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a b s t r a c t

The carbon fiber/polymer matrix interphase region plays an important role in the behavior and failure
initiation of polymer matrix composites and accurate modeling techniques are needed to study the ef-
fects of this complex region on the composite response. This paper presents a high fidelity multiscale
modeling framework integrating a novel molecular interphase model for the analysis of polymer matrix
composites. The interphase model, consisting of voids in multiple graphene layers, enables the physical
entanglement between the polymer matrix and the carbon fiber surface. The voids in the graphene layers
are generated by intentionally removing carbon atoms, which better represents the irregularity of the
carbon fiber surface. The molecular dynamics method calculates the interphase mechanical properties at
the nanoscale, which are integrated within a high fidelity micromechanics theory. Additionally, pro-
gressive damage and failure theories are used at different scales in the modeling framework to capture
scale-dependent failure of the composite. Comparisons between the current molecular interphase model
and existing interphase models and experiments demonstrate that the current model captures larger
stress gradients across the material interphase. These large stress gradients increase the viscoplasticity
and damage effects at the interphase which are necessary for improved prediction of the nonlinear
response and multiscale damage in composite materials.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer composites, typically containing a polymer matrix and
inorganic components (additives), are ubiquitous in industrial ap-
plications and daily life. The applications of polymer composites
range from consumer products to structural materials. A major
barrier limiting the applications of composites is a lack of confi-
dence in the assessment of safety and reliability of these structures
under service conditions. There is a need for accurate predictive
tools that take into account constituent interactions, material and
architectural variability, and damage at relevant length scales in
order to capture the complex damage mechanisms and failure
modes. A significant amount of research has been reported in this
area. Voyiadjis et al. [1] developed a multiscale model including
damage and plasticity variables at the meso- and macroscales. Yu
and Fish [2] used asymptotic homogenization for the spatial and
temporal domains to model viscoelastic behavior of composites.
Bednarcyk and Arnold [3] incorporated stochastic fiber breakage
n).
phenomenawithin the Generalized Method of Cells (GMC) to study
the tensile failure of unidirectional composite dogbone specimens.
Liu et al. [4,5] developed a Multiscale Generalized Method of Cells
(MSGMC) framework, which performed through-thickness ho-
mogenization, introducing normal/shear coupling, to study the
material behavior and failure of composites with complex archi-
tectures. Macroscopic failure of composite structures was modeled
using a multiscale progressive failure technique by Laurin et al. [6].
Ghosh et al. [7,8] developed a multiscale Voronoi cell finite element
approach using random microstructure to analyze composite fail-
ure. Borkowski et al. [9] studied the effect of microstructural
randomness on polymer matrix composite (PMC) properties using
finite element analysis (FEA). However, these modeling studies
assume perfect bonding conditions for the fiber/polymer matrix
interphase; whereas the physical structure and interactions at the
interphase are not perfect and can be the precursor for damage
initiation and propagation.

Although recent research has shown that the interphase plays a
critical role in the performance of PMCs, accurate modeling of the
interphase is challenging due to the small scale of this region.
Reifsnider [10] conducted a parametric study using interphase
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Table 1
Neat resin components.

Weight Formula # of molecules

DGEBF 313 g/mol C19H20O4 260
DETA 103 g/mol C4H13N3 220

Fig. 1. Schematic of neat epoxy unit cell.
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tensile strength as a variable within micromechanical models to
investigate the effect on the strength and life of unidirectional
composites. Asp et al. [11] assumed symmetrical and periodic
conditions in FEA to model a quarter of the fiber in polymer matrix
and studied the effects of interphase thickness on the response
through a parametric study of various interphase properties. Souza
et al. [12] developed a multiscale FEA model incorporating visco-
elasticity in the micromechanics and a cohesive zone law repre-
senting the interphase to determine the effect of damage under
impact loading. FEA has also been used to model representative
volume elements (RVEs) consisting of multiple fibers with the
interphase represented using bilinear cohesive laws [13,14]. Similar
types of interfacial laws have been applied to subcell boundary
conditions in the Method of Cells (MOC) [15,16] and the GMC
[17e19] theories. Although these studies have applied interfacial
laws to account for the fiber/matrix interaction, these microscale
interfacial laws are based on larger scale coupon testing or de-
ductions and assumptions from parametric studies.

