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1. ABSTRACT 

 
MECHANICS OF NANOSCALE FIBER NETWORKS AND THEIR COMPOSITES: A 

THREE-DIMENSIONAL MULTISCALE STOCHASTIC MODELLING STUDY 

 

Rajni Chahal, PhD 

 

The University of Texas at Arlington, 2020 

 

Supervising Professor: Ashfaq Adnan 

Three-dimensional fiber networks and their composites are commonly observed 

as bird nests in nature, collagen in biological systems, papers, respiratory face masks 

filters, water filter cartridges, and air purification meshes, etc. The overall properties and 

mechanics of fiber networks are governed by the morphological parameters such as fiber 

length, diameter, orientation, waviness, agglomeration, and inter-fiber interactions. In this 

study, two different fiber network systems: electro spun silica nanofiber mats (stand-alone 

networks) and carbon nanotube (CNT) reinforced nanocomposites (network-based 

composites) are considered. Most of the available literature assumes idealized network 

parameters, perfect interphase, and two-dimensional modelling approaches. In this study, 

we have proposed a novel computational modelling approach which can incorporate 

above-mentioned parameters and their stochastic variations towards the construction of a 

three-dimensional model. The modeling scheme involves molecular dynamics simulation 

to evaluate component level and interfacial properties, and finite element analysis to 

obtain network level properties. The stochastic nature of the network has been modeled 

with a Python-based scheme. Future guidelines to enhance current modelling technique 

to study the failure properties of these materials are discussed. 
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1. CHAPTER 1 INTRODUCTION 

 

Background 

Fibrous networks are found everywhere. They are commonly observed as bird nests in 

nature, collagen in biological systems, papers, respiratory face masks filters, water filter 

cartridges, and air purification meshes, etc. The overall properties and mechanics of fiber 

networks are governed by the morphological parameters such as fiber length, diameter, 

orientation, waviness, agglomeration, and inter-fiber interactions. Electrospun silica 

nanofiber mat is an example of such stand-alone fibrous mats, where the porosity/inter-

fiber distance and above-mentioned parameters can be used to tune their overall 

properties. 

In network-based composites, the network of fibrous material is embedded inside a 

matrix medium and enhance the properties of overall composite. For instance, the 

polymer matrices are not electrically conductive; but when a ‘percolated’ network of 

carbon nanotube (CNT) bundles is inserted into the polymer, the resulting composite 

material shows high electrical conductivity. In a similar fashion, the thermal conductivity 

of a polymer-based composite is achieved. Furthermore, due to remarkable mechanical 

properties of CNTs, more load can be withstood by CNTs when embedded in the 

comparatively less stiff and less strong polymer material. Several other studies report the 

enhancement in piezo resistivity [1][2][3], structural damping [4][5] properties of CNT 

reinforced polymer materials. As mentioned earlier, as CNT networks are embedded in a 

matrix medium, their mechanical properties are also influenced by CNT-matrix interfacial 

properties [6]. 
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In this study, two different fiber network systems: electro spun silica nanofiber mats 

(stand-alone networks) and CNT reinforced nanocomposites (network-based composites) 

are considered.  

Most of the available literature assumes idealized network parameters, perfect 

interphase, and two-dimensional modelling approaches. In this study, we have proposed 

a unique Python-based modelling approach which can incorporate above-mentioned 

parameters and their stochastic variations towards the construction of a three-

dimensional network model, which is later embedded in the epoxy matrix to represent 

CNT/epoxy nanocomposite. Three-phase model will be generated to account for the 

effect of variable interphase stiffness. To gain more insight, atomistic simulations are 

used to study the CNT/epoxy interfacial region. Future guidelines to enhance current 

modelling technique to account for CNT agglomeration and to study the failure properties 

of these materials are discussed. 

Same Python algorithm is used to generate three-dimensional network of silica 

nanofibers. This proposed model is a multiscale model in the sense that the size-

dependent mechanical properties of silica nanofiber (NF) are evaluated using Molecular 

Dynamics simulations to be input in the finite element model. Using molecular dynamics, 

the effect of interface formation between the fibers arranged at different configurations 

(aligned and junction model) will be studied. The effect of silanol formation on the 

nanofiber surface during hydroxylation will be evaluated using atomistic simulations. 

Size-dependent thermal stability of NFs is investigated. The multiscale three-dimensional 

network model will be enhanced by allowing fiber-fiber interactions based on the cut-off 

distance. Future guidelines to account for higher fiber volume fractions will be provided. 

Also, the inter-fiber interaction failure to account for local network failure leading to the 

overall network failure will be discussed. 
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Motivation 

Carbon Nanotube Nanocomposites 

Since the discovery of carbon nanotubes (CNTs) in 1991 [7], CNTs have become a 

popular reinforcement material for polymers. CNTs are the filler materials of nanoscale 

dimensions which when added to the polymer matrix form a strong yet light-weight 

multifunctional composite material. Polymer nanocomposites reinforced with CNTs have 

been fabricated and mechanically tested to investigate their potential as strong, and 

lightweight materials [8][9][10]. Owing to their excellent properties, CNT composites can 

find great applications in electronics [11], drug delivery [12], electromagnetic shielding 

[13], strong-yet-lightweight aerospace materials [10], etc. Thus, it becomes critical to 

evaluate their multifunctional properties before bringing them to the application. 

It is a known fact that excellent properties of fibers do not necessarily translate into 

excellent properties of the composites. Previous studies found that the overall properties 

of the CNT composites are greatly influenced by the CNT-matrix interface properties 

[14][15][16] and CNT morphological parameters such as CNT orientation, dispersion, 

waviness, diameter, inter-CNT spacing, etc. [17][18][19][20]. 

Due to the multifunctional properties of CNTs, the CNT based composites hold various 

applications. A few of them are discussed in this section. 

Rugged Electronics Interconnect materials 

Typical electronics packages are assembled by integrating various parts on printed circuit 

boards (PCB). Traditional interconnect materials in electronics packages are not suitable 

for DoD electronics because in many DoD extremely transient conditions, mechanical 

failures of the whole packages invariably occur due to interconnect junction failures.   
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Due to their excellent mechanical, electrical, and thermal properties, Carbon nanotube 

reinforced polymer composites have been identified as potential candidate to replace the 

traditional materials.  

Space Elevators 

“Our dreams of everyday life in space and its promise for a better life on Earth are 

hostage to the high cost of space transportation”, a 2008 NASA fact sheet says. 

However, upon the invention of Carbon nanotubes in 1991, a hope for lower space 

transportation cost originated. It is derived by the imagination of a Russian rocket 

scientist Konstantin Tsiolkovsky in 1895 who dreamed about a giant ‘Space elevator’ 

extending for earth’s surface to its Geostationary orbit (Fig. 1.1). 

The mechanical properties of carbon nanotubes ignited the hope among NASA scientists 

and US Department of energy (DOE) national laboratories to consider the possibility of 

Space elevators as future space transportation. 

Despite of the posed risks in their functionality such as structural instability, space debris 

etc., it is exciting to know that such a structure can be built in the future with more research. 

 

 

 

 

 

 

Fig. 1.1 An Illustration of Space Elevator, NASA MSFC[21] 
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Electromagnetic Interference (EMI) Shielding 

Lightweight EMI shielding protects the workspace and sensitive circuits from radiations 

coming from computers and telecommunication equipment.  It is especially important for 

the deep human space exploration mission, such as Mission to Mars, to protect the 

systems and the astronauts from the deadly carcinogenic radiations in the space. 

CNT based composites also have shown their potential in the EMI shielding in the ranges 

of GHz. 

Carbon Nanotube blankets for composites manufacturing and repair  

As progress is still being made to more evenly distribute the CNTs with the use of 

dispersants, companies like Veelo have started investing into the non-structural 

applications of CNTs. Research is ongoing to use them in curing conventional 

composites using CNT blankets and utilizing their electrothermal properties towards the 

development of de-icing devices for aircrafts and drones. 

The carbon-fiber reinforced and other composites are commonly used in aerospace 

industry. Conventionally, the aircraft components ranging from massive fuselages to tail 

fins have to be cured in warehouse-sized ovens or autoclaves during curing. In order to 

cure the components, both pressure and heat in the autoclave have to be controlled. 

During this, a large air volume around the components ends up being heated pointlessly, 

which adds up to the energy usage during composite curing. To put it into perspective, it 

might be interesting to know that the energy consumption involved in running the 

autoclaves and ovens is almost half as much as the cost of manufacturing a composite 

part. Thus, to lower down the manufacturing cost incurred during curing, Veelo in 

collaboration with Massachusetts Institute of Technology (MIT) is investing in developing 

a CNT-based heating blanket as an alternative to curing inside the autoclaves or ovens. 
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Such blankets can be put directly on the component that needs to be cured and hence 

resulting in heating only the selective area instead of heating up the entire oven volume. 

Because of excellent thermal conduction properties of CNTs, this process is estimated to 

need three orders of magnitude lesser energy compared to the conventional autoclaves. 

Similarly, the smaller versions of these blankets can be used to re-cure the repaired area 

of the composite structure during maintenance. Currently, the lesser efficient and 

relatively ineffective metal wire-based blankets are used, which could be replaced by 

CNT-doped blankets in future. 

Carbon nanotube as electrothermal de-icing devices 

CNTs are under research to be used in next-generation de-icing devices built into aircraft 

wings and other potential ice-buildup surfaces. Currently, chemical sprays on the wings 

surfaces before takeoff and the electrically heated copper wire meshes under aircraft 

wings (used by Boeing 787) during in-flight are used to protect the aircraft against ice 

buildup. The copper wire meshes have disadvantages such as high weight and they are 

subjected to slow and uneven heating of the leading edges. CNT blankets are under 

research motivated by their low weight ratio and their ability to heat up about 10 times 

faster for a given area. Also, due to their enhanced electrothermal properties, they are 

estimated to use 10 times less energy compared to conventional de-icing devices. The 

energy saved can be crucial for battery-powered drones where saving this amount of 

energy can take it few extra miles. According to a recent article in AIAA magazine [22], 

these de-icing devices are under testing currently by U.S. Navy, Embraer, Collins 

Aerospace, etc. 
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Carbon nanotube outfitted sensors as damage sensing ‘spies’ 

CNTs have also shown promising results as sensors embedded within aircraft wings, that 

could be used as material health monitoring devices. It could register changes in a 

baseline level of electrical resistance, which might be caused by structural fatigue or 

damage during operation. 

Electrospun Silica Nanofiber Mat 

Silica nanofiber (NF) mat can be formed by electrospinning a fluid comprising a silica 

precursor and a polymer [23]. During this process, a portion of polymer from the 

electrospun fibers is removed leaving behind a stand-alone silica nanofiber mat. Upon 

annealing, individual nanofibers preserve an amorphous structure and the overall mat 

consists of a network of silica nanofibers bonded together. It might be noted that 

previously discussed morphological parameters such as NF length, diameter, waviness, 

orientation, dispersion, inter-fiber bonding, etc. can also be observed in an electrospun 

silica NF mat (Fig. 1.2). In addition, the mechanical properties of individual NFs of varied 

sizes also need to be investigated.  

 

Fig. 1.2 Scanning Electron Microscope (SEM) image of electrospun silica nanofiber mat 
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These materials can find applications as high-voltage transformers insulator materials 

[23], optical fibers for telecommunications [24][25], etc. Power transformers are crucial 

components of an electric grid and are susceptible to premature failure due to exposure 

of electromagnetic pulses associated with nuclear blasts and geomagnetic disturbances 

(GMD). Such events can induce higher-than-normal currents in transformers, leading to 

elevated temperatures and voltages compromising the insulation of transformers. Such 

events can lead to loss of capital investments, and human lives.  

Currently used insulation materials in transformers and other electrical components 

include polymers, cellulose, micro-fiber-based temperature-sensitive binding matrices. As 

these materials are susceptible to thermal instabilities at high temperatures and are 

mechanically compliant, more stiff temperature-resistive electrospun silica NF mats could 

be a successful alternative to the insulation materials in transformers and other potential 

applications. 

Current Challenges 

Carbon Nanotube-based Nancomposites 

It is established that CNTs possess remarkable electrical, thermal, and mechanical 

properties with contrast to the traditional composite reinforcement materials such as 

carbon fiber, glass fiber, nanowires, etc. Also due to the increased surface area and 

higher aspect ratio of CNTs, the reinforcement effect of CNTs is expected to be 

enhanced [6]. However, despite their advantages over traditional composites CNT 

composites are further challenged by additional factors such as fiber dispersion, 

orientation, waviness and fiber-matrix interfacial properties. Previous studies found these 

properties to be significantly influenced by the morphology of CNTs embedded in the 

matrix. In general, long CNTs become wavy and randomly oriented when dispersed in 
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the matrix material. Collectively, they form an interconnected network. Over the past 

several decades, many theoretical and computational studies have been carried out to 

capture the mechanics of CNT-reinforced nanocomposites. In most of these models, 

CNTs are modeled as straight fibers. In addition, a perfect interphase between CNT and 

epoxy is generally assumed. As such, these models may not capture the realistic 

morphology of CNT reinforced composites.  

Electrospun Silica NF Mat 

Due to the nature of electrospinning process, not all fibers are created equal. At 

continuum level, a three-dimensional stochastic model of the nanofiber mat needs to be 

studied to understand and model the overall network mechanics. Typically, a variation of 

morphological parameters such as NF length, diameter, waviness, orientation, 

distribution, dispersion, etc. can also be observed in a typical electrospun silica NF mat. 

These parameters are crucial towards the mechanical integrity and performance of the 

NF mats and need to be incorporated towards stochastic modelling of nanofiber mats. 

Additionally, the inter-fiber interactions between the different fibers need to be accounted 

for to model the local mechanical response of the network. Eventually, the failure of these 

inter-fiber bonds needs to be account for to simulate local failure in the network ultimately 

leading to the whole network failure. 

At nanoscale level, undercoordinated atoms present on the surface of the NF can form 

an interface when placed at a certain distance and in certain configurations. Such inter-

fiber interactions at molecular scale can affect the local failure of the mat and might 

contribute to a significant load transfer due to the covalent bonding between dangling 

bonds. The newly formed interfaces can influence the structure-property relationship of 

the silica NF mat, which could be difficult to obtain from the experimentation. 
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Moreover, there is an unsettled argument about the brittle-to-ductile transition (BDT) 

behavior of silica nanofibers as their sizes go down [26][27]. More investigation might be 

needed to reach at a conclusion. 

Furthermore, as the prepared mats might encounter GMD incidents leading to higher-

than-normal temperatures, the size-dependent thermal stability of NFs should be studied.  

Research Approach 

In order to address the highlighted challenges in predictive modelling of CNT composites, 

we have contributed to developing a method to construct stochastic three-dimensional 

finite element models of wavy CNT reinforced epoxy nanocomposites. Later, we have 

worked towards three-phase model that accounts for the displacement and stress 

discontinuities at the CNT-matrix interface. This is known as the interphase layer method, 

in which an interphase region of a given thickness with a given modulus can be 

incorporated between CNT and polymer matrix phase. The developed algorithm is then 

used to include CNT agglomerates inside the RVE. Later, a more advanced method 

called spring layer will be discussed, in which the interphase layer is replaced by discrete 

springs representing the bonding between the CNT and polymer matrix. Such a model 

can be advanced by infusing an atomically informed displacement-based failure criterion 

(bond stretching) to study the interface-driven failure properties of the CNT composites. 

Molecular dynamics will be used to evaluate the nanoscale properties, such as size-

dependent mechanical properties as well as thermal stability, effect of hydroxylation and 

NF interface on the mechanical properties. Thus obtained elastic properties of individual 

NFs will then be input into continuum-scale three-dimensional random NF network model. 

Thereafter, the developed Python algorithm will be enriched by incorporating distance-
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based cut-off criteria to allow for inter-fiber interactions. A force or displacement-based 

failure criterion will be assigned to the elastic springs representing inter-fiber interactions. 

Thesis Outline 

As Molecular dynamics and Finite element method are crucial part of the work performed, 

it might be significant to provide a step-by-step guideline on these methods. The 

underlining principles of these methods/ governing physics, their assumptions and 

limitations, boundary condition implementations, and finally extraction of properties of 

interest will be discussed in Chapter 2. In the remaining chapters, original research 

findings obtained during the doctorate will be discussed. Each chapter will be arranged in 

a self-contained manner in which the relevant literature, simulation procedures, results 

and concluding remarks will be presented. 

In Chapter 3, we will be using ReaxFF force field to study the interfacial properties of 

CNT/EPON 862-DETDA nanocomposite system. CNT, crosslinked epoxy, and eventually 

CNT/epoxy nanocomposite material system will be generated. CNT pull-out simulations 

will be performed to evaluate the interfacial shear stress using LAMMPS code[28]. This 

chapter is part of the work published at American Society of Composites 32nd Conference 

[29]. 

