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Preface

This report on “Thermal Properties of Polycrystalline carbon nanotubes: A
computational study" is prepared under the guidance of Dr.Shailesh Ishwarlal
Kundalwal.

Through this report, we have developed a computational model for determining
thermal conductivity and thermal expansion of carbon nanotubes. Carbon nanotubes
with different grain distributions are developed for simulation purposes.

This was an attempt to understand the behavior of thermal properties at molecular
scales which has been explained clearly to the best of our knowledge.
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Abstract

Carbon nanotubes (CNTSs) do not exist in their pristine form naturally and they have
certain types of defects like the atom vacancy and grain boundary defect. In
comparison to all other types of defects, grain boundary defects affect the thermal
conductivity of CNTs significantly and the study of thermal properties of
polycrystalline CNTs is essential. In this work, Fourier’s law and Reverse Non-
Equilibrium Molecular Dynamics (RNEMD) method have been applied for various
lengths of (10,10) chirality pristine and polycrystalline CNTs based on adaptive
intermolecular reactive empirical bond order force field potential to calculate their
thermal conductivites . The current results reveal the deviation in thermal properties
of polycrystalline CNTs with different grain boundaries compared to that of pristine.
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Chapter 1 Overview

1.1 Introduction
1.2 History
1.3 Motivation

1.1 Introduction

Enormous developments has been made in area of carbon-based materials and new exotic
materials like Bucky ball Ceo and carbon nanotubes are discovered which created a great
scientific curiosity because of its unique properties. These materials have shown excellent
electrical properties, which are a foundation for nanomaterials based electronics. As experiments
are hard to conduct on the nanomaterial, computer simulations are a powerful tool in studying
the properties of nanomaterials to gain proper understanding of the structural properties and
stability conditions. In this thesis, we create computational models to find out thermal

conductivity and coefficient of thermal expansion for carbon nanotubes.

1.2 History

Only carbon forms or allotropes known until 1980’s are the carbon, graphite, diamond. Then
bucky ball Cso and carbon nanotubes were discovered. Carbon nanotubes (CNTSs) are known as
rolled up graphene (a single layer of graphite) sheets discovered by lijima experimentally with
transmission electron microscopy (TEM) Multi-walled Carbon nanotubes (MWCNTS) were
observed [1]. Since then, the study of mechanical, thermal and electrical properties of carbon
nanotubes is being conducted extensively. CNTs demonstrated exceptionally high elastic and
thermal properties. The global market for carbon nanotubes in 2015 has been estimated to be
worth about $2.26 billion1; an increase of 45% from 2009 (i.e. ~ $ 1.24 billion). This was due to
the growing potential of CNTSs in electronics, plastics and energy storage applications and the

projected market of CNTs is expected to be around $ 5.64 billion in 2025.



1.3 Motivation

With the advent of science and technology, there is so much research going on the nano-sized
materials to use nanomaterials in real life applications. Carbon nanotubes are believed to have
exceptional thermal and mechanical properties, which makes them a suitable replacement for
their counterparts that are being used now, to increase the efficiency and lifetime of the
technological products. So, the study of properties carbon nanotubes and their defects is
necessary for their complete exploitation of the their properties and their defects for their real life

applications.
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Fig.1.1: Nanomaterial applications
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2.1 Carbon Nanotubes (CNTYS)

2.1.1 Chirality

There are various ways of defining a unique structure for each carbon nanotube.
One way is to think of each CNT as a result of rolling a graphene sheet, by specifying the

direction of rolling and the circumference of the cross-section [2].

The roll-up vector Cp, which can be expressed as the linear combination of the

lattice basis ( aj and a») is given as follows.

Fig 2.1: Roll up vector and Unit vector

D_\/§a Jm? +mn+n?
T

Where D is the diameter of the final rolled nanotube.
m, n are coefficients of lattice basis which determine rollup vectors.

a is the bond length of C-C interaction.



