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Molecular dynamics simulations are used to understand the role of surface C–C bonds formed by heat
treatment on plastic deformation and fracture mechanisms in cone-stacked carbon nanofibers. The sim-
ulations predict that the surface bond density linearly relates to the heat treatment temperature. As the
surface bond density increases, it is found that tensile strength and ductile fracture energy in carbon
nanofibers rise dramatically by more than 65% and 622%, respectively; hence unveiling a regime of super-
plastic deformation that is unmatched by standard carbon nanotubes and graphitic nanofibers. We dem-
onstrate that both strengthening and superplasticity effects are enabled by the occurrence of surface
bond-induced fiber splaying processes that can effectively resist interlayer sliding and crack propagation
during deformation. The findings of this computational study have important implications for designing
flaw-tolerant nanocomposite systems.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Vapor-grown carbon nanofibers (VG-CNFs) represent a techno-
logically important class of low-dimensional nanomaterials
primarily used as nanocomposite reinforcing fillers [1], catalyst
supports [2] and electrode materials for energy storage devices
[3]. Small amounts of VG-CNFs in polymer matrix composite mate-
rials enhance failure strength and fracture toughness dramatically
without compromising the ductility [4,5]. At the microscopic scale,
CNFs are comprised of oblique graphene layers with a concentric
cone-stacked morphology [6,7] that confers greater sliding resis-
tance and strength to the fiber-matrix interface than carbon nano-
tubes (CNTs) [8,9]. Recent experimental evidence [5] shows that
crack-bridging CNFs can significantly augment the fracture energy
required to propagate a crack in a polymer matrix because of the
conical structure unravelling continuously without breaking dur-
ing crack tip opening. However, meaningful results on the mechan-
ical performance of CNF-based nanocomposites can be achieved
only if the influence of surface bonds on the mechanical behavior
of CNFs is fully understood [10–13]. In particular, previous studies
[14–17] have shown evidence for large statistical dispersions in
failure strength between fibers subjected to the same heat
treatment. It has been found that fractured CNFs could exhibit
either brittle-like protruding cone profiles from layer sliding [15]
or energy-dissipating ductile mechanisms [5] depending on the
surface characteristics; yet the role of surface bonds on these
important fracture processes has never been clearly established.
The present molecular dynamics (MD) study gives new insight into
the fundamental relationship between surface bonds and fracture
mechanisms in cone-stacked CNFs, and reports a unique regime
of superplasticity from surface bond reconstruction at the nano-
scale that can be easily controlled by the heat treatment
temperature.
2. Computational methods

2.1. Molecular dynamics simulations

Fig. 1a displays a representative atomic model for the simula-
tion of surface-bonded CNFs. The MD simulation software LAMMPS
[18] was used with an adaptive intermolecular reactive empirical
bond order potential [19]. Each CNF was made of 112.9� stacked-
cones, and was 7.5 nm in diameter and 22.8 nm in length, as
shown in Fig. 1b. One sp3 bond was added randomly between each
sp2-bonded graphene cone to account for the effects of layer cross-
linking from sp3-bond bridging [20,21], as shown in Label A in
Fig. 1b. Periodic boundary conditions were used in the fiber direc-
tion with other directions kept free. The formation of surface C–C
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bonds such as sp and sp2 bonds, Label B in Fig. 1b, was performed
thermodynamically by non-equilibrium MD simulations of a pris-
tine CNF following our previous methodology [16]. The surface
structure on the CNF initially consisted of active open edges. At
high temperature, active sites are able to overcome the energy bar-
rier to form closed loops between adjacent graphene cones from
either single-dangling bonds or the folding of graphene bilayer
edges [12,13,16,22–24]. Different thermal cycles were simulated
by varying the maximum hold temperature from 400 K to 2273 K
under zero pressure in the isothermal–isobaric ensemble (constant
number of particles, pressure and temperature, NPT). After heating
and return to 300 K, tensile deformation was simulated by strain-
ing the simulation box along the fiber axis at a constant strain rate
of 1.0 � 108 s�1 in the NVT ensemble (constant number of particles,
volume and temperature) with a Nosé–Hoover thermostat main-
tained at 300 K and a time step of 2 fs. Details on the simulation
methods and stress calculations, as well as the identification of
surface bonds formed, can be found elsewhere [16]. Analysis of
bond deformation at different applied strains was conducted with
the atomistic visualization software Ovito [25]. In the following,
the number of surface C–C bonds measured per unit length along
the axis will be referred to as the surface bond density N.

