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Abstract

This study investigates the crystallization behaviour of two polymer systems,
polyethylene (PE) and PE containing block copolymer in sifu, in real time, as a function

of temperature using the atomic force microscopy (AFM) tapping mode.

The orientation and crystallization of microdomains were examined in a crystalline-
amorphous diblock copolymer, hydrogenated poly (high-1,4-butadiene)-b-poly(high-
3.,4-isoprene) (E/MB), which forms cylinders of the crystallizable block (polyethylene,
E). Although randomly oriented in nature, the E/MB microdomains were successfully
oriented locally using the sharp tip of an AFM in tapping mode. Better ordering of the
microdomains was achieved with the AFM tip since defects were generally found to be
reduced by scanning over them more than once. Using AFM, the orientation process
and subsequent crystallization behaviour were investigated as a function of temperature.
Fully confined crystallization was observed within the range of 25 - 50°C, with
templated and breakout crystallization observed at higher crystallization temperatures.
The growth rate of templated crystallization along, and perpendicular to, the existing
microdomain structure was measured, and the ratio between these rates was found to
increase rapidly with decreasing temperature, from ~ 4.8 at 100 °C to ~ 8 at 97 °C.
Furthermore, the growth rates fluctuated with time for each crystal, as well as between
crystals at different temperatures. Two maxima in the degree of orientation of the
crystallized regions were found, one at relatively small supercoolings (e.g. 95 °C),
where the difference in growth rate along and across microdomain boundaries was high,
and one at high supercoolings (25-50 °C) where crystallization was completely

dominated by nucleation.

The AFM tip was also used as flow shear to induce oriented PE crystallization and then
to investigate the subsequent growth behaviour in sifu. During the subsequent
isothermal crystallization, interesting behaviours were observed. First, some crystals
were observed to force their neighbouring crystals apart in order to provide themselves
with more room to grow between them. Second, some crystals were observed to deform
or reorganize themselves during the isothermal crystallization in order to be in a more
stable state. Third, sometimes, crystals appeared to clump together: i.e. as they grew,

the gap between them reduced and even disappeared. Fourth, some crystals melted



during the isothermal crystallization while the remaining crystals continued growing.
Furthermore, the height of the edge-on lamellae was measured and found to be
nonlinear in relation to time. Moreover, the growth rates of individual crystals were
measured under isothermal conditions at different temperatures. It was found that the
average growth rates increased as the crystallization temperatures decreased, although
the rates fluctuated with time for each crystal as well as between crystals. The
distribution of growth rates of the individual crystals was found to be non-constant
under isothermal crystallization conditions (in both systems: PE and E/MB). None of
these observations are accounted for in current models of crystallization, or observed in
molecular simulations of crystal growth, implying a need to reappraise the underlying

processes of polymer crystallization.
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patterns of the cylindrical microdomains showing the essentially random
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same scanning conditions, even though the overall number of defects is still
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added to aid the reader in following the branching and curving of crystals

XiX



5.19

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

growing against the Melt SrUCTUIE .........ceeviviiiiiiiieie e,
A graph showing the variation of crystal length as a function of time, as the
crystal changes from being breakout (the green dashed line) to being templated
(the red dashed line) at 101 °C. This measurement was taken from the crystal
indicated by the green arrow in Figure 5.18 (C-€).....cocvvvueriiniiiiieniiniiiienieieeieneens
A photo of PE (a) hot solution immediately after removing it from the oil bath
after dissolving the PE into the solvent at 135 °C and (b) suspension a few
minutes after removing the solution from the hot bath..............ccoccooiiini,
(a) Schematic diagram showing the experimental setup of the shear induced
crystallization by AFM tip in this study and (b) AFM phase image of the
INAUCEA CTYSTALS. ..ottt ettt ettt eae bt esese e e,
Schematic diagram showing the thermal protocol used in the experiments where
Trooms Te, Tn, Tm and T, are room, crystallization, nucleation, melting and
annealing temperatures, and t,, t,, and t. are annealing, nucleation and
crystallization time, TeSPECHIVELY ....ccvieriiiiiiiiiieciieie et e,
Optical micrographs showing the effect of variations in temperatures between
the AFM cantilever and the sample. (a- a’) at 135 °C and (b-b’) at 139 °C. (a-b)
The point at which the cantilever was brought above the sample (close to, but
not in contact with the molten PE); and (a’-b’) after a few seconds .........................
(a) AFM height image and (b) its corresponding 3D image that resulted from
scanning over the PE melt surface with the AFM in contact mode..........cccccecueuneee
DSC curves taken in the range of room temperature to Ty, of PE with Mw (a)
77k and (b) 85k, with a heating/cooling rate of 10 °C/min ...........ccoeeveeiieniennenne,
Schematic illustration showing the stages of tip-induced primary nuclei and the
subsequent growth of oriented PE crystals: (a) before shear (amorphous melt),
(b) a short time after shear (nuclei), (c) after nuclei growth (oriented crystals),
and (d) the final growth of the oriented crystal............cccocovveiieniiiiiiniiieeee,
AFM phase images showing the tip-induced PE crystals (a) the initial growth
stage and (b) after they had grown to some extent. It shows the growth direction
of the induced crystals relative to the AFM tip scan direction ..........c.ccceceevueeeennnnnns
Schematic diagram showing the relationship between the AFM scanning
direction and the orientation of the induced crystals. The AFM tip orients

polymer chains parallel to its scanning direction resulting in crystals formed

XX



6.10

6.11

6.12

6.13

6.14

6.15

6.16

6.17

6.18

6.19

perpendicularly to the scanning dir€Ction............occeeevueeriieciieniieenieeie e,
(a) AFM height image of the PE surface taken during hard tapping and (b) a
representative cross-sectional image (height profile) of the PE melt surface
during the hard tapping of the AFM tip, which was taken from the vertical
White 1IN€ 1N IMAZE (Q) c.veeveeeeiieiieiieeiee ettt ete ettt ste et e e eaeeteesnbeeseeeens
FM phase image showing the effect of increasing the scan rate on the induced
nucleation density at 131 C ....o.iiiiiiiiiiiieiee e
AFM phase images showing the ability of the AFM tip to control: (a) the
separation distance between the induced nuclei rows, (b) their number, (c)
density, and (d) the direction of OrieNtation...........ccceeveueerieeiiienieiiieie e,
Diagram demonstrating the labelling scheme that was used to follow the growth
of individual crystals. (a-c) are the 1%, 15™ and 25™ images captured for PE
crystallization at 133 OC ..ot
(a-c) Three independent series of AFM phase images showing the subsequent
crystallization of PE at (a) 130 °C, (b) 131 °C, and (c) 133 °C. The orange
highlighted crystals indicate crystals that are forcing apart their neighbouring
crystals (coloured pink, yellow, blue, and green). The small red and yellow lines
were added to aid the reader to see the increase in the separation distance
between crystals as the middle crystal grows between them............ccccceevvieiiennnn,
In situ AFM phase images showing the subsequent growth of PE induced
crystals by the AFM tip at 129 OC .....oiiiiiiiiiecieeeeee e,
A plot showing seven separation distances between the crystals shown in Figure
6.15 as a function of time. The separation distances labelled d;, d,, d3, d4, ds,
ds, d7, respectively, in Figure 6.15. The separation distances were measured at
different times, and tracked for clarity.........ccccoeviieriiiiiieniiii e,
Plots showing (a) the height of the PE crystals shown in Figure 6.15 as a
function of time at 130 °C (red dashed line) and at 127 °C (green dashed line)
and (b) the rate of change in the height of those crystals at 130 °C..........................
A sequence of AFM phase images showing the subsequent crystallization of the
PE at 129 °C. The green arrow points to a crystal that was melting and the
yellow arrow points to a crystal that was becoming zigzagged with time................
AFM phase images showing the aggregation of PE crystals into (a) one and (b)

tWO Zroups aS thEY GIEW ....coeiiiiiiiiieiiece ettt et siae e

XX1

146



6.20

6.21

6.22

6.23

6.24

6.25

6.26

6.27

A plot showing the width of the three crystal groups indicated by the ovals in
Figure 6.18 (h) as a function of timMe..........cccceeciiriiiiiienieeieeeee e
(a-b) AFM height images of PE crystallization at the initial and final stage,
respectively, corresponding to the phase images in Figure 6.18 and (a' —b ')
their cross-section Profiles. ......co.uiiiiiiieiiiieiecie et
(a) AFM height images from 3D images showing the height of the whole
crystals as a function of time. These images correspond to the images in Figure
6.18. (b) Plot showing the height of the PE crystals shown in Figure 6.17 as a
function of time at 131 °C (red dashed line) and at 130 °C (green dashed line),
and (c) plot showing the rate of change in the height of those crystals....................
Plots showing: (a) the depth of the gap between the crystal groups indicated in
Figure 6.22 (a) (the right hand side gab), and (b) the rate of change in the gap
depth as a function Of tIME..........cccueeiiiiiiiiiiiiie e,
A sequence of in situ AFM phase images showing the growth of PE induced
crystals at 132 °C. An example of crystals deforming is shown (highlighted
CTYSTALS ) ettt ettt et ettt et e et e e b e e et e et e enbe e beeenbeenbeeenaeennen,
A series of AFM phase images showing the interdigitating of two rows of
oriented PE crystals during isothermal crystallization at 133 °C. The images
show the grey crystal bending as the purple crystal grows towards it; the white
crystals merging into one when they meet; the blue crystal growing very slowly
until it has enough room, at which point it accelerates; the pink crystal
deforming as it grows; the yellow crystal inhibited by another crystal for a
while before changing direction to an area with more room to grow into, and
then increasing its growth rate sharply; the green crystal meeting the red crystal
for a short time before changing its direction of growth into an empty area and
accelerating; the red crystal then meeting the pink crystal and stopping growing
as there was not enough room to change direction.............ceceeveeriienieeiieeneenieenes,
FM phase images (a-f) and height images (d’ -f’ ) corresponding to (d-f)
showing; the melting of some crystals (indicated by arrows), and crystals being
forced apart as others grow between them (green highlighted crystals) during
the isothermal crystallization of PE film at 131 °C (scan size=1.8p, rate=3.03
Hz (512/256). Each image was acquired in 84 s. Induced at 133 °C..........c.cc..ee.

A plot showing the average growth rate of PE crystals as a function of time at

xxil

152



6.28

6.29

6.30

6.31

6.32

6.33

6.34

6.35

6.36

6.37

6.38

6.39

6.40

AFM phase images of (a) the crystals induced by the AFM tip and (b) ex situ
image showing the formation of zigzag crystals (indicated by arrows) after
isothermal crystallization of PE at 131 °C (without imaging by AFM)..................
FM images showing (a) the PE crystals induced by the AFM tip and (b) ex situ
image showing the relative clumping of crystals into two groups after
isothermal crystallization of PE (without imaging by AFM) ........cccccceeeiiiiiinienen,
AFM (a-f) phase and (¢’ -f' ) height images (corresponding to images (c-f),
respectively) showing the crystallization of PE at 131-130 °C. Crystals labelled
as “17-“5” (yellow highlighted crystals) change their direction as they grow,
nine crystals (1-9) have been highlighted to aid the reader to follow their growth
DERAVIOUL ...ttt
An AFM phase image showing the similarity in morphology of the two induced
rows of crystals: one on the left (small row) that was scanned in situ during its
growth and the other on the right (large row) that was just induced with the tip
and then grew Without SCANNING .........ccccviiiiiiiiiiiieieeie e,
A series of AFM phase images showing the movement of some crystals as they
grow in the case of low density nucleation at 133 °C........ccccceeviiiiniiiiniiniiienens
An AFM phase image showing a single crystal of PE induced at 133 °C.................
A series of AFM phase images showing the growth of a single crystal of PE.........
A series of AFM phase images showing the growth of a single crystal of PE at

AFM phase images (a-b) the induced crystal and its initial growth and (c) after
withdrawing the tip and then reimaging the same area by AFM........cccccoceevienenneen,
A series of AFM phase images showing the growth of a single crystal of PE at
132 °C. (a-b) the initial images were taken with a normal scan direction (scan
angle=0°) and (1) the final image was also taken at 0°, while (c-k) were taken
with a vertical scan direction (scan angle=90°) ...........ccceeevvirrieriiienieniieie e
A series of AFM phase images showing the growth of a single crystal of PE at
130 °C aNnd 132 PC ..ottt
A series of AFM phase images showing the growth of a single crystal of PE at
130 °C aNd 133 PC ..t
A series of AFM phase images showing the growth of a single crystal of PE at

Xxiii



6.41

6.42

6.43

6.44

6.45

6.46

6.47

6.48

6.49

133 °C, 131 °C and 130 PC ..ottt 174
Plots showing (a) the angle of the single crystal of PE relative to the scan
direction and its length as a function of time (b) the angle of the crystal as a
function of its length. The measurements were taken from Figure 6.34 .................. 175
Plots showing (a) the angle of the single crystal of PE relative to the scan
direction and its length as a function of time at 130 °C and (b) the angle of the

crystal as a function of its length. The measurements were taken from Figure

Plots showing (a) the angle of the single crystal of PE relative to the scan
direction and its length as a function of time at 132 °C and (b) the angle of the

crystal as a function of its length. The measurements were taken from Figure

Plots showing (a) the angle of the single crystal of PE relative to the scan
direction and its length as a function of time at 130 °C and 132 °C and (b) the
angle of the crystal as a function of its length. The measurements were taken
frOM FIGUIE 6.3 ..ottt ettt ettt eae e e eae e, 176
Plots showing (a) the angle of the single crystal of PE relative to the scan
direction and its length as a function of time at 130 °C and (b) the angle of the

crystal as a function of its length. The measurements were taken from Figure

Plots showing (a) the angle of the single crystal of PE relative to the scan
direction and its length as a function of time at 130 °C, 131 °C and 133 °C and
(b) the angle of the crystal as a function of its length. The measurements were
taken from FIUIe 6.40.........ccooiiiiiiiieeie et et 177
Plots showing (a) the angle of the single crystal of PE relative to the scan
direction and its length as a function of time at 132 °C and (b) the angle of the
crystal as a function of its length. The measurements were taken from data not
PIESENLEA NETE. ..eoouiiiiiieiiieie ettt et 178
A plot showing the growth rate of the single crystal and the rate of change in its
angle (amount of movement) as a function of time. The measurements were
taken from FIUIE 6.34........oooiiiiiiie ettt e 178
A graph showing the average growth rates of a number of single crystals as a

fUNCHION Of tEMPETATUTE.....eeuiieiiiiiieeiieeiie ettt ettt et eae et eseae e, 179

XXiv



7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

7.9

7.10

(a) Schematic diagram showing the experimental setup to enable the shear
induced crystallization by means of the AFM tip, (b) optical image showing the
oriented crystals at the edge of the scratched line and spherulites in the rest of
the film where no shear was applied, (c) AFM phase image of the scratched
film, and (d) magnified view of (¢) showing the resulting oriented PE crystals. ..... 185
An AFM phase image showing the PE crystallization induced by the AFM tip at

AFM phase images showing the growth of oriented crystals of PE at 130 °C.
Some crystals are highlighted to aid the reader to follow the growth of those
crystals. The blue arrow indicates the shearing area and its direction. The red
lines and dashed lines indicate the distance separation between the two blue
crystals and between the two green crystals, respectively. The black-to-white
SCALE 18 22% ..ttt 187
AFM phase images showing the movement and bending of some crystals due to
the growth of others during isothermal crystallization at 129 °C. The red dashed
arrows indicate the distance separation between the two green crystals and the
blue arrows point out to the area where a crystal was bent by another crystal......... 188
AFM (a-h) phase and (d” , ¢’ , f and h’ ) height images showing the
melting of some crystals during the crystallization of the oriented crystals,
induced by AFM tip at 129-125 OC......ouvvuiveeeeeeeeeeeeeeeeeeeeeeeeeee oo es o] 189
series of AFM phase images showing the transition of orientation of PE crystals
from being edge-on to flat-on as they grow further from the scratch line (at
L24 PC) et et 191
AFM phase sequences (a-b) and (a'-b') their corresponding height images
showing the later stage of crystallization of PE crystals induced by shearing. (c)
3D image of (a’). These images are a zoomed view of the area that was being
SCANNEd 1N FIGUIE 7.6 ...eoeiiiiiiieiiiie ettt ettt et e e e, 192
Graph showing the crystal growth lengths of a selection of nine crystals as a
function of time at 125 OC.......cciiiiiiiiiiiiceeee e, 194
Graph showing the crystal growth lengths of a selection of nine crystals as a
function of time at 126 C.......ccocciiiiiiiiiiiiceeee e, 194
Graph showing the crystal growth lengths of a selection of nine crystals as a

function of tiIMe at 127 CC...ooiiiiiiiiii 195

XXV



7.11

7.12

7.13

7.14

7.15

7.16

7.17

Graph showing the crystal growth lengths of a selection of nine crystals as a
function of time at 128 OC.......ccoiiiiiiiiiiiceeeeeee e,

Graph showing the average length of PE crystals at 125-128 °C as a function of

Graph showing the average growth rates of a number of individual crystals as a
fUNCHION Of tEMPETATULE.....eccuiieiiiiiieeiieeiie ettt ettt et eae et e e eneee.
(a) Histogram of lamellar growth rates measured between consecutive AFM
images for PE at an isothermal crystallization temperature of 125 °C. A total of
236 measurements are included in the histogram where the bin size of the
displayed distribution is 0.1 nm/s. (b) A graph representing the growth rate
variations of six individual crystals as a function of time at this temperature.
The measurements were taken from Figure 7.8.........ccccoeviieiiiniiiiieniiciieieeeeen,
(a) Histogram of lamellar growth rates measured between consecutive AFM
images for PE at an isothermal crystallization temperature of 126 °C. A total of
102 measurements are included in the histogram where the bin size of the
displayed distribution is 0.1 nm/s (b) A graph representing the growth rate
variations of six individual crystals as a function of time at this temperature.
The measurements were taken from Figure 7.9........ccccooviiiiiiniiiiiinicieeeeees,
(a) Histogram of lamellar growth rates measured between consecutive AFM
images for PE at an isothermal crystallization temperature of 127 °C. A total of
77 measurements are included in the histogram where the bin size of the
displayed distribution is 0.03 nm/s. (b) A graph representing the growth rate
variations of ten individual crystals as a function of time at this temperature.
The measurements were taken from Figure 7.10.........ccoooiieiieniiiiiiiniiiiieieeieeen,
(a) Histogram of lamellar growth rates measured between consecutive AFM
images for PE at an isothermal crystallization temperature of 128 °C. A total of
128 measurements are included in the histogram where the bin size of the
displayed distribution is 0.02 nm/s. (b) A graph representing the growth rate
variations of three individual crystals as a function of time at this

temperature. The measurements were taken from Figure 7.11 .......cccooevieninenn,

XXVi

198

198



2.1

3.1

32

33

4.1
5.1

52

7.1

List of Tables

A summary of the different possible morphologies of diblock copolymers with
one crystallizable block, with the morphologies depending on the relationship

of segregation strength and the three important temperatures (Topr ,Tc, and Ty)....

The temperature protocol of the DSC measurement.............cceeeereieeneeeieeniienneennen,
A table showing the geometrical parameter properties of the cantilevers used in
EhIS WOTK. ...ttt
A table showing the substances used in the calibration, their actual melting

points, Linkam displayed melting temperatures, and the difference between

E/MB Molecular Characterization Data [137]......cccccoovviieiiieiiiiieiiecieeeeeeeee e
The growth rates of a number of crystals growing parallel to the cylindrical
microdomains, and those growing perpendicular to them, at temperatures
ranging from 97 PC —100 OC ....c.iiiiiiieiii ettt et
The ratios and overall average growth rates of 35 crystals growing parallel to
the cylinder axis, and the growth rate perpendicular to the cylinder axis, at
temperatures 0f 97 °C —100 OC. ...cccuiiiiiiiieiieeie ettt
The overall average growth rates of a number of PE oriented crystals growing at

temperatures 0f 125—128 PC ....c.oiiiiiiiiiiieieee et

XXvil

119



Part 1

Introduction and Background



Chapter 1

Overview

Since they were first synthesized, polymers have become essential materials in many
fields, including the medical, industrial, environmental and defence fields. Owing to
their importance in everyday life, understanding the mechanical, physical and chemical

properties of polymers has become a new subcategory in science: polymer science.

Materials can generally form either crystalline or amorphous structures; however,
polymers exhibit a dual-phase existence. Often, both crystalline and amorphous phases
coexist within the same polymer structure, in that crystallites are dispersed within an
amorphous matrix. The mechanical and physical properties of these polymers are
strongly influenced by the structure (size and shape) of the crystalline phase. A better
understanding of polymer crystallization can therefore help scientists to control and
improve the desired properties of these polymers, helping to improve existing materials

and even find new applications.

In 1957 it was discovered that the long chains of polymers can fold back and forth to
form single crystals whose thickness is substantially less than the extended polymer
chain from which they are made [1] (unlike crystallization of a small molecule). Since
this discovery, numerous studies have been performed to investigate various aspects of
crystallization, such as crystallization under quiescent conditions, crystallization under
flow conditions and crystallization under confinement. Many questions remain
unanswered, however, and the current understanding of polymer crystallization is
incomplete since certain phenomena are not fully accounted for in the current
theoretical accounts of polymer crystallization. Gaining new insights into crystallization

is essential in order to understand completely the mechanisms that determine
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crystallization. A better understanding of these processes is significant for improving

existing materials and even fabricating novel materials with known properties.

The crystallization process involves the rearrangement of polymer molecules but the
final morphologies of the resulting polymer crystals depend on the processing
conditions. For example, crystallization under quiescent conditions leads to the
formation of spherulites (spheroidal crystals), while crystallization under flow
conditions leads to so-called shish kebab crystals (crystals in the shape of a central
spine with protrusions). Even though these shish kebab and spherulite outcomes are
well known, along with the fact that they are composed of lamellar structures of ordered
polymer chains, the exact details of the process leading to these structures are not fully
understood. Thus, a detailed understanding of polymer crystallization requires in situ
observations of the crystallization process itself, as the manner in which the molecules

arrive in their final crystalline positions is important.

In order to understand the details at the required level, more sophisticated techniques
are required to characterize the molecular rearrangement process at the molecular and
atomic levels. There is, therefore, a need to employ advanced surface characterization

techniques that offer very high resolution at the atomic level.

Among these techniques, scanning tunnelling microscopy (STM) has had a great impact
on the study of the atomic/molecular details of polymer structures. STM has only
limited uses: it is only appropriate for good electrical conductor or semiconductor
materials because of the way the technique works (i.e. the tip—sample interaction). On
the other hand, ex situ techniques such as transmission electron microscopy (TEM) can
sometimes give misleading information when it is important to watch the crystallization
process as it occurs. The development of atomic force microscopy (AFM) by Binning,
Quate and Gerber [2], however, has enabled researchers to study the atomic-level
features of polymer crystallization without the weaknesses of the instruments described

above.

Since it became commercially available in 1989, AFM has become one of the most
widely used tools for imaging and measuring the nano-level features of matter, owing
to its capability to reveal structural details with superior spatial resolution. Imaging with

AFM can be performed in either liquid or gas media, as well as in a vacuum. AFM has
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been successfully employed to study a range of polymeric materials, such as
homopolymers [3-5], block copolymers [6], polymer composites, blends [7],
biopolymers and thin-film polymers [8, 9] The information revealed in these studies
includes local structures and compositions, as well as mechanical properties. AFM also
allows dynamic processes, such as crystallization, to be observed in situ, in real time,
with real space information on submicron length scales without significantly damaging
the sample, all of which are essential for a detailed understanding of polymer
crystallization. /n situ AFM direct observations of polymer crystallization at a relatively
small scale, where individual lamellae can be monitored, represents a promising method
to examine the details of the growth of polymeric materials. This in turn could make a
significant contribution and improvement to knowledge in the field of polymer

crystallization. Thus, in situ AFM observations are employed throughout this work.

The particular type of crystallization that will be examined in the thesis is confinement
crystallization. This is where polymers crystallize under nanoscale confinement. One
reason for exploring confinement effects is that confined systems are becoming
increasingly widespread, as devices and materials are constrained due to
miniaturization. Second, the fundamental understanding obtained from studies of

confinement effects can extend our understanding of crystallization.

