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a b s t r a c t 

This paper examines microscale and sub-microscale damage mechanisms in carbon nanotube (CNT) rein- 

forced nanocomposites. A multiscale modeling framework with a damage model developed from molec- 

ular dynamics simulation, is employed to study the physical mechanisms of damage initiation and prop- 

agation in CNT nanocomposites at the sub-microscale. Two CNT arrangements, randomly dispersed and 

entangled agglomerates, are examined. This investigation offers insights into damage properties of partic- 

ular configurations of CNTs in a polymer matrix, in addition to specific understanding related to damage 

concentration effects around the filler material at the sub-microscale. High spatial CNT concentration dif- 

ferential is observed to affect damage initiation and rate of damage. It is further shown to result in sub- 

microscale crack initiation at low global strains, a phenomenon that is also observed at agglomeration 

boundaries, which results in CNT agglomerations to behave as crack initiation sites. 

© 2017 Elsevier Ltd. All rights reserved. 
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. Introduction 

The use of carbon nanotubes (CNTs) for structural and multi-

unctional nanotechnology applications is an area of growing sci-

ntific interest ( Thostenson et al., 2001; Yu and Kwon, 2009 ). In

articular, nanocomposites that use CNTs as reinforcing nanofillers

n the polymer matrix have been shown to exhibit superior multi-

unctional properties under controlled environments ( Balazs et al.,

006 ), such as improved stiffness ( Dean et al., 2006 ), in-situ dam-

ge sensing ( Datta et al., 2015 ), precise thermal management

 Biercuk et al., 2002 ) and increased toughness ( Coleman et al.,

006 ), thus presenting potential for unique applications. However,

 critical obstacle preventing the integration of nanostructures into

ractical applications is the inability to scale the performance gains

nd multifunctional capabilities of nanocomposites for commer-

ialization purposes ( Sochi, 2012 ). In other words, a deep divide

emains between the theoretical predictions and the experimen-

al observations of the mechanical, strength, and damage proper-

ies of CNT-nanocomposites at the macroscale. These differences

ranslate into limitations, e.g., minimal increase in fracture char-

cteristics ( Gojny et al., 2004; Qiu et al., 2007 ) and low strength

nd fatigue life compared to predicted values ( Ren et al., 2004 ).

uch discrepancies have been attributed to geometrical inconsis-
∗ Corresponding author. 
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encies in the CNT composition at the sub-microscale, such as

ack of alignment, agglomerations and poor dispersion of the CNTs

 Wicks et al., 2010 ) that are not accounted for in most macroscale

heoretical formulations. Limited efforts have been devoted to a

omprehensive analysis of the cause of these discrepancies. Recent

tudies have shown that the local nanoscale and sub-microscale

tress-strain response of nanocomposites can significantly differ

rom the average bulk response, with the local stress-strain re-

ponse around the filler material indicating stress concentration

ites ( Subramanian et al., 2015 ). Such sub-microscale responses

ay lead to accelerated damage initiation and may account for

he difference in theoretical and predicted macroscale response in

hese materials. 

A number of computational methods have been used to un-

erstand the load transfer, elastic behavior, and damage mecha-

isms of nanocomposites at the nano and sub-microscales ( Rai

t al., 2016a; Subramanian et al., 2015; Seidel and Lagoudas, 2006;

alavala and Odegard, 2005; Fish and Wagiman, 1993 ). Molecu-

ar dynamics (MD) simulations demonstrate excellent compatibil-

ty for resolving the physics associated with load transfer between

olymer chains and CNTs, which is possible due to the similarity

n length scales between these components ( Rahmat and Hubert,

011 ). However, MD simulations require high computational times

nd hence are limited to unit cells of a few nanometers in size.

ultiscale modeling methods, on the other hand, may be used for

caling the nanocomposite behavior along multiple length scales,

http://dx.doi.org/10.1016/j.ijsolstr.2017.04.034
http://www.ScienceDirect.com
http://www.elsevier.com/locate/ijsolstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijsolstr.2017.04.034&domain=pdf
mailto:aditi@asu.edu
http://dx.doi.org/10.1016/j.ijsolstr.2017.04.034
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since the prevailing mechanisms at the lowest length scale are

