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a b s t r a c t

An atomistically-informed multiscale modeling framework to investigate damage evolution and failure
in radially-grown carbon nanotube (CNT) architecture is detailed in this paper. Molecular dynamics (MD)
simulations are performed to investigate the effects of nano-reinforcements on the elastic-plastic
characteristics of the constituent interphase in the radially-grown nanocomposite. An interphase dam-
age model is developed using the continuum damage mechanics approach with damage evolution
equations derived using atomistic simulations. The developed damage model is integrated with a high-
fidelity micromechanical analysis and captures the underlying physical behavior that could be attributed
to the enhancement of the out-of-plane properties at higher length scales. The mechanical properties of
the nanocomposite obtained from micromechanical simulations are compared to experimental values
reported in the literature, to validate the developed modeling framework. Conclusions are presented by
comparing the material response of radially-grown CNT architectures with the traditional fiber rein-
forced polymer (FRP) with dispersed CNT architecture.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Recent advances in nanotechnology have led to the develop-
ment of nano-engineered novel CNT architectures such as nano
forests, radially-grown CNTs, and CNT ropes that have the potential
to impact a wide range of applications through improved me-
chanical performance and adding new functionalities [1e3]. While
these predefined CNT architectures have shown promising results
in the transfer of nanoscale properties to the bulk structure [4,5],
optimizing such architectures for significantly improved perfor-
mance metrics remains a challenge. Their implementation is also
limited due to the lack of complete understanding of the effects
CNTs impart to the bulk properties of composites. A significant
problem is the complex damage initiation and failure mechanisms,
which are influenced by the inherent inhomogeneity of the mate-
rial system and material and geometric variability. For predictive
models to be accurate, an understanding of the underlying me-
chanics that govern the scalability of these materials, which in-
cludes possible changes in the fundamental properties of the host
material when nanomaterials of different architectures are
.

incorporated, as well as the benefits offered at higher length scales,
is necessary [6,7].

Among the various predefined nanoarchitectures, the intro-
duction of CNTs in fiber-reinforced polymer through CNT deposi-
tion/growth on the fiber has shown remarkable performance gains
compared to the conventional strategies, such as CNT dispersion in
the matrix. In radially-grown architecture, difficulties such as CNT
agglomeration, filtration, and increased viscosity are avoided, and
hence higher CNT concentrations can be achieved than when CNTs
are dispersed in the matrix [8]. Consequently, several researchers
are investigating the morphological and interfacial properties of
radially-grown CNTs on fiber surface by characterizing properties
such as surface area, fracture energy, interfacial shear strength
(IFSS) and delamination. The incorporation of such nano-
engineered architecture has shown up to a 60% increase in fiber/
matrix interface strength [9,10] and a 33% improvement in impact
toughness [11]. The transverse properties are also significantly
improved compared to traditional CFRPs as reported in Ref. [12].
The increase in IFSS and modulus has been attributed to local
stiffening and mechanical interlocking of the polymer at the fiber/
matrix nano-engineered interphase [13,14]. Several studies have
reported that the presence of CNTs in the fiber/matrix interphase
region suppresses the stress concentration [12,15] and acts as an
intermediate bridge that plays a significant role in load transfer
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Fig. 1. Radially-grown CNT architecture interphase unit cell generated from PackMol
[R]. (A colour version of this figure can be viewed online.)
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mechanisms. Detailed experimental investigation of the interphase
behavior can be challenging due to many physical variables and
their complex interactions at various length scales. Therefore, there
is a need for multiscale modeling methodologies that bridge the
necessary length scales while capturing and modeling the funda-
mental phenomena at the critical length scales to predict damage
and failure mechanisms in nano-engineered composite structures.

The properties of CNT-enhanced composites have beenmodeled
in the past using approximation techniques such as the Mori-
Tanaka formulations [16], composite cylinder assemblage [17],
and effective properties approach [18]. These approaches are often
not adequate as they fail to capture the stress state at the sub-
microscale and the molecular interactions at the nanoscale. The
importance of modeling these phenomena to predict damage
initiation in CNT-enhanced nanocomposites have recently been
reported [19,20]. In radially-grown CNT architecture, the presence
of CNT at the fiber/matrix interface creates a unique stress state at
the nanoscale. Failure to capture this behavior at the sub-
microscale can lead to unreliable damage predictions. Several in-
vestigations have been carried out at the continuum scale to un-
derstand the load transfer and elastic behavior of radially-grown
CNT nanocomposites using deterministic [21e23] and stochastic
multiscale modeling techniques [24,25]. However, their imple-
mentation is limited due to the lack of complete understanding of
the stress transfer characteristics and the interactions between
various constituent interface/interphases along multiple length
scales. Moreover, to the best of authors’ knowledge, there is no
reported work on modeling the physics associated with load
transfer, architectural variability, and complex damage mecha-
nisms in radially-grown CNT nanocomposites at multiple length
scales.

