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Abstract

Explicit numerical studies were conducted to determine the transverse impact
response of graphene panels. Although the mechanical properties of graphene
are well documented in both quasi-static and dynamic conditions via nano-
and microscopic studies, the impact behaviour of the material at the macro-
scale has not yet been studied and would provide interesting and crucial in-
sight in to the performance of the material on a more widely recognizable
scale. Firstly, a numerical impact model was validated against an analytical
impact model based on continuum mechanics which showed good correla-
tion between contact-force histories. The performance of graphene panels
subjected to impact was compared to the performance of panels composed of
aerospace-grade aluminium and carbon fiber reinforced polymer (CFRP)
composite. The graphene panel was found to exhibit lower specific energy
than aluminium and CFRP at the low-energy range due to its inherently su-
perior stiffness and intrinsic strength. On the other hand, the ballistic limit of
3 mm thick graphene panels was found to be 3375 m/s, resulting in an impact
resistance 100 times greater than for aluminium or CFRP, making graphene
the most suitable material for high-velocity impact protection.
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1. Introduction

Graphene is a two-dimensional allotrope of carbon with a hexagonal honeycomb
nanostructure at such a minute scale that magnification of 280 million times is
required for visualisation [1]. Freestanding monolayer graphene was first dis-
covered in 2004 by Andre Geim and Konstantin Novoselov [2], research for
which they were awarded the Nobel Prize in Physics in 2010. Since its discovery,
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there has been huge interest in this new material, with a year on year increase in
research investments and publications [3], leading to quantification of its unique
properties.

Graphene is the thinnest and strongest material ever measured [4], and its
in-plane carbon bond is stronger than the tetrahedral one found in diamond.
Additionally, it is extremely flexible and has the ability to stretch to 20% of its
original state [5]. Furthermore, it has high thermal conductivity [6] and intrinsic
mobility [7], higher than that of copper and silicon, respectively. Finally, it is
transparent [8] and impermeable to even the smallest gaseous particles [9]. Due
to its extraordinary properties, researchers have found applications for graphene
in many fields such as biomedicine [10], solar energy [11], sensors [12], super-
conductors [13], and structural nanofillers [14], and it is predicted to affect
many more fields in the near future. Unfortunately, there is an overbearing
problem in applying graphene to these fields due to the lack of implementation
and preparation at a high standard and volume, as concluded in a detailed re-
view by Mohan et al. [3].

So far, there have been only a handful of studies conducted on the impact re-
sponse of graphene. In 2014, Lee et al. [15] were the first to demonstrate its en-
ergy absorption capabilities. They used their advanced laser-induced projectile
impact test to project a spherical silica impactor (microbullet) at high speeds
towards multilayer graphene specimens with thicknesses ranging from 10 to 100
nanometres—30 to 300 layers of graphene sheets. The graphene specimens
tested were produced using high-standard mechanical exfoliation with an effec-
tive lateral dimension of 85 micrometres.

Due to the ability of graphene to delocalise the stress caused by impact, it was
found that the penetration energy of their multilayer graphene specimens was
comparatively 8 to 12 times higher than that of steel. This they attributed to the
ductility of the material where a relatively wide penetration hole is produced
during impact. They also found that material not in the vicinity of the impact
area absorbs kinetic energy from the impactor, but this results in high dynamic
tensile stresses. Hence, the impactor experiences a much higher contact area
during impact, more than any other material at such high impact velocities.
They concluded that their impact study revealed extremely high speed of sound
for graphene, which was the reason why delocalisation of the concentrated
stresses was so efficient. Additionally, the material displayed high strength and
stiffness, and a relatively anisotropic structure, confirming findings from previ-
ous research on the material’s mechanical properties.

