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a b s t r a c t

The carbon fiber/polymer matrix interphase region plays an important role in failure initiation and ac-
curate modeling techniques are integral to study the effects of this complex region on the composite
response. In composites infused with nanoparticles such as carbon nanotubes (CNT), the interphase
region is more complex due to the presence of multiple constituents and their interactions with each
other. An atomistic methodology to simulate the constituent interphases in carbon fiber reinforced CNT/
epoxy nanocomposites is presented in this paper. The interphase model consisting of voids in multiple
graphene layers enable the simulation of physical entanglement between the polymer matrix and the
irregular carbon fiber surface. The voids in graphene layers are generated by removing carbon atoms and
hydrogenating the end carbon atoms, which better represent the roughness of the carbon fiber surface.
The epoxy curing studies and the response of fiber/matrix interphase under mechanical loading are
investigated through molecular dynamic (MD) simulations with appropriate classical/harmonic and
bond order-based force fields. Furthermore, the atomistic force-displacement behavior is also extracted
to formulate a traction-separation law for interface cohesive zone models. The cohesive behavior
determined from molecular models is parameterized in equations that can be integrated with an
atomistically informed multiscale modeling framework.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Recent research on CNT-enhanced nanocomposites suggests
improved multifunctional capabilities including increased elec-
trical and thermal conductivities, fracture toughness, fatigue
threshold energy release rate, resistance to impact damage, and
delay in the onset of delamination [1e4]. Furthermore, CNT nano-
composites have exhibited improved bonding and adhesive prop-
erties at metal-composite interfaces, which leads to tougher carbon
fiber-metal hybrid structures with stronger interfaces [5]. However,
nano-engineered composites have multiple interfaces that play a
significant role in the load transfer mechanism between constitu-
ent phases. Experimental investigations at nanoscale interfaces are
challenging due to the limitations in direct measurement tech-
niques, test specimen size and preparation, and uncertainty in the
data from indirect measurements [6,7]. Hence, advanced predictive
tools must be developed that capture scale-specific phenomena
sufficiently and reasonably in order to predict the impact of the
.

nanomaterial on the overall composite performance.
Computational methods using atomistic simulations have been

used to understand the physical and chemical parameters that
affect the mechanical response of the interphase [8,9] in nano-
composites. There is limited understanding of load transfer effi-
ciency at the polymer-reinforcement and the polymer-fiber
interphases, which is strongly influenced by irregularities such as
misalignment and defects in nano-reinforcements, surface rough-
ness and matrix voids. Interfacial bonding in the interphase region
between the embedded CNTand its surrounding polymer also plays
a critical role in damage initiation at lower length scales. Although
micromechanics models for the CNT-polymer interface have been
developed [9,10], the effect of the interfacial covalent bonds on the
system response cannot be characterized accurately using these
models. Odegard et al. [11,12] developed an effective CNT-polymer
interphasemodel based on coarse grained atomistic simulations for
functionalized interfaces. This coarse-grained model enabled the
simulation of continuum level time scales; however, load transfer
mechanism at the CNT-polymer interface was not addressed. The
cohesive zone modeling (CZM) approach has been explored in
recent literature for modeling various interface zones, such as
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adhesive debonding [13], delamination in composites [14], fracture
in asphalt concrete [15] and fatigue crack growth [16]. The CZM
method presents several advantages in the modeling of interface
debonding such as the accurate prediction of debonding in pristine
interfaces, elimination of singularity issues and the capability to
include plasticity based debonding behavior [17]. The validity of the
CZM approach for any application relies critically on the traction-
separation behavior of the interface. The estimation of the
traction-separation behavior requires characterization of the
atomistic process of debonding. The challenges posed by the res-
olution of existing experimental techniques lead most researchers
to utilize an inverse approach to formulate an empirical traction-
separation behavior and phenomenologically tuning the parame-
ters by comparing with macroscale experimental observations.
However, such approaches fail to capture the physics behind
interfacial damage nucleation and evolution. Recently, Chandra [18]
applied the CZM approach to model debonding of the CNT/polymer
interphase by estimating the traction-separation behavior using
atomistic models of nanoscale fracture formation. Jiang and co-
workers formulated an interfacial cohesive law for the CNT/poly-
mer interphase based on micromechanics approximations
accounting for van der Waals interactions between the cylindrical
nanotube and the polymer phase [10]. Although this framework
provided a physically meaningful traction-separation law, the co-
valent bonds and other chemical interactions that affect mechani-
cal response were not addressed. Shin and Dandekar used MD
simulations to develop a cohesive zone law for describing the
mechanics at the aluminum-silicon carbide interface; they imple-
mented the embedded atom model potential, which is capable of
capturing bond formation and dissociation in metals. However,
since their material system was crystalline in nature, the cohesive
behavior was extracted from the growth/deformation of an
embedded pre-existing crack at the material interface. In material
systems that contain amorphous thermoset polymer, the technique
of embedded cracks/voids does not yield meaningful information
pertaining to damage initiation.

