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The incorporation of stiff nano-additives (such as graphene) into a relatively soft polymer material (such as
epoxy) usually leads to an improvement in elastic properties (i.e., Young’s modulus) at the expense of fracture
Epoxy properties (i.e., tensile strength and toughness). Despite over a decade of research in polymer nanocomposites,

mrﬁz?pomes we still lack a clear understanding of their structure-property relationships, which limits us from enhancing both
Strength elastic and fracture properties concurrently. Here, we performed large-scale reactive molecular dynamics sim-
Toughness ulations to study the deformation and fracture of model graphene/epoxy systems under uniaxial tension. A

computationally efficient reactive force field was developed for graphene-epoxy system, allowing covalent bond
formation, and breaking, which is crucial to model cross-linking in model epoxy as well as fracture. It was found
the mechanical properties of the nanocomposite are very sensitive to the strength of the graphene-epoxy
interface. As expected, elastic modulus increases with the interfacial strength. However, there appears to be
an optimal interfacial strength to enhance the tensile strength and toughness. This is due to stress concentration
occurring near the graphene edges at high interfacial strength, which leads to premature fracture. We show that
by appropriately selecting an intermediate interface strength, one can simultaneously improve the ultimate
tensile strength, toughness and the Young’s modulus of the nanocomposite epoxy at ultra-low (~0.2 % by
weight) loading fraction of graphene additives. Our findings highlight the critical importance of properly
engineered additive-matrix interfacial strength to develop high-performing polymer nanocomposites that are
concurrently stiff, strong as well as tough.

1. Introduction

Nanocomposite materials have one or more components with
dimension(s) < 100 nm [1]. Usually, such nanometer-sized particulates
or additives are dispersed into a host matrix to improve mechanical,
thermal or electrical performance [2-5]. Due to their huge surface area
to volume ratio, a trace amount of nano-particulates can significantly
enhance the targeted material properties. The matrix material in nano-
composites can be polymers, metals or ceramics based on the intended
application. Among polymers, epoxies are widely used in structural
applications due to their superior stiffness, chemical inertness and
high-temperature stability [6-10]. However, epoxy-based materials are
generally brittle in nature, and hence it is important to improve their
toughness and fracture strength without compromising on the stiffness.

Two-dimensional graphene materials are extraordinarily stiff and
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strong with a Young’s modulus of ~1 TPa and ultimate tensile strength
of ~130 GPa [11]. Graphene-based nanofillers can significantly improve
the modulus of epoxy nanocomposites, even at a very low loading
fraction. Indeed, there is a vast body of experimental literature [12-20]
which indicates that graphene and graphene derivatives (such as
reduced graphene oxide) are highly effective at enhancing the elastic
properties (i.e., modulus). However, when it comes to the nano-
composite’s fracture properties, the results are mixed: graphene-based
nanofillers have been shown to either reduce [16,17,20-22] or
enhance [12,14,15,18,19,23] the ultimate tensile strength and tough-
ness. Given the variation in experimental test conditions (strain rate,
temperature), epoxy chemistry and nanofiller (graphene) chemistry as
well as materials processing conditions (such as graphene loading
fraction, alignment, dispersion etc.), it is difficult to pinpoint the un-
derlying reasons for the contradicting experimental results.
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As opposed to experiments, molecular dynamics (MD) simulations of
graphene/epoxy model systems can help understand the filler/polymer
interaction [24,25] and the deformation mechanism at the
molecular-level, while precisely controlling the chemistry, processing
and testing conditions. However, MD simulations on fracture response of
epoxy systems have proven to be challenging. For instance, experi-
mental epoxy materials are generally brittle and fail within 10 % tensile
strain. Yet, the current literature [26-34] on MD modeling of epoxies
generally show highly ductile behavior showing failure occurring at
100-500 % tensile strain. Such artificial ductility observed in simula-
tions could arise from sample size effect, high strain rate, or both. The
force field used to model fracture behavior of polymeric nanocomposites
must be able to describe covalent bond breaking and formation, which is
generally termed as reactive potential. To this end, most existing reac-
tive potentials are computationally too expensive to handle systems that
are large enough in size to avoid the sample size effect [35-40].
Although, in practice epoxy composites are brittle in nature, the current
literature is significantly limited to very ductile samples partly because
of the computational demand with conventional interatomic potentials.
This is problematic since fracture and toughening mechanism(s) are
expected to be vastly different for inherently brittle materials such as
epoxies. Moreover, brittle fractures are inherently stochastic, and it is
particularly difficult to predict the fracture when the system has in-
homogeneities, for example a nano-additive in the matrix. To establish a
quantitative and statistical understanding of the nanocomposite one
must carefully examine sample-to-sample variations which is also pro-
hibitive for such expensive potentials. Therefore, simplified polymer
nanocomposite models capable of describing chemical reactions are
better suited for modeling reliable fracture behaviors of these materials.