The experimental impact analysis by Lee et al was followed by a number of
numerical and analytical studies. Seifoori et al [16] studied the transverse im-
pact behaviour of a graphene sheet using molecular dynamics (MD) simulations
alongside finite element method (FEM) simulations and compared results
against an analytical model of a spring-mass system. The analytical and numeri-

cal models are all illustrated in Figure 1 on the following page—the results for
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(®)

Figure 1. (a) Schematic of analytical model, (b) View of molecular dynamics impact si-
mulation showing deflection, (c) View of FEM impact model showing deflection [16].

all three models were found to match in terms of panel deflection. They found
that for relatively small impactor masses, the boundary conditions do not affect
the results, and the impacted panel does not need to have finite dimensions. It
was also successfully shown that deformation of the impactor would decrease
maximum deflection, as energy is partially absorbed by the impactor’s local de-
formation. Finally, they concluded that an increase in striker velocity results in
an increase in the maximum deflection until fracture occurs. Similar findings
were reported a year later by Yoon et al [17].

Most recently, Bizao et al [18] found that several numerical and experimental
papers in the past had significantly different results, especially in terms of the
specific energy absorption of graphene specimens with differing numbers of lay-
ers (single-layer or multilayer). They used a molecular dynamics approach to de-
fine a scaling law to accurately determine the effect of the number of layers of
graphene on energy absorption, and found excellent agreement between experi-
mental and numerical results, thus showing the importance of scaling.

Another study conducted in the same year [19] looked at the failure mecha-
nisms due to ballistic impact on multilayer graphene models of up to 25 layers.
They found that a combination of failure modes occurs, akin to CFRP composite
failure. The top layers of the panel were found to undergo local failure by frag-
mentation or plugging, whereas for bottom layers it was the opposite, with
global failure due to formation of petals. They also quantified the effect of im-
pactor shape by comparing cylindrical and spherical impactors. Above a certain
number of layers of graphene (10 - 15 layers), the cylindrical impactor was capa-
ble of penetration at lower velocities.

Recently, many analytical studies have resulted from this experimental and
numerical research on the impact response of graphene. This was due to the in-
ability of previous analytical models to consider the non-local vibrations for each
vibrational mode. Hosseini-Hashemi ef al [20] used non-local theory of elastic-
ity to derive the equations of motions for impact on a single-layer graphene
sheet; they also incorporated classical plate theory in to their studies, which

meant assuming that the graphene sheet was a thin panel. They also derived a
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contact law to define the force acting between the panel and impactor, similar to
previous approaches; namely approximating the mathematical function for van
der Waals forces. Even though there were many differences and assumptions
made in their analytical model, the impact response results were in agreement
with molecular dynamics simulations.

From this review of the state-of-the-art for graphene, one can see the lack of
studies conducted on the macroscale; the scale at which the subject is clearly
visible to the naked eye. The many research papers documenting the mechanical
performance of pure graphene, whether it is single-layer or multilayer, have been
solely focussed on graphene at the nano- or microscale. Even though the mate-
rial cannot be produced to the required dimensions, global research efforts on
graphene are indicating that we will reach this goal in the next twenty years.
Thus, it is vital to determine the structural response of macroscale graphene.

This paper involves dynamic mechanical analysis of impact on macroscale
pure graphene panels via numerical means. Its performance is contrasted against
aluminium and CFRP panels for a range of impact energies. Analyses are con-
ducted by employing dynamic explicit solvers ABAQUS and Ls-Dyna, alongside

the multi-paradigm computing environment in MATLAB.

2. Analytical Impact Model of Graphene

In this section, the analytical impact model for graphene is discussed. In previ-
ously published research [15]-[20], graphene has never been analytically mod-
elled at the macroscale. As theseanalyses were based on nano-indentation, scaling
is not possible as the contact-force history is a function of the two-dimensional
Young’s modulus E*°, [ N/ m] . Therefore, another method is applied to an elas-
tic graphene material model to validate the numerical model of graphene for use
in studies following this section. The theoretical formulations for the analytical
model were originally proposed by Whitney and Pagano [21] and were also de-
scribed by Whitney [22] using first order shear deformation theory. As opposed
to composite materials, the graphene material is assumed to be isotropic, as pre-
vious research [15] [23] has indicated only a marginal difference between the
longitudinal and transverse Young’s moduli. The material properties are sum-
marised in the following section. All other parameters and assumptions still ap-
ply to the graphene model as in the composite model: Hooke’s law, constant
thickness throughout panel, ignoring body forces, overall geometries of panel
and impactor, and simply supported panel edges. Comparison between analyti-

cal and numerical results is presented in Figure 2 on the following page.

