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ABSTRACT
Molecular dynamics simulation method was used to investigate the effect of
nanofillers on fracture strength and energy dissipation of polymers, including
nanofillers contents, interaction strength between the nanofillers and polymer chains,
relaxation time and geometry of the nanofillers. Molecular dynamics simulation
results revealed that the addition of layered silicate can improve the fracture strength
of polymers. The interactions between the surface of layered silicate aﬁd polymer
chains, and the difference between the relaxation times of layered silicate and that
polymer chains have significant influences on the fracture strength and energy
dissipation of polymers. For these polymers, which Tgs are lower than room
temperature, such as polyurcthane, or nearby (or equal to) room temperature, such as
Nylons, the nanoplatelets can always enhance the mechanical properties. However,
for these polymers, which Tgs are higher than room temperature, such as epoxy and
polystyrene, the addition of the nanoplatelets does not work well for toughening these
po]ymers. If one wants the nanoplatelets to be working for toughening these polymers,
it is necessary to build up a stress relaxation interface between the polymer matrix and
the nanoplatelets, such as the modification of the surfaces of nanofillers using
coupling agents. When the relaxation time of the polymer is long enough, the
incorporation of nanofillers into the polymer will cause the polymer to become more
brittle. This result explains why the toughness of epoxy/ clay nanocomposites
becomes poor. The simulation results clearly revealed that the orientation of
nanoplatelets is reversible at low strain of 50% suggesting that additional energy
dissipaéion only -results from the frictional sliding at the interface, whereas the
orientatign of nanoplatelets at large strain of 200% showed more irreversibility
suggesting that the additional energy loss results from both the interfacial frictional
'sliding anq the orientation of the nanoplatelets. The additional dissipated energy was
also influenced by the strelngth of interactions between polymer chains and clay
platelets. The stronger interactions the more energy dissipated. Molecular dynamics
simulation results revealed that the geometry of nanofillers also affect the mechanical
p;openies of polymer nanocomposites. The enhancement if carbon nanotubes on the

mechanical properties of the polymers are enhanced the greatest by carbon nanotubes.



Table Of Contents

TABLE OF CONTENTS

CHAPTER 1: INTRODUCTION AND OBJECTIVES OF THE PROJECT ..........
| 110 0 a1 Uo7 (o3 ¢ O PP
1.2 Objectives Of The Project ... e

| (= =) 4o -

CHAPTER 2: PRINCIPLE OF MOLECULAR DYNAMICS SIMULATION .........
2 IRtrOGUCTION Lo e
2.2 Statistical Mechanics ... ...
2.2.1 Time Average Of Physical Properties ................... ..
222 Potential Energy ..o e -
2.2 3 Kinetic Energy ..o
224 7Total ENeTZY ..o
2 S T OmMIPEIaIUTE ... e e e
LA o {11 | RPN
2.2.7 Mean Space Displacement ...
2.2.8 Real Space Correlation ... .....oiiiiiuiitiia i et el
23 Equation OFf MOtION ... e
2.3.1 Lagrangian FUCHION ..o

2.3, 2 Hamilomian FunCtion ..o oo ittt ettt ettt e e eaaraeeeen

2.4.1 Lennard-Jones Potential and Its Force Calculation ..............................
2.42 Finitely- Extensible Non-Linear Elastic (FENE) Potential and Force

Calculation ... i e

2.4.3 Lennard-Jones Reduced Units .................o i

2.5 Intergrating The Equations of Motion .................ocoooiiii

2.5.1 The Verlet Algorithm ... . e

2.5.2 The Euler Scheme Algorithm ..................... . i,

2.5.3 The Leapforg Algorithm ...

O 0 o0 1 b

10
1
14
15
17
17
18
19
20

23
24
25
25
26
27



Table Of Contents

2.5.4 Velocity-Verlet Algorithm ...
2.5.5 Beeman Algorithm ...

2.5.6 Predictor-Corrector Algorithm ...l

2.5.7 Periodic Boundary Condition .............ccovveiveiinnn.

2.6 State Of The MD Simulation ...
2.6.1 Initial State ...
2.6.2 Equlibration ...

27 APPlCAtIONS ...t e

| S 2] (=) 1107 =2 R

CHAPTER 3: PROGRAMME FOR MOLECULAR DYNAMICS SIMULATION OF

FRACTURE AND ENERGY- DISSIPATION ....cciiviiiiiiininin

F L INtrodUCHION e e e

3.2 Programme for Molecular Dynamics Simulation Of Fracture In Polymer Composites

321 Configuration ..o

3.2 2 SIMUulation ... el

3.2.3 Data Output And Graphing ..............................
3.3 Programme For Molecular Dynamics Simulation Of Energy Dissipation In Polymer
MANOCOITIPOSITES ...ttt ettt et et e e e te e et e e ettt v ean e e eaenns
3.3.1 Configuration ... ..o
3328imulation ...

3.3.3 Data Output And Graphing ..................con

CHAPTER 4: MOLECULAR DYNAMICS SIMULATION OF FRACTURE IN

POLYMER/CLAY NANOPLATELET NANOCOMPOSITES

Lo 0T340 Ta (T Tod1 1o o DU RS

4.2 Molecular Dynamics Simulation Of Fracture In Polymer/Clay Nanocomposite ..........

4.2.1 Background Of mechanical Properties ...................

4.2.2 Effect Of Incorporation Of Nanoplatelets On Fracture

28
29
30
31
32
32
33
33
36

39
39

43
50
61

62
62
69
80

82
83
83
91



Table Of Contents

4.2.3 Effect Of Interaction Between Nanoplatelets And Polymers On Fracture ......... 105
4.2.4 Effect Of Relaxation Time On Fracture .. ... . i e 112
|2 (=) £ Lo - T 119

CHAPTER 5: ENERGY DISSIPATION AND ENHANCEMENT OF FATIGUE

DURABILITY OF POLYMER NANOCOMPOSITES .................. 121

5.1 Introduction ............ e e 121
5.2 Simulation, And Experiments For Comparison .................oiiiiiiiiiiien. 123
5.2.1 SIMUIATION L. e e 123
S22 T Model . 123

5.2.0.2 SIMUIAtION L. e 124

S22 Experimental ... 125
52201 Materials ... e 125

5.2.2.2 Sample Preparation ... 130

5.2.2.3 Hysteresis Test .. ... i 130

5224 Cyclic FAtiBUe teSt ... e 131

5.2.2.5 Wide-Angle X-Ray Diffraction ........... ... 131

5.3 Energy Dissipation In Exfoliation Polymer/Organoclay Nanocomposites .................. 131
531 INtroduction ... i e 132
5.3.2 Results And DISCUSSION ....ouiniinin i e 132
5.3.3 Experimental COMPATISON . ......oitviiiiteit ettt e e eieaenaesan 142
5.3.4 Orientation Factor Of Nanofillers ... 146

