity of the projectile are
compared to observe the residual velocity of the projectile. It is observed
that the initial impact velocities have a major influence on the residual
velocity of the projectile, regardless of the target configurations
considered. Fig. 2(A) and 2(B) present a comparison of the variations in
the temporal velocities of projectiles with initial impact velocities of
1000 m/s and 2000 m/s, respectively. The sudden drop in the curves
denotes the point of impact, and the post-impact asymptotic velocity
denotes the projectile’s residual velocity. The rebound velocity is rep-
resented by the negative post-impact velocity of the projectile, whereas
the residual velocity after complete penetration is represented by the
positive post-impact velocity of the projectile. It is evident from Fig. 2(A)
that at the initial impact velocity of the projectile as 1000 m/s, the RVE-
1 (pure Al laminate with the thickness of 6a) demonstrates complete
penetration without offering any significant resistance. While the post-
impact residual velocities of all the other RVEs (from RVE-2 to RVE-5)
can be observed in the negative region (which indicates the rebound of
the projectile) when subjected to the impact velocity of 1000 m/s. This
indicates that the reinforcement of graphene in the Al laminate, wherein
the effective thickness of Al is maintained at 6a (6 times its lattice

constant), offers a resistance to the complete penetration of projectile at
the velocity of 1000 m/s. The post-impact distribution of von Mises
stress in the RVE-2 and RVE-3 indicates that the single-layer and bilayer
graphene, respectively, account for the majority of the stress distribution
(visualization provided in supplementary multimedia file MM]1; note
that the results of both RVE-2 and RVE-3 are shown in the same frame by
showing half of the symmetric domains). It is also observed that at the
initial impact velocity of 1000 m/s, the RVE-2 (Al laminate reinforced
with single-layer graphene) offers the least rebound velocity when
compared with the RVEs reinforced with different sequences of 2 layers
of graphene (RVE-(3-5)). This can be explained by the higher magnitude
of the stress wave release offered by two layers of graphene when
compared to its single-layer counterpart (it can be visualized in sup-
plementary multimedia file MM1).

The atomistic snapshots of RVEs-(1-5) subjected to the impact ve-
locity of 1000 m/s are illustrated in Fig. 3, which supports the obser-
vations gathered from Fig. 2(A). The comparison of the temporal
variations in the velocity of the projectile observed in the graphene-
reinforced RVEs (RVE-(2-5)) when the impact velocity is increased to
2000 m/s is illustrated in Fig. 2(B). At the impact velocity of 2000 m/s,
apart from RVE-3 (Al laminate reinforced with the bilayer graphene), all
the other RVEs demonstrated complete penetration. However, the RVE-3
resulted in a very high rebound velocity (nearly half of the impact
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Fig. 3. Trajectories of atomistic model time histories at animpact velocity of 1000 m/s. (A) RVE-1 (B) RVE-2 (C) RVE-3 (D) RVE-4 (E) RVE-5.
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Fig. 4. Comparison of the post-impact performance at the impact velocity of 2000 m/s. (A) RVE-3 (B) RVE-5.

velocity) of the projectile. The least post-penetration residual velocity of
the projectile is offered by the RVE-5. Fig. 2(C) depicts the variation in
the projectile’s residual velocity with respect to the increase in impact
velocity for the considered RVEs, where the velocity region above zero
represents the residual velocity after penetration and the velocity region
below zero represents the rebound velocity. Fig. 2(C) shows that RVE-1
exhibits the transition from the rebound to complete penetration above
the impact velocity of 500 m/s. The graphene reinforced RVEs of Al
laminate, on the other hand, can withstand high-velocity impacts of up
to 1500 m/s without penetration. It is also clear that RVE-4 and RVE-3
can withstand high-velocity impacts of 1750m/s and 2000 m/s,
respectively, without being completely penetrated. It is also observed
from Fig. 2(B-C), that RVE-3 works better as the reinforcement in terms