This paper presents a multiscale modeling framework to char-
acterize the interface between the fiber and matrix in radially-
grown nanocomposites by integrating an atomistic model with a
micromechanical model. In our previous work, an atomistic model
of the CNT/fiber/matrix interphase regionwas developed to capture
the unique response that could be attributed to improved out-of-
plane nanocomposite properties [26]. Along the out-of-plane
transverse direction, the interphase region exhibits a multi-stage
deformation behavior, which combines complex phenomena such
as plasticity, softening, rehardening, and failuremechanisms. It was
also concluded that the failure in the critical interphase region is
dominated by the mechanisms arising from loads transverse to the
CNT growth direction. In this paper, the effect of varying CNT con-
centrations on the elastic-plastic and damage response of the
nanocomposite interphase is evaluated through molecular dy-
namics simulations. An atomistically-informed continuum damage
model with internal variables representing polymer mechanics and
damage evolution for different CNT concentrations in the inter-
phase is developed to accurately simulate the response and
complicated damage process in radially-grown CNT architecture.
The developed model in conjunction with the atomistically-
informed damage model for thermoset polymers proposed by Rai
et al. [27] is further applied to a radially-grown CNT nanocomposite
repeating unit cell (RUC) within the high-fidelity generalized
method of cells (HFGMC) micromechanics framework, while fiber
failure is disregarded. Results show that the developed damage
model can capture the unique stress-strain response in the inter-
phase region observed at the nanoscale. The model provides in-
sights into the underlying physical mechanisms that could be
attributed to enhancement in out-of-plane properties at higher
length scales. Furthermore, the performance and property gains
from the radially-grown architecture are compared with traditional
carbon fiber reinforced polymer composites (CFRP) with dispersed
CNTs in the matrix at the micro length scales.
2. Molecular dynamics model

Molecular dynamics (MD) simulations are performed at the
nanoscale to inform the continuum level HFGMC framework. The
radially-grown nanocomposite model at the atomistic scale is
originally comprised of five constituents: carbon fiber surface,
polymeric functional coating (PSMA), radially-grown CNTs, the
epoxy resin, and the crosslinker (see Fig.1). The carbon fiber surface
is simulated with void-induced, irregularly-stacked, graphene
layers to simulate surface roughness; radially-grown CNTs are
embedded in the PSMA chains; they are physically dispersed with
no functionalization. The epoxy consists of DGEBF (Di-Glycidyl
Ether of Bisphenol F) as the resin and DETA (Di-Ethylene Tri-Amine)
as the crosslinker, before curing, dispersed randomly in the unit cell
inside a predefined box. The unit cell dimensions are
40� 45� 35 nm3. A detailed description of themodel set up, choice
of force fields, and epoxy crosslinking simulations can be found in
our previous work [28]. The MD simulations for the radially-grown
nanocomposite are performed with hybrid classical force fields,
initially. The simulations implement periodic boundary conditions
(PBCs) along the y- and z-directions. However, the assumption of
PBCs is not appropriate along the x-direction due to a phase
discontinuity (at the interphase). In this work, we focus on
capturing the effect of CNT areal density (the number of CNTs per
nm2 of graphene layer) on the elastic, elastic-plastic and damage
initiation characteristics of the fiber/matrix interphase with
radially-grown CNTs. To achieve this, the molecular model is con-
structed with a fixed number of graphene sheets, PSMA and epoxy
molecules. Radially-grown CNTs of chirality (10,10) are embedded
in the PSMA chains that are physically dispersed with no func-
tionalization. Due to the high computational costs incurred by
large-scale molecular systems, the modeling of radially-grown
CNTs that have heights in the order of microns is not feasible via
MD simulations. Hence, the length of the CNT is chosen to be only
~10 nm. However, it is assumed that the relative fraction of the
interphase region is of critical relevance and is used as an input to
model the interphase at the higher length scale. The relative frac-
tion is estimated as the ratio between the height of the CNT and



Fig. 2. MD model stress-strain response for radially-grown interphase with different
CNT areal densities. (A colour version of this figure can be viewed online.)

Fig. 3. MD model BDE curve for radially-grown interphase with different CNT areal
densities. (A colour version of this figure can be viewed online.)

K.R. Venkatesan et al. / Carbon 142 (2019) 420e429422
thickness of the interphase (defined by the height of the unit cell)
along the CNTgrowth direction. In this present atomistic model, the
relative fraction of the interphase region is calculated to be ~0.25.
The number of radially-grown CNTs is varied to capture a short
range of areal densities. It should be noted that the upper limit of
this range is dictated by the intermolecular forces of repulsion
among the CNTs in the molecular system.