In Chapter 4, first we formulated a two-dimensional network of randomly oriented CNTs 

using an in-house developed MATLAB script. The generated images will be converted to 

vector form using a series of laid-out steps, and then will be imported in Abaqus []. The 

mechanical properties such as Young’s modulus, Poisson’s ratio, and shear modulus of 

this nanocomposite will be evaluated. Finally, Halpin-Tsai equations will be used to 

compare and validate the values obtained from the finite element analysis. This study is 

part of the work published at American Society of Composites 32nd Conference [19]. The 
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developed MATLAB script is published online for free usage [30]. Thereafter, the 

generation of a complete stochastic three-dimensional aligned/random carbon 

nanotube/matrix model will be discussed. A realistic three-dimensional stochastic model 

is developed using in-house built Python script. Morphological parameters such as CNT 

orientation, dispersion, waviness, and inter-CNT spacing are incorporated, while the 

effect of increase in waviness angle for the randomly oriented CNT composites will be 

studied. Finite element models with maximum CNT waviness angles of 0⁰ (straight), 10⁰, 

20⁰, & 30⁰ will be generated for CNT volume fractions ranging from 0.1% to 1%. The 

obtained values will be compared with the theoretical models available in the literature. 

Finally, a three-phase model including CNTs, CNT/epoxy interphase and epoxy matrix 

will be studied to evaluate the effect of ‘soft’ (Ei =10%–75% Em) as well as ‘hard’ 

interphase (Ei =110%–175% Em) on the composite modulus. The effect of CNT waviness 

and the presence of imperfect interphase on the matrix to CNT load transfer 

phenomenon will be discussed. This work is published by Springer Nature in Multiscale 

Science and Engineering [31]. 

Chapter 5 discusses the effect of size, hydroxylation, and nanofiber (NF) interface on the 

mechanical properties of silica. Large-scale reactive molecular dynamics simulations will 

be utilized to obtain the amorphous structure and finally tensile properties of bulk silica 

and silica NF at different strain rates. Further, aligned NF configuration with average 

interspace distance (dǁ=1.5 Å, 3.5 Å, 6.5 Å) and NF junction model will be considered to 

study the effect of NF interface on the tensile properties of each NF. Thereafter, NF 

pullout simulations will be used to characterize the NF interface at different 

arrangements. Later, the size-dependent thermal stability of silica nanowires is studied. 

The procedure for performing the melting simulations using ReaxFF in molecular 

dynamics will be laid out. The optimum heating rate to melt the NF will be calculated. The 
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effect of NW size on the thermal stability or melting temperature of NW will be discussed. 

The existence of Melting Point Depression (MPD) due to surface effect will be discussed. 

This research work discussed in this chapter will be to submitted for publications shortly 

[32][33][34]. 

Finally, the main findings of this work will be presented in Chapter 6. The future work to 

advance the developed models will be outlined. The generation of agglomerates in the 

RVEs will be discussed along with showing the sample agglomerated models. The idea 

of replacing perfect CNT/matrix interface with the spring layer will be discussed. Also, the 

extension of developed Python algorithm to model three-dimensional stand-alone NF mat 

will be laid out. 
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2. CHAPTER 2 SIMULATION APPROACH & METHOD 

 

Introduction 

The central goal of the current research is to capture the governing physics and 

underlying mechanics of nanoscale network and their composites. 

Here, the basic concepts of Molecular dynamics modelling technique and Finite element 

approach will be laid out in the current chapter. A brief background is added to get an 

overview of property calculation from both MD and FEM. The corresponding simulation 

procedures will be discussed in the specific chapters. 

Molecular Dynamics Simulation 

In this section, we will only be discussing the ensembles, force-field parameters, property 

calculation, etc. which will be used in upcoming chapters in order to keep the discussion 

brief. The details of fundamentals of molecular dynamics calculation can be found 

elsewhere [35]. 

Statistical Ensembles 

In order to start an MD simulation, there are certain ‘‘controllers’’ that allow to setup for 

the virtual ‘’test’’ environment. These “controllers” are basically a set of thermodynamic 

variables which are also known as ensembles. Most commonly used ensembles in the 

MD are NVT (canonical), NPT (Isothermal-Isobaric), NVE (microcanonical). In this, N 

stands for number of particles, V is the volume of the simulation domain, P is the 

pressure, T is the temperature, and E represents total energy of the system.  

The choice of these ensembles must be carefully made during an MD simulation. NVT 

can be used when the volume of the system has to be maintained constant while also 
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maintaining or changing its temperature between a certain start and end point using an 

appropriate thermostat. Typically, Nosé-Hoover [36] thermostat (controls temperature) 

works well with the constant volume ensemble. Melting of a material inside a constant 

volume container is an example where NVT will be appropriate choice. In order to 

simulate atmospheric conditions at room temperature, it would be recommended to use 

NPT ensemble maintained at atmospheric pressure and 300 K temperature. Generally, 

Berendsen [37] barostat (controls pressure) and Berendsen thermostat work well with 

this ensemble. It should be noted that the boundaries where pressure control is applied 

cannot be treated as a ‘fix’ type boundary. 

In LAMMPS, currently two barostat (Nosé-Hoover and Berendsen) methods are 

available. However, for thermostats, several different methods such as Nosé-Hoover, 

Berendsen, langevin, etc. are built in. The time constant/ damping parameter or 

thermostat (Tdamp) and barostat (Pdamp) should be carefully chosen in order to allow 

for a smooth relaxation. 

ReaxFF Force-field 

ReaxFF uses bond distance to determine the bond order between two atoms, i.e. a 

switching from sp3 to sp2 during the simulation based on the bonding environment would 

now be possible unlike the case with traditional force-fields. When modeling the failure of 

a material under large strain or modeling the chemical reactions among material 

constituents, it becomes important for a force-field to autonomously predict changes in 

bond configuration. All of this was lacking in the traditional fixed-bond potentials. As 

ReaxFF assigns the bond orders for all the relevant pair of atoms based on their 

interatomic distances, the interatomic forces are determined based on the assigned bond 

order. Based on the changes in interatomic distances, bond orders are updated 
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throughout a simulation which allows for formation and breaking of bonds within the 

simulation. All the parameters used by ReaxFF are optimized a priori to reproduce results 

from quantum mechanics computations for selected small molecular systems. The non-

bonded energy contribution in ReaxFF comes from van der Waals and 

electrostatic/columbic interactions interactions. As the break formation and breaking may 

take place in a particular simulation, the non-bonded interactions have to be calculated 

among all the bonded as well as non-bonded atoms. This enables ReaxFF to be applied 

for both predominantly covalent and ionic materials without user input. Other energy 

terms in ReaxFF functional form represent bond, over-coordination, under-coordination, 

valence angle, double-bond valence angle penalty, torsion conjugation energies. 

By default, the cut-off distances for non-bonded interactions are set to be 10 Å, while for 

the covalent range is typically taken to be 5 Å-which is sufficient for most elements to 

capture even the weakest of covalent interaction. But the values can be changed. A 

charge equilibration scheme is employed at each iteration to calculate the partial atomic 

charges, which are then used to calculate Coulombic interactions. 

ReaxFF force-field was initially developed by van Duin et al [38] for hydrocarbon system 

in 2001. But now, there has been significant number of materials that can be modeled by 

ReaxFF parameters optimized for those materials [39]. 

Property Calculation 

In molecular dynamics, in order to do the property calculation the system must become 

an ergodic system whose accumulated trajectories eventually cover all the possible 

states in the entire phase space. In order to achieve such fully evolved system, we 

normally allow the system to relax many times longer than the actual relaxation time for 

any specific property to settle. Such a system can be assumed to have closely satisfied 
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ergodic principle. Thereafter, any observable property can be calculated by taking the 

temporal average of the trajectories under equilibrium. 

Stress Calculation 

It is important to note that the definition of stress tensor is different for continuum 

mechanics and at atomistic scale. In continuum scale, a stress vector is defined at a 

mathematical point but at atomic scale, a representative volume must be selected. Inside 

this chosen representative volume, all the atoms j lying at distance rij around a specific 

atom exert forces fi on atom 1 and hence contributes to the stresses experienced by the 

atom i. It represents the part of the virial stress that comes from the potential part. In 

addition to this part, the momentum flux of the atoms within the material or the thermal 

vibrations of the atom also adds up to the stresses in the material. Therefore, it can be 

said that at atomic scale, the stress tensor comprises of a kinetic part (first term in 

equation (2.1) as well as a potential part (virial stress). It can further be noticed that for a 

solid material, the contribution from the kinetic part of the stresses is very small 

compared to the part of stresses that comes from the intra and inter-atomic interactions 

between the atoms. Equation (2.1) shows the stress tensor for an atom or stress/atom, 

where i and j takes the values x, y, z to generate nine components of the stress tensor. 

Equation (2.2) elaborates on the virial stress per atom component. To obtain the stresses 

for entire system, the per atoms stresses can be summed up for all the atoms and then 

divided by the system volume. It should be noted that the stresses obtained will be the 

average stresses for the volume of the system. 

 𝜎𝑖𝑗 = −𝑚𝑣𝑖𝑣𝑗 − 𝑊𝑖𝑗 (2.1) 
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(2.2) 

 

In equation (2.2, the notations Np, Nb, Na, Nd, and Ni correspond to pairwise, bonded, 

angle, dihedral, and improper interactions that atom 1 is part of. Kspace term 

corresponds to coulombic interactions, while Nf takes into accounts of the applied fixes to 

the atom 1. 

It might be interesting to think if the stress tensor defined for atomic scale is equivalent to 

Cauchy’s mechanical stress tensor at continuum scale. Costanzo et al. [40][41], Zhou 

[42] and Shen and Atluri [43] concluded that the atomic stress and Cauchy stress only 

coincide at absolute zero temperature as the velocity term in stresses vanish under these 

conditions.  

Strain Calculation 

In Molecular dynamics, a material can be strained by applying incremental constant or 

variable displacement to a set of fixed atoms along the desired direction. In this work, all 

the strain fields refer to engineering strains unless specified. It should be noted that the 

strain is not applied instantaneously to the system, and that a specified number of steps 
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is allowed for material relaxation in between each displacement increment. In this study, 

the strain is applied until the material fractures. 

Finite Element Method 

In this section, like before, we will only be focusing on the elements, elastic property 

calculation, etc. that will be utilized in the next chapters. The details on fundamentals of 

finite element technique can be found elsewhere [44]. 

Elements Selection 

In Abaqus, C3D20 brick elements will be used to model Carbon nanotubes. Each 

element has 20 nodes and there are three translational degrees of freedom associated 

with each node. Parts with complex geometry (e.g., interphases and degenerated matrix 

in this study) are convenient to generate using C3D10 tetrahedral elements. C3D10 

element has 10 nodes with three translational degrees of freedom per node. 

For three-dimensional silica NF network, 3D beam elements are chosen. Solid circular 

profile of chosen diameter is assigned to each element in a fiber.  

Elastic Properties Calculation 

Elastic Modulus 

To evaluate the elastic Modulus, a displacement resulting in 1% strain is applied on the 

face perpendicular to the direction of calculation of elastic moduli, while keeping the 

opposite face fixed. Necessary accommodations are made to allow for the poison’s ratio 

effect in the loading in transverse directions. The average normal stress (𝜎) can be 

calculated using either of the following expressions: 

 𝜎 =
1

𝑉
∫𝜎𝑑𝑉

𝑉

 (2.3) 
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 𝜎 =
∑ 𝐹𝑖

𝑅𝑁
𝑖

𝐴
 (2.4) 

 

where Fi
R is the reaction force in the direction of applied displacement, N is number of 

nodes on the surface where displacement is applied, A corresponds to the cross-

sectional area and V is element volume. In FEM, stresses are evaluated from derivatives 

of u and hence are less accurate and take longer to converge. Therefore, equation (2.4 

can be preferred to evaluate average stresses. The effective modulus (Eeff,ii) of the 

composite can then be obtained from the ratio of average normal stress to the applied 

strain (ΔL/L). 

Poisson’s Ratio 

Effective Poisson’s ratio is given as the ratio of lateral strain to normal stress, and is 

calculated from a uniaxial tensile test using equation(2.5): 

 𝜈𝑒𝑓𝑓,𝑖𝑗 = −
휀𝑗𝑗

휀𝑖𝑖

    (𝑖 ≠ 𝑗) (2.5) 

 

Shear Modulus 

In order to calculate the effective shear modulus, the degrees of freedom for one edge of 

the RVE can be completely fixed, while the opposite end is subjected to shear 

deformation resulting in 1% shear strain. The volume averaged shear stress and shear 

strain can be substituted in equation (2.6) to calculate shear modulus. 

 𝐺𝑒𝑓𝑓,𝑖𝑗 =
∫ 𝜏𝑖𝑗𝑑𝑉

𝑉

∫ 𝛾𝑖𝑗𝑑𝑉
𝑉

    (𝑖 ≠ 𝑗) (2.6) 
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3. CHAPTER 3 INTERFACE PROPERTIES OF CNT/EPOXY 

NANOCOMPOSITES: A MOLECULAR DYNAMICS STUDY 

 

Introduction 

In pursuit of our research goal to develop a predictive computational model to evaluate 

mechanical properties of CNT/polymer composites, we first seek to obtain the elastic 

properties of the nanocomposites. Properties at the interface between CNT/polymer are 

critical to determine mechanical properties of these nanocomposites [6]. 

While CNTs provide some reinforcement of the polymer matrix in the form of enhanced 

moduli relative to polymer matrix alone, a detailed understanding of the CNT/polymer 

interfacial region remains fundamental to the optimization of the mechanical behavior of 

these composites. The interface plays a significant role in the load transfer from matrix to 

fiber. A better interface results in consequent improvements in the nanocomposite 

stiffness and strength. Characterization of the CNT/polymer interfacial interactions during 

pull-out will be the focus of this study.  

In the present study, we have used reactive force field (ReaxFF) to study the interfacial 

properties of CNT/EPON 862-DETDA nanocomposite system. Because molecular-level 

failure events can play a significant role in epoxy mechanical behavior, the ReaxFF can 

be used as an ideal tool for MD simulations involving crosslinked epoxies. Pull out 

simulations are performed to characterize the CNT/polymer interfacial interactions. Pull 

out energy is used to calculate the interfacial shear strength of CNT/polymer 

nanocomposite. 

Having a good understanding of the interaction between the CNT’s and polymer matrix is 

key to being able to apply the benefits of SWCNT to composite materials. Molecular 
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Dynamics (MD) research by Komuves et al. showed that the addition of 0.1% SWCNT 

weight fraction resulted in the Young’s modulus of the SWCNT-EPON 862 composite 

roughly 20% higher compared to the pure EPON 862 matrix [45]. Similar MD results were 

achieved by Zhu et al [46], who showed that the addition of (10,10) SWCNT to pure a 

EPON 862 matrix resulted in a composite that was 10 times stiffer and increased the 

Young’s modulus by 20% over the pure EPON 862 matrix. The EPON 862 matrix is the 

polymer that holds the fibers in composites together and is often simply referred to as 

resin. 

Liao et al. used pull-out simulations to find Interfacial characteristics of a carbon 

nanotube–polystyrene composite system [47]. Gou et al. found the interfacial bonding of 

single-walled nanotube (SWNT) reinforced epoxy composites was investigated using a 

combination of computational and experimental methods [16]. Frankland et al. performed 

MD study on CNT/Polyethylene system to evaluate the interfacial properties of 

nanocomposites using Lennard-Jones Potential [14]. Chowdhury et al. [48] employed 

hybrid potential to simulate CNT pullout from PE matrix. Li et al. used COMPASS 

(Condensed-Phase Optimized Molecular Potential for Atomistic Simulation Studies) to 

pull CNT out of PE matrix, while taking into account only the van der Waals interactions 

between CNT/PE [49]. Ingvason et al. [50] used COMPASS force-field parameters to 

study interfacial interactions at CNT/Epoxy interface.   

Whereas traditional force fields are unable to model chemical reactions because of the 

requirement of breaking and forming bonds (a force field's functional form depends on 

having all bonds defined explicitly), Reax Force Field (ReaxFF) eschews explicit bonds in 

favor of bond orders, which allows for continuous bond formation/breaking. In the 

ReaxFF, the potential energy is defined as a function of bond order with energy penalties 

for nonequilibrium configurations. The ReaxFF was initially developed to model bond 
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dissociation and formation in carbon-based materials [38]. Odegard et al [51] proved 

ReaxFF to be working for bulk epoxy system using parameters obtained by Liu et al [52].  

Molecular Structure of a Nanotube/Epoxy System 

Carbon Nanotube (CNT) 

A CNT is made from pure Carbon atoms. This is constructed out of a sheet of aromatic 

Carbon rings that has been rolled up into a tube. The SWCNT that we chose for the pull-

out test, it is a (8,8) armchair SWCNT. DL-POLY [53] is used to make CNT of diameter 

10.85 Å and length 62.87 Å, shown in Fig. 3.1. It is further equilibrated using ReaxFF force-

field parameters. 