Due to current limitations in experimental techniques, it is
difficult to measure/observe the behavior and failure of the inter-
phase at the atomic/molecular scale. Various test methods have
been developed which use single fiber specimens to measure the
fiber/polymer interphase strength [20]. One suchmethod called the
Broutman test was originally designed to measure the interphase
transverse tensile strength for glass fiber PMCs [21] but has also
been extended to carbon fiber PMCs [22]. However, this method
calculates the transverse tensile strength using the difference in
Poisson ratios between the fiber and polymer matrix under a
compressive loading condition, and the transverse modulus cannot
be measured from this test. While these experimental studies are
capable of estimating the interphase properties, the techniques are
based on indirect calculation of the properties and thus cannot
capture the full range of material properties required to incorporate
the interphase within a multiscale analysis.

In order to overcome the nanoscale experimental limitations, a
significant amount of modeling research has been reported to study
the molecular scale properties of composites using ab-initio
quantum chemistry, density functional theory (DFT), and molecu-
lar dynamics (MD) methods [23e30]. MD generated properties of
graphene nanoplatelets in epoxy were integrated within a multi-
scale model using GMCmicromechanics by Hadden et al. [23]. Jiang
et al. [24,25] modeled the macroscopic behavior of CNT-reinforced
nanocomposites using a form of the rule of mixtures. In their work,
the interphase between the polymer matrix and a CNT is modeled
as a wavy surface and a cohesive stress law is formulated based on
the Lennard-Jones potential. Mousavi et al. [26] studied the elastic
regime of CNT/polymer composites by using a coarse-grained
model, which allowed the scaling of cross-linking and molecular
interactions to larger length scales. Using thesemolecularmodeling
methods, carbon fiber is often approximated as graphene or carbon
nanotube (CNT) in order to reduce the number of atoms needed to
fully represent the fiber. Zhang et al. [14] estimated the mechanical
properties of a carbon fiber/polymer interphase by representing the
fiber as multiple layers of graphene and constructing a cohesive law
using the van der Waals interactions between the constituents. A
vast majority of these molecular interphase models are formulated
using only the Lennard-Jones potential, which does not account for
mechanical entanglements or covalent bond breakage within the
constituents. Additionally, graphene and CNTs possess crystalline
structures, whereas carbon fiber is semi-crystalline with chains of
carbon atoms randomly folded and/or interlocked together which
create defects in the structure [31e34]. Due to the complexity of the
carbon fiber, CNT and graphene molecular models cannot be
directly applied to simulate the carbon fiber or the fiber interphase.

The focus of this study is to develop a realistic molecular
interphase model and integrate it within a multiscale modeling
framework. The novel molecular interphase model accounts for
structural variation and physical entanglement between the carbon
fiber surface and polymer matrix by introducing voids in the gra-
phene layers. A numerical epoxy curing process, previously
implemented by the coauthors [35], is applied to the thermoset
polymer constituent. The curing process, combined with the semi-
crystalline carbon fiber surface, allows the generation and entan-
glement of polymer chains through the voids of the graphene
layers. Several configurations of the interphasemodel are discussed
which include variations in the boundary conditions and structure
of the interphase. Virtual transverse tensile tests are performed
using the interphase models and the mechanical properties esti-
mated from the results are integrated with the High Fidelity
Generalized Method of Cells (HFGMC) theory [36,37], for larger
length scale analyses. Multiscale failure and microdamage theories,
previously applied to a sectional micromechanics approach by the
authors [38,39], are implemented to the current modeling frame-
work. The interphase properties predicted by the current atomis-
tically informed multiscale framework are compared to those
obtained from several available studies [11,13,14].
2. Nanoscale constituent models

2.1. Polymer matrix model

In this study, an epoxy-based thermoset polymer consisting of
DGEBF resin and Di-Ethylene Tri-Amine (DETA) hardener is simu-
lated in the interphase model using a cut-off distance based cova-
lent bond generation method, which was previously developed by
the coauthors for a neat epoxy system [35]. MD simulations are
performed using the Large-scale Atomic Molecular Massively Par-
allel Simulator (LAMMPS) [40] with an all-atom force field called
the Merck Molecular Force Field (MMFF) [41]. Information of the
MMFF is generated by the Swiss Institute of Bioinformatics [42]. A
resin to hardener weight ratio of 100:27 (DGEBF: DETA) is specified
by the manufacturer and used to determine the number of mole-
cules for the polymer unit cell (Table 1). Fig. 1 shows a schematic of
the 3D molecular structure of neat epoxy where the resin and
hardener molecule structures are represented in the dotted boxes.