Equilibration and crosslinking MD simulations are performed
first using classical force fields. The crystalline CNT and graphene
molecules are defined by the Optimized Potential for Liquid
Simulation e All Atom (OPLS-AA) [29] and the Consistent Valence
Force Field (CVFF) [30]. The thermoplastic PSMA chains and the
thermoset epoxy molecules utilize the Merck Molecular Force Field
(MMFF) [31] parameters. The deformation MD simulations are
performed using a reactive force field (ReaxFF) [32] that is capable
of capturing bond elongation and bond scission events. A tensile
load is applied to the molecular model by uniformly deforming the
simulation box along the y-direction. The applied strain translates
to the elongation of bonds causing the atoms to be remapped, and
the equivalent stresses are obtained from the spatial and temporal
averaging of virial stresses [33]. An ultra-high strain rate approach,
as developed by Ref. [28], is employed to decouple thermal relax-
ation of bonds and capture the effect of bond elongation and
breakage purely based on mechanical deformation. Therefore, the
obtained response is a quasi-continuum-equivalent deformation of
the molecular system. The variation of bond energy between the
unbound state of the molecular model at the initial time step and at
each time step of the simulation is used to calculate the bond
dissociation energy. As deformation occurs, the bond energy lost
due to dissociation of each covalent bonds in the system is calcu-
lated and defined as BDE. Further details of the boundary condi-
tions and accompanying justifications are provided in Ref. [26].

It was concluded from our previous atomistic models of the
radially-grown CNT fiber interphase that failure of this region is
dominated by the mechanisms arising from loads transverse to the
CNT growth direction (y-direction in the atomistic model in Fig. 1).
These observations were justified by comparing the obtained
maximum value of bond dissociation energy and the respective
failure strains for different loading directions. A significant hy-
pothesis that emerged subsequently was that, while the elastic
behavior along y-direction was due to loads being transferred
through polymer chain stretching, the CNTs reorient themselves to
fill the voids caused by polymer chain extension. This reorientation
of CNTs happens along the loading direction; as a result, strain-
hardening tendencies were observed beyond the elastic regime.
Further information on the MD model and the nanoscale stress-
strain response curves can be found in Ref. [34]. Fig. 2 illustrates
the smoothed elastoplastic stress-strain response obtained from
virtual deformation simulations conducted for different CNT areal
densities. In the elastic regime, the polymer chains in the inter-
phase region are stretched along the direction of applied stress. In
the yielding regime, the molecular configuration deforms and
rearranges irreversibly. After yield, strain softening occurs due to
the breakage of polymer chains due to successive bond dissociation.
When strain softening is complete, strain hardening behavior
emerges as a result of the subsequent realignment of CNTs along
the loading direction in the newly generated voids. In the failure
regime, the spacing between the CNT and the matrix increases,
contributing to a secondary softening regime that leads to complete
failure of the interphase material. This phenomenon cannot be
determined and verified experimentally; however, the simulations
provide insights into crucial nanoscale trendswhile considering the
local interactions between the CNT, graphene layers and polymer
matrix and influence of different CNT areal densities.

In our previous study, a molecular system with randomly
distributed CNTs was generated to investigate the effect of nano-
inclusions by weight fractions on the polymer cross-linking for-
mation [35]. It was observed and quantitatively shown that the
increase in CNT weight fraction reduced the mean crosslinking
degree in the polymer. However, the gradient of reduction in
crosslinking degree reduced at a much higher weight fraction due
to the formation of CNT clusters causing localized highly cross-
linked polymer regions. This formed the basis of the interpretation
that the presence of CNTs interferes with the crosslink formation
between the resin and the hardener molecules. In the present
radially-grown CNTarchitecture, a similar reduction in the polymer
crosslinking degree is observed with increase in CNT areal density.
Therefore, the increase in CNTareal density in the interphase region
results in a considerable decrease in the transverse elastic modulus.
However, the slope of the hardening phase in the stress-strain
curve increases with an increase in the areal density. Fig. 3 plots
the associated bond dissociation energy (BDE) variation during the
deformation simulations transverse to the CNTgrowth direction for
varying CNTareal densities. The slope of the BDE curvewith respect
to strain is an indication of how much energy is expended for bond
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breakage from the applied deformation. The initial increase in the
slope of the BDE curve up to ~2% strain indicates that the bond
energy is lost due to the stretching and scission of low strength sp3

bonds. After the failure of the polymer phase, the BDE curve satu-
rates beyond ~4% strain, and the slope drastically reduces as a result
of load transfer to the radially-grown CNTs. It is important to note
that the rate of damage saturation (bond dissociation) increases
with an increase in the areal density and leads to a prominent in-
crease in the hardening phase. These nanoscale physical phenom-
ena that are unique to radially-grown CNT architectures could be
attributed to the increase in strength and toughness properties at
higher length scales. The obtained stress-strain response and bond
dissociation energy (BDE) variation which provide vital insights
into these damage mechanisms are used as input to derive
constitutive equations in the microscale continuum damage model
described in the next section.
3. Constitutive material model

Motivated by the previous molecular dynamics results, it is
necessary to accurately model the complex damage saturation and
prominent strain hardening mechanism in the radially-grown CNT
architecture. A constitutive material model for the interphase re-
gion is developed based on the continuum damage mechanics
(CDM) framework, with damage evolution equations that are
developed from elastoplastic MD simulations results. Firstly, the
interphase region is modeled as an orthotropic material. Fig. 4(a)
shows the local coordinate system which is defined by the fiber
inclusion in the x1 direction and the radially oriented CNTs in the
orthotropic material frame (x2-x3). The six independent elastic
parameters in the orthotropic material are obtained from the ten-
sile and shear deformation MD simulations of the atomistic inter-
phase model described in the previous section. The three
independent Poisson's ratios are carefully estimated to ensure a
positive-definite symmetric elasticity tensor Cijkl.