 

 
Fig. 3.1 A (8,8) Armchair SWCNT [16] 

Epoxy 

Based on its molecular structure, epoxy is generally categorized under network polymers 

due to its highly cross-linked three-dimensional network structure. With regard to the 

material behavior at raising temperature, epoxies fall under thermosetting polymer. 

Epoxies possess covalent bonding between their adjacent molecular chains (cross-links). 

During the heat treatments, the cross-link bonds anchor the chains together to resist the 

vibrational and rotational motions at high temperatures. Therefore, the material does not 
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soften upon heating unlike thermoplastic polymers. The excessive heating of thermosets 

causes the breaking of cross-link bonds leading to polymer degradation. Thermosets 

generally have higher melting point due to network formation and are harder and are 

stronger than thermoplastics, rendering their use as aerospace materials. Their higher 

melting point (Tm) compared to that of linear polymers is due to the presence of aromatic 

rings in the polymer chain. Also, due to covalent bonding between the chains, the lack of 

rotational freedom and flexibility tend to restrict molecular rotation and leads to high value 

of Tm. 

Epoxies have excellent combination of mechanical properties and corrosion resistance. 

Due the 3-D network structure, they are dimensionally stable. They act as good adhesives 

and have good electrical properties in addition to being relatively inexpensive. They are 

commonly used for electrical moldings, sinks, adhesives, protective coatings and as an 

embedding material for the fiber composites. 

The modeled epoxy system was composed of 8 EPON 862 (Diglycidyl ether of Bisphenol 

F) crosslinked with 4 DETDA (Diethylene Toluene Diamine) molecules provided by Kelkar 

et al.[5]. Fig. 3.2 shows the molecular structure of EPON 862 monomer & DETDA before 

crosslinking. During the crosslink process, each amine group in DETDA can react with two 

epoxide groups in EPON 862. Therefore, a molar ratio of 2:1 of EPON 862 to DETDA 

molecules is necessary for a stoichiometric mixture. 
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Fig. 3.2 Molecular Structures of EPON 862 and DETDA monomers 

The crosslink density can be defined as the number of reactions performed (between 

epoxide and amine as shown in Fig. 3.3 during crosslinking divided by the maximum 

number of theoretical reactions possible to happen. For 8 such EPON and 4 DETDA 

molecules were crosslinked in similar manner. However, the crosslink density achieved is 

approximately 75%. Fig. 3.4(a) shows typical molecular structure of these equilibrated 

and crosslinked EPON-DETDA molecules. 8 EPON-862 & 4 DETDA molecules are put in 

a larger box and is equilibrated using ReaxFF with the parameterizations of Liu et al.[15]. 

The initial density of the system was 0.3 g/cc. The model was further allowed to shrink 

under NPT ensemble for nearly 150 ps, using 0.1 fs of timestep. After this step, the final 

density of epoxy system was 1.15 g/cc, which is fairly close to the target density, 1.2 g/cc. 

To release the residual stresses in the system, equilibration and minimization is 

performed in NVT ensemble for 10 ps at the same timestep. Residual stress after this 

step is ~ 0.37 GPa, which can be overlooked safely. Fig. 3.4(b) represents the epoxy 

system at final density of 1.15 g/cc. 
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Fig. 3.3 Crosslink reaction between epoxide from EPON and amine from DETDA 
molecules 

 

 

Fig. 3.4 Molecular structure of (a) 8-EPON 4-DETDA Crosslinked molecules, (b) 

equilibrated and densified MD model with ReaxFF. Coloring scheme: APK [17] 
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CNT/EPON 862-DETDA System 

Several researchers have observed and reported the role of matrix stiffness on the 

reinforcing effect of CNTs [54][55][56]. Loos et al [55] observed that lower crosslinking 

degree in epoxy polymers result in shorter epoxy chains and may be able to better interact 

with CNTs by embedding and coating the SWCNTs with a polymer sheet that leads to a 

more stable CNT-epoxy interface. Ci et al. [57] showed that CNT reinforcement effect 

decreases when reinforcing unfunctionalized CNTs in the matrices stiffer than 2 GPa. 

The nano-scale material system in this study is composed of carbon nanotube (CNT) and 

EPON 862-DETDA matrix. Specifically, a (8,8) CNT is embedded in polymer matrix. 

Previously equilibrated and small epoxy molecules system are put around a cylindrical 

wall representing CNT as shown in Fig. 3.5. The wall is set to interact with the 

surrounding epoxy particles using lj 93 formulation defined by the following equation: 

 E = ε [
2

15
 (

σ

r
)

9

− (
σ

r
)

3

]   r < rc (3.1) 

The parameters ε = 0.5 kcal/mole, σ = 0.2 Å, and 𝑟𝑐 = 2.5 Å that were chosen arbitrarily. 

The wall/lj93 interaction is derived by integrating over a 3d half-lattice of Lennard-Jones 

12/6 particles. Thus, it is a weak interaction when compared to L-J 12-6 formulation. 

This model is slowly compressed to the desired density using fix deform command in 

LAMMPS using NVT time integration at 300 K temperature. Once the final density is 

achieved, the wall is replaced with a (8,8) CNT and the whole system is equilibrated in 

NPT ensemble at 300 K for 50 ps in order to release the build-up stresses in the system. 

The final model contains 12,460 atoms including 700-C-atom CNT, 192 EPON 862 & 96 

DETDA molecules. The dimensions of the system are ~5 x 5 x 5.3 nm. Average density 

of the system is ~ 1.06 g/cc. 
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Fig. 3.5 Molecular model of CNT/epoxy in Preparation (a)Perspective view, (b)Top view. 

Coloring scheme: CPK [58] 

In the molecular dynamics, the entire material system is represented with the ReaxFF 

potential. The system is replicated across periodic boundaries in each of the 3-

dimensions, thereby making CNT & polymer chains infinitely long. This model is further 

equilibrated for 30 ps at a timestep of 0.1 fs. After equilibration, a minimization is 

performed to find configuration that will hopefully be in local potential energy 

minimum, and the new atom positions to be computed. Fig. 3.6 shows the final 

CNT/epoxy model, which is ready for pull-out simulations. 

 

Fig. 3.6 Final Molecular model of CNT inside epoxy matrix (a) Perspective view, (b) Top 

view, (c) Section view. Coloring scheme: CPK [58] 
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Mass densities were computed using the “fix/ave” spatial command in LAMMPS [18], 

which sums the per-atom densities and averages them for slices of a specified thickness 

along a specified axis. A slice thickness of 0.4 Å stacking along the y-axis was chosen to 

observe the density change moving away from CNT surface oriented in the x-z plane. 

Fig. 3.7 shows the average mass density profile for the polymer molecules along the 

radial distance from CNT center. It is plotted using chunk/atom command in LAMMPS, 

that allows to construct a density distribution plot by measuring the local densities of 

epoxy at various radial distances starting from the center to half-length of the periodic 

box. Interface region depicted from Fig. 3.7 is extended up to nearly 10 Å from CNT 

surface. It can be noted that in this region, the density of epoxy is 105% higher than that 

of neat polymer system. Outside of this region (away from the CNT), the density profile 

oscillates about 1.15 g/cc, which was calculated as the average density for neat polymer 

system. 

 

Fig. 3.7 Radial density profile of CNT/epoxy Composite 
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Pullout Simulations 

The simulation cell with periodic boundary condition in x-y plane as shown in Fig. 3.8 is 

composed of a fragment of open-ended CNT totally embedded inside EPON-DETDA 

matrix. To capture the complete pull-out of CNT from epoxy matrix, periodic condition has 

been removed in the axial direction of CNT (i.e. z direction). This eliminates the 

interactions between upper and lower end of CNT. Size of simulation cell in axial 

direction of CNT is chosen to be slightly larger than the CNT length. This prevents CNT 

from going out of the simulation cell after it has been completely pulled out of epoxy 

matrix. Box dimensions are 5 x 5 x 11 nm. 

The pull-out simulations of CNT from epoxy matrix are carried out by applying a constant 

velocity of 0.01 Å/fs to approximately 5 Å layer of carbon atoms at the lower end of CNT. 

Nearly 5 Å upper and lower part of epoxy matrix is held fixed during the pullout. The 

simulation is run for ~ 60,000 MD time steps of 0.1 fs. 

 

Fig. 3.8 Snapshots from the MD Simulation of SWCNT during pullout (Epoxy matrix is 

made slightly transparent for better CNT visualization) 
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Results & Discussions 

In order to evaluate the interfacial bond strength, typically methods such as matrix 

Poisson effect, fiber pullout, fiber push-through, short-beam-horizontal shear, transverse 

tensile, dynamic modulus, broadband dielectric spectroscopy[59], and photoelasticity. 

More elaborative discussion is presented in the reviews by [60][61]. As fiber pullout test is 

perhaps the most easy and common test to evaluate interfacial strength, we have used it 

in this work. It is most convenient method to evaluate average bond strength. The 

common limitation of this method arises from the fact that for the fiber to be pulled out 

from the matrix, the ‘expected’ interfacial shear strength (ISS) of the interface should be 

less than the ultimate tensile strength of the fiber. It can be noted that if the above 

condition is not satisfied, the fiber will break rather than being pulled out! Fiber pullout 

test experimentation is challenged by the cost involved, difficulties in the sample 

preparation of single fiber coupons, non-uniform shear stress distribution along the 

interface and large data scatter. However, molecular dynamics can be used as an 

efficient tool to perform these simulations. 

In the nanotube composites, the bonding strength between the nanotube and epoxy resin 

can be evaluated by interfacial bonding energy. In this work, the nature of interfacial 

bonding energy comes from the electrostatic and van der Waals forces (unbonded), and 

other bond-dependent terms included in the reactive force-field formulation. 

The initial total potential energy of the pullout simulation is -1456703.7 kcal/mol. The 

potential energy of the SWNT/epoxy resin composite system increased (became less 

negative) as the nanotube was pulled out of the epoxy resin, as shown in Fig. 3.9. In the 

pullout simulation, the entire nanotube and epoxy resin were not held fixed. The potential 

energy of the nanotube and epoxy resin increased due to the changes of their 
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configurations during the pullout. The deformation of the nanotube and epoxy resin 

during the pullout has influence on the pullout energy [16]. After the pullout, the potential 

energy increased to -1456213 kcal/mol. 

Gou et al [16] and Liao et al [62] defined the pullout energy as: 

 𝐸𝑃𝑢𝑙𝑙𝑜𝑢𝑡 =  𝐸𝐹𝑖𝑛𝑎𝑙 −  𝐸𝐼𝑛𝑖𝑡𝑖𝑎𝑙 (3.2) 

In the same references, the energy difference between the fully embedded NT and the 

completely pulled out NT configuration is equated to the work required (W) for fiber 

pullout (Equation (3.2).  

 𝐸𝑃𝑢𝑙𝑙𝑜𝑢𝑡 = 𝑊 =  ∫ 2𝜋𝑟(𝐿 − 𝑥)
𝑥=𝐿

𝑥=0

𝜏𝑖𝑑𝑥 (3.3) 

Based on it, a relation between pullout energy and interfacial shear strength can be 

defined as: 

 𝜏𝑖 =  
𝐸𝑃𝑢𝑙𝑙𝑜𝑢𝑡

𝜋𝑟𝐿2
 (3.4) 

Where, L = Embedded length of the SWCNT and r = radius of the SWCNT. It should be 

noticed that τi is the average shear stress value across the CNT/epoxy interface. 

Using (3.2, the pullout energy is calculated to be 490.7 kcal/mol (0.00341 fJ). From 

Equation (3.2 & (3.4, the interfacial shear strength between the nanotube and resin was 

calculated to be about 50.61 MPa. 
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Fig. 3.9 Variation of change in potential energy during the pull-out of (8,8) CNT (Epoxy 

matrix is made slightly transparent) 

 

Conclusion 

 

This computational study of interfacial bonding of SWNT reinforced epoxy composites 

indicates that there could be an effective stress transfer from the epoxy resin to the 

nanotube. The interfacial bonding was predicted using molecular dynamics simulations 

based on a cured epoxy resin model, which was constructed by incorporating the three-

dimensional cross-links formed with curing agent molecules. Reactive force-field 

(ReaxFF) is used to consider the bond formation and dissociation during CNT pullout 

from crosslinked epoxy matrix. The pullout simulations of a SWNT from the epoxy resin 

showed that the interfacial shear stress was calculated to be 50.61 MPa. 
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It can be noted that the change in cross-link density, density of epoxy system, CNT 

diameter, CNT length, pullout rate, number of walls in MWCNT, etc. can lead to different 

values of interfacial shear stress. Elaborative studies about the effect of these 

parameters can be found in other literatures [14][48][49]. 
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4. CHAPTER 4 MECHANICS OF CNT NETWORK AND ITS COMPOSITES 

 

Introduction 

Carbon nanotubes (CNTs) are the filler materials of nanoscale dimensions which when 

added to the polymer matrix form a strong yet light-weight multifunctional composite 

material. They possess remarkable electrical, thermal, and mechanical properties with 

contrast to the traditional composite reinforcement materials such as carbon fiber, glass 

fiber, nanowires, etc. Due to the increased surface area and higher aspect ratio of CNTs, 

the reinforcement effect of CNTs is expected to be enhanced [6]. Owing to their excellent 

properties, CNT composites can find great applications in electronics [11], drug delivery 

[12], electromagnetic shielding [13], strong-yet-lightweight aerospace materials [10], etc. 

Thus, it becomes critical to evaluate their multifunctional properties before bringing them 

to the application. However, despite their advantages over traditional composites CNT 

composites are further challenged by additional factors such as fiber dispersion, 

orientation, waviness and fiber-matrix interfacial properties. The theoretical, experimental 

and multiscale modelling aspects of CNT based polymer composites are reviewed 

extensively by [63]–[68]. Depending upon the CNT orientation, there can be random [17], 

[69]–[72] as well as aligned [73]–[76] CNT composites. Previous studies found that the 

properties of these composites are greatly influenced by the morphological parameters 

such as CNT orientation, dispersion, waviness, diameter, inter-CNT spacing, etc. [17], 

[69]–[71][75][20][19]. Notably, such morphological parameters also play role in 

piezoresistive [77] and electrical properties [78] of similar network-based composites. 

Over the past few years, efforts have been made to obtain the morphological parameters 

for aligned and random CNT composites from their micrograph images. In their pioneer 
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work, Fisher et al. [1] observed the significant curvature of CNTs in TEM images obtained 

by Qian et al. [72] and studied their effect on elastic properties of the composite. This 

study revealed that the degradation of elastic properties by a factor of two or more. 

Motivated by these results, Natarajan et al. [2] developed an energy-filtered technique to 

describe all the morphological parameters for aligned CNT composites as a function of 

CNT volume fraction. A more detailed discussion about three-dimensional visualization of 

carbon nanotube networks can be found in the review by Liu [79]. To mimic the CNT 

morphology theoretically, Stein et al. [3] used a theoretical framework to put CNT 

waviness in relation to inter-CNT spacing and volume fraction for aligned CNT 

composites. Both studies emphasize on quantifying morphology measures as the volume 

fraction of CNTs in polymer matrix evolves, whereas no discussion about their effect on 

elastic properties is provided. This gap is later filled by Stein et al. [4] by incorporating the 

obtained distributions to the three-dimensional computational model, which highlighted 

their impact on the elastic properties of Aligned CNT composites.  

Similar studies are also performed for Random CNT composites. For instance, Islam et 

al. [5] generated a three-dimensional finite element model capable of generating CNTs 

up to volume fraction as high as 50 % at varying aspect ratios and is aiming to further use 

this model to calculate the elastic properties of random CNT composites. Nevertheless, 

the model could only generate straight fibers, which is barely observed in the case of 

CNTs. The CNT waviness is further included by Herasati et al. [70] along with CNT 

orientation by developing their own MATLAB algorithm to generate the three-dimensional 

finite element model, which is further exploited to calculate elastic properties of the 

composites. Considering several cases by varying the parameters, they concluded the 

CNT alignment to be a more influencing parameter than the CNT waviness while 

predicting elastic properties of random CNT composites. It is further supported by results 
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obtained by Bhuyian et al. [80][18] who also incorporated less-studied parameters such 

as a soft CNT/polymer interphase and CNT agglomeration. Fiber/matrix interface has 

been discussed to be of importance by Reifsnider et al. [6]. A significant number of 

atomistic studies using molecular dynamics simulations have primarily focused on 

evaluating the interfacial shear stress for CNT-polymer composites [63][14]–[16], [48], 

[81]. Comparatively fewer studies utilized multiscale models to evaluate the effect of 

CNT-matrix interface on the mechanical properties of the composites [68][81][82]. 