Block copolymers are a class of polymers consisting two (called diblock copolymers)
or more different species of monomers that are covalently connected together. These
blocks assemble themselves into a variety of ordered nano-structures, due to
thermodynamic incompatibility between them. The blocks can be crystallizable or
amorphous. Semicrystalline block copolymers contain at least one crystallizable
block, which also called crystalline—amorphous diblock copolymer [10], is one of the
most convenient and common methods used to achieve confinement at the nanoscale,
due to their self-assembled microdomains. Besides their importance as a confinement
system in polymer crystallization, controlling the orientation of these microdomains
within a specific localized region is essential for the development of novel nanometre
structures and in various applications [11], such as data storage, lithography, computer

memory, and nanometre-scale templating [12].
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Scope and Objectives of the Thesis

The work presented in this PhD thesis, therefore, studies the crystallization of
polyethylene (PE) and PE containing block copolymer in real time, in sifu as a function
of temperature. This study aimed to follow the growth of crystals at different
temperatures in order to investigate the evolution of the morphology and crystallization
behaviour at surfaces by AFM. Two types of polymer were used in this study: PE and
block copolymer (see Section 2.5. for an explanation of block copolymers) which was
hydrogenated poly (1,4-butadiene)-b-(3,4-isoprene) (E/MB). The objectives of this

study were to:

e Control the orientation of microdomains in block copolymer (E/MB) locally by

the AFM tip.

e Study the effect of temperature on the degree of confinement of the formation

crystals in these oriented microdomains.

e Examine the subsequent crystallization behaviour in sifu and ex situ in pre-

oriented microdomains as a function of temperature.
e Induce and control oriented PE crystals using the AFM tip.

e Investigate the behaviour of the subsequent growth of PE induced by AFM tip

in situ, in real time.

e Study the growth rates and the distribution of individual PE crystals in detail

under isothermal conditions at different temperatures.

Outline of the Thesis

This thesis is composed of eight themed chapters. This Chapter 1 has given an overview
of the research area. Chapter 2 provides an introduction to polymers in general, their
crystallization and an overview of the relevant polymer crystallization theories, and is
divided into six sections. The first and second parts deal with polymers in general and
their classification and properties, respectively. The third part is about polymer

crystallization processes in general, including nucleation and growth. The fourth section
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is about crystalline morphologies of polymers and the influence of the process
conditions on these morphologies. The fifth part offers an overview of copolymers,
particularly block copolymers, their phase separation and their crystallization. The last
section presents the use of AFM in manipulating, controlling and mapping the polymer
crystallization. Chapter 3 is concerned with the methodology used for this work
including the main methods used for preparing samples, and the experimental
techniques that were utilized, with a particular focus on AFM, which was the main
technique used in this work due to its ability to follow the crystallization in situ and
calibration that was produced for temperature control in this PhD work. Chapters 4, 5,
6 and 7 present and analyse the results and main findings of this research. While
Chapter 4 and Chapter 5 cover the experimental results obtained on E/MB regarding
controlling the orientation of microdomains and the subsequent crystallization in these
pre-oriented microdomains, respectively, Chapter 6 and Chapter 7 contain the
experimental results obtained for PE and the in situ observations of the behaviour of PE
crystals induced by the AFM tip and individual crystals’ growth rates as a function of
time and temperature. Finally, Chapter 8 provides a brief summary of the study as a

whole and some recommendations for further research work.
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Background Theory to Polymers and Their
Crystallization

2.1. Introduction

Polymers are essential materials that play a crucial and ubiquitous role in everyday life.
Polymers can be natural or synthesized: protein, DNA and cellulose are all examples of
polymers in nature, while polyethylene (PE) is an example of a synthesized polymer.
The term ‘polymer’ derives from the Greek “poly”, meaning many, and “meros”,
meaning part; thus polymer means many parts. Polymers are also called
macromolecules and can be defined as a very long chain made up of repeating units
called monomers that are linked together by covalent bonding. The longest chain of
linked monomers is called the backbone chain, while the smaller chains that are
normally attached to the sides of this backbone are called the side or functional groups,
which can be made up of any type of atom. Most polymers are organic in origin and
many organic polymers are hydrocarbons (i.e. made up of carbon and hydrogen atoms)
in which the main backbone chains are carbon atoms and the side groups are hydrogen,
or/and any other types of atoms such as oxygen or nitrogen. The process used to
produce polymers is called polymerization and the degree of the polymerization (N) is

determined by the number of monomer units bound into the polymer chain.
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Figure 2.1 shows two examples, where ethylene and propylene have been polymerized

to produce polyethylene and polypropylene, respectively.

H H
H H Polymerization | |
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Ethylene Polyethylene
H3
H
b AN c— C/ CH, Polymerization c S C
(b) y, N
H H
Propylene Polypropylene

Figure 2.1: Representation of (a) ethylene and (b) propylene and their polymerization products
polyethylene and polypropylene, respectively.

The remainder of this chapter explores: 1) some classifications of polymers and their
properties, 2) the crystallization process, including nucleation and growth, 3) the
crystalline morphology which are lamellae, spherulite and shish kebab, with an
overview of the classical theoretical models for the crystallization processes of
polymers, 4) AFM studies of polymer crystallization and their contribution to
increasing knowledge about polymer crystallization, 5) copolymers, block copolymers,

and their phase separation and crystallization.

2.2. Polymer Classification and Properties

Polymers can usually be classified into different groups depending on many factors,

such as their: chemical structure, polymeric structure, arrangement of monomers,
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tacticity, thermal behaviour and crystallinity (see Figure 2.2). These factors determine

the properties of polymers, as will be discussed below.

Classification of polymers based on:

[ | | | |
Thermal Monomer el

behaviour composition

Microstructure Tacticity

Liinearr Isotactic Thermoplastic | Homopolymer | Amorphous |

_I e el | _I Syndioatactic | Thermosets | Copolymer | Semicrystalline|

Figure 2.2: A diagram showing some of common classification of polymers based on their
structure, tacticity, thermal behaviour and chemical structure.

a) Polymer Structure (Microstructure)

Polymer structure is an important determinant of the properties of polymeric materials.
Structures include (a), linear polymers, which consist of long and straight chains (no
branches) as shown in Figure 2.3 (a). High density polyethylene (HDPE) is a good
example of this type of polymer. (b) Branched polymers, which have side-branch
chains attached to the main chain, as presented in Figure 2.3 (b). An example of this
type is low density polyethylene (LDPE). Finally (c), crosslinked polymers, in which
there are interconnections between polymer chains, as indicated in Figure 2.3 (c).
Polyacrylamide gel is an example of this type. The microstructure affects the physical
properties of the polymer; for example, linear polymers are soft, melt easily and can be
dissolved in certain solvents, whereas crosslinked polymers are hard and do not melt or
dissolve in solvents easily due to their strong bonds between chains. The physical
properties of branched polymers, meanwhile, fluctuate between those of linear and

crosslinked polymers.
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(2) (b)

Direction of increasing strength of amorphous polymer

Figure 2.3: A schematic representation of: (a) linear, (b) branched and (c) crosslinked polymer
structures.

b) Polymer Tacticity

The tacticity of polymers, also known as their stereochemistry, refers to the three-
dimensional arrangement of the side groups or functional groups (substituents) on the
main polymer backbone. Based on the arrangement of these side groups, polymers can
be classified into three different types: isotactic polymers, where the side groups are
regularly arranged along the polymer backbone, syndiotactic polymers, where the side
groups are alternatively arranged on the sides, and atactic polymers where the side

groups are arranged randomly along the polymer backbone [13] (Figure 2.4).

In PE, for example (Figure 2.1 (a)), the side groups are all the same (hydrogen atoms).
This means that there is no stereochemistry in this case, since there is only one possible
manner in which these side groups can be arranged along the backbone of the polymer.
In PP (Figure 2.1 (b)), however, there are two different side groups: hydrogen and CHj3
groups. This mean that polypropylene has stereochemistry and there are three different
possible ways in which these side groups can arrange themselves along the backbone

chain, as can be seen in Figure 2.4.

The properties of polymers are related to their stereochemistry. For instance, isotactic
and syndiotactic polymers can be crystalline due to their regular structure, whereas
atactic polymer cannot be crystallized (amorphous) as it is hard for their non-regular

structure to be arranged into crystals.

10
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Figure 2.4: Tacticity or stereochemistry of polypropylene: isotactic, syndiotactic and atactic
where the side groups are, respectively, regularly, alternately, and randomly arranged along the
side of the polymer backbone.

¢) Thermal Behaviour

In addition to stereochemistry, the properties of polymers can be classified based on
their thermal behaviour or response to heat. Polymers that can be melted, moulded or
extruded into various shapes are called thermoplastic [13], which in turn can be split
into two types: semi-crystalline and amorphous polymers. On the other hand, polymers
that cannot be reheated and used (i.e. that do not melt but degrade on heating) are called
thermosets. Examples of thermoplastic and thermoset polymers are linear or some
crosslinked polymers (e.g. PE), and massively crosslinked polymers (e.g.

polyurethane).

The samples used in this study are thermoplastic semi-crystalline polymers.

11
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d) Crystallinity

Crystallinity defines the degree of order in a polymer, and strongly influences its
properties. The more crystalline a polymer, the more regularly aligned are its chains.
Increasing the degree of crystallinity increases the hardness and density of the material.
In term of crystallinity, polymers can be either amorphous (no crystallinity) or
semicrystalline [14] (i.e. containing both amorphous and crystalline regions). Thus,
there is no polymer with 100 % crystallinity. In the amorphous polymers the chains are
randomly coiled and entangled in a very random structure while in the semicrystalline

polymers the chain are aligned in a highly ordered structure (Figure 2.5).

Crystalline region

Amorphous Semicrystalline

Figure 2.5: Schematic representation of amorphous and semicrystalline polymer.

There are two important temperatures affecting the amorphous and crystalline regions
and in turn the properties of polymer. These temperatures are known as the “melting
temperature” (Tn) and the “glass transition temperature” (T,), as can be seen in

Figure 2.6.

The properties of these two types of polymer are affected by their temperature. The
crystalline regions lose their ordered structure and become disordered melt (i.e. they
melt) at a temperature termed the “melting temperature” (Ty,) — this is a property only
of the crystalline regions. The amorphous polymers, meanwhile, can be either rubbery
(soft and flexible) or glassy (hard, rigid and brittle) depending on the temperature. The

point at which they transition from a rubbery to a glassy state is called the glass

12
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transition and the temperature is known as “glass transition temperature” (T,) [15, 16].
Above T, the amorphous region is rubbery (i.e. the polymer is in a rubbery state, as it
becomes soft and flexible due to mobility of chains) while below T, the amorphous
region is glassy (i.e. the polymer is in a glassy state, since the polymer become brittle,
rigid and hard like glass due to the decrease in the motion of chains). T, is a property

only of amorphous regions.

Soft Melt

Hard/ brittle

Crystalline

Property

Amorphous

Glassy state Rubbery state Melt state

(5]
LD et
g

Temperature

Figure 2.6: Diagram showing the properties of polymers depending on the T, and T,

e) Monomer Composition

Monomer composition or chemical structure refers to the compositions within the
polymer. When the polymer consists of one type of repeating unit it is called a
homopolymer, whereas when the polymer consists of more than one type of repeating
unit it is called a copolymer (Figure 2.2). Copolymers and their phase separation will be

discussed in more detail in Section 2.5.

13
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2.3. Crystallization

2.3.1. General Crystallization Thermodynamics

Crystallization is a transformation from the liquid or melt phase to the crystalline phase
(solid). Usually, polymer crystallization occurs in the temperature range between Tp
and T,, where the chains are sufficiently mobile and thus have the ability to organize
themselves into the crystalline domain. Below T,, the chains are frozen, while above Ty,
they are highly mobile (as mentioned above), although if the polymer is kept at this
high temperature for a long time, it may be subject to degradation. In thermodynamic
terms, a crystal will grow if the free energy of the crystalline phase is less than that
needed for the formation of the liquid or melt phase at a given temperature. Thus, one
condition necessary for the formation of a crystalline phase is a negative value for the

change in Gibbs free energy (AG) upon crystallization (Figure 2.7).

Solid (crystalline) state

Gibbs free energy (G)

1 1 Liquid (melt) state

Temperature (T)

Figure 2.7: Graph showing the Gibbs free energy as temperature is varied for liquid and solid
states demonstrating the stability of the solid at temperatures below and above Ty,

The Gibbs free energy (G) is given by equation (2.1):
G=H-TS (2.1)

where H is the enthalpy, T is the temperature and S is the entropy.

14
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Hence a change in the Gibbs free energy (AG) is given by equation (2.2).

AG = AH — TAS (2.2)

where AH and AS are the change of the enthalpy and entropy during the transition,

respectively.

At temperatures higher than the equilibrium melting point (Tn) melting will occur
spontaneously, while below this temperature (known as supercooling ( AT ))

crystallization will occur spontaneously.

AT, which is the difference between the melting point and crystallization temperature
(AT = Tm — To), is an essential factor that directly affects the crystal morphology and in
turn the properties of the crystal. At low supercooling, the driving force for
crystallization is low therefore the growth rate is slow. At higher supercooling, the

growth rate increases since the driving force for crystallization increases.

2.3.2. Crystallization in Polymers

Crystallization in general, regardless of the class of material, proceeds through the
stages of nucleation and growth. The crystallization process in polymers, however, can
be further divided into three basic steps: (1) primary nucleation, (2) secondary
nucleation or growth (primary -crystallization), and (3) perfection or secondary
crystallization (Figure 2.8). Primary nucleation is the initial step of crystallization, and
can be homogeneous or heterogeneous. If impurities or nucleating agents are not
present, it is necessary for homogeneous nucleation to occur first so that a crystal can
grow; otherwise, heterogeneous nucleation occurs. After the formation of crystal nuclei,
the secondary nucleation takes place, where further polymer chains diffuse to the
growth front and undergo further crystallization [17]. This will be discussed in more

detail below.
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Homogeneous
Primary Nucleation
Heterogeneous
Crystallization ' Secondary Nucleation &
Process Growth
Secondary
Crystallization

Figure 2.8: Outline of the crystallization process of polymers

In the following sections, the crystallization process is spilt into two sections:
nucleation and crystal growth; the main theories related to each will be presented and

discussed below.

2.3.2.1. Nucleation
Nucleation is the initial step of the crystallization process, whereby an ‘embryo’ (a

nucleus) is formed.

Figure 2.9 shows the formation of nuclei in both (a) a small molecule system and (b) a
polymer system [18]. The main difference between these two systems is that, in the
case of a polymer, a single molecule can participate in several nuclei at once. This has
the effect of producing less perfect crystals with the more disordered amorphous

regions observed in polymer crystals.

The nucleation process can be spilt into two key classes: primary nucleation (which in
turn can be divided into homogeneous and heterogonous nucleation) [19] and secondary
nucleation (as previously mentioned). Heterogeneous nucleation occurs more often than

homogeneous nucleation in polymer systems and has a lower free energy barrier. It

16
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starts at nucleation sites on surfaces such as foreign bodies. In homogeneous nucleation,

the polymer molecules aggregate spontaneously and randomly, due to local
fluctuations, to form a nucleus [20].

(@
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Figure 2.9: Schematic illustration of homogeneous primary crystal nucleation in (a) a small
molecule system and (b) a polymer system. Each blue ball represents a single monomer.

(b)

The size of the critical nucleus can be estimated using the classical theories of
nucleation in small molecule systems. This is done by balancing the increase in free
energy due to the creation of a crystal-liquid interface against the reduction in energy
due to the solid crystal being more stable than the supercooled melt. This is given by

equation (2.3) below, where the nucleus is expected to be spherical.

17
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4
AG = §nr3AG,, + 4nrio (2.3)

where AG is the change in free energy, r is the radius of the nucleus, AG, is the
difference in free energy between the solid crystal and melt phases per unit volume, o
is the surface free energy of the interface between the nucleus and the melt. In the case
of the formation of crystal, the first term is always negative while the second term is

always positive.

For AG vs r, this function goes through a maximum at the critical nucleus size, showing
that there is a free energy barrier to nucleation, as shown in Figure 2.10, where r* and
AG™ are the critical radius of the nucleus and the energy barrier for nucleation,
respectively. This free energy barrier must be overcome in order to initiate crystal
nucleation, and this can be achieved by creating a nucleus at or above the critical size.
Below the critical radius no stable nuclei can be formed, only unstable ones that form
and then melt or dissolve; above this point, however, stable nuclei can form. Thereafter,
the free energy is always further reduced by increasing the size of the nucleus more,

which enables the nucleus to grow spontaneously and become a crystal [21].

18
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Figure 2.10: A schematic plot of total free energy (red curve) as a function of the radius of the
nucleus (r), on which is shown the critical radius of nucleus r” and the energy barrier for
nucleation AG*. The contributions of surface free energy and volume free energy are
represented by the green and blue curves, respectively. Image inspired from references [22—-24].

The above equation (2.3) cannot be applied directly for polymer systems, however,
since the nucleus of a polymer is not spherical as assumed in the classical theory for the
small molecules. The equation has been modified, therefore, to take into account the
special features of polymer crystals. These features include the shape of the polymer
nucleus, which tends to be more like a cube than spherical [20, 25], the fact that a single
polymer will form multiple unit cells of the crystal rather than a single unit cell,
together with the fact that, in polymer crystals, the side surfaces and the fold surface
have different free energies associated with them. For this reason, these terms have to

be expressed separately as in equation (2.4) below:

AG = —vpla,b,AG, + 2vua,b,0, + 20l(ub, + va,) (2.4)
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where v and p are the number of polymer stems in the width and breadth, respectively;
[ is the thickness of the crystal; a, and b, are the cross-sectional dimensions of a stem;

and o, and o are the fold and side surface free energies of the crystal, respectively.

2.3.2.2.  Growth

Growth or “secondary nucleation” is the second stage of the crystallization process. It
occurs after the formation of the primary nucleus, where the nuclei grow from the
microscopic scale into macroscopic crystals. The nucleus develops into a lamella and
then the lamella branches and splays to create spherulite growth. The theoretical
understanding of polymer crystal growth is incomplete, however, since no single theory
can account for the wide range of different polymer crystal morphologies that are
observed. At a microscopic level, however, a number of theories exist that provide
insight into how individual molecules attach to the growth front, and these can, in a
certain number of systems, account well for the observed crystallization habits. These
systems are typically idealized and chemically simple PE systems [26], but in more
chemically complex polymer systems the theories fail, indicating the need for more
mesoscopic or macroscopic theories of spherulite formation to account for the wide

range of observed polymer crystal morphologies.

Some selected studies that involve these two major events (nucleation and growth), will

be presented and discussed later in Section 2.6, with an emphasis on AFM studies.

2.3.3. Secondary Nucleation Theory

In the 1960’s, secondary nucleation theory, which is also known as Hoffman—Lauritzen
theory (LH theory), was developed by Hoffman and Lauritzen [27, 28]. LH theory is
the most successful and widely accepted theory, and is a molecular scale theory based
on chain attachment during polymer crystallization, or secondary nucleation, to an
existing crystal growth face or “substrate”. Figure 2.11 shows a representation of
polymer crystal growth based on LH theory where, after the initial attachment of a stem
onto the substrate, further stem attachment occurs in the niches at either side of this

initial stem [18].
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~

Figure 2.11: A schematic diagram showing the basic model of LH theory, where: L is
the crystal thickness; L, is the substrate length; a and b are the stem dimension; g is the

substrate completion; G is the growth rate.

Generally speaking, the crystallization kinetics of polymers involve two essential
stages: nucleation and the diffusion of crystallizable chains to the crystal front. The
kinetic theories of crystallization from the melt generally lead to predictions of the
temperature dependence of the transport of the crystallizing segments and the

nucleation rate of the crystal [29].

The LH equation is given by equation (2.5), which describes the dependence of the

linear growth rate on the temperature:

¢ = Gocw [_ ﬁ] P [_ TC(IZQT) f] (2.5)

21



Chapter 2: Background Theory to Polymers and Their Crystallization

where G is the growth rate, G, is the growth rate constant, R is the gas constant, T is

the crystallization temperature, T,= T, - 30 (K), AT is the supercooling, equal to T;,, —

T., f is a factor given by , U™ is the activation energy for polymer diffusion (the

Tc+Tm
transport of chain segments to the crystallization site), and K is the nucleation rate

constant which is given by:

mb,00,T,, (2.6)
K, = —>—="
Ahskp

where b, is the layer thickness (width of chain), ¢ and o, are the layer and fold
surfaces’ free energy, Ah; is the heat of fusion per unit volume, kpis the Boltzman

constant, and the value of m depends on the crystallization regime.

According to LH theory, the crystallization range of a polymer is divided into three
different regimes (I, II and III), which depend on the rates of two key processes:
secondary nucleation (i) and lateral spreading, or substrate completion (g). Figure 2.12
(a) schematically illustrates crystal growth onto a substrate for these three different
regimes: (1) the initial step, which is formation of a nucleus, (2-4) the three regimes,

along with a diagram for the crystal growth rate with temperature in Figure 2.12 (b).

These three regimes are summarized as below:

» Regime I: At high crystallization temperatures (low AT)

= Low nucleation rate (sites or events)

= Substrate completion rate >> secondary nucleation rate (g>>1)

= Once a single nucleus forms, subsequent lateral growth will quickly overspread a
layer, before the formation of another nucleus. Thus, the nucleation rate controls the
crystal growth rate.

* The secondary nucleation rate dominates the overall crystal growth rate.
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G, o< i (2.7)

» Regime II: At lower crystallization temperatures (medium AT)

= There is competition between the nucleation rate and substrate completion rate (they
are comparable) (g = 1).

= Both the secondary nucleation rate and substrate completion rate are important to

the overall crystal growth rate.

G,y o (2ig) /2 o< i'/2 (2.8)

»> Regime III: At even lower crystallization temperatures (very high AT)
= The nucleation rate is much higher than the substrate completion (g<<i)
= Nucleation is the dominant process.

= The growth rate follows the same relationship as in regime 1.

G i (2.9)

These three regimes have been experimentally observed for a large number of
polymers. Depending on the crystallization conditions, such as molecular weight and
atmospheric pressure, most polymers exhibit different regime behaviours. For instance
the crystallization behaviour of PE shows Regime I and Regime II [30] while
polypropylene shows Regime II and Regime III [31].
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Figure 2.12: (a) Diagram showing the LH model. The grey blocks indicate the secondary
crystal nucleation while the pink blocks indicate the substrate completion into the resultant
niches in the different regimes of growth. i represents the stem nucleation rate while g
represents the substrate completion rate. (b) Schematic representation of the temperature
dependence of the crystal growth rate for the three regimes in LH theory [26].

2.4. Crystalline Morphology and Theories

The morphologies of polymer crystals and their evolution provide important
information on the crystallization mechanisms as well as on the relationship between
the crystalline states and their performances. Crystallization in polymers can be divided
into three kinds: crystallization under quiescence, crystallization under flow and
crystallization during polymerization. The final morphology of polymer crystals varies
for each type, depending on the processing conditions. For example, crystallization
from a quiescent diluted solution leads to the formation of a single crystal, while
crystallization under flow leads to shish kebab crystals, as will be shown in more detail
below. Moreover, dependent on the conformation of the polymer chain, two types of
crystals can be formed; a random polymer chain will lead to lamellar chain folded
crystals that finally form spherulite structures, and this occurs if polymers crystallize in

a quiescent state (i.e. in the absence of flow or stress) [32], while a fully extended chain
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will lead to extended chain crystals, finally resulting in shish-kebab structures, and this
occurs if the polymer crystallizes under a strong enough flow or shear [32], otherwise
(i.e. under a relatively weak flow) only oriented crystals will be formed (not a shish-

kebab structure) (see Figure 2.13).

The three main crystalline morphologies, which are single crystal, spherulite and shish

kebab, are described and discussed below with their relevant proposed models.

(a) (b) (c)

(d) (e) (H)

Figure 2.13: Typical morphologies of flow-induced crystallization with (a) no flow, (b) weak
flow, and (c) strong flow. The difference in crystallite structures is illustrated by (d—f). Image
adapted with permission of [24]. Copyright (2016) American Chemical Society.