In the CDM framework, constitutive equations and evolution
laws of state variables are derived from the damage-coupled energy
potentials. In the present study, based on the hypothesis of
decoupling between elastic-damage and plastic hardening [36], the
Helmholtz free energy density is expressed as

j ¼ je

�
ε
e
ij;Dij

�
þ jpðx; TÞ (1)

where jeðεe;DÞ is a coupled damage-elastic strain energy and
jpðx; TÞ is the free energy contribution due to plastic strain hard-
ening, εeij is the elastic strain tensor, x is an internal variable rep-
resenting the equivalent plastic strain ε

p, T is the temperature and
the tensor Dij is the internal variable associated with damage.

With the additive decomposition of the strain rate _ε ¼ _
ε
e þ _

ε
p

Fig. 4. (a) Local coordinate system of radially-grown CNT nanocomposite interphase;
(b) different stages of deformation under transverse loading. (A colour version of this
figure can be viewed online.)
and using the Clausius-Duhem inequality under isothermal con-
ditions [37], the following relation can be obtained.

g ¼ s : _εp � dje
dD

_D� djp

dεp
_
ε
p � 0 (2)

where g is the power of dissipation. The thermodynamic conjugate
forces corresponding to the internal variables are derived from the
free energy term and are expressed as

sij ¼
dj

dεeij
¼ Cijklε

e
kl; (3)

Yij ¼ � dj

dDij
¼ 1

2
ε
e
kl
dCklpq
dDij

ε
e
pq (4)

k ¼ dj

dεp
(5)

where s, Y and k are the thermodynamic affinities associated with
the elastic strain ε

e, damage D and the plastic strain due to mo-
lecular rearrangement in the polymer εp respectively.
3.1. Constitutive equations

Using strain equivalence principle and assuming damage com-
ponents in each direction evolve independently, the following
relation for the coupled elastic-damage strain energy term can be
obtained.

je ¼
1
2
ε
e
ij

�
1� Dij

�
Cijklε

e
kl (6)

By substituting the strain energy expression from Eq. (6) in Eq.
(3), the coupled elastic-damage law can be expressed as follows.

sij ¼
�
1� Dij

�
Cijklε

e
kl (7)

It is important to note that in the present work, the primary goal
is to capture specific nano and sub-microscale features that could
be attributed to the enhancement in out-of-plane properties of
radially-grown nanocomposites. As observed from atomistic sim-
ulations, interphase failure under transverse loading is more pre-
dominant compared to the deformation behavior along the
direction longitudinal to the CNTs. Along the transverse direction,
the interphase region exhibits complex mechanisms such as plas-
ticity, damage-softening, rehardening, and failure. Fig. 4(b) illus-
trates the various stages of deformation under transverse loading
and the damage variable D2, characterizes the corresponding
damage evolution as shown in Fig. 5. Along the x3-direction, the
absence of a matrix-dominated softening mechanism is attributed
to the load carrying role dominated by the graphene layers.
Therefore, the interphase deformation along this direction is
assumed to be linearly elastic. Consequently, a thermodynamically
consistent model is implemented by defining a yield function to
initiate failure along the transverse (x2) direction as follows.

4p ¼ s*eq
1� D2

� sy0 � k � 0 (8)

where syo represents the yield stress in the referent direction, seq is
the equivalent stress, and k is a scalar thermodynamic force asso-
ciated with the plastic strain hardening, characterizing the expan-
sion of the yield surface. A nonlinear plastic strain hardening free
energy term is assumed and can be written as



(a)

(b)

Fig. 5. Simulated interphase response for varying CNT areal density: (a) cumulative
transverse damage evolution with applied strain; (b) corresponding stress-strain
response. (A colour version of this figure can be viewed online.)
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jp ¼ ChðεpÞg (9)

where Ch and g are the hardening modulus and hardening index
that represents the internal stresses developed by the polymer
chain rearrangement and the subsequent realignment of CNTs
along the loading direction. Substituting the above free energy
term in Eq. (5), the thermodynamic force associated with hard-
ening is obtained as

k ¼ gChðεpÞg�1 (10)

Under the associative flow, the stress function defined in Eq. (8)
acts as a yield function as well as plastic potential. With negligible
plastic deformation along the x1-and x3-direction, the plastic strain
evolution equation in the x2-direction is obtained using the clas-
sical plasticity conditions and can be expressed as

_ε
p
ij ¼ _l

d4p

dsij
¼

_l

1� D2

dseq
dsij

(11)

where _l represents the viscoplasticity multiplier and is described in
Ref. [38].
_l ¼ 1
Kv

"�
4p þ sy0

sy0

�1
m

� 1

#
(12)

where Kv and m are viscoplastic constants.