However due to the limitation on the model size, the morphological parameters of the 

CNTs could not be captured holistically. Gou et al [83] and many other [64][84][85] 

studies discussed theoretical approach to study the interfacial shear stress in CNT-

polymer composites. Several finite element studies have also focused on evaluating the 

effect of fiber/matrix interphase modulus (‘soft’ and ‘hard’ interphase), interphase 

thickness and its profile for the idealized CNT morphology [86]–[89]. Several researchers 

confirmed that the increase in the density of the polymer matrix in the vicinity of the fiber 

reinforcement [90]–[93] as well as the increased covalent bonding at the interface due to 

the surface functionalization of the fibers [91][93] can lead to the formation of a ‘hard’ 

interphase. Later in their studies, Bhuyian et al [80] [18][94] [95] used AFM and SEM to 

confirm the presence of voids, and hence represented CNT/matrix interphase as a ‘soft’ 

interphase. 

On the analytical side, micromechanics-based models such as Mori-Tanaka model [96], 

have been previously developed and modified later to explain the load transfer 

mechanisms between fiber and matrix [97] for cylindrical fiber phases embedded in the 

matrix. Although these models work well for misaligned short fibers with small aspect 

ratios [85], they were developed for the straight inclusions. Later, some attempts have 

been made to incorporate the CNT waviness [17][98], such as the analytical-numerical 
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model proposed by Bradshaw et al [99][17]. However, their model treated the short CNT 

fibers as continuous fibers to avoid fiber end effects [100]. Moreover, the CNT waviness 

was defined by an in-plane sinusoidal wavy shape, which, in reality can have more 

complex and irregular wavy contour. Despite these efforts, finding strain-displacement 

relations for the Mori-Tanaka model is a tedious task [96][17]. 

It is evident from the literature that morphological parameters have significant influence 

on the elastic properties of CNT/polymer composites[17]. Yet, the underlying 

mechanisms through which these parameters contribute to the overall elastic behavior of 

the nanocomposites are not clearly understood.  

In this chapter, first we have developed a simplified MATLAB script to allow for 

generating 2D images for randomly oriented short and wavy short fiber composites. Such 

2D fiber network can be a representative of a case of more “in-planar” distributed fibers in 

a matrix. The elastic modulus obtained from the computational model will be compared to 

2D in-plane random fiber micromechanical model available in the literature. A 

methodology will be laid out to allow generating fiber/matrix interphases using the 

developed MATLAB script. 

Later to construct three-dimensional RVEs, we have followed a unique approach for the 

prediction of Elastic Moduli of CNT based composites. Randomly oriented CNTs 

composites are constructed with CNT volume fraction of 0.1% to 1% and are studied at 

the maximum ‘allowable’ waviness angles (θmax) of 0⁰ (straight), 10⁰, 20⁰ and 30⁰. The 

elastic modulus obtained from the three different computational models are compared to 

quantify the effect of fiber waviness on the elastic behavior of the composites. Later, a 

three-phase model is used to study the effect of ‘hard’ as well as ‘soft’ CNT/epoxy 

interphase on the elastic modulus of wavy CNT nanocomposite. 
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Random Fiber Composite Modelling 

2D Model Generation 

Based on Statistical Geometry of Fibrous Network [101], a MATLAB script is developed to 

generate two-dimensional network of randomly distributed fibers. Fig. 4.1 shows a 

flowchart describing code algorithm [30]. The first part of the code allows us to generate 

random fiber model (Fig. 4.2). To obtain this model, random number generator is used to 

locate fiber centers (xi,yi) on a 2D plane of pre-determined dimension. Knowing the length 

of fibers (L) and considering fiber orientation (θi) to be random, following geometric 

formulation can be included to obtain the fiber co-ordinates (Xi, Yi): 

 
𝑿𝒊 = 𝒙𝒊 ± (

𝑳

𝟐
) 𝐜𝐨𝐬 𝜽 

(4.1) 

 
𝑌𝑖 = 𝑦𝑖 ± (

𝐿

2
) sin 𝜃 

(4.2) 

Fig. 4.2 presents code inputs and generated random fiber network. Fig. 4.2(b) displays 

the local fiber density in the selected grid regions. In other words, each color represents 

average fraction of CNT in a particular region/grid. The maroon region in the plot shows 

highest vf of fiber in that region/grid. It could be used as an indication of agglomeration in 

that particular region. It could be noticed that a more uniform color plot would be 

representative of better fiber distribution. In other words, such a color plot can be used as 

a qualitative analysis of the fiber dispersion and distribution in an RVE. 

This random fiber network can be closely approximated as more 2D (in-plane) carbon 

nanotubes (CNTs) randomly dispersed on a polymer sheet. 
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Fig. 4.1 Flowchart Describing Algorithm to Generate Straight Random Fiber Network 

[101] 

 

 

Fig. 4.2 (a)Straight Random Fiber Network, (b)Color Map showing local fiber density for 

given network 
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Three-Dimensional Stochastic Modelling of Wavy CNTs 

A wavy CNT is treated as a robotic arm with np+1 number of hinges/connectors joining n 

(=lcnt/np) number of segments with length lseg. In order to generate the first segment of 

each CNT, random values for CNT orientation angles (αi, βi) are chosen. Each 

subsequent segment can be generated with respect to the reference plane of previously 

generated segment. Hence, in order to assign a certain waviness characteristic to a CNT, 

relative waviness angle can be assigned to each subsequent segment as shown in Fig. 

4.3. For a defined volume fraction and RVE size, the number of CNTs (of a known 

geometry) can be calculated. In order to avoid the CNT-CNT penetration, Brute force 

algorithm is used. It ensures that the distance of currently generated coordinate from all 

the previously generated points is greater than a distance dmin (=dCNT when all CNTs have 

same diameter). Several other more efficient algorithms exist in literature to avoid the 

filler-filler contact, the detail of which can be found elsewhere [78][102]. It can be noted 

that the parameter dmin can also be used to uniformly disperse the CNTs within the RVE. 

For instance, using a smaller value of dmin in a certain region of the RVE can generate the 

poorly dispersed (agglomerated) CNT fibers in that region. Fig. 4.4 lays out the algorithm 

followed to generate the wavy CNT model, while Table 4.1 lists the description of the 

parameters used in the algorithm flowchart. Table 4.2 lists the morphological parameters 

that are used to generate the RVEs shown in Fig. 4.8. 

Fig. 4.5a shows the meshed model generated for vf =1% with θmax = 20⁰. It can be 

observed that during the model generation, several values picked from the random 

distribution are neglected based on the RVE constraints and brute force check. However, 

the distribution of the chosen waviness angles is preserved to be random uniform as 

shown in Fig. 4.5b. 
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Fig. 4.3 The schematic diagram of the random curved fiber chain 

 

Table 4.1 Description of parameters used in the algorithm 

Parameter Description 

Lx, Ly, Lz x, y, z dimensions of the cubic RVE  

αi, βi Azimuth (αi : (0,2π)) and polar angle (βi  : (0, π))  in global frame of 
reference, used to define each CNT orientation 

θmax Maximum allowable waviness angle 

Ψj, θj Azimuth (Ψj : (0,2π)) and polar angle (θj : (-θmax, θmax)) in local frame of 
reference, used to define each CNT waviness 

lseg CNT segment length/walking distance 

N Number of CNTs to reach certain vf 

vf Volume fraction of CNTs inside the RVE 

rji Relative coordinate vector between two consecutive points of CNT i 

dmin Minimum distance between two CNT segments (dmin=dCNT when all CNTs 
have same diameter) 

Wmax Maximum number of iterations to find the next coordinate inside the RVE 

Imax Maximum number of iterations to find a way through previously generated 
CNTs. It is used to avoid the CNT-CNT penetration  
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Fig. 4.4 Algorithm flowchart for generating stochastic random fiber chains 

 

Table 4.2 Morphological Parameters used for the analysis 

Parameter Distribution Range 

Diameter (nm) - 30 

Length (μm) - 2.1 

Waviness Angles 

(θmax) 

Uniform Random Case I Case II Case III Case IV 

0⁰ ±10⁰ ±20⁰ ±30⁰ 

Orientation 

Angles 

Uniform Random 0⁰-360⁰ (Azimuth angle, α) 

0⁰-180⁰ (Polar angle, β) 

Fiber Dispersion Uniform - 
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Fig. 4.5 (a) Meshed wavy CNTs, (b) Histogram of waviness angles used in the model 

shown on the left 

Based on the available vendor data, the lengths of CNTs can range up to several 

micrometers. Due to the high computational cost involved in modelling the actual length 

of CNTs, a parametric analysis can be done to evaluate the critical length, and hence, the 

critical aspect ratio for the CNTs to be considered for FEA study. The Halpin-Tsai 

equations modified for the tubular CNT structure [103] can be used to plot the CNT 

composite modulus as a function of critical CNT aspect ratio (AR=L/D). Fig. 4.6 shows 

the dependency of CNT/epoxy nanocomposite on the CNT aspect ratio. It can be 

reasonably assumed that for a fixed CNT diameter (e.g. dcnt = 30 nm), an aspect ratio 

equal to or greater than 70 (i.e. 2.1 μm or higher) can efficiently capture the load transfer 

capacity of the CNTs. The estimated AR value is in good agreement with the previously 

reported values [94][104]. 
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Fig. 4.6 Effect of CNT aspect ratio on the longitudinal modulus of CNT/epoxy composite 

 

Finite Element Modelling 

2D Random Fiber Mat 

We have assumed CNTs to be straight, thin, and isotropic. Furthermore, no distinguished 

interfaces have been taken into account; there are either fibers or matrix in the model. It is 

reported that nearly 0.521% volume fraction of CNT in polymer system can lead to rigidity 

percolation threshold [105][106].We have taken 3.61% fiber volume percentage in present 

analysis. We chose model (RVE) dimensions to be 151 x 126 pixels. 

In order to convert the image (raster form) to FEM readable format (vector format), the 

obtained image is processed through Scan2CAD [107] and AutoCAD software to convert 

it to geometry file for Finite Element Analysis (Fig. 4.7a). Highlighted part in red color is 

representing CNTs.  

The Final FE model of the RVE (Fig. 4.7c) is assembled in ABAQUS 6.16 using 

Embedded Finite Element Method. This method is used to embed the fibers in matrix. 
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Embedded elements allow the introduction of CNTs (Fig. 4.7a) within a matrix (Fig. 4.7b) 

without removing the matrix material where the fiber resides. This method is convenient 

since it avoids one to reproduce the complementary matrix part of composite, in case 

fiber geometry and/or its distribution inside the composite is complex, such as in random 

fiber composites. 

 

Fig. 4.7 (a) Random Straight Fibers, (b) Epoxy Matrix, (c) Final Finite Element Analysis 

Nanocomposite Model 

We chose to use quadratic beam elements for CNTs, and quadratic 8-noded Plane 

Stress element for matrix to mesh our nanocomposite model. For mesh convergence, 

1126, & 36000 elements were sufficient for fibers and matrix, respectively. To increase 

the mesh density in the vicinity of fibers, partition command is used before meshing. This 

helps in creating more elements close to fiber/matrix interface in order to capture the 

response. Input properties of CNTs and Epoxy matrix are listed in Table 4.3. 

Three-dimensional Computational Model 

Three-dimensional representative volume element (RVE) models consisting multiple 

solid/effective CNT fibers are developed and analyzed to evaluate the elastic properties 

of CNT/epoxy composites for a given set of morphological parameters shown in Table 

4.2. The RVE dimensions are chosen to be 2500 nm x 2500 nm x 2500 nm so that finite 
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element models are not computationally intensive but are large enough to represent the 

CNT composite/accommodate the CNT morphological parameters, such as orientation, 

waviness, dispersion and distribution. 

The wavy fibers are generated using the python script within the Abaqus environment. 

The matrix of chosen RVE dimensions can be then generated, and the fibers are 

embedded in the matrix using Embedded Element Method[108]. This method allows to 

embed the fibers with complex geometries inside the matrix without generating the 

degenerated matrix geometry. It decreases the complexity of meshing the degenerated 

matrix. The stiffness matrix of the embedded region is calculated by superimposing the 

fiber and matrix stiffness for the embedded nodes. 

Epoxy is used as a matrix material with Em = 3.5 GPa and νm = 0.32. To obtain the elastic 

properties of CNT fiber, the method proposed by Thostenson et al. [109] is used 

(Equation (4.3)),  which leads to ECNT = 1.1 TPa and νCNT = 0.3. The multiwalled carbon 

nanotube (MWCNT) is modelled as an effective solid fiber with the same deformation 

behavior and same length (l) and diameter (d) as that of the MWCNT [109]. It is based on 

the assumption that an applied external force (F) on the CNT and the effective (solid) 

fiber will result in the condition of iso-strain. 

 𝐸𝑒𝑓𝑓 =
𝑑𝑜

2 − 𝑑𝑖
2

𝑑𝑜
2

𝐸𝐶𝑁𝑇 (4.3) 

where di  is considered to be nearly zero, as MWCNT is assumed to be made of several 

concentric cylinders with do (=~30 nm). Both CNT and matrix are considered to be 

perfectly bonded together, assuming that for lower strain values the interfacial stresses 

do not lead to debonding of CNT/epoxy interface [110]. All the phases are assumed to be 

homogenous, isotropic and linearly elastic. 
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Non-linear brick (C3D20) and tetrahedral elements (C3D10) are used to discretize the 

CNTs and matrix, respectively. The mesh convergence study is performed to choose the 

optimum element size for fibers and matrix. To evaluate the elastic constants, a 

displacement resulting in 1% strain is applied on the face perpendicular to the direction of 

calculation of elastic moduli, while keeping the opposite face fixed. Necessary 

accommodations are made to allow for the poison’s ratio effect in the loading in 

transverse directions. The effective modulus of the composite is obtained from the ratio of 

average normal stress developed to the applied strain (ΔL/L).  

Later, to evaluate the effect of CNT/matrix interphase on the elastic modulus of the 

composite, a concentric layer of interphase material around each CNT is generated 

(Fig.4.9(b)). The cases of ‘hard’ (Ei =110%–175% Em) as well as ‘soft’ (Ei =10%–75% Em) 

interphase are considered. A model with interphase properties (Ei = Em) equal to the 

matrix properties is also considered for the sake of comparison. It was assumed that the 

poison’s ratio of the interphase was approximately equal to that of the matrix. As the 

interphase modulus (Ei) is considered comparable (10%–175% Em) to the matrix modulus 

(Em), the embedded element technique cannot be used [108]. Due to such limitations of 

embedded element technique, a degenerated matrix has to be generated. Finally, CNTs, 

interphases and the degenerated matrix (Fig.4.9) can be tied in order to generate the 

three-phase nanocomposite model. The volume fraction of the CNT fibers, interphase 

and matrix were determined to be nearly 0.1, 0.47, and 99.43%, respectively. Both the 

CNTs and interphases are meshed using non-linear brick (C3D20), while tetrahedral 

elements (C3D10) are used to discretize degenerated matrix material. The mesh 

convergence study is performed to choose the optimum element size for fibers, 

interphases, and the matrix. In order to maintain the accuracy of the results, a relatively 
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finer mesh is used at the CNT interphases and their vicinity. Previously described 

boundary conditions are used to calculate the elastic modulus of the three-phase model. 

 

Fig. 4.8 RVEs generated using Python Script for vf ranging from 0.1% to 1% at (a) θmax = 

0⁰, (b) θmax = 10⁰, (c) θmax = 20⁰ and (c) θmax = 30⁰ 

 

Fig.4.9 (a) CNT fibers, (b) hollow CNT/epoxy interphases and (c) degenerated matrix 
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Results and Discussion 

The results obtained from our Computational Model have been compared to the Halpin-

Tsai Theoretical Model. Approach is discussed below: 

Theoretical Model: 

Halpin-Tsai model equations have been used for a long time to predict the properties of 

composites reinforced with aligned short fibers[111]. These equations were originally 

developed for continuous-fiber composites [103]. Halpin-Tsai used semi-analytical 

method to reduce the equations for aligned short fiber composites. Lavengood and 

Goettler [112] later used stress transformation equations and integrated the equations 

over a random distribution of fiber orientations and obtained the equations (4.5)-(4.7). 

For aligned short fiber composites, elastic properties are given as 

 𝐶 = 𝐶𝑚

1 + 𝜉𝜂𝑉𝑓

1 − 𝜂𝑉𝑓

      𝑤ℎ𝑒𝑟𝑒 𝜂 =  
𝐶𝑓/𝐶𝑚 − 1 

𝐶𝑓/𝐶𝑚 + 𝜉
 (4.4) 

where  

C= Composite Modulus, E1, E2, G12 

Cf= Fiber Modulus, Ef or Gf 

Cm= Matrix Modulus, Em or Gm 

 = a parameter depending on the fiber geometry, packing geometry, and 

loading conditions 

For composites reinforced with randomly oriented fibers in 2D plane, the Effective Elastic 

Moduli are given by Lavengood [112]: 
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𝑮𝟐𝑫,𝑹𝒂𝒏𝒅𝒐𝒎 =

𝟏

𝟖
𝑬𝑳 +

𝟏

𝟒
𝑬𝑻  

(4.5) 

 
𝐸2𝐷,𝑟𝑎𝑛𝑑𝑜𝑚 =

3

8
𝐸𝐿 +

5

8
𝐸𝑇 

(4.6) 

 
𝐸3𝐷,𝑟𝑎𝑛𝑑𝑜𝑚 =

1

5
𝐸𝐿 +

4

5
𝐸𝑇 

(4.7) 

 

where EL and ET are the longitudinal and transverse modulus obtained from the Halpin-

Tsai equations [103]. 