Simulation of damage initiation at the nanoscale and the inte-
gration of relevant damage parameters to continuum scale damage
models provide insight into damage precursors and the effects of
applied loading. The linear elastic response of carbon nanotube
(CNT)-enhanced epoxy polymers has been extensively studied;
however, fundamental behavior at the molecular level causing in-
elastic response of the nanocomposite material has not been well
understood. The mechanism of damage initiation is also signifi-
cantly different in crystalline and amorphous materials. In a pre-
vious effort, the authors employed a hybrid force field MD
simulation methodology to capture bond breakage in epoxy poly-
mers [19]. This methodology was used to simulate damage caused
by successive bond breakages using a combination of high strain
rate and low temperature MD simulations and was compared to
quasi-continuum (QC) simulations showing excellent correlation
[20]. Thus, a computationally efficient numerical approximation to
physics-based damage initiation phenomenon (QC-equivalent) in
nanoparticle-embedded epoxy polymers was generated and
implemented within a fully stochastic microscale damage frame-
work [21,22]. The damage initiation model is integrated in this
work for the characterization of the fiber/matrix interphase in the
three-constituent system.

This paper presents a methodology to characterize the interface
between the fiber and the CNT-dispersed epoxy polymer in nano-
composites by integrating an atomistic model with a continuum
model. As previously stated, MD simulations have tremendously
contributed to the study of physical and chemical interactions in
multiphase materials [23e25]. However, the high computational
cost associated with the atomistic simulations limits their use
beyond the nanoscale. Hence, the modeling of carbon/graphite fi-
bers that have diameters in the order of microns is not feasible via
MD simulations. In this paper, the relevant section of the fiber (at
the interface) is modeled using irregularly stacked graphene layers
with induced voids. The epoxy resin and hardener molecules
penetrate these voids and form crosslink bonds in the presence of
dispersed CNTs. Thus, the molecular model captures the physical
entanglements formed by the polymer chains with graphene layers
representing adhesion at the semi-crystalline fiber surface. It is
noteworthy that existing literature on nanoscale-driven cohesive
law involving polymers only account for non-bonded van derWaals
forces [10,26,27] and are not suitable for interfaces with function-
alization or mechanical interlocking. Fiber pullout tests in this
study are simulated by the relative sliding of the graphene layers
with the CNT-dispersed polymer phase. The bonded and non-
bonded interactions and the resulting geometric distortions at
the three-constituent interphase during the pullout simulations are
quantified to formulate a cohesive law for the fiber/matrix inter-
face. The atomistically informed cohesive law can be integrated to a
continuummicromechanicsmodel to obtain the overall response at
the microscale. This multiscale interface model is expected to be a
valuable tool in identifying damage precursors at the interface in
polymer matrix nanocomposites.
2. Nanoscale constituent model