resolved while maintaining stable solutions at the higher length

scales through physical length scale bridging ( Subramanian et al.,

2015 ). Multiscale analysis using atomistic simulations is yet an-

other method that is able to not only achieve the desired reso-

lutions for obtaining realistic insights into load transfer and dam-

age mechanisms at the sub-microscale in CNT nanocomposites, but

also deliver simultaneously, an accurate far field response. Such

a hybrid multiscale approach has been used for investigating the

linear and elastoplastic response of CNT nanocomposites ( Zhang

et al., 2015; Yang et al., 2013; Yang and Cho, 2008 ), and can also

calculate the most likely crosslinking degree of the epoxy after

cure ( Subramanian et al., 2015 ) as well as variations in mechanical

response due to physical factors, such as CNT orientation, agglom-

eration, and CNT and polymer interface properties ( Alian et al.,

2015; Namilae and Chandra, 2005 ). The multiscale approach has

shown to be applicable to a nanocomposite system while simulta-

neously being reasonably accurate at multiple length scales. 

In their recent work, the authors have developed an atomisti-

cally informed continuum damage mechanics (CDM) based for-

mulation that captures polymer damage under isothermal condi-

tions and within operating temperatures lower than the glass tran-

sition temperature ( Rai et al., 2016b ). The methodology utilizes

bond disassociation energy densities that are calculated from MD

simulations of bond breakage in the epoxy polymer chains un-

der load. The bond disassociation energy density is used to for-

mulate the damage evolution curve for a CDM theory which also

makes use of polymer mechanics to simulate polymer harden-

ing/softening ( Bouvard et al., 2010 ). This paper extends our pre-

vious work by applying the atomistically informed damage model

to a CNT/polymer system to achieve a more sophisticated under-

standing of the load transfer, damage initiation, and propagation

in CNT nanocomposites at the length scale of the filler material

and its effects at the microscale. This work provides new insights

into damage trends, crack initiation, and propagation at the sub-

microscale of CNT nanocomposites, and can potentially assist in

future nanoengineering of CNT material systems for optimal me-

chanical response for specific applications. 

2. Formulations 

This section briefly reviews the multiscale damage formulations

developed by the authors ( Rai et al., 2016a; 2016b ).The developed

model has been bench-marked against classical plasticity, and CDM

models and verified for experiments involving pure polymer spec-

imens in the following reference: ( Rai et al., 2016b ). The CDM

framework is used to introduce damage at the continuum scale

Lemaitre (2012) ; Chaboche et al. (2006) , chosen due to the im-

proved computational efficiency compared to fracture mechanics

methods, and for its ability to develop thermodynamically consis-

tent formulations ( Coleman and Gurtin, 1967; Simo and Hughes,

2006 ). The elastic strain, ε∼
e , the isotropic damage variable, D , the

internal variable associated with polymer chain movement and en-

tanglement, ξ , and the original density of the material, ρ0 , are

used to define the Helmholtz specific free energy as: 

ψ = 

1 

ρ0 

ψ̄ ( ε
∼

e , D, ξ ) (1)

The Helmholtz free energy is further used to define the thermody-

namic affinities associated with damage, D , and the internal strain

due to chain entanglement in the polymer, ξ : 

 = −∂ ψ̄ 

∂D 

and k = 

∂ ψ̄ 

∂ξ
(2)

The Helmholtz free energy is assumed to be a linear summation

of the elastic and inelastic terms. Defining the stiffness matrix as
L , the elastic term of the free energy is obtained using the consti-

utive relation and the equivalent strain concept ( Lemaitre, 2012 ):

¯
 

e = 

1 

2 

(1 − D ) ε
∼

e : L ≈ : ε
∼

e (3)

q. (3) is used to derive Hooke’s law as shown in Eq. (4) : 

∼
= ρ

∂ψ 

∂ ε
∼

e 
= (1 − D v )(1 − D ) L ≈ : ε

∼
e (4)

The difference in density between the damaged and pristine

aterial can be associated with damage due to volume changes

sing a dependent variable, D v , such that ρ
ρ0 

= 1 − D v ( Chaboche

t al., 2006 ). D v is hence used to quantify the effects of void

rowth and increase in crack density per unit volume in the mate-

ial. 

The plastic potential is formulated such that the effects of dam-

ge and volumetric change is represented ( Lemaitre, 1985 ): 

p = 

ρ0 

ρ

σ ∗
eq 

1 − D 

− k − σy � 0 (5)

here σ y is the yield stress. The equivalent stress σ ∗
eq is chosen

o be a variable elliptic function of the first and second stress in-

ariants ( Green, 1972; Besson and Guillemer-Neel, 2003; Chaboche

t al., 2006 ) such that the effects of hydrostatic stresses may be

onsidered to determine the plastic state of the material. 