2D Computational Model: 

Appropriate Essential and Natural Boundary Conditions are provided to the complete 

model to obtain the converged values of desired mechanical properties, such as Young’s 

modulus, Poisson’s ratio, and shear modulus. The elastic constants obtained for the RVE 

from the simulation are given in Table 4.3. 

Row 5 in Table 4.3 shows the Elastic constants obtained from Theoretical Model 

discussed above. 

Table 4.3 Computational and Theoretical Model Results 

 

Material 

 

Model 

Vf  

(%) 

E1  

(GPa) 

E2  

(GPa) 

ν12 ν21 G12 

Matrix - 0 3.5 3.5 0.32 0.32 1.325 

CNT - 0 700 700 0.16 0.16 301.72 

Nanocomposite Computational 3.61 4.08 3.9 0.332 0.315 1.47 

Nanocomposite Theoretical 3.61   5.05 5.05 0.368 0.368 1.846 

Error (%) - - 19 22.7 9.7 14.4 25.5 

 



52 
 

It can be observed that the values of elastic constants obtained from Halpin-Tsai 

equations are slightly higher than that predicted by our nanocomposite model. It might be 

due to the fact that the Theoretical model used here is formulated based on various 

assumptions, such as fibers and matrix are perfectly bonded, etc. Halpin-Tsai model was 

chosen for comparison due to its simplicity. However, other modified models, such as 

Nielsen Model [113] can be employed, with added complexity. 

A two-dimensional random fiber composite can be treated as quasi-isotropic material, 

i.e., its in-plane properties will be nearly identical in all the directions. It can be observed 

that properties obtained from FE analysis in 1 direction are practically identical to that in 2 

direction. 

Young’s modulus of nanocomposite is nearly 15 % greater than that of matrix material. 

Poisson’s ratio is slightly unchanged. Error of approximately 9-25 % is observed between 

the Computational Model and Theoretical Model results. 

3D Computational Model 

To analyze the effect of CNT waviness on the moduli of the nanocomposite, six different 

cases with volume fraction varying from 0.1 % to 1 % are chosen. Since the CNTs are 

oriented in random fashion within the matrix, the elastic modulus in x, y, and z-direction 

are expected to be nearly equal, i.e., the composite will be quasi-isotropic [112]. Fig. 4.10 

shows the stress-strain response for the model with vf = 1% and θmax=20⁰ for uniaxial 

loading in x, y, and z-direction. It can be noticed that the model is quasi-isotropic. The 

slope of the respective curves represents the effective elastic modulus of the composite 

in the loading direction. Similar approach is used for other models and the obtained 

values of effective moduli are plotted in Fig. 4.11. Fig. 4.11 shows that for a given 

volume fraction, the moduli of the composite decreases as waviness angles increase. 
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The error scale denotes the deviation of elastic moduli in x, y, & z-directions. The elastic 

modulus seems to decrease in a non-linear fashion as the θmax is increased. This 

indicates that for a given volume fraction, a major decrease in the elastic properties is 

observed when the CNT becomes waviness angle decreases from 0⁰. Properties 

continue to decrease at a reduced rate as the θmax is increased further.  

It can be noticed that for the lower θmax values, the higher volume fraction models 

generated using the current algorithm are slightly deviated from complete randomness in 

the fiber orientations (Fig. 4.12). It is due to the difficulty to insert more number (i.e., high 

vf) of randomly oriented and relatively straight fibers of certain length (e.g., 2.1 μm) in a 

comparable RVE size (here, 2.5 μm). However, as the increase in the waviness of the 

fibers lead to decrease in the fiber wavelength, more number of fibers of total length 

comparable to the RVE size can be fitted randomly, which leads to the better quasi-

isotropic behavior of the composite even at higher volume fractions (Fig. 4.11). 

The Halpin-Tsai model equations are used to compare the elastic moduli values obtained 

from the computational model. The Lavengood-Goettler equations were obtained for two-

dimensional random aka “random-in-a-plane” (Equation(4.6)) and three-dimensional 

random fiber distribution (Equation(4.7)). Fig. 4.12 compares the values obtained by 

computational model for straight CNTs with the discussed 2D and 3D random fiber 

composite theoretical equations. 
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Fig. 4.10 Stress-strain response for unidirectional loading in x, y and z-direction 

(Model: vf = 0.1% and θmax=20⁰) 

 

Fig. 4.11 Effect of waviness angle on the modulus of CNT composites 
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Fig. 4.12 Comparison of computational and theoretical models 

AFM and SEM studies performed by Bhuyian et al [95] confirmed the presence of voids 

at the CNT/matrix interphase, which leads to ineffective load transfer from matrix to CNT. 

They reported the interphase thickness to be nearly 20 nm [94]. In this study, we have 

considered an interphase layer of 20 nm thickness with the reduced modulus that is 

inserted between CNT and matrix. To evaluate the effect of interphase modulus on the 

overall composite modulus, a FEA parametric study has been performed for the case 

with vf = 0.1% and θmax=20⁰ (Fig.4.9). Interphase modulus is varied from 10%-175% of 

the matrix modulus. In the case of a ‘soft’ interphase, it can be noticed that the decrease 

in effective modulus of the interphase indicates the deterioration of the CNT/epoxy 

interphase. Whereas for the ‘hard’ interphase representing the increased polymer density 

and surface functionalization/modification of the fiber, leads to increase in the effective 

properties of the composite.  Fig. 4.13 shows the trend of variation in the composite 

modulus and average stresses developed in CNTs as the interphase modulus is varied. 

The right axis represents the average stresses developed in the CNT fibers at a given 
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interphase modulus, which is further normalized by the average stresses developed in 

the CNT fibers when the interphase modulus is same as the matrix modulus (i.e., 

Ei/Em=1). It can be noticed that the composite modulus decreases abruptly when the 

interphase modulus is decreased to 75% of Em due to the decrease in load transfer from 

matrix to CNTs, which is also indicated by the decrease in the average stresses 

developed in the CNT fibers. Later with the increase in voids in the interfacial region (i.e. 

the effective interphase layer modulus decreases), the effective composite modulus 

further decreases. It can be noticed that for Ei equals 10% of Em, the effect of CNT 

reinforcement is barely felt by the composite (EC/Em~1), while the stress ratio drops down 

by approximately 52%. On the other hand as the interphase stiffens (Ei/Em˃1), the 

composite modulus increases. Fig. 4.13 shows the increase in average stress generated 

in CNT fibers as the interphase stiffens. This confirms that the load transfer from the 

matrix to the fibers is better as interphase gets stiffer. It can be noticed that the composite 

modulus is more sensitive to the ‘soft’ interphase. 

 

Fig. 4.13 Effect of CNT/epoxy interphase modulus on (left axis) modulus of CNT 

composites and (right axis) average normal stresses (σzz) in the CNT fibers (Model: vf 

= 0.1% and θmax=20⁰) 
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Conclusion 

The study performed in this chapter indicate that MATLAB generated random fiber model 

can be used computationally in Finite Element Analysis as an excellent tool for predicting 

elastic constants of CNT reinforced polymer matrix. Young’s modulus of nanocomposite 

is nearly 15 % greater than that of matrix material. Possion’s ratio is slightly unchanged. 

Error of approximately 9-25 % is observed between the Computational Model and 

Theoretical Model results. Quasi-isotropic behavior of random fiber mat is observed. It 

can be noted that this model can be applicable for any random fiber composite. 

In order to build a fully predictive model, further efforts are made to include fiber/matrix 

interfaces, fiber waviness, etc. These enriched models can be utilized to study the effect 

of interphase properties and CNT waviness on the composite elastic constants. 

Second part of this chapter has been focused on developing a computational method to 

include stochastic distributions of the CNT waviness and orientation in building finite 

element predictive models for mechanical properties of random/aligned carbon nanotube 

composites. Thus far, efforts have been made to study the effect of waviness of CNTs 

towards the elastic moduli for a set of varied volume fractions of 0.1 % to 1 %. For each 

volume fraction, finite element models of randomly oriented CNTs for three different θmax 

values are constructed. These models are analyzed to predict the effect of increase in the 

waviness angles of the CNT fibers on their mechanical properties. The obtained results 

suggest that CNT waviness plays a key role in deciding the elastic properties of the CNT 

based composites. Hence due to their wavy morphology, the inefficient load transfer 

between CNT fiber and matrix results in the overall decrease in their mechanical 

properties by 4-8%.  
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A three-phase interphase model is generated to study the influence of ‘soft’ as well as 

‘hard’ interphase on the elastic modulus of the composite. The interphase model 

suggests that the composite modulus is further compromised as the interphase modulus 

reduces by up to 2.5% for 0.1% CNT vf due to the presence of voids at CNT/epoxy 

interface (‘soft’ interphase). Whereas the composite modulus increases as the interphase 

becomes a ‘hard’ interphase. It is due to the increase in the load transfer from matrix to 

the fiber, which resulted in increased average stresses generated in the CNT fibers. It is 

noticed that the composite modulus is more sensitive to the ‘soft’ interphase. 

While in the current study only the effect of CNT waviness and CNT/matrix interphase is 

emphasized, the developed algorithm can be used to quantify the effect of different 

morphological parameters, such as CNT agglomeration. Moreover, the present model 

can be extended by defining weak inter-fiber bonding (cross-links) interactions between 

the CNTs, which can aid in modelling the CNT network mechanics similar to that studied 

by Picu et al [114]. This can allow for evaluating the effect of fiber entanglement on the 

mechanical properties of the CNT composites. However, this is planned as our future 

work. 
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5. CHAPTER 5 THERMAL-MECHANICAL PROPERTIES OF SILICA 

NANOFIBER NETWORK 

 

Introduction 

Silica dioxide (silica, SiO2) grows naturally on silicon in the presence of oxygen, at room 

temperature, or under thermally controlled conditions. It possesses excellent mechanical, 

thermal and optical properties, and hence is routinely used in a wide variety of 

technological applications. It is a popular material used in manufacturing micro- and 

nano-electronic devices [115]–[118], optical fibers for telecommunications [24][25], and 

glass fibers to form fiber-reinforced polymer composites [119]. A fundamental 

understanding of mechanical properties of silica nanowires can help increase their 

reliability when integrated into functional nanodevices. Silica has more than 40 different 

crystalline SiO2 polymorphs [120][121]. They possess different bond lengths and bond 

angles, leading to variation in crystal/lattice symmetry and density among them. More 

details about their crystalline structures can be found elsewhere [122].  

In the bulk form, silica is known to be a brittle material [123][124]. However, recent 

experimental [26] and molecular dynamics [26][27] studies have reported a brittle-to-

ductile transition (BDT) in their behavior as the sample diameter reduces towards the 

nanoscale dimension. A variety of experimental studies available in the literature report 

different values of the mechanical properties depending upon the methods used to 

synthesize them. Ni et al [125] used Chemical Vapor Deposition (CVD) to synthesize the 

silica nanofibers ranging from diameters 50-100 nm and reported their stiffnesses to be E 

= 76.6±7.2 GPa. Similar values for the modulus E = 68-76 GPa was reported by Silva et 

al [126]. The nanofibers in this study were manufactured using a 2-step drawing 

technique. Due to limited availabilities in conducting reliable experiments at the 
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nanoscale, many studies are done using molecular dynamics (MD) simulations. For 

example, Yuan et al [127] obtained the mechanical properties of silica nanofibers at 

different state of strains, loading rate, cooling rate used during annealing simulation, and 

the working temperatures. They have found that the properties of the nanofibers vary 

significantly on these parameters. Several other groups have studied the mechanical 

properties of silica nanowires at different diameters using BKS potential [128]. Zhang et 

al [129] prepared nanofiber models by “cutting” method and used reactive force-field 

(ReaxFF) to evaluate the elastic modulus of amorphous silica NFs, and reported the 

Young’s modulus in the range of 19-30 GPa for diameters ranging from 2.23-10.23 nm. It 

is evident that the “cutting” method used in previous MD studies [130]–[132] can generate 

more surface coordination defects, which in turn results in the lower mechanical 

properties. On the contrary, the “casting” method is known to generate more natural and 

stress-free surface-state [127]. As such, in this study we have opted to use the “casting” 

simulation method. To the best of our knowledge, no previous study is conducted to 

evaluate the mechanical properties of silica nanofiber prepared by “casting” method using 

reactive force field.  

Further, the electrospun silica NF mats (Fig. 5.1a) can have different arrangement and 

hence interactions of the NFs, which may contribute towards the overall network 

constitutive law [133]. Paper, damping materials, bird nests, respiratory mask filters, 

insulation materials, etc. are the most common examples from the everyday life. In the 

present study, it is hypothesized that the undercoordinated atoms present on the surface 

of the NF can form an interface when placed at a certain distance (dǁ) in silica NF mat 

(Fig. 5.1c). Similarly, at the junction of the two or more NFs (Fig. 5.1b), a significant load 

transfer can occur due to the covalent bonding between dangling bonds. The newly-

formed interfaces can influence the structure-property relationship of the silica NF mat, 
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which could be difficult to obtain from the experimentation. The load transfer between the 

two NFs in either configuration can depend on (a) atomic interaction between the two 

fibers and (b) topology of the nanofibers leading to micromechanical interlocking between 

the two NFs. Such interfacial load transfer between the silica NFs is a new area of 

research to be explored in this article. Such arrangement of aligned NFs and NFs 

junction can ultimately influence the electronic properties [134], mechanical behavior 

[134], or overall optical properties of the electrospun mat. 

ReaxFF force-field [135][136] is based on the bond order/bond length relationship and 

hence can mimic the chemical reaction by automatic bond breaking and formation. This 

capability is utilized in the current study to accurately obtain the amorphous structure of 

bulk silica and silica NF. In addition, ReaxFF also allows for the natural chemical bond 

formation between the under-coordinated atoms at the NF interface in aligned and 

junction models, and hence can help characterize the NF interface. 

 

Fig. 5.1 (a) TEM image of electrospun Silica NF Mat, (b) Molecular model of NFs junction 

and (c) aligned NFs 
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It is also of significance to study the thermal stability of silica NWs to ensure their 

structural integrity and functionality at raised temperatures which might be encountered 

during their application. For instance, the severe geomagnetic disturbance (GMD) events 

of unknown magnitude can induce a significant current in the electrical powerlines, which 

is sufficient to perturb the thermal and in turn, mechanical stability of the electric 

transformers, which might lead to their catastrophic failure eventually leading to a safety 

hazard costing human and capital investments.  

Similar to their mechanical properties, size effect in nanomaterials has been reported to 

influence their thermal stability as well [137][138][139]. Surface energy γ is the excess 

energy that is supplied to a material when a new surface is created from the bulk. It is 

associated with the fact that when a surface is created, the atoms at the surface plane 

experience different atomic arrangement when compared to the interior atoms. Thus, two 

different states of stress exist across the surface layers and in the remaining bulk 

material.  The stress at the surface is known as “surface stress σij” which is required to 

balance by the interior of the material during equilibrium. It can be noted that as both γ 

and σij are associated with material surfaces, their magnitude is related to the 

surface/volume ratio of the materials. As at nanoscale this fraction value becomes 

significant, which leads to the size dependent material behavior. Melting point diffusion 

(MPD) is a classical example of the “surface effects” in the nanoscale. MPD is the 

phenomenon that is frequently observed in the nanostructured materials [137][138][139], 

which implies that due to the “surface effect” the melting temperature (Tm) of the 

nanowires decreases as their size decreases. This implies that the bulk material usually 

has higher Tm values compared to that of the nanowires. Such effect has been 

analytically predicted by Pawlow [138]. While originally developed for spherical particles, 
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it can be generalized for any shape of nanostructured materials with an appropriate 

geometric factor. Equation (5.1) shows such generalized model for MPD. 
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where 𝑇𝑚(𝑟) is the size-dependent melting point of a material with characteristic size r, 

𝑇𝑚
𝑏𝑢𝑙𝑘 is the bulk melting temperature, B is the geometric factor, 𝐻𝑚

𝑏𝑢𝑙𝑘  is the bulk heat of 

fusion, ρ is the density and γ is the surface energy. The subscripts s and l correspond to 

solid and liquid state of materials, respectively. 

Direct heating single-phase method is previously used to evaluate the melting 

temperature and structure transition of crystalline copper nanorods [140][141] and gold 

nanowires [137]. 