The molecular structures of the epoxy resin and the hardener
that constitute the polymer used in this study are DGEBF (Di-Gly-
cidyl Ether of Bisphenol F) and DETA (Di-Ethylene Tri-Amine),
respectively. The MD simulation package, Large-scale Atomic Mo-
lecular Massively Parallel Simulator (LAMMPS) [28], is used to
perform the simulations. All-atom classical force-fields e OPLS
(Optimized Potentials for Liquid Simulations) [29] and MMFF
(Merck Molecular Force Field) [30], are implemented to obtain the
atomic and molecular interactions causing elastic behavior in CNTs
and the epoxy polymer, respectively. A stochastic crosslink forma-
tion approach, based on a cutoff value for covalent bond formation
between active sites is adopted to simulate the epoxy curing pro-
cess [25]. The probability distribution of crosslinking degree for the
polymer system in the presence of CNTs has been presented in
Ref. [24]. In this paper, crosslinking degree of the epoxy resin and
hardener molecules at the local interphase (where the polymer
molecules are mechanically entangled with graphene layers) is
estimated using molecular simulations.

Traditional MD simulations employed with an empirical force
field are not capable of capturing bond dissociation between atoms
leading to plasticity. Although MD simulations that employ an
empirical force-field are useful to study processes in a system
around its equilibrium state (e.g. curing), they are not appropriate
for investigating covalent bond dissociation occurring away from
the equilibrium state (e.g. during deformation tests). The external
forces applied during a deformation test propagate through bonds
in the matrix and in turn, the deformation induced by mechanical
loading elongates the covalent bonds. It is therefore of interest to
capture the effective local force in the deformed interphase to
identify covalent bond dissociation, which characterizes the plas-
ticity in the system at higher length scales. Hence, the bond order
based potential parameter set from Singh et al. [31] is introduced to
capture bond elongation and subsequent dissociation of covalent
bonds in the interphase models during the virtual pullout tests. The
novel QC-equivalent MD simulation approach using which covalent
bond dissociation is captured and quantified at the interphase, is
presented in detail in Refs. [19,20].



Fig. 2. Hydrogenated graphene layer. (A colour version of this figure can be viewed
online.)
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3. Fiber/matrix/CNT interphase

This focus of the interphase model in this study is to investigate
the three-constituent fiber/polymer/CNT interphase in carbon
fiber-reinforced nanocomposites. The semi-crystalline structure of
carbon fiber surface, which introduces roughness, is simulated by
deliberately inducing defects in irregularly stacked crystalline,
protruded graphene layers. The carbon fiber surface model is
constructed by stacking several crystalline graphene layers with
hydrogenated graphene layers with voids as shown in Fig. 1. The
graphene layers with induced voids simulate the irregularities and
roughness on the carbon fiber surface. Note that typical carbon fi-
ber surfaces contain residual nitrogen from polyacrylonitrile, oxi-
dization residues, and compounds from surface treatment.
However, this preliminary molecular investigation of the inter-
phase assumes the fiber surface to be free from chemical residues
other than terminal hydrogen atoms. Although the graphene layers
appear to be perfectly stacked at the onset of the simulation, the
energy minimization and equilibration processes in MD render
them to be irregular, thereby capturing the surface waviness and
roughness of the fiber. The model enables mechanical interlocking
of the polymer molecules through the voids in the graphene layers.
It is also capable of simulating the mechanical and chemical
entanglement between the fiber and the matrix phases in the
composite material.

Since the graphene layers with induced defects are not ther-
mally stable, it is necessary to hydrogenate the defect sites before
implementing them in the interphase model. The defects are
induced by selectively removing sp2 carbon atoms and activating
them. The void induced graphene layer is equilibrated primarily at
300 K, 1 atm for 50 ps (controlled by a Berendsen thermostat and
barostat) with the NPT (isobaric-isothermal) ensemble using a
timestep of 1 fs. The sp2 carbon atoms and the activated carbon
atoms are differentiated by assigning different atom types.
Hydrogen atoms are introduced in the simulation volume after
equilibration, and a cutoff distance based bond formation meth-
odology, similar to that used for the crosslinking of epoxy resin and
hardener [25], is implemented to ensure the saturation of active
sites with hydrogen. The cutoff distance used for bond formation is
9 Å, which is large enough to ensure that all the active sites are
hydrogenated. Fig. 2 illustrates the graphene layer with voids after
the hydrogenation of active sites.