3. Explicit Numerical Analysis of Graphene Panel

The material properties that represent graphene are summarised in Table 1. The
Poisson’s ratio of graphene was taken from Mohiuddin et al [24] and is a widely
agreed-upon value [4]. The density of graphene is also valid as shown in the
work of Stankovich et al [25] and Lee et al [15].
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Figure 2. Contact-force history comparison between ana-
lytical and numerical models for graphene.

Table 1. Elastic material properties of graphene.

Property Value
E [GPa] 764
v 0.13
P [kg/m’] 2200

The numerical model of the impactor and panel is modelled in ABAQUS ex-
plicit. The panel is modelled as a continuum shell with reduced integration
(SC8R), simply supported edges, and dimensions equal to 150 x 150 x 1 mm”.
Interaction properties assigned between the surfaces of the impactor and panel
are tangential and normal in behaviour. The tangential behaviour is frictionless,
whereas the normal behaviour includes a specified contact stiffness equal to 4.39
x 10" N/m. The impactor is modelled as a 3-D deformable solid with reduced
integration (C3D8R) and 70 mm diameter. Finally, a predefined velocity field is
used to input the impact velocity.

An impact energy of 10 J is applied to the impactor in the analytical and nu-
merical models of impact on a graphene panel, resulting in an impact velocity of
3.8 m/s. It can be seen in Figure 2 that there is a good agreement between the
contact-force histories. The error was larger in the contact duration than in the
peak contact force. The contact duration is 14% longer in the numerical model,
and the peak contact force is 2% lower in the analytical model. It can be seen
that the analytical model is stiffer than the numerical model due to the shorter
contact duration. The difference in global stiffness is due to the inherent differ-
ence in complexity between the two models. However, for the relatively low er-
rors, especially with peak contact force, the simplicity of the analytical model is
favoured to more complex models which otherwise could predict the con-
tact-history more accurately.

The analytical models of impact on graphene panels over-predict the global
stiffness, resulting in shorter contact times. However, graphene is stiffer than

CFRP, as graphene was found to produce higher peak contact forces and lower
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contact duration times. Results were found to be 5.3 ms contact duration and 3.4
kN peak contact force for the CFRP panel, and 3.6 ms and 5.3 kN for the gra-
phene panel. Also, the maximum deflection of the graphene panel was 2.5 mm,
as shown by Figure 3, which is almost half that of a CFRP panel, showcasing the
difference in material stiffness. Finally, since the analytical model of graphene
has provided a contact-force history that correlates well with the numerical

model, the numerical model is deemed valid.

4. Impact Behaviour of Graphene vs CFRP and Aluminium

The performance in impact of graphene at the macroscale is very limited in lit-
erature. Its static mechanical properties have only ever been hypothetically de-
termined where a 1 m” single-layer graphene sheet is supposedly able to support
a 4 kg mass [26]. This section details the research conducted to numerically ana-
lyse the impact characteristics of a thin graphene panel, and then compare its

performance to aluminium and CFRP.

4.1. Graphene Model

The choice of method for modelling the graphene panel for impact is governed
by its mechanical properties available in the published literature. Research that
determined anisotropic properties of the material, such as Ni et al [23] and Lee
et al. [15], has not yet conducted the required testing to determine the various
plasticity and failure parameters required to model the material in an anisotropic
manner, such as those required by Hashin damage criteria in explicit solvers.
Therefore, isotropy is assumed for the graphene panel.