Fig. 2. Molecular representation of the carbon fiber surface using a number of PG layers (Npg) and a number of GV layers (Ngv).
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2.2. Carbon fiber surface model

The molecular interphase model replicates the semi-crystalline
structure of the carbon fiber surface by intentionally creating voids
in several protruded graphene layers. The larger size of the pro-
truded, center graphene layers effectively increases the surface
roughness of the carbon fiber, thereby simulating a more realistic
structure and providing a method to vary the geometry of the
structure. Similar processes for defect creation have been applied to
CNT models in multiscale FEA analyses [43]. The carbon fiber sur-
face model is constructed by stacking a number of pristine gra-
phene (PG) layers (Npg) and the graphene with void (GV) layers
(Ngv); a Npg:Ngv:Npg (5:5:5) stacking sequence is used as shown in
the schematic in Fig. 2. For graphene layers, an all-atom force field
is implemented using the Optimized Potential for Liquid Simulation
(OPLS) potential to characterize the atomic and molecular in-
teractions [44].
3. Interphase models

The individual constituent models are combined to create a
molecular interphase model where the graphene layers and poly-
mer matrix are depicted in the left and right sides of Fig. 3(a),
respectively. The numerical curing of the resin and hardener and
the simulation of a void in the carbon fiber constituent allows the
polymer network to form through the void, which causes entan-
glement between the carbon fiber surface and the polymer matrix.
Due to the entanglement of polymer chains with the GV layers, a
large amount of energy is required to break these bonds compared
to the non-bonded interactions simulated by the Lennard-Jones
potential energy. In order to illustrate the effect of the physical
Fig. 3. (a) Molecular structure and (b) periodic bo
entanglement on the mechanical properties, a variation of the
interphase model was developed by replacing the center layers
with PG layers which is referred to as the PG interphase model. The
initial dimensions of the interphase model are 100 � 65 � 50 Å3,
containing 15,000 atoms in the polymer matrix and 15,840 atoms
in the carbon fiber surface. As shown in Fig. 3(b), periodic boundary
conditions are applied along the y- and z-directions. Energy mini-
mization of the interphase model is performed using the conjugate
gradient method. Subsequently, NPT (isobaric-isothermal)
ensemble equilibration is performed at 300 K and 1 atm for 10 ns
(1 fs time step) using the Nose-Hoover thermostat and barostat.
During the 10 ns NPT simulation, the potential energy of the
interphasemodel converges to amean valuewithminimal variance
which is considered to be the initial, equilibrated state. The cut-off
distance based covalent bond generation method is applied to the
equilibrated model to generate covalent bonds between the carbon
atoms in the resin and the nitrogen atoms in the hardener (C-N
bond). The defined cut-off distance is 4 Å, which is approximately
the sum of the van der Waals radii of C and N.

To ensure stability in the numerically cured interphase model,
additional NPT ensemble simulations (300 K and 1 atm) are per-
formed until the total energy converges to a stable value. Since the
classical all-atom force fields, used for the numerical curing pro-
cess, cannot capture inelastic behavior (bond breakage) of the
molecular model, a bond-order based force field is introduced in
the equilibrated model to capture covalent bond breakage during
the virtual tensile test. The bond-order based force field (also called
the reactive force field) developed by Singh et al. [45] is used in this
work due to its strong compatibility with hydrocarbon materials.
Virtual testing of the interphase model is performed using MD
simulations incorporating this force field. It is important to note
undary conditions of the interphase model.



Fig. 5. Schematic of loading conditions for the virtual tensile test of the interphase
model with only PG layers.