of penetration resistance when compared with the other RVEs, which
can be further corroborated by the atomistic snapshots of RVE-3 and
RVE-5 subjected to the impact velocity of 2000 m/s (refer to Fig. 4). It
can be noticed that in the cases of graphene-reinforced RVEs, the gra-
phene reinforcements dissipate the kinetic energy of the projectile and
the residual kinetic energy of the projectile is dissipated by the rebound
action (when impact velocity is 1000 m/s). When the impact velocity of
the projectile is increased to 2000 m/s, a complete penetration in the
RVEs occurs except in the case of RVE-3, wherein, the reinforcement of
bilayer graphene limits the extent of plastic deformation and prevents
the complete penetration. However, the elastic deformation of bilayer
graphene in the case of RVE-3 leads to a relatively higher magnitude of
stress wave release, which causes the high rebound velocity (nearly half
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of the impact velocity) of the projectile. The comparison of resisting
force offered by the different RVEs (to the impacting projectile) at
varying impact velocities is illustrated in Fig. 2(D), wherein it can be
noticed that the highest resisting force against the impact is offered by
the RVE-5, regardless of the impact velocity. This can be explained by
the direct exposure of the projectile to the graphene at the time of
impact. At higher impact velocity (1750 m/s and 2000 m/s) the resisting
force offered by RVE-3 almost matches with the RVE-5. It is worth
mentioning that the resisting force is a consequence of immediate
indentation resistance offered by the material system at the instance of
impact when no bending is involved. Hence, the resisting force does not
depend on the film thickness [40].

So far in the preceding paragraphs, we only explained the post-
impact residual velocity of the cylindrical projectile for all the RVE
configurations considered in the study. To ascertain the ballistic per-
formance of the material structure, it is essential to observe how well the
kinetic energy is dissipated by the structures. To determine the kinetic
energy absorption by the considered structures, the kinetic energy of the
projectile is followed for each timestep, from pre-impact to post-impact.
The observations corresponding to the kinetic energy absorption of the
considered RVE configurations are depicted in Fig. 5. Fig. 5(A) depicts
the time-history of the projectile’s kinetic energy variation when it is
subjected to an initial impact velocity of 1000 m/s. The graphene

reinforced RVEs (RVE-(2-5)) exhibit two distinct regimes of kinetic en-
ergy variations, wherein at first the kinetic energy of the projectile
suddenly reaches zero after the impact and next the projectile again
gains the kinetic energy due to stress wave release of graphene re-
inforcements. This phenomenon is found missing in the RVE-1 (which
shows the complete penetration at the velocity of 1000 m/s). Similar to
the cases of residual velocity illustrated in Fig. 2(A), the RVE-2 offers the
least post-impact residual kinetic energy at the impact velocity of
1000 m/s. Fig. 5(B) illustrates the time-history of the kinetic energy of
the projectile for the graphene-reinforced RVE configurations at the
impact velocity of 2000 m/s. It can be noticed from the Fig. 5(B) that
RVE-3 demonstrates similar two distinct regimes of kinetic energy var-
iations as shown by the graphene reinforced RVEs at the impact velocity
of 1000 m/s, whereas the other RVEs offer the kinetic energy transition
of the projectile similar to the case of complete penetration (RVE-1 in
Fig. 5(A)). The least post-impact residual kinetic energy of the projectile
is offered by the RVE-5; however, the resistance to complete penetration
is offered by the RVE-3 at the impact velocity of 2000 m/s. The com-
parison of the magnitude of kinetic energy absorbed by the considered
RVE configurations at different impact velocities is illustrated in Fig. 5
(Q). It is evident from the Fig. 5(C) that up to the impact velocity of
1500 m/s each graphene reinforced RVEs (RVE-(2-5)) offers almost
similar kinetic energy absorption, whereas beyond the impact velocity
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of 1500 m/s the RVE-5 offers the highest kinetic energy absorption fol-
lowed by RVE-(3-4) (the other RVE configurations reinforced with two
layers of graphene). The trend of the percentage of kinetic energy ab-
sorption of the considered RVE configurations for the impact velocity of
1000 m/s and 2000 m/s is illustrated in Fig. 5(D). It can be noticed from
Fig. 5(D) that at the impact velocity of 1000 m/s RVE-2 offers the
maximum percentage of kinetic energy absorption (68.85%), whereas,
at the impact velocity of 2000 m/s RVE-5 offers the maximum per-
centage of kinetic energy absorption (81.51%). In summary, the results
reported in this subsection indicate that the stacking sequence of Al and
graphene layers followed for the RVE-3 offers the resistance to complete
penetration (i.e. maximum resistance to penetration) and RVE-5 offers
the higher magnitude of kinetic energy absorption for the highest impact
velocity (2000 m/s) used in the present study. We would further propose
hybrid configurations in the preceding subsections based on RVE-3 and
RVE-5 to have both complete penetration resistance and high energy
absorption capacity simultaneously (refer to Fig. 12).