2.4.1. Single Lamellar Crystals

A single crystal can form when a polymer crystallizes from a diluted solution or melt.
Many studies have been performed to study single crystal polymers, leading to the

discovery of a new feature of polymer crystallization and thus contributing to the
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increased knowledge of this complex process. In 1957, in three different studies of PE
by electron diffraction experiments, Keller [1], Till [33] and Fischer [34] found that,
upon crystallization from dilute PE solutions, the polymer chains fold back and forth
upon themselves to form platelet single crystals called lamellae (see Figure 2.14),
which is unique to polymers. This was in agreement with an earlier suggestion by
Storks [35], who observed that the chain was much longer than the lamellar thickness,
leading him to first propose a chain folded structure. The thickness of a typical lamella

is around 10 nm while its lateral dimensions are in the order of a few um.

After studying single crystals from dilute solutions [1, 33, 34], single crystals from melt
were also studied by Keller and Toda [36]. Only a few studies have been conducted on
single crystals from the melt, however, due to the difficulty of preparing single crystals

from the melt.
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Figure 2.14: A typical lamellae structure

Three basic models of a folded chain lamellar structure have been proposed:

1. Smooth chain-folded surface, adjacent re-entry chain-folded model. There is a
sharp phase boundary between the crystal and amorphous phase since the re-

entry of the chains is regular (Figure 2.15 (a)) [1, 37].

2. Rough chain-folded surface, since the re-entry of the chains is irregular

(Figure 2.15 (b)) [37].
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3. Switchboard, random re-entry folded model where the chains randomly fold

back into the same lamella or even participate in neighbouring lamellae
(Figure 2.15 (c)) [38].
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Figure 2.15: Folded-chain lamella models: (a) regular adjacent folds; (b) irregular adjacent
folds; and (c) nonadjacent switchboard [37].

There are two basic lamellar orientations at the surface of a polymer film: edge-on and
flat-on. Figure 2.16 shows a schematic illustration of these two possible orientations.
The orientation of lamellae has been found to be dependent on factors such as
crystallization temperature and film thickness. Flat-on lamellae tend to develop at low
crystallization temperatures while edge-on lamellae develop at high crystallization
temperatures. Additionally, flat-on lamellae are found more in ultrathin films while
edge-on lamellae are more common in thicker films [39], even at very high
crystallization temperatures. This is because flat-on lamellae take a long time to appear

at the surface, since they originate at the interface between the substrate and polymer
[40, 41].
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Figure 2.16: A schematic diagram showing the possible orientation of lamellae: (a) edge-on
and (b) flat-on.

2.4.2. Spherulite: (Crystallization under Quiescent Conditions)

Spherulites are symmetrical spherical crystal colonies and are common structures for
polymer crystallization from the melt, particularly when the polymer melt crystallizes
in a quiescent state, when no external forces are applied, such as flow or shear, as
mentioned above. An example of such a structure is shown in Figure 2.17. They
essentially consist of multiple lamellae, or single crystals, that grow from the nucleus
and then branch and splay, resulting in the formation of spherulites. The size (or radius)
of these structures increases linearly with time in most cases, until it stops growing as it

impinges upon neighbouring spherulites, and can be in the order of 0.5-100 pm [29].

Figure 2.17: AFM (a) height and (b) phase images of spherulite PHB/V.
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Based on the experimental results, there are two main categories of spherulite: category
one and category two [42—44]. Category one spherulites consist of lamellae growing
radially from some nucleation site, which occasionally branch in order to continue to
fill space as required for radial growth. Category two spherulites are a single lamella
which then grows and branches. As the category two spherulite grows, this branching of
the original lamella leads to the formation of a crystal sheaf with two “eyes” at either of
the lateral sides of the original lamellae. Eventually, after the formation of these “eyes”,
and further spherulite growth, category one and category two spherulites grow in a very
similar manner, with radial growth and branching to fill space effectively (see
Figure 2.18 (a)). Figure 2.18 (b) shows the development of a spherulite and its
molecular sub-structure. It gives a rough indication of how a single lamella branches

and how the separate branches then splay in three dimensions to form a spherulite.

The branching performed by the lamellae, which gives rise to the spherulite structure, is
thought to occur due to dislocations of crystals [45] or impurities, which allow a
deviation from the regular crystal structure [46]. No definitive answer as to how
branching, and hence space filling, occurs during spherulite growth has yet been

provided, however.
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Figure 2.18: Schematic diagram showing (a) the two different categories of spherulites and (b)
spherulite development stages that start from (1) a single lamella, (2) a hedrite, (3-4) a sheaf,
and (5) a fully developed spherulite. Image copied from references [42, 43, 47].

Furthermore, the morphology of spherulites depends on many parameters such as
lamellar twisting. Twisting is a relatively common feature amongst systems that form
fibril-like structures upon crystallization, and has been known about for a long time.
This feature was identified in 1929 by Bernauer [48], who recognized 135 organic
compounds which gave rise to twisted structures upon crystallization. Twisting is
displayed in many polymer systems, such as PE, Nylon and PET. Many mechanisms
for lamellar twist in polymer spherulites have been proposed. Some of the suggested

causes for lamellar twisting are listed below:

1. Surface stresses from crowded fold surfaces [28, 49].
2. Stresses on the lamellar edges from rejected impurities [50].
3. Unbalanced surface stresses deriving from chain tilting in lamellae (surface stresses

experienced by the lamellae) [51].
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4. Bending caused by the elastic bending of radially oriented lamellae (i.e. elastic
bending of lamellar crystals caused by the chain folding in opposite directions on

opposite faces of the lamellae) [52].

2.4.3. Fibre and Shish Kebab: (Crystallization under Flow)

The shish kebab structure was first observed by Pennings [53, 54] who worked on PE
fractionation solutions. The term “shish kebab” was coined by Keller [55]. Shish kebab
and fibre crystals form when polymer crystallizes under flow-induced conditions (when
flow is applied to the melt) in contrast to spherulites, which form in the absence of flow
(i.e. in a quiescent state). When flow or stress is applied to polymer melts or solutions,
the chains are aligned and stretched in the direction of the flow. These stretched chain
fibrils will be the central core, which is known as the “shish”; then folded chain
lamellae, which are called “kebabs” in this case, grow perpendicularly on the shish,

resulting in the final structure shown in Figure 2.19.

Stretching or orienting the polymer chains affects the manner of crystallization and the
resultant morphology. The crystallization behaviour therefore differs from that in
crystallization from a quiescent state. For example, the crystallization process under
flow conditions occurs at lower supercooling and the crystallization rate will be higher
than that in quiescent conditions due to the decrease in the entropy of fusion.
Moreover, since the formed morphologies are different, the properties of shish kebab

crystals will be different from those in spherulites.

According to Keller and Kolnaar [32], chain extension promotes crystallization for two
reasons. First, it increases the melting, and thus crystallization temperature, of the
material due to the lower entropy, and thus higher free energy, of an extended chain
compared to a random coil. Crystallization is enhanced, since the supercooling for any
temperature below the melting temperature is increased. Second, the extended chain is
closer to its final conformational state in a crystal and has, therefore, a lower kinetic

barrier to overcome than a chain in a random state.
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Figure 2.19: An AFM phase image showing the shish kebab structure that formed by shearing
PE film using a similar approach as in [4, 56].

2.5. Block Copolymer

2.5.1. Introduction to Block Copolymers

A copolymer is a type of polymer that is synthesized from two or more different species
of monomers that are covalently linked together, in contrast to a homopolymer where it
is made of only one type, as mentioned above. According to the arrangement of these
monomers along the chain, copolymers can be classified into different kinds including
random, alternating, graft and block copolymers (see Figure 2.20). Block copolymers
can in turn be split into different classes such as diblock (consisting of two blocks) and
triblock (consisting of three blocks). Since a diblock copolymer was used in this study
(more details about the sample used are provided in Chapter 4), the focus in the sections

below will be on the phase behaviour and crystallization of diblock copolymers.
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Figure 2.20: A diagram showing the difference between a homopolymer and copolymers, and
the different types of copolymers based on the arrangement of the distinct monomers.

2.5.2. Diblock Copolymer Microphase Separation

As mentioned above, diblock copolymers (known also as an AB block copolymer) are a
type of copolymer that consist of two chemically distinct blocks (i.e. A and B blocks) [11]
that are thermodynamically immiscible with each other. The immiscibility or  repulsion
between blocks A and B causes them to separate (segregate) (Figure 2.21), with features
sized typically on the scale of tens of nanometres [57, 58].This phenomenon, or
process, is called ‘“microphase separation” and the resulting morphologies are called
“microphase-separated structures”, or “microphase separation structures” or
“microdomains” (i.e. A-rich and B-rich regions). The phase separation is a similar
situation to that of oil and water; i.e. since oil is not miscible in water it separates into
droplets. Since the unlike blocks in diblock copolymers are covalently bonded to each
other, however, the kind of macroscopic phase separation one sees with oil and water
(i.e. separation at large scale lengths) cannot occur. Thus, diblock copolymers

microphase separate rather than separate macroscopically.
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Figure 2.21: Microphase separation in diblock copolymer melt.

Figure 2.22 (a) demonstrates the various periodic structures that result from microphase
separation of the copolymer blocks. These microphase separation structures (microdomains)
include: lamellae, spheres, cylinders and gyroids. The exact morphology that is formed
depends on three main factors: (1) the volume fraction of the block (f), (2) the degree of
polymerization (N) and (3) the Flory—Huggins interaction parameter (x) between the
different blocks, which represents the strength of the repulsive interaction between two
blocks (Figure 222 (b)) [11, 58-60]. The Flory—Huggins interaction parameter is
inversely proportional to the temperature [61] (see equation (2.10) [62, 63]

x=A/T+B (2.10)

where x is the interaction parameter between the blocks, A and B are constant, and T is

temperature.

At xN < 10, the system will be in a homogenous melt (i.e. a disordered phase). As the
temperature decreases, y increases, according to Equation 4, meaning that the degree of
segregation increases. The degree of microphase separation (the interblock segregation

strength) is controlled by the value of xN. At XN =10.5, which is a critical value for a

34



Chapter 2: Background Theory to Polymers and Their Crystallization

symmetric diblock (i.e. where f'= 0.5, and thus the volume fraction of blocks A and B
are equal), phase separation occurs [64] (see Figure 2.22 (b)). This value has been

shown to extend to around YN ~20 for a symmetric diblock [59].

The point at which phase separation occurs is known as the order-disorder transition
(ODT), and the temperature at which this occurs is called the order-disorder transition
temperature (Topr). As the value of YN increases further (N > 50), a well-ordered
phase separation is produced, with a sharply defined interface between the two blocks.
Thus, as the xN increases the segregation strength increases. Three main regimes have

been defined depending on the degree of segregation of the blocks (value of xN) [62]:

1. Weak segregation regime (yN ~10)
2. Intermediate (soft) segregation regime (100 > ¥N >10)
3. Strong segregation regime (yN = 100)
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Figure 2.22: (a) The most common microdomain morphologies formed in diblock copolymers,
including spheres (S), cylinders (C), gyroids (G), and lamellae (L), as well as the disordered
(homogeneous) state at small interblock segregation strengths (yN). The two blocks A and B are
indicated by the blue and red colour, respectively. As the volume fraction of A (f4) increases
(from left to right) it changes from being the minority block to being the majority one with the
changing microdomain morphology: starting from a sphere when the f4 is lower (in the diagram
(b) to cylinders, gyriods and lamellae. G’, C’ and S’ represent the morphology when f
increases to beyond 50%, meaning that the A and B microdomains are inverted. (b) Schematic
of a diblock copolymer phase diagram. f = volume fraction of A block, y = Flory interaction
parameter, N = diblock degree of polymerization [65].

Along with the importance of XN in the phase behaviour of block copolymer, the
volume fraction (fy) of the block also plays an essential role in determining the
structures that are formed. One of the components (A or B) will be the minority block

and the other will be the majority block (i.e. the matrix).
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How the f4 influences the structures that are formed is summarized below [66]:

fa=0-21% leads to the formation of spheres of A in a matrix of B.

fa=21-33% leads to the formation of cylinders of A in a matrix of B

fa =33-37% leads to the formation of gyroids of A in a matrix of B

fa = 37-50% leads to the formation of lamellae (i.e. fa= fz = 50%), this can be

el N

seen in the centre of the diblock copolymer phase diagram, Figure 2.22.

As faincreases further (i.e. more than 50%) the A block will be the majority block and
B will be the minority one, which means A and B microdomains will be inverted. Thus,

similar behaviour occurs but this time B microdomains will be in a matrix of A (see the

right-hand side of Figure 2.22 (a).

2.5.3. Crystallization of Diblock Copolymers

The final morphology of a diblock copolymer that has a crystallizable block does not
only depend on the microphase separation process driven by the incompatibility of the
two blocks but also on the crystallization of one of the blocks [67]. The final structure is
therefore a result of the interplay of several factors during crystallization. In this
respect, the literature has reported a number of different situations. Loo et al. [68]
classified crystallization in a diblock copolymer with one crystallisable block (as with
the system studied in this project) into three crystallization modes: confined, templated
and breakout crystallization (see Figure 2.23). “Breakout” crystallization describes the
situation where the growing crystals break out from the pre-existing microphase-
separated structures (microdomains) to form a lamellar structure (the crystallization
does not depend on the existing melt structure). “Confined” crystallization, however,
describes the situation where individual crystallites are completely confined within pre-
existing microdomains. “Templated” or “soft confined” crystallization represents the
situation where the growing crystals generally follow the pre-existing microdomains,
but would occasionally connect cylinders, such that many microdomains could

ultimately be crystallized from one nucleus.
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Figure 2.23: Classification map for semi-crystalline block copolymers with rubbery materials.
Three modes of crystallization were observed: ‘breakout’ wherein the melt structure is
completely destroyed upon crystallization; ‘templated’ wherein the melt structure is generally,
but not fully, preserved in the solid state; and ‘confined” wherein crystallization occurs within
the microdomains prescribed by microphase separation so the nanoscale domains are effectively

preserved upon cooling [68].

The final morphology of the crystalline-amorphous block copolymer also depends on
the relationship between the Topr, Tc of the crystallizable block, and the T, of the
amorphous block. A summary of the different possible morphologies is illustrated in

Table 2.1.

In the case where Topr >T. >Tg, there is a competition between the phase separation
and the crystallization process. If the crystallization process is dominant, the resultant
structure will be similar to the lamellae structure. This is in the case in weak
segregation, where the crystallization destroys the domain structure allowing the
lamellar structure to be formed. In strong segregation, however, the crystallization

cannot break out from the microdomain structure. If the rate of diffusion of the
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crystallizable block between domains is low enough, the growing crystals cannot grow
between melt domains, so each nucleated crystal will crystallize the material in that
domain, but will be unable to move to other domains to crystallize the rest of the
material. This is known as confined crystallization. In soft confined systems, mixed
behaviour can be exhibited (confined and breakout), this is called templated

crystallization.
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Table 2.1: A summary of the different possible morphologies of diblock copolymers with one
crystallizable block, with the morphologies depending on the relationship of segregation
strength and the three important temperatures (Topr ,T., and T,).

Segregation Topr /Ty /T, Crystalline Morphology
Topr >T. <T, Hard confinement
A strictly confined crystallization in a glassy
matrix
Strong segregation
(High N) Topr >T.>T, Soft confinement
The crystallization is confined in a rubbery
matrix
Intermediate Topr >T.>T, Slow cooling: breakout and lamellae are
segregation formed
(Intermediate yIN) [ Fast (_:c_>01ing_:_gonﬁn:a_d_crystzﬁl_i;a_lt_ial _____
Weak segregation | Topr >T,.>T, Breakout and lamellae are formed
(Low xN)
Homogeneous Topr <T.>T, Lamellae are formed and surrounded by
melt amorphous material

2.6. Application of AFM in the Study of Polymers

2.6.1. Imaging the Crystallization Process

AFM has become one of the most significant and frequently used tools for the study of
polymer crystallization and melting processes, due to its ability to image these
processes at lamellar and sub-lamellar scales in real time with minimal sample
preparation and high resolution. Some of the key studies that have been performed on

different polymer systems by AFM and how this has contributed to the understanding
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of polymer crystallization will be presented and discussed below, with an emphasis on

the nucleation and growth of crystals.

2.6.1.1. Nucleation

The formation of a crystal nucleus is a complicated process to study due to the very
small scale on which it takes place. AFM is a surface technique, which means there is a
high probability of the crystallization process being affected by the AFM. Due to these

issues, only a few studies have examined the nucleation process (e.g. [44, 68-71]).

A primary nucleus in a polymer was claimed to be visualized in situ for the first time by
Lei et al. [68, 69]. They synthesized a series of poly(bisphenol-A-co-octane ether) (BA-
Cn); this polymer crystallizes slowly at room temperature, making it ideal for studying
the crystallization process in sifu using AFM without a hot stage. The authors indicated
that the nucleus appears if its size becomes larger than the critical value (stable nucleus),
wherein it subsequently develops into an individual lamella; otherwise, if its size is
lower than this value, the nucleus disappears. This means that the nucleus is unstable
below the critical size. They concluded that the nucleus could be completely
disintegrated into amorphous components, but a new nucleus might appear again in the
same place if the disintegration is incomplete. When the nucleus reaches the critical
size, it grows continuously and develops into a single crystal (a lamella). This lamella
started branching when its size reached 1 um [70]. The authors’ use of AFM allowed
them to observe the initial nuclei in melts and the development into lamellae at room
temperature in real time. Nevertheless, as a result of the extremely small number of
nucleation events happening on the surface, detailed kinetic information was not

available.

The traditional droplet approach [73] has been used to study polymer systems in order
to observe homogeneous nucleation. This approach is based on dividing the sample into
small domains (droplets). This leads to the production of a large number of domains of
highly supercooled melt; this number exceeds the number of defects or impurities.
Hence, it is expected that homogeneous nucleation will occur in some of the defect-free

domains.
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This method was used by Massa et al. [73, 74] to study the nucleation of polyethylene
oxide (PEO) using ex situ AFM. The nucleation rate was found to depend on the
volume of the droplets. Kailas ef al. [72] also used this approach to study the
homogeneous nucleation in isotactic polypropylene (iPP ) at high supercooling using
AFM with a hot stage in situ. The nucleation process can be separated from the growth
process only in the case of very small droplets, however. Moreover, the nucleation
temperature was found to be dependent on the volume of the droplets and their

thickness [72].

Depending on the droplet thickness, different modes of nucleation and growth were
observed in iPP nanodroplets. One such mode was the formation of one nucleus, or
multiple independent homogeneous nuclei, within a single droplet. Similar results in
iPP droplets using AFM have also been obtained recently [76] when the volume of the
droplet was less than 13 x 10° nm’. Above this value, heterogeneous nucleation and fast
crystallization occur in iPP droplets. It was indicated that for droplets that are smaller
than the critical nucleus size in at least one dimension, the nucleation temperature

strongly depends on the droplet height but does not noticeably depend on the volume.

2.6.1.2. Growth

Compared with nucleation, crystal growth has been investigated much more intensively.
Following crystallization in situ in real time is crucial in order to investigate the internal
structure and the formation mechanisms during crystallization. In situ AFM
investigations of polymer crystallization started to be performed in the middle of the
1990s [3, 9, 76, 77]. Such studies were limited to ambient temperatures until the
development of heating devices, however (e.g. [9, 44, 68, 69, 78]). Using AFM with
suitable hot-stage devices has enabled the real-time examination of both the
crystallization and the melting of a wide range of polymers with nanometre resolution
[3, 9, 76, 79]. This has allowed the observation of spherulite growth at the lamellar

scale, which has led to many important findings.

The first in situ observations of polymer crystallization were reported by Pearce and
Vancso [76, 79] and by Hobbs et al. [9] . Pearce and Vancso used hot-stage AFM in
contact mode to follow the crystallization of PEO, while Hobbs et al. used AFM in
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tapping mode to follow the growth in poly(hydroxybutyrate-co-valerate) (PHB/V) in
real time at the lamellar scale. This allowed the authors to observe the differences

between the growth rates of the individual lamellae and that of the bulk spherulite.

Pearce and Vancso [76, 79] reported that their in situ AFM findings in respect to the
growth rates of individual lamellae were consistent with existing findings obtained by
optical microscopy at lower magnifications. Hobbs et al. [9] observed similar growth
rates at the growth front, whereas their observations at the lamellar scale revealed for
the first time that lamellae do not grow at a constant rate. It was found that the growth
rate of individual lamellae is not constant at a particular temperature and also differs
from one lamella to another. The overall growth rate of the spherulite was found to be
constant, however. Similar observations were found in other studies (e.g. [7, 14—17]).
Variations in growth rates at the lamellar scale have been confirmed by in situ
observations of polyethylene shish kebab crystals [4], challenging existing models of

polymer crystallization.

Moreover, from the AFM observations of the spherulite growth front [9], it was
presented, for the first time, that the spherulite growth front is rough. This is in contrast
to the results obtained at the larger scale of optical microscopy, where the spherulite
growth front appears to be smooth. Thus, the experimental observations of spherulite
growth obtained by AFM contradict classical theories based on optical microscopy,
which assume that the growth rate is constant at a particular temperature. The authors
therefore suggested that growth theories should be developed to include the

implications arising from AFM observations.

Furthermore, shish kebab crystallization was studied for the first time in situ at high
temperatures using AFM in sheared melts of PE by Hobbs ef al. [4]. The resolution of
the AFM images of PE crystallization was considered to be the highest resolution
obtained in sifu at that time. According to the observations, there are three likely

behaviours for the lamellae in two neighbouring shish kebabs:

1. The two lamellae join each other and appear as a single lamella.
2. The two lamellae pass each other and keep growing in their initial growth
directions.

3. The two lamellae change their growth directions in order to avoid contact.
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This result is in full agreement with the results of the study of BA-C8 conducted by Li
etal. [79].

Moreover, the isothermal crystallization of PE at a high temperature (133 °C) was
followed in real time by AFM [81]. The initial crystallization occurred rapidly at
133°C, where only a few primary lamellae grew. This was followed by slower
branching and in-filling growth. These observations are in full agreement with the

findings of previous work that used electron microscopy.

The growth front of the spherulite was observed over a wide temperature range (from
just below the melting temperature to close to the glass transition temperature). The
spherulite boundary at a low crystallization temperature (10 °C) appeared sharp; at a

high temperature, however, this changed [82].

More recently, Mullin et al. [56, 82] succeeded in directly imaging the individual
polymer chains of high-density polyethylene (HDPE) in ambient conditions with high
resolution images (a resolution of 3.7 A) using a new technology called torsional

tapping AFM (TTAFM) with a T-shaped cantilever.

2.6.2. AFM Manipulation of Polymer Chains

AFM has been shown to have the ability not only to image and measure the polymer
surface but also to manipulate polymer chains at the nanometre level. Some examples

of this will be highlighted below.

2.6.2.1. AFM-Tip-Induced Crystallization

In the application of AFM to study polymer crystallization, a lateral force is required to
minimize the influence from the AFM tip on the crystal morphology and the
crystallization process (as is discussed in Chapter 3). Some studies, however, have been
conducted on polymer crystallization induced by the AFM tip [68, 69, 76, 79, 83—-86].
In AFM contact mode, it is expected that the possibility of AFM tip-induced nucleation
could be increased by applying a large lateral force. According to a study conducted by
Pearce and Vancso [76, 79] of PEO near its melting point, the AFM tip could not
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induce crystallization. On the other hand, Beekmans et al. [84] reported that the AFM
tip can induce poly(e-caprolactone) (PCL) nucleation. The nuclei then grow
continuously and develop into lamellar crystals in the direction of the AFM tip scan.
The difference in the strength of the lateral forces applied is considered to be the cause
of the difference in the above two outcomes. A high lateral force will cause chain

orientation at the surface of the melt.

In AFM tapping mode, however, the lateral force is lower than that in contact mode.
This is because the tip touches the surface only for a short time (this is discussed in
detail in Chapter 3). Using AFM tapping mode, Li et al. [68, 69] established that at high
supercooling (AT = ~60 °C), there was no proof of crystallization induced by the AFM
tip in the amorphous region around the crystal. Godovsky and Magonov [86] indicated
similar results in polyethylene crystallization. Nevertheless, according to Magonov et
al. [85], increasing the applied force from light to hard tapping may cause the AFM tip
to penetrate the surface of the sample, touching the crystalline core. Thus, the polymer
crystallization kinetics could be significantly affected by the AFM tip in tapping mode,

and this could even induce polymer chains to pack together to form nuclei in the melt.