The evolution of the state variables need to be defined for im-

lementation of the CDM formulations. The plastic strain rate is

btained using the normality condition: 

˙ εp = 

˙ λ
∂φ

∂( ρ0 

ρ σ
∼
) 

= 

˙ λ

1 − D 

∂σ ∗
eq 

∂ σ
∼

(6)

here the Peric viscoplastic equation ( Peri ́c, 1993 ) is used to cal-

ulate the viscoplastic multiplier ˙ λ: 

˙ = 

1 

K 

[ (
φ + σy 

σy 

) 1 
n 

− 1 

] 

(7)

here K and n are the viscoplastic constants. 

Elements of polymer mechanics are included to simulate the

rocess of chain motion, linkage, and entanglement. The evolution

f the internal strain in the polymer is controlled by the increase

n internal energy due to entanglement of the polymer chains and

he subsequent energy release due to the co-operative movement

f the polymer chains at release. When polymer chains become en-

angled an internal strain like quantity, defined by ξ , is produced.

nand and Gurtin (2003) developed equations to describe the evo-

ution of this quantity, which was further simplified by Bouvard

t al. (2010) and is presented in Eqs. (8) and (9) : 

˙ = h 0 

(
1 − ξ

ξ ∗

)
˙ λ (8)

˙ ∗ = g 0 

(
1 − ξ ∗

ξsat 

)
˙ λ (9)

he internal strains evolution equation simulates the obstacles to

hain movements such as entanglement points. ξ ∗ is the energy

arrier opposing chain movement and as further chains escape the

ntanglement points, this barrier is lowered resulting in further in-

reased motion of chains. Further details on this procedure can be

ound in Rai et al. (2016b ). 

The damage evolution equation is formulated from the MD sim-

lation results of the bond disassociation energy density variation

nder applied strain. A recently developed hybrid MD simulation

ramework that utilizes reactive force fields was used to character-

ze the energy variations caused by successive bond breakages at
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Fig. 1. Damage evolution for different crosslinking degrees. 
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Table 1 

Open-hole specimen dimensions. 

Dimensions C D L LO T W WO 

Values (mm) 3.5 58.5 32.5 97.5 3.5 13 26 

Fig. 2. Open-hole specimen details. 

Fig. 3. Open-hole test specimen displaying speckle pattern. 
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he nanoscale in thermoset polymers under isothermal conditions

nd at operating temperatures below the glass transition temper-

ture ( Subramanian et al., 2015 ). It can be noted that molecular

liding and entanglement is an inherent aspect of these non-linear

olecular simulations which can also lead to local covalent bond

reakages due to local bond stretching. The entanglement is thus

ntimately coupled with the phenomenon of bond breakage which

s captured in the bond energy density variations. The continuum

quation for the damage evolution, as shown in Eq. (10) , repro-

uces the atomistic damage process and is developed with param-

ters that vary according to the crosslinking degree, η. 

˙ 
 = 

˙ λ

2 

·
[

sgn (χ ) · −(1 − η) | χ | − | χ | 
−2(1 − η) | χ | + (1 − η) − 1 

+ 1 

]
(10) 

here sgn () is the signum function and χ is defined as: 

= 2 

(
Y 

Y 0 

) 1 
2(1 −η) 

− 1 (11) 

here Y is the elastic energy of the system and Y 0 is a material pa-

ameter associated with the maximum energy required to initiate

amage in the material. Fig. 1 shows the variation of nominal rate

f damage ˙ D ( ̇ λ = 1) versus normalized elastic energy Y 
Y 0 

. Further-

ore, MD simulations of the epoxy/hardner system was shown to

e isotropic for a unit cell size of 343 nm 

3 (cube with edge length

f 7 nm) with around 40,0 0 0 atoms( Subramanian et al., 2015;

hang et al., 2015 ). In this work the distance between any two con-

ecutive nodes, at the continuum scale, of the polymer system was

aintained to be much larger than 7 nm to ensure isotropy of the

ure polymer, assuming each continuum nodal point behaves as a

omogenized polymer MD unit cell. 