5.4 Enhancement Of Fatigue Durability By Incorporation Of Clay And Its Mechanism 154
SATINtrodUCION .. ... e e e 154
5.4.2 Enhancement Of Fatigue Durability By Incorporation Of Clay ..................... 157
5.4.3 Mechanism Of The Enhancement Of Fatigue Durability ............................. 160
REfeTemICE . . . e 167

CHAPTER 6: EFFECT OF GEOMETRY OF NANOFILLERS ON FRACTURE OF

iii



Table Of Contents

POLYMERS ....coiuiitiiriniiiiiiiirsasiasistestososcsacstssasarssarssnsassssnans 169
6.1 INtrodUCHION L.uvuvtiiitiiii it et e e e 169
6.2 Models Of SImulation ..o 172
6.2.1 Model Of APolymer Chain ..ot 172
6.2.2 Model Of ANanoparticle ............ooiiiiiiiiiii e e 172
6.2.3 Model Of ANanoplatelet ... ... e, 174
6.2.4 Model Of ANanotube .................. ol e ettt a et 176
6.3 Results And DiSCUSSION ....uuvriiinenvniiiiieiner e e reeane s eeeeeenans . 130
REFErENCE .. vt e e e ee e s s e e e aa 186
CHAPTER 7: CONCLUSIONS AND FUTURE WORK ......ccccvviiiiinineneniinininiann. 188
APPENDIX ..iiitiiiiiiiiiinueiiisnconnsssssssstassssssssssssssssnsrassssssstsssissesstanssassssnnsansase 193



List Of Figures

Figure 1.1

Figure 1.2

Figure 1.3

Figure 2.1
Figure 2.2
Figure 2.3

Figure 2.4

Figure 2.5
Figure 2.6
Figure 2.7

Figure 2.8

Figure 3.1
Figure 3.2

Figure 3.3

Figure 3.4
Figure 3.5
Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4

LIST OF FIGURES

Schematic of the three types of nanofillers.

Structure of 2:1 phyllosilicates.

Scheme of two different types of nanocomposite arising from the
interaction of layered silicates and polymers: (a) intercalated
nanocomposite and (b) exfoliated nanocomposite.

The sketch map of what the computer simulations can do.

A schematic of the loading external force.

The curve of Lennard-Jones potential.

A sketch of periodic boundary condition (a} cut-off sphere in
conventional way; (b) cut-off sphere partitioned under periodic
boundary condition.

The curve of Lennard-Jones potential with cut-off radius.

The curve of FENE potential

The curve of how Predictor-corrector algorithm works.

A sketch of a two dimensional simulation cell using the periodic
boundary condition

Stress- strain curve of polymers.

Deformation of specimen during the test.

Load- deformation curve of a viscoelastic material. B=
dissipated energy.

Main flow chart of the simulation.

Necking perform once in the simulation.

Schematic map of fracture mode.

Schematic of tensile test.

Schematic of stress-Strain curve.

Snapshots of the simulation at (a)0%, (b)100%, (c)200%,

13
21

21

22
23
30

32

39
40

41

42
43
84
87
88
92



List Of Figures

(d)400% clongation at 1.1 Tg with Swt.% nanoplatelets.

MD snapshots looking from x- axis direction at at (a)0%,
Figure 4.5 (b)}100%, (c)200%, (d)400% elongation 0.4 Tg, , and , 93

with 5wt.% nanoplatelets

Force/area curves vs. distance with different contents of the
Figure 4.6 94

- mnanoplatelets at 1.1 Tg.

Force/area curves vs. distance with different contents of the
Figure 4.7 95

nanopiatelets at 0.4Tg.

Normalized work, W#*, to failure with content of nanoplatelets at

Figure 4.8 96
1.1 Tg.
Normalized work, W*, to failure with content of nanoplatelets at
Figure 4.9 97
0.4Tg.

Schematic of polymer fracture. (a). The break of chemical

bonds; (b). The mutual slippages between molecules; (¢). The
Figure 4.10 98

destroy of Van der Waals interactions between molecules or

hydrogen bonds.

Profile chart of crack tip. If the elongation reaches the critical
Figure 4,11 elongation, then the craze body will become crack. As the crack 101

tip increases incessantly, the crack moves through the material.

Shematic of how the nanoplatelets stop crack as a barrier. In the

figure, the crack was moving from the crack region. The
Figure 4.12 102

nanoplatelet blocked the movement of crack on its way as a

barrier.

Nanoplatelet — nanoplatelet correlation function, with 1wt.%
Figure 4.13 104

nanoplatelets.

Nanoplatelet — nanoplatelet correlation function,  with 3wt.%
Figure 4.14 _ 104

nanoplatelets. '

Nanoplatelet — nanoplatelet correlation function,  with 5wt.%

Figure 4.15 105
nanoplatelets.

vi



List Of Figures

Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

Figure 4.21

Figure 4.22

Figure 4.23

Figure 4.24

Figure 4.25

Figure 4.20

Figure 4.27

Force/ Area vs distance with different interactions between

nanoplatelets (3wt.%) and polymer chains, where and

with the temperatures above Tg,

Force/ Area vs distance with different interactions between
nanoplatelets (3wt.%) and polymer chains, where , , and
with the temperatures below Tg,

Normailized work to failure, W¥*, as a function of the different
interactions between nanoplatelets (3wt.%) and polymer chains,
where , and the pulling velocity was at the temperature
above Tg,

Normailized work to failure, W*, as a function of the different
interactions between nanoplatelets (3wt.%) and polymer chains,
where ,  and the pulling velocity was at the temperature below
Tg,

Pair correlation function of the Lennard-Jones liquid

Nanoplatelet — nanoplatelet correlation function, with
interaction strength with 3wt.% nanoplatelets .
Nanoplatelet — nanoplatelet correlation function,  with the

interaction strength with 3wt.% nanoplatelets.

The force/area curves vs. distance with different relaxation times
at 1.1 Tg.

The force/area curves vs. distance with different relaxation times
at0.4Tg.

Normalized work, W*, to failure with relaxation time at 1.1
Tgwith 3wt.% nanoplatelets.

Normalized work, W#*, to failure with relaxation time at
0.4Tgwith 3wt.% nanoplatelets .

Nanoplatelet — nanoplatelet correlation function, with

relaxation time with 3wt.% nanoplatelets.