3.2. Effect of oblique impact of the projectile

This subsection examines the effect of the projectile’s angle of inci-
dence on the ballistic performance of graphene-reinforced Al laminate.
The RVE-5 is chosen to investigate the oblique impact of a projectile due

to its superior performance in terms of kinetic energy absorption when
subjected to high-velocity impact. The RVE-5 configuration is subjected
to the oblique impact, wherein an angle of incidence varies from 0° to
45° with an interval of 15° (refer to Fig. 6). The oblique impact is
evaluated at two different impact velocities, 1000 m/s, and 2000 m/s.
The kinetic energy absorbed by the structure is observed for each
instance and illustrated in Fig. 7. It is noticed that the RVE-5 configu-
ration absorbs the highest kinetic energy when the angle of incidence is
0°, followed by 15° at the impact velocity of 1000 m/s. When the impact
velocity is increased from 1000 m/s to 2000 m/s the transverse impact
of the projectile (0°) resulted in the highest kinetic energy absorption. It
is also evident from Fig. 7 that at the oblique angle of 15° the kinetic
energy absorbed by the RVE-5 decreases regardless of the impact ve-
locity. Thus the results show the importance of considering the
obliqueness of impact angle, which is inevitable in most practical situ-
ations, while evaluating the energy absorption capacity for designing
graphene-reinforced composites subjected to ballistic impact.

The normal (2) component of displacement and velocity of pro-
jectiles is observed for the cases of oblique impact to assess the normal
depth traveled by the projectile and its residual velocity in the normal
direction, respectively (refer to Fig. 8). The observations presented in
Fig. 8 provide a clear insight into the influence of the projectile’s angle
of incidence on the post-impact behavior exhibited by RVE-5. The post-
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impact travel of the projectile in the normal direction is illustrated in
Fig. 8(A) and Fig. 8(B) at the initial impact velocity of 1000 m/s and
2000 m/s, respectively. The corresponding variations in the normal
component of velocity are presented in Fig. 8(C) and Fig. 8(D) at the
initial impact velocity of 1000m/s and 2000 m/s, respectively. The
highest target (RVE-5) deflection corresponding to the normal
displacement of the projectile is observed for the case of transverse
impact (0 = 0°), followed by 45°, 30° and 15° at the impact velocity of
1000 m/s (refer to Fig. 8(A)). Note that the cases with relatively higher
deflection (0° and 45° at the impact velocity of 1000 m/s) resulted in
high kinetic energy absorption, which may be associated with the high
elastic deformation of RVE-5. At the initial impact velocity of 1000 m/s,
RVE-5 offers a rebound of the projectile regardless of the angle of inci-
dence (refer to Fig. 8(C)). In the cases of oblique impact, the least and
highest normal component of residual velocity is observed for the cases
of 30° and 45°, respectively, at the impact velocity of 1000 m/s. The
observations presented in the preceding sections indicate that RVE-5
exhibits complete penetration in the case of transverse impact of pro-
jectile at the impact velocity of 2000 m/s. A similar observation is noted
in the case of the projectile’s impact at 45°. In contrast, with the oblique
impact at the angles of 15° and 30°, RVE-5 exhibits a rebound of the
projectile at the impact velocity of 2000 m/s (refer to Fig. 8(B, D)).

However, the rebound of projectile occurs with a substantial damage in
the top layer of graphene and Al laminate (refer to Fig. 9 (A-B)). The top
layer of RVE-5 causes post-impact sliding motion of the projectile fol-
lowed by the penetration damage before the rebound of projectile for
the cases of 15° and 30° angle of impact at 2000 m/s impact velocity.
In summary, regardless of the impact velocity (1000 m/s or 2000 m/
s), RVE-5 offers better kinetic energy dissipation along with the least
target deformation for the case of impact at an oblique angle of 15°. On
the contrary, the high-velocity impact at an oblique angle of 45° is
observed to be relatively more detrimental to the RVE-5 in terms of ki-
netic energy dissipation and extent of deflection/damage. Thus, the
performance of a particular RVE is dependent on the angle of impact.