. Experimental validation 

Damage model applicability is tested by comparing the predic-

ions from the numerical simulation to the results from an open-

ole tension experiment. The specimen was manufactured using

poxy resin, diglycidyl ether of bisphenol F (DGEBF), and hardener

iethylenetriamine (DETA). The design and manufacturing of the

pecimen, as well as experimental procedure is based on ASTM

tandard D638 ( ASTM-D638-14, 2014 ), as modified by Fard et al.

2011) for the testing of open-hole polymer specimens. Specimen

etails are presented in Table 1 and Fig. 2 . 

To begin the testing process, the specimen is gripped at the

nds using hydraulic grips in an MTS mechanical testing machine.

-D Digital Image Correlation (DIC) was used to measure the dis-

lacement and strain field contours on the surface of the open-

ole test specimen. The DIC system takes digital images during the
xperiment and then tracks a random speckle pattern shown in

ig. 3 , which is painted on the surface of the specimen to calcu-

ate relative and rigid body displacements. The displacement field

s post-processed to obtain corresponding strain fields. The stereo-

ision capabilities of DIC ensures a highly accurate in-plane and

ut-of-plane displacement and strain measure of a surface. 

The specimen was tested in displacement control at a rate of

 mm min 

−1 to ensure quasistatic conditions. The displacement

nd strain field calculations were performed only for the stem por-

ion of the test coupon, as shown in Fig. 2 . Rigid body displace-

ent of the specimen from the DIC results was used to calculate

nd ensure minimal grip slip. A numerical model of the specimen

s generated in Abaqus, a commercial FE package, and then virtu-

lly tested under the same conditions as the experiment. The for-

ulations presented in Section 2 are implemented in Abaqus us-

ng a user sub-routine with damage model parameters detailed in



118 A. Rai et al. / International Journal of Solids and Structures 120 (2017) 115–124 

Fig. 4. FE model and test comparison. 

Table 2 

Damage model parameters obtained from previous investigations ( Rai et al., 

2016b ). 

η 0.19 h 0 2 

˙ ε 0.005 s −1 g 0 1 

K 15 ξ sat 0.08 

n 2.5 ξ 0 0.12 

σ y 63.375 MPa C k 2.8 GPa 

Y 0 0.12 MPa 

 

 

 

 

 

 

 

 

 

 

 

d  

a  

t  

r  

p  

f  

a  

w  

a  

s  

s

 

h  

s  

i  

c  

d  

T  

F  

p  

i  

t  
Table 2 and then applied to the polymer material. The numerical

model is meshed with 1550 3-D C3D8R solid brick elements with

reduced integration. A finer mesh is generated near the hole to

capture the stress concentration effects. Only the stem portion of

the experimental specimen is modeled. The boundary conditions

emulate the experiment with the bottom surface constrained in 11

direction (orientation can be seen in Fig. 2 ) and a displacement

load applied at the upper surface in the positive 11 direction un-

der quasi-static conditions. 

The stress contours in the loading direction ( σ 11 ) obtained from

the FE simulation are shown in Fig. 4 a, where the classical stress

concentration contours around the open-hole can be observed. The
amage contours in Fig. 4 b show a clear cross localization pattern

t the onset of nonlinear behavior around the region. Fig. 4 c shows

he comparison of the far field strain between the experimental

esults and the FE model versus the applied displacement. The re-

orted strain is an average of the strain measured at a few points

ar from the hole and in the loading direction ( ε11 ) which is shown

s section A in Fig. 4 a. To maintain a fair comparison, the strains

ere measured at the same points in the FE model as the DIC im-

ges of the experiment. It can be seen that nonlinearity in far field

trains and complete fracture of the specimen were captured rea-

onably well by the model. 

Fig. 4 d shows the strain evolution ( ε11 ) around the field of the

ole. These strains were measured as an average value taken from

ection B in Fig. 4 a. The local area around the hole experiences

ncreased stresses due to the concentration effects and, at larger

rosshead displacements, this leads to concentrated plasticity and

amage in the polymeric material relative to the far field regions.

his phenomenon is exhibited as nonlinearly increasing strains in

ig. 4 d. The slight mismatch around 5% strain is attributed to the

lasticity algorithm which depends on the plastic potential activat-

ng the damage formulations. This mismatch can be corrected by

aking better measures of the yield point for the damage formula-
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Fig. 5. Strain contour comparison of model and experiment. 