106

107

108

109

110

111

112

113

114

i15

115

116

vil



List Of Figures

Figure 4.28

Figure 5.1

Figure 5.2
Figure 5.3
Figure 5.4
Figure 5.5
Figure 5.6
Figure 5.7
Figure 5.8
Figure 5.9
Figure 5 10

Figure 5.11

Nanoplatelet — nanopilatelet correlation function,

relaxation time with 3wt.% nanoplatelets.

with

Schematic map of the necking in experiments and how

simulation area actualize necking during the simulation by the

. periodic boundary condition. a. experiment sample, b. necking in

experiment after tension, ¢. snapshot of original simulation area,

d. snapshot of simulation area after simulation, e. how to

understand the necking of the simulation area duning the

simulation by the periodic boundary condition.
Hysteresis curves for polymer nanocomposite
organoclay content, subjected to 1‘00% strain
Hysteresis curves for polymer nanocomposite
organoclay content, subjected to 100% strain
Hysteresis curves for polymer nanocomposite
organoclay content, subjected to 100% strain
Hysteresis curves for polymer nanocomposite
organoclay content, subjected to 100% strain
Hysteresis curves for polymer nanocomposite
organoclay content, subjected to 50% strain
Hysteresis curves for polymer nanocomposite
organoclay content, subjected to 50% strain
Hysteresis curves for polymer nanocomposite
organoclay content, squected to 50% strain
Hysteresis curves for polymer nanocomposite
organoclay content, subjected to 50% strain
Hysteresis curves for polymer nanocomposite
organoclay content, subjected to 200% strain
Hysteresis curves for polymer nanccomposite

organoclay content, subjected to 200% strain

with

with

with

with

with

with

with

with

with

with

Owt.%

1w1.%

3wt.%

Swt.%

Owt.%

1wt.%

3wt.%

Swt.%

Owt. %

1wt.%

116

125

133

133

134

134

136

136

137

137

138

138

viii



List Of Figures

Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17

Figure 5.18

Figure 5.19

Figure 5.20
Figure 5.21
Figure 5.22

Figure 5.23

Figure 5.24

Figure 5.25
Figure 5.26

Figure 5.27

Hysteresis curves for polymer nanocomposite with 3wt.%
organoclay content, subjected to 200% strain

Hysteresis curves for polymer nanocomposite with Swt.%
organoclay content, subjected to 200% strain

Effect of organoclay conteni on dissipated energy in PU
nanocomposites at 100% strain

Hysteresis curves for PU nanocomposites with Owt.%
organoclay content, subjected to 100% strain

Hysteresis curves for PU nanocomposites with 1wt.%
organoclay content, subjected to 100% strain

Hysteresis curves for PU nanocomposites with 3wt.%
organoclay content, subjected to 100% strain

Hysteresis curves for PU nanocomposites with 5Swt.%

organoclay content, subjected to 100% strain

Wide-angle x-ray diffraction pattens for C20-clay and
PU/C20-clay nanocomposite (SWt% C20)

Chain segment and coordinate system

Dissipated energy at 100% elongation

The permanent set occurred in each cycle.

Schematic map of the reiationship between the unresumable
dissipated energy and the resumable dissipated energy in the
recyclic test

Dissipated energy of the 1st cycle of the polymer
nanocomposites recyclic simulation versus nanoplatelets content
at different deformations (50%, 100%, and 200%,).

Effect of organoclay on the viscosity of polyol.

WAXD resulis under different stains.

Schematic diagram of d-spacing on nanoscale change during

stretching.

139

139

140

143

143

144

144

145

146
150
151

152

153

158
161

162



List Of Figures

Hysteresis curves for the PU/organoclay nanocomposites at
Figure 5.28 163

100% strain. :
Figure 5.29 Effect of organoclay on dissipated energy 164
Figure 5.30 Effect of the organoclay on permanent set. 165

Fracture toughness vs. nanoparticles volume content for EP
Figure 6.1 171

(epoxy) /A1203 and EP/TiO2 nanocomposites.

The effects of MWCNTs loading content (wt.%) on the
Figure 6.2 mechanical performances of CNTs/epoxy composites: fracture 172

strain.

Schematic map of the nanoparticles model with a cut- off radius.

O is the centre of the nanoparticles sphere, Rp is the radius of

nanoparticles sphere, rpc is cut- off radius of nanoparticles. OA,
Figure 6.3 175

OB and OC are the radius of nanoparticles sphere, AA’, BB’ and

CC’ are the cut- off radius in the direction of OA, OB and OC,

respectively.

Schematic map of the calculation of the distance between a
Figure 6.4 nanoplatelet and a monomer of a neighboring pelymer chain, 177

Tpm-
Figure 6.5 Schematic map of a nanotube model. 178

Schematic map of the calculation of Lt. O and O’ are the centres
Figure 6.6 of two nanotube cross sections, respectively. Rt is radius of the 178

nanotube cross section, Lt is the length of nanotube.

The Schematic map of the calculation of the distance between a
Figure 6.7 nanotube and a monomer (or segment) of a neighbouring 180

polymer chain, 1.

The force/area curves vs. distance with different geometry of the
Figure 6.8 181

nanofillers at 1.1Tg.

The force/area curves vs. distance with different geometry of the .

Figure 6.9 182-
nanofillers at 0.4Tg.



List Of Figures

The normalized work, W*, to failure with different geometry of
Figure 6.10 183
the nanofillers at 0.4Tg.

The normalized work, W*, to failure with different geometry of
Figure 6.11 183
the nanofillers at 1.1Tg.

Figure 6.12 The relationships 6f rfm, rpm and rtm, when 184

Nanoparticle — nanoparticle correlation function,  with 3wt.%
Figure 6.13 186
content of nanoparticle.

Nanoplatelet — nanoplatelet correlation function,  with 3wt.%
Figure 6.14 186
content of nanoplatelets.

Nanotube -~ nanotube correlation function, with 3wt %
Figure 6.15 187
content of nanotubes.

The forcefarea curves vs. distance with content of the
Figure 7.1 190
nanoplatelets at 0.4Tg.

Dissipated energy vs. content of nanoplatelets at 100%
Figure 7.2 191
elongation.

The normalized work, W*, to failure with different geometries of

Figure 7.3 192
the nanofillers at 0.4Tg.

xi



List Of Tables

LIST OF TABLES

The result of nanofillers used to enhance the mechanical
Table 1.1 4

properties of polymers............oo

Table 2.1 Lennard-Jones reduced units...................... 25

Table 5.1 Details of 4, 4’- methylenebis (cyclohexyl isocyanate). ....... 126

Table 5.2 Reactivity of HMDI relative to IDI, MDI. HDI and IPDI...... 126

Table 5.3 Details of modified MDI......................o 127

Table 5.4 Details of polyether polyol................coii i 128

Table 5.5 Details of 1, 4-Butanediol.............ccoooiii i, 128

Table 5.6 Details of Cloisite 20A . ... 129

Table 5.7 Details of Cloisite 30B.........c.oi i, 130
Simulation results of dissipated energy in the polymer

Table 5.8 142
NANOGCOMPOSIIES ...\t i ettt ettt et e e aan s

Table 5.9 Variation of orientation factor (5wt.% nanoclay)............... 152
WAXD results for the stretching test of PUE-organoclay (5%

Table 5.10 162
by welght)....oo i

X1



List Of Symbol

Ny

A

Pi

LIST OF SYMBOL

the simulation time

the total number of time steps in the simulation

the index which runs over the time steps from 1 to Ny
the instantaneous value of A

the instantaneous potential energy at time ¢,

the distance between / and j
the mass of the particle i

the instantaneous velocity of particle / at time

Total energy

the instantaneous kinetic energy
the instantaneous temperature

the total numbers of particles in the system

the Boltzmann constant, &, =1.3806505(24)x10% J/K

the position ofparticle i

the total force acting on particle §

the dimensionality of the system (2 or 3) pp.12

the internal force (arising from the intermolecular interactions)

the external force exerted by the container's walls

The mean square displacement
diffusion coefficient pp.15
the pair correlation function

dir

the acceleration of the particle, a, = " 7
t

Lagrangian function
Hamiltonian function
a component of the momentum of particle

xiii



List Of Symbol

Vo ()