For comparison purposes, we have also simulated the mechan-
ical response of a graphitic CNF because, experimentally, they
represent a widespread example of extreme surface bonding and
graphitization for heat-treated VG-CNFs. These fibers are typically
Fig. 1. Atomistic modeling of surface-bonded cone-stacked CNFs. (a) Equilibrium
microstructure of a CNF heat-treated at 2273 K. (b) Skeleton of the structure
showing both internal and surface bonds, Labels A and B, respectively. (c) Surface
bond density as a function of heat treatment temperature. Arrow indicates that a 3%
compression strain was applied during thermal treatment at 2273 K.
made of inner conical layers surrounded by sidewalls resembling a
straight multi-walled CNT [13,22]. Here, the graphitic structure
was simulated by tightly inserting a pristine CNF into a double-
walled CNT of equivalent size, heat treated at 2273 K under zero
stress.
2.2. Finite-element analysis of fracture energy

To study the effects of surface bond distribution on strain
energy release rate during crack propagation in CNFs, simplified
linear-elastic continuum models for cone-stacked CNFs containing
potential surface cracks of different size and distribution were cre-
ated using the finite element analysis (FEA) software ABAQUS. A
three-dimensional cylindrical FEA model of 3.8 nm in diameter
(D) and 22.8 nm in height was used. The fiber was meshed using
2800 brick and wedge elements corresponding to 10 element slices
or stacked graphene layers. Each graphene layer was represented
by a flat circular disk with a thickness equal to one brick element.
The fiber density was 2000 kg/m3. Young’s modulus was 20 GPa
and Poisson’s ratio was 0.23, based on the atomistic simulation
results of the present study. The bottom surface of the fiber was
fixed in all directions, while the top surface was displaced by
applying a concentrated force of 90.7 nN that was the average force
predicted in the atomistic CNF models at the yielding point. For
simplicity, we assumed a constant crack density of 25% between
every 2 layers. The crack density was defined as the ratio of total
surface crack length over the fiber perimeter (pD) and was equal
to 1 � N. Two surface crack lengths, either pD/20 or pD/40, were
considered by partitioning each circular disk into 20 or 40 wedges,
respectively. The local tensile stress was calculated by linear geo-
metric order and reduced integration. The strain energy release
rate was computed on a single crack using the contour path
J-integral [26].
3. Results and discussion

Fig. 1c shows that the surface bond density grows almost
linearly with the heat-treatment temperature, attaining
�59 bonds nm�1 at 2273 K. This figure also suggests that a 3% fiber
pre-compression at 2273 K can further increase the surface bond
density by 30% due to the reduction in interval distance between
the graphene cones.

The representative mechanical response of a thermally-treated,
surface-bonded CNF simulated by MD is presented in Fig. 2 and
compared to that of a graphitic CNF structure. Here thermal treat-
ment was performed at 1273 K resulting in �26 surface
bonds nm�1. Fig. 2a reveals marked differences in the fracture
behavior of these two types of fiber. On one hand, a graphitic
CNF is found to deform elastically and fail in a brittle-like manner
at a strain limit of 19%, consistent with deformation and failure
mechanisms observed on multi-walled CNTs in past in-situ TEM
experiments [21]. Fig. 2b shows that fracture in graphitic CNFs
starts by the propagation of a single crack nucleated in the inner
core with instantaneous load transfer to the double-walled CNT
layer. The brittle failure of graphitic CNFs can therefore be attrib-
uted to the cleavage of sp2 bonds in the outer layer, which also
agrees well with a previous experimental study from nanoindenta-
tion testing of VG-CNFs [14]. On the other hand, the simulated
response of the heat-treated CNF with 26 surface bonds nm�1,
Fig. 2a, gives rise to a lower elastic limit at 6% and significant
superplasticity characterized by prolonged plastic deformation
exceeding 64% and serrated plastic flow. We note that the simula-
tion was interrupted after reaching its own time limit, so it is pos-
sible for the fiber to have reached further plastic strain.
Nevertheless, such mechanical characteristics are unmatched by