The melting temperature calculated using singe-phase method has been reported to be 

exceedingly greater than the experimental values due to the superheating of the material 

using MD methods, especially when the surface effect is not considered (homogenous 

melting). More discussion can be found in [142][143]. The two-phase methods such as 

Solid-liquid coexistence method has been reported to provide more realistic 

values[142][144]. However, the latter method is computationally more intense. 

Sun et al [145] used single-phase method to step heat the iron nanoparticle and adjusted 

the results obtained from the MD simulations based on the recommendations from [143]. 

Other researchers used two different heating rates to melt the crystalline nanowire while 

accommodating for a smaller heating step near the expected melting region [139][146]. 

In this study, ReaxFF is used to produce amorphous structure of bulk silica glass and 

silica nanofiber through annealing process. Tensile tests are conducted to evaluate their 
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mechanical properties at two different strain rates of ε̇= 2.3 x 109 s-1 and ε̇= 2.3 x 1010 s-1. 

Thereafter, the aligned NF model with varied inter-space distance (dǁ=1.5 Å, 3.5 Å, 6.5 Å) 

and the junction model is studied. To gain further insight into the load transfer at the 

interface of two NFs, NF pullout simulations are conducted for aligned NF configurations. 

Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [28] code is used 

to perform the MD simulations. OVITO [58] is used for model visualization.  

Computational details 

In this study, MD simulations were performed using LAMMPS open source code [28] and 

the reactive force-field (ReaxFF) parameters developed by Forgarty et al [136][147]. The 

force-filed parameters have been previously used to generate the amorphous structure of 

bulk silica material and to further investigate their mechanical properties. 

Bulk amorphous silica  

Ideally in the crystalline silica, a silicon (Si) atom is connected with four oxygen (O) atoms 

making a SiO4 tetrahedral structure. The connecting oxygen atoms are located at the 

vertices of a tetrahedron with silicon atom at its center. Further, the oxygen atoms are 

shared among other neighboring tetrahedrons, which yields in net chemical formula of 

SiO2 for silica. Such tetrahedrons are packed uniformly inside a box of chosen dimension 

using Packmol [148] while maintaining 2:1 stoichiometric ratio for silicon to oxygen. To 

obtain the amorphous structure, the system is heated at 4000 K for 200 pico seconds 

(ps) using NVT (canonical) ensemble. Further to mimic the annealing process, the bulk 

silica material is cooled down to 300K at rate of 10 K/ps using NVT time integrator. After 

this, the system is equilibrated for 150 ps each under NVT and then NPT (isothermal-

isobaric) ensemble at 300 K in order to release any build up stresses during the 

annealing process. Periodic boundary was maintained in all three directions during the 
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described simulation steps. The final model dimensions after NPT equilibrium are 5.05 

nm x 5.05 nm x 4.3 nm containing 7056 atoms. Based on a study performed by 

Chowdhury et al [124], choosing a big enough model size is of particular importance to 

capture the post-peak behavior of the stress-strain plot.  

The final density achieved is 2.14 g/cc, which is in good agreement with the previously 

reported values using ReaxFF force-field [136][124]. Fig. 5.2 shows the equilibrated 

amorphous structure of bulk silica and its radial distribution function (RDF) after NPT 

equilibrium.  

 

Fig. 5.2 (a) Amorphous bulk silica (b) radial distribution function at equilibrium 

 

Unhydrated/Pristine amorphous silica nanofibers 

Silica nanowire structure was created by melting the 21681 atoms β-cristobalite silica at 

4000 K for 200 ps in a cylindrical container with a repulsive wall to simulate the “casting” 

method. The periodic boundary is used in the longitudinal direction of the cylinder. An 

NVT quenching scheme from 4000 K to 300 K was performed to anneal the silica liquid at 

a cooling rate of 18.5 K/ps. A timestep of 0.5 fs was used. Upon the removal of cylindrical 

constraint, the sample was equilibrated at 300 K for 150 ps using NPT ensemble at 
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atmospheric pressure condition. This helped reducing the buildup stresses in the material 

system by allowing a change in its dimensions. After the NPT equilibrium, the average 

nanowire diameter was nearly 63.73 Å. Fig.5.3 shows the equilibrated amorphous 

structure of silica nanofibers. Table 5.1 provides the details of NF considered in this 

study. It can be noticed that the density of the nanowire is increasing with the decrease in 

NF diameter, which is a direct result of increasing surface effect as the NF size goes 

down [127][128]. Typically as the NF size increases, the surface effect decreases and the 

density of the NF tends to converge at the corresponding bulk material density (ρbulk,silica = 

2.2 g/cc). 

The density obtained with the ReaxFF potential was 2.287 g/cc, which is in good 

agreement with the previous MD [126][129][136] and experimental value of 2.2 g/cc 

[149].  

 

Fig.5.3 Longitudinal and sectional view of silica nanofibers of varied cross-sections 

(Color Scheme: CPK) 
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Table 5.1 Atomistic details of silica nanofibers 

Diameter, nm Atoms Length, nm Density, g/cc 

6.373 21681 9.9 2.287 

2.85 6240 13 2.5 

1.75 2772 13 2.91 

 

Hydroxylated amorphous silica NW 

In order to hydroxylate/pacify the silica NF, the equilibrated pristine NF structure is 

allowed to react with the water molecules at 650 K temperature under NVT conditions for 

500 ps using a 0.1 fs timestep. It is recommended to use NVT ensemble instead of NPT, 

as the difference in compressibility of a-SiO2 and water would lead to unrealistic pressure 

effects. The elevated temperature (T=650K) is used to promote the hydronium ion (H3O+) 

formation which is critical to the silanol (Si-OH) formation [150]. The simulation was 

continued until the system maintained thermal equilibrium with the heat bath. The 

chemical reaction between the water and under-coordinated atoms on silica NF surface 

took place primarily in the beginning of the simulation, leading to silanol (Si-OH) and 

hydroxyl (O-H) formation. More detail on the chemical reaction can be found elsewhere 

[136]. After equilibrating the system using NVT ensemble, the unreacted water molecules 

were removed, and pacified NF was equilibrated at 650 K to obtain the stable 

configuration. Thereafter, the system temperature was then brought to 300 K at a cooling 

rate of 3.5 K/ps for nearly 100 ps. The hydroxylated NF was then equilibrated under NVT 

and afterwards NPT conditions at 300 K until the thermodynamic equilibrium is reached. 

Periodic boundary conditions were maintained in all three directions while extending 

simulation domain in x and y directions. Fig.5.4 shows the final snapshot of the NPT 
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equilibrated hydroxylated NF. Fig.5.4(b) shows the RDF data for SiNW-Owater, indicating 

the bond formation between SiNW and Owater (first peak positioned at RSi-O = 1.575 Å). 

Fig.5.5 compares the undercoordinated atoms present at the NF surface before and after 

the hydroxylation. Nearly 90% of the undercoordinated atoms at NF surface are pacified. 

 

Fig.5.4 (a)Longitudinal and sectional view of hydroxylated silica nanofiber (Cyan color 

shows H and O atoms from water), (b) SiNW-Owater RDF at 650 K 

 

Fig.5.5 (a) Unhydroxylated/Pristine NF, (b) Hydroxylated NF (Atoms in red represent 

undercoordinated atoms at the NF surface) 
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CALCULATION OF NANOFIBER RADIUS 

The average NF diameter can be calculated by dividing it into sections of 0.3 nm 

thickness in axial direction (z-direction) and identifying the outmost atoms of these 

sections in x and y-direction to calculate the diameters for each section. Further, the 

section diameters can be averaged to obtain a final average diameter for the NF 

[151][152]. 

Nanofiber Mat 

Aligned silica nanofiber mat 

Already equilibrated Silica fibers can be arranged in the parallel (Fig. 5.6) and 

perpendicular (Fig. 5.8) configuration to represent the arrangement of silica nanofibers in 

a nanofiber mat.  

In order to prepare parallel/aligned nanofiber system, the previously prepared and 

equilibrated amorphous silica nanofibers are placed at an average distance, dǁ
 from each 

other. The periodic boundary conditions are maintained in all three directions while 

extending the simulation domain in the X and Y-direction. The system is minimized and 

then equilibrated for nearly 250 ps in NPT ensemble to allow the bond formation between 

the dangling bonds or undercoordinated surface atoms in the vicinity of one another. 

After equilibrium, tensile loading can be applied to the system to observe the stress-strain 

behavior of the silica nanofibers in the chosen arrangement. Additionally, the pullout 

simulations will be performed to understand the load transfer between the two nanofibers 

due to bond formation between the undercoordinated atoms. 

As the equilibrium Si-O bond length is reported to be nearly 1.56 Å [136], the values of dǁ
 

are chosen as 6.5 Å, 3.5 Å, and 1.5 Å. Fig. 5.6 Fig. 5.6 Longitudinal and sectional view of 

aligned silica nanofiber mat with average (a) dǁ
 = 6.5 Å, (b) dǁ

  = 3.5 Å, (c) dǁ
 = 1.5 Åshows 
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the final equilibrated structures of the listed cases. For dǁ= 1.5 Å (Fig. 5.6c), as the two 

NFs are placed within the equilibrium value of Si-O bond length, the undercoordinated Si 

and O atoms at the NF surface can form significant number of covalent bonds at the 

interface. Whereas for dǁ= 3.5 Å (Fig. 5.6b), some level of Si-O bonding is observed due 

to the surface topology of the NF. Further, it can be noticed that no Si-O bond is formed 

for the dǁ= 6.5 Å (Fig. 5.6a), as the NFs are farther apart. 

 

Fig. 5.6 Longitudinal and sectional view of aligned silica nanofiber mat with average (a) 

dǁ
 = 6.5 Å, (b) dǁ

  = 3.5 Å, (c) dǁ
 = 1.5 Å 

The RDF between two atomic species (Si and O) is defined as given by equation (5.2). 

 𝑔(𝑟) =
𝑁(𝑟)

4𝜋𝑟2𝜌𝛿𝑟
 , (5.2) 

where N(r) is the number of O atoms in the shell between r and r+δr around the Si atoms 

and ρ is the number density of O atoms, taken as the ratio of the number of atoms to the 

volume of the simulation cell. Fig. 5.7 plots two different type of RDF values. Fig. 5.7a 

shows the intra-fiber RDF plot between the Si and O atoms of the same NF within the 

reaxFF potential cut-off range for non-bonded interactions, i.e. 10 Å [136]. Fig. 5.7b 
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shows the inter-fiber RDF plot between Si and O at the interface of two NFs. The latter 

can also be useful to observe the Si-O bonding at their interface knowing the equilibrium 

Si-O bond length is nearly 1.56 Å. For dǁ= 1.5 Å, more O atoms are available in the first 

coordination shell of Si (hence higher RDF value). However due to the surface topology 

of the nanofiber, the RDF value for dǁ= 3.5 Å is non-zero. Whereas no Si-O bond is 

formed for the dǁ= 6.5 Å, as the dangling bonds are farther apart. 

 

Fig. 5.7 (a) RDF plot of Si-O bonding in the NF (Intra-fiber RDF), (b) RDF plot of Si-O 

bonding at the NF interface (Inter-fiber RDF) 

Silica nanofiber junction modelling 

Two equilibrated amorphous NFs are placed at an average distance, d┴ ~0 Å from each 

other in the configuration as shown in Fig. 5.8. After energy minimization using conjugate 

gradient method, the system is further equilibrated for 200 ps to allow for the bond 

formation between the undercoordinated surface atoms at the junction of two nanofibers. 

Periodic boundary condition was used in all directions, while extending the simulation 

domain in X-direction.  
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Fig. 5.8 (a) Longitudinal, (b) side view of NF junction and (c) RDF of Si & O bonding at 

junction 

Simulation Procedure for NF Melting 

The reactive force field uses a bond order/bond distance relation with a polarizable 

charge description and bond-order-dependent three- and four-body interactions. It also 

accounts for the van der Waals and Coulombic interactions between both bonded and 

non-bonded atoms, in order to accurately model the chemical reactions.  

In order to simulate the melting process of silica nanofibers, a single-phase step-heating 

method is employed. Periodic boundary condition is maintained in all three directions 

while extending the simulation domain size in x and y-direction (lateral direction). Thus, 

an infinitely long isolated silica nanofiber is considered for the melting simulations. The 

box size in x and y direction is chosen such that the effect of the periodicity in these 

directions will not be observed. It is done by leaving the vacuum space greater than the 

potential cut-off (10 Å) in both directions.  
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In performing melting simulations, heating rate is an important parameter which can 

directly affect the accuracy of thermodynamic results. A higher value used for heating 

rate in an attempt to save the computational cost might lead to missing or overshooting 

the melting point of a material. To choose a converged value, a set of different heating 

rate values (1 K/ps, 0.2 K/ps, 0.1 K/ps) are tried for smaller diameter NW. The MD 

simulation was performed using NVT time integrator while raising the temperature from 

300 K to 3300 K at a heating rate of 0.2 K/ps. It should be noted that even though the 

volume of the simulation domain is rendered fix by NVT ensemble, the NF volume can 

change in order to reduce the stresses generated during heating. The temperature of the 

system is maintained using Nosé-Hoover thermostat [153]. ReaxFF force-field is used to 

define the interactions between the silica atoms. 

In Molecular dynamics, the forces in certain direction can result in advection velocity or 

aggregate velocity of the whole material system. Temperature of the system is given as 

kinetic energy divided by some number of degrees of freedom (and the Bolzmann 

constant). We know that the kinetic energy is a function of particle velocity (advection 

plus thermal velocity/vibrations). Therefore, the aggregate velocity has to be removed 

from the temperature calculation, as often thermal vibrations are wanted to compute the 

temperature. Typically compute temp includes the advection component of the velocity 

while calculating temperature. It is recommended to use compute temp/com instead, 

which removes the advection velocity component from temperature calculation. 

Size effect on mechanical properties of silica 

Uniaxial tensile test of bulk silica 

Uniform tensile strain rates of magnitude lower than the sonic speed are applied to 

the bulk sample in the X-direction. The simulation box is extended in the loading direction 
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at a specified loading rate while scaling the coordinates of all atoms in the loading direction. 

All tensile tests are performed at 300 K temperature using NPT ensemble at 1 atm 

pressure. Poisson’s ratio effect is allowed in the Y- and Z- directions in order to obtain the 

zero-net force in these directions. Fig. 5.9 shows the mechanical response of the material 

for the loading rates under consideration. As can be observed, the local voids are formed 

inside the bulk of the material due to bond breaking at the localized regions (Fig. 5.9a-b) 

when the failure stress is reached for both the strain rates. Later upon exceeding the critical 

crack length, these voids coalesce leading towards the brittle fracture of the bulk silica 

glass. Similar observations are made in the work performed by Chowdhury et al [124], 

Nakano et al [154], Simmons et al [155], Murlidharan et al [156], and Pedone et al [157]. 

 

Fig. 5.9 (a)-(b) Void formation at 휀̇= 2.3 x 109, 2.3 x 1010 (Color plot shows stress per 

atom), (c) Comparison of stress-strain behavior. Note that the system was loaded along 

the x-direction.  

The Young’s Modulus is evaluated from the linear region (strain state between 0-12%) of 

the stress-strain plots shown in Fig. 5.9c. The mechanical properties obtained from the 

tensile test simulations are enlisted in Table 5.2. It can be observed that strain rate has 
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insignificant effect on the properties of amorphous bulk silica material. Note that the 

chosen strain rates are both extremely high. This is the known features of MD simulation. 

As such, the trends in the strain rate effects should not be considered to be valid for all 

strain rate ranges [124]. The MD snapshots suggest (see Fig. 5.9c) that fracture surfaces 

are essentially perpendicular to the loading direction, indicating that the material fails due 

to the maximum tensile stress. 

Table 5.2 Mechanical properties of amorphous bulk silica 

Strain rate (s-1) Modulus (GPa) Strength (GPa) Strain at maximum 

stress, εmax (%) 

2.3 x 109 65.39 21.25 29.44 

2.3 x 1010 66.73 21.85 29.90 

 

Uniaxial tensile test of silica nanofiber, D = 63.73 Å 

To evaluate the elastic modulus of prepared silica nanowire, the uniaxial tensile 

deformation was applied at a constant strain rate of ε̇= 2.3 x 109 s-1 and ε̇= 2.3 x 1010 s-1 

by moving the top and bottom 5 Å layer (end-caps) of the nanofiber along the axial z-

direction. It can be noted that due to the large vacuum region, the nanofiber can relax 

laterally and hence can undergo poison’s ratio effect. During the loading, atmospheric 

pressure of 1 atm and room temperature are maintained by Nosé-Hoover barostat and 

thermostat as implemented in LAMMPS [28]. 