Tom

Veu (1)

Ttm

Tine

the position of the particle

the velocities of the particle

the acceleration of the particle

the characteristic of the well depth,

the length scale

the cut-off radius

the centre of the nanoparticles sphere

the radius of nanoparticies sphere

cut- off radius of nanoparticles

the surface area of the nanoplatelet model
the length of nanoplatelet model

the surface area of nanoparticles model
radius of the nanotube cross section

the length of nanotube

Lennard- Jones potential between a nanoplatelet and a monomer of
a neighboring polymer chain,

the distance between nanoplatelet and the monomer of a polymer

- ’gmﬁ.é’gmﬁz -I':';mc -.'.::gmg.

o

chain, the rym are considered as Yom

the cut- off radius between a nanoplatelet and a monomer of a
neighboring polymer chain
characteristic energy between a nanoplatelet and a monomer of a
neighboring polymer chain

Lennard- Jones potential between a nanotube and a monomer of a
neighboring polymer chain

the distance between nanotube and the monomer of a polymer

. . o +r
chain, the r, are considered as r, = SmAZTumE

o
-

is the cut- off radius between a nanotube and a monomer of a

neighboring polymer chain

characteristic energy between a nanotube and a monomer of a
neighboring polymer chain

Xiv



Chapter | [ntroduction and Objectives of Project

CHAPTER 1

INTRODUCTION AND AIMS OF PROJECT

1.1 INTRODUCTION

In the last decade, nanostructured materials have excited considerable interest in the
materials research community partly due to their potentially remarkable mechanical
properties. In particular, layered silicate (montmorillonite clay)-reinforced polymer

composites have shown great promise [1].

Nanoﬁllers

Figure 1.1 Schematic of the three types of nanofillers.

Polymer nanocomposite is a new class of composites prepared by using
nanotechnology, which are polymer reinforced with small quantities (normally less
than 5% by weight) of different nanofillers. Both thermoset and thermoplastic
polymers have been incorporated with the nanofillers into nanocomposites [2], which
including polypropylene [3], polyethylene [4], polystyrene [5], poly(vinyl chlonde)
[6], polyurethane [7], epoxy [8], nylon [9], rubber {10}, recycled poly{ethylene
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terephthalate) [11], and so on. There are hundreds kinds of nanofillers which
polymers can fill with. Hence three major types of nanofillers can be distinguished
depending on how many dimensions of the dispersed nanofillers are in the nanometer

range (shown in Figure 1.1).

Layered silicate is one of the most commonly used nanofillers. Only one dimension in
the nanometer range is the characteristic of this nature of nanofillers. Nanofillers in
this family is present in the form of sheets of one to a few nanometer thick to
hundreds to thousands nanometers long. The feasibility of sort of nanofillers
reinforcing with polymer are widely investigated because the starting clay materials

are easily available [12, 13].

Figure 1.2 Structure of 2:1 phyllosilicates. [14]

The layered silicates such as montmorillonite (MMT), hectorite and saponite
commonly used in nanocomposites belong to the structural family known as the 2:1
phyllosilicates. Their crystal lattice consists of two-dimensional layers where a central
octahedral sheet of alumina or magnesta is fused to two external silica tetrahedron by
the tip so that the oxygen ions of the octahedral sheet do also belong to the tetrahedral

sheets (Figure 1.2.).
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According to the nature of the components used and the method of preparation, two
main types of nanocomposites may be obtained when nanofillers are associated with a
polymer (shown in Figure 1.3). Intercalated nanocomposite, and efoliated

nanocomposite.

Exdoliated

Figure 1.3 Scheme of two different types of nanocomposite arising from the
interaction of layered silicates and polymers: (a) intercalated nanocomposite and (b)

exfoliated nanocomposite.

The nanocomposites offer attractive potential for diversification and application over
traditional polymers. The many useful properties of polymers such as mechanical
properties, thermal stability and barrier properties can be built by incorporation of
.only small amount of nano-sized organoclay into polymer hosts [1, 15-18].
Compared with pure polymer or conventional composites, the nanocomposites have
higher modulus [1, 15, 16], greater strength [17], longer fatigue durability [18], higher
- heat resistance [1, 17] and lower gas permeability [19], better flame retardancy [20,21]

and etc.
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Simulation has become one of most general method in scientific and engineering
studies, applications can be found physics, chemistry, biochemistry, materials science,
and in branches of engineering, etc. Molecular dynamics simulation is one kind of
simulations which provides the methodology for detailed microscopic modelling on

the molecular scale.

Table 1.1  The result of nanofillers used to enhance the mechanical properties of

polymers.
Polvmer Matrix | Polvurethane | Epoxy | Nvlon6 | polvpropylene | polv(vinvl chloride) | polvstvrene | rubber
Enhancement of
Mechanical J X J J X X J
Properties
Te (C) -5 130 40 -10 S0 100 -60--90

The addition of clay cannot enhance the properties effectively for all polymers, in fact.
It can be found in Table I.1. that the nanofillers are always working for the
enhancement of the mechanical properties for these polymers, which Tgs are lower
than room temperature or near by {(or equal to) room temperature, such as nylon.
However, for these polymers, which Tgs are higher than room temperature, the
addition of the clay is not working well for toughening these polymers. The question
is why clay is always working for the improvement of the mechanical properties of
those polymers, which Tgs are lower than room temperature such as polyurethane [7]
and rubbers [10] or near by (or equal to) room temperature, such as nylon [9], and not
working well for the improvement of toughness of those polymers, which Tgs are
higher than room temperature such as epoxy [8] and polystyrene [5]. In addition,
under. what kinds of conditions, organoclay can enhance the toughness of epoxy and
polystyrene. Moreover, it is found in experiments that the addition of organoclay can
also enhance the cyclic fatigue property [18]. However, the details of information
c-onceming how and why the incorporation of organoclay can improve the fatigue

durability of some polymers is still not clear yet. The mechanisms controlling the total
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fatigue life of polymers vary with many morphoiogical, thermal, mechanical and
environmental factors [22-24]. Therefore, the research into the deformation and
fracture of polymer nanocomposites by fatigue is significantly important for their
certain api)lications. Due to the limitation of the experiments conditions and economic
reasons, we attempt to answer the questions by means of computer simulation in this

research thesis.

1.2 OBJECTIVES OF THE PROJECT

As we mentioned above, the objectives of this project are:

® Programme development of molecular dynamics simulation in polymer/clay

nanocomposite.

® Investigation of mechanism of fracture in polymer clay nanocomposite by

computer simulation.
® Investigation of energy dissipation in polymer clay nanocomposite.