Fig. 6. CNT mesh. 
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ion and, in future work, will be evaluated based on MD simula-

ions of the polymer. The strain contours in the loading direction

 ε11 ) from the experiment, as captured by the DIC software, is then

ompared against the strain contours from the FE model in Fig. 5 a

nd b. It can be seen that the model closely follows the experimen-

al results in the far field regions and at the local region around the

ole, while capturing the nonlinear increase in strains and the re-

ulting fracture due to local plasticity and damage, which are the

ssential characteristics of the open-hole test. 

. Microscale model 

The damage model detailed in Section 2 and validated in

ection 3 is incorporated into a microscale model to investigate

he microscale and sub-microscale load transfer and damage ef-

ects of CNTs in a polymer matrix. A microscale RVE of the polymer

s generated in the FE framework and CNTs are inserted into the

olymer model by explicitly modeling them using a vertex gen-

ration algorithm in the FE global coordinate system. Each ver-

ex of the CNT is assigned a coordinate ( x i , y i , z i ) 
j , where i de-

otes the vertex number and j denotes the CNT. The general pro-

edure of modeling the CNTs was developed by the authors Rai

t al. (2016b ) and is extended in this paper to study two differ-

nt arrangements of CNTs: (i) randomly dispersed and (ii) entan-

led agglomerates, which are shown in Fig. 6 . The randomly dis-

ersed CNT arrangement is indicative of a nanocomposite system
herein the CNTs are thoroughly mixed in the matrix. A realis-

ic composition of CNTs in a randomly dispersed arrangement in-

olves CNTs that may or may not be uniformly spaced apart from

ach other, but will not form entangled agglomerates. However it

ay be possible for local bunching of a few CNTs ( < 10 CNT ) to

ake place. Entangled agglomerates are modeled as dense spheres

f CNTs ( > 100 CNT ) as they are generally observed under trans-

ission electron microscopy images ( Li et al., 2007 ). The agglom-

rated CNT arrangement is generated by constraining the first ver-

ex of the CNT such that it remains inside a sphere with the ra-

ius equal to the agglomerate radius, r agg . The agglomerate radius

s chosen to be one fourth of the RVE dimensions in this work to

nclude as much of a far field effect as possible while maintaining

omputational economy. The first vertex of the CNT in the entan-

led agglomerate arrangement can then be calculated using: 

x j 
1 

= r agg cos (θ ) sin ( cos −1 (φ)) 

 

j 
1 

= r agg sin (θ ) sin ( cos −1 (φ)) 

z j 
1 

= r agg cos ( cos −1 (φ)) 

(12) 

here θ = 2 πα, φ = 2 α − 1 and α is a randomly generated value

etween 0 and 1. The remaining vertices of the CNT are calculated

sing a random vertex generation formula described by Eq. (13) .

nlike the agglomeration case, all the vertices in the randomly dis-
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Table 3 

Table of CNT properties. 

CNT length 0.5 μm 

CNT Dia 9 nm 

Type Single walled 

Elastic modulus 475 GPa 

Poisson’s ratio ( ν) 0.35 

Fig. 7. Schematic of the embedded element technique. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Schematic of the CNT configurations in the randomly dispersed CNT model. 
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persed arrangement are generated using Eq. (13) . 

x j 
i 

= L CNT 

√ 

1 − φ2 cos (θ ) 

y j 
i 

= L CNT 

√ 

1 − φ2 sin (θ ) 

z j 
i 

= L CNT φ (13)

where L CNT is the length of a segment of the CNT generated. The

CNT algorithm generates 7 segments with 8 vertices per CNT. Three

dimensional truss elements are used to model the CNTs to repre-

sent the structural reinforcement provided by the nanofillers. Each

nanocomposite model contains 20 0 0 CNTs. The waviness, radius,

length and material properties of the CNTs can be controlled to

model either fully stochastic CNT systems or ordered ideal CNT ar-

rangements. The material properties and dimensions of the CNTs

used in this work are reported in Table 3 ( Romanov et al., 2015 ). 

The nanocomposite model, generated using the algorithm de-

scribed previously, is irregular and difficult to mesh using conven-

tional techniques. Hence, the approach of embedded elements is

used to achieve the meshing required in this case ( Dolbow and

Harari, 2009 ). The embedded element technique allows the con-

straining of the nodal translational degrees of freedom of a group

of elements that lie embedded in a group of host elements. In this

technique, the embedded nodal degrees of freedom are appropri-

ately interpolated from the values of the nodal degrees of freedom

of the host elements ( Hibbit et al., 2007 ). 

A schematic of the embedded technique is displayed in Fig. 7 .