The coordination defect is present at the surface of the nanofiber due to under-

coordinated Si and O atoms. Thus, as can be observed from Fig. 5.10a-b, the crack 

initiates at the surface of the nanofiber for strain rate ε̇= 2.3 x 109 s-1 and ε̇= 2.3 x 1010 s-1 , 
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respectively. Afterwards, the crack quickly propagates perpendicular to the loading 

direction leading to the brittle fracture of the material. Similar to the bulk silica case, the 

fracture surfaces are nearly perpendicular to the direction of loading, indicating that the 

nanofiber fails due to maximum tensile stress. 

Fig. 5.10e shows stress-strain response of NF at two strain rates. Stress is calculated 

using stress/atom command in LAMMPS [158], which needs to be divided by the initial 

volume of the nanofiber in order to obtain the engineering stress developed during 

loading. The reported strain values are calculated based on the engineering strain 

definition by dividing change in length of the fiber by its original length. Due to non-linear 

elastic behavior, the stiffness calculation of silica is very sensitive to the strain state of the 

system. In particular, the slope of the stress-strain curve becomes steeper when the state 

of strain reaches to 5%. As such, the calculated value of modulus (i.e. secant modulus) 

goes up by 85 GPa when calculated based on strain rate 5% or higher. The similar 

behavior is observed by Yuan et al [159]. A parametric study performed by their group 

suggested that the accurate estimate of modulus can be obtained from “a third-order 

polynomial fit to the stress-strain curve in 0-12% strain range, or a linear curve-fit over a 

very small linear strain range of 0.5 %”.  

Fig. 5.10f shows the O-Si-O bond angle (Tetrahedral bond angle) distribution (BAD) at 

different strain values for ε̇= 2.3 x 109 s-1. Some distinct ‘signatures’ can be observed to 

characterize the atomic rearrangement as the sample is strained. It can be noticed that at 

unstrained/relaxed condition, the peaks appear at around 108.5⁰ which is close to the 

equilibrium O-Si-O bond angle of 109.2⁰ [136]. Upon further loading, the BAD peak shifts 

to the value of ~103.5⁰ at strain state of 24.75%. Later upon the material fracture, the 

BAD peak goes back to its equilibrium angle. Based on above observations, it can be 
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concluded that the NF structure is going under transformation in critical regions at high 

strain values, while the rest of the material recovers upon fracture, which is similar to as 

reported by Muralidharan et al for bulk amorphous silica [156]. 

 

Fig. 5.10 (a)Comparison of stress-strain behavior, (b) O-Si-O bond angle distribution 

(BAD) at  휀̇= 2.3 x 109, (c)-(d) Crack Initiating and fractured NF at 휀̇= 2.3 x 109, 2.3 x 1010 

Table 5.3 lists and compares the mechanical properties of silica nanofiber at two different 

strain rates. The values obtained for Young’s modulus are in the range of 66-92 GPa as 

reported by Davila et al. [130] and Yuan et al [151], who used Garofalini and BKS potential, 

respectively. According to the available literature, the ultimate tensile strength of 



78 
 

amorphous silica NFs increases with the increase of NF diameter. For example, using MD 

simulations, Zhang et al [129] reported the ultimate strength of NWs (D=2.23-10.23 nm) to 

be in the range of 8.3-12 GPa, whereas Brambilla and Payne [160] calculated the strength 

values for NW to be ranging from 15-26 GPa. It can be noticed that the strength values 

reported in our study are within the range reported in the literature. Moreover, as the 

“casting” method used to prepare our MD model is considered to generate lesser flaws at 

the surface of the NF [159], the higher strength values can be expected. 

Table 5.3 Mechanical properties of amorphous silica nanofiber 

Strain rate (s-1) Modulus (GPa) σult (GPa) εmax (%) 

2.3 x 109 62.95 20.70 29.31 

2.3 x 1010 58.49 22.58 32.05 

 

Fig. 5.11a shows and compares the stress-strain behavior of bulk silica and silica NF of 

different sizes. It can be noticed that for all the NFs, the crack initiates at the surface of 

the NF and eventually propagates through their cross-section leading to the failure. As 

the NF structure is more discrete in the case of D=1.75 nm, the stress drops upon failure 

of a ring structure while the rest of the cross-section carries the load as shown in NF 

geometry Fig. 5.11a. Thereafter, the stretching of remaining rings still carries load which 

is less than the ultimate stress in the material. Upon further extension, the NF fails in a 

brittle manner.  The properties obtained from the tensile simulation and NF density are 

shown in Fig. 5.11(b)-(c). It can be noted that the strain at maximum stress and strain to 

break decreases as the NF diameter decreases. It indicates that there is no brittle-to-

ductile behavior shown by the studied NFs, which is more recently discussed in other 
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studies [26][27]. Elastic modulus of NF tends to decrease as the NF size increases. As 

such, no trend in NF strength is observed as reported in other literatures [27][128]. 

 

Fig. 5.11 (a) Stress-strain behavior of bulk silica and NFs of different sizes, (b)-(c) 

Variation of silica NF properties with diameter 

 

Effect of Hydroxylation on mechanical properties of silica NW 

Similar loading conditions as described for the pristine nanofiber were applied to the 

equilibrated structure of hydroxylated silica nanofiber models shown in Fig.5.4. Fig. 5.12 

shows the stress-strain plot for pristine and hydroxylated NF at both the strain rates. It 
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can be noticed that the crack initiates from the surface of NF as observed in pristine NF 

tensile test (Fig. 5.12). For both the strain rates, the strength of the hydroxylated NF is 

decreased. It could be explained from the perspective of breaking of ring structures at the 

fiber surface during silanol formation. More details on it can be found in the study by 

Yeon et al. [150]. 

 

Fig. 5.12 Comparison of (a)stress-strain behavior, and (b)properties of Pristine and 

Hydroxylated NW   

 

Effect of nanofiber interface on overall mechanical properties 

Aligned silica NF arrangement 

Similar loading conditions as described for the isolated nanofiber are applied to the 

equilibrated geometries for aligned silica nanofiber models shown in Fig. 5.6. The 

uniaxial tensile deformation was applied by moving the top and bottom 5 Å layer of both 

the nanofibers along the axial z-direction following the loading conditions described in the 

previous section. Fig. 5.13 compares the effect of nanofiber interface for three cases at 
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lower strain rate. For dǁ
 = 1.5 Å, the crack initiates from the surface of one nanofiber, as 

observed in the case of an isolated nanofiber. As the crack continues to propagate 

normal to the loading direction in this fiber, cracks start to initiate from two different 

locations at the surface of the 2nd fiber. The final fracture occurs due to the interaction of 

the crack at the interface of two NFs. Due to the covalent Si-O bonding at the interface of 

the two NFs, the crack is ‘extended’ to another NF. Both NFs fail in a brittle manner. In 

the stress-strain plot, the response of the fiber mat (a.k.a the fiber pair) is compared with 

bulk silica and isolated nanofiber. It can be observed that the overall stress-strain in the 

mat is very distinct. In particular, the mat appears to exhibit something like a “progressive 

failure” process.  The first failure in the mat is noticed at around 26.32% strain. Beyond 

this strain state, the stress in the mat reduces from ~21 GPa to ~10.5 GPa. The stress 

state remains constant, on average, until the strain state equals to 28.4%. Beyond this 

strain state, the overall stress in the mat reduces to zero. To gain further understanding 

on the deformation process in the mat, the snapshot of loaded NF mat is also shown in 

Fig. 5.13. It is evident that the at strain state = 26.32%, fiber 1 completely ruptures but 

the fiber 2 continued to deform without complete failure. The fiber 2, however, completely 

fails at a strain state = ~28.5%. In theory, both fibers in the mat should have failed at the 

same states of strain. Nevertheless, this is why the stress state in the mat reduces to half 

at strain state = 26.32%. The reason why fiber 1 and 2, exhibited slightly different failure 

strain can be explained from the viewpoint of amorphous structure of the NF. Due to the 

“extreme random” nature of an amorphous structure, the NF failure have shown a 

stochastic nature. Based on our simulations, it can be said that NF failure can happen at 

strain values ranging from nearly 25% to 38% (Fig. 5.13).  

When the separation distance between the nanofibers is higher, the fracture process is 

different. The stochastic behavior of εmax is still observed for these cases. It can be 
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observed that when dǁ
 = 3.5 Å, the separation distance is larger for forming any 

spontaneous covalent bonding but sufficient to have some level of Si-O bonding. When dǁ
 

= 6.5 Å, the separation distance is so large that fiber-fiber interaction becomes very 

insignificant. As such, when tensile loading is applied to these two types of nanofiber 

pairs, the initial cracks are independently formed, grow and propagate. The unique 

“progressive failure” is observed in both cases when strain rate  ε̇ = 2.3 × 109 s−1. It can 

be noted that when one of the fibers fails earlier in this range, the stress state in the mat 

reduced to half as shown in Fig. 5.14. 

The “progressive failure” mode observed due to stochastic εmax values of NF is 

completely absent when at ε̇= 2.3 x 1010 s-1 as shown in Fig. 5.15. We believe the at 

higher strain rate, the loading rate is faster than the crack propagation rate. As such, 

there is little time gap between fiber 1 and 2 failures. Fig. 5.16 compares the mechanical 

properties obtained from the tensile test simulations. It can be observed that for both the 

strain rates, the values are close to that of the isolated NF. 

 

Fig. 5.13 Effect of Nanofiber interfaces on mechanical behavior of 2-fiber mat at 휀̇= 2.3 x 
109 s-1 
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Fig. 5.14 Stress-strain behavior and atomic configuration of NF mat at 휀̇= 2.3 x 109 s-1 for 
dǁ

 = 6.5 Å 

 

 

Fig. 5.15 Effect of Nanofiber interfaces on mechanical behavior of 2-fiber mat at 휀̇= 2.3 x 
1010 s-1 
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Fig. 5.16 Effect of inter-fiber distance on mechanical properties at (a)휀̇= 2.3 x 109 s-1, 

(b)휀̇= 2.3 x 1010 s-1 

 

Silica NF junction 

The uniaxial tensile deformation was applied only to the NF oriented in z-direction, while 

keeping the ends of the undeformed NF (oriented along y-axis) fixed. The loading 

conditions defined earlier are used to stretch the fiber along z-axis, while the bending 

stresses generated in the undeformed fiber are calculated to quantify the effect of load 

transfer from the nanofiber junction. Fig. 5.17 shows and compares the axial stress (σzz) 

developed on the deformed NF for two different strain rates with the isolated NF. It can 

be observed that the stress-strain response is similar to that of the isolated NF. The 

response after maximum stress is deviated from that of isolated NF due to the junction 

interactions. Fig. 5.17 shows the fractured NF for ε̇ = 2.3 × 109 s−1and 2.3 × 1010 s−1. 

respectively. Table 5.4 lists the mechanical properties of the silica nanofiber at applied 

strain rates. It can be noticed that the values are comparable to that of isolated NF at 

both the strain rates. 
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Fig. 5.17(a) Tensile stress in deformed NF, (b) RDF plot of Si-O at junction at εmax 

marked on plot (a), (c) Bending stresses generated in still/undeformed NF in junction 

model 

Fig. 5.17c shows the bending stresses developed in still/undeformed NF at a given 

loading rate. It can be observed that as junction is staying intact during the tensile loading 

on the deformed NF (Fig. 5.17b), the bending stresses are developed the entire time until 

the deformed NF breaks. This suggests that the junction between two NFs can be 

modelled at macroscale as a joint that allows the forces applied by one NF to cause 

bending in the other NF, i.e. “rotating joint” or “welded joint”[133]. 

Table 5.4 Mechanical properties of deformed silica nanofiber in junction model 

Strain rate (s-1) Modulus (GPa) Strength (GPa) Strain at maximum 
stress (%) 

2.3 x 109 64.34 21.67 30.12 

2.3 x 1010 59.12 23.26 30.88 
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Effect of nanofiber arrangement on interfacial strength 

Due to the bond formation between under-coordinated Si and O atoms among the two 

NFs, it can be of interest to observe the load transfer between them during the loading of 

the nanofiber mat. In order to characterize the NF interface, pullout simulations can be 

performed for different NF mat configurations shown in Fig. 5.6. The similar approach is 

popular to evaluate the interfacial shear strength of carbon nanotubes reinforced polymer 

composites [14]–[16], [48], [81]. 

To pullout silica nanofiber, nearly 5 Å of the fiber is fixed and a constant pullout velocity of 

23 m/s is applied to one of the silica nanofibers in the system, while keeping the ends of 

other nanofiber fixed. The opposite end of the pulled nanofiber is made rigid, as shown in 

Fig. 5.18a. This is implemented by using fix rigid command in LAMMPS, that uses NVE 

(microcanonical) time integration technique based on Richardson iterations [161] to 

update the position and velocity of each atom in a rigid body. The total force and the 

torque on the rigid portion are then computed as the sum of forces and torques on its 

constituent particles for each time step and are then updated so that the body moves and 

rotates as a single entity.  

The change in potential energy (ΔPE) during the pullout is calculated by subtracting the 

initial energy before the pullout from the energy at a given pullout displacement. Fig. 

5.18b shows the ΔPE vs pullout displacement trend for three studied cases. It can be 

observed that for average dǁ= 6.5 Å, there is no increase in the total potential energy due 

to lack of bonded interactions (van-der Waals and electrostatic only) between the two 

NFs (Fig. 5.7b). However as observed from Fig. 5.7b as well, more bonds between 

under-coordinated Si and O atoms are formed in the case of dǁ= 3.5 Å. This leads to the 

increase in total potential energy when the nanofiber is pulled from the system. This is 
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resulted from an increase in the interactions between the two nanofibers as the relative 

motion happens between them. Similarly, the increase in potential energy is more 

significant when dǁ= 1.5 Å as increased number of bonds are created at the NF interface 

(as concluded from Fig. 5.7b). Hence even more interactions/resistance is offered by the 

still nanofiber as the other fiber is pulled out. Due to the resistance (Si-O bond formation 

and breaking) offered by the undeformed fiber, the pulled-out NF length increases when 

dǁ= 3.5 Å and dǁ= 1.5 Å. The typical bond breaking and formation during the pullout 

procedure leads to the fluctuations in the potential energy plot. This is also known as 

stick-slip mechanism, which has also been observed by Namilae et al [81] during carbon 

nanotube pullout simulation from the polymer matrix. In the present study, this represents 

the effective load transfer between the two nanofibers due to the covalent bond formation 

between their undercoordinated atoms. 

 

 

Fig. 5.18 (a) Schematic of silica nanofiber pullout simulation, (b) Potential energy 

variation during pullout of silica nanofiber in aligned fiber arrangement. Inset plot shows 

the zoomed in view of energy needed to break initial interfacial bonding 
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In the current study, the initial portion (Fig. 5.18b Inset) of the potential energy variation 

plot may represent the strength of initial interface formed between the NF pair. The 

corresponding values of pullout displacement and change in potential energy (ΔPE) are 

reported in  

Table 5.5. It is reported that the Si-O bond strength is nearly 1.6022 × 10-4 fJ (621.7 

kJ/mol) [162]. It can be observed that the values listed in Table 5.5 are significantly 

higher than the reported Si-O bond strength. It is due to multiple Si-O bond formation and 

breaking at the interface of two NFs. Also, the deformation of two NFs can also be a 

contributing factor towards the increase in ΔPE values as the NF is being pulled out. 

Further, as no Si-O bond switching is occurring when dǁ= 6.5 Å, no ΔPE change is 

observed. It can be evident that for dǁ= 1.5 Å, the higher value of ΔPE may be 

contributing towards more ‘coherent’ failure of two NFs during the tensile tests. 

Table 5.5 Comparison of ΔPE for different NF interspace distance 

dǁ, Å Pullout displacement, Å ΔPE, ×10-4 fJ 

1.5 7.7 186.608 

3.5 4.37 64.926 

6.5 - 0 

 

It should be noted that since the values plotted in Fig. 5.18b are dependent on the 

number of bonds formed at the NFs interface, generating NF using “cutting” method can 

lead to more increase in the potential energy due to more coordination defects present on 

their surface [129]. Thus, the ‘quality’ of the interface depends on the NF surface 
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morphology, inter-fiber distance and the number of under-coordinated atoms on the 

nanofibers surface. 

Size-dependent Thermal Stability of Silica Nanofibers 

Fig. 5.19(a) shows the potential energy plots at three different heating rates. As informed 

from it, 0.2 K/ps can be used for the following simulations. Upon heating, the potential 

energy varies linearly with the temperature until point A on the curve, which corresponds 

to the start of melting. Upon further heating, the potential energy curve becomes non-

linear. It can be noticed that there does not exist a sharp/unique melting temperature for 

amorphous materials as noticed by other researchers for different amorphous materials 

[137]. To identify the change in slope of potential energy vs temperature plot, we can look 

at the secant modulus values in Fig. 5.19(b). Secant modulus at a point on the curve is 

calculated (for non-linear materials) by finding the slope of a line joining that point to the 

start point, i.e. T=300 K. The atoms at the NW surface are at high energy and thus the 

melting of NW starts from the surface leading to melting of NW interior. Eventually, the 

NW takes the form of a spherical bead under vacuum conditions Fig. 5.19(d). 