® Investigation of the effect of nanofiller dimension on fracture.
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CHAPTER 2

PRINCIPLE OF MOLECULAR DYNAMICS SIMULATION

2.1 INTRODUCTION

Computer simulations play a crucial role in science research today. In the past, the
theories were always summarized by a series of experiments; on the other hand, it was
also used to instruct the experiments. But it seems that this traditional research
method is upset down by the computer experiments, due to its inimitable advantage.
Computer simulations cannot only be used to understand and interpret the
experiments at the microscopic level, but also to solve some problems which are not
accessible experimentally, or which experiments would stupendous expensive, such as
under extremely high/ low pressure or extremely high/ low temperature (shown in

Figure 2.1) [1]

Phases

P S /

f—

Intermolecular g
potential / ' T
Structure
v(r) afr) [\/\,
.._.). L oL P

Ve J
r

\ c({t)|\ Dynamics

3

Figure 2.1 The sketch map of what the computer simulations can do:
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Furthermore, the computer simulations can offer a great thing over conventional
experiments - thought experiments, which allow the computer simulator to perform an
experiment which is just impossible to do in reality, but whose outcome greatly

increases our understanding of phenomena.

Molecular dynamics (MD) simulation is one of the most popular used computer
simulation methods, particularly well suited to model macromolecular systems
because of the generality of the algorithm, which is integrate the motion equations of
a set of interacting particles/ molecules by using the laws of classical mechanics, then
time evolve them. Molecular dynamics differs by being deterministic, completely
determined by its present state [2]. Due to the characteristics of nanocomposites, it is
very difficult to understand what actually happened nside the materials in molecular
level. Scientists engaged in studying matter at this level require computational tools to

allow them to follow the movement of individual molecules .

2.2 STATISTICAL MECHANICS

In order to relate the microscopic molecules motion of the simulations to the classical
mechanics, such as stress, strain, elongation, etc, the statistical mechanics are
introduced. It is considered that the classical mechanics are ensemble behaviour of a
mount of its components- called as macro states. For each macro state, there are many
corresponding microstates, which are formed from the product of a single many-

particle state.

2.2.1 Time average of physical properties'

Measuring a quantity in molecular dynamics is always instead of a time averages
value of physical properties over the system trajectory. Physical properties are usually
a function of the particle coordinates and velocities [3}. So, for instance, one can

define the instantancous value of a generic physical property A at time t:
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A(t) = f(r1 (t),...,rN (t), 12 (t),...,vN (t)) 2.D

And then, obtain their average:

(4)= lim% _]A(t)dt = %i A{r) (2.2)

T—m
T =l

Where 1 is the simulation time,
Nr is the total number of time steps in the simulation,
t is the an index which runs over the time steps from 1 to N, and

A(t) is the instantaneous value of A.

A(t) is calculated at each time step by the MD program while running. The sum

Z, A{t) is also updated at each step. At the end of the run the average is immediately

obtained by dividing by the number of steps.

2.2.2 Potential energy

Potential energy is energy which results from position or configuration. Consider one

particle / in the system. Every other particle ;j attracts or repeis it. The interaction

©at time 1 depends on the positions of the particles iand j [1, 4, 5]. It can be

described by the following equation:

V(@)= 3 Ul ()-r,¢)) 2.3)

[

Where V(t) is the instantaneous potential energy at time ¢,

|r,.(t)—rj(11 is the distance between { and ;.

2.2.3 Kinetic energy
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The kinetic energy of an object is the extra energy which it possesses due to its
motion. It is defined as the work needed to accelerate a body of a given mass from
rest to its current velocity. Having gained this energy during its acceleration, the body
maintains this kinetic energy unless its speed changes. Negative work of the same
magnitude would be required to return the body to a state of rest from that velocity.

The instantaneous kinetic energy can be described by:

Eun)=3 T () 24

Where £, (t) is the instantaneous Kinetic energy of particle / attime ¢,
m, 1s the mass of the particle /, and

v,{¢) is the instantaneous velocity of particle i at time.

2.2.4 Total energy
The total energy of the system at time ¢ is the summation of the guantity of

instantaneous potential energy and kinetic energy at time ¢ , which is described by:
E[)=E,,(0)+¥ () (2.5)

2.2.5 Temperature

Temperaturé is one of the principal parameters of thermodynamics. The temperature
of a system is related to the average energy of microscopic motions in the system. The
instantaneous temperature 1s related to the instantaneous kinetic energy directly. It can

be calculated from the following equation:

E. ()= %NkBT(t) (2.6)

Therefore,

10
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T()= % Ein0) 2.7)[2]

Where Ek,."(t) 1$ the instantaneous kinetic encrgy,

7{t} is the instantaneous temperature,

N is the total numbers of particles in the system, and

k, is the Boltzmann constant, &, =1.380650524)x10% J/K .

2.2.6 Pressure

In 1738, Swiss physician and mathematician Daniel Bernoulli published
Hydrodynamica which laid the basis for the kinetic theory of gases. In this work,
Bernoulli positioned the argument, still used to this day, that gases consist of great
numbers of molecules moving in all directions, that their impact on a surface causes
the gas pressure that we feel, and that what we expenience as heat is simply the kinetic
energy of their motion. The Clausius virial function is introduced in order to present

the measurement of the pressure in a molecular dynamics simulation.

N
Wt} =20 F7 . (2.8)
i=l

Where r, is the position of particle i,

F™7 s the total force acting on particle i.

i

Then its statistical average over the molecular dynamics trajectory is:

(W)= }iﬂ% Ldrir;(r)-m,.i‘f(r) (2.9)

i=1

11
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Integrating by parts:

o )—nmmz"(r) ﬁ-(o).r‘;(O) - tim j:dfz (r)- mlf(f)l (2.10)

{—on

If the system is localized in a finite region of space and particles are not accelerating

to infinity, then:

limm, Z (O) (0 ) (2.11)

[y
i=l

Therefore:

( )=—llm drz (r)- ,.lr'}(r}z (2.12)

r—o f

By the equipartition law of statistical mechanics:

(W)=—DNk,T (2.13)

Where D is the dimensionality of the system (2 or 3),

N the number of particles, and

kg 1s the Boltzmann constant.

The total force acting on a particle as composed of two contributions:

Where F, is the internal force (arising from the intermolecular interactions), and

I

12
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FERT

" 13 the external force exerted by the container's walls.

Pressure (P) can be defined by considering a system enclosed in a paraltelepipedic

container with sides Ly, Ly, and L,, where volume V =L L L  (shown in Figure 2.2).

X

Figure 2.2 A schematic of the loading external force.

The total virial function can be written as a sum of internal and external vinals;
(™) =(W"™" )+ (W=7 ) = —DNk,T (2.15)

The external part of the virial function for a container with coordinate origin on one of

1ts corners can be described by:

Wy =1 (- PLL )L, (; PLL)+L(-PL,L)=-DPV ' (2.16)

Where —PL.L is the external force F 57 applied by the yz wall along the x

X

13
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directions to particles located at x=L,.

Therefore the equation 2.15 can be written:

N
<Zr,.-F,.>-DPV = —DNk,T (2.17)
i=1
or
1 N
PV:NkBT+B<Zq.-E.> (2.18)
. i=]

This equatton is known as the virial equation. All the quantities except the pressure P

are easily accessible in a simulation, and therefore measure P become possible.