2.1.2 Pristine CNTs

The most narrow definition of pristine CNTs, to be used throughout this work, is
of seamless and undistorted graphitic cylinders with no vacancy/grain boundary defects.
They can also be classified as a group of CNTs with perfectly repeating unit cell of a

hexagon which is repeated throughout the structure.
2.1.3 Polycrystalline CNTs

Polycrystalline CNTs are solids that are composed of many crystallites of varying
size and orientation. These crystallites are known as grain boundaries. Grain boundary is
an inherent structural impurity and very challenging to avoid. Polycrystalline CNTs can
be viewed as the polycrystalline graphene sheet with different types of grain distribution
rolled to form a tube.

In this work pentagons, heptagons are created in different combinations along a
line to produce different types of the grain boundaries [5]. These polycrystalline carbon
nanotubes are obtained by manipulation of bonds that is breaking and joining of bonds to
form a pentagon-heptagon-heptagon family. This family is repeated until a grain
boundary is formed. Quadrilaterals, octagons and nonagons are not considered in this

work due to their higher formation energy and are rarely observed in experiments [6].
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Fig 2.2. Polycrystalline CNT when cut along the length



Fig 2.4: Polycrystalline CNT with parallel GB

Fig 2.3: Polycrystalline CNT with transverse GB

2.2 Thermal Properties

2.2.1 Thermal Conductivity

Heat conduction occurs when thermal energy is transported by the random motion of heat
carriers. Heat conduction can be described by Fourier’s law that states the heat flux is

proportional to the temperature gradient [3].
q=-kVvT

where q is the local heat flux, k is thermal conductivity, V is the gradient operator. Thermal
conductivity is dependent on the direction of the material; therefore, it can be written as a tensor.
This directional property is estimated/predicted to help exceptionally in case of CNTs or any one

dimensional for that matter as there are no other dimensions for the acoustic vibrations to disturb.

In this work, as Single Walled CNTs can be considered to have negligible radial propagation of
heat we can write the V operator directly as derivative in z direction as other components

will be zero.



2.2.2 Coefficient of Thermal Expansion

Coefficient of thermal expansion is given as the fractional change in size per degree change in

temperature at same pressure conditions.

This can be written mathematically as,

1 AV
o = — (—) P
V AT

Since in our case area of cross-section does not change by a significant amount we can takeout
area term from both numerator and denominator terms and cancel it which gives us the following
result [7].

a is the coefficient of linear thermal expansion.

AL is the change in length of the system.

L is the initial length and AT is the change in temperature.
2.2.3 Specific Heat

Specific heat is the amount of thermal energy required to raise the temperature of unit mass
substance through 1K. The relationship does not apply if a phase change is encountered, because

the heat added or removed during a phase change does not change the temperature [4].
Although in this work, specific heat is not calculated it is one of the thermal properties.

Specific heat is given as,
Q =mcAT

Where, Q is the amount of heat added/subtracted,



m is the mass of the system ,
AT is the temperature change in the system,
and c is the specific heat.

2.2.4 Equipartition Theorem

The equipartition energy theorem states that the total energy is equally shared among all of its
degree of freedoms, when a system is in thermal equilibrium. The equipartition energy theorem

relates the average energies of a system to the temperatures [3].

In case of non-rotational scenarios we can consider the Equipartition Theorem to result in the
following conclusion that average kinetic energy of atoms in all the three axes is (3/2)kgT.

Kinetic energy can be written as /zmv2. So on equating we get,

] N
z mivi A 2

3niks ick

T =

Thus, we have a relation between temperature and kinetic energy which proves to be helpful
when calculating temperature values for a given system at any instant by just knowing their

velocities from simulations.

2.3 Molecular Dynamics

Molecular Dynamics is a powerful tool in studying the behavior of systems in molecular level
where the actual measurement of the properties is not possible. Molecular Dynamics are the
numerical computations of an estimated path of atoms. Classical MD simulations are based on
Newton’s second law of motion and an inter-atomic potential. If the mass and the inter-atomic
potential are known, then the next position in time can be determined. Results of the calculated
trajectory can be analyzed to determine properties, like thermal conductivity [3].Molecular

dynamics (MD) is a technique where the time evolution of a set of interacting atoms is followed

by numerical integration of Newton’s equation of motion [8].