Recently, Zhu et al. [87] found that the average molecular weight (M,) of the PEO
governs the crystallization induced by the AFM tip. Crystallization of the PEO fractions
with M, below 1.0 x 10* g/mol cannot be induced, but crystallization will be inducted at

higher M,, values.

2.6.2.2.  Control Orientation by AFM

Orientating nano-scale structures within specific localized spaces of polymer films can
be helpful in the preparation of nano-scale structures and devices; if carefully
controlled, molecular orientation introduces the anisotropy of physical properties.
Molecular orientation within polymer films is usually random in nature but a stretching
method is usually used to orientate polymer thick films, whereby ordering will occur in
bulk. This method is not suitable for ordering specific localized areas, therefore. The
changes need to be applied at the molecular level, so some instrumental intervention at

the nano level is required to create these localized structures.
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In recent years, AFM has been investigated by scientists and has been found to be a
suitable method for controlling the orientation of localized areas of polymer thin films.
AFM cantilever tips have been successfully used in the modification of a number of
polymer thin films at the required nanometre level resolution. In these studies, the tip
was used to scan or indent the films, creating ripple structures perpendicular to the fast
scanning direction [88]. The modification mechanism in this method is considered to be

a mechanical deformation [88-92].

AFM has been used to control the orientation of molecules in various fields, such as in
fields involving liquid crystals and polystyrene. In a study involving liquid crystals [93,
94], the ordering (which was driven by rubbing-induced grooves and structural
changes) was used for nanolithography and other liquid crystal molecules ordering
requirements. In another case, isotactic polystyrene (i-PS) was scratched or rubbed
using AFM tips in contact mode at room temperature, and it was shown that both hard
scratching and soft rubbing help to lower the nucleation barriers for polymer
crystallization [96]. In a further study, under precisely controlled temperatures, AFM
cantilever tips in contact mode were used to apply a load along the surface: this is
called modification scan [96-98]. This enables the orientation to be controlled in
localized areas and for high-density nucleation of edge-on crystals to occur within the
disturbed areas. The resultant films are characterized using the same AFM in situ by
removing a selected region of the well-aligned edge-on lamellae through a process of

tip-sample force adjustments. This is called nanodosing.

It will be shown later how the AFM tip was used in this work to both control the
orientation of block copolymer microdomains (Chapter 4) and to induce oriented

crystals (Chapter 6).

AFM is considered to be the ideal technique for use for studying polymer crystallization
compared to other techniques such as scanning electron microscopy (SEM),
transmission electron microscopy (TEM), optical microscopy, and X-ray diffraction
(WAXD and SAXS). For example, X-ray diffraction techniques are limited to
crystalline or ordered structures at room temperature whereas AFM has the ability to
achieve nanometre resolution of amorphous materials or disordered structures.
Moreover, AFM has become a powerful technique used in in situ studies of polymer

crystallization while TEM is only an ex sifu technique, which is not appropriate for
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investigating the growth of crystals in real time. Additionally, TEM requires expensive
sample preparations and provides 2D images, unlike AFM, which does not require any
special sample treatment, and in addition gives quasi-3D images. Besides, AFM
provides in situ observations with high-resolution images unlike optical microscopes,

which provide in sifu images but at much lower resolutions.
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Chapter 3

Experimental Methods

3.1. Introduction

This chapter is split into two sections. The first section explains the main approaches
used to prepare the samples, including melt casting, spin coating and drop casting. The
second section gives a brief overview of the main experimental techniques that were
used in this work, which were ellipsometry, differential scanning calorimetry (DSC),
and atomic force microscopy (AFM). The primary focus of the discussion, however, is
on the principles and operational modes of AFM, since this allows the in sifu study of
polymer crystallisation and was, therefore, the main technique used in this research.

This chapter aims to explain how and why these methodologies were used in this work.

3.2. Sample Preparation

3.2.1 Melt Casting

Melt casting is a simple method that can be used to prepare polymer films. In this
method, a small amount of polymer is placed on a clean substrate, such as silicon or
glass, then heated above its melting temperature. The polymer is kept at that
temperature for a couple of minutes to ensure melting of all the crystalline regions, then
it is drawn across the surface of the substrate. In this work, the molten polymer was
sheared by a razor blade to form relatively smooth polymer films with a thickness of a
few micrometres (see Figure 3.1). Although it is difficult accurately to regulate the final

thickness of the films prepared by this approach, some degree of control can be

49



Chapter 3: Experimental Methods

achieved by adjusting the amount of polymer deposited onto the substrate and the
shearing or drawing force of the polymer across the surface of the substrate. The main
advantage of using this method is that polymer films can be prepared without using

solvents, which allows the films to be investigated without the effect of residual solvent.

A razor blade

Glass coverslip Glass coverslip Glass coverslip

A small amount olten material
of material

Resulting film

@ (b) ©

Figure 3.1: A schematic of the melt casting protocol used in this work: (a) applying a small
amount of material, (b) heating it above its melting point and then shearing it with a razor blade
and (c) the final film.

This method was used for preparing E/MB films as will be shown later in Chapter 4.

3.2.2. Spin Coating

Spin coating is an ideal method to prepare uniform thin films. In this method, an
amount of polymer solution is applied onto a substrate, such as glass, silicon wafer or
aluminium. Then, it is rotated at a defined speed (typically 1000-10,000 rpm), which
serves to spread the fluid by centrifugal force. Finally, the solvent evaporates, leaving
behind a relatively uniform and thin layer of the polymer coating the substrate [100].
Figure 3.2 shows the main stages of the spin coating process. The resulting film
thickness depends on many controllable parameters, such as solution concentration,
viscosity, spin speed and duration [101]. This method has the ability to produce a very

thin film with a thickness of about 10 nm or even less.
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\ Applying solution  Start spinning Flow of fluid Evaporation of solvent
o :< q.
i L e
-) - - T
(a) (b) (c) (d)
Figure 3.2: A schematic of the ideal process of the spin coating method: (a) drop solution onto

the substrate, (b) start rotating it at the set speed and time, (c) the fluid is spread by centrifugal
force and (d) the solvent evaporates, resulting in a thin, uniform film.

This was the second method used to prepare thin films of E/MB in order to study the
effects of film thickness on the orientation and crystallisation behaviour, as will be
shown later in Chapter 4. Film thicknesses were measured by both ellipsometry and

AFM. These data are presented in Chapter 4.

3.2.3. Drop Casting

Compared to the spin coating method, drop casting results in thicker polymer films, but
has the advantage of being a fast and available approach to generate relatively thin films
with no waste of material. It involves placing a drop of polymer solution onto a
substrate held at a high temperature (above the melting point of the polymer). Dropping
the solution onto the heated substrate while it is kept on the heater speeds up the
evaporation process of the solvent, besides melting the crystals of the material. The

steps of this method are shown in Figure 3.3.

One drawback of drop casting is that the ability to control the thickness of films
prepared by this method is much more limited than with the other methods, because
differences in concentration and variations in evaporation rates across the substrate can
result in differences in film thickness. The thickness can be controlled to some extent,
however, by careful selection of the solution concentration and the amount of solution

that is used.

51



Chapter 3: Experimental Methods

Q.{)pping Evaporation Resulting Film
A SN

i

H — — H
Heater Heater Heater

(a) (b) ©

Figure 3.3: A schematic of the drop casting process: (a) depositing drops of solution onto a
heated substrate, (b) the solvent evaporates and (c) the resulting film.

This method was employed for preparing PE samples, as will be shown later in Chapter
6.

3.3. Experimental Techniques

This section provides an overview of the main analytical techniques used in this work,
which were spectroscopic ellipsometry, DSC and AFM. The discussion will focus on

AFM, since this was the primary technique explored in this research.

3.3.1. Spectroscopic Ellipsometry

Spectroscopic ellipsometry is a non-destructive optical technique widely used in
scientific research for analysing different surfaces, such as polymers, organics and
metals. Ellipsometry is an accurate technique that provides several pieces of
information about the sample, such as optical constants and the roughness and thickness
of films, ranging from only a few angstroms to tens of microns. This information is

obtained simply by analysing the reflected light beam.

Ellipsometry measures the changes in light polarisation, which is represented by two
parameters: amplitude ratio (V) and phase difference (A), as the light reflects from the

surface of the material [102].
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In this work, a M-2000V rotating compensator ellipsometer (J. A. Woollam Co. Inc.,
USA) was employed to measure the thickness of the samples. The samples were
measured with a fixed incidence angle of 70° and Complete EASE software was used
for the analysis. Measurements were conducted in dry conditions using a multilayer
model of silicon and native and generic Cauchy (for the polymer thickness) layers. The
averages of different measured thicknesses were taken. The results obtained are shown

in Chapter 4.

3.3.2. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) is one of the standard techniques used to
measure the thermophysical properties of polymers, such as T¢, T, Ty and percent
crystallinity. These are acquired by determining the heat flow into or out of a sample
material relative to a reference sample [103]. The reference material is used to mark out
the baseline for the DSC trace. An example of a DSC plot for a typical semi-crystalline
polymer is shown in Figure 3.4, representing changes in the heat flow that correspond to
certain phase transitions (T, T, Tm), where the exact shape of the curve depends on the

latent heat associated with the particular phase transition being investigated [104].

»
v

Heat Flow

Tm

»
L4

Temperature

Figure 3.4: An example DSC plot for a typical semi-crystallisable polymer sample

In this work, DSC measurements were carried out using a PerkinElmer Pyris 1 DSC

system under Nitrogen atmosphere, with a scan cycle in the temperature range 25—
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200 °C, then cooled down from 200 °C to 25 °C at a heating/cooling rate of
10 °C/minute (see Table 3.1). Measurements were taken on the second heating cycle so
as to avoid any effect from the physical reorganisation of the sample within the pans

during the first heating cycle. The obtained data are shown in Chapter 6.

Table 3.1: The temperature protocol of the DSC measurement.

Initial temperature Final temperature =~ Heating/cooling rate Evaluated
, parameter
°C °C °C/ min
1% step 25 200 10 Tu
2" step 200 25 -10 T.
3 step 25 200 10 Tom

3.3.3. Atomic Force Microscopy (AFM)

The AFM is a high-resolution microscopic technique that is a branch of scanning probe
microscopy (SPM). SPM instruments principally rely on the use of a sharp probe to
study the surface topography and properties of materials at the atomic scale. In these
techniques the interactions between the probe tip and the sample surface are measured
as a function of the position between them, producing an image or a map of the
material’s topography. The first SPM technique that allowed the generation of real-
space images of surface features with atomic resolution was the scanning tunnelling
microscope (STM), which was invented in 1981. STM’s ability was limited to the
imaging of only conductive and semi-conductive samples, however. This meant that
dynamic processes, such as crystallization, could not be studied in non-conducting
samples using STM. To overcome this basic disadvantage with STM, AFM was
invented in 1986 by Binnig et al. [2]. The main advantage of AFM over other
techniques is that AFM has the robustness and ability to image almost any sample under
any conditions. For example, imaging with AFM can be performed in air, liquid and a
vacuum, through a range of temperatures. Moreover, AFM can be employed to study a

range of different materials, such as soft biological samples and polymeric materials.
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The resolution of AFM images depends on the sensitivity of the measurement of the
probe position, and the sharpness of the probe or tip. High resolutions of around 5 nm,
and even molecular resolutions, are possible using modern AFMs [104-106].
Furthermore, AFM is able to go beyond imaging actually to manipulate material
surfaces (as discussed earlier in Chapter 2, Section 2.6), as well as being able to perform

force spectroscopy, as will be shown below.

In the next sections, the principle work related to AFM, its main components and
different operational modes, including what information can be extracted about a

sample, will be presented and discussed in more detail.

3.3.3.1. Principles

The basic components of AFM are illustrated in Figure 3.5. AFM uses a sharp tip
(probe) attached at the end of a flexible cantilever, which is usually made of silicon or
silicon nitride, moving over the surface of a sample in a raster scan. When the tip is
brought into proximity with a sample surface, forces between the tip and the sample
(attractive or repulsive) lead to a deflection (bending) of the cantilever (towards or away

from the sample) according to Hooke’s law (equation 3.1):
F=-k-x (3.1)

where F is the force between the tip and the surface of the sample, k is the spring
constant (stiffness) of the cantilever, and x the tip-sample surface distance separation
(the cantilever deflection). As the tip of the cantilever is scanned across the sample, the
cantilever deflection is monitored by a laser beam, which is focused on the back of the
cantilever. The laser beam is reflected onto a four-segment photodiode detector. If the
cantilever bends, then the position of the laser beam changes on the photodetector. This
change is fed back to the computer into a feedback loop which adjusts the base of the
cantilever so as to keep the force between the tip and sample constant (see Figure 3.5).
AFM can scan in many different operational modes [107-109], the most common of

which are discussed below.

55



Chapter 3: Experimental Methods
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Figure 3.5: A schematic diagram of the fundamental components of the AFM.

3.3.3.2. Operational Modes

AFM can image in three basic modes, namely contact [2, 110], non-contact [112] and
tapping (intermittent contact) modes [112, 113]. These three operating regimes are
shown in Figure 3.6, which is a theoretical curve (Lennard-Jones potential) of the main
interaction forces between the tip and the surface of the sample, illustrating how the

forces between the tip and the sample change according to their distance separation.

In the following sections, an overview of the contact and non-contact modes will be
given, together with a more detailed description of the tapping mode, since this was the

main mode used in this project.
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Figure 3.6: A curve of tip-sample interaction forces (Lennard-Jones potential) as a function of
the separation distance between them for the contact, non-contact and tapping operating regimes
in AFM.

3.3.3.2.1. Contact and Non-Contact Modes

In the contact mode, the tip is raster-scanned across the surface (dragging the surface),
being in contact with the surface all the time. In this mode, the distance between the tip
and the surface of the sample is just a few angstroms, and the interactive force between
the tip and the surface of sample is repulsive (see Figure 3.6). In the non-contact mode,
meanwhile, the tip is oscillating and not touching the surface of sample (this can also be
called the dynamic mode). In this mode, the distance between the tip and the surface of
sample is in the order of tens to hundreds of angstroms and the interactive force

between the tip and the surface of the sample are attractive (see Figure 3.6).

The force versus distance curve (force spectroscopy) can be experimentally acquired in
contact AFM (see Figure 3.7), and this curve is like the previously mentioned curve in

Figure 3.6. The anatomy of this curve is as below:

(1-2) The separation distance between the cantilever and surface is large, meaning that
there is no force interaction between them at this point.

(2-3) As the cantilever becomes close enough to the surface, attractive forces are
generated (van der Waals) between the tip and the surface causing the tip to

jump into contact.
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(3-4) The tip remains in contact with the surface while the base of the cantilever
continues to approach the surface until the separation between it and the surface
becomes so small as to reach the setpoint; then the cantilever deflects, causing
an increase in the repulsive contact force.

(5-6) When the cantilever is retracted from the surface, the cantilever is bent
downwards but the tip remains in contact with the surface.

(6-8) The interaction force between the tip and the surface (adhesion) reduces as the

separation between them increases until the tip breaks free from the surface.
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Figure 3.7: A typical force-displacement curve for an AFM tip
3.3.3.2.2. Tapping Mode

The tapping mode is referred to by various names, such as dynamic mode (the same as
the non-contact mode), amplitude modulation AFM, and intermittent contact. It entails
fluctuating between the contact and non-contact modes as the cantilever is oscillated at
or near its resonant frequency, thus “tapping” the surface [114]. The term “tapping

mode” is used throughout this thesis.

Tapping mode is a key advance in AFM and was invented to overcome the

disadvantages of the contact mode. One of the key drawbacks of the contact mode is
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that it is always in contact with the surface of the sample when scanning, which means
that it always applies lateral forces that could easily damage weakly bonded particles or
soft materials. The tapping mode minimizes these lateral forces since the tip contacts
the sample for only a short time. This means that the tapping mode is safer and less
likely to damage the surface of samples compared to the contact mode, making it an
ideal tool for studying soft materials such as polymers and biological samples. Even
when using this mode, however, where the tip was not in continuous contact with the
sample surface, it nonetheless was able to exert some degree of influence on the sample

surface (this is discussed in detail in Chapter 4).

Another advantage of the tapping mode over the contact mode is that it has the ability
easily to distinguish between two different materials since it allows the properties of
materials to be contrasted by means of phase imaging (this will be discussed later). It is
therefore a very powerful tool to identify different domains, particularly in analyzing
composites, blends and block copolymers. This means that the tapping mode AFM is an
ideal tool for use in this work since it allows the crystallization processes of polymers to
be visualized in real time, in sifu at different temperatures, without special treatment or

preparation of the samples [115].

In tapping mode, relatively stiff cantilevers, normally with resonant frequencies and
spring constants from a few kHz to several hundred kHz and between 20-50 Nm™,
respectively, can be utilized. A typical cantilever used in tapping mode is made of
silicon and has a resonant frequency and a spring constant of ~300 kHz and ~40 Nm',

respectively. The resonance peak of such a cantilever is shown in Figure 3.8.
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Figure 3.8: A typical curve of a cantilever resonant frequency.

In this operational mode, a resonance peak for the cantilever’s oscillations is located
(Figure 3.8); then a lower frequency (slightly away from the peak) is selected. This is
because when the frequency is selected to be exactly at the resonance peak any change
in the frequency gives rise to a decrease in the amplitude of the oscillations while a
frequency just away from the resonance peak allows for increases or decreases in
amplitude corresponding to the increases or decreases in the vibrational frequency.
Hence, to be able to detect the position of the AFM scan head relative to a surface
effectively, a cantilever oscillation frequency just away from the resonance peak is

needed.

A controlled piezoelectric actuator that the cantilever substrate is in contact with is then
used to oscillate the cantilever near its resonance frequency (i.e. at the selected
frequency) which will have some amplitude associated with it (up to 100 nm). As the
cantilever taps on the sample, the amplitude of the cantilever that is oscillating in free
air (A,) reduces to match the setup amplitude, as shown in Figure 3.9. These

oscillations, and the changes in them, are detected by the photodetector.
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Figure 3.9: Schematic diagram showing the reduction in amplitude as the cantilever approaches
the sample.

Height variations in the sample will change the root mean square (rms) of the
cantilever's vibrations, which provides information about height, or a topographic map.
The value of these cantilever oscillations is kept approximately constant by the
feedback loop by adjusting the height of the probe (varying the position of the AFM
scan head upwards and downwards) according to the surface feature’s height, as shown
in Figure 3.10. This is then used to map the sample's topography and generate the height
data.

Variable cantilever
Mo height

Constant
amplitude

Surface

Figure 3.10: A cartoon showing the cantilever position under the action of a feedback loop for
an AFM operated in tapping mode.

In addition to height, an image called the “phase image” is collected using tapping

mode AFM. The phase image gives key information about the studied samples as will
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be discussed below. Phase imaging monitors the phase lag (time delay or local holding
time) between the input signal (the signal that drives the cantilever to vibrate) and the
output signal of the cantilever oscillation (the oscillating response of the cantilever). A
soft region has a big contact area between the tip and the surface and because of this
contact area, there is more adhesion and the adhesion causes a delay. The phase lag will
therefore be larger when the tip is scanning a softer area whereas it will be smaller when
the tip is scanning a hard area (Figure 3.11). In this manner, material properties such as
elasticity, adhesion and friction can be mapped, in addition to the simultaneous capture
of height. This makes the tapping mode a very powerful tool for mapping at very high
resolution variations in sample properties, especially when looking at phase separated

block copolymers, as in the work presented in this thesis.

Tapping on stiff region Tapping on softer region

WAV 0000

Phase lag Increase phase leg

(@) (b)

Figure 3.11: Schematic diagram showing the change of phase lag as a function of the sample
surface properties, which is used to generate the “phase images” in tapping mode.

Unlike in the contact mode, the direct force (force spectroscopy) is not measured in
tapping mode. Garcia and his co-workers, however, have provided an analysis that
excludes the tip-sample power dissipation in order to calculate the average tip-sample

force. Their expression is given by equation (3.2) [115, 116]:

k 1 3.2
<Fts>=%[Ag_Agp] 2 (3.2)
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Where Fy is the force between tip and sample, k is the spring constant (stiffness) of the
cantilever, Q is the quality factor of the cantilever, 4, is the free amplitude and A, is

the amplitude setpoint. The Q can be written as in equation (3.3):

_fe (3.3)

Q_AF

where AF is the full width at half maximum and f, is the resonant frequency

3.3.3.3 Applications of AFM in this Study

The specific types of AFM used in this work, the in situ AFM studies and the

accessories that were used with the AFM are set out and discussed below.

3.3.3.3.1. AFM Used

In the present work, the data were collected using two different kinds of AFM: a Veeco
Dimension 3100 AFM and a Multimode 8 AFM. The Veeco Dimension 3100 AFM
with a Nanoscope IITA controller (see Figure 3.12 (a)) was employed to investigate
E/MB, while the Multimode 8 AFM with J heated scanner (Figure 3.12 (b)) was used in
studying PE. This is because PE crystallization needs to be studied in sifu at higher
temperatures, and the Multimode 8 AFM is the most suitable for this since it has the
ability to be used at up to 250 °C whereas the Dimension 3100 AFM is limited for use at

temperatures of around 120 °C.
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Figure 3.12: Photographs of (a) a Veeco Dimension 3100 AFM and (b) a Multimode 8 AFM

In all the presented studies, either with the Dimension or Multimode 8§ AFM, standard
silicon tapping cantilevers (rectangular shaped) with a spring constant of about 40 N/m
and a resonance frequency of about 300 kHz were used. TESPA-V2 type cantilevers
were obtained from BRUKER and the properties of both the cantilever and the tip are

given below in Table 3.2.

Table 3.2: A table showing the geometrical parameter properties of the cantilevers used in this

(2)

used in this work.

work.
Probe type | Material | R T L W fo k
(nm) | (um) | (um) | (m) | (kHz) | (N/m)
TESPA-V2 Silicon 8 3.8 127 35 300 40

where R is the radius of the tip, T is the thickness, L is the length, W is the width, f; is

the resonance frequency, and £ is the spring constant (stiffness) of the cantilever.

The majority of the presented images are phase images, which provided information

crucial to understanding the crystallization process, since phase images provide a
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contrast between crystalline and melt regions that allow detailed information about the
behaviour of the crystals to be inferred. Additionally, all the images were captured at
256x256 or at 512x512 pixels in order to produce high-quality images. All the
experiments were carried out in normal air. Image capture times varied and depended
on the image size and the experiment temperature (or growth rate). For example, when
following crystallization at low temperatures, in order to successful monitor the growth,
images needed to be taken at a high rate since the crystals grow faster at low

temperatures.

3.3.3.3.2. In Situ AFM Studies

In situ AFM studies have become significant for the study of polymer crystallization
and melting in real time and at elevated temperatures with nanometre resolution and
with the help of suitable hot stages [4, 5, 9, 76, 79, 117, 118]. Using AFM at
temperatures higher than room temperature, however, could have some effects on the
behaviour of the cantilever that in turn might affect the imaging process. Since the work
presented here focuses mainly on in situ AFM observations of dynamic processes of
polymer crystallization at a range of temperatures, an overview of the influence of this
condition on the operation of the AFM, and potential mitigation techniques will be

provided below.

When using an unheated cantilever, in order to allow the temperature of the sample to
be altered as desired, the temperature of the cantilever will be lower than the sample
temperature (see Figure 3.13). This will affect the desired crystallization temperature,
which in turn affects the crystallization behaviour. Thus, the whole AFM device was
placed in a box in order to help the cantilever to reach thermal equilibrium with the
sample and to reduce exposure to the convection currents (between the hot sample and
the cool tip) formed by the heater heating the surrounding air. This helped in reducing
the thermal gradient between the tip and the sample by allowing the cantilever to heat
up to some extent, hence lowering the rate of heat transfer from the sample to the tip. It
also reduced the air movement that could interfere with the cantilever and therefore

cause poor-quality images.

65



Chapter 3: Experimental Methods

Hot sample

Figure 3.13: Schematic diagram showing the cooling effect of using a cool AFM cantilever on
a hot sample.

Additionally, the probe was disengaged from the sample during the heating process; and
at each temperature, the driving frequency was retuned. Periodically retuning the
cantilever at each temperature was important because changing the temperature
(whether decreasing or increasing it) during the experiment will result in a change in the
temperature of the cantilever (cooling it down or heating it up), which in turn could

cause shifts in the resonance frequency.