In the case of Lennard-Jones potential ¥ (), the equation 2.18 becomes:

> (2.19)

This expression has the additional advantage over equation 2.18 to be naturally suited

i i

1 dv
PV =NkBT+B<ZZr}]-(-I-;

to be used when periodic boundary conditions are present: it is sufficient to take them

into account in the definition of r;;.

2.2.7 Mean square displacement
In a molecular system, all the monomers in each molecular undertaking a random
walk. From a given starting position, what distance are we likely to travel after many

steps? This can be determined simply by adding together the steps, taking into

14
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account the fact that steps backwards subtract from the total, while steps forward add
to the total. Since both forward and backward steps are equally probable, we come to
the surprising conclusion that the probable distance travelled sums up to zero! This is
clearly a useless property to calculate (though it is perhaps a warning to drunkards).
The mean square displacement (msd) is a measure of the average distance a molecule
travels. The mean square displacement (MSD) of particles in a simulation can be

described by its definition:

MSD = (|r(r) - (o)’ ) (2.20)

where () denotes here averaging over all the atoms.

The “jumps” of particles to refold them into the box must be avoided when using

periodic boundary conditions as contributing to diffusion.

The MSD contains information on the atomic diffusivity. If the system 1s solid, MSD
saturates to a finite value, while if the system is liquid, MSD grows linearly with time.
In this case it is useful to characterize the system behavior in terms of the slope,

which is the diffusion coefficient [J:
o1
D= llma<|r(t)—~r(012) (2.21)

Number 6 in the above equation must be replaced by number 4 in two-dimensional

systems.

2.2.8 Real space correlations

Real space cormrelation functions are typically of the form: (A(r)A(O)) and are

straightforward to obtain by molecular dynamics: one has to compute the quantity of

15



Chapter 2 Principle of Molecular Dyvnamics Simulation

interest A(r) starting from the particle positions and velocities for several

configurations, construct the correlation function for each configuration, and average

over the available configurations.

The simplest example is the pair correlation function g(r), which is essentially a
density-density correlation. g(r) is the probability to find a pair a distance r apart,
relative to what expected for a uniform random distribution of particles at the same

density:
()= X > ok-r,) (2.22)

This function carries information on the structure of the system. For a crystal, it
exhibits a sequence of peaks at positions corresponding to shells around a given atom.
The positions and magnitude of the peaks are a “signature’ of the crystal structure (fcc,
hep, bec, ...) of the éystem. I;“or a liquid, g(r) exhibits its major peak close to the
average atomic separation of neighbouﬁﬁg atoms, and oscillates with less pronounced
peaks at larger distances. The magnitude of the peaks decays exponentially with
distance as g(r) approaches 1. In all cases, g(r) vanishes below a certain distance,
where atomic repulsion is strong enough to prevent pairs of atoms from getting so

close.

One quantity often computed from g(r) is the average number of atoms located

between r; and r; from a given particle,

p [ elr)amiar (2.23)

16
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This allows defining coordination numbers also in situations where disorder is

present,

The calculation of g(r) is intrinsically a O(N?) operation, and therefore it can slow
down considerably an optimized molecular dynamics program. If the behaviour at
large r is not important, it might be convenient to define a cut-off distance, and use
techniques borrowed from fast force calculations using short-ranged potentials to
decrease the computational burden. It should also be noted that periodic boundary
conditions impose a natural cut-off at L./2, where L is the minimum between the box
sizes Ly, Ly, L, in the three directions. For larger distance the results are spoiled by

size effects.

2.3 EQUATIONS OF MOTION

In physics, equations of motion are equations that describe the behaviour of a system
(e.g., the motion of a particle under an influence of a force) as a function of time. The

equations of motion in molecular dynamics simulation are based on Newton’s law:

F =ma, (2.24)

Where m; is the mass of the particle,

d’r

a; is the acceleration of the particle, a, = y =
¢

2.3.1 Lagrangian function

In the MD simulation system, N particles i1s descrnibed by using 3N independent

generalize:d coordinates ¢, and 3N velocities ¢,. The potential only depends on the

positions ¢;. The lagrangian function £=£({g,},{4,},¢) is defined as:

17
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£=c(ig. 14} 0)= Eu (g 16DV (e )) (2.25)

Therefore, the equations of motion of the system in lagrangian form are:
dI9L)_ 5L o 12N (2.26)
di\ 04, 9q;

For the case of a set of spherical particles with equal mass moving in Cartesian

coordinates with components ¢, one obtains:

L =%mz it -U(yg.}) (2.27)

Where m is the mass of the particle.

Therefore:

mi, = _aulled)_ F, (2.28)
0y,

2.3.2 Hamiltonian function
Hamiltonian function is an alternative formulation of the equations of motion .The

definition of the Hamiltonian function:

H=2 pg~L (2.29)

Where p; 1s a component of the momentum of particle /.

The equations of motion in the Hamiltonian form can be written as:

18
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ot _

e 2.30
o, q; (2.30)

Therefore, integrate Newton’s law, two key quantities in the molecular dynamics

simulation can be obtained:

dr, =v.dt
. - - (23D
dv, =d.dt

Where r, 1s the position of the particle,

<

is the velocities of the particle, and

i

@, is the acceleration of the particle.

24 INTERMOLECULAR POTENTIALS AND FORCE

CALCULATION

In molecular dynamics forces are derived from a potential energy function V, which

depend on the particle coordinates:
F ==VU(r,...,ry) (2.32)

From the classical equations of motion, a simple atomic system may be written:

Ulisory)= S0l - 1)) (2.33)

i f>i

The Lennard-Jones potential is a typical pairwise potential and probably the most

commonly used one.

19
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2.4.1 Lennard-Jones potential and its force calculation

a) Lennard-Jones potential

Neutral atoms and molecules are subject to two distinct forces in the limit of large
distance and short distance: an attractive force at long ranges (van der Waals force, or
dispersion force) and a repulsive force at short ranges The Lennard-Jones potential
is a simple mathematical model that represents this behavior. It was proposed in 1931
by John Lennard-Jones of Bristol University. The Lennard-Jones potential describes
the Van der Waals interactions by using an attractive as two uncharged particle

approach each other from a distance, r (shown in Figure 2.3) [6-13].

The change of the distance result these interactions attractively or repulsively is

described by the following equation:

e ]

Where € is the characteristic of the well depth,

o 1s the length scale,

the equilibrium distance of a pair molecules is r; = 2% 6 ~1.1220 .

20
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Interaction energy

Distance, r

Figure 2.3 The curve of Lennard-Jones potential.

&

{a)

A

)

Figure 2.4 A sketch of periodic boundary condition (a) cut-off sphere in

conventional way; (b) cut-off sphere partitioned under periodic boundary condition.