3.2. Damage evolution

The nanoscale mechanics of the interphase region derived using
MD simulations, show that the CNT areal density governs the out-
of-plane properties of radially-grown nanocomposites. At the
continuum scale, the CNT areal density is defined as the number of
CNTs grafted or grown per mm2 of the fiber surface. Along the
transverse direction, the post-yield softening and strain hardening
behavior are mainly due to the polymer bond breakage, molecular
rearrangement and consequent reorientation of CNTs at the
nanoscale. In the present formulation, a damage evolution equation
based on BDE variation is developed to surrogate the nanoscale
damage kinetics in the CNT reinforced interphase region.

To model the proposed multi-stage deformation behavior
illustrated in Fig. 4(b), a damage variable D2 is introduced to
characterize the corresponding damage evolution along the y-di-
rection. Two distinct softening variables are introduced to account
for the dual softening behavior observed in the MD simulations.
The BDE variation shown in Fig. 3(a) is used to model the evolution
of the primary damage variable Ds. It is important to note that the
calculated BDE variation from the MD simulations shown in
Fig. 3(a) plots the instantaneous difference in bond energy due to
the breakage of covalent bonds in the system. The calculated vari-
ation accounts only for the bond breakage and does not consider
the cumulative variation of bond breakage energy being converted
to non-bonded pair energy interactions. A damage saturation law is
assumed to characterize Ds and the point of damage saturation is
calibrated from the BDE curve for the value of strain at which the
BDE begins to saturate. The evolution of the secondary damage
variable Df is developed to simply surrogate the final drop in the
stress-strain curve obtained from the MD simulations. The atom-
istic interphase model shows a considerable decrease in transverse
modulus with an increase in areal density. This behavior is ascribed
to the increase in local stress concentrations in the polymer due to
the increase in the volume concentration of CNTs. However, the rate
of damage saturation and hardening mechanism are more promi-
nent with increased areal density. Hence, the damage evolution
equation is developed to reflect this change of nature of damage
with a change in CNT areal density and is expressed as

_Ds ¼
_l

2

�ð1þ aÞ � Dsrh

rh

�
Yx (13)

x ¼ arh (14)

where r is the CNT areal density, a is a phenomenological constant
associated with the damage saturation when the realignment of
CNTs is complete and h is the rate of damage growth. To capture the
dual softening behavior, a secondary damage variable, also called
the failure variable, is obtained as

_Df ¼
_l

2

0
B@ Y

Y0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Df

q
1
CA (15)

where Y0 is a material parameter associated with the slope of the
secondary softening curve. The variation of damage evolution
versus applied strain shown in Fig. 5(a) gives the combined
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response of the two-distinct damage variable, which contributes to
the dual softening stress-strain response. As a validation process,
the combined damage response is compared with the cumulative
BDE variation obtained from a recent publication by the authors
[26]. Fig. 6 (a) shows the obtained BDE variation as a function of the
applied strain for a CNTareal density of ~0.003 per nm2. It should be
noted that this BDE variation is calculated by considering energy
due to bond breakage and the non-bonded pair energy variations
which gives the cumulative variation of the deformation response.
Fig. 6 (b) shows the normalized BDE variation and the damage
evolution for a CNT areal density of ~0.003 per nm2. The predicted
cumulative damage evolution shows good correlation with the
normalized cumulative BDE variation. It is important to note that
the assumed damage evolution equation is based on an exponential
saturation law while the obtained BDE curve shows a highly non-
linear response. It is also worth mentioning that key characteris-
tics such as change in gradient and damage saturation are suffi-
ciently captured by the developed damage evolution model. The
(a)

(b)

Fig. 6. Comparison of the BDE variation with cumulative damage evolution for a CNT
areal density of ~0.003 per nm2: (a) Cumulative BDE variation with applied strain [33];
(b) Comparison of normalized BDE with cumulative damage obtained using the
interphase model. (A colour version of this figure can be viewed online.)
variation of stress-strain response with CNT areal density is shown
in Fig. 5(b). At high CNT density, the model predicts improved
damage saturation and a more prominent hardening behavior as
compared to lower CNT density where the stiffness improves. The
change in gradient and slope of the damage curve are the key
features of interests are sufficiently captured by the developed
damage evolution model.

The developed constitutive model considers the variation of
material behavior with CNT density in the direction transverse to
the radially-grown CNTs. Hence, a relationship between transverse
yield strength and CNT density, r, is derived through molecular
dynamics simulations. The yield point is computed using MD
simulations with appropriate force fields as described in the pre-
vious section. From the simulation results, the yield strength for a
range of CNTareal density was calculated using virtual deformation
tests along the x2-direction. The linear fit model was found to have
the following form.