3.3. Effect of the shape of the projectile

In this subsection, the influence of the shape of the projectile on the
kinetic energy absorption capability of the RVE-5 configuration is
illustrated. The RVE-5 configuration is chosen to conduct this study for
the same reason as stated in subsection 3.2. In this regard, the projectile
is modeled using three different shapes (cylindrical, spherical, and
partial conical) as depicted in Fig. 10(A-C). For a fair comparison, the
mass of the differently shaped projectiles is maintained the same by
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keeping the volume of the projectiles constant (~ 2.0e> A%). The ob- the other shapes of the projectile. However, when the impact velocity is
servations of the projectile’s shape-dependent kinetic energy absorption increased to 2000 m/s, the spherical projectile leads to the highest ki-
of the RVE-5 configuration are illustrated in Fig. 10(D). It is evident from netic energy absorption. The impact by the partial conical projectile
the results that at the impact velocity of 1000 m/s the cylindrical pro- resulted in the least kinetic energy absorption of RVE-5, regardless of the
jectile results in higher kinetic energy absorption when compared with impact velocity. The traveling depth and velocity profile of the projectile
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Fig. 12. Hybrid RVEs with strategic stacking sequences of graphene and Al laminates. (A) RVE-6: Combination of the stacking sequence followed for RVE-3 and RVE-
5, with the effective thickness of Al as 6a (B) RVE-7: Combination of the stacking sequence followed for RVE-3 and RVE-5, with the effective thickness of Al as 12a (C)
RVE-8: Combination of the stacking sequence followed for RVE-3 and RVE-5, with the effective thickness of Al as 18a (D) RVE-9: The graphene layers are
concentrated at the target face of RVE, with the effective thickness of Al as 18a (E) RVE-9: The graphene layers are concentrated at the rear face of RVE, with the

effective thickness of Al as 18a.
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Fig. 17. Post-impact Von-Mises stresses distribution in the RVE-9 and RVE-10. (A) longitudinal (in-plane) direction (B) transverse direction. In Fig. 17(A) the first

half corresponds to the RVE-9 and the second half corresponds to the RVE-10.

illustrated in Fig. 11 highlights that at the initial impact velocity of
1000 m/s, spherical projectiles cause higher deflection followed by
partial conical and cylindrical (refer to Fig. 11(A)). Also, at the impact
velocity of 1000 m/s, a cylindrical projectile results in the least residual
velocity when compared to other projectile shapes (refer to Fig. 11(B)).
The RVE-5 is completely penetrated by the projectiles at the impact
velocity of 2000 m/s, regardless of the projectile shapes (refer to Fig. 11
(C-D)).

3.4. Influence of the thickness of Al matrix: Hybrid configurations

The observations reported in subsection 3.1 reveal that the stacking
sequence of Al and graphene adopted in RVE-3 and RVE-5 results in the
maximum resistance to the penetration (i.e complete penetration at the
maximum velocity) and maximum kinetic energy absorption, respec-
tively (under impact velocity of 2000 m/s). Hence in this subsection, we
have combined the stacking sequence of the RVE-3 and RVE-5 to model
new sets of RVEs (hybrid configurations) illustrated in Fig. 12(A-C). The
effective thickness of Al in RVE-6, RVE-7, and RVE-8 is modeled as 6q,
12a, and 18a (where a stands for the lattice constant of aluminum).

Initial strike fuce

The ballistic performance of RVEs-(6-8) is illustrated in Fig. 13.
Fig. 13(A) depicts the time history of the variation in the projectile ve-
locity, wherein all the RVEs (6-8) offer the penetration resistance at the
projectile’s velocity of 2000 m/s. It is noteworthy to mention that when
compared with the RVE-3, the residual velocity of the projectile for the
case of RVE-6 slightly (= 4%) increases, whereas for the same stacking
sequence of graphene (as RVE-6) increasing the effective thickness of Al
matrix from 6a to 12a (RVE-7) and 18a (RVE-8) reduces the residual
velocity of projectile up to 22% and 38%, respectively. The increase in
the effective thickness of the Al matrix also results in increased kinetic
energy absorption of RVE-(7-8) when compared to the RVE-6 (refer to
Fig. 13(B-Q)). It is evident from Fig. 13(B) that the kinetic energy profile
of the projectile for RVE-6 exhibits a similar two distinct regions as
evident for the RVE-3 (shown in Fig. 5(B)), wherein the projectile first
reaches the zero kinetic energy and then suddenly gains the kinetic
energy due to the stress wave release imposed by the graphene rein-
forcement. The kinetic energy profile of the projectile for RVEs-(7-8)
illustrated in Fig. 13(B) shows that increasing the effective thickness of
Al laminate significantly dissipates the stress wave release of the gra-
phene reinforcements. Fig. 13(B) also shows that as the effective
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Fig. 18. Normal displacement of the projectile. (A) RVE-8 (B) RVE-9 (C) RVE-10.
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Fig. 19. Damage caused by high-velocity impact of the projectile. (A) RVE-8 (B) RVE-9 and (C) RVE-10. The left-hand side image for each case corresponds to the
maximum state of damage when the projectile velocity reaches zero and the right-hand side image for each case corresponds to permanent damage sustained

by RVEs.