In order to reduce the computational work, the potential is always cut off at a distance

21
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r. and set the potential to zero beyond that point (shown in Figure 2.4),

The Lennard-Jones potential with a cut-off radius (shown in Figure 2.5) is described

by the following equation:; :

V()= {48[(0/ N -@/rf] e (2.35)

0 rar,

Where ¢ is the characteristic of the well depth, .
o is the length scale,

the equilibrium distance of a pair molecules is +, = 2o ~1.1220 , and

I, 1s the cut-off radius.

Interaction energy

Distance, r

Figure 2.5 The curve of Lennard-Jones potential with cut-off radius.

If the cut-off distance is large enough, the truncation error for each pair interaction
will be minimal. But on the other hand, the number of interactions approximated by

zero may be quite large and this may result an error in the total energy.

22
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b) Force calculation

The force caused by Lennard-Jones potential is:
14 8
F,=-VV,(r}= 3‘;[2(9-) —[f-) } F (2.36)
o

2.4.2 Finitely-extensible non-linear elastic (FENE) potential and force calculation

a) FENE potentizal
In polymer simulations, FENE potential is always used to join the neighbouring
monomers in the same polymer chain, in order to ensure that the polymer chains

cannot cross each other [14-22] (shown in Figure 2.6).

V(r)

0 ° 03 0.6 0.9 1.2 1.5

Distance, r (o)

Figure 2.6 The curve of FENE potential

The FENE potential can be described by the following equation:

23
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Vrens (r) = {;O.SkRj ln(l _(r/RO) ) : ; j:o (2.37)

Where Ry is a finite extensibility, and

k is a spring constant.

The most important of FENE potential is that it is an attractive potential and cannot be

extended beyond r=R,.

b) Force calculation

The force caused by FENE potential can be described by:

kRS

'F'FENE = ‘VVFENE(r)=“ e (2.38)
0

2.4.3 Lennard-Jones reduced units
According to the common practice of molecular dynamics simulations, all quantities

will be presented in the reduced Lennard-Jones units, which is relative to the

Lennard-Jones parameters (shown in Table 2.4.1).

24
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Table 2.1 Lennard-Jones reduced units.

Relation to International
Parameter Reduced units
System (IS)
Length r ro”!
Energy E’ Eg™
Temperature T k,Te™
Time A to! £
M
Mass m mM !
Force F Foe™!
0_3
Pressure P P—
€
Density P No'v™

2.5 INTERGRATING THE EQUATIONS OF MOTION
Two popular integration methods for molecular dynamics calculations are used:
® Verlet algorithm

® Predictor-corrector algorithm

2.5.1 The Verlet algorithm
The Verlet algorithm is one of the most commonly used time integration algorithm in
the molecular dynamics simulation [3, 12, and 23]. This algorithm is based simply on

a truncated Taylor expansion of the particle coordinates:

e+ 80)= )+ e+ alne +$‘5’,i-r--+... | (2.39)
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Where Ar is the time step,

a(t) is the instantaneous acceleration.

Then, integrate with Newton's law, that a(f) is just the force divided by the mass of

the paﬁicle.

(2.40)

a(r)=-LY)

Where f(¢) is the instantaneous total force acting on the particle, and

m is the mass of the particle.

2.5.2 The Euler scheme algorithm

This algorithm is not only one of the simplest, but also usually the best [3, 12, and 23].

It starts with a Taylor expansion of the coordinate of a particle, around time t:

rle+ A1) = r(e)+vie)ae+ 2(),5; = r+O(At ) (2.41)
Similarly:
- 6) = )= vie)ar +A;%1m2 205 ofart) @.42)

Summing these two equations, then
(e +at)+r(t—a)=2r(t) + % A +0{ar?) (2.43)
m

Or
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r(t+At) = 2r(t)—r(l—At)+—£—(,;—)Atz (2.44)

The velocity of the particle can also be obtained:

Pt + A1) = r(e - Af) = 2v(t)Ae + O{ar*) | (2.45)
Or
W)= A’)z‘m’(’ -, ofar?) | (2.46)

This estimate of the new position and velocity contain an error which is of order A¢*

and Af?, respectively.

2.5.3 The leapfrog algorithm
The difference of this algorithm from the Verlet algorithm is evaluates the velocities at

half-integer time steps and uses these velocities to compute the new positions [3, 24,

25):

V(Hﬂ) r{t+ A -r(r) (2.47)
2 At

And

At

v(;' zj H)=rle- 1) 48
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Therefore, the new positions base on the old positions and velocities can be obtained:

e+ at)=r()+ At-\{t+—é—t) (2.49)

Integrate with the Verlet algorithm, we can have:

v(t+£)=v(t—£)+m& (2.50)
2 2 m

2.5.4 Velocity-Verlet algorithm
This algorithm uses positions and velocities computed at equal times. In this

algorithm, the new velocities can be computed only after the new positions are

computed [3, 206].

Taylor expansion for the coordinates:
rt + Aty = r(e}+ vit)ar +—£(—I)A12 (2.51)
m

Then update the velocities:

W+ ar)=vfp) + S0+ 70 2.52)
2m
For:
r{e +2A80) = r(t + At)+v(t + Ar)Ar +L2+A—’—)Az2 (2.53)
m

And equation 2.5.12 can be written as:
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r(t)=r(t + ar)-v(t)at —f-(’—)mz (2.54)
2m

Then we can get:

(e +200)+r(t) = 2r(e + At)+ [vle + At) - vie)]As +-£(—t—+—2t)—_f(—t)mz (2.55)

m
Integrate with equation 2.5.13, therefore:
fle+ar)
Ft+2A0)+ (1) = 2r(t +L\t)+-——3——At (2.56)
m

2.5.5 Beeman algorithm

Beeman's algorithm is a method for numerically integrating ordinary differential
equations, generally position and velocity, which is closely related to wverlet
integration. It is generally more accurate in both position and velocity than most verlet
schemes. It's most commonly seen in molecular dynamics simulations. This algorithm

looks quite different from the Verlet algorithm [3].

rlt + At)=r(e) +v{)ar + 4f(t)—6{n(t -&) Ar? (2.57)
And
vt + A1) =v(t)+ zf(HAt)JrSG};(t)_f(t_m)At (2.58)

It is easy to show that the positions of a particle satisfy the Verlet algorithm by using
the above two equations. Moreover, the velocities are more accurate than in the

original Verlet algorithm.
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2.5.6 Predictor-corrector algorithm
Predictor-corrector algorithm is also one of the most commonly used methods and

base on Taylor expansion to integrate the equations of motion [1, 4,5,11 and 27].

The basic idea of the predictor-corrector algorithm can be described by (shown in

Figure 2.7):

a) Find one point on the curve;

b) Compute a tangent vector to the curve at that point;
c) Step out a small amount along the tangent vector;
d) Relocate the curve at a new point;

e) Repeat step a) to step d) to the end.

V :
/ P
(a)
Z
R
(b)
LN
1
1
\ V,
- /
(c) R

Figure 2.7 the curve of how Predictor-corrector algorithm works.
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Three major parts of predictor-corrector algorithm can be obtained:

a)

b)

Predictor:  The position r, velocity v, acceleration a and time derivative of the
. AP . . e

acceleration (—é'—r in equation 2.5.1) are all known at time t, one ‘predicts’ the

same quantities at time /+At by using the Taylor expansion. Among these

quantities are accelerations a.