In this study, we have developed a coarse-grained molecular model
of epoxy-polymer/graphene and a simple pairwise reactive potential to
run MD simulations with high computational efficiency. Consistent with
experimental observation, neat epoxy sample exhibits brittle fracture in
our MD simulations. Furthermore, it was found that the graphene/epoxy
interface interaction plays a “pivotal role” in modulating the elastic and
fracture properties of the nanocomposite. We show that by proper
tailoring of the interface interaction one can indeed achieve a concur-
rent increase in both elastic and fracture properties.

2. Methods

We constructed a reactive coarse-grained particle-based model sys-
tem to describe epoxy-graphene nanocomposites, including epoxy linear
polymer chains, cross-linkers, and graphene. More importantly, the
reactive force field used here is capable of stabilizing the said molecular
structures and describing the cross-linking reaction, as well as bond
rupturing during tensile tests. There are five types of particles (see
Fig. 1) in our modeling approach: Py, Py, L, Cp and Cg. Pp, Pp represent
monomers constituting the linear polymer chain, L is the crosslinking
agent, Cp, Cp are carbon particles in graphene.

Interaction parameters between different particle species are
described using a modified Lennard Jones potential (see discussion
below). We tuned the parameters to reproduce literature values of
various material properties as shown in Table 1.

The particle-particle interaction is described by a modified Lennard-
Jones (mLJ) potential:
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Fig. 1. Coarse-grained epoxy nanocomposite model consists of linear chains
(dark and light green), curing agent (orange), and graphene (dark and light
blue). A close-up view near the graphene-polymer interface is presented. (A
colour version of this figure can be viewed online.)

Table 1
Comparison of various material properties in literature and in our simulation.
Material Property Values in literature In our
simulation
Flexural rigidity of graphene 3.9 eV A% [41] 3.9 eVe- A?
Young’s modulus of graphene 1.0 TPa [11] 1.0 TPa
Young’s modulus of hardened 0.9-3.95 GPa [12,42] [45] 1.8 GPa

Epoxy
Areal density of graphene 4.58 (g/mol)/f\2 [46] 4.58 (g/mol)/
A2
Density of Epoxy (crosslinked)
Tensile strength of graphene

(armchair)

1.15-1.2 g/cc [12,44]

53 GPa, Experimental [47],
~130 GPa, theoretical [47,
48]

1.15 g/cc
115 GPa

Here, ¢;,(r) is the conventional truncated LJ potential. «, # denotes two
particle species, respectively with ¢,; and o,4 providing the energy and
length scales and r,s. providing the cutoff. ¢,;;(r) includes an addi-
tional energy penalty term between r,4, and 4, with a bump height of
ep€qp. The potential parameters are indicated in Table 2. We used an
internal unit system in LAMMPS [47]. The length, mass and energy units

Table 2
List of potential parameters used in our simulations.

Interaction type £ap/€0 Oap/00  Taps/00 Tape/Tapc eg/€o Tapec
@A)
Pa-Pp 0.1 1.0 1.2 1.0 4.5 2.58
Pa-Pa 0.01 2.1 1.0 0.0 0.0 4.11
Ca-Cp 20 1.0 1.13 1.0 1.0 2.41
Ca-Ca 0.10 2.2 1.0 1.0 0.0 4.11
L-P, (reactive) 2.0 1.0 1.2 1.0 0.6 2.41
L-P, (non- 0.01 2.0 0.0 1.0 0.0 2.84
reactive)
L-Pg 0.01 2.0 0.0 0.0 0.0 2.84
P4 or Py vs Cp or 0.1 21 0.0 0.0 0.0 4.11
Cp

L-Cp Variable  1.175 1.2 1.0 0.0 3.12
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were chosen as follows to best match experimental values as shown in
Table 1: 69 = 1.42 A, mp = 1.31 a.m.u. and &y = 0.55 eV (see method of
calculation and Fig. S1 in the supplementary information).