thickness of the Al laminate increases, the residual kinetic energy of the
projectile decreases, indicating greater capabilities of RVEs-(7-8) in
terms of high kinetic energy dissipation. Fig. 13(C) demonstrates a
similar trend. Fig. 13(D) depicts the percentage of kinetic energy
absorbed by RVEs-(6-8), with RVE-8 having the highest kinetic energy
absorption (~89%), followed by the RVE-7 (~83%). The extent of
deformation or damage in the RVEs (6-8) at the impact velocity of
2000 m/s is assessed by tracking the normal displacement of the pro-
jectile, which is illustrated in Fig. 14. It is evident that as the thickness of
RVEs increases the normal depth of projectile travel diminishes. The
maximum normal depth of the projectile can be observed at the instant
of zero projectile velocity. The deflection or damage of RVEs (6-8) is
demonstrated in terms of atomistic snapshots in Fig. 15. It is evident
from Figs. 14 and 15 that in the case of RVE-6 the target is deflected
without considerable damage (refer to Fig. 15(A)), whereas in the case
of RVE-7 and RVE-8 the projectile travels into the target and causes
significant damage. The extent of damage is considerably lower in the
case of RVE-8 when it is compared with RVE-7 (refer to Fig. 15 (B) and
©).

With the understanding presented above, in the further analysis, we
have altered the stacking sequence of graphene layers within the Al
laminate of thickness 18a and modeled RVE-9 and RVE-10 as shown in
Fig. 12(D-E). While modeling the RVE-9, the group of graphene layers is
placed at the front face of the target, whereas the RVE-10 is modeled
with the group of graphene layers at the rear face of the target. Such non-
symmetric sequencing of graphene layers is utilized to find the suitable
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configuration of graphene reinforced aluminum composite which can
exhibit the highest kinetic energy absorption without complete pene-
tration. The ballistic performance of the RVEs-(9-10) is compared with
RVE-8, which is depicted in Fig. 16. The time history of the variation in
the velocity and kinetic energy of the projectile reveals that the
configuration of RVE-9 offers the least post-impact residual velocity and
kinetic energy of the projectile. Owing to that, the highest kinetic energy
absorption can be noticed for RVE-9. However, the concerned values of
RVEs-(8-10) are in the vicinity of each other (refer to Fig. 16(A-B)).
Furthermore, the kinetic energy absorption in the RVEs-(8-10) is also
observed to be close (refer to Fig. 16(C-D)). The penetration mechanism
of the RVE-8 is observed similar to the RVE-3, where the bilayer gra-
phene can withstand the high-velocity impact and prohibits the pro-
jectile to penetrate further (as visualized in supplementary multimedia
file MM2). On contrary, the projectile penetrates to a greater depth in
the case of RVEs-(9-10) but the distributed graphene layers at the target
face (for RVE-9) are observed to slow down the projectile’s penetration
speed faster than the distributed graphene layers at the rear face (RVE-
10) of the RVEs. This can be seen by comparing the velocity profiles of
the projectiles in the cases of RVE-9 and RVE-10, as shown in Fig. 16(A)
(as visualized in the supplementary multimedia file MM3 and MM4).
The post-impact stress distribution in RVE-9 and RVE-10 is compared
in Fig. 17, wherein the stress distribution along the in-plane (i.e. lon-
gitudinal) and transverse direction of the structures is revealed. Fig. 17
(A) depicts the comparison of the stress distribution in the longitudinal
directions of the structures, where the first half of the structure shows
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the distribution of stress in the target face of RVE-9, and the second half
shows the distribution of stress in the target face of RVE-10. Fig. 17(B)
shows the stress distribution in the transverse direction of RVE-9 and
RVE-10. It is revealed from Fig. 17 that the stress generated in the
structure due to high-velocity impact is majorly distributed by the gra-
phene reinforcements, especially in the case of RVE-9. Fig. 17 shows that
the RVE configuration with the graphene at the point of impact (RVE-9)
majorly distributes the stress, whereas the RVE configuration with the Al
laminate at the point of impact (RVE-10) majorly shows the localized
distribution of the stress in the transverse direction instead of the lon-
gitudinal direction.