The pristine graphene layers and the hydrogenated graphene
layers are stacked irregularly, and the epoxy resin and hardener
molecules are dispersed in the simulation volume with the CNT
molecules protruding out in the x-direction. This arrangement of
CNT represents a configurationwith radially grown CNTon the fiber
Fig. 1. Schematic of carbon fiber surface (from Ref. [32]). (A colour version of this
figure can be viewed online.)
surface, similar to that of a fuzzy fiber architecture [33]. The nu-
merical crosslinking of the resin and hardener allows the polymer
network to penetrate the voids in the graphene layers capturing
entanglement between the carbon fiber surface and the polymer
matrix. This entanglement of polymer chains with the graphene
layers acts as a mechanical reinforcement in addition to the non-
bonded interactions simulated by the Lennard-Jones potential. It
is important to note that the MD simulations of the interphase
models are designed to prevent the polymer chains from pene-
trating the graphene layers. The initial dimensions of the inter-
phase model are 130� 100� 50 Å3, containing 58,000 atoms in the
simulation volume. Periodic boundary conditions are applied along
the y- and z-directions; however, the simulation is considered to be
non-periodic along the x direction. Energy minimization is per-
formed using the conjugate gradient method followed by NPT
ensemble equilibration is performed at 300 K and 1 atm for 10 ns
(1fs timestep) controlled by a Berendsen thermostat/barostat. The
cutoff distance based method is applied to the equilibrated model
to generate crosslink bonds between the carbon atoms in the resin
and the nitrogen atoms in the hardener (CeN bond). The defined
cut-off distance is 4 Å, which is approximately the sum of the van
der Waals radii of C and N. Fig. 3 illustrates the cured interphase
model and the corresponding loading conditions for the different
modes of loading used to characterize the fiber/matrix interphase.
Fig. 3(a) represents a virtual pullout test where the left ends of all
the graphene layers are constrained along the x-direction, allowing
movement only in the y- and z-directions. A displacement
boundary condition is applied to the polymer matrix along the x-
axis with the CNT molecule following the displacement of the
polymer chains (0.0001 Å/fs). Fig. 3(b) illustrates the fiber shear
mode where the polymer phase is displaced along the y-direction
(0.0001 Å/fs). During the shear displacement, the stacked graphene
layers are allowed to follow the polymer phase, thus simulating
fiber rotation under shear. In Fig. 3(c) the boundary conditions for a
simple fiber pullout test are depicted in which the fiber phase
moves relative to a stationary polymer phase along the z-direction.

The local curing (numerical crosslinking) of the epoxy polymer
in the vicinity of the interphase is investigated first. A stochastic
distribution of the crosslinking degree for the neat epoxy polymer,
used in this study, was generated in the authors' recent work [24].
The most likely crosslinking degree of neat epoxy unit cells was
found to be 56.02% through MD simulations. Following a similar
procedure, the mean crosslinking degree of the polymer in local
regions near the interphase is determined to be 30.15% from mul-
tiple MD simulations with different initial configuration of mole-
cules. This reduction in the crosslinking degree shows that the
presence of graphene layers and CNT at the interphase impedes the
formation of crosslink bonds in the polymer molecules, thus,



Fig. 3. Loading and boundary conditions on the fiber/matrix interphase model (a) mode-I loading; (b) mode-II loading; (c) mode-III loading. (A colour version of this figure can be
viewed online.)
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making the polymer network weaker. The weaker interactions at
the molecular level can scale up to the fiber/matrix interface region
rendering this region weaker and prone to damage initiation.