Mass values of P, Pg and L particles are set to 15.0 my to reproduce a
realistic neat epoxy density of 1.15 g/cc. Ca, Cg mass are set to 9.16 my.
Crosslinking and annealing temperatures are fixed to 1100K and 70K.
We set the crosslinking temperature to be very high to promote an
accelerated reaction and enhanced configuration exploration. During
high temperature crosslinking, we increased the potential depth be-
tween Pa-Pp to preserve the topology of the linear polymer. The nu-
merical integration timestep was set as 0.112 fs.

The epoxy linear polymer chains were constructed by alternating Py
and Py particles, with strong P-Py attraction yet with strong P5-P, and
P3-Pg repulsion. The range of such repulsion was chosen to prevent over-
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coordination of more than two to maintain bi-functional topology. This
strategy has been used in our previous works [48-50] on modeling
various polymeric systems. The model epoxy linear chains are mono-
dispersed with 151 particles (76 P, and 75 Pg). The linker particles (L
particles) preferentially bind to P, particles over Pg particles, while have
repulsive-only interaction with all other particles. In this way,
cross-linking can be established between two epoxy chains, bridged by
one L particle as P (belong to one chain)-L-P4 (belong to another chain).
The formation of L-P» bonding must overcome a potential barrier, which
effectively controls the crosslinking rate of model epoxy. The model
graphene flake was constructed by particles Cy and Cg, with strong
Ca-Cg attraction yet with strong Ca-Ca and Cp-Cp repulsion. The range of
such repulsion was chosen to prevent over-coordination of more than
three to stabilize the graphene structure.
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Fig. 2. Crosslinking reaction with time. (a) cluster analysis with OVITO [51] reveals the percolation of the polymer chains with time. Each cluster is uniquely
colored. (b) Crosslinking with time (Ops, 60ps and 600 ps from left to right). (c) Percentage of polymer particles with coordination number (CN) 1 to 4 and above (left
Y axis). Initially all the polymer particles (except the ends) have a coordination number of 2. Total number of bonds in the system (right Y-axis). (A colour version of

this figure can be viewed online.)
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The model nanocomposite samples are in a thin-slab geometry (as
shown in Fig. 1) to maximize the size of the simulation system in two out
of three directions. All three directions are subjected to periodic
boundary conditions to simulate bulk properties. To prepare the nano-
composite sample, we first started with a dilute random distribution of
polymer chains with uniform chain length, dispersed with L linker
particles at a density of 94 pg/cc at a temperature of 70 K. It should be
noted that the L-P4 bonding is switched off (that is, identical to L-Pg) so
that crosslinking reaction will not interfere with epoxy chain relaxation.
The simulation box is isothermally and hydrostatically compressed to
generate a compact polymer nanocomposite retaining the random ori-
entations. During hydro-compression, a rectangular region of 7 nm by
0.8 nm with repulsive wall is maintained in the simulation box as a
spacer to insert graphene later. The purpose of initiating with a very low-
density polymer and the hydrostatic compression thereafter is to attain
an isotropic epoxy sample. The system was further relaxed in NVT
ensemble at Thigy, = 1100 K for 0.3 ns. During high temperature relax-
ation, intra chain bond breaking is prevented by increasing the energy
bump height between P, and Pg. Next, the graphene was inserted into
the spacer region, and the L-P bonding was turned on to allow cross-
linking reaction to occur at Thgh for 0.6 ns, which is sufficiently long for
the saturation of the crosslinking reaction. Details can be found in the
next section. Before mechanical testing, the sample was relaxed in NPT
to zero stress, at which point the density of the polymer is ~1.15 g/cc.