An identical relationship is also found in other research, such as that illus-
trated in the appendix section of Yoon et al’s work [17]. Therefore, the elastic
model used in the previous section here is transferred to LS-Dyna, importing its
elastic properties. Furthermore, results from literature indicate the minimal
strain-rate dependency of graphene, and thus, the material model is made inde-
pendent of strain rate effects. Figure 4 shows the original stress-strain relation-
ship found in Ni er al [23], and also the simplified relationship for use in
LS-Dyna, where the elastic region, plastic region, and point of failure are high-
lighted. Note the assumption is that the graphene model is only considered in
longitudinal mode, and thus, the stress-strain relationship for the longitudinal
mode is used for material modelling, whilst the transverse alternative is ignored.

From this plot, we can see that the failure strength of graphene is 202 GPa,
and failure strain is 0.404. The panel is modelled in LS-Dyna using a standard
shell section with default formulations, and it has a geometry of 150 x 150 x 3
mm with five integration points through its thickness. The steel impactor is
modelled as a solid section with a rigid material model (MAT20). Also, the im-
pactorhas sphericalgeometry with a diameter of 25 mm. The edges of the panel
are simply supported and contact is defined using Nodes to Surface conditioning
where the nodes of the panel (slave) are functionalised for contact with the im-

pactor’s surface (master). By default, failure occurs in the numerical model by
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deletion of elements once the failure strain is reached by a particular element.
This failure definition is overridden by the Tied Nodes Failure constraint, which
results in a shell model for the panel where adjacent elements do not have
merged nodes at common locations as is usual. The Tied Nodes Failure con-
straint effectively connects common nodes of shell elements, allowing for realis-
tic rupturing along the sides of these elements once the failure strain is reached.

The equivalent plastic failure strain as used for this definition is shown in Table
2.

Table 2. Mechanical properties of graphene for Piecewise Linear Plasticity material
model. ¢, is the equivalent plastic strain at which failure initiates.

Property Value Equivalent Plastic Strain Equivalent Stress [GPa]
0.000 69.97
k; 3 2200
p [kg/m?] 0.043 93.08
0.080 105.40
E[GPa] 764
0.120 113.55
0.157 118.59
v 0.13
0.201 128.08
0.219 136.03
€y 0.313
1.000 710.41
U, Magnitude
+5.125¢-03
+4.698¢-03
+4.271¢-03
+3844e-03
+3.417¢-03
+2.989¢-03
+2.562¢-03
+2.135¢-03
+1.708¢-03
+11281¢-03
+8.541c-04
+4271c-04
+0.000¢+00

Figure 3. Deflection results of numerical model showing point at which maximum def-
lection occurs, with a value of 2.5 mm for the centre of the graphene panel.

250
—e— LS-Dyna
200 | | ———Nietal
|
= \
a 150 | |
[©) |
1%} ‘
3 |
5 100 | |
@ |
|
50 f |
|
: . . . |
0 0.1 0.2 0.3 0.4 0.5

Strain

Figure 4. Stress-strain relationship of graphene with data from Ni et a/ [23], and simpli-
fied relationship for piecewise linear plasticity model (MAT24) in LS-Dyna. Elasticity is
indicated by the green region, with a Young’s modulus of 764 GPa; plasticity is shown in
blue; and the red region is the area in which failure occurs.
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4.2. CFRP Model

To provide an accurate comparison for graphene, a composite model with pro-
gressive failure including in-ply failure and delamination is required. This is
important because it enables the model to reflect the effect of interactions be-
tween the different fajlure modes and so provides a reliable method for global
structural response to dynamic scenarios such as impact. Models based on con-
tinuum damage mechanics (CDM) are known to be the most accurate in pre-
dicting failure of composite panels [27] [28]. However, these studies have not
considered delamination effects and have resulted in inaccurate representations
of the composite panels.