The stress-strain curve from a virtual pullout test is shown in
Fig. 4. The transverse pullout simulations are performed on mul-
tiple unit cells with different initial configuration of molecules. The
average modulus of the interphase is determined to be 9.69 GPa
Fig. 4. Stress-strain response during interphase pullout test. (A colour version of this
figure can be viewed online.)
with a standard deviation of 0.84 GPa. The elastic response of the
interphase is limited to a strain of ~3.9%. The elastic region corre-
sponds to the polymer chains being stretched under the displace-
ment load. The sudden stress drop following the yield point
indicates the quick dissociation of weak bonds in polymer network.
Subsequently, a hardening phase is observed as a result of the
mechanically entangled polymer chains stretching further under
the load. This mechanism leads to effective load transfer between
the polymer chains, the CNTand the carbon fiber surface. The strain
hardening extends to ~16% strain, following which, the polymer
chains break in quick succession leading to the complete failure of
the interphase. The intermediate fluctuations in the stress-strain
curve could be attributed to local failure arising from chain
breakages in regions of poor epoxy crosslinking density.

The bonded and non-bonded interactions at the interphase are
also monitored during the pullout simulations. Fig. 5(a) and (b)
show the variation of pair/van der Waals energy and bond energy
during the simulations, respectively. The consistent rise in non-
bonded pair energy could be attributed to the breakage of cova-
lent bonds, converting bonded interaction to a non-bonded inter-
action if the atoms previously involved in the covalent bond are
within the van der Waals cutoff distance. The final drop in pair
energy is due to the total failure of the interphase due to massive
bond dissociation and atoms escaping the field of van der Waals
radius.

The extension, relaxation, and dissociation of bond clusters are
captured by the variation in bond dissociation energy (BDE), which
represents the variation of bond energy with reference to the
ground state. The bond energy corresponding to the bound, ground
state of the interphase after equilibration is set to be zero. The



Fig. 5. (a). Pair energy variation during pullout simulation (b). Bond dissociation energy during pullout simulation. (A colour version of this figure can be viewed online.)
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increase in BDE indicates bonds breakage under the applied load;
the fluctuations are due to relaxation of local bond clusters sub-
sequent of bond breakage in chains.
4. Atomistically informed cohesive law for interphases

The data from molecular interphase simulations can be inte-
grated into a continuum model by defining a cohesive traction-
separation law for the fiber/matrix interface. The cohesive zone
model implemented in this study is a modified formulation of the
equations derived by Tvergaard [34], which enables the linking
between cohesive zone parameters to equivalent plastic strain and
void growth processes. The response of the fiber/matrix interface
that needs to be captured by the cohesive law is obtained from the
MD simulations of the interphase debonding, fiber shear, and fiber
pullout modes. In continuum models involving CZM, the cohesive
stresses are dominant until the interface fails. Subsequent to
interface failure, the mechanics of the interface is dictated by the
frictional forces. However, in MD, the interactional potentials be-
tween the phases cause variations in potential energy during
pullout/deformation that manifest as cohesion and friction at the
continuum level. Therefore, the cohesive forces in this study are
calculated as negative gradients of potential energy due to non-
bonded van der Waals interactions and bonded distortions.

The cohesive behavior of the fiber/CNT-dispersed matrix phases
is dependent on the debond mode. Mode-I debonding occurs when
the matrix separates from the fiber in tension (as shown in
Fig. 3(a)), equivalent to mode-I crack-opening in fracture me-
chanics. Mode-III debonding results from a fiber pullout along the
length of the fiber due to relative shear loading. Both modes of
failure are simulated using the fiber/matrix interphase molecular
model presented in the previous section. Figs. 6e8 illustrate the
force-displacement relationship in the molecular system under
mode-I, mode-II, and mode-III loading conditions, respectively.
Note that the mode-I, mode-II and mode-III deformation simula-
tions are performed on five random initial molecular configura-
tions. The results in Figs. 6e8 are the averaged response from the
five configurations.

As shown in Fig. 6, the cohesive behavior of the fiber/CNT-
dispersed matrix interphase under mode-I loading exhibits a
bimodal relationship between the interfacial tractions and the
corresponding opening displacements. Undermode-II andmode-III
loading, Figs. 7 and 8 respectively, the cohesive behavior appears to
be approximately trapezoidal in nature. Note that the mode-II and
mode-III loading were performed along a periodic boundary (y-
and z-direction, respectively) of the molecular unit cell. Hence, the
final drop in load corresponding to total failure of the interphase is
not captured.