3. Results and discussion
3.1. Crosslinking process

Fig. 2 shows the process of the crosslinking reaction at the molecular

Molecular Weight (kDa)
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2
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level at 1100 K. The coordination number of P polymer particles can be
used to monitor the progression of the crosslinking reaction. The cutoff
for calculating the coordination number was chosen to be 2.41 A, which
corresponds to the potential cutoff for L-P, bonds. As shown in Fig. 2c,
the number of L-P, bonds increases and then saturates over time. It
should be noted that a high curing temperature was chosen to speed up
the reaction. A simple estimation based on a reaction barrier, estimated
from the L-P, pair interaction, of 0.57 eV (54.8 kJ/mol) means 500 ps
curing at 1100 K is equivalent to about 4.4 ms of curing at 300 K (~107
speed up). For reference, experimentally and DFT calculated activation
energies for similar polymerization reactions are 50-74 kJ/mol [52,53]
and 71-94 kJ/mol [54] respectively.

At the initial stage, all chains are linear, and all the polymer atoms,
Pp and Pg (except at the ends) hold a coordination of 2. Due to the
abundance of reactive monomers and reagent molecules, the reaction
rate is highest in the beginning. During crosslinking reactions, intra-
chain and inter-chain links are formed via the linker groups. Doubly
coordinated polymer atoms become three and four-coordinated. As the
reaction progresses, the reaction rate goes down and eventually gets
saturated. We observe that at saturation, ~30 % of polymer particles
become 4-coordinated, ~20 % 3-coordinated and ~50 % remain 2-coor-
dinated. At the end, steric hindrance causes the reaction to slow down
indefinitely before saturating all the active sites.

We also investigated the mechanical responses of epoxy samples at
different stages (i.e., different crosslinking times) of the crosslinking
process. Model epoxies with different degrees of crosslinking were
cooled down, with residual stress relaxed, and then subjected to uniaxial
tensile tests. These simulated mechanical tests were performed at 70K
and at a strain rate of 2.3 x 10% s™1. As the extent of crosslinking in-
creases, a ductile-to-brittle transition is evident as shown in Fig. 3a. The

E(MPa)

102.

200 400 600 800 1000
Molecular weight (kDa)

Fig. 3. (a) Stress-Strain curve for mechanical testing of neat epoxy after different crosslinking duration. (b) Elastic modulus of neat epoxy with crosslinking duration.
(c) Number-average (M,,) and weight-average (M,,) molecular weight of the epoxy as a function of curing time during crosslinking. (d) Young’s modulus of cross-
linked epoxy as a function of M, and M,,. (A colour version of this figure can be viewed online.)
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Young’s modulus of the samples with respect to their crosslinking
duration is shown in Fig. 3b. The observed curing vs Young’s modulus
increase agrees well with the experimental results by Lindorse [55]. In
addition, weight-average and number-average molecular weight distri-
bution (M,, and M,) have been plotted with time (Fig. 3c). M, grows
faster and reaches a plateau earlier than M. It signifies that larger
clusters start to form once crosslinking initiates. The number of larger
clusters becomes stable quickly while the smaller clusters keep forming
and stitching the larger clusters together to ultimately connect the whole
system at around 37 ps, when M;, equals to M,,. As shown in Fig. 3d, the
Young’s modulus of the crosslinked epoxy strongly correlates to the
molecular weight. The final crosslinked neat epoxy (with crosslinking
duration of ~540 ps) has a Young’s modulus of ~1800 MPa and, density
of ~1.15 g/cc, consistent with experimental values [12,42-45].

3.2. System size effect

Mechanical tests on nanometer-sized samples in molecular-level
simulation often are subjected to various size effects. For brittle frac-
ture, the sample must possess enough strain energy to drive crack for-
mation from the energy point of view. This simple Griffith-type of
consideration leads to a critical sample length, below which the sample
is more ductile relative to longer samples [56,57]. To investigate the
proper sample size, three epoxy samples of different sizes were prepared
and tested: 1x, 4x and 16x systems have simulation box lengths of
245 A, 490 A and 980 A respectively along the loading direction (Fig. 4).
It is clear that the smallest system fails at a larger strain. However, for
both 4x and 16X systems, we observed similar failure strain, which
suggests that the 4x system was free of artificial ductility effects and
was therefore used for the simulation results shown in Figs. 5-7.