2.3.1 Newtonian Equations of Motion

The trajectory of an atom is estimated by solving Newton’s second law of motion. This simple
equation becomes a complex computation since each atom’s equation of motion must be solved.
The general Newtonian equation of motion for a system of N atoms is shown.
d dr,
Z Fi=m—(—)
= dt dt

J¢I

i=1,2,3,4,5,6........ N

where Fjj is the force exerted on atom i caused by atom j and m; and r; are the mass and
position of atom i, respectively. A limitation of the Newtonian equation is it requires additional
equations to describe rotational motion. By using the Lagrangian or Hamiltonian equations of
motion, all the degrees of freedom of an atom’s trajectory can be obtained in one vector of

generalized coordinates, r.

The system’s Lagrangian is defined as the difference of the kinetic energy and potential

energy,
L(t,r,dr/dt) = K(r,dr/dt)-U(r)

dr/dt is the time derivative of r or the generalized velocity. The Lagrange equation of

motion is

dt (a(dr./dt))_az

the subscript i denotes the generalized coordinates for each atom.

Similarly, the Hamiltonian describes the energy of the system; however, it describes the

total energy of the system

H(tr, p)=K(p)+U(r)



Hamiltonian is a function of the generalized coordinate vector r and a generalized

momentum p. The generalized momentum is derived from the Lagrangian by differentiating
with respect to the generalized velocity

oL

P = 3 (dr /o)

Hamilton equations of motion are

dp:__oH
dt ori
on_oH

Any of the three equations of motion can be used to describe the atom’s trajectory.
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2.3.2 Velocity Verlet Method

Velocity Verlet Integration technique is used in this MD simulations to determine the velocity
from accelerations of the particle at the end of each and every iteration from the above equations.
The determined velocities and positions at the end of every iteration are used to find out the

values for the next iteration till the simulation is complete.

V(to+%) V() +a(to)%

r(to+%) ~r(ty) +V(to+%)At

Where V(to) is the velocity at instant to,
a(to) is the acceleration at instant to.
r(to) is the position at instant to.

At is the timestep interval.

* ¢ L] ’ ]
AL 7 . vitoe+Al)
o P . o o o
T(tO ) . T(tO+A U
]
[ ] [ ]
X X
t=to t=(totAT)

Fig 2.5: Variation of simulation parameters across timesteps

2.3.3 Interatomic Potentials

Interatomic potentials are mathematical functions for calculating the potential energy of a system

of atoms with given positions. These potential energy values are then used to calculate individual

11



accelerations for each timestep/iteration so as to get velocity and corresponding new position

which are then used to calculate potentials till the simulation ends.

In case of the AIREBO potential files which are known for their precision and are used in

this work interatomic potential function is given as

The LJ used in above equation is given as MD simulations. The Lennard-Jones potential
is used in MD simulations to describe non-bonded interactions[9-11]. The Lennard-Jones
potential is defined as,

E=53 2 |B" +B7+ 3 3 Bago

vore[(2)° - (2)

where ¢ is the finite distance at which the inter-particle potential is zero,
¢ is the depth of the potential well,
r is the distance between the particles.

More information can be found on the AIREBO pairwise interactions manual page on the

LAMMPS website mentioned in references.

12



Literature review

References K(W/mK) System Length Potential function | Method
(nm)
Padgett and ~35-350 ~10-310 Brenner--11 NEMD
Brenner
[13]
Eric Pop[14] ~3500 2600 | e Joule-self heating
Hone [15] ~225 5000 | e Comparative:
constantan
rod
Lukes and Zhong 20-160 5-40 Brenner-I1 + LJ EMD
[16]
Grujicicetal. [17] | ~173-179 ~2.5-40 AIREBO EMD
Feng et al. [18] ~50-590 6.52-34.57 Brenner -11 NEMD

Early experiments used samples of CNT mats, which would show a lower thermal

conductivity than an individual CNT due to the interaction between the multiple CNTs

[19].Padgett and Brenner et al. [11] studied the effect of thermal conductivity on the degree

of functionalization. They have found that the thermal conductivity degrades in presence of

functionalization. Eric et al. [14] showed that the thermal conductivity of CNT of 2.6 um

and 1.7 nm is nearly 3500 W/mK approximately by joule self heating process. Hone et al.