J.P. Johnston et al. / Composites Part B 111 (2017) 27e3630
that the reason for not using the bond-order based force field for
the numerical curing and equilibration is because of the compu-
tational intensity of this approach. Fig. 4 illustrates the loading
conditions for the virtual transverse tensile test where the gra-
phene layers are constrained by a roller joint condition, as shown
by the black dotted box, which allows movement only in the y- and
z-directions. The red dotted box indicates the displacement con-
dition which is applied to the polymer matrix along the x-axis by
displacing either all or half of the polymer atoms as shown in Fig. 4.
Fig. 5 shows the boundary and loading conditions for the PG
interphase model. The molecular interphase models with the GV
layers account for the effects of structural variation and defects on
the mechanical properties, whereas the interphase model with
only PG layers is used to study the effect of structural variation.
Virtual tests are conducted using these models to obtain MD
generated elastic and failure properties of the interphase, which are
then used in the high fidelity micromechanics theory presented in
Section 4.
4. Micromechanical modeling

The HFGMC micromechanics theory [36,37] is employed in the
multiscale modeling framework. The micromechanical theory as-
sumes that the composite microstructure is ordered and can be
represented by a repeating unit cell consisting of a single fiber in
polymer matrix. The unit cell is assumed to be periodically
distributed in a space defined by a global coordinate system as
illustrated in Fig. 6. A discretization method is used to divide the
unit cell into an arbitrary number of rectangular subvolumes called
subcells where each subcell can contain a distinct set of material
properties.

Since the composite unit cell is defined by a continuous carbon
fiber, the computational costs of the microscale simulations are
reduced by setting the unit cell thickness in the y1 direction to be
one subcell thick. The interphase subcells are created by replacing
the polymer subcells that are immediately adjacent to the fiber
subcells as illustrated in Fig. 7. A unit cell discretized into 256
subcells is shown as an example, and a convergence study is
described in the results in Section 5.2, which determines the
appropriate number of subcells needed to represent the unit cell.
The HFGMC theory enables shear coupling between the subcells
through the application of a higher order displacement field, which
can accurately capture the effect of the interphase on the composite
response and failure. The displacement field for each subcell is
solved through the assignment of equilibrium, boundary condi-
tions, and interfacial continuity conditions, and the derivation as
well as the solution procedure are detailed by Aboudi et al. [36,37].
The properties determined from the nanoscale MD simulations of
the interphase are incorporated into the HFGMC micromechanics
approach to obtain the unit cell response of the composite.

The constitutive equations for the fiber subcells are definedwith
Fig. 4. Boundary conditions for the virtual tensile tests of the interphase model with GV laye
of the polymer atoms.
a transversely isotropic, linear elastic constitutive law (Equation
(1)). The polymer subcells are represented by a modified Bodner-
Partom viscoplastic state variable model [46,47] described by
Equations (2) and (3), and incorporated within the constitutive law
in Equation (4).
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In Equation (1), the variables dεf and dsf represent the strain and
stress increments of the fiber subcells, respectively, and Sf contains
the components of the compliance matrix for the fiber subcells. In
Equations (2) and (3), Z and a are variables related to resistance of
molecular flow and the hydrostatic stress effects, respectively, D0 is
the maximum inelastic strain rate, and the variable n controls the
material rate dependency. The sdev tensor contains the deviatoric
stress components, J2 is the second invariant of the deviatoric stress
tensor, and skk is the summation of normal stress components. The
variables dεm and dsm represent the strain and stress increments of
the polymer matrix subcells, respectively, and Sm contains the
components of the compliance matrix for the polymer matrix
subcells. deI is the inelastic strain increment of the polymer matrix
subcells, which is obtained through explicit solutions and con-
verted from matrix notation to Voigt notation. A linear elastic
model is used in the interphase subcells and the constitutive
equations are similar to that of the fiber subcells described in
Equation (1). For the interphase properties obtained from previous
rs where the displacement condition is applied to (a) all the polymer atoms and (b) half



Fig. 6. Schematic showing the discretization process of a fiber PMC microstructure.

Fig. 7. Discretization of a microscale unit cell (a) without an interphase and (b) with an interphase into polymer (yellow), fiber (grey), and interphase (red) subcells. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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studies, the material symmetry of the interphase is defined as
either isotropic or transversely isotropic based on the assumptions
outlined in the respective studies.