Fig. 6 shows the nature of interphase response during matrix
debond from the fiber, transverse to the fiber direction. The first
kink (red dot) in the plot corresponds to the yield point when the
weak bonds in the interphase break. However, this breakage of
weak bonds does not occur as a cluster in the unit cell. Therefore,
the yield point is followed by a strain-hardening region where the
polymer chains in the mechanically entangled interphase elongate
under the applied load. The first drop (green dot) in the cohesive
force occurs at a displacement of ~17 Å. This corresponds to the
breaking of physically entangled polymer chains at the graphene/
polymer interphase. Subsequently, the polymer chains slide along
the x-direction (see Fig. 3) and the loads are transferred to the
remaining bulk of the polymer chains, leading to the second
hardening region. The final drop (black dot) in load indicates the
failure of the polymer phase itself indicating no more possibility of
load transfer to the fiber (graphene layers). The degree of surface
roughness in the fiber can be represented by the size of the void
regions in the current molecular interphase model. The results
indicate that an increase in surface roughness (larger voids in
graphene layers) would lead to a higher spacing between the two
peaks in the cohesive behavior. A higher degree of entanglement
would result in a higher peak value of cohesive forces.

Fig. 7 illustrates the response of the fiber-matrix interphase
under mode-II loading. This loading represents relative shear along
the y-direction, capturing the rotation of the fiber leading to failure.
The critical cohesive force (red dot) corresponds to the bond
breakage in the entangled region causing local interphase failure.
Post the local failure event, the cohesive force gradually decreases
allowing the relative rotation of the fiber with ease. The response
along the z-direction, representing mode-III shear loading leading
to a fiber pullout is illustrated in Fig. 8. The pullout force remains
fairly constant once the yield point (red dot) is crossed. This is
because themechanical interlocking of the polymer chains with the
graphene layers is broken at the yield point. Following this, the
polymer chains slide smoothly in shear relative to the irregular
graphene layers. From a continuum perspective, this is similar to
overcoming the static friction (or adhesion) between the two
phases. Once the static friction is overcome, the two phases slide
with respect to each other under dynamic friction. It is noteworthy
that the peak cohesive forces in mode-III are significantly higher
than in the mode-I and mode-II responses. This is due to the fact
that the fiber (graphene layers) is the major load carrying phase



Fig. 7. Force-displacement response under mode-II loading causing fiber rotation. (A
colour version of this figure can be viewed online.) Fig. 8. Force-displacement response under mode-III loading causing fiber pullout. (A

colour version of this figure can be viewed online.)

Fig. 6. Force-displacement response under mode-I loading causing matrix debond. (A colour version of this figure can be viewed online.)
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under mode-III loading whereas the matrix (polymer chains with
CNT) is the major load carrying constituent phase under mode-I.
Under mode-II loading, although the fiber is a major load car-
rying constituent, the load is transverse to the fiber orientation, and
it is well known that fibers are weak in the transverse direction.

The cohesive formulations are developed to represent the
traction-separation response under the different modes of loading.
With [ui] as the opening/sliding displacements along the loading
direction, Ti, the corresponding tractions, Timax

the maximum trac-
tion, and di the critical displacement, the interface tractions are
represented by:

Ti ¼
½ui�
di

Timax
Fðj;∅; qÞ (1)

If the interphase at the continuum scale is represented by a very
thin layer of interphase elements of thickness h, and further
assuming uniform strains along the thickness, the strains are
expressed as:



Fig. 9. Bimodal approximation to mode-I cohesive behavior. (A colour version of this
figure can be viewed online.)