Importantly, to overcome the adhesive interactions between the AFM tip and the
polymer, larger oscillating amplitudes were used for the probe (except when orienting
the microdomain’s block copolymer and inducing PE nucleation). Generally, this was
considered preferable for the imaging of polymers close to their melting points. High
oscillating amplitudes were also used in order to avoid contamination of the AFM tip by
particles or molecules from the sample surface (i.e. the polymer attaching to the tip),

which can lead to poor-quality images.

Due to their potential effects on the imaging process, some essential parameters (such as
the scan rate, the scan size and the amplitude setpoint) were carefully controlled during
each experiment. These parameters were critical in terms of obtaining high-quality
AFM images, and in using these to allow the AFM tip to orientate the cylindrical
microdomains before they crystallized. This was done in order to control the
morphology of crystal growth and to reduce the influence of the tip on the sample
surface. For instance, the amplitude setpoint plays a key role in terms of obtaining a

high quality AFM image, as well as in allowing the AFM tip to align the phase-
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separated microdomains of copolymer before they crystallized. An example showing
the importance of this parameter is given in Figure 3.14. Here, the setpoint of image (a)
was 1.5 V, and the setpoint of image (b) was 2.2 V and the free amplitude was ~ 3 V.
From these two images it can be seen that the setpoint is an essential parameter in in
situ AFM studies of crystallization. The crystals in image (b) are clearer in comparison
to those in image (a). Careful attention should therefore be paid to this parameter in
order to obtain an image of high enough quality to investigate crystal growth in real

time.

4.00

Figure 3.14: AFM phase images illustrating the effect of setpoint values on the clarity of
crystallization at the same temperature (98 °C). In image (a) the crystals are not clear enough to
be examined while in image (b) they are clearer. The setpoints of (a) and (b) were 1.5 V and
2.2V, respectively. Image (b) was taken about 3 minutes after (a).

3.3.3.3.3. Accessories and Temperature Calibration

Since in some cases it was essential to find the same examined region, a Transmission
electron microscopy (TEM) grid was used (see Figure 3.15). The TEM grid was either
placed underneath or above the films in order to identify the area of interest and to
relocate it at any time after the experiment, as will be shown later in Chapter 5. The
TEM grid used in this work was made of copper, which is an appropriate material for
high temperature applications. The TEM grid style is a 200 square mesh with a standard

diameter of 3.05 mm.

67



Chapter 3: Experimental Methods

TEM Grid

(b)

Seal

Thin film Glass cover-slip

Figure 3.15: Photograph of (a) a thin film onto a glass cover-slip, (b) with a TEM Grid.

The temperature controllers used in the presented work were a Linkam TP94 hotstage
(see Figure 3.16 (a)) which was used with the Veeco Dimension 3100 AFM, and a
Nanoscope high temperature heater controller (see Figure 3.16 (b)), which was used with

the Multimode 8 AFM.
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Figure 3.16: Photos of (a) the Linkam TP94 hotstage used with the Dimension AFM and (b) the
Nanoscope high temperature heater controller used with the Multimode 8 AFM.

Since variation in the sample temperatures has a significant impact on the
crystallization, it was essential to know the exact temperature at which crystallization
occurs, especially since, in this study, the crystallization dynamic of polymers is studied
as a function of temperature. As discussed above, using an unheated (cool) AFM tip
will cause a temperature difference between the tip and the sample resulting in cooling
of the area being scanning; since this will be colder than the rest of the material as the
temperature will transit from the hot samples to the cold tips (Figure 3.13). A calibration

was therefore performed to account for the cooling effect of the scan head with sample
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temperatures above room temperature. The calibration was performed using materials

with well-defined melting point transitions (see Table 3.3) and a Linkam TP94 hotstage.

This was done by first preparing films of these materials on a glass coverslip substrate
by heating the substrate to a temperature above the melting point of the material and
allowing it to spread as a liquid onto the substrate, before quenching these films to room
temperature. The material films were placed under the AFM head while they were then
heated slightly at a rate of 1 °C/minute, using the Linkam, recording the temperature at
which it melts. Finally, the difference between the recorded temperatures (Linkam
displayed temperature) and the known or actual melting temperatures will be the extent
of cooling that has been caused on the material by the AFM tips, a summary of the

results of this measurement are presented in Table 3.3.

Table 3.3: A table showing the substances used in the calibration, their actual melting points,
Linkam displayed melting temperatures, and the difference between them.

Calibration Actual melting Experiment Linkam Difference between actual and
Substance temperature (°C) .No temperature (°C) Linkam temperature (°C)
Stearic acid 1 70.3 0.6
69.7 2 70.4 0.7
3 70.3 0.6
Average 70.33 0.63
Benzil 1 95.7 0.9
94.8 2 95.5 0.7
3 95.6 0.8
Average 95.6 0.8
Acetanilide 113.9 1 114.8 0.9
2 114.7 0.8
3 114.9 |
Average 114.8 0.9

Figure 3.17 is a calibration plot showing the correction that should be applied to the
temperature displayed in the Linkam TP94 in order to acquire the actual sample
temperature. Since the difference between the actual temperature and the heater
temperature (the corrections) is less than 1 °C, however, the heater temperatures are

given in this work. Error bars are the standard deviations from several measurements.

69




Chapter 3: Experimental Methods

G 1
<
= " {
<
)
N .
- ¢
= e
o o5 |
=
- It
S | oL
S .
S
S L.
L *
[<P]
b
)
D o
n U
-20 0 20 40 60 80 100 120
Linkam Temperature (°C)

Figure 3.17: Calibration plot showing the correction applied to the Linkam TP94 display in
order to acquire the actual sample temperature. The cooling effect of the AFM tip on sample
temperatures was measured between approximately 70 °C and 115 °C. Error bars are the
standard deviations from some measurements.

The results for controlling the orientation of the microdomain’s block copolymer

(E/MB) and the subsequent crystallization, and the results of the induced crystallization
of PE will be presented and discussed later in Chapters 5, 6 and 7.
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Chapter 4

Orientation Control of E/MB Microdomains

4.1. Introduction

Block copolymers have received great interest in science and technology due to their
ability to self-assemble into nano-scale domains, which is a key requirement for a wide
range of scientific and industrial applications, such as the fabrication of nanolithography
masks and the miniaturization of electronic devices, and also due to their low-cost, fast,
and easily scalable production, which makes them attractive for large-scale industrial
applications. A variety of periodic structures such as lamellae, spheres, cylinders and
gyroids can be produced by varying three main factors: the volume fraction of the
block, the degree of polymerization (N) and the interaction parameters () between the

different blocks [11, 59]

The orientation of the microdomains within block copolymer films is usually random in
nature, but being able to control the orientation of these microdomains within a specific
localized region is essential for the development of novel nanometre structures and in
various applications [12], such as data storage, lithography, computer memory and
nanometre-scale templating [120]. The ability to control the orientation of block
copolymer microdomains before they have crystallized allows the direction of the
crystals to be defined so that they grow relative to the interface of the blocks; and, if
carefully controlled, the molecular orientation introduces anisotropy into the physical
properties, as well as making the analysis of the impact of microdomain orientation on

growth easier to determine.
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Several methods have been used to align block copolymer microdomains, including
electric fields [120, 121], solvent fields [122—125], chemically patterned substrates
[127], thermal gradients [128], shear [128—132] and, recently, AFM tips [134]. Using
AFM tips to orient the microdomains has some advantages over the classical
approaches: for example there is no need for doping or exotic material properties, no
pre-patterning of the substrate is required, and it is possible to align microdomains over

small (nano) length scales.

AFM cantilever tips have been successfully used in the modification of a number of
polymer thin films at the required resolution at the nanometre level. For example, the tip
can be used to scan or indent the films, creating ripple structures perpendicular to the
fast scanning direction [135]. The modification mechanism in this method is considered

to be mechanical deformation [88—92].

The aim of this chapter is to control the orientation of the cylindrical microdomains of
E/MB at a local level by using the sharp tip of the AFM. This complements the next
chapter (Chapter 5), which seeks to investigate the subsequent isothermal crystallization

in real time, in situ, at different temperatures.

This chapter first presents the experimental method that was used, including sample
preparation and the detailed conditions for controlling the orientations of the E/MB
microdomains, such as tapping force and temperature. It presents the investigation into
the conditions and temperatures under which the cylindrical melt structure can be
orientated locally through the action of the AFM probe. The estimated tapping force of
the cantilever on the sample was calculated theoretically and compared with the
experimental results. The chapter also recounts the initial problems faced when
attempting to align the microdomains using the AFM tip, including crystallization
induced by the AFM tip and the breaking up of the cylindrical microdomains into
smaller microdomains, and how these were later overcome. It then presents and
discusses how the direction of orientation of the microdomains could be controlled by
the AFM tip. Finally, elimination/minimization of defects was examined, since this
plays an essential role in the optimization of the subsequent physical properties of the

nanostructures.

Some of the data presented in this chapter has been published previously [136].
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4.2. Method

A diblock copolymer named hydrogenated poly (1,4-butadiene)-b-(3,4-isoprene) was
used. This diblock copolymer is denoted as E/MB where E is the hydrogenated high-
1,4-poly butadiene (PE), which is the minority block, while MB is the majority block.
The molar masses of the minority and majority blocks were 17 and 45 kg/mol,
respectively. While E represents the crystallizable block, MB represents the rubbery
amorphous block. The chemical structure of E/MB is shown in Figure 4.1. The Ty, of the
MB block is -17 °C, which is below room temperature. As was discussed in detail in
Section 2.5.2 Chapter 2, this E/MB diblock forms a cylindrical mesophase of PE

because the volume fraction for E, fg, is 0.27.

+ CH,CH,CH,CH, H CH2C|H %

Ethylene (E)

CH,
|
CH,
Ethylene Butene
CH;
+ CH,CH CH,CH,CHCH, % CH,C +
IC“;CH3 ln, CHy Methyl-Butene (MB)
|
CH; CH;

3-Methyl- 1-Butene Ethylene-Propylene 2-Methyl- 1-Butene

Figure 4.1: The chemical structure of E/MB [137].

The synthesis and characterization of this E/MB diblock has been described in detail in

[138]; some characterization data is shown in Table 4.1.

73



Chapter 4: Orientation Control of E/MB Microdomains

Table 4.1: E/MB Molecular Characterization Data [138]

Sample My, E  (kg/mol) M,, MB fg Topr M T, MB
(kg/mol) °0) (°0) (°C)
E/MB 17 45 0.27 >260 105 -17

The E/MB samples were prepared using two different methods. Firstly, the samples
were melt cast onto a glass coverslip at 130 °C (i.e. above the melting point) using a
Linkam TP94 hotstage (see Chapter 3, Section 3.2.1). Then, they were thinned with a
razor blade, producing films with a thickness of a few microns. The films were then
quenched to the examined temperature at a cooling rate of 90 °C/min. The majority of

the work was performed using this method.

The second method was spin coating, which was used to study the effects of the film’s
thickness on the orientation and crystallization behaviour. For this method, the samples
were first dissolved in toluene at 80 °C to make solutions with concentrations ranging
from 0.5-10 wt %. These solutions were then coated onto either a cleaned silicon wafer
or a glass coverslip at 500-2000 rpm for 20-60 s, resulting in a range of thin film
thicknesses from approximately 70-200 nm. Film thicknesses were measured by both

ellipsometry and AFM and were in good agreement.

AFM was performed in tapping mode, using a Veeco Dimension 3100 AFM with a
Nanoscope IIIA controller, as mentioned in Chapter 3, Section 3.3.3.3.1. The
experimental setup is shown in Figure 4.2. Once the films had been prepared on the
substrate, they were placed on a heater at a temperature range from 110-120 °C, since

below 110 °C the tip induces crystallization, as will be shown below.
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Figure 4.2: An illustrative diagram of the setup orientation experiment. The E/MB
microdomains are randomly orientated in nature. When the film is heated above the melting
point (i.e. 115 °C) by a Linkam heating stage, the E/MB microdomains can be oriented by a

sharp AFM tip.

Following an initial imaging scan, the sample was imaged with high force over the area
to be oriented, using a setpoint of 0.2-0.4 V compared to a free amplitude (i.e.
amplitude when off the surface) of ~3 V (i.e. a relative setpoint, ry,, of ~0.1),
corresponding to an rms amplitude of ~1.8-3.5 nm and ~27 nm, respectively. Knowing
these parameters with the spring constant and quality factor of the cantilever allows the
tapping force that was used to orient the microdomains to be estimated, using equation

3.2 in Chapter 3. This equates to a force of approximately 3.7 nN, as calculated below:

42 1 4.1)
— 2 _ 2 _ 2y11/
< Feg > 300 [27% — (1.8 —3.5%)] /2
< Fpe>=0.14[729 — (3.24 — 12.25)]/2 ~ 3.7nN (4.2)
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The average bending of the cantilever when carrying out this low amplitude imaging
was 0.09 nm, corresponding to a force of approximately 3.8 nN, which was calculated
using Hooke’s law (assuming the nominal spring constant for the cantilevers used), in
good agreement with the theoretical estimate. The area was then re-imaged at low force
(rsp ~ 0.8), to determine the impact of the orienting scan. Following this orientation
procedure, the sample was cooled on the Linkam to the desired temperature with the tip
retracted from the surface, and then imaged in sifu during subsequent crystallization.

This is shown in Chapter 5.

4.3. Results and Discussion

4.3.1. Sample Characterization

4.3.1.1. Film Thickness

Film thicknesses were measured by ellipsometry and AFM and the measurements were
compared and found to be in good agreement. To measure film thicknesses using AFM,
films were first scratched using a scalpel or razor blade in order to create a step in the
film whose depth was that of the film. This scratch was then slowly scanned with AFM
over a large scan size (e.g. 50 x 25 um) at a low scan rate (e.g. 0.5 Hz). A typical
example of such a scan is shown, with its corresponding height profile, in Figure 4.3,
where the thickness measurement was taken as the height difference between the
scratched area and the film surface. Scratching the surface could lead to more material
being deposited around the scratch edges, however, which would make them higher
than the surrounding polymer film. To avoid this, the measurements were taken

between points away from such features.
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Figure 4.3: (a) an AFM height image showing the scratch that was made on the E/MB film. (b)
A cross-sectional analysis corresponding to the dotted line in (a).

4.3.1.2. Melt Structure of E'MB

The initially prepared melt microdomain structure of the E/MB at 120 °C is presented in
Figure 4.4. The E/MB formed cylinders of E in a matrix of MB, as would be expected
from the fact that E has a higher surface energy than MB as a result of E’s significantly
higher solubility parameter [138, 139]. These cylinders can be seen to be lying mainly
on the surface plane. Figure 4.4 (a) and (b) are AFM images showing the phase and the
corresponding height, respectively. In the system studied, the temperature was well
above the glass transition temperature of both components. Even under this condition,
however, a clear phase contrast is visible between the two melt-rich components. The
minor phase E block, which is the crystallizable unit and the major phase, MB matrix,
which is the amorphous block, correspond to lighter and darker regions in the AFM
images, respectively. The AFM technique uses the dissipative interactions between the
tip and the surface to gather its data [141] and to generate the contrast between the

different domains, as previously mentioned in Chapter 3.
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Figure 4.4: AFM (a) phase and (b) the corresponding height images showing the melt
cylindrical microdomain structure in E/MB at 120 °C. Dark to bright represents a variation in
phase and height of 8° and 20 nm, respectively.

4.3.2. Unexpected Outcomes

Before presenting the results of the orientation of the cylindrical microdomains in
E/MB by the AFM tip, this section surveys the problematic outcomes that were
observed during the initial experiments in order to understand their causes and to
explain how they were overcome. Specifically, in the first attempts to orient E/MB
microdomains using the AFM tip, there were two unpredicted observations: that the
AFM tip induced crystallization, and that the cylinders were broken up into smaller

grains (spheres). Both of these outcomes are discussed below.

4.3.2.1.  Crystallization Induced by AFM Tip

In the first case, nucleation was induced in regions being scanned with a high tapping
force (i.e. with a small amplitude setpoint) in order to align the E/MB microdomains.
Four different examples of this situation are shown in Figure 4.5. The crystallization
was clearly due to the influence that the AFM tip had on the sample surface, because
the nucleation occurred only in the area that had been scanned by the AFM tip, while no
nucleation was observed in the rest of the sample when the image was zoomed out (see

Figure 4.5 (a'-d'")). Figure 4.5 shows the E/MB film at 110 °C: (a) before, and (a’) after
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scanning with high force (low Ay,), with the latter inducing nucleation in the scanning
area. (a") is a zoomed out version of image (a’). Figure 4.5 (b-d) shows the area that had
been scanned with a high tapping force in order to orient the microdomains where the
nucleation was induced. By increasing the scan size it was observed that the imaged
region was the only area that had crystallized: no crystallization was observed outside
that area, as can be seen from the examples in Figure 4.5 (b’- d"). Moreover, as the scan
size was increased further, crystallization occurred each time in the new area being
scanned, as shown in Figure 4.5 (b”- d”). The horizontal line at the top of Figure 4.5 (a")

is an image artefact due the door being closed during scanning.
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Figure 4.5: AFM phase images showing the nucleation induced by the AFM tip during the
alignment of the cylindrical microdomains of the E/MB at 110 °C. (a-d) are four examples of
different experiments. (a) Shows E/MB film before, (a’) after scanning with high force (low
Ayp), inducing nucleation in the scanning area, and (a") is the zoomed out image of (a'). (b-d)
show the area in which nucleation was induced. (b’- d") show the zoomed out images from (b-
d), demonstrating that the area scanned with a high tapping force was the only area that had
crystallized; (b”- d") are zoomed out images of (b’- d') showing the occurrence of crystallization
each time in the new area being scanned.
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A possible explanation for this result is that the scan was relatively fast and the surface
was hit hard by the tip (at the low oscillating amplitude). Alternatively, it could have
been that something in the tip (e.g. a bit of material attached at the end of the AFM tip),
when crystallized, nucleated the surface being hit. This situation was only observed at
temperatures lower than 110 °C, above this and the issue was not observed. This issue
was therefore avoided by aligning the copolymer domains at relatively higher
temperatures so that crystallization would not occur. The issue of AFM-tip-induced-
crystallization during the aligning process, due to the tip’s influence on the film, was

therefore satisfactorily addressed.

4.3.2.2.  Cylinders Breaking up into Spheres
Cylinder-to-Sphere Transition

In the second case, the cylindrical microdomains appeared as spheres in the area that
had been scanned with a high tapping force at a temperature higher than 110 °C (to
avoid the crystallization issue when attempting to align the microdomains at
temperatures lower than 110 °C). Initially, it was not known whether the cylinders were
aligned perpendicularly, instead of parallel to the surface, or whether they were being
broken up into spheres. Figure 4.6 shows an example of such a situation: Figure 4.6 (a)
presents an AFM phase image of the natural random orientation of E/MB
microdomains in the melt state that was taken with normal scanning conditions. Figure
4.6 (b) illustrates the change of these cylindrical microdomains to a circular or spherical
microdomain surface pattern resulting from scanning with the AFM tip with a high
tapping force for a long period of time. Figure 4.6 (c) shows a zoomed out view of (b)
where the area that had been scanned with a high tapping force and high scan rate for

long time is in a matrix of random microdomains.
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Figure 4.6: AFM phase images showing (a) randomly aligned E/MB microdomains that were
imaged with normal scanning conditions, (b) cylinders appearing as spheres in the area that had
been scanned with a high tapping force, and (c¢) zoomed-out view of (b). Images were collected

at 112 °C and dark to bright represents a variation in phase of 1.5°.

Generally speaking, there are two main directions in which the cylinders can be
oriented: parallel or perpendicular to the surface, as shown in the top of Figure 4.7.
Perpendicular orientation has been shown in some cases to be associated with very thin
films. It was therefore important to examine whether the AFM tip oriented the
microdomains perpendicular to the surface (Figure 4.7 (b)) instead of the expected
orientation, which is parallel to its scanning direction (Figure 4.7 (a)), due to the film’s
thickness. To explore this, film thicknesses were controlled by using the spin-coating

method and several experiments were conducted with the resulting thin films.

No significant differences were found between thin and thick films, indicating that there
was not a direct relationship between the film thickness and the orientation direction of
the microdomains, or, more specifically, observations of the cylindrical microdomains
breaking up into smaller microdomains like spheres. The only thing noticed was that
the alignment was easier and faster in the thin films. This could be due to the fact that,
in thin films, there are only one, or a few, layers of domains, which makes it easier to
move the domains with the AFM tip since they are not tangled (connected) with other

layers, in contrast to the case of thick films.
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Figure 4.7: Schematic diagram showing the orientation of cylindrical microdomains by the
AFM tip (a) parallel and (b) perpendicular to the surface.

A high force with a high scan rate was then applied for a shorter period of time in order
to align the microdomains (i.e. the area was scanned once). The outcomes illustrated in
Figure 4.8 (a) were obtained, in which the cylinders were relatively oriented in the
direction of scanning. Re-imaging the same area with the same scanning conditions led
to the results in Figure 4.8 (b). As can be seen, some cylinders had changed to smaller
sphere-like microdomains (two examples are illustrated by the blue and yellow arrows
in the highlighted area). With time, interestingly, these spheres, or the broken cylinders
reconnected into cylindrical microdomains, became oriented parallel to the scanning
direction, as shown in Figure 4.8 (c-d). This observation was previously reported in
[142], where an electric field was used to align cylindrical microdomains of block
copolymer. In that case, when an electric field was applied on the initial parallel
cylinders to the surface, the cylinders fluctuated and then broke apart into spherical
domains. These spheres, with time, deformed into ellipsoidal domains and reconnected

into cylinders oriented at 45° with respect to the applied field direction.
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Figure 4.8: AFM phase images showing: (a) the relatively well-oriented cylindrical
microdomains after application of a high tapping force with a high scan rate for a short time, (b)
the transition of some cylindrical microdomains to spheres after orientation with a high scan
rate for a longer time, and (c)-(d) the reconnecting of domains into cylinders with a normal
scanning condition (low force and scan rate). The arrows and red rectangular highlighted area
were added to aid the reader in following the transition or breaking up of cylinders into spheres
and their reconnection.

Figure 4.9 shows another example of such a situation: consecutive AFM phase images
show the process of microdomains interconnecting into cylindrical structures. Image (a)
indicates the transition of the cylindrical microdomains to smaller grains (spheres) after
application of a high tapping force with a high scan rate (~ 9 Hz), and images (b-d)
indicate the interconnection of the microdomains into cylinders with time. The yellow
dashed square indicates the area where the transition occurred and, inside this area,
three regions are highlighted as examples to help the reader to follow the reconnection

process.
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Figure 4.9: Consecutive AFM phase images showing: (a) the transition of the cylindrical
microdomains to smaller grains (spheres) after application of a high tapping force with a high
scan rate of 9 Hz, and (b-d) the interconnection of the microdomains into a cylindrical structure
with time. The yellow dashed squared indicates the area where the transition occurred and
inside this area three regions are highlighted as examples to help the reader to follow the
reconnection process.

This observation indicates that the cylindrical microdomains were at first relatively
aligned in the direction of the AFM tip scanning, but were then broken up into smaller
microdomains (spheres). With time, the distorted cylinders became interconnected and
appeared to be oriented parallel to the scanning direction (see the blue and green
regions in Figure 4.9 (a-d)). Disordered microdomains can also be formed, however, as
shown in the pink region highlighted in Figure 4.9 (c-d), in which the cylinders are not
parallel to the scanning direction but instead appear to be randomly aligned. This
suggests that it is not necessary for the microdomains to be oriented for them to be
reconnected into cylinders. Although they do not have to be aligned (e.g. they may be
dislocated, albeit sometimes clustered together), reconnection into oriented cylinders

was observed more frequently than reconnection into a disordered orientation.

Another example of a situation where the cylindrical microdomains were broken into
spheres and then reconnected into cylinders with time is shown in Figure 4.10 in the

highlighted blue area.

It has been reported that shearing can induce both disordering and ordering of block

copolymer-forming cylindrical microdomains. If the shear rate is high, the
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microdomains tend to be disordered, but if the shear rate is low more ordered domains
are induced [128, 142]. The authors suggested that if the inverse relaxation time (t) of
the cylinder fluctuations is much higher than the shearing rates the cylinders may not be
able to react fast enough to the imposed shear, leading to disordering. So, this could be

the case here.