syo ¼ 135:5 � 0:0076r (16)
4. Micromechanical model

Previously, it is observed that the CNT areal density in the
interphase region affects the out-of-plane properties significantly.
Therefore, the local fiber/matrix interphase region is modeled at
the micro length scale to quantify the influence of the CNT areal
density on the global response of radially-grown nanocomposite.
Firstly, the HFGMC based micromechanics theory is employed to
model the nanocomposite microstructure with repeating unit cell
consisting of fibers reinforced in a polymer matrix. The unit cell is
assumed to be periodically distributed in the y2 � y3 plane and is
discretized into Nb and Ng subcells along the y2-direction (height)
and y3-direction (width). The composite unit cell is defined by a
continuous fiber inclusion in the y1-direction. Hence, the compu-
tational costs of the framework are reduced by setting the unit cell
thickness in the fiber direction to one subcell thick. The critical
interphase region in the radially-grown CNT architecture is
modeled with interphase subcells that are adjacent to the fiber
subcells as illustrated in Fig. 5. In an ideal case, the interphase
subcells can be considered cylindrically orthotropic with q2½0;2p�
as the angle formed by the in-plane direction of the nanoscale RVE
to the axis of the corresponding fiber as shown in Fig. 7.

The strain transformation matrix Tε can describe the relation-
ship between the interphase subcell coordinate system and the
microscale coordinate system. The elastic properties determined
from the atomistic simulations of the interphase region are incor-
porated into the micromechanical model of interphase subcells
using the transformation matrix and is expressed as
Fig. 7. Schematic representation of the repeating unit cell (RUC) with the polymer
(white), fiber (yellow) and interphase (red) subcells. (A colour version of this figure can
be viewed online.)
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Cint ¼ TεCintT
T
ε

(17)

where the subscript ‘int’ denotes interphase.
A geometrical relationship is derived to estimate the average

CNT volume fraction Vcnt at themicrostructure level as a function of
the CNT areal density at the sub-microscale.

Vcntð%Þ ¼
XNf

n ¼1

 
rpd2cnttint

D
Vf ,n

!
� 100 (18)

where D, Nf and Vf are the diameter, number of fibers and volume
fraction of the fiber in the RUC, dcnt is the diameter of radially-
grown CNTs, and r is the CNT areal density at the sub-microscale.
The parameter tcnt characterizes the thickness of the CNT-
enhanced fiber/matrix interphase region. Several experimental
studies suggest that the presence of radially-grown CNT leads to
local stiffening of the epoxy at the interphase region [13e15].
Simulation studies shows that relatively short (~500 nm) and dense
CNTs enhances the stresses in the matrix due to stress concentra-
tions shifting from the interphase region towards the ends of CNTs
[39]. This formed the basis of our premise that the presence of CNT
in the fiber/matrix interface has an extended reinforcing effect
beyond the ends of CNTs. Hence, it is assumed that the thickness of
the interphase region tcnt can adequately capture the experimen-
tally observed reinforcing effect and is primarily dictated by the
relative fraction estimated from the atomistic model discussed in
section 2. Fig. 8 shows the variation of CNT volume fraction with
respect to the number of CNTs grown per mm2 on a single fiber at
40% volume fraction of fiber for normalized unit thickness of the
interphase region.

The HFGMC micromechanics theory employs a higher-order
subcell displacement field which enables shear coupling between
neighboring subcells. As a result, the current framework can
accurately capture the effect of the interphase properties on the
nanocomposite response. The solution procedure for the displace-
ment field is detailed in Ref. [40]. Each subcell in the RUC is
assigned material properties and a constitutive law to describe the
local behavior. The constitutive equations for the fiber subcells are
defined with a transversely isotropic, linear elastic constitutive law,
Fig. 8. CNT volume concentration at the microscale as a function of CNT areal density
at the nanoscale. (A colour version of this figure can be viewed online.)
while the polymer subcells are defined as isotropic material. The
isolated effects of the local PSMA coating in the interphase region
are not considered in this study. The damagemodel for the radially-
grown CNT nanocomposite interphase, described in the previous
section, in conjunction with the atomistically informed damage
model for thermoset polymers [41] is further applied to the RVE
within the HFGMC framework.

5. Results of HFGMC simulations

This section presents results and predictions from the atomistic
interphase damage model applied to the high-fidelity micro-
mechanical model. The present modeling framework is validated
by comparing the elastic mechanical properties of unidirectional
radially-grown CNT nanocomposite (2% CNT volume fraction) with
experimental data from the literature [42,43]. As stated in Ref. [42],
CNTs with diameter d¼ 30 nm, height h¼ 100 nm, and a volume
fraction of 2% were radially grown on fiber surface of diameter
D¼ 5.2 mm. It should be noted that the height of the CNTs in ex-
periments is higher compared to the height of the CNTs used in the
atomistic simulations. As previously stated, the effect of the CNT-
reinforced interphase region is assumed to extend over a certain
height. Hence, the relative fraction (~0.25) obtained from the
atomistic model is used as a rough measure to estimate the thick-
ness of the reinforced interphase region associated with the height
of radially-grown CNTs. As a result, the predicted value of the
transverse modulus matches well with the test data when the
thickness of the interphase region is estimated to be ~800 nm that
is equivalent to ~200 nm in the height of the CNTs. Although the
value is merely estimated to match the experimental data, detailed
investigation on the effect of the thickness of the interphase region
is needed to fully understand the underlying physical association
and adequately model the effect of the CNT-reinforcements. It
should be noted that an areal density of 103 CNTs per mm2 is chosen
to model the nanocomposite with ~2% CNT volume fraction.