Many research projects [29] [30] [31] have looked at incorporating delamina-
tion using cohesive zone modelling and found that it successfully represents de-
lamination initiation and propagation. More specifically, delamination modelled
by defining cohesive behaviour as an interaction property between adjacent sur-
faces is known to work successfully. Chen et al [32] combined CDM with cohe-
sive zone modelling to produce an accurate numerical model for simulating de-
lamination, and damage initiation and propagation. Their methodology is used
here to develop a numerical model of CFRP for comparison with graphene, the
only difference being the use of cohesive contact as opposed to cohesive ele-
ments, in order to have a more computationally affordable model.

The panel has four individual continuum shell sub-laminates (SC8R) to rep-
resent each of the four sets of 6-layer plies. In other words, the first continuum
shell sub-laminate has a 6-ply composite layup function applied to it with each
ply angle equal to 0°. The same method is then applied to the next three
sub-laminates, with an altered ply angle to mirror the global layup (see Figure
5).

The geometry of the panel mirrors the graphene model with edge dimensions
of 150 x 150 mm’ and a thickness of 3 mm. Since an individual ply is 0.125 mm
thick, the thickness of each sub-laminate is 0.75 mm. The steel impactor is mod-
elled as a rigid body (R3D4) with a diameter of 25 mm. Default tangential and
normal interaction properties are globally assigned, with cohesive contact indi-
vidually assigned to the three interfaces between each sub-laminate. The me-
chanical properties of CFRP and the properties relating to the Hashin damage
model can be found in Table 3(a) and Table 3(b); s,, s, etc. are the material
strength parameters; G,, G, etc. are the fracture toughness parameters each
of which is related to an individual failure mechanism; 7 is the viscosity coeffi-
cient that is required to avoid convergence issues during simulation runs.

The delamination initiation and propagation parameters for cohesive contact
are summarised in Table 4; K, K, and K,, are the penalty stiffness coefficients
that must be high enough to negate unwarranted elastic deformations in the in-
terfaces between sub-laminates; o, is the out-of-plane normal strength; 7,, and
7,, are the in-plane shear strengths; G;, Gy and Gy are the mode I, II and IIT

critical fracture toughness values acquired via experimentation and have expo-
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nential softening, with power-law based mixed mode behaviour laws applied, as
discussed by Chen et al [32]; finally, the cohesive viscosity takes the same value

as that of the Hashin damage model.

Table 3. Mechanical and Hashin damage properties for CFRP from Chen et al. [32].
(a)

Mechanical Properties

P [kg/m’] 1320

E, [GPa] 127.6
E=E [GPa] 103
Vi, = Vi3 0.32
Va3 0.45
G, =Gy3 [GPa] 6.0
Gy [GPa] 3.7

(b)

Damage properties

i [GPa] 2.023

Sic [GPa] 1.234

Sy [GPa] 0.093

Se [GPa] 0.176

5 [GPa] 0.083
Giye [N/mm] 128
Giae [N/mm] 128
Gy [N/mm)] 5.6
Goe [N/mm] 9.31

n 2x 107

Table 4. Cohesive behaviour and delamination damage initiation, evolution and

stabilisation properties for CFRPfrom Chen et al. [32].

Delamination properties

K,=K,=K, [N/mm?] 1x10°
a, [MPa] 80
Ty =T, [MPa] 100
Gpe [N/mm] 0.969
Gy [N/mm] 1.719
Gy [N/mm] 2.01
7 2% 10
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Figure 5. Meshed numerical model for impact studies on CFRP panel showing the four
individual sub-laminates, with total number of twelve integration points along the thick-

ness, where layup from the top sub-laminate to the bottom is [OZ /45;/90;/ —451} .

4.3. Aluminium Model

Johnson-Cook material model has been used extensively in the past for impact
simulations as one of the most popular method for constitutively modelling of
metals [33] [34]. Most recently, Sharma et al [35] determined the Johnson-Cook
material parameters for AA2014T652 aluminium alloy, which is used in many
vital structural components in the aerospace industry. In their research, Sharma
et al. were able to accurately predict the deformation behaviour of experiments.
However, their axisymmetric model was found to underestimate the residual
velocity. Therefore, as recommended, the axisymmetric approach is not adopted.