Figure 4.10: Consecutive AFM phase images showing the reconnection of distorted cylindrical
microdomains into cylinders with time. The highlighted area was added in order to help the
reader to follow the reconnecting process.

Over several experiments, it was found that this process of the breaking up
(transferring) of the cylinders into spheres is associated with the scan rate and
alignment duration. The amount of transition increased as the scan rate and alignment
duration increased. This meant that these outcomes could be overcome by using a
relatively low scan rate (~2 Hz) and a short scanning duration when scanning with high

force to align the microdomains, as will be discussed in detail below.
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4.3.3. Alignment of E/MB Microdomains by the AFM Tip

4.3.3.1.  Orientation Control of Microdomains
The AFM tip was used as a tool to orient the crystalline cylindrical domains
mechanically in the scanning direction before they crystallized. This crystallization

behaviour will be examined in sifu at different temperatures in the following chapter

(Chapter 5).

Figure 4.11 (a) shows AFM phase images of the randomly oriented cylindrical
microdomains in E/MB that resulted from the initial film preparation. Figure 4.11 (b)
shows the cylindrical microdomains aligned to the scan direction after scanning with
the AFM tip over the film surface, with a high tapping force. The Fast Fourier
Transforms (FFTs) of the AFM images show the disorder, (a), and high degree of order,
(b), of the cylindrical microdomains. Figure 4.11 (c) and (d) show further examples. A
clear boundary between the oriented domains (in the top half) and the random domains
(in the bottom half) can be seen in image (c). Image (d) illustrates the oriented
cylindrical microdomains in a matrix of random cylinders where the aligned area was
the only part that had been scanned with a low amplitude setpoint while the rest of the

sample was scanned with a normal amplitude setpoint.
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Scanning Direction

Figure 4.11: AFM phase images showing: (a) the natural random orientation of E/MB
microdomains in the melt state, (b) the cylindrical microdomains oriented by the AFM tip, (c)
the boundary between random and oriented cylinders, and (d) the oriented cylindrical
microdomains in a matrix of random domains. The insets in (a) and (b) are the corresponding
Fast Fourier Transform (FFT) patterns of the cylindrical microdomains showing the essentially
random orientation in (a) and a high degree of orientation in (b). Colour scales represent a
change in phase of (a,b) 5°, (c) 3°, and (d) 5°.

4.3.3.2.  Aligning in Different Directions

The direction of orientation of the cylindrical microdomains can be controlled by
varying the tip scanning direction. Figure 4.12 shows an example resulting after
multiple tip scans were carried out on the sample. The tip first scanned parallel (at a 0°
scan angle) over a 4x4 um area (the yellow square in image (a)), aligning the random
cylindrical microdomains along its scanning direction. Subsequently, the tip was

scanned perpendicularly to the initial scan direction (at a 90° scan angle) over a

88



Chapter 4: Orientation Control of E/MB Microdomains

2.5x2.5 pm area (the white square in image (a)) in the approximate centre of the
previously aligned microdomains, resulting in the reorientation of this area orthogonally
to the previously aligned area in the matrix of a random region (image (a)). Figure 4.12

(b) is a magnified view of the region within the yellow square in image (a).

Three types of cylinder orientations are shown in Figure 4.12 (a): the parallel aligned
cylinders (in the yellow squares), the perpendicular aligned cylinders (in the white
square) and the matrix of random cylinders around the two squares. It should be noted
that the orientation at the boundary between the two oriented regions is less clearly
defined than that between oriented and disoriented areas, implying a greater barrier to

the reorientation process.

Figure 4.12: (a) AFM phase image showing aligned cylinders of E/MB in two different
directions according to the AFM tip scanning direction. The arrows indicate the fast scanning
direction in the two differently oriented regions (white and yellow squares). Image (b) is a
magnified view of the region within the yellow square in image (a). The colour scale in (a) and
(b) is 4°.

A further example showing the ability to control the orientation direction of the
cylindrical microdomains is presented in Figure 4.13. Figure 4.13 (a) shows aligned
cylinders (in the centre of the image) in a matrix of randomly orientated cylindrical
microdomains. The yellow arrow indicates the first aligned area, while the blue and
white arrows point to the second and third areas, which were aligned next, in different
directions. In Figure 4.13 (b), the blue arrow indicates the direction of alignment of the
second area, while the white arrow indicates the still randomly aligned cylinders that

will be aligned next. Figure 4.13 (c) shows the three different directions of aligned
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copolymer domains. The yellow, white and blue ovals indicate the first, second and
third aligned areas with angles of 0°, 45° and 90°, respectively. These were achieved by
changing the scan angle value and scanning once, then changing the scanning area and
choosing a different scan angle. For example, after aligning the microdomains in an
area in a specific direction (e.g. in the direction of the yellow arrow in Figure 4.13 (c)),
another area was chosen to be aligned in another direction (e.g. in the direction of the
blue arrow in Figure 4.13 (c)). This shows the ability of the AFM tip to align the

cylinders in different directions (in the direction of its travel).
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Figure 4.13: AFM phase images of the E/MB collected at 115 °C showing cylinders aligned in
three different directions according to the AFM tip scanning direction. Image (a) shows that the
aligned cylinders (in the centre of the image indicated by the yellow arrow) are surrounded by
randomly orientated cylinders. The white and blue arrows in image (a) refer to the random areas
that were aligned later in different directions by the AFM tip. The yellow arrow in (b) indicates
the corresponding area in (a), the blue arrow indicates the cylinders that were aligned after
image (a), where the tip was scanned perpendicularly to the initial scan direction, and the white
arrow indicates the random cylinders that were aligned next. Image (c) corresponds to (b): this
image shows the three different directions of aligned cylinders: the yellow, white and blue ovals
indicate the cylinders aligned with angles of 0°, 45° and 90°, respectively. Image (d) is a
magnified view of the white square region in image (c). Colour scales are 4°.
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The mechanism of alignment in this work is probably the shear force imparted by the
AFM tip since it is well known that block copolymers (including thin films) align when
a shear force is applied [128, 132]. Even though the imaging here was done in tapping
mode, the tip is still in transient "contact" with the surface, and it is moving in the fast-
scan direction. Thus, it would be expected that the film experiences lateral shear forces
when the AFM tip scans with a low amplitude setpoint value, as in this study, and that
the rate of these shear forces depends on the amplitude setpoint value. If the shear
forces are sufficient, the cylindrical microdomains are aligned in the fast-scan direction,

which was what was observed in this study.

Moreover, increasing the relaxation time favours the alignment of the domains. Here,
the relaxation time is probably larger than the contact time between the AFM tip and
the sample. Thus, the cylindrical microdomains were aligned, as the shearing was faster

than their relaxation.

4.3.3.3. Enhanced Microdomain Ordering

The AFM tip is able to align cylindrical microdomains in its scanning direction,
although in some cases defects—such as dislocations, or domains sometimes clustered
together— were observed (Figure 4.14). The extent to which multiple scans affected the

number of defects was explored.

Scanning the same area more than once (with the same hard tapping force conditions
initially used for alignment, a low amplitude and a low relative set-point ry, = 0.1)
reduced the number of defects. This situation is shown in Figure 4.14. The cylindrical
microdomains are highlighted, from which it can be seen that the number of defects was
reduced simply by increasing the number of scans with the same hard tapping

conditions.
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Figure 4.14: AFM phase images showing the effect of the number of scans on the defects per
unit area, (a)-(c) 1st, 2nd and 3rd scans, respectively, with a relatively high tapping force (low
amplitude and low 1, = 0.1) at 115 °C. The defects are highlighted in yellow to help the reader
follow the reduction in defects as a function of the number of scans. The image size is
3x%0.75 um and the black-to-white scale is 7°.

On the other hand, there were a few cases where some defects were formed when the
number of scans increased (see Figure 4.15). For example, the highlighted red
microdomains in Figure 4.15 (a) became more clustered together when scanning over
them one more time, as can be seen in Figure 4.15 (b). In those cases, however, the
number of defects per unit area was still reduced by increasing the number of scans
over the film, resulting in better ordering in general. Figure 4.16 is a plot showing this
result from nine experiments. The change in the number of defects was found to vary
with the number of scans but was approximately linear, with an overall average

decrease in the number of defects per square micrometre of 0.9 per scan.
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Scan twice
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Figure 4.15: AFM phase (the left column) and height (the right column) images showing the
effect of the number of orienting scans on the defects per unit area, (a)-(c) 1%, 2™, and 3" scan,
respectively, with a relatively high tapping force (and a lower amplitude and lower ry, = 0.1) at
115 °C. The defects are highlighted to help the reader follow the reduction as a function of the

number of scans. The region highlighted in red shows an example of a new defect being
produced with the same scanning conditions, even though the overall number of defects is still
reduced. The image size is 3x1.5 pm and the black to white scale is 12°.
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Figure 4.16: A plot showing the number of defects as a function of the number of scans (each
colour indicates an independent experiment). Error bars are the standard errors.
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Having formed oriented domains of cylinders in this chapter, the impact of orientation

on subsequent crystallization is studied in the next chapter (Chapter 5).

4.4. Conclusion

The AFM tip was successfully used to control the orientation of the cylindrical
E microdomains in different directions according to its scan direction. Scanning the
AFM tip over the E/MB film oriented the microdomains parallel to the direction of tip
scanning. Furthermore, if the tip scanning direction was varied, this was found to alter
the direction of already aligned microdomains in subsequent alignment scans. The
effect of shearing conditions, such as scan rate or tip velocity, ryp, and shear
temperature, on the orientation of E/MB was examined. It was found that the number of
defects was reduced with an increase in the number of orienting scans. Thus, well-
ordered microdomains were obtained by just scanning over the area of interest more

than once.

In the course of the experiments it was found that the AFM tip induced crystallization
when attempting to align the cylinders at temperatures lower than 110 °C (the
crystallization occurred in the area of imaging before aligning these cylinders). At
temperatures of 110 °C and above, however, this situation was not observed. This
indicates that the ideal temperature to align the cylindrical microdomains of the sample
investigated in this work was in the range of 110 °C and above. Moreover, scanning
with a high scan rate for a long time resulted in the cylinders breaking up into smaller
microdomains. Interestingly, in some cases, these distorted microdomains (the broken
cylinders) were observed to reconnect into cylinders with time. This suggests that AFP

tips could induce cylinder-to-sphere transition in diblock copolymer films.

Overall, three conditions were necessary for the orientation of microdomains by the
AFM tip: (i) the temperature should be high enough, (ii), there must be a sufficiently
high tapping force, and (iii) the scanning rate and duration should be carefully
controlled. In the absence of these conditions, the tip would induce nucleation; the tip-
surface interaction may not be strong enough to cause an orientation; the cylindrical

microdomains may be broken up into smaller microdomains rather than being aligned.
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Chapter 5

Crystallization in Pre-Oriented E/MB Microdomains

5.1. Introduction

Crystallization in a confined system has been a source of great interest in recent years
[138], [144]-[154]. One reason for exploring confinement effects is that confined
systems are becoming increasingly widespread as devices and materials are constrained
due to miniaturization. Secondly, the fundamental understanding obtained from studies
of confinement lengths approaching the intrinsic length scale of the system can be
extended to gain an understanding of crystallization in general. Among the most
convenient common methods to achieve confinement under nanoscales are crystalline—
amorphous diblock copolymers [10] (with one crystallizable block), due to their self-

assembled microdomains.

Block copolymers containing one crystallizable block from a phase-separated melt can
be used as a model to understand a range of crystallization behaviours, from “break-
out” (i.e. where the crystallization does not depend on the existing melt structure) to
“complete confinement”, where individual crystallites are completely confined within
pre-existing domains. Careful control of the length of the polymer molecule, and of the
temperature, allows varying strengths of phase segregation to be achieved, which can
lead to a range of different behaviours [67, 154, 155]. Studying crystallization
behaviour using such copolymers promises the ability to control the domain size,
thereby also offering potential insights into the crystallization behaviour of

homopolymers [143, 151, 156]

Even though the general behaviour of this crystallization is understood, there are many

important questions that remain unanswered, such as how exactly the melt impacts on
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the course of crystal growth, or what the relationships between growing crystals are. In
addition, difficulties remain in interpreting ex sifu observations of TEM, due to the
inability to observe the length scales of the structures by optical microscopy. Hence,
defining the morphology during crystal growth is not possible. In recent years,
however, AFM has been successfully employed to study block copolymers [158]. For
example, it has allowed direct visualizations of crystallization in both cylindrical and

spherical microdomains [157].

Previous work on naturally random E/MB [6] has observed that, in some cases, crystals
stopped growing for several minutes before crossing into another microdomain,
whereas, in other cases, the crystals rapidly crossed several domain boundaries without
signs of any decrease in growth rate. Since it is hard to assess this behaviour in
randomly oriented microdomains, it is essential to investigate such crystallization in a
well-ordered melt structure if we are to be able fully to understand those results. By
comparing crystal growth along and against the direction of orientation, the degree of

constraint, and how this changes with temperature, can be determined.

The main aim of this work, therefore, is to monitor the interplay between crystallization
and mesophase formation in soft-confined crystallization in E/MB diblock copolymer,
and to use control over the domain orientation to understand better how confined

crystallization in block copolymers occurs.

In the previous chapter (Chapter 4), the orientation of the cylindrical microdomains of
E/MB was controlled by the AFM tip before they crystallized. This allows the direction
of the crystals to be defined so that they grow relative to the interface of the blocks;
and, if carefully controlled, the molecular orientation introduces anisotropy into the
physical properties, as well as making the impact of microdomain orientation on growth
easier to determine. This chapter complements Chapter 4 by using AFM to investigate
the subsequent crystallization behaviour and morphologies, from a soft rubbery
confinement, in pre-oriented diblock copolymer microdomains (E/MB) in real time, in

situ and ex situ, at different temperatures.

In this chapter, the formation of a crystal morphology from both unoriented and
oriented cylindrical microdomains of E/MB was examined as a function of temperature,

before then making a comparison between them in order to see the effect of orientation
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on the crystallization. The behaviour of the crystallization in the pre-oriented
microdomains at different temperatures is then presented and discussed. In addition, the
growth rates of crystals growing parallel to the established melt structure were
calculated and compared with those of crystals growing against the established melt
structure, again as a function of temperature. Finally, the chapter discusses the
transition from ‘breakout’ to ‘templated’ growth and the impact of this transition on the

growth rate.

Some of the data presented in this chapter has been published previously [136].

5.2. Results and Discussion

In this chapter, after aligning the cylindrical microdomains of the E/MB by the AFM
tip, as shown previously in Chapter 4, the subsequent crystallization behaviour was
examined in situ and ex situ at different temperatures. In order to follow the subsequent
crystallization, the samples were cooled to the desired crystallization temperatures (e.g.
100 °C) at a low rate of about 0.1 °C/min or 1 °C/min from the melt while the AFM
was imaging. This very low rate of cooling was employed to avoid any unwanted
changes on the surface during the imaging stage (i.e. to reduce thermal drift, which can
produce warped images). The E/MB thin film was kept on the Linkam hot stage, which
in turn was kept under the AFM scanner throughout the in situ experiment. The ex situ
experiment was conducted first in order to examine the effect of crystallization
temperature on the crystal morphology formed in both un-oriented and oriented

cylindrical microdomains, as will be shown below in detail.

5.2.1. Crystal Morphology as a Function of Temperature

5.2.1.1. Morphology Formation from Un-Oriented Cylindrical Microdomains

The morphology formed depends on the temperature of crystallization. In order to see
the effects of temperature on the structure of the crystals formed, therefore, the sample
was isothermally crystallized at different temperatures. The sample was transferred very

quickly from the heating stage held at 130 °C to another heating stage placed under the
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AFM and held at the crystallization temperature for several minutes, allowing the
sample to crystallize. The duration for which the sample was held at the specific
temperature depended on the crystallization rate: e.g. crystallization at 50 °C took place
very fast, so the sample was held at this temperature for 5 minutes to ensure complete
crystallization; at higher temperatures, however, crystallization occurred more slowly,
needing more time to be completed (e.g. at 100 °C the sample was held for ~ 5 hours to
ensure complete crystallization). An example is shown in Figure 5.1. The same sample
was used to investigate both the effects of temperature on the structure of the crystals
formed and the temperature at which the crystals would be completely confined within
the microdomain melt structure. The order that these experiments were performed in
was first at room temperature, then 50 °C, 60 °C, 70 °C, 80 °C, 90 °C and, finally,
100 °C.
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'l roomnx temperature

Figure 5.1: AFM phase images of (a) melt phase E/MB at 115 °C and (b-h) a fully crystallized
E/MB sample after isothermal crystallization at (b) 100 °C, (c) 90 °C, (d) 80 °C, (e) 70 °C, (f)
60 °C, (g) 50 °C and (f) room temperature (un-oriented cylinders).
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Figure 5.1 shows the melt structure of the un-oriented E/MB at 115 °C in image (a), and
the different crystal morphologies formed isothermally at a range of temperatures:
100 °C, 90 °C, 80 °C, 70 °C, 60 °C, 50 °C and room temperature, in images (b-h),
respectively. In general, confined crystallization can be observed in two cases: firstly
when the T. of the crystalline block (E, in this study) is lower than the T, of the
amorphous block (MB in this study) and secondly when both the crystalline and
amorphous blocks are strongly segregated in the molten state and the degree of
crystallinity is relatively low [145]. Although, here, in all cases, the T.,E was greater
than T,,MB for the studied system, a range of crystallization modes was observed. At
100 °C, breakout crystallization was observed (i.e. where the spacing present in the
melt was "rewritten" (to a larger value) by crystallization), with the initially cylinder-
shaped crystals widening to form lamellae. The melt spacing of E/MB is shown in
Figure 5.2, which is 50 nm +10 nm. On the other hand, at a temperature range from
below 100 °C to above 50 °C, templated crystallization was observed (i.e. where the
crystals generally (but not exclusively) grow parallel to the axes of the cylindrical
microdomains — meaning that the melt spacing was preserved). At temperatures of
50 °C and below, however, the crystals were fully confined by the pre-existing cylinder

microdomains.
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Figure 5.2: (a) AFM phase image and (b) the corresponding cross-section showing the melt
spacing in E/MB. The width of the cylindrical microdomains melt is in the range of 40-60 nm.

Although in most cases, the difference between breakout and templated crystallization
can be determined qualitatively, quantitative measurements were conducted in order to
confirm these qualitative observations. This was done by measuring the width of the
crystals and comparing these measurements with the pre-existing melt cylinders. If the
size of the crystal was comparable to that of the melt cylinders, the crystal was said to
be templated. If the size was larger than the melt structure, however, the crystals were
classified as breakout. Section profiles of the crystal shown in Figure 5.18 (g) are used
in Figure 5.3 as examples of these measurements. Specifically, Figure 5.3 presents two
profile lines of crystals (b) growing perpendicular, and (c) parallel to the melt cylinders,
corresponding to the yellow dashed line marked as “A” and “B” in image (a),
respectively. The width of the crystal labelled “A” (which is growing perpendicular to
the melt cylinders) was found to be ~ 115 nm, which is larger than the value of the
cylindrical microdomain melt, while the width of the crystal labelled “B” (which is
growing parallel to the melt cylinders) was found to be ~60, which is within the average
value of the melt width. This means that crystal A is breakout while crystal B is

templated.
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Figure 5.3: (a) an AFM phase image taken from Figure 5.18 (g), and (b-c) section profiles,
which were taken from the yellow dashed lines marked as “A” and “B” on image (a). The line
profile in (b) shows crystal “A” and illustrates the width of crystals growing perpendicular to
the melt cylinders, while the line profile in (c) corresponds to crystal “B”, which illustrates the

width of crystals growing parallel to the melt cylinders.

Another example of the morphology formation as a function of temperature for samples
that had not been pre-oriented is shown in Figure 5.4, in this case examining the same
area. In order to identify the same area of interest, and to relocate it at any time after the
isothermal crystallization at different temperatures, a TEM grid was used, as indicated
in Chapter 3, Section 3.3.3.3.3. Note that the vertical line in the centre of the images is a
defect in the film that was used to help return to the same place each time. Figure 5.4
shows images of different crystal morphologies formed isothermally at a range of
temperatures: 100 °C, 80 °C, 70 °C, 60 °C, 50 °C, and room temperature, although the
order in which the experiments were carried out was from the lowest crystallization
temperature to the highest. If these different crystal morphologies formed isothermally
at various temperatures are compared with those in Figure 5.1, it can be seen that

similar results were obtained.
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Figure 5.4: AFM phase images of crystallized E/MB after isothermal crystallization (focusing
on the same area) at: (a) 100 °C, (b) 80 °C, (c) 70 °C, (d) 60 °C, (e) 50 °C and (f) room
temperature (un-orientated cylinders). Colour scales are (a) 7°, (b-d) 11°, (e) 8°, and (f) 9°.

Moreover, by comparing the change in surface morphology caused by E crystallization
at different temperatures, it is clear that the nucleation density quickly increased as the
crystallization temperature was reduced. At low supercoolings (i.e. high temperatures),
such as 100 °C, very few nucleation sites were found, as seen in Figure 5.4 (a). At
higher supercooling (i.e. low temperatures), however, such as 80 °C and 70 °C, there

was a significant increase in the density of nucleation sites.

The above work was performed on un-oriented microdomains but the same approach
was now used to investigate how the morphology formed from oriented microdomains
depended on the temperature of crystallization (Figure 5.5). Similar results were

obtained.
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5.2.1.2. Morphology Formation from Oriented Cylindrical Microdomains

Figure 5.5 shows the melt structure of the oriented E/MB at 112 °C in image (a), and
the fully crystallized film after quenching to room temperature in image (i). The

crystals were strictly confined within the melt structure at room temperature.

Figure 5.5: AFM phase images of E/MB showing (a) an orientated melt structure at 112 °C and
images (b-i) showing crystallized E/MB after isothermal crystallization at: (b) 100 °C, (c) 95
°C, (d) 90 °C, (e) 80 °C, (f) 70 °C, (g) 60 °C, (h) 50 °C and (i) room temperature. The insets are
2D fast Fourier transforms of the images. Colour scales are (a) 8°, (b) 7°, (¢) 8°, (d) 9°, (e-f)
10°, (g) 11°, and (h-i) 12°.

The change in crystal orientation with temperature is striking, with an initial increase in

orientation on cooling, lower orientation at moderate supercooling (e.g. at 80 °C) and
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then increased orientation at high supercooling. To explore this further we follow the

crystallization process in situ.

5.2.2. Following Crystallization in Pre-Oriented Domains in Situ

After aligning the cylindrical microdomains in the melt phase with the AFM tip, the
film was then cooled to the desired crystallization temperature to be isothermally

crystallized in order to investigate the subsequent crystallization.

5.2.2.1.  Crystallization Behaviours at Different Temperatures

The crystallization behaviour was investigated by observing the crystallization process
in real time at various temperatures. Figure 5.6—Figure 5.10 show some examples of
crystallization at 99 °C, 98 °C, 97 °C, 96 °C and 95 °C, respectively. In order to study
the influence of temperature on crystallization, the crystallization was followed in the
temperature range of 95-101 °C, where the AFM was able to image the crystallization
in situ. Below 95 °C, it was not possible to follow the crystal growth in real time, since,
due to the large growth rate, the crystallization was found to be complete before the
imaging could be carried out. Above 101 °C, no crystallization was observed, even after

the experiment was run for several hours.
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Figure 5.6: A sequence of AFM phase images collected at 99 °C showing the crystallization in
E/MB from the aligned melt structure. Dark to bright represents a variation in phase of 7°.
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Figure 5.7: A sequence of AFM phase images collected at 98 °C showing the crystallization in
E/MB from the aligned melt structure. Dark to bright represents a variation in phase of 8°.
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Figure 5.8: A sequence of AFM phase images collected at 97 °C showing the crystallization in
E/MB from the aligned melt structure. Dark to bright represents a variation in phase of 4°.
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Figure 5.9: A sequence of AFM phase images collected at 96 °C showing the crystallization in
E/MB from the aligned melt structure. Dark to bright represents a variation in phase of 10°.
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Figure 5.10: A sequence of AFM phase images collected at 95 °C showing the crystallization
in E/MB from the aligned melt structure. The colour scale represents a change in phase of 5°.