3.3. Strain rate effect

Strain rate is another key factor that could significantly affect the
mechanical behavior of materials. Increased strength at high strain rate
was previously been reported [58] for polymer molecular simulations.
To investigate the strain rate effect, we applied loading at four different
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Fig. 4. Stress-strain response in uniaxial tension test in neat epoxy samples
showing size effect. 1 x , 4 x and 16 x samples have simulation box lengths of
245 A, 490 A and 980 A (320,1280 and 5120 chains) respectively. (A colour
version of this figure can be viewed online.)

Carbon 229 (2024) 119455

sr———————+—7—"—"—
' ——4.6x10" s 1
[ ==2.3x10%s]
600 F 4.6x10% s

——>3x10° 5! 1

Stress (MPa)
S
-}

200

Strain

Fig. 5. Stress-strain response in uniaxial tension test in neat epoxy samples
showing strain rate effect. (A colour version of this figure can be
viewed online.)

strain rates (s1): 4.6 x 107, 2.3 x 102, 4.6 x 10% and 2.3 x 10°. Our
results (Fig. 5) indicate that the fastest strain rate (2.3 x 10°s™1) induces
a spurious toughening effect. This specific loading case shows both a
higher failure strength and a higher failure strain. We see that all the
other test cases fail at a similar failure strain (Fig. 5). Although the
slowest strain rate (4.6 x 107 s~') simulation shows a smaller failure
strength, it has a similar failure strain and comparable toughness with
the 2.3 x 108 s™! and 4.6 x 108 57! cases. In all subsequent simulations
(Figs. 6-7), we load our samples at a fixed 2.3 x 108 s7! strain rate.

3.4. Nanocomposite mechanical properties: effect of polymer/graphene
interface

Chemically modified graphene surfaces with functional groups (FG)
can form covalent bonds with neighboring polymer chains. Previous
experimental study [59] shows that interface covalent bonding might be
crucial to improve the mechanical response of epoxy nano-composites.
Here, we focused on nanocomposite with one single graphene inclu-
sion (~0.2 wt%ina490 A x 245 A x 49 A epoxy system) that is oriented
parallelly to the uniaxial tensile direction, to illustrate the effect of
graphene-epoxy interface. This orientation was selected to minimize the
obvious crack opening effect at low interface bonding. To regulate the
interface strength, we control the interface potential depth (see Fig. S2)
during crosslinking. Since brittle fracture is a random process, we
simulated 20 independent samples for seven distinct cases-neat epoxy
and six nanocomposites with increasing interfacial strength (5-150
eV/Az) denoted as FG-1 to FG-6. This is to better understand the failure
mechanism behind the stochastic failure behavior and quantify me-
chanical properties with uncertainty. Each independent sample is
separately prepared from independent initial configurations yet with the
identical processing procedure.

To study the effect of graphene/epoxy interface strength, we per-
formed simulated uniaxial tensile loading tests (along the x direction) on
the nanocomposite samples of varied interfacial strength and compared
them with the neat (pure) epoxy sample (Fig. 6). In our model, pure
epoxy has a Young’s modulus of ~1812 MPa. We observe that adding
~0.2 wt% of graphene sheet increases the modulus of the neat epoxy by
25-33 % depending on the interfacial strength. When the interface is
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Fig. 6. Interfacial strength effect on the mechanical properties of a 0.2 wt% graphene/epoxy nanocomposite. (a-g) Simulated stress strain curves for neat epoxy and
nanocomposites, each with 20 independent samples. (h-1) Various mechanical properties. (A colour version of this figure can be viewed online.)

stronger, the stiffer interface bonds lead to a noticeable stiffening effect
on the composite. Even at the lowest interfacial strength, there is an
appreciable increase in Young’s modulus from the neat epoxy samples
due to the presence of the graphene flake. However, the young’s
modulus increase may be slightly overestimated due to transverse

stiffness of graphene in the slab geometry. Tensile strength and tough-
ness were also found to be improved with interfacial strength up to FG-2
where we observed a ~4.2 % increase in tensile strength and ~4.5 %
increase in toughness.

As the interface becomes stronger, we see an interesting pattern in
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the average values of ultimate tensile strength and toughness (Fig. 6).
Both the toughness and the ultimate strength peak at FG-2 which is a
“semi-strong” interface. In this study, graphene fibers are stiffer than the
surrounding polymer matrix and are aligned with the direction of the
applied load. As a result, the polymer adjacent to the graphene basal
plane near the center does not experience the global strain as much due
to inadequate local straining and is subjected to mild compressive stress.
Therefore, during uniaxial tensile strain, the edge bonds are stretched
rather than the planar bonds.