As shown in Table 1, the predicted longitudinal and transverse
modulus obtained from the HFGMC model are in good agreement
with the experimental observations. The predicted elastic response
of radially-grown nanocomposite yields up to a 21.3% improvement
in the transverse modulus with respect to traditional fiber rein-
forced composites as shown in Table 1. However, the longitudinal
modulus of the composite deteriorates in the presence of hetero-
geneous interphase region. This degradation could be attributed to
the interphase region acting as surface defects on the fiber, thereby
degrading the load transfer characteristics along the fiber direction.

5.1. Damage simulation for transverse tensile loading

The influence of matrix cracking on the transverse fracture
behavior is captured using the atomistically-informed damage
model for thermoset polymers simulated at 60% crosslinking de-
gree. The effect of fiber/matrix interphase failure in radially-grown
CNT architecture is examined using the developed atomistically-
informed interphase damage model. The variation of the trans-
verse stress-strain response of the nanocomposite with CNT areal
density is plotted in Fig. 9. The increase in areal density shows no
significant variation in the transverse elastic modulus. In general,
the increase in areal density or CNT volume fraction is expected to
improve the modulus of elasticity in the out-of-plane direction. The
authors hypothesize that this discrepancy could be due to varia-
tions in elastic modulus of the interphase region along the direction
of CNTs, which is not considered in this study. However, the
nanocomposite with low CNT areal density fails early due to the
interphase cracks, and the transverse tensile strength is lowest. The
nanocomposite at higher areal density shows higher transverse



Table 1
Comparison between experimental data and atomistically-informed microscale model for 2% CNT vol. fraction.

Atomistically-informed HFGMC Experimental data

E11 (GPa) E22 (GPa) E11 (GPa) E22 (GPa)

CFRP w/radially-grown CNT 187a 10.01b 203± 7.6a [43] 10.02± 1.13b [42]
CFRP 189.33a 8.25b 198.3± 5.0a [43] 7.8± 1.09b [44]

a 70% Fiber Volume Fraction.
b 40% Fiber Volume Fraction.

Fig. 9. Micromechanical model predictions for the transverse failure response of
radially-grown CNT nanocomposite for varying CNT areal density. (A colour version of
this figure can be viewed online.)
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strength properties. This is attributed to the nanoscale phenomena
where the increased number of radially-grown CNTs leads to
improved damage saturation of the polymer matrix in the inter-
phase region. Also, the increase in areal density causes a more
substantial strain softening region with a higher strain to failure.
The energy absorption capabilities, as determined by the area un-
der the stress-strain curve, improve with the increase in CNT areal
density. This improvement is attributed to the prominent strain
hardening tendencies associated with the reorientation of CNTs
along the loading direction at the nanoscale.
5.2. Effect of nano-engineered architecture

This sub-section investigates the effect of nano-engineered ar-
chitecture using the developed atomistically-informed high-fidel-
ity micromechanical model. The effect of radially-grown CNT
architecture is compared with traditional CNT-enhanced carbon
fiber reinforced composites to investigate the load transfer char-
acteristics and the isolated influence of matrix cracking on the
transverse material response. As a case study for microstructural
analysis, the microscale RUCs with CFRP composite containing a
CNT-enhanced polymer, and radially-grown CNT with 2% volume
fraction of CNTs and 40% volume fraction of fiber are generated. In
the case of the RUC with dispersed CNT-CFRP, the elastic properties
of the nanopolymer are obtained from our previous established
modeling framework for CNT-enhanced nanopolymer systems [35].
The dispersion of CNT in the polymer phase was found to interfere
with the polymer crosslinking degree. The model predictions
showed that the average cross-linking degree (CLD) was found to
be 66.32% at ~0% CNT volume fraction, and 47.14% at ~2% CNT vol-
ume fraction in the polymer phase. The corresponding cross-
linking degree values are used in the atomistically-informed
damage model for thermoset polymers to obtain a reliable com-
parison between the two CNT architectures and the influence of
matrix cracking on the transverse progressive damage response,
while the fiber/matrix interphase failure or debonding is dis-
regarded. These unit cells are subjected to boundary conditions
corresponding to the deformation along the direction transverse to
the fiber. The specific material properties and parameters used in
the interphase constitutive model are detailed in Table 2. The ma-
terial properties used for the fiber and matrix phase are detailed in
Table 3.