The penetration damage in the RVEs-(8-10) is illustrated in Fig. 18
and Fig. 19. Fig. 18 depicts the extent of normal penetration depth of the
projectile in the RVEs-(8-10), wherein it is revealed that for the cases of
RVE-8 and RVE-9 the traveled depth of the projectile is the same (refer to
Fig. 18(A-B)), whereas RVE-10 exhibits higher penetration depth of the
projectile (refer to Fig. 18(C)). Similar observations can be noticed in
Fig. 19. Fig. 19 also shows that in the case of RVE-8, the projectile
reaches zero velocity in less time than in the case of RVE-9 or RVE-10.

In summary, the investigation presented in this section proposes the
operational equivalency of RVEs (8-10) in terms of kinetic energy
dissipation and residual velocity of the projectile. However, the extent of
damage is observed to be higher in the case of RVE-10 when compared
with RVE-8 and RVE-9. Further to understand the influence of poly-
crystalline Al laminates on the ballistic performance of graphene-
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reinforced Al thin film structures, RVE-8 and RVE-9 are separately
modeled by using poly-crystalline (9 crystals) Al laminates, and the
simulation of high-velocity impact is performed at the impact velocity of
2000 m/s. The comparison of variations in penetration depth, velocity,
and kinetic energy of the projectile for single-crystal Al and poly-
crystalline Al based RVE-8 is presented in Fig. 20, which shows negli-
gible variations in the profile of projectile. The comparison of variations
in penetration depth, velocity, and kinetic energy of the projectile for
single-crystal Al and poly-crystalline Al based RVE-9 is presented in
Fig. 21. Unlike, RVE-8, the poly-crystalline Al has slightly more influ-
ence on the ballistic performance of RVE-9, wherein, the poly-crystalline
Al based RVE-9 shows less residual velocity and kinetic energy with
lower projectile penetration. This can be explained by the shear strain
distribution along the grain boundaries of poly-crystalline AL, which
restricts the excessive deformation of RVE-9 as shown in Fig. 22 (B). The
single-crystal Al based RVEs (RVE-(8-9)) exhibit localized distribution of
shear strain within the impact zone (refer to Fig. 22(A and C)), whereas
in the cases of poly-crystalline Al based RVEs the shear strain is
distributed along the grain boundaries (refer to Fig. 22 (B and D)). In
general, Figs. 20 and 21 show that the trends of impact behavior do not
change significantly for single and poly-crystalline Al based RVEs.
With the insights gathered from the analysis presented in the pre-
ceding subsections, it is realized that the stacking sequence followed in
RVE-9 results in the highest kinetic energy absorption with the least
rebound velocity in the projectile for the highest impact velocity (i.e. no
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penetration). Hence, we have compared the MD simulations based on
specific penetration energy (E,*) of RVE-9 with the recently observed
superior barrier materials based on the microprojectile impact test
[10,62,63] (refer to Fig. 23). It is worth noting that observations re-
ported by Lee et al. [10], Cai and Thevamaran [62], and Hyon et al. [63]
are based on the high-velocity impact of micro-projectiles, where the
impact performance is assessed on the basis of specific penetration en-
ergy (Ep*). The value of E,* reflects the localized impact performance of
the material by normalizing the penetration energy with the mass of the
impact zone. The penetration cases illustrated in our investigation
demonstrate that the graphene/Al laminates exhibit localized penetra-
tion; hence it is rational to use the E,* value of RVE-9 for the comparison
of their performance with previously reported superior barrier mate-
rials. With this understanding, the observations depicted in Fig. 23
reveal that even with a substantially lower thickness of RVE-9 when
compared with other structures, it exhibits comparable specific pene-
tration energy. This indicates that such alternatively stacked Al and
graphene layers can be potentially useful barrier materials against high-
velocity impact. In summary, the hybrid configurations RVEs-(6-8) can
achieve both high energy absorption capability and resistance to com-
plete penetration simultaneously, proving to be better than RVEs-(1-5).
Note that RVE-5 and RVE-3 show high energy absorption and no com-
plete penetration capabilities individually, corroborating these two
configurations to be better than RVE-1, RVE-2 and RVE-4. Further
improvement in the ballistic performance can be realized in RVE-9,
when the graphene layers are provided in the impacting half of the
thickness.
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3.5. Influence of random manufacturing defects in graphene