Fig. 2. Comparison of mechanical behavior between a graphitic CNF similar to those in experiments and a thermally-treated CNF with a surface bond density of 26 bonds per
nm predicted by MD simulations. (a) Tensile stress and strain curves at 300 K normalized by Young’s modulus. (b) Close-up view of internal and surface bond structure and
atomistic snapshots of failure processes in a graphitic CNF. (c) Atomistic snapshots of failure processes in a thermally-treated, surface-bonded CNF.
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standard CNTs and graphitic nanofibers. Fig. 2c shows that the
underlying plastic deformation process is more homogeneously
distributed than in graphitic fibers. The fracture process begins
with the nucleation of small surface cracks from layer debonding,
and continues with the unraveling of conical layers, but no
catastrophic failure.

Furthermore, in Fig. 3, we find a strong influence of the surface
bond density on superplastic deformation and fracture behavior in
surface-bonded CNFs when simulating different densities from 0 to
77 bonds nm�1. Apparently, the stress–strain curves in this figure
shows that a CNF with no thermal treatment or zero surface bonds
displays obvious brittleness with a stress drop near zero after
yielding, because the load is suddenly transferred to the very few
cross-linking sp3-bonds added between the layers. By way of con-
trast, Fig. 3 demonstrates a steady increase in both tensile strength
and ductility as the surface bond density increases.

Fig. 4a reveals that the atomic deformation mechanism in a CNF
with low surface bond density (15 bonds nm�1) is associated with
the propagation of a large localized crack produced by the sliding
of two adjacent graphene cones. This process leaves no apparent
Fig. 3. Effect of surface bond density on tensile stress–strain curves of CNFs under
uniaxial deformation at a constant strain rate (1.0 � 108 s�1). An increasing surface
bond density was produced by using different thermal and pre-compression
treatments.
plastic deformation and is predominantly governed by the dissipa-
tion of weak van-der-Waals interactions between layers [5,27,28].
On the contrary, the atomistic snapshot obtained on a CNF popu-
lated by more abundant surface bonds (59 bonds nm�1) shows in
Fig. 4b that plasticity is more distributed and involves the splaying
of the fiber by initiation of multiple surface microcracks. We have
determined that the average size of the surface flaws formed at the
Fig. 4. Effects of surface bond density on atomic-scale fracture mechanisms of
surface-bonded CNFs at an applied strain of 14%. (a) Interlayer sliding and localized
crack propagation in a CNF with 15 surface bonds per nm. (b) Surface bond-induced
splaying process in a CNF with 59 surface bonds per nm.
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yield point decreases as the surface bond density increases. It is
also worth mentioning that, in Fig. 3, the stress–strain curves for
fibers associated with strong surface bond-induced splaying effects
are similar to those predicted in the deformation and fracture of
‘‘super’’ CNT structures characterized by ‘‘fishing net’’ effects [29].

To further understand the atomistic results, we quantitatively
examined in Fig. 5 how fracture strength and energy dissipation
vary with the surface bond density. Fig. 5a shows that the limit
of elasticity is improved by more than 65% from 0.75 GPa to
1.24 GPa owing to the formation of surface bonds during thermal
and pre-compression treatments. Notably, this figure suggests a
linear trend between limit of elasticity and surface bond density.
To explain this behavior, we propose to model the CNF as a
core–shell composite system where the core is defined by the
cone-stacked backbone structure, excluding all surface atoms,
which are then considered as parts of the shell. Due to non-
uniform surface bonding, the shell can be viewed as an atomi-
cally-thin, porous layer. Thus it is possible to predict the overall
fiber strength ry such as:

ry ¼ Vf rb þ ð1� Vf Þrc; ð1Þ

where rb and rc are the strength of a single surface bond and the
core strength, respectively, and Vf is the volume fraction of surface
bonds. Vf is also related to the surface bond density N by:

Vf ¼ NðAb=Af Þ ð2Þ

with Ab and Af the cross-sectional areas for a C–C single bond
(1.5 � 10�2 nm2) and our fiber (44.2 nm2), respectively. Substitut-
ing (2) in (1) leads to:

ry ¼ N
Ab

Af
ðrb � rcÞ þ rc ð3Þ
Fig. 5. Effects of surface bond density N on (a) limit of elasticity and (b) energy
dissipation from plastic deformation in surface-bonded CNFs.
Assuming that Af, Ab, rb and rc are constant, the fiber strength is
found to be proportional to N. We calculated from Eq. (3) that the
core strength associated with the weak van-der-Waals interactions
competing against the interlayer decohesion is rc = 0.78 GPa, using
the intercept of the fitting line with the y-axis in Fig. 5a. Also taking
into account the slope of the fitting line in Fig. 5a enabled us to find
that the tensile strength for a single surface bond is rb = 15 GPa.
Therefore these estimates prove that surface bonds not only play
a major strengthening role in CNFs, but also are extremely difficult
to break apart in the process of surface splaying associated with
superplastic deformation.

Furthermore, Fig. 5b presents the energy dissipated in plastic
deformation during failure, which was calculated from Fig. 3 by
integrating the stress–strain curves after the elastic limit and
dividing by the applied plastic strain. Fig. 5b shows that the frac-
ture energy released dramatically increases from 3.96 J/m2 to
28.63 J/m2 corresponding to a 622% enhancement, and attains val-
ues that are significantly higher than the critical energy release
reported for standard PAN-based carbon fibers, �7 J/m2 [30]. These
results strongly suggest that surface bond reconstruction is condu-
cive to making CNFs stronger and more resistant to crack propaga-
tion at the same time.

A simplified continuum analysis presented in Fig. 6 was used to
interpret this effect. Here, we imagine that the skin of a CNF has a
surface bond density N resulting to a 1 � N surface crack density.
We also assume that the surface flaws only propagate between
graphene layers perpendicularly to the loading direction and that
for a given N, the total crack area is constant regardless of the
average size and distribution of the flaws. Fig. 6a and b proves that
different surface flaw distributions do not significantly change the
predicted contour path integral J0 or strain energy release rate. Fur-
thermore, it has been shown theoretically that bonding from
bilayer edge folding occur at specific sites that are well-spread over
the surface of CNFs [16]. Therefore cases where surface cracks
would be localized on one side of the fiber are statistically limited.
However, average surface crack length and total crack area have
been found to decrease when N increases, which is expected to
lead to a concomitant decrease in strain energy release rate. This
hypothesis is supported by the results in Fig. 6c showing that there
is a pronounced increase in energy release rate for larger surface
cracks. Concurrently, the critical energy release rate, or fracture
Fig. 6. Linear-elastic finite element analysis of local stresses and strain energy
release rate (contour path integral J) in CNF models containing different surface
flaw configurations. (a) Small surface cracks equally distributed on the fiber. J0

represents the reference strain energy release rate. (b) Same surface cracks localized
on one side of the fiber only. DJ/J0 represents the change in strain energy release
rate. (c) Larger surface cracks. The total crack area is identical in all models.
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toughness, is predicted to increase as N increases, due to the dissi-
pative plastic processes as shown in Fig. 5b. This analysis therefore
strongly supports the finding that the resistance to crack propaga-
tion in surface-bonded CNFs becomes optimal when the surface
bond density increases.

4. Conclusions

In summary, using detailed atomistic simulations of high-
temperature annealing and tensile deformation in CNFs, we have
found that the surface bond density linearly relates to the heat
treatment temperature, and that the associated surface bond
reconstruction can substantially increase both tensile strength
and fracture energy by 65% and 622%, respectively, resulting in a
regime of superplasticity unmatched by standard CNTs and gra-
phitic nanofibers. This phenomenon results from the formation of
ultra-strong surface bonds from bilayer edge folding that proved
to be efficient in impeding interlayer sliding while promoting sur-
face splaying processes. This computational study demonstrates
that the surface bond density plays a key role in strengthening
and crack growth resistance of CNFs, and suggests a simple means
to structurally design better flaw-tolerant fibers for nanocompos-
ites systems by optimizing the temperature of heat treatment.
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