The Johnson-Cook model involves two expressions; one for plasticity and the
other for failure. The first dictates the equivalent flow stress in terms of equiva-

lent plastic strain, strain rate and temperature, as shown in Equation (1) below.

0y =(A-Bey)(1+ClIney )(1-T) (1)

where A is assumed as the yield strength, B is the strain hardening coefficient, n
is the strain hardening exponent, C is the strain rate sensitivity, and m is the
thermal sensitivity, all of which were determined by Sharma et al in their ex-
perimental studies. The second relationship required to complete the John-
son-Cook model is the cumulative damage model, which relies on the damage

parameter:
A
D=3 @

where A is the change in plastic strain and fis the strain at which fracture oc-
curs. Failure occurs when the damage parameter reaches a value of one. Through

experiment, the fracture strain has been made into a function:
€ =[D1+D2eD30*}[1+ D, |ni}[1+ DT ] 3)
%

o* is the stress triaxiality, D,, D, and D, are damage parameters relating to the
stress triaxiality, D, is the damage parameter relating to strain rate, and D is that
which is related to temperature. As temperature effects are ignored in this study,
D,=m=0.
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The aluminium panel is set up in ABAQUS explicit as a 3-D shell model (S4R)
with five integration points along the thickness. Boundary conditions are simply
supported, and panel dimensions are 150 x 150 x 3 mm. The impactor is mod-
elled as a rigid steel sphere (R3D4) with diameter equal to 25 mm. Elastic mate-
rial properties are taken from ESDU using an equivalent aluminium alloy,
EN2089. These properties and those relating to the Johnson-Cook model can be
found in Table 5.

The residual velocity of impact on the aluminium panel was analysed at dif-
ferent mesh densities in order to find the optimum design. The ideal mesh den-
sity matches that of graphene and CFRP, indicating that mesh convergence is
dependent on geometry alone. The mesh density results in a total of 10,000 ele-
ments on the panel, with an individual element size of 1.5 mm. Although the
simulation is independent of the rigid-body impactor’s mesh, it was meshed in

this model with 2222 quadrilateral and 58 triangular elements.

4.4, Results and Discussion

Figure 6 and Figure 7 show the maximum deflections on the panels, clearly in-
dicating that the graphene panel deflects far less than the CFRP and aluminium

ones, and this is quantified in Figure 8, along with the peak contact force values.

Table 5. (a) Mechanical properties of AA2014-T652 from ESDU [36], (b) Johnson-Cook
plasticity parameters for flow-stress function [35], (c) Damage parameters for Johnson-Cook
fracture strain function [35].

(a)

Mechanical properties

P [kg/m?] 2800
[GPa] 72
v 0.33
(b)
JC Plasticity
A [MPa] 453
B [MPa] 453
N 0.5948
C 0.013
()
JC Damage
D 0.087
D, 2.68
D, 8.01
D, 0.029
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Figure 6. 20 ] impact on (a) graphene, (b) CFRP and (c) aluminium panels.
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Figure 7. 80 J impact on (a) graphene, (b) CFRP and (c)
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Figure 8. (a) Maximum deflection and (b) peak contact forces for the two impact energies.
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Two methods are considered when analysing the energy absorbed by the pan-
els. The first is more useful for instances when geometries must remain constant,
such as in design of structural component (measured per unit volume; this does
not require manipulation of raw energy data). The second involves the study of
crashworthiness where the energy absorbed is analysed as a function of panel
mass, resulting in a specific energy absorption (J/kg, requires division by panel
mass, which varies amongst material densities). As mentioned in the previous
parts of this section, the geometries of all three panels are identical at 150 x 150
x 3 mm’, indicating volumetric consistency.