If the interface between graphene and polymer is excessively strong
(FG-3 or higher), the anchoring bonds are unable to stretch sufficiently
while the adjacent polymer chains attempt to align with the global
strain. To maintain compatibility in strain, the local stress distribution is
modified eventually leading to cavitation near the graphene edges, as
shown in Fig. 7b. Edge cavitation is the dominant mode for premature
failure observed for strong interfaces, arising due to elevated stress
concentration (see Fig. 7a). About 65 % of the least five ductile samples
for FG-3,4,5 and 6 fail from the graphene edges where only about 10 %
of the least five ductile samples for FG-1 and 2 fail from edges. This
behavior results in a wide variability in failure strain for FG-3 which
corresponds to the shift from matrix failure to edge failure and translates
to a lower Weibull modulus (Fig. 61).

For samples with interfacial strength below a strength threshold (FG-
3), the tendency for edge cavitation falls sharply. We analyzed all 20
samples for FG-3 composite. We chose FG-3 because it has the widest
variation of failure strain among all the categories. The most ductile
sample sustains over 30.5 % strain while the least ductile sample fails at
22 % strain. One representative case is shown in Fig. 7c. We identified a
possible reason for such wide variability of mechanical performance. All
our highly crosslinked polymer samples are prepared from a homoge-
nous distribution of crosslinkers; however, local inhomogeneity is un-
avoidable due to the steric effect. Local inhomogeneity of polymer
connectivity can be visualized from the distribution of linker groups.
First row in Fig. 7d shows 2D histogram of linker distribution where the
linker atoms have a coordination number of 2 or more and the second
row shows corresponding relative atomic shear strain, &,. Both the
linker distribution and the atomic shear strain were zero mean stan-
dardized before presenting. We observe that local lack of connectivity
(soft spots) correlates with an elevated local shear strain. Fig. S3 show an
inverse linear correlation between connectivity and shear strain, espe-
cially near their extrema. These soft spots are stable and maintain lo-
cality at the beginning but at sufficient strain, grow and interact with
each other and eventually create cracks. Complex interactions between
these soft spots and the effect of stress on these items are out of the scope
of this paper (see Ref. [60] for further reading on material soft spots).
During the crack growth process, the soft spots act as an additional mode
for energy expenditure and increase the ductility.

To summarize, we observe that samples with higher ductility more
often fail through shear activity in the matrix than from the filler/matrix
interface and these shear spots usually correlate with the inhomogeneity
in polymer crosslinking. On the other hand, highly brittle samples
usually fail from cavitation that appears near the filler/matrix interface.
Premature failure from cavitation is statistically significant for the
stronger interfaces which is expected due to elevated stress concentra-
tion. When two modes are both active, as in the case of FG-3, the fluc-
tuation in mechanical properties reaches maximum.

4. Conclusion

In this study, we used molecular dynamics simulations to investigate
the mechanical properties of a brittle graphene/epoxy nanocomposite
system at an ultra-low graphene loading condition (~0.2 wt%). Our
approach featured a two-body reactive potential (bump LJ potential)
that can efficiently simulate bond breaking/formation in a large poly-
mer system with a comparatively smaller amount of computing re-
sources. Our findings reveal that advantageous mechanical properties

Carbon 229 (2024) 119455

are achieved not at the strongest graphene/epoxy interface but at
moderate strengths. At the optimal level of interfacial strength, Young’s
modulus increased by ~33 % while tensile strength and toughness
increased by ~4.2 % and ~4.5 % respectively, compared to the neat
epoxy. We observed that overly strong interfaces led to a significant
increase in edge cavitation and premature failure, with as much as 65 %
of the least ductile samples failing through edge cavitation near the
graphene edges. In contrast, weaker interfaces reduced such failures to
about 10 %. Our simulations underscore the importance of carefully
balancing the interfacial strength to simultaneously enhance stiffness,
strength, toughness, and durability in nanocomposites, providing
crucial insights for designing high-performance materials for structural
applications.
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