In the current model, damage and failure criteria are applied to
the subcells and the unit cell. Progressive damage is modeled using
awork potential theory [48], which can capture microscale damage
by discretizing the strain energy into elastic and damage compo-
nents. The work potential theory has been integrated into the GMC
theory through a progressive damage model with plane stress
conditions [49,50]. A 3D form of this progressive damage theory
was incorporated in a sectional micromechanical model [38,39] by
the authors. This damage theory is applied to the 3D constitutive
law of the polymer subcells where the damage parameters, calcu-
lated at each time step, degrade the elastic modulus of the polymer.
The microscale failure modes of the polymer and interphase
subcells are determined through a maximum strain criterion and
maximum stress criterion, respectively. The maximum strain cri-
terion is used for the polymer subcells due to the highly nonlinear
response caused by the viscoplastic behavior of the polymer. The
macroscale failure criteria of the unit cell is based on a modified
Hashin failure theory that incorporates shear stress terms in the
compressive fiber failure mode [51,52].
5. Results and discussion

5.1. Molecular interphase results

The nanoscale properties of the interphase are estimated
through the virtual tensile testing of the atomistic interphase
model. Deformation is applied to the polymer matrix at a constant



Fig. 9. Stress-strain plots from the virtual test results of the interphase models.
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rate of 0.001 Å/fs (displacement condition) with the previously
described boundary conditions. High displacement rates are
needed in MD simulations in order to account for molecular in-
teractions. However, the total time of the simulations with these
high displacement rates is constrained to a few nanoseconds due
to computational limitations. Fig. 8(a) and (b) show how the
different displacement configurations affect the straining of the
GV layers and polymer matrix, and that the GV interphase model
configuration displacing half the polymer atoms depicts a more
accurate representation of the physical loading mechanisms in the
material. The simulation results (Fig. 8c) of the PG interphase
demonstrate straining of only the polymer matrix. Additionally,
the polymer atoms near the protruded graphene layers in the PG
interphase results show less deformation compared to the poly-
mer atoms away from the graphene layers; this shows the effect of
structural variation on the material response. Fig. 8 shows the
stress-strain plots of the MD simulations based on the spatially
and temporally averaged virial stress calculation [53]. The results
show that displacing all the polymer atoms in the GV interphase
model yields minimal straining of the polymer matrix molecules
resulting in a high stress concentration at the carbon chains
around the void and lower failure strain of 5%. By displacing half of
the polymer atoms in the GV interphase, the polymer matrix
molecules in the void and adjacent to the carbon fiber surface are
strained, which relieves the stress concentration and causes a
decrease in stiffness. The stress-strain results for the PG interphase
Fig. 8. Virtual test results of the equilibrated molecular interphase models showing the position of the atoms before (left) and after (right) testing.



Table 2
Interphase material properties.

Transverse modulus (GPa) Transverse tensile strength (MPa)

Wang et al. [13] 12.7 50
Zhang et al. [14] 3.37 53
Asp et al. [11] 34 50a

Current Model e GV Displacing All the Polymer 19.53 783.5
Current Model e GV Displacing Half the Polymer 8.28 1024
Current Model e PG 4.9 377.5

a Value assumed; not available in reference.

Fig. 10. Micromechanics convergence study of (a) the time increment and (b) the number of subcells.

Fig. 11. Transverse tensile stress-strain plots for unit cells with different interphase properties.
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model produce low stiffness and failure values indicating a
dependence on the Lennard-Jones potential due to the void-free
structure of the model which prevents entanglement between
the carbon fiber surface and the polymer matrix. The dotted red
box in Fig. 9 shows irregularities at the initial stage of the stress-
strain plots, which are caused by a temporary lack of contact be-
tween the carbon fiber surface and the polymer matrix. Addi-
tionally, due to the potential energy caused by the formation of
bonded and non-bonded interactions during the equilibration
simulation, the stress-strain plots have an initial stress value.