[15] measured thermal conductivity parallel to the axis of a SWNT mat to have a thermal
conductivity of ~225 W/m/K. Lukes and Zhong et al [16] determined the thermal

conductivity values to be in the range of 20-160 W/mK for lengths in 5-40 nm using

modified Brenner potential. Feng et al [18] studied the effect of doping and vacancies on

13




thermal conductivity of carbon nanotubes. Leendertjan Karssemeijer et al. [7] determined
the coefficient of thermal expansion for (10,10) chirality CNT to be 2.24 *10%K™ for a
length of 54.1 nm.

14



Chapter 3 Tools Used for Simulations

3.1 NanoEngineer
3.2 LAMMPS
3.30VITO

3.4 Python and C++
3.5 Flow Chart

3.1 NanoEngineer

A software which is primarily used to construct/modify a variety of geometric configurations
consisting of atoms. Many features available are completely assisted with GUI (Graphical User
Interface) which makes constructing molecules with desired configuration and geometry, very
easy. In this work, NanoEngineer was used to manufacture pristine carbon nanotubes with 10-10
chirality with sp2 hybridisation of C atoms. Once CNTs were generated they were used for
pristine thermal property calculations. Pristine carbon nanotubes are also used to make vacancy
defects in the CNT such that we end up getting a transverse or longitudinal grain boundary. The

structural configuration of grain boundaries is well discussed in section 2.1.3.

3.2 LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator)

This package is the key ingredient to perform molecular dynamics simulations. This software
models ensembles/assembly of particles in various states of matter and can perform various
physical phenomenon on them to calculate the desired quantities. In short, LAMMPS is a nano-
laboratory for which the user can access anything. It’s current limitation is it is a classical model
so quantum mechanisms cannot be simulated using this software.In this work, LAMMPS was
used to perform various kinds of actions on CNTSs such as minimizing energy, altering
temperature, applying heat flux etc. One can even dump the whole configuration as if you were

taking snapshots of system and play those pictures in sequence using packages such as OVITO.

15



3.3 OVITO (Open Visualization Tool)

As pointed out in section 3.2 this software’s primary moto is to provide GUI for the user to

visualize various molecular phenomenon. This is the whole and sole purpose of this tool.

3.4 Python and C++

These are programming languages which were used in this work to perform plotting of graphs

for huge datasets and compute averages over various window sizes over data generated through

LAMMPS respectively.

3.5 Flow Chart

This is the sequence of packages used from the beginning to the end for all the results obtained in

this work.

Nanoengineer

v

LAMMPS code

y

Visualisation Raw Useful

Output DATA

P

Data Analysis
Tools in C++/pyf

v

Final Result

OVITO

OR
Graphs

Fig 3.1 : Steps followed
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Chapter 4 Algorithmic System Design.

4.1 Parameters of Interest
4.1.1 Boundary Conditions
4.1.2 Simulation Box
4.1.3 Potential File
4.1.4 Units Conversion to SI
4.2 Thermal Conductivity
4.2.1 Fourier’s Law
4.2.2 Programming Logic
4.3 Coefficient of Thermal Expansion
4.3.1 Definition

4.3.2 Programming Logic

4.1 Parameters of Interest

While doing simulations in any molecular dynamics we observed that various parameters affect
the whole course of the simulations, which must be considered carefully according to our case or
else we end up getting incorrect values. Following are the Parameters affecting simulations in
LAMMPS :

4.1.1 Boundary Conditions

For our case we chose periodic boundary conditions on all X, y and z directions. We did test non-
periodic and fixed boundary condition although it didn’t change our conductivity value by a huge
amount. In fact, the value obtained was within the uncertainty.

17



4.1.2 Simulation Box

Both shape and size of the simulation box must be taken according to our system’s structure as
we observed a huge deviation in the values obtained once we changed the size of the simulation
box. In our case, we chose a rectangular simulation box and saw that as the simulation box size
decreases to the actual space occupied by our system the values obtained used to converge,
which led us to the conclusion that taking simulation box a little bit bigger than system’s size is

the correct choice.

4.1.3 Potential file

We chose the AIREBO(Adaptive Intermolecular Reactive Empirical Bond Order) potential file
as we had only one type of atom i.e. C-atom and this is the potential file that was closest to
reality when it comes to pairwise molecular interactions as mentioned in theory. It takes Lenard

Jones potential, Rebo potential as well as torsional effects which makes it accurate over others.