Fig. 10 compares the transverse stress-strain response of the
radially-grown CNT-CFRP with traditional CFRP composites con-
taining a neat polymer and CNT-enhanced nanopolymer. The
micromechanical model predicts significantly improved stiffness
and load transfer characteristics in radially-grown architecture
compared to traditional CFRP composites with neat polymer while
slightly lower stiffness when compared to CFRP with CNT-
enhanced nanopolymer. However, the radially grown CNT archi-
tecture displays delayed onset and slower propagation of matrix
damage compared to the CFRP with dispersed CNT in the polymer.
This observation associates well with existing literature findings
[45] where radially-grown CNT architectures showed better frac-
ture properties than traditional CFRP composites with neat poly-
mer and CNTs dispersed in nanopolymer. These improvements in
the radially-grown architecture are attributed to the presence of
CNT enhanced interphase region, which plays an essential role in
the redistribution of stresses in the matrix around the fiber. The
radially grown architecture leads to superior interfacial interactions
between the CNTs and the host matrix resulting in efficient load
transfer to the radially-grown CNT reinforcements. The increase in
CNT volume fraction (or CNT areal density) leads to increased
transverse strength and energy absorption properties, which in
turn could lead to improved interlaminar shear strength and
impact toughness at higher length scales.

On the other hand, the CFRP composite with CNT dispersion in
the matrix leads to a noticeable increase in energy absorption
compared to traditional CFRP with the neat polymer. However,
dispersed CNTs in nanopolymer tends to interferewith the polymer
cross-linking degree, and often agglomerate and form clusters at
higher volume fractions. This phenomenon significantly affects the
load transfer between the CNTs and the matrix and accelerates the
damage propagation in the matrix phase. Therefore, the traditional
CFRP composites with dispersed CNT architecture does not take
advantage of the unique properties of the CNTs, thereby leading to
inferior properties at higher volume concentrations of CNT.
Whereas the property enhancements in radially-grown nano-
composite can be ascribed to be one of the unique architectural



Table 2
Material model parameters for radially-grown interphase region.

Elastic Properties Model Parameters

E1 17.32 GPa r 103 CNTs/mm2 Y0 0.04 GPa
E2 15.39 GPa h 0.042 tint ~800 nm
E3 27.61 GPa Ch 5 GPa
G32 2.35 GPa m 1.5
G21 4.58 GPa Kv 0.6
G13 3.16 GPa a 0.20

Table 3
Material properties of fiber and matrix phase.

Properties of IM7 Carbon Fiber Properties of Neat Epoxy Properties of Epoxy with Dispersed
CNTs

E1 294 GPa E 2.61 GPa E 4.41 GPa
E2;E3 18.5 GPa v 0.35 v 0.41
n23 0.30 h (CLD) 66.32% h 47.14%
n12 0.27 Vcnt ~2%
G23 25 GPa

Fig. 10. Micromechanical model predictions for the transverse response of radially-
grown CNT (2% CNT volume fraction) and traditional CFRP composite. (A colour
version of this figure can be viewed online.)
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benefits that provide exceptional performance gains at a higher
volume concentration of CNT.
6. Conclusions

The significance of radially-grown nanoarchitecture was high-
lighted in this paper, in addition to the development of a multiscale
modeling framework that can accelerate the development and
optimization of such novel architectures. The nanoscale mechanics
in the radially-grown CNT configuration have been modeled using
MD simulations to investigate the effect of CNTs in the fiber/matrix
interphase region. A previously developed atomistic model of the
radially-grown nanocomposite was used to investigate the effect of
CNT concentrations in the interphase region. The damage and
failure mechanisms were found to vary based on the CNT areal
density in the heterogeneous region. The out-of-plane elastic
modulus decreased with increase in areal density. However, the
failure mechanisms improved significantly with an increase in the
areal density. The BDE variation was obtained as a function of
strain, which provided vital insights into the damage mechanisms
along the direction transverse to the CNT growth. The nano-
engineered interphase region in radially-grown architecture was
modeled as orthotropic fiber/matrix interphase subcells using the
HFGMC framework. The obtained elastic response of the radially-
grown nanocomposite correlates well with available experi-
mental data, establishing the validity of the present approach using
atomistically informed interphase subcell properties. A CDM-based
constitutive model was developed using the variation in BDE ob-
tained from MD simulations to accurately simulate the damage
mechanisms in the heterogeneous interphase region. The devel-
oped interphase damage model was integrated within a high-
fidelity micromechanical framework to investigate the transverse
failure response of radially-grown nanocomposites. The nano-
composite with higher CNT areal density showed higher transverse
strength and a larger strain-softening region at the micro length
scale, indicating possible improvements in the interlaminar
strength and energy absorption properties at higher length scales.
Finally, a case study was conducted to investigate the load transfer,
and damage initiation, and propagation in traditional CFRP com-
posites with dispersed CNT and radially-grown CNT architecture at
the micro length scale. The microscale RUC with radially grown
CNTs showed significant improvements in the load transfer
behavior and delayed the onset of damage along the direction
transverse to the fiber as compared to traditional CFRP. The CFRP
composites with dispersed CNTs displayed slightly improved
transverse modulus compared to the radially-grown architecture.
The results also highlighted that the radially grown displayed better
fracture properties than CFRP with dispersed CNT architecture.
Thus, the developed high-fidelity computational framework can be
further integrated with bottom-up multiscale modeling ap-
proaches that could serve as a useful tool to guide the design,
development, and optimization of radially-grown CNT architec-
tures with improved performance metrics at the structural length
scale.
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