Furthermore, the energy absorption values are determined using three sepa-
rate methods to ensure reliability. The first is via the difference in the initial and
final kinetic energy of the impactor, the second is through an average of the
summation of equilibrium internal and kinetic energies of the panel following
impact, and the final is a summation of area under the force-displacement
curves. The charts in Figure 9 show the general energy absorbed by each panel,
and the final kinetic energy of the impactor. Following this, it can be seen that
the aluminium panel absorbs the highest amount of energy per unit volume at
these intermediate impact ranges, with an absorption proportion consistently
over 50%. The reason for this is the large amount of plastic deformation present
in the specimen as visualised in Figure 10. On the other hand, the CFRP model
has been found to absorb less energy per unit volume due to its brittle nature,
and tendency to delaminate at low stresses resulting in sudden loss in structural
stiffness.

In respect of crashworthiness, the specific energy absorption of the results
must also be analysed. By determining the mass of the graphene, CFRP and
aluminium panels to be 149 grams, 89 grams and 189 grams, respectively, the
specific energy absorptions (SEA’s) for each panel is determined, and then illus-
trated in Figure 11. For the 20 J impact, the CFRP panel is found to have the
highest SEA, which is due to its lightweight nature, making it the most suitable
material for this medium impact energy range. However, with the increased im-
pact energy of 80 J, the CFRP panel is out-performed by the aluminium panel
due to the superior ductility of aluminium and also the excessive damage in the
CFRP panel. The damage in the CFRP panel is visualised in Figure 12, where
tensile failure is almost reached in the matrix and fibres of the bottom sub-laminates,
indicating that only a very small amount of absorption capability remains in the
panel following this impact.

The main conclusion to draw from these results is the comparatively low en-
ergy absorption of graphene at these impact ranges. With a Young’s modulus
that is six times greater in magnitude than CFRP composite, and ten times
greater than aluminium 2014-T652, it was expected that the graphene panel
would not deflect with the same magnitude as the other panels, and thus, would
not absorb as much kinetic energy from impact. The factor that makes graphene
so advantageous is its very high strength. The material’s Yield strength, at 69.9

GPa, far exceeds that of the aluminium, and its ultimate tensile strength of 202
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GPa is ten times greater than that of the CFRP composite.

This means that the material is better suited to applications involving protec-
tion against extremely high impact energies. Figure 13 shows that the maximum
stress in the panel during the 80 J impact remains in the elastic region with a
value of 9.5 GPa in the centre of the panel, which is only 13.5% of the yield
strength. Furthermore, it is important to acknowledge that with the introduction
of graphene into structural design, the use of the terms low, medium and high in
impact analysis become relative.

An additional point to consider when evaluating graphene against CFRP and
aluminium, is the energy resistance of the materials, which is the impact-energy
limit at which a material with a specific geometric configuration is able to with-
stand failure or penetration. For example, if one material has an energy resis-
tance of x ], and another has 100x ], then the latter is said to be more energy re-
sistant. Although graphene has poor impact absorption capabilities at the ex-

tremely low energy range, its superior energy resistance is yet to be quantified.
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Figure 9. Panel absorbed energies (AE) and final impactor kinetic energies (KE)
for (a) 20 J and (b) 80 J impact.
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Figure 10. Equivalent plastic strain (PEEQ) on the aluminium
panel following 80 J impact.
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Figure 11. Specific energy absorption (SEA) results from (a) 20 J and (b) 80 J impact.
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Figure 12. Damage evolution parameters for (a) fibre tension and (b) matrix tension
through each of the four sub-laminates.
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Figure 13. Von Mises stress output in LS-Dyna for graphene panel during 80 J impact.

5. Ballistic Limit Study

The final aspect of this paper determines the impact energy required to penetrate
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the graphene panel, formally referred to as the ballistic limit ( V). The panel ge-
ometry tested in this section is identical to previous studies (150 x 150 x 3 mm?)
and the impactor diameter is 25 mm. The final impact energy required for pene-
tration of the 3 mm thick graphene panel is 364.5 kJ, which equates to a ballistic
limit of V' = 3375 m/s. The resultant impact resistance for graphene, CFRP and
aluminium is illustrated by Figure 14 and Figure 15.