4.1.4 Units

LAMMPS, by default uses metal units for all the physical quantities generated computationally.
So, to calculate we converted all the measured values to SI from metal. For thermal conductivity
the converting factor was found to be 1602, whereas in case of thermal expansion converting

factor is exactly 1.

18



4.2 Thermal Conductivity
4.2.1 Fourier’s Law

One might think Fourier’s Law cannot be applied at molecular level but we observed the
following position vs Temperature graph while trying out. (Graph shown below is for pristine
10-10 chirality and 60nm CNT length. X-axis denotes discrete values of positions on CNT every

5nm regions. Y-axis denotes Temperature of corresponding region in Kelvin.)

w
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w
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(=]
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']
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T T T T T
0 2 4 6 8
Position_on_CNT_by_50

Fig 4.1: Statistically averaged T vs position graph for pristine 60nm

This result was a confirmation to various papers which already used Fourier’s law for systems of
the size greater than or equal to 10nm. It can also be concluded that heat current is nothing but an

acoustic wave passing throughout the region due to interatomic interactions.

4.2.2 Programming Logic

Once applicability of Fourier’s Law was satisfactory, we just had to implement it in order to get
the values of thermal conductivity for various CNTSs. This implementation was accomplished in

the following manner.

e Energy Minimization — Whatever system is present in the simulation box, first it was
cooled down to very low temperatures in order to ensure that there were no residual
stresses/forces inside the CNT wherein some energy might come from, when time-
integration algorithms are applied. (This was the equivalent Temperature(K) versus

simulation time(ps) graph for this step when performed on 15nm 10-10 chirality CNT.)

19
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Fig 4.2: Temperature of CNT vs time
Temperature Stabilization — Once the system was rid of any residual acoustic waves with

high amplitudes, the target was to achieve room temperature as we had to calculate
thermal conductivity values at room temperature for any structure. This is done by
rescaling the velocity of atoms every 10 timesteps wherein each timestep was equivalent
to 1 femtosecond. Boltzmann Energy Equipartition Theorem is behind the whole
assignment of adjusting the temperature just by changing the velocities. Note : Velocities
of atoms were rescaled in such a way that the linear and angular momentum are

conserved for the whole group of atoms to which this operation is applied.

Heat current application — Once we have a CNT at room temperature we added heat to
one end and removed heat from the other. Note that added and removed amount at each
timestep is exactly same. The system was given enough time to reach to a steady state.
(Here steady state is defined as the state wherein properties don’t change with time after
averaging a collection of many timesteps.) Once steady state is reached Temperatures
were calculated and Fourier’s law was applied. (Following is the graph of
Temperature(K) vs time(ps) of 10-10 chirality, 60nm CNT after coming to steady state.

Hot end’s temperature is blue in colour and cold end’s temperature is orange in colour.)

20
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Fig 4.3: Temperature of hot and cold ends vs time

4.3 Coefficient of Thermal Expansion
4.3.1 Definition

The coefficient of thermal expansion describes how the size of an object changes with a change
in temperature. Specifically, it measures the fractional change in size per degree change in
temperature at a constant pressure.

Apparently for our simulations assuming pressure to be constant area of the carbon nanotube is
invariant in our working limits which is then fair to say that coefficient of thermal expansion is

equal to linear expansion coefficient.

4.3.2 Programming Logic

Once the above inference was concluded we had to find out the length of given CNT for two

temperatures deviated by same amount above and below 300K. This was accomplished in the
following manner.

21



Energy Minimization — This was explained in 4.2.2 section. This is necessary no matter
what quantity we want to measure as we don’t want any errors coming in values due to

initial leftover stresses due to geometry of the structure.

Temperature Stabilization — This time we would take the CNT up to 325K and 275K in
two different simulations as we want to measure the lengths at two different temperatures

separately. The procedure on how to do was pointed out in section 4.2.2.

Data Collection — Once we had our CNT at required temperature (325K or 275K) the
target was to let the acoustic waves propagate throughout the CNT and measure the
length of CNT at each timestep and average this length over a huge window which does

not change its value significantly over time.