In this schematic, the host element is made of nodes A-B-C-D and

nodes 1–2 belong to the embedded element. The displacement

of node 1 is calculated by appropriate weight factors determined

based on the geometric location of node 1 in the host element

and hence, is mainly influenced by the displacements of nodes A-

B. Similarly, node 2 displacement is mainly influenced by the dis-

placements of nodes C-D. Consequentially, the displacement field

of the host element is influenced by the presence of the embed-

ded element and its stiffness properties. The embedded element

displacements are therefore obtained without the need for inter-

mediate nodes as would be the case in a conventionally meshed

model. 

The method of embedded elements for the modeling of CNTs

within polymer has been previously demonstrated by Romanov

et al. (2013, 2015) and the authors ( Rai et al., 2016a, 2016b ). The

polymer model is generated using 50 0 0 elements of 8-noded 3-D

solid C3D8 brick element and used as the host mesh within which,

the CNT elements are embedded. The translational degrees of free-

dom of the embedded elements are constrained to the response

of the polymer mesh. This technique provides a computationally
fficient means of generating a complicated nanocomposite model

hile minimizing the total degrees of freedom. Furthermore, peri-

dic boundary conditions are applied to the edges of the nanocom-

osite model to simulate the periodic behavior of the RVE ( Rai

t al., 2016b ). 

. Microscale model results 

.1. CNT configuration effects 

The microscale nanocomposite model with randomly dis-

ersed CNTs is generated according to the procedure detailed in

ection 4 and is tested in Abaqus with the damage model applied

sing a user subroutine. It should be noted that the continuum

ypothesis for this model with CNTs was verified in a previous

ork ( Rai et al., 2016b ). The model is tested in tension and rep-

esentative results are reported in this section. Unless otherwise

entioned, the measured stress is in the loading direction ( σ 11 ).

he local stress-strain response is obtained by measuring the lo-

al stress (σ l 
11 

) versus the local strain (ε l 
11 

) . The global stress-

train response is obtained by ensemble averaging the stress ( σ 11 )

nd strain ( ε11 ) values for the whole model as represented in Eq.

14) . 

11 = 

1 

V 

∫ 
σ l 

11 dV ε11 = 

1 

V 

∫ 
ε l 

11 dV (14)

The arrangement shown in Fig. 6 a can be scanned at the sub

icro length scale to make certain local patterns of CNTs appar-

nt using virtual voxels. The voxels isolate a sub-volume of the

anocomposite material so that local CNT patterns can be dis-

erned and studied from the larger mass that is shown in Fig. 6 a.

ach voxel contains around 5–15 CNTs. Due to the random nature

f the arrangement in Fig. 6 a, some of these voxels are denser than

thers. This simulates highly dispersed CNTs within an epoxy vol-

me. The pattern of CNTs observed within these sub-volumes can

hen be reduced to three configurations. 

A schematic of the three configurations is shown in Fig. 8 .

onfiguration 1 represents a sub-volume containing approximately

niformly dispersed CNTs, arranged symmetrically within the sub-

olume. The CNTs do not bunch together and are approximately

qually spaced apart. Configuration 2 represents a sub-volume that

ontains a relatively large amount of CNTs. These CNTs lie very

lose to each other forming local bunches. However, the CNTs

re nearly symmetric with respect to each other within the sub-

olume such that there is an even spatial variation in stiffness.

onfiguration 3 represents sub-volumes that are surrounded by a

ingle bunch of CNTs asymmetrically present within the cubic sub-

olume. This configuration exhibits a relatively large matrix rich

rea and an uneven spatial variation in stiffness within the sub-

olume. It is important to note that the bunched CNTs referenced

n this section do not represent agglomeration. In this case a bunch

f CNTs contains a small number ( < 10) while agglomerations con-

ain a relatively larger number of CNTs ( > 100). Additionally, a few
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Fig. 9. Representative CNT configurations images from the CNT model. 

Fig. 10. Stress-strain response for different configurations of CNTs. 
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Fig. 11. Global and local stress-strain response ( Rai et al., 2016b ). 
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ther patterns were observed such as sub-volumes with zero CNTs,

owever, such sub-volumes were rare and not studied indepen-

ently. Fig. 9 exhibits representative images for each configuration

rom the model. The beam rendering option in Abaqus was utilized

o show the cylindrical geometry in these images. 