Force evaluation: The force is computed taking the gradient of the potential at
the predicted positions. The resulting acceleration will be in general different
from the 'predicted acceleration’. The difference between the two constitutes an

*error signal’.

Corrector:  This error signal is used to ‘correct’ positions and their derivatives.
All the corrections are proportional to the error signal, the coefficient of
proportionality being a ‘magic number’ determined to maximize the stability of

the algorithm.

2.5.7 Periodic boundary condition

Molecular dynamics simulations usually focus on the macroscopic behaviour of the

materials. However, due to the capacity limitation of computers, it is every difficult to

simulate the particles more than 10 million at one time. These numbers of particles

are still far below from the real size of systems, which result an issue at the system

boundaries.

The states of particles near the boundaries are different from those of particles more

fully surrounded by other particles, because the particles surrounded by boundaries

have deficient bonds. Moreover, the particles’ motion during the simulation course,
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velocities to all particles must match the desired temperature by using the equation

2.7.

2.6.2 Equilibration

The equilibrium in the molecular dynamics simulation always means the
thermodynamic equilibrium. Every time, the change of any parameter of the systém
will results the non-equilibrium of the system for a while. And then a new equilibrium
will be reached. Therefore, the system moves from one equilibrium state to another. It
may the temperature system, density, pressure of system or any other parameters

which can affect the system.

Usually, the system should be measured in the equilibrium state. A physical quantity A

generally approaches its equilibrium value exponentially with time:

Alt)= 4 +Cexp[-iJ (2.59)

T

Where A(t) 15 a physical quantities averaged over a short time, and

7 is the relaxation time.

2.7 APPLICATIONS

Given the modelling capability of MD and the vanety of techniques that have
emerged, it can be used to solve many kinds of problems. Certain applications can be
eliminated owing to the classical nature of MD. There are also hardware imposed
limitations on the amount of computation that can be performed over a given period
of time — be it an hour or a month — thus restricting the number of molecules of a
given complexity that can be handled, as well as storage limitations having similar

consequences (to some exient, the passage of time helps alleviate hardware
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restrictions).

The phenomena that can be explored must occur on length and time scales that are
encompassed by the computation. Some classes of phenomena may require repeated
runs based on different sets of initial conditions to sample adequately the kinds of
behaviour that can develop, adding to the computational demands. Small system size
enhances the fluctuations and sets a limit on the measurement accuracy; finite-size
effects' — even the shape of the simulation region — can also influence certain resuits.

Rare events present additional problems of observation and measurement.

Liquids represent the state of matter most frequently studied by MD methods. This is
due to historical reasons, since both solids and gases have well-developed theoretical
foundations, but there 1s no general theory of liquids. For solids, theory begins by
assuming that the atomic constituents undergo small oscillations about fixed lattice
positions; for gases, independent atoms are assumed and interactions are introduced as
weak perturbations. In the case of liquids, however, the interactions are as important

as in the solid state, but there is no underlying ordered structure to begin with.

The following list includes a somewhat random and far from complete assortment of

ways in which MD simulation is used:

® Fundamental studies: equilibration, tests of molecular chaos, kinetic theory,
diffusion, transport properties, size dependence, tests of mbdels and potential
functions. Such as, J. M. Haile has used the molecular dynamic simulation to
study the Lennard-Jones fluid for obtaining results in the isoenthalpic—isobaric

ensemble [29].

® Phase transitions: first- and second-order, phase coexistence, order parameters,

critical phenomena. Such as Y. Abe, K. Tashiro used molecular dynamics
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simulation to perform the ferroelectric phase transition of vinylidene
fluoride-trifluoroethylene copolymers. And found that the transition behaviour
was governed by the balance among the torsional potential energy barrier of the
skeletal chains, the intermolecular van der Waals interaction, and the Coulombic
interaction between the atomic charges. Additionally, the introduction of
head-to-head and tail-to-tail abnormal linkages into the molecular chains

expanded the cell volume and lowered the phase-transition temperature [30].

Complex fluids: structure and dynamics of glasses, molecuiar liquids, pure water
and aqueous, liquid crystals, ionic liquids, fluid interfaces, films and monolayer.
Such as, V. Symeonidis, G. Em Karniadakis, B. Caswell used Dissipative particle
dynamics (DPD) method simulate efficiently complex liquids and dense
suspensions using only a few thousands of virtual particles and at speed-up

factors of more than one hundred thousands compared to molecular dynamics

[31].

Polymer: chains, rings and branched molecules, equilibrium conformation,
relaxation and transport processes. Such as, D. Brandell, A. Liivat, A. Aabloo and
J. O. Thomas have studied short-chain poly({ethylene oxide) system by molecular
dynamics simulation in order to probe the effect of chain length on the structure

and properties of iomcally conducting polymer electrolytes [40].

Solids: defect formation and migration, fracture, grain boundaries, structural
transformations, radiation damage, elastic and plastic mechanical properties,

friction, shock waves, molecular crystals, epitaxial growth.

Biomolecules: structure and dynamics of problems, protein folding, micelles,

membranes, docking of molecules.
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® Fluid dynamics: laminar flow, boundary layers, rheology of non-Newtonian fluids,

unstable flow.

Molecular dynamics simulation has also been applied in nanoscience, especially in
nanocomposites, such as mechanical behaviour [32], magnetic properties [33],
binding energy [34, 35), etc.. Molecular dynamics simulation has also been used to
study polymer clay nanocomposites, such as, failure mechanism [36, 37], dynamics

fracture [31], and used to understanding fracture [39].
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CHAPTER 3
PROGRAMME FOR MOLECULAR DYNAMICS
SIMULATION OF FRACTURE AND ENERGY DISSIPATION

3.1 INTRODUCTION

A s Tough fiber

Flastic wih yvield

Stress

.. Brittle plastic

Elastomer

Figure 3.1 Stress- strain curve of polymers.

A tensile test, also known as tension test, is probably the most fundamental type of
mechanical test you can perform on matenal. Tensile tests are simple, relatively

inexpensive, and fully standardized.

Tensile testing can carried out how the material will react to forces being applied in
tension by pulling on the specimen. As the matenal is being pulled, you will find its

strength along with how much it will elongate.
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Figure 3.2 deformation of specimen during the test.

As the loading increase, the specimen cross-sectional area decreases, becoming
thinner, and increases in length before it fails completely. In this process, the volume

of the specimen is kept constant.

Compressed (theoretical) elastic spring will return 100 percent of the potential energy
as work when it is released. This theoretical energy is called the elastic potential
energy of the spring. In reality, no spring is 100 percent efficient. Rather than return to
its original state via the same path on the force-deformation curve as when it was
compressed, a real spring will return via a different path because of fniction in the
spring and energy lost as heat and/or sound. This behaviour, called viscoelasticity, is
identified by hysteresis, the difference between the loading and unloading portions of

the load-deformation curve.
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