Figure 5.6-Figure 5.10 show a series of AFM phase images taken during isothermal
crystallizations in pre-oriented microdomains at a temperature range from 99 °C to
95 °C, respectively. For all the images, a clear phase contrast can be seen between the
two melt polymers (E and MB), as well as between the crystalline polyethylene and the
melt. The brightest area indicates the crystalline polyethylene, while the darkest area
indicates the MB-rich domain, followed by the E-rich area. This clear phase contrast

allows the assessment of the effect of the melt structure on the crystallization process.

A mixture of templated and breakout crystallization was observed: templated where the
crystals generally (but not exclusively) grow parallel to the axes of the cylindrical
microdomains, and breakout crystallization where the crystals break out from the
microdomains allowing lamellae to form. For example, in the top of Figure 5.6 some
regions of breakout crystallization at 99 °C can be observed, as has previously been
documented for this copolymer [6]. Figure 5.10 shows templated crystallization
occurring at 95 °C, with the polyethylene crystals generally following the contours of

the pre-existing E cylinders in the melt.

111



Chapter 5: Crystallization in pre-oriented E/MB

In these combined in sifu and ex situ images we found interesting behaviour of crystals
over a range of temperatures that can be divided into four categories. First, at a very
high temperature (i.e. 100 °C), crystals crossed domain boundaries easily which led to
breakout; in some regions, instead of the needle-like crystals present within cylindrical
microdomains, flat lamellae lying in the plane of the sample surface could be observed.
Second, as the temperature was reduced (i.e. to 95 °C) crystals grew much faster along
the microdomains leading to templated crystallization, and the flat lamellae resulting
from breakout were no longer generally observed. Third, as the temperature was
reduced further (i.e. to 80 °C) crystals were observed to cross domain boundaries again,
because the nucleation density had increased and the distance between nuclei, required
for the growing crystals to reorient, was thus reduced. Finally, as the temperature was
reduced even further (i.e. to 50 °C), crystallization became confined within the
microdomains. It is unclear whether this was due to the confinement changing the
growth direction, or because the nucleation density was so high that it dominated the
growth, although the latter seems most likely. Formation of lamellae was only observed
at high temperatures (i.e. 100 °C) where the crystals widen and break out from the
cylindrical microdomains, while at lower temperatures only needle-like crystals within
cylindrical microdomains were observed. This is because at elevated crystallization
temperatures (i.e. temperatures just below the melting point) only a very few nuclei are
formed, and the crystal growth rate is low, in contrast to that at low crystallization
temperatures. At this high temperature, the diffusion of the chains towards the growth
front is high due to the high mobility of both blocks, which promotes large crystalline

domains or lamellae.

In these studies of isothermal crystallization (i.e. not quenching to room temperature)
the best orientation obtained was at 95 °C. If our hypothesis is correct, i.e. that it is
nucleation that is dominating at the lowest temperatures, then although the crystal
domains are oriented at these low temperatures, we would not expect the crystal lattice
to be oriented; while at 95 °C, where it has grown along the orientation direction, we
would expect both the domain and the lattice to have a common orientation. We were
not able to test this in these experiments, however, due to the relatively small size of the

oriented regions in our samples.
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It was also worth looking into the crystallization behaviours in a mix of random and

orientated melt structures. Figure 5.11 shows an example of this situation.

Figure 5.11: A sequence of AFM phase images showing E/MB crystallization at 97 °C in a
mixed orientation sample (half oriented and half random). The vertical yellow line in image (a)
has been added to aid the reader to see the different orientations of the cylindrical
microdomains: those on the left-hand side are random cylinders, while those on the right-hand
side are orientated cylinders.
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Figure 5.11 shows the crystallization in the case of the mixed orientation of cylinders:
the orientated cylinders are on the left-hand side of the images, while the random
cylinders are on the right-hand side (corresponding to the region that the AFM tip had
scanned with a large drive amplitude). It was observed that the crystals tended to grow
within and along the cylindrical microdomains in the aligned area, except when other
crystals grew from the randomly orientated area towards the aligned area, as can be
seen in the area indicated by the blue arrow in Figure 5.11 (e)—(1), or when the formed

crystal is initially perpendicular to the cylinders.

5.2.2.2. Growth Rate

The growth rate of the crystals was studied as a function of temperature in order to
obtain quantitative kinetic information about the crystallization behaviour. The distance
of the crystal growth was measured in a succession of images by measuring how far the
growth front of the crystal moved from one image to the next. The average growth rates
of a number of crystallites growing parallel to the cylinder axes, as well as those

growing perpendicular to the axes, were measured and compared at temperatures of 97—

100 °C.

Figure 5.12-Figure 5.15 show the lengths of several crystals growing parallel to the
cylindrical microdomains and others growing perpendicular to them, in micrometres,

versus time in seconds, at crystallization temperatures of 97-100 °C, respectively.
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Figure 5.12: Graph showing the crystal growth lengths of some crystals (nine crystals) growing
parallel to the melt structure, and those growing perpendicular to it, at 97 °C.
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Figure 5.13: Graph showing the crystal growth lengths of some crystals (eleven crystals)
growing parallel to the melt structure, and those growing perpendicular to it, at 98 °C.
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Figure 5.14: Graph showing the crystal growth lengths of some crystals (nine crystals) growing
parallel to the melt structure, and those growing perpendicular to it, at 99 °C
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Figure 5.15: Graph showing the crystal growth lengths of some crystals (eleven crystals)
growing along the melt structure (confined), and those growing against it (breakout), at 100 °C.

The growth rates were measured in nanometres per second by dividing the distance the

crystal moved by the time taken from one image to the next (i.e. the time that had
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elapsed between images). The growth rates of the crystals growing along and against
the melt structure were measured and compared. The growth rates were examined as a

function of temperature. Some growth rate values are given below in Table 5.1.

Moreover, the growth rates of individual crystals were also measured as a function of
time and were found to fluctuate with time for each crystal, as well as between crystals.
Figure 5.16 shows two plots demonstrating such growth rate variations as a function
of time at 99 °C and 98 °C, respectively. This result was found in previous studies on

un-oriented E/MB domains [6], and in other systems such as polyethylene [4].
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Figure 5.16: Plots showing the variations of the growth rate as a function of time for (a) five
separate crystals at 99 °C and (b) six crystals at 98 °C.
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Table 5.1: The growth rates of a number of crystals growing parallel to the cylindrical
microdomains, and those growing perpendicular to them, at temperatures ranging from 97 °C —

100 °C.
Crystallization Crystal Growth Rate (nms™)
Temperature No.
(°C) Parallel to Error | Perpendicular Error Overall
cylinders (R?) to cylinders (R?) average
rate
1 0.9 0.9876 0.2 0.8489
2 0.8 0.9601 0.19 0.9509
100 3 1.3 0.9905 0.2 0.9342
4 0.5 0.9862 0.17 0.9625
5 0.8 0.9915
6 1.2 0.9865
0.916 0.19 Average
1 1.6 0.9979 0.4 0.9805
99 2 1.7 0.9954 0.3 0.9888
3 1.1 0.9529 0.1 0.9801
4 0.3 0.9589
5 0.3 0.9788
1.46 0.28 Average
1 2 0.9934 0.5 0.9858
08 2 2.2 0.9915 0.4 0.9483
3 0.9706 0.4 0.8489
4 0.9862 0.3 0.9509
5 2.3 0.9867 0.3 0.9269
6 0.2 0.9864
2.1 0.35 Average
1 5 0.9993 0.6 0.9206
97 2 3.5 0.9984 0.5 0.9734
3 5 0.9866 0.3 0.8388
4 1.3 0.9948 0.3 0.7665
5 2.1 0.9851
3.4 0.425 Average

Table 5.1 shows the measured and average growth rates of a number of crystallites
growing parallel to the cylindrical microdomains and those growing perpendicular to
them at temperatures of 97-100 °C. This allows for the easy comparison of the growth
rates of these crystallites at the different crystallization temperatures. It can be seen that
the growth rate of the selected crystallites at 97 °C was almost twice that which

occurred at 99 °C, which in turn was about double the growth rate at 100 °C. This
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implies that even a small change in temperature can have a significant impact on the
crystallization process. This also confirms the previous deduction and indicates that
crystals tend to grow faster at lower crystallization temperatures. The measurement of
the difference in the growth rates of the crystals growing parallel to, and perpendicular
to, the cylinders is summarized in Table 5.2 (see the corresponding graphs of these

values in Figure 5.17).

Table 5.2: The ratios and overall average growth rates of 35 crystals growing parallel to the
cylinder axis, and the growth rate perpendicular to the cylinder axis, at temperatures of 97 °C —
100 °C.

Table 5.2 illustrates the ratios and overall average growth rates of a number of crystals
growing along the melt structure and those growing against it at temperatures of 97 °C
—100 °C. Based on the values indicated in Table 5.2, the two following graphs clearly
show the relationship between the ratios and overall average growth rates along the

cylinders and against them (see Figure 5.17).
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Figure 5.17: Graphs showing the relationship between temperature and (a) the average growth
rates along the cylinder axis, and the growth rate perpendicular to the cylinder axis, and (b) the
ratio of the two.

From Figure 5.17 (a) it can be clearly seen that the growth rates along cylinders are
much higher than the growth rates perpendicular to them. Moreover, as the temperature
increased, the growth rate ratio of the crystals growing along the cylinders compared to
those growing against them decreased sharply from ~ 8 at 97 °C to ~ 4.8 at 100 °C as
shown in Figure 5.17 (b). Hence, two outcomes were observed related to increasing the
crystallization temperature: a decrease in the overall crystallization rate and a decrease

in the relative difference between the growth rates along the cylinders and against them.

These data imply that, at high temperatures, an increase in the diffusion of E blocks
between domains and a decrease in the rate of take-up of E chains onto the growth front
combine to decrease the difference in growth rates along and against the cylinders,
since the time for a chain to diffuse from one cylinder to another becomes comparable
to the time required for a chain to add to the growing crystal, and thus breakout

crystallization can occur.
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5.2.2.3.  The Transition from ‘Breakout’ to ‘Templated’ Growth

At low supercooling the nucleation density is low, so for crystals to grow relatively
straight in un-oriented areas they must cross domain boundaries. Growth parallel to the
oriented microdomains happens through re-orientation of the growth direction, either
from bending or crystal branching. Such a process is shown in Figure 5.18 and,

previously, in Figure 5.9.
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Figure 5.18: In situ AFM phase images showing E/MB crystallization at 101 °C. Each image
was captured in 128 s and the black to white scale is 6°. Arrows have been added to aid the
reader in following the branching and curving of crystals growing against the melt structure.
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Figure 5.18 shows the partial branching of crystals that were growing against the melt

microdomains. Two different behaviours for the branching crystals are illustrated:

a) Crystals thickening and branching (see blue arrows in Figure 5.18 (f-1)) until
they meet another crystal, as shown in image (1).

b) Crystals adjusting their growth directions to be alongside the existing melt
cylinders, with an increase in their growth rate, without any branching.
Examples of such situations are indicated by the red arrows in Figure 5.18 (f-

h) and the green arrows in Figure 5.18 (c-e).

Crystals growing parallel to the cylinder axes showed very low rates of branching
compared with crystals growing perpendicular to the cylinders. In the case of crystals
growing parallel to the cylinder axes, the crystallization front was always surrounded to
the sides by uncrystallisable material. To branch into another domain would require a
significant alteration of the local melt structure by diffusion of copolymer. Since this
diffusive process is slow relative to the growth of the crystal along the cylinder, it
becomes unlikely that the diffusive processes will have enough time to alter the domain
structure at the growth front to form branches before the bulk of the material is
consumed by the crystallization along the melt domain. In the case of crystals growing
against the melt domain, on the other hand, the crystal front was constantly being
forced to reorganize the local melt structure in order to grow. Under these conditions,
crystal growth was slowed significantly, enabling effects such as the branching and

thickening of the crystals to occur.
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There was a gradual change in direction as the crystal moved from being perpendicular
to the microdomains to being parallel to them. Although the growth rate throughout this
transition remained roughly the same as the rest of the crystals that were growing
perpendicular to the microdomains, once the transition had occurred (i.e. once the
crystals had started to grow parallel to the microdomains) the growth rate increased to
the rate of the other crystals that were growing along the microdomains. This is due to
the high diffusion of the PE along the melt microdomains, and these crystals continued

to grow parallel to the microdomains until they were blocked by another crystal.

This significant change in the growth rate was also demonstrated quantitatively by
measuring the growth rate of the crystal indicated by the green arrow in Figure 5.18 (c)
as it transited from being a breakout crystal to a templated one (see Figure 5.19). In this
case, the average growth rate increased significantly after the transition occurred, from
just about 1.2 nm/s, when it was a breakout crystal, to approximately 4.7 nm/s when it
became templated. The ratio of the growth rate of this crystal was found to be 3.9 (at

101 °C in this experiment), which is in a good agreement with the measurements

conducted above.
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Figure 5.19: A graph showing the variation of crystal length as a function of time, as the crystal
changes from being breakout (the green dashed line) to being templated (the red dashed line) at
101 °C. This measurement was taken from the crystal indicated by the green arrow in
Figure 5.18 (c-e).
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5.3. Conclusion

This chapter has investigated the crystallization behaviour of a cylinder-forming E/MB
diblock copolymer in real time and using in situ combined with ex sifu imaging by
AFM. The crystallization in pre-oriented E/MB microdomains was followed in real
time at various temperatures. Depending on the thermal conditions examined, a change
from fully confined crystallization to templated and breakout crystallization was
observed. Confined behaviour of crystals was observed at very high supercooling (room
temperature and 50 °C), templated crystallization at intermediate temperatures, and a
mixture of templated and breakout crystallization at the highest temperatures, e.g. at
100 °C. The difference in the morphology and the behaviour of crystals growing
parallel to the axes of the pre-existing melt cylinders, and those growing perpendicular
to the axes, was explored. The growth rates of crystals growing parallel to the
established melt structure were higher than those of crystals growing perpendicular to
them. As the crystallization temperature increased, the overall crystallization rate and
the relative difference between the growth rates along the cylindrical microdomains and
against them decreased. This indicates that small variations in crystallization
temperature can have a significant effect on the morphology and properties, particularly
where the melt has been pre-aligned, as may well happen during processing. Moreover,
the growth rates fluctuated with time for each crystal, as well as between crystals at

different temperatures.

It was also found that crystals could change their growth directions from being
perpendicular to the microdomains to being parallel to them, and that this transition was

associated with a clear and significant increase in the crystal growth rate.
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Shear Induced Crystallization of PE by AFM Tip

6.1. Introduction

Polyethylene (PE) is one of the most important commercial, industrial and scientific
polymers due to its interesting mechanical properties, excellent characteristics and
reasonable cost. It plays an essential role in modern life, especially in packaging, such
as plastic bags, plastic films and containers, including bottles. Furthermore, PE has
been extensively used as a model to study polymer crystallization due to its simple
chemical structure (PE is the simplest commercial polymer) (see its chemical structure
in Figure 2.1). A detailed understanding of the PE crystallization process could
therefore be very useful for increasing overall knowledge about polymer crystallization,
while also potentially expanding the field of application of PE. Many researchers have

studied the crystal structure and crystallization process of PE in the past five decades.

The crystallization under flow of PE [4, 5, 158, 159], and of polymers in general [160—
163], has been the subject of extensive study for many years due to its crucial role in
determining the formation of crystal structures and the final properties of polymeric
products. During processing, such as fibre spinning, injection moulding and film
blowing, polymer materials are subjected to complex flow fields [159, 164], which
affect their final structure and morphology (e.g. leading to extended-chain crystals) and
the crystallization kinetics (such as nucleation density, nucleation rate), which in turn
influence the final properties of polymeric products. It is, therefore, extremely
important to understand how the processing influences microstructure formation in
polymers. In contrast to crystallization under quiescent conditions, where spherulites

form, the “shish-kebab” structure is often observed in flow-induced crystallization of
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polymer melts and solutions. Thus, during polymer processing the crystallization
kinetics and the final morphology are greatly influenced by the molecular orientation

induced by flow (in the molten state) and deformation (in the solid state).

The crystallization of PE has been studied using a number of traditional techniques
including: small-angle X-ray scattering (SAXS) [161, 165], wide-angle X-ray
diffraction (WAXD) [167], small-angle neutron scattering (SANS) [168], optical
microscopy (OM) [163, 168, 169], TEM [171], and AFM [4, 5, 171]. Among these
techniques, AFM is the most ideal technique due to its ability to monitor polymer
crystallization non-destructively in situ, in real time with atomic resolution, as

mentioned in detail in Chapter 3, Section 3.3.3.

Although extensive studies have been conducted over the years on the crystallization
process of polymers, and of PE in particular, and the complex structures that are formed
by crystallization, these subjects are still far from being completely understood. Gaining
new insights into crystallization is therefore essential to understand the mechanisms that
determine crystallization fully. A better understanding of these processes is important to
enable existing materials to be improved, and for the fabrication of novel materials with

known properties.

This study differs from most previous studies on flow induced crystallization [172—-175]
in the sense that only small scale flow was induced locally by the AFM tip. Also, no
external forces were needed here. The AFM tip deformed the molten surface only by
scanning over the surface with a small amplitude setpoint (high tapping force). Then,
the subsequent crystallization was followed in sifu, in real time, using the same AFM
tip. In other words, the AFM tip here was used as a tool to site-specifically initiate
crystal nucleation and then to examine the subsequent crystal growth isothermally at

different temperatures.

The initial aim of this chapter was to induce and control the nucleation of oriented PE
crystals and the ultimate goal was to investigate the growth behaviour of these induced

crystals with direct observation by AFM.

This chapter first presents the experimental method that was used, including sample
preparation, the protocol used and the detailed conditions for inducing PE nucleation,

such as temperature and the mechanical work of the cantilever. It presents the
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investigation into the conditions and temperatures under which the nucleation can be
induced locally through the action of the AFM probe. The estimated mechanical work
of the cantilever on the sample was calculated. The chapter also recounts the initial
problems faced when attempting to induce nucleation using the AFM tip, when using a
cold tip and contact mode, and how these were later overcome. It next presents and
discusses the effect of scan direction and scan rate on the induced crystals. The
investigation of the subsequent crystallization behaviour at different temperatures is
then presented and discussed. In addition, the height, and the rate of change in the
height, of crystals were calculated in order to study the relationship between the height
and the transition from edge-on to flat-on oriented crystals. Moreover, the effect of
nucleation density on the behaviour of crystals was also presented. Finally, the chapter
presents the induction process of a single crystal and its subsequent growth behaviour in
situ, in real time, as a function of temperature and how this differs from that for

multiple crystals.

6.2. Method

The standard PE (Mw = 84 500 Da, M/M,, = 1.28) and Mw = 77 000 Da, Mw/Mn =
1.28,)) used in the present study was purchased from PSS. Samples were prepared by
dissolving PE in p-xylen (puriss. p.a. >99.0%, purchased from Sigma-Aldrich) at
135°C for ~30 minutes, resulting in a suspension with a concentration of 1% wt
(Figure 6.1). This suspension was then drop-cast onto a glass cover slip (see Chapter 3,
Section 3.2.3) on a heating stage held at 160 °C for ~20 minutes so as to ensure that all
the crystals were melted and to remove any thermal history. Then, the films were
quenched to room temperature and the glass cover slip was stuck onto a magnetic disc
using UV glue to reduce the amount of drift when under the AFM. The thermal

protocol used in this work is presented below.
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Figure 6.1: A photo of PE (a) hot solution immediately after removing it from the oil bath after
dissolving the PE into the solvent at 135 °C and (b) suspension a few minutes after removing
the solution from the hot bath.

AFM was performed in tapping mode, using a Multimode 8 AFM with a high
temperature heating system, which was used to control the tip and sample temperatures,
as mentioned in Chapter 3, Section 3.3.3.3.3. The experimental setup is shown in
Figure 6.2 (a) and the crystals that were formed are shown in Figure 6.2 (b). Once the
films had been prepared on the substrate, they were placed on a hot AFM stage with
heated tips, since using unheated tips caused the area near the tip to crystallize, as will
be shown in more detail below. The AFM tip was used as a flow tool to orient the melt
surface of the PE in order to induce oriented crystals. This was done by scanning over
the surface of the molten PE with a low amplitude setpoint of the AFM tip (high
tapping force) (a similar strategy to that in Chapter 4, section 4.2) with nucleation being

observed when the temperature was within the range from 136 °C to 129 °C.
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Figure 6.2: (a) Schematic diagram showing the experimental setup of the shear induced
crystallization by AFM tip in this study and (b) AFM phase image of the induced crystals.

The thermal protocol used in this work in order to shear or nucleate the melt surface of

PE by AFM tip is listed below (see also Figure 6.3):

1) Heat the film from room temperature to 145 °C (above melting temperature).

2) Maintain temperature at 145 °C for 5 min to erase any thermal history.

3) Lower temperature to the nucleation temperature (T,).

4) Maintain temperature at T, for ~5 min to stabilize the tip with the new

temperature.

5) Use the AFM tip to induce nucleation by tapping hard on the surface with the

AFM tip at T,,.

6) Lower temperature to the crystallization temperature (T.).
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Figure 6.3: Schematic diagram showing the thermal protocol used in the experiments where
Trooms Te, Tn, Tm and T, are room, crystallization, nucleation, melting and annealing
temperatures, and t,, t,, and t. are annealing, nucleation and crystallization time, respectively.

Following this induction procedure, the sample was cooled to the desired crystallization
temperature and then the subsequent growth was followed isothermally in situ at a

range of temperatures. This is shown later in this chapter.

6.3. Problematic QOutcomes

6.3.1. Unheated AFM Tip

This section surveys the problems that arose during the initial experiments to induce
crystallization in PE in order to understand their causes and to explain how they were
overcome. Specifically, in the first attempts to induce crystals within the target area
using the AFM tip, the AFM cantilever crystallized its surrounding area even before
engaging (see Figure 6.4). This was due to the large difference in temperature between
the hot sample and the cold cantilever, which caused a reduction in the actual
temperature of the sample. In order to overcome this problem it was decided to heat the
cantilever. This was done by applying voltages to it using the same heating controller as
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used in Chapter 3, Section 3.3.3.3.3. Guided by [177], a specific voltage was applied
depending on the experiment temperature. For example, if the desired crystallization
temperature was 125 °C, 10.8 V was applied to the tip, heating it to about 125 °C
(according to [177]).

Figure 6.4: Optical micrographs showing the effect of variations in temperatures between the

AFM cantilever and the sample. (a- a’) at 135 °C and (b-b") at 139 °C. (a-b) The point at which

the cantilever was brought above the sample (close to, but not in contact with the molten PE);
and (a’-b") after a few seconds.

6.3.2. Using Contact Mode AFM

When contact mode AFM was used to induce crystallization, the surface of the sample
was damaged, even at the lowest possible forces (see Figure 6.5). This result confirmed
that the most appropriate mode for use in this kind of study is the tapping mode, as

discussed in detail in Chapter 3.

igure 6.5: (a) AFM height image and (b) its corresponding 3D image that resulted from
scanning over the PE melt surface with the AFM in contact mode.
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6.4. Results and Discussion

6.4.1. Sample Characterization

DSC measurements were carried out using a PerkinElmer Pyris 1 DSC system, with a
scan cycle over a temperature range of 25 °C to 200 °C, at a heating/cooling rate of
10 °C/minute under a Nitrogen atmosphere. The samples were first heated from 25 °C
to 200 °C at a rate of 10 °C/min, then cooled at the same rate down to room temperature

(Figure 6.6). Both PE 77k and PE 85k showed similar results.
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Figure 6.6: DSC curves taken in the range of room temperature to T,, of PE with Mw (a) 77k
and (b) 85k, with a heating/cooling rate of 10 °C/min.