Fig. 10 shows the difference between the global loading direc-

ion stress-strain response of the microscale nanocomposite RVE

nd the local stress-strain response at the sub-microscale around

he CNT nanofillers within the nanocomposite. The local response

f the sub-volumes is the averaged response for similar configu-

ations surveyed within the larger mass. It was observed that lo-

al configurations of the CNTs at the sub-microscale significantly

ffected the local stress-strain behavior and the damage character-

stics. Configuration 1 exhibits the most delayed damage initiation

nd damage progression relative to the other configurations. The

tress-strain response of configuration 1 is similar to the response

bserved locally near a single CNT in a nanocomposite where the

NTs are ideally structured and spaced apart. The authors have

hown in a previous study that the stress-strain response of a sin-

le CNT in a polymer network exhibits a unique trend. The me-

hanical response of a single CNT in a polymer network, obtained

hrough elasto-plastic molecular dynamics simulations, showed an

nitial peak followed by softening, a recovery phase and secondary

oftening up to failure ( Subramanian et al., 2015 ). The authors have

lso shown that a similar response can be registered at the contin-

um scale in an FE model with atomistically informed multiscale

amage formulations for a CNT in polymer matrix, as exhibited in

ig. 11 ( Rai et al., 2016b ). The unique stress-strain response dis-

layed by configuration 1 is only possible due to the spacing and

ymmetric structure of this configuration. Furthermore, this also

uggests that the MD simulation of a CNT polymer unit cell rep-

esents an ideally spaced CNT structure due to the periodic condi-

ions applied at the edges of the MD unit cell. 

Configuration 2 shows early damage relative to configuration

 and also displays faster damage evolution leading to acceler-
ted local failure. This occurs due to the large stiffness differential

etween the CNT bunches and the surrounding matrix. However,

onfiguration 2 shows relatively better load transfer compared to

onfiguration 3, due to the proximity of neighboring CNTs and dis-

lays better damage characteristics than configuration 3. Configu-

ation 3 shows earliest damage initiation relative to the other con-

gurations and rapid damage evolution due to the large stiffness

ifferential between CNT-rich and CNT-free area. Configuration 3

ontains a large matrix rich zone which causes the large spatial

tiffness differential and poor load transfer characteristics, since

his configuration also lacks neighboring CNTs, leading to rapid

amage escalation and local failure. The global microscale response

an also be seen in Fig. 10 which is the aggregate response of

ll the local configurations, including the representative ones pre-

ented in this section. It is observed that the global response is

ignificantly different compared to the various local responses due

o the complex sub-microscale mechanics and interactions that in-

uence the local response. 

.2. Agglomeration effects 

The microscale nanocomposite model with entangled CNT ag-

lomerate arrangement is tested in Abaqus under the same condi-

ions as the randomly dispersed CNT model. The stress variations

n the matrix of the agglomerate nanocomposite model is studied.

t is observed that the matrix within the agglomerate displays a

tress free condition while the matrix surrounding the agglomerate

s under high tensile stress. Since, the matrix is present through-

ut the agglomerate in this model, this would physically represent

 state of high degree of wetting leading to high permeability of

he polymer within the entangled CNT agglomerate. 
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Fig. 12. Stress and damage profile about the agglomerate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 13. Variation of elastic modulus with weight fraction of CNTs. 
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In order to better understand the stress variation and dam-

age progression in the matrix constituent around the agglomer-

ate, a set of 8 points were chosen such that points 1–3 appear

at the immediate exterior of the agglomerate, points 4–5 appear

at the interphase of the agglomerate and the matrix, and points

6–8 appear in the interior of the agglomerate. The chosen mea-

suring points permits the study of the spatial transition of stress

fields in the matrix from the exterior of the interphase to the inte-

rior. A schematic of the chosen points relative to the agglomerate

is shown in Fig. 12 a. Fig. 12 b shows the local stress response com-

pared to the globally applied strain at each of the chosen measur-

ing points. The stress is measured in the direction of loading and

is local to the measuring point. 

A transition in the stress field in the matrix is apparent with

the zones exterior to the agglomerate exhibiting the unique stress-

strain response discussed previously. The zone exterior to the ag-

glomerate boundary contains loose strands of CNTs. These are

the ends of the CNTs entangled within the agglomerate. At the

sub-microscale these strands can represents equally spaced CNTs.