Fig. 10. Piecewise polynomial approximation to mode-I cohesive behavior. (A colour
version of this figure can be viewed online.)
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fε11 ε12 ε13g ¼ 1
h
fu1 u2 u3g (2)

The critical strains are also defined as:

�
ε
c
11 ε

c
12 ε

c
13

� ¼ 1
h
fd1 d2 d3g (3)

Equation (1) is then modified to obtain the constitutive law:

sij ¼
εij

ε
c
ij
smaxFðj;∅; qÞ (4)

The function Fðj;∅; qÞ describing the overall cohesive behavior
with a as the mode mixity parameter is obtained by the super-
position of cohesive responses under each loading mode. In Equa-
tion (5), functions jðu1Þ,∅ðu2Þ; qðu3Þ describes the mode-I, mode-II
and mode-III cohesive behavior, respectively.

Fðj;∅; qÞ ¼ a1jðu1Þ þ a2∅ðu2Þ þ ð1� a1 � a2Þqðu3Þ (5)

As an initial attempt, due to the nature of the mode-I response,
jðu1Þ is represented using a bimodal approximation. In order to
employ a bimodal Gaussian function, the data is transformed to a
univariate space (u1, jðu1Þ) and the corresponding histogram is
obtained. The general equation of a bimodal Gaussian distribution
is shown in Equation (6).

jðu1Þ ¼ p

0
BB@ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�

2pS21
�r exp

"
� ðu1 � m1Þ2

2S21

#1CCA

þ ð1� pÞ

0
BB@ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�

2pS22
�r exp

"
� ðu1 � m2Þ2

2S22

#1CCA (6)

The values of m1 and m2 correspond to the means of the two
normal distributions; physically, this corresponds to the points of
maximum traction causing local interphase failure initiation (green
dot) and total loss of load transfer capacity (black dot) in Fig. 6. The
S1 and S2 correspond to the root mean square (RMS) width of the
two Gaussian functions. From a physics-based perspective, the RMS
width deviation relates to the degree of entanglement of the mo-
lecular interphase; the higher the mechanical interlocking between
the polymer chains and the graphene layers, the higher will be the
RMS width of each distribution. Fig. 9 shows the approximated
bimodal Gaussian function.

The approximation of the bimodal Gaussian function applied to
the mode-I data yielded the displacement values corresponding to
m1 and m2 of 16.007Å and 30.67Å, respectively. The S1 and S2 values
were calculated to be 7.47 and 3.62, respectively, and the p value to
be 0.722. Although the bimodal function is able to capture the
maximum tractions and their corresponding critical displacements
accurately, the tractions in the region between the local interphase
failure and complete loss of load transfer is underestimated. The
initiation of failure is captures accurately using the bimodal
Gaussian function.

A bivariate polynomial function is also explored to approximate
the mode-I traction-separation behavior. In order to retain the
physics captured by the MD simulations, the quadratic function is
imposed in meaningful piecewise regions (see Fig. 10).

jðu1Þ ¼

8><
>:

a1u
2
1 þ b1u1 þ c1 if u1 � d1c

a2u
2
1 þ b2u1 þ c2 if d1c

<u1 � d1f
b3u1 þ c3if u1 > d1f

(7)
The parameters of the function are obtained through a con-
strained minimization algorithm forcing the curves to pass though
the break points of the piecewise sections, and imposing continuity
constrains at the break points (numerical continuity through a
tolerance condition).

Trapezoidal distributions are used to approximate the functions
∅ðu2Þ and qðu3Þ due to the nature of shear loading and the results
from Figs. 7 and 8. The mode-II/mode-III response is also repre-
sented using piecewise approximation by identifying meaningful
cutoff regions. The response is a trapezoidal traction-separation law
with the critical displacement (d2c; d3cÞ representing the point
where static friction is overcome, and parameters d2f ; d3f indicating
loss of load transfer capability between the fiber and the matrix
(see Figs.11 and 12). Asmentioned earlier, themode-II andmode-III
loading were performed under periodic boundary constraints;
hence, the final drop in load corresponding to total failure is not
captured by these formulations.



Fig. 11. Piecewise polynomial approximation to mode-II cohesive behavior. (A colour
version of this figure can be viewed online.)