The aluminium panel from the previous section was found to have a ballistic
limit of 105 m/s (see Figure 15). The result is compared to a paper published by
Igbal and Gupta [37] in which the ballistic limit of a similar high-strength Alu-
minium alloy of 3 mm thickness was found to be 108 m/s, showing good agree-
ment with the numerical result. The same figure shows a ballistic limit of 107
m/s for a CFRP panel taken from the work of Lopez-Puente et al. [38]. With bal-
listic limits of just over 100 m/s for the Aluminium and CFRP panels, these val-
ues are clearly minuscule in comparison to the graphene panel. In addition,
when comparing the specific energy resistance (SER) of the three types of mate-
rials, a similar conclusion can be drawn, with the graphene panel exhibiting over
100 times the SER of aluminium (0.37 kJ) and CFRP (0.35 kJ).
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Figure 14. Impact versus residual velocity for graphene panel.
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Figure 15. Impact versus residual velocity for Aluminium and CFRP panels.
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The manner in which failure occurs in the graphene panel is comparable to a
recent experimental study on microscopic specimens of graphene by Lee et al
[15], where the contact regions undergo high amounts of cone-shaped tensile
stretching which then results in cracks propagating radially outwards extending
beyond the area of impact. Figure 16 shows good correlation between numerical
simulations from this section and experiments, where petals and the angle be-
tween radial cracks are highlighted. The impact on the graphene panel in
LS-Dyna is shown in Figure 17, where the excessive, cone-shaped tensile stretch-

ing and the formation of petals are both visible.

6. Conclusions

A detailed analysis was conducted on the transverse impact response of gra-

phene panels at the macro-scale using a combination of explicit finite element

Figure 16. Penetration features of (a) 600 m/s impact on microscopic multi-layer
graphene [15] and (b) 4000 m/s impact on macroscopic graphene panel with frag-
mentation highlighted by a dotted circle. Scale bars are (a) 5 pum and (b) 25 mm.

j (D)

Figure 17. 4000 m/s impact on graphene panel in LS-Dyna with current impactor ve-
locity at (a) 3260 m/s, (b) 2220 m/s, (c) 2190 m/s and (d) 2190 m/s.
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(FE) solvers. Performance under low-energy impact of the graphene panel was
contrasted to an aluminium and CFRP panel. Results found that the CFRP panel
performed best on an SEA basis for a 20 ] impact, but the aluminium outper-
formed the CFRP and graphene panels with an impact of 80 J. It was found that
the graphene panel performs poorly as an energy absorber at low velocities due
to its extremely high stiffness and yield strength. Following this, the ballistic
limit of the graphene panel was found to be 3375 m/s. This is over 30 times
higher in comparison to the aluminium and CFRP panels which had ballistic
limits just over 100 m/s each, proving that graphene has an impact resistance far
superior to any previously studied material.

In this paper, a number of limitations were encountered. The analytical model
based on continuum mechanics is applicable only to low-energy impacts, as
higher energies resulted in errors. Additionally, the model does not take plastic-
ity or damage into account as delamination would almost certainly have oc-
curred in the CFRP panel at the impact energies studied. Therefore, it is recom-
mended to conduct analytical research using a damage-based model. Addition-
ally, the LS-Dyna model of graphene was not stable below a thickness of 0.5 mm,
and therefore, could not be compared to results available on micro- or nanoscale
research.

In future work, it is recommended to focus on developing a more acceptable
method of validation for modelling graphene at a macro-scale. However, as re-
search is still largely focused on molecular-level analysis of the material, this
promises to remain a difficult barrier to overcome in the near future. Other
methods to expand the current work would be to analyse the effect of panel
shape on impact resistance, and also to observe the response of the material to
less dynamic scenarios such as buckling or compression-after-impact. Although
there are many challenges, especially in manufacturing, this work demonstrates
that graphene is potentially the most impact resistant material currently known
at the macroscale, making it ideal for bulletproof vests, or protection against mi-

cro-debris impact in space.
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