22



Chapter S Formulae Used for Calculations.

5.1 Thermal Conductivity

5.2 Coefficient of Thermal Expansion

5.1 Thermal Conductivity

ki g A
Ax

where all the physical quantities have their usual meanings.

Ksi = Kmetal X Scalémetal to si

where Scalemetal to 51 = 1602

Temperature gradient of hot and cold ends in the Fourier’s law can be found by
determining individual temperatures of both heatbaths using Equipartition Theorem; as
we already know number of particles in each region, Boltzmann constant, mass of each
carbon atom before the simulation and velocities of each atom can be known from the

simulations.

] Ni
Z mivi A 2

3nkk3 ick

T =

where all relevant terms are explained in section 2.2.4.
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5.2 Coefficient of Thermal Expansion

From the very definition of coefficient of thermal expansion we can write the following.

1 AV
v = — (_)P
V AT

As area of cross section available for phonon propagation doesn’t change by significant amount
in the simulations, we can consider the following cancelling area from above equation in

numerator and denominator.

So,

AL
LAT

where all the physical quantities have their usual meanings.

(94

Note that,

s = Umetal

as Temperature units are in Kelvin for both metal and SI. (As strain is a dimensionless quantity it
won’t change over various units.)

24



Chapter 6 Results

6.1 Thermal Conductivity
6.1.1 Conductivity vs Length
6.1.2 Temperature vs position on CNTSs.

6.2 Coefficient of Thermal Expansion

6.1 Thermal Conductivity

6.1.1 Conductivity vs Length

Length (nm) Kpristine Kpolycrystalline Kpolycrystalline
(W/mK) (W/mK) (W/mK)
No GB Transverse GB Parallel GB
10 80.286 43.983 57.156
25 112.456 77.714 69.321
55 146.228 123.0388 83.764
80 160.4045 137.7809 95.253

Table 6.1: Thermal Conductivity values for different GBs
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Length Kpristine
(nm) (W/mK)
No GB
10 85
25 110
55 140
80 165

1609 —— K_Poly_transverse_GB

Table 6.2: Thermal Conductivity values from reference [12]
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Fig 6.1: Thermal Conductivity plots for different GBs



6.1.2 Temperature vs Position on CNTs
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Fig 6.2: Temperature on various position on CNT for 60nm pristine
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Fig 6.3: Temperature on various position on CNT for 60nm parallel GB
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Fig 6.4:Temperature on various position on CNT for 60nm transverse GB
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6.2 Coefficient of Thermal Expansion

Length(nm) dpristine (K™) apoty (K?)
15 1.400 x 10 1.508 x 10®
30 2.082 x 10¢ 1.975 x 10®
60 2.125 x 10°® 2.072 x 10°®
85 2.206 x 10°® 2.265 x 10°®

Table 6.3: Thermal Expansion values for different GBs

Length Clpristine_fe_f

(nm)

(K?)

54.101 2.24 x 10°

108.219 | 2.38x 10°

Table 6.4: Thermal Expansion values from reference [7]
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Fig 6.6: Polycrystalline Thermal Expansion plot
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Chapter 7 Conclusion and Scope for future work

Conclusions

Thermal Conductivity of carbon nanotubes is observed to increase with increasing

length, which implies to the fact that more possible phonon/acoustic wavelengths

are available for kinetic energy transmission from hot end to the cold end.

Degradation of thermal conductivity occurs at grain boundaries which is the

possible result of scattering of acoustic waves which are hit by these boundaries.

This conclusion is justified from Fig 6.4 which has an abrupt change in

temperature near the grain boundary.

Axial Coefficient of Thermal Expansion does not follow a rigid trend though it
increases over most of the lengths. This anomaly is the result of possibility of
significant pressure variations on the system, wherein the definition of thermal

expansion coefficient changes.

Scope for future work

The general idea used to develop algorithms in this work can be used to study

thermal properties of CNTs with various chirality.

One might even go on further and apply the reasoning done in this work on not

only CNTSs but also other elemental structures such as BNNTS etc.

Specific Heat calculations can also be done for CNTSs in this manner.
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