The inexistence of an instantaneous melting point (progressive melting) can also be 

explained from the viewpoint of surface energy. For solid to liquid phase translation, an 

external energy (by heating) is required that is equal to the latent heat of fusion for that 

material. The melting of solid occurs at energy level of the values equal to the solid-state 

internal energy plus the latent heat of fusion. Due to surface tension, the atoms at the 

surface always remain at higher energy states, which leads to the melting of 

nanomaterial at lower temperature Ti (Ti < Tm) compared to their bulk (Tm) counterparts. 

Due to the varied energy levels between the NW interior and surface, the melting 

happens over a range in a progressive manner (hence not instantaneous).  
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Fig. 5.19 (a) Variation in Potential energy during heating, (b) Variation in Instantaneous 

slope during heating, (c) RDF plot at marked temperatures, (d) NW configuration at 

marked temperatures (color plot shows potential energy/atom) 

Further, it can be of interest to look at the radial distribution function (RDF) plot at 

different temperatures values as shown in Fig. 5.19(c). It can be noticed that the 

secondary peaks in the RDF plot flattens as the melting of NW starts at TA=1704 K, which 

confirms the solid to liquid transition (melting) of a material. In addition to focusing on 

secondary peaks, the broadening of primary peak can be related to the melting behavior. 

As suggested by the literature on melting point of ceramic materials, a 10% increase in 

the bond length and standard deviation of RDF plot might be considered as the melting 

temperature of the material. At point A in Fig. 5.19(c), the standard deviation in RDF plot 

is more calculated to be increased by 120%, while point B and C shows an increase by 

134% compared to the T=300 K. No change in the value of r at the RDF peak is 

observed as it stays focused at 1.575 Å. Similarly, for NF diameter ~3 nm (Fig.5.20c), 
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point A and B (and C) corresponds to increase in standard deviation of RDF by 15% and 

22%, respectively. As no apparent change in the RDF plots is observed after point B, we 

may consider point A and B as the initiation and completion of melting of NW. 

 

Fig.5.20 (a) Variation in Potential energy during heating, (b) Variation in Instantaneous 

slope during heating, (c) RDF plot at marked temperatures, (d) NW configuration at 

marked temperatures (color plot shows potential energy/atom) 

Conclusion 

We investigated the effects of interspace distance and junction formation between silica 

NFs on their mechanical properties at at strain rates of 2.3 × 109 s−1and 2.3 × 1010 s−1. It 

is observed that as the elastic modulus depends on the bulk material property, the 

modulus of NFs does not vary significantly for each studied configuration. Typically, the 

NF failure is independent of each other when dǁ= 3.5 Å, 6.5 Å. However at strain rate of 

2.3 × 109 s−1, the crack propagation in two NFs is more coherent for dǁ= 1.5 Å. It is 



92 
 

believed to be due to the significant Si-O bonding at the interface when dǁ decreases. 

More insight into the interface is gained from the NF pullout simulation. It is noted that 

more potential energy is needed to break the interface of the NFs for dǁ= 1.5 Å, while the 

value decreases for dǁ= 3.5 Å, and stays zero in the case of no covalent bonding at the 

nanofiber interface (dǁ= 6.5 Å). The results from pullout simulation also support the 

coherent fracture of two NFs when the interspace distance is reduced. 

From NF junction model, it can be concluded that load is transferred from the junction of 

the two NFs due to an intact junction formation between the two fibers. For both the strain 

rates, the NF junction stays intact during the tensile loading and the deformed NF fails 

near the junction.  

Since different modelling techniques (“cutting”, “casting”) can result in different surface 

topology of the nanofiber, the values of potential energy to pullout the NF can vary. 

Additionally, the pacification/hydroxylation of the undercoordinated Si and O atoms at the 

NF surface can change this value, which are planned to be published as our future 

research findings. 

In this chapter, we also performed ReaxFF MD simulations to study size-dependent 

melting behavior of amorphous silica (a-SiO2) NW. The start of melting process in a-SiO2 

NW of diameters nearly 1.75 nm and 2.85 nm was observed at 1704 K and 1860 K, 

respectively. Melting initiates from the surface of the NW, and as temperature increases, 

the entire NW structure melts eventually forming a spherical bead. It was found that the 

size-dependent melting of a-SiO2 NW occurs in a progressive manner over a range of 

temperature. Melting Point Depression (MPD) phenomenon is observed as the size of the 

NW decreases. Instantaneous slopes are used to evaluate the point of start of melting for 
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the NW structure. Also, the standard deviation values from the Radial distribution function 

(RDF) plot at start of melting were calculated to be increased by 120% and 15% for NW 

D=1.75 nm and 2.85 nm, respectively. 
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6. CHAPTER 6 CONCLUSIONS & FUTURE WORK 

 

Conclusions 

This computational study performed in Chapter 3 indicates that there is an effective 

stress transfer from the epoxy resin to the nanotube. The interfacial bonding was 

predicted using molecular dynamics simulations based on a cured epoxy resin model, 

which was constructed by incorporating the three-dimensional cross-links formed with 

curing agent molecules. Reactive force-field (ReaxFF) is used to consider the bond 

formation and dissociation during CNT pullout from crosslinked epoxy matrix. The pullout 

simulations of a SWNT from the epoxy resin showed that the interfacial shear stress was 

approximately 50 MPa. 

The results of the two-dimensional model discussed in Chapter 4 indicate that MATLAB 

generated random fiber model can be used computationally in Finite Element Analysis as 

an excellent tool for predicting elastic constants of CNT reinforced polymer matrix. It can 

be noted that this model can be applicable for any random fiber composite. The second 

part of Chapter 4 focused on developing a three-dimensional computational method that 

incorporates stochastic distributions of the CNT waviness and orientation in building finite 

element predictive models. Mechanical properties of random wavy carbon nanotube 

composites are then evaluated using Abaqus. It is found that due to CNT waviness, the 

inefficient load transfer between CNT fiber and matrix results in the overall decrease in 

their mechanical properties by 4-8%. The ‘three-phase’ model suggests that the 

composite modulus is further compromised by 2.5% as the interphase modulus reduces 

by up to 90% for 0.1% CNT vf due to the presence of voids at CNT/epoxy interface (‘soft’ 

interphase).  
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In Chapter 5, the size-dependent mechanical properties of NF (d = 1.75 nm, 2.85 nm, 

6.37 nm) are studied. It is found that the NF keep showing brittle behavior as its size go 

down. The strain to failure is found to have decreased as NF size decreases. Further, 

effect of hydroxylation (silanol formation) on NF mechanical properties is studied. It is 

concluded that the mechanical properties of hydroxylated NF degrade due to breaking of 

‘ring structure’ during silanol formation. Also, the effects of interspace distance and 

junction formation between silica NFs is studied. As the elastic modulus depends on the 

bulk material property, the modulus of NFs does not vary significantly for each studied 

configuration. Typically, the NF failure is independent of each other when dǁ= 3.5 Å, 6.5 

Å. However, at strain rate of 2.3 × 109 s−1, the crack propagation in two NFs is more 

coherent for dǁ= 1.5 Å. More insight into the interface is gained from the NF pullout 

simulation, which confirms a relatively stronger interface for dǁ= 1.5 Å. From NF junction 

model, it can be concluded that load is transferred from the junction of the two NFs due to 

an intact junction formation between the two fibers. The stochastic nature of εmax values 

for amorphous silica NF is observed with εmax ranging from 25%-37%.  

Later, the NF melting study is performed to evaluate the size-dependent thermal stability 

of a- SiO2 NW. NW melting starts at the surface of the NW as the temperature is raised. 

0.2 K/ps is found to be an optimum value of heating rate for amorphous silica NW using 

ReaxFF force-field parameters. The start of melting process in a-SiO2 NW of diameters 

nearly 1.75 nm and 2.85 nm was observed at 1704 K and 1860 K, respectively. Melting 

Point Depression (MPD) phenomenon is observed as the size of the NW decreases. 
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Future Work 

CNT Agglomeration 

The effect of CNT agglomeration on the elastic properties of CNT-based nanocomposites 

can be studied using developed Python algorithm. The dmin parameter described in the 

flowchart shown in Fig. 4.1 can be varied between the well-dispersed and agglomerated 

region of the RVE. Three such models as shown in Fig. 6.1Error! Reference source not 

found. can be considered. Different values of waviness angles are used for 

agglomerated (θagg) and well-dispersed region (θunagg) for RVEs shown in Fig. 6.1Error! 

Reference source not found.(a), (b). Fig. 6.1Error! Reference source not found.(a) 

represents RVE with CNT agglomerate present at the RVE center, while Fig. 6.1Error! 

Reference source not found.(b), (c) shows the CNT agglomerate at the edge of the 

RVE. Both waviness angle allowable inter-fiber distance are used to represent CNT 

agglomerate. 

 

Fig. 6.1 CNT Models with 0.27% vf with (a)Agglomerate at center of the RVE (θunagg=10°, 

θagg=30°), (b)Agglomerate at RVE edge (θunagg=10°, θagg=30°), (c)Agglomerate at RVE 

edge (θunagg=30°, θagg=30°) 
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Interface-Driven Failure Properties of CNT/Epoxy Nanocomposites: Spring layer method 

An “interface” is a two-dimensional border that separates distinct phases, such as fiber, 

matrix, interphase, fiber coatings, etc. Whereas “interphase” can be denoted as a region 

in which the fiber and matrix phases are mechanical or chemically combined, and are 

otherwise indistinct. 

 

Fig. 6.2 (a)Spring layer to represent CNT/matrix interface (b)description of spring at 

interface, (c) Failure criterion 

A CNT/epoxy composite is only as strong as its interface. In the previous chapters, we 

have considered the CNT/epoxy interface as an ideal interface. It implies that the load 

transfer from polymer matrix to the CNT fibers is 100%, which is hardly the case 

observed during experimentations. To represent the discontinuous displacements 

between CNT and matrix, we used the interphase layer method to represent CNT/epoxy 

interphase. This model is only good enough to evaluate the effect of interphase 

properties on the effective elastic properties of the composite. Therefore, in order to 

proceed towards evaluating the failure properties, we discussed spring layer interphase 
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method in this chapter. The spring layer method consists of replacing the interphase 

region by an interface (border separating fiber and matrix) of negligible thickness 

possessing the required strength (Fig. 6.2). It can be noted that for a certain value of 

spring stiffness, the present interface model would coincide with the case of perfect 

bonding between the CNT and epoxy. In this case, the tractions and displacements will 

be continuous across the interface. 

Multiscale Modelling of Stand-alone Silica NF Mat 

The developed Python algorithm as shown in Fig. 4.1 can be used to construct a three-

dimensional stochastic model for stand-alone electrospun silica NF network/mat. Fig. 6.3 

shows one such three-dimensional fiber network.  

Apart from the possible mechanical entanglement of NFs, it becomes important to 

account for inter-fiber interactions in a stand-alone network for the purpose of inter-fiber 

load transfer. The cross-links are formed between the fibers based on a minimum cut-off 

distance. Given N is the number of fibers in the system, there are N(N-1)/2 possibilities of 

cross-links between the fibers. For instance in Fig. 6.3, based on a minimum cut-off 

distance of nearly 290 units, 7 cross-links have been generated. In our case, these 

interactions can be defined as frictional interactions or elastic springs (Fig. 6.3). In 

Abaqus, CONN3D2 connector element can be used to represent the frictional or spring 

connection between the two fibers. These elements have two nodes. The position and 

motion of the second node on the connector element are measured relative to the first 

node. In such manner, local constitutive response in a network can be captured. 

Each spring can be assigned stiffness in translational (3 dof) and rotational (3 dof) 

direction (KT and Kθ) to allow for energy penalties during relative translational motion 

between the inter-connected fibers. Furthermore, displacement or force-based failure 
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criterion as shown in Fig. 6.2(c) can be incorporated to allow for the failure of inter-fiber 

interactions, which can allow for the overall network failure. 

 

Fig. 6.3 Three-dimensional stochastic network with inter-fiber interactions defined using 

elastic springs 
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7. APPENDIX A 

SAMPLE SCRIPTS 
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A1. 2D Random Fiber Network generation using MATLAB [30] 

 

%% Rajni Chahal (rajni.chahal@mavs.uta.edu), PhD Student, UT Arlington  

% Dr Ashfaq Adnan, Professor, UT Arlington 

%% July 20, 2016 

% Please contact for any help in code 

n=100; % number of fibers  

L=400; % x-dimension of RVE 

M=300; % y-dimension of RVE 

l=L/10; % length of fiber 

r1=0.5; %radius of CNTs/fibers 

d1=2*r1;  

axis([0 L 0 M]); 

ax=gca; 

th=[]; 

XX=[]; YY=[]; 

for i=1:n 

    x=rand*L; 

    y=rand*M; 
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    t=rand*2*pi; 

    th=[th;t]; 

    X=[x-(l/2)*cos(t) x+(l/2)*cos(t)]; 

    Y=[y-(l/2)*sin(t) y+(l/2)*sin(t)]; 

    figure(1); 

    line(X,Y,'Color',[0 0 0],'LineWidth',d1); % to generate thin fibers, put 1 in place of d1 

    axis off 

    set(gca,'units','pixels','position',[50 50 L M]); 

end 

 

A2. Sample LAMMPS script for NF tensile simulation in CHAPTER 5 

 

# ------------------------ INITIALIZATION ---------------------------- 

units   real 

dimension 3 

boundary p p s 

atom_style charge 

 

neighbor       2.0 nsq 
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neigh_modify   every 10 delay 0 check no 

 

# ----------------------- ATOM DEFINITION ---------------------------- 

read_data geometryfile.txt 

 

# ------------------------ FORCE FIELDS ------------------------------ 

pair_style     reax/c NULL # reaxc.control 

pair_coeff     * * ffield.reax.alphaquartz Si O 

 

# ------------------------- SETTINGS --------------------------------- 

compute        peratom all pe/atom  

compute        myPress all stress/atom NULL 

compute        13 all reduce sum c_myPress[3] 

 

# ------------------------- GRIPS TO APPLY LOADING --------------------------------- 

region         bottom block INF INF INF INF INF 3.53 

region         top block INF INF INF INF 91.8 INF 

group          bottom region bottom 

group          top region top 
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fix            freeze1 bottom setforce 0.0 0.0 0.0 

fix            freeze2 top setforce 0.0 0.0 0.0 

velocity       bottom set 0.0 0.0 0.0 

velocity       top set 0.0 0.0 0.0 

 

# ------------------------- APPLY DEFORMATION --------------------------------- 

timestep 0.5 

 

fix            1a all npt temp 300 300 100 x 1.0 1.0 1000 y 1.0 1.0 1000 

fix            rffqeq all qeq/reax 1 0.0 10.0 1.0e-6 reax/c 

 

velocity       bottom set NULL NULL -0.000115 

velocity       top set NULL NULL 0.000115 

 

# ------------------------- FILES FOR OVITO VISUALIZATION --------------------------------- 

dump   1 all custom 2000 dump.tensilef4pps_L10D6_e9.cfg mass type xs ys zs 

fx fy fz vx vy vz c_peratom c_myPress[1] c_myPress[2] c_myPress[3] c_myPress[4] 

c_myPress[5] c_myPress[6]  
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# ------------------------- THERMO TO OUTPUT VALUES --------------------------------- 

thermo  200 

thermo_style custom step lx ly lz temp ke pe press pxx pyy pzz c_13 vol  

thermo_modify  flush yes 

 

run  400000 
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8. APPENDIX B 

MD SIMULATION COMPUTATION TIME SUMMARY
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TACC Simulations: 

Simulations performed in CHAPTER 3 used computational resources from Texas 

Advanced Computing Center (TACC). 

Model Supercomputer No. of 
atoms 

Nodes Cores/node Time to 
run 

Simulation 
time 

CNT/Epoxy Model Stampede2 11160 4 32 98 hrs 700 ps 

CNT Pullout Lonestar 11960 4 32 20 hrs 80 ps 

 

INL Simulations: 

Simulations performed in CHAPTER 5 and Error! Reference source not found. used 

High Performance Computing resources from Idaho National Laboratory. 

Model Supercomputer No. of 
atoms 

Nodes Cores/
node 

Time to 
run 

 

Simulation 
time 

Single Silica NF 
Tensile test (D = 
6.4 nm) 

Falcon 21681 7 36 24 hrs 200 ps 

Paired (2) Silica 
NF Tensile test 

Falcon 43362 13 36 18 hrs 200 ps 

Paired (2) Silica 
NF Pullout test 

Falcon 43362 13 36 48 hrs 200 ps 

Silica NF Melting 
(D = 1.75nm, HR 
= 0.1 K/ps) 

Sawtooth 2227 1 48 21 days 30 ns 

Silica NF Melting 
(D = 2.85nm, HR 
= 0.2 K/ps) 

Sawtooth 6240 3 48 20 days 17.5 ns 
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