Fig. 12. Piecewise polynomial approximation to mode-III cohesive behavior. (A colour
version of this figure can be viewed online.)
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∅ðu2Þ ¼
8<
:

p1u2 þ q1 if u2 � d2c
p2u2 þ q2 if d2 <u2 � d2f

p3u2 þ q3 if u2 > d2f

(8)

qðu3Þ ¼
8<
:

m1u3 þ n1 if u3 � d3c
l2u

2
3 þm2u3 þ n2 if d3 < u3 � d3f

m3u3 þ n3 if u3 > d3f

(9)

The simulation results provide a comprehensive understanding
of the interphase mechanics which is driven by nanophysics.
Experimental studies on matrix debonding performed at the
macroscale involve a pre-existing crack to characterize the inter-
face cohesive mechanics. Finite element (FE) models with cohesive
elements [35] and XFEM studies [36] often utilize a bilinear cohe-
sive law to fit the experimental curve (see Fig. 13 (a)). The bilinear
cohesive law fails to capture damage initiation at the fiber/matrix
interface and only accounts for damage propagation. Fig. 6, on the
other hand, captures the traction causing damage initiation at the
local interphase and its propagation leading to interphase failure
through matrix debond. Micromechanics [10,27] and MD based
cohesive laws in literature [18,37] for debond in finite thickness
interphases exhibit quadratic or cubic behavior with a single peak
(see Fig. 13(b) and (c)). The bimodal behavior is not captured due to
the exclusion of bonded distortions in these studies. Especially in
the matrix debond mode, the inclusion of bonded distortions is
critical because the bonded effects dominate the failure mecha-
nism; as the deformation of the interphase progresses, the non-
bonded van der Waals interactions diminish with distance.

The fiber pullout mode, however, is dominated by van derWaals
forces subsequent to the dissociation of entangled networks at the
interphase because the distance between the two phases remains
fairly constant. Therefore, the MD studies with only non-bonded
interactions [18] are able to capture the trapezoidal behavior
exhibited in Fig. 8. This also shows good correlation with experi-
mental results from a single fiber pullout test [38] (see Fig. 14).

The explicit multimodal traction-separation curves form the
basis of analytical equations, which can be used to calculate the
failure load for the fiber/matrix interphase. This formulation also
shows potential to be used in conjunctionwith numerical methods
such as with FE analysis. Interphase elements that are defined by
the constitutive behavior represented in Equation (4) can be
developed using user material subroutines and commercial finite
element solvers. A significant advantage of this approach is that the
cohesive law can be incorporated within any multiscale framework
for computational nanocomposite analysis, including the one
developed by the authors [21,22]. Such a framework can be used to
study damage initiation and propagation at the interface, fiber
debonding, fiber pullout, matrix cracks in the polymer and the
interaction of matrix damage with the interphase damage which
lead to rapid structural failure.

5. Conclusion

A computational methodology was developed to characterize
the molecular interphases in carbon fiber reinforced CNT/epoxy
nanocomposites. Hybrid force field MD simulations were imple-
mented to study near-equilibrium and bond breakage effects. A
novel fiber/matrix molecular interphase was generated using
stacked graphene layers enabling mechanical entanglement be-
tween the fiber surface and the polymer chains. The transverse
modulus and nonlinear response of the fiber/matrix interphase
were determined by virtual pullout MD simulations under three
different modes of loading. Results from the molecular interphase
models indicate that the penetration of polymer chains through the
voids in the irregular fiber surface leads to stronger bonded and
non-bonded interactions. The variation of pair energy and BDE
were quantified during the transverse pullout simulation.

Cohesive behavior at the interphase was characterized in order
to formulate a traction-separation curve; the equations to non-
parameterize the traction separation curves are presented. The
molecular modeling of the interphase provided insight into the
entanglement phenomena and variations in the cohesive behavior
that have not been captured by micromechanical approximations
or studies in literature that have disregarded bond distortion ef-
fects. The non-parameterized traction-separation behavior can be
included in continuum FE-based models to understand damage
initiation and propagation at the fiber/matrix interface in carbon
fiber nanocomposites.
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