The interphase zone (the agglomerate boundary) is relatively more

CNT-dense than the agglomerate exterior and the stress field tran-

sitions in the matrix to a brittle-like nature in this zone. The stress

field in the matrix inside the agglomerate is minimal or nonexis-

tent due to the high concentration of CNTs in this region. The CNTs

dominate the load transfer mechanism within the agglomerate and

produces a stress free condition in the matrix. Fig. 12 c displays the

damage in the matrix at each of the chosen measuring points and

can be used to visualize the transition in damage evolution be-

tween the matrix at the agglomerate exterior and the interior. It

is observed that maximum damage occurs at the interphase region

between the matrix and the agglomerate. This damage profile in-
 o  
icates a separation of the polymer and the agglomerate surfaces

eading to crack formation, concentrated around the interphase re-

ion. These microcracks lead to rapid damage propagation leading

o global failure. Experimental work on CNT-epoxy systems have

hown similar results, with CNT agglomerates acting as stress con-

entration and damage initiation sites ( Zhou et al., 2008 ). Thus, en-

angled agglomerates in close contact could lead to interaction of

he microcracks forming at this region and the consequent rapid

ailure of the overall system. 

.3. Variation with weight fraction of CNTs 

Fig. 13 shows the variation of the global material response

f the randomly dispersed nanocomposite model with change in
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Fig. 14. Failure property variation with weight fraction of CNTs. 
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eight fraction of CNTs. It was observed that an increase in the

eight fraction of CNTs led to increase in the elastic modulus,

owever the relationship is not strictly linear. The elastic modu-

us obtained from the microscale model is compared with results

btained from various experimental investigations ( Gojny et al.,

0 05; Zhou et al., 20 07; Abu-Hamdeh and Alnefaie, 2015 ) and

rom MD simulations ( Subramanian et al., 2015 ). The global fail-

re stresses and strains with respect to change in weight fraction

f CNTs is presented in Fig. 14 . The increase in weight fraction of

NTs causes increased brittle response with higher failure stress

ut lower failure strain. An increase in weight fraction of CNTs

eads to an increase in the amount of various sub-optimal sub-

icro configuration of CNTs. Though the larger number of CNTs

eads to higher global elastic properties, the randomness of orien-

ation and larger sub-optimal sub-micro CNT configurations lead to

n increase in ’hotspot’ areas compared to lower CNT weight frac-

ion material. These hotspot areas combine with larger differentials

n internal stresses in the polymer to cause faster damage initiation

nd propagation in the material leading to lower failure strains for

igher weight fraction of CNTs. 

. Conclusion 

In this paper a multiscale continuum damage mechanics based

ormulation was utilized to quantify the damage and consequent

tress-state at the micro and sub-microscale in CNT nanocom-

osites. This formulation was first validated at and then used in

 microscale model of nanocomposites with the CNTs modeled

n randomly dispersed and entangled agglomerate arrangements.

hrough these simulations some insight on the sub-microscale

amage effects in nanocomposites was gained: 

(i) Damage from MD simulations of bond breakage in nanocom-

osites can be used at the continuum scale using CDM formu-

ations; (ii) the unique nanoscale stress-strain response obtained

rom CNT-epoxy MD simulations is also observed at the continuum

cale, however, it is found to be a highly localized phenomenon

ccurring in the immediate vicinity of evenly spaced CNTs. This

eads to an explanation of the physical representation of the uniax-

al stress/strain results obtained from MD at the microscale. It also

hows the context of even spacing of CNTs in the MD results; (iii)

he most desirable material response is obtained when the CNTs

re spaced evenly apart from each other, however this is difficult

o achieve in practice. The least desirable response occurs when

mall bunches of CNTs form asymmetrically in a matrix rich re-

ion. This phenomenon emphasizes the need to include local in-

ormation in the study of CNT nanocomposites. This also highlights

he need for effective CNT dispersion during the manufacturing of

NT nanocomposites;(iv) the insights reported in this work can be

sed to create realistic physics based knock down factors for classi-
al idealistic formulations to represent damage initiation and pro-

ression rather than using empirical factors (v) agglomerates pro-

uce a stress free region in the interior and cause a radial separa-

ion between the polymer and the agglomerate surfaces due to the

arge spatial variation in stiffness between the agglomerate and the

olymer. 

With the development of this multiscale methodology and

ith the insights provided in this paper, better multiscale mod-

ls of nanocomposites can be created to accurately predict damage

nd explain highly complex fracture in nanocomposites. Further-

ore, such models may be used to nanoengineer improvements

n nanocomposites by modifying the CNT architecture to mitigate

amage initiation and propagation. 
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