Fig. 12. Subcell stress-width plots for unit cell simulations.
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Therefore, the portion of the stress-strain curve ranging from 1% to
3% strain is used to calculate the transverse moduli.
5.2. High fidelity micromechanics results

Various interphase properties from the literature are investi-
gated using the micromechanics technique to compare with those
obtained using the MD simulated properties. Table 2 displays the
transverse properties for each interphase type including the cur-
rentMD simulated properties. The first interphase type refers to the
properties obtained by Wang et al. [13] using dynamic modulus
imaging methods. The interphase properties from Zhang et al. [14]
are calculated using a cohesive law derived from the Lennard-Jones
potential and they applied factors to capture microscopic defects.
The final literature interphase uses an intermediatemodulus from a
parametric study performed by Asp et al. [11]. A difference in
strength values between the current model and literature values is
evident because the values from literature are computed based on
models or analytical techniques that only consider the Lennard-
Jones potential. The transverse tensile modeling results are ob-
tained by applying a strain rate of 1.05 s�1 to the PMC microscale
unit cell.

A convergence study is performed to determine an appropriate
time increment and a sufficient number of subcells required for the
micromechanics simulations. The GV interphase model with half
the polymer atoms being displaced was used in this convergence
study. The stress-strain responses of the unit cell, for various time
increments, are shown in Fig. 10(a) and convergence of the
response, including failure, is achieved with a time increment of
5E-6. The convergence study for the number of subcells is pre-
sented in Fig. 10(b) and shows that the unit cell stress-strain
response converges with a simulation containing 256 subcells.
The converged parameters are used in the subsequent simulations
to compare the different interphase models and properties.

Transverse tensile stress-strain plots of unit cell simulations
with different interphase types are depicted in Fig. 11. For com-
parison, these results are plotted with simulation results obtained
from a unit cell without interphase subcells. The stress-strain
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response for the simulations with interphase properties from
literature (Table 2) shows smaller failure strains compared to the
simulationwithout interphase subcells. In contrast, the simulations
with the current interphase models result in a 5% lower transverse
tensile strength and increased nonlinearity causing 25% larger
failure strains. To plot the transverse tensile stress as a function of
normalized unit cell width, subcell stress values are extracted as
shown by the arrow bisecting the unit cell in the y2 direction in
Fig. 7. The subcell stress-width data for the simulations with the
interphase types from literature, presented in Fig.12(c), shows local
failure of the interphase subcells. In contrast, Fig. 12(d) demon-
strates that local failure in the unit cell simulation results, obtained
using the current interphase models, occurs in the polymer sub-
cells. Additionally, the simulations with the current interphase
models show a larger stress gradient across the interphase due to
the properties and material symmetry applied to these models
(Fig. 12a and b). The large stress gradients and local failure modes
increase the viscoplastic straining of the polymer subcells, which
causes the large nonlinearity in the unit cell simulations with the
current interphase models. It is important to note that the large
variations in transverse elastic moduli of different interphase types
does not affect the mode of local failure, whereas the interphase
strength and structure does affect the mode of local failure.

Similar results were obtained in Maligno et al. [54] where a
finite element model of a composite RVE was simulated and
parametric studies were performed using interphase strength as a
variable. For interphase strengths less than about 60 MPa,
Maligno's results showed that local failure initiated in the inter-
phase elements and, for higher values of interphase strengths, local
failure occurred in the polymer elements. These results were ob-
tained using varying interphase transverse elastic moduli and the
moduli variations did not have an effect on the mode of local failure
which agrees with the results from the current simulations.

6. Concluding remarks

This study uses a nanoscale interphase model composed of
multiple GV layers and a thermoset polymer matrix to represent
the physical molecular structure of the interphase. The GV layers
were created by removing carbon atoms which caused voids in the
layers. The results from the MD simulations show that strong car-
bon fiber/polymer matrix interactions exist in the GV interphase
models yielding larger stiffness and strength compared to the PG
interphase model. A multiscale framework was developed to inte-
grate the interphase models with a high fidelity micromechanics
theory. The complex interactions shown in the MD results, due to
voids and structural variation, cause large stress gradients across
the interphase and increased viscoplastic behaviour in the micro-
scale simulations. A comparison of the microscale results showed
that the unit cell response obtained using the current interphase
model predict a slightly lower composite tensile strength (about
5%) and a maximum difference of 25% in failure strain compared to
the results obtained using interphase properties from the literature.
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