It is realized by several research groups in the past that the synthesis
of graphene on a mass scale can produce different inherent structural
irregularities in the freestanding mono-layers and bilayers of graphene.
This has motivated us to explore the practically-relevant influence of
random defects (missing carbon atoms) in graphene reinforcements on
the ballistic performance of Al matrix composite. In this regard, the
stacking sequence of RVE-9 is followed by using defective graphene
layers with varying defect concentrations. By randomly removing car-
bon atoms (within the region of effective radius 200 A) of graphene
monolayers), different percentages (0.1 %, 0.5 %, 1 %, 1.5 %, 2 %, 2.5 %
and 3 %) of defect concentrations are induced in the graphene re-
inforcements. The defective graphene layers are then stacked with the Al
laminates by following the RVE-9 stacking sequence. Such RVE-9
structures reinforced with defective graphene layers are impacted by the
cylindrical projectile at an impact velocity of 2000 m/s to observe the
variation in the kinetic energy absorption (E,) of the structure and re-
sidual velocity (V;) of the projectile (refer to Fig. 24). It is observed that
even a small magnitude (0.1%) of single vacancy defects in the graphene
reinforcements can decrease the kinetic energy absorption by nearly
10% (refer to Fig. 24(B)), however, the occurrence of the complete
penetration is realized for the cases beyond 1% defects concentration
(refer to Fig. 24(C)). It is also observed that as the defects percentage
increases from 0% to 1%, the penetration depth of the projectile in-
creases by 85% (refer to Fig. 25). Such outcomes ascertain the necessity
of accounting for different forms of random disorder in analyses and of
graphene-reinforced Al laminates for an inclusive and reliable design
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4. Conclusions
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In the present study, we have performed a series of molecular-level
simulations concerning high-velocity impact on graphene-reinforced
Al laminates with the objective of identifying the most effective lami-
nate sequence for multi-objective performances based on understanding
the underlying ballistic mechanics. It is observed that strategic
sequencing of the graphene layers within the aluminum matrix can
significantly enhance the kinetic energy absorption of composites, while
preventing penetration. In this regard, the representative volume ele-
ments (RVESs) consisting of the varied stacking sequences of Al layers and
graphene are subjected to the high-velocity impact of cylindrical pro-
jectiles. The superior ballistic performance of different configurations of
graphene/Al laminates is ascertained by quantifying the kinetic energy
absorbed by each structure and the residual velocity of the projectile. At

* * the first stage of the analysis, we have established that the reinforcement
0 0.1 0.5 1 of graphene within the thin Al (thickness = 6a) film can significantly
Defects (%) increase its capacity to withstand high-velocity impact without pene-
tration, but it also induces a high residual velocity in the projectile. In
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Fig. 25. Variation in the penetration depth of the projectile with the increase in
defects percentage of graphene in RVE-9.
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the case of graphene-reinforced Al laminates, the stress generated in the
material system due to high-velocity impact is dissipated significantly by
the graphene reinforcements, resulting in a high post-impact stress wave
release due to the elastic nature of graphene. This problem is resolved by
increasing the effective thickness of Al layers while keeping the number
of graphene layers the same. By increasing the effective thickness of Al
(from 6a to 18a) the kinetic energy absorption of the structure is
enhanced by 20% with a 40% decrease in the residual velocity of the
projectile. Based on the insights gained by the first part of the study, we
have proposed hybrid multifunctional configurations by combining two
individual configurations with high energy absorption and no-
penetration, respectively. Subsequently, we have demonstrated that a
higher concentration of graphene reinforcement near the composite’s
target face results in approximately 90.77% kinetic energy absorption.
As an integral part of the study, we have explored the influence of
oblique impact angles and inevitable random disorder in the 2D nano-
structure, providing a practically-relevant perspective of the outcomes.
The findings of the present study will be critical in revealing the
necessary in sights into the kinetic energy absorption mechanism at the
nanoscale for developing high-performance multi-functional composite
barrier materials. Such composites can be used in a variety of applica-
tions, including the development of lightweight body armors and sur-
face coatings for military personnel, bulletproof automotive structures,
aerospace and flight structures, and materials for turbine blades to resist
shock loading caused by supersonic particle impact.
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