6.4.2. AFM Tip-Induced Nucleation of PE

To induce nucleation using the AFM tip the significant conditions that need to be
considered include: the tapping force, the ideal (range of) temperature for inducing
nucleation, and the mechanical work required of the tip to induce nucleation, as will be

shown below.
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a) Estimated force for inducing nucleation

The applied tapping force on the surface of the melt polymer plays an essential role in
inducing nucleation. This is because, in order to induce PE nucleation, the PE
molecular chains need to be aligned. In this study, this alignment was achieved by
scanning with sufficient force over the desired position of the PE melt surface. This was
done by scanning over the PE melt surface with a low amplitude setpoint of the AFM
tip (a similar strategy to that used for orienting the block copolymer domains in Chapter
4, Section 4.2). Moving the AFM tip over the melt surface with such a high force
caused the PE chains to align parallel to the moving (scanning) direction of the tip.
When the AFM is operated in tapping mode, the PE chains may be aligned only in
those areas which the tip touches (see Chapter 3, Section 3.3.3.2.2). On each occasion
when the tip touches the melt surface it shears it, causing the chains to align at that
position in its scanning direction. Then, these aligned chains could aggregate, resulting
in the generation of nuclei which then develop into crystals that grow perpendicularly to
the scanning direction (because the chains are aligned parallel to the scan direction).
These stages of tip-induced nucleation and subsequent growth are shown in Figure 6.7,

while Figure 6.8 shows a real example resulting from this process.

This result implies that the energy barrier required to form nuclei is reduced when the

polymer melt chains are oriented by shearing or flow.
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Figure 6.7: Schematic illustration showing the stages of tip-induced primary nuclei and the
subsequent growth of oriented PE crystals: (a) before shear (amorphous melt), (b) a short time
after shear (nuclei), (c) after nuclei growth (oriented crystals), and (d) the final growth of the
oriented crystal.

134



Chapter 6: PE Crystallization Induced by AFM Tip

(@)

SOOI B N e e A

Fast scan axis
400 nm W TR

Figure 6.8: AFM phase images showing the tip-induced PE crystals (a) the initial growth stage
and (b) after they had grown to some extent. It shows the growth direction of the induced
crystals relative to the AFM tip scan direction.

Figure 6.9 shows how the direction of the formed crystals is dependent on the scanning
direction of the AFM tip. The AFM tip aligns the PE chains at the surface of the melt in
its scanning direction. Hence, the formed crystal will grow perpendicularly to the

scanning direction.
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Figure 6.9: Schematic diagram showing the relationship between the AFM scanning direction
and the orientation of the induced crystals. The AFM tip orients polymer chains parallel to its
scanning direction resulting in crystals formed perpendicularly to the scanning direction.
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b) Temperature range for inducing nucleation

The nucleation was induced between 129 °C and 136 °C. Above 136 °C, no nucleation
was observed, or even if nuclei were induced at this high temperature, they melted
immediately. Below 129 °C, nucleation was easily induced but the growth rate was very

fast, making it hard to image the crystal growth with the AFM.

c) Estimated specific work (w) required to induce nucleation by the AFM tip

Previous studies have shown that there is a critical value for the amount of specific
work (i.e. energy density or the work applied to the unit volume of the sample in Pa=
J/m?) that needs to be applied to a polymer melt in order to induce crystallization, with
no nucleation being observed below this value [174, 175, 177]. The work was estimated

using equation (6.1):
(s (dy dy  1° (6.1)
w= fo U(E(t)> [E(t)] dt

ts 6.2
w= f n () 72(0) dt (©-2)
0

. . . .. dy. . .
where w is the specific work, 7 is the viscosity, d—]; is the shear rate, t is the time and t;

is the entire time of shearing.

The shear rate in the case presented in this study could be calculated as follows:

Tip velocity (um/s) (6.3)
Penetration depth (um)

dy
The shear rate (E) =

While the tip velocity value was taken directly from the AFM software during
scanning, and was around 10 um/s, the penetration of the tip into PE melt needed to be

measured. To calculate how far the tip penetrated into the melt, the amplitude needed to
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be calibrated by taking an approach curve while in tapping mode onto a hard surface
(e.g. mica or glass) and fitting the slope of the amplitude. This gave an amplitude
sensitivity in nm/V. In order to calculate the amplitude sensitivity and calibrate it into
nm instead of V or mV, a force curve was taken while in tapping mode, which
produced an amplitude vs z curve. This showed a change from a constant amplitude to a
relatively linear decrease once the probe started tapping on the sample. The amplitude
sensitivity (nm/V) was also determined, which calibrates the voltage signal on the PSD
into nm. Then, the amplitude in volts was multiplied by the slope of the amplitude

approach curve to express the amplitude in nm (see equation (6.4) [179].

Ag, (in V) x Amplitude sensitivity (in nmV ") = A, (in nm) (6.4)

To calculate the penetration depth, an image of the height where the nucleation was
induced was first taken. Then, a section profile was taken in the vertical direction of the
scan line, where the setpoint was lowered to orient the melt, as shown in Figure 6.10.
The flat regions indicate normal scanning while the dip illustrates where the setpoint
has been reduced. From the section profile, it was possible to measure the depth of the
dip. Then by subtracting (scanning setpoint - shearing setpoint) in nm from the
measured depth (see equation 6.5), it was possible to calculate the depth of penetration
into the melt when nucleation was being induced, relative to the tip position when

scanning normally.
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Figure 6.10: (a) AFM height image of the PE surface taken during hard tapping and (b) a
representative cross-sectional image (height profile) of the PE melt surface during the hard
tapping of the AFM tip, which was taken from the vertical white line in image (a).

Depth penetration = (Measured depth — (Asp - An)) X Amplitude sensitivity (6.5)

Depth penetration = Measured depth — (Asp - 4,) (6.6)

where the measured depth is the depth of the dip of the tip that has occurred during
scanning with a reduced setpoint amplitude, A, is the scanning setpoint amplitude, and

A, is the shearing setpoint amplitude at which the nucleation was induced.

Since the tip velocity, as indicated in the AFM software during scanning, was around
10 um/s, and the penetration of the tip into the melt was in the order of 20-80 nm (as

shown in Figure 6.10), then the shear rate applied by the tip on the sample could be

calculated as follows:

10 (um/s)
(20 — 80)x10~3 (um)

Shear rate (3Y) =
ear rate (dt) =
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dy
Shear rate (E) = 500 — 125571

The viscosity of the polymer melt was found in the literature to be in the order of 10’

Pa.s [180]. Thus, the mechanical work done on the PE melt in this study was:

3x1073s (6.7)
w = f 10° Pa.s [10% s™1]? dt
0
3x1073s (6.8)
w =f (10° Pa.s) dt
0
w = [10° Pa.s]3x107° (6.9)
w = 3x10° Pa (6.10)

This value of w is similar to that observed macroscopically in [175].

Moreover, the scan rate (or tip velocity) plays an important role in the induction of
nucleation. As the scan rate was increased (from 0.5 Hz to 6 Hz) while maintaining
constant experimental conditions and parameters, such as the scan size, amplitude
setpoint and temperature, the nucleation density also increased, as shown in

Figure 6.11.
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Figure 6.11: AFM phase image showing the effect of increasing the scan rate on the induced
nucleation density at 131 °C.

Moreover, it was possible to control the separation distance, length, number, density,

and direction of the crystals induced by the AFM tip, as shown in Figure 6.12.
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Figure 6.12: AFM phase images showing the ability of the AFM tip to control: (a) the
separation distance between the induced nuclei rows, (b) their number, (c¢) density, and (d) the
direction of orientation.

Having developed a new approach to control the nucleation of oriented crystals, the
subsequent isothermal crystallization behaviour was then followed in sifu, in real time,

using AFM at a temperature range from 136 °C to 129 °C.
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6.4.3. Behaviour of the Induced Crystals

After inducing the nuclei using the AFM tip, isothermal crystallization was performed
in order to investigate the behaviour of the subsequent growth of the induced crystals in
situ. The growth was followed in the temperature range of 136 °C to 129 °C, where the

AFM was able to image the crystallization process, as discussed in 6.4.2 above.

In order to examine the growth over the course of the experiment, individual crystals
were identified in sequences of AFM images. Crystals that could be clearly resolved in
the first image were labelled, as in Figure 6.13 below. In each of the subsequent
images, where these labelled crystals were present, the growth that had occurred
during image acquisition could be monitored, allowing the behaviour of these individual

crystals to be investigated as they grew.

Crystal 1 Crystal 2
Crysta 1~ Crystal2
" nw.u.vl“,"‘ﬂ FATD AT,

."|(n‘,w!nh;lg\‘l|€a'y ST

Crystal 6 Crystal 7

\

Figure 6.13: Diagram demonstrating the labelling scheme that was used to follow the growth of
individual crystals. (a-c) are the 1%, 15" and 25" images captured for PE crystallization at
133 °C.

During the isothermal crystallization, interesting behaviours were observed, including
pushing apart of neighbouring crystals, deformation, changes in the direction of growth,
melting and aggregation into groups. These phenomena are presented and discussed

below.

6.4.3.1. Interaction between Neighbouring Crystals

Figure 6.14 shows three independent examples (a-c) following crystallization at 130 °C,
131 °C and 133 °C, respectively. These three series of AFM images were taken from

three independent experiments. Some interesting behaviour can be observed with the
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PE crystals; some of them seem to force their neighbouring crystals apart when they are
stuck between them, in order to grow between them, as shown in Figure 6.14 (a-c). The
highlighted crystals represent both the crystals that crystallized initially under this
constraint and the neighbouring crystals that were affected. For example, the two
orange crystals in the series (a-a”) that crystallized under the constraint of neighbouring
crystals (yellow and pink crystals), can be seen to force those neighbouring crystals
apart in order to provide more room to grow between them. The distance separation
(red lines) between the two yellow crystals, and between the two pink crystals, becomes
larger, as the middle (stuck) crystals continue to grow. Similarly, the orange crystals in
the images series (b-b") and (c-c”) continue growing between their two neighbouring
crystals (yellow crystals in (b-b”) and blue and green in (c-c”)), increasing the

separation with their neighbours. This behaviour was found relatively frequently.

Another interesting phenomenon observed here is that crystals can deform or reorganize
themselves during the isothermal crystallization in order to be in a more stable state, as
shown in Figure 6.14 (c-c¢"”) (pink crystal). Bent lamellae have previously reported
during the growth of lamellae [69], but no explanation has yet been offered for this

observation.

n

Furthermore, at later stages (e.g. Figure 6.14 (a”-c")), crystals tend to become closer to

each other (clumping into groups), as will be shown in more detail below.
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Figure 6.14: (a-c) Three independent series of AFM phase images showing the subsequent
crystallization of PE at (a) 130 °C, (b) 131 °C, and (c) 133 °C. The orange highlighted crystals
indicate crystals that are forcing apart their neighbouring crystals (coloured pink, yellow, blue,

and green). The small red and yellow lines were added to aid the reader to see the increase in
the separation distance between crystals as the middle crystal grows between them.

6.4.3.2.  Aggregation of Crystals into Groups

In addition to the abovementioned behaviour of crystals pushing their neighbours apart
to grow between them, another interesting phenomenon observed here was that as
crystals grow, the gap between them may reduce and even disappear; in other words
crystals appear to clump together (see Figure 6.15). Although this behaviour can be
determined qualitatively, quantitative measurements were also conducted in order to
confirm these observations (see Figure 6.16). This was done by measuring the spaces
between crystals as a function of time. Although it was difficult to determine the
absolute value of the space between crystals, as it was very small, the measurements

give an idea of the changes in these spaces between crystals with time.

Interestingly, the orientation of the crystals labelled “A” was switchable between edge-

on and flat-on with time, as can be seen from Figure 6.15 (g-p). The transition from
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edge-on to flat-on started in image (h) and progressed until image (k). Then, it re-
oriented gradually to be edge-on, as can be seen in images (i-m). Again, the transition
occurred, and the crystal become flat-on in image (n). Finally, the crystal changed its
orientation to be edge-on again between images (0) and (p). The reason for this

behaviour is not clearly understood.
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Figure 6.15: In situ AFM phase images showing the subsequent growth of PE induced crystals
by the AFM tip at 129 °C.
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Figure 6.16 shows the change in the separation distance between crystals as a function
of time, using the data represented in Figure 6.15. It is clear that the separation
distances decrease with time in general, but there are two cases where the separation
increased for a short time first before decreasing: see d; and d, in Figure 6.15, the black
and pink curves in Figure 6.16 , respectively. This initial increase in separation was
due to the previously mentioned phenomenon of crystals forcing their neighbours apart

in order to grow between them.
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Figure 6.16: A plot showing seven separation distances between the crystals shown in
Figure 6.15 as a function of time. 4, Y, o ,0 ® m @ are the separation distances labelled d;,
d,, d3, d4, ds, dg, d7, respectively, in Figure 6.15. The separation distances were measured at
different times, and tracked for clarity.

This phenomenon raises important questions: are the crystals really clumping into a
group? Or, do they only change their orientation from being edge-on to flat? If the latter
is the case, is there any relationship between the increase in height and transition of the
crystals’ orientation that causes them to appear as if they are clumping into groups? Or,

are the crystals changing their orientation as they reach a certain height?

The hypothesis is that as the height of the edge-on crystals increases, which means they
grow away from the surface, they become unbalanced and, therefore, tend to change
their orientation to be flatter on the surface. In order to test this, the height of individual
crystals was first measured as a function of time, before determining the height at which

they started clumping together or changing their orientation.
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The height of the PE crystals was measured and was found to increase both with time
and with supercooling, in that as the crystallization temperature decreased (increased
supercooling) the height of the crystals increased sharply, as shown in Figure 6.17 (a).
The height of the crystals also showed a nonlinear relation with time. This result is in a
good agreement with that in [181]. The rate of change in height was not constant,

however, but rather varied in time, as can be seen in Figure 6.17 (b).
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Figure 6.17: Plots showing (a) the height of the PE crystals shown in Figure 6.15 as a function
of time at 130 °C (red dashed line) and at 127 °C (green dashed line) and (b) the rate of change
in the height of those crystals at 130 °C.

Another example of this behaviour, where the crystals appear to aggregate, is presented
in Figure 6.18. Here, four main observations are noteworthy. First, some crystals melted
during the isothermal crystallization. An example of such a situation is indicated by the
green arrow in Figure 6.18 (d-j). Second, a zigzag structure was observed, as indicated
by the yellow arrow. Third, the transition from an initial edge-on orientation to a flat
one was observed. Crystal “A” in Figure 6.18 (i) is an example of such a situation; the
orientation of this crystal changed completely, in contrast to the other crystals which
appear as if they had only partially changed their orientation. This could be due to the
fact that crystal “A” had enough space around it, allowing sufficient room for growth in
the direction of orientation, which was to the right side of the crystal. Finally, the
crystals appeared to clump into groups as they grew. The initial spaces between the

induced crystals were roughly equal, but as the crystals grew the spaces reduced,
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meaning that the crystals become closer to each other. Here, the crystals have
aggregated into three groups, indicated by the blue, red and green ovals in Figure 6.18
(h). The number of groups that crystals could aggregate into was not predictable, but
usually they were three, two or even only one group, (see Figure 6.19 (a-b) which
presents examples of crystals clumped into one and two groups, respectively). The
width of the three groups shown in Figure 6.18 (h) was measured as a function of time,

as will be shown below.
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Figure 6.18: A sequence of AFM phase images showing the subsequent crystallization of the
PE at 129 °C. The green arrow points to a crystal that was melting and the yellow arrow points
to a crystal that was becoming zigzagged with time.
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Figure 6.19: AFM phase images showing the aggregation of PE crystals into (a) one and (b)
two groups as they grew.

The width of the three groups shown in Figure 6.18 (h) was measured as a function of
time (see Figure 6.20), and was found to decrease with time until the crystals become so

close to each other that there was no more space between them.
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Figure 6.20: A plot showing the width of the three crystal groups indicated by the ovals in
Figure 6.18 (h) as a function of time.
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Figure 6.21 (a-b) are height images corresponding to the phase images shown in
Figure 6.18, and (a'-b') are the corresponding section profiles that were taken from the
white lines in images (a) and (b), respectively. Three differences were found between
the very early stages of the crystallization (a) and the later stage of crystallization (b):
the space between individual crystals; the height of the crystals; and, the depth of the
gap between groups of crystals.

First, the space between crystals reduced until it disappeared, as can be seen by
comparing the section profiles (a') and (b') in Figure 6.21. It is clear that there are many
peaks in (a') but only three main peaks in (b'), indicating that the crystals have

aggregated into groups with gaps existing just between these groups.
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Figure 6.21: (a-b) AFM height images of PE crystallization at the initial and final stage,
respectively, corresponding to the phase images in Figure 6.18 and (a' —b ') their cross-section
profiles.

Second, Figure 6.22 (a) shows a series of 3D AFM height images taken from
Figure 6.18. It can clearly be seen that the height of the crystals increases with time.

Quantitative measurement was done by plotting the height of the crystals against time,
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and this was found to increase with time. Additionally, as the crystallization
temperature decreased (increased supercooling), the height of the crystals increased
sharply, as shown in Figure 6.22 (b), although the rate of change in the height was not

constant, as can be seen in Figure 6.22 (c).
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Figure 6.22: (a) AFM height images from 3D images showing the height of the whole crystals

as a function of time. These images correspond to the images in Figure 6.18. (b) Plot showing

the height of the PE crystals shown in Figure 6.17 as a function of time at 131 °C (red dashed

line) and at 130 °C (green dashed line), and (c) plot showing the rate of change in the height of
those crystals.

From the 3D images (Figure 6.22 (a)) it is clear that the crystals clumped into groups as
they grew, resulting in the creation of gaps between these groups, as shown above.
Interestingly, these gaps increased in depth with time, or more precisely, as the crystals
grew. The depth of the gap between the groups of crystals was measured in nanometres
as a function of time. Figure 6.23 (a) illustrates the increase in the gap depth as a

function of time. Moreover, the rate of change in the depth of the gap between crystals
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was also measured as a function of time and found to fluctuate with time. Figure 6.23
(b) shows a plot demonstrating the variation of this rate of change in depth as a
function of time at 131 — 130 °C. From the plot it is clear that the change over time was
not constant, and indeed was rather random, although it does generally become smaller

after a certain period of time.
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Figure 6.23: Plots showing: (a) the depth of the gap between the crystal groups indicated in
Figure 6.22 (a) (the right hand side gab), and (b) the rate of change in the gap depth as a
function of time.

6.4.3.3. Interdigitation of Crystals

Two nuclei-rows were induced by the AFM tip and the subsequent growth was

followed in order to investigate the interdigitation of the crystallization.

Figure 6.24 and Figure 6.25 show two examples of interdigitation of PE crystals at
133 °C and 132 °C, respectively.

Figure 6.24 shows the interdigitation of two rows of oriented PE crystals during
isothermal crystallization at 132 °C. It is clear that crystals can reorganize themselves,
as can be seen in Figure 6.24 (a-d), where the shape changes from being bent (a-b) to

being roughly straight in (d) and then continuing to grow in a straight line.
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Figure 6.24: A sequence of in situ AFM phase images showing the growth of PE induced
crystals at 132 °C. An example of crystals deforming is shown (highlighted crystals).

Figure 6.25 shows another example of the interdigitating of two rows of oriented PE
crystals during isothermal crystallization, this time at 133 °C. Some crystals have been

highlighted to make it easier for the reader to follow their behaviour. Interesting
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behaviours were observed, for example, the grey crystal bent as the purple crystal grew
towards it (c-g); the white crystals merged into one when they met (b-f); the blue crystal
grew very slowly until sufficient room appeared, at which point it accelerated (e-1); the
pink crystal deformed as it grew (e-l); the yellow crystal was inhibited by another
crystal for a while before changing direction to an area with more room to grow into,
and then increased its growth rate sharply (e-k); the green crystal collided with the red
crystal for a short time before changing its direction of growth into an empty area and
accelerating (e-h); the red crystal then collided with the pink crystal and stopped

growing as there was not enough room to change direction (e-1).
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(a)

Figure 6.25: A series of AFM phase images showing the interdigitating of two rows of oriented
PE crystals during isothermal crystallization at 133 °C. The images show the grey crystal
bending as the purple crystal grows towards it; the white crystals merging into one when they
meet; the blue crystal growing very slowly until it has enough room, at which point it
accelerates; the pink crystal deforming as it grows; the yellow crystal inhibited by another
crystal for a while before changing direction to an area with more room to grow into, and then
increasing its growth rate sharply; the green crystal meeting the red crystal for a short time
before changing its direction of growth into an empty area and accelerating; the red crystal then
meeting the pink crystal and stopping growing as there was not enough room to change
direction.
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These habits for the crystals as they approached another neighbouring crystal are
similar to those reported previously in an in situ study of the process of interdigitation
of shish kebab crystals in PE, also using AFM [4]. Different behaviours exhibited by
crystals as they approach another neighbouring crystal were suggested in this prior
work: the two crystals can change their growth direction to avoid hitting each other;
they can meet each other and therefore stop growing; they can join each other and
become one crystal; or they may pass by each other without meeting and continue
growing. The new habit observed here was that the two crystals could meet and stop
growing for a while until one of them changes its direction of growth slightly so that its

front becomes free and its growth is thus able to accelerate.

6.4.3.4. Melting During Crystallization

Figure 6.26 shows a series of AFM phase (a-f) and height images (d'-f') presenting the
isothermal crystallization of PE film at 131 °C, having been induced at 133 °C. Another
interesting phenomenon was observed in this work, which was that some crystals
melted during the isothermal crystallization while the remaining crystals continued
growing, as can be seen in Figure 6.26 (d-f) and their corresponding height images (d'-
f'). The arrows indicate the crystals that melted, each crystal indicated by different

colour for ease of identification.
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Figure 6.26: AFM phase images (a-f) and height images (d'-f") corresponding to (d-f) showing;
the melting of some crystals (indicated by arrows), and crystals being forced apart as others
grow between them (green highlighted crystals) during the isothermal crystallization of PE film
at 131 °C (scan size=1.8p, rate=3.03 Hz (512/256). Each image was acquired in 84 s. Induced
at 133 °C.

The possible reason for this melting was that the temperature of the top of the sample
was not constant during the experiment (i.e. the temperature of the film surface
potentially increased slightly due to the heater until it reached an equilibrium state
where the temperature of both the film surface and the heater were equal such that there
was no more variation in the temperature of the film). This slight increase in
temperature would mean that there would be a variation in the average growth rate of
crystals with time. In other words, the average growth rate of the crystals would not be
constant but would reduce as a function of time, since an increase in the temperature of
the sample leads to a decrease in the average growth rate of crystals. In order to check
whether the change in the sample temperature is the reason behind the melting of the
crystals during the crystallization, the average growth rate of the crystals was measured
as a function of time in the cases where this phenomenon was observed. Figure 6.27

shows an example of such a measurement. The time at which the melting occurred was
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somewhere between 1500-2000 s. It is clear that the average growth rate was almost
constant all the time, which means that there was no change in the sample temperature
during the growth, and in turn the melting of crystal was not caused by an increase in

temperature.
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Figure 6.27: A plot showing the average growth rate of PE crystals as a function of time at
133 °C.

Keeping the sample at a high temperature for many hours (131 °C in this case) could
lead to some of the crystals melting, even those that had initially grown to some extent
(see crystals indicated by the red arrow in Figure 6.26 (e-f)). A possible explanation for
this melting, or disappearance, of crystals could be that these crystals were not stable
enough, as suggested previously in [182]. Since the relaxation time of chains is
proportional to the My, short chains would have a much shorter relaxation time than
long chains, hence another possible explanation for the melting of the polymer during
crystallization is that the crystals that melted may have been formed from shorter chains
which then relax back quickly into the melt (i.e. relax back to a coiled state), in contrast
to other crystals that formed from longer chains, meaning that there is insufficient time

for them to relax and thus they remain in the oriented state.
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6.4.3.5. Checking the Effect of Tip on the Crystal Behaviour

In all the results presented above, i.e. zigzag formations, clumping into groups,
transition from edge-on to flat, it is possible that the effects were caused or influenced
by the AFM tip. In order to verify that the AFM tip did not cause these observations,

therefore, ex situ experiments were performed.

After inducing rows of nucleation using the AFM tip, the tip was withdrawn in order to
allow the induced nucleation to be isothermally crystallized (at 131 °C for about an
hour). Then, the same area was re-imaged to see if the zigzag crystal formations were
similar to those observed during the in situ crystallization process. The resulting image
is shown in Figure 6.28 (b), and since the same zigzag is clearly evident it can be

demonstrated that the AFM tip did not significantly influence the results.
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Figure 6.28:AFM phase images of (a) the crystals induced by the AFM tip and (b) ex situ
image showing the formation of zigzag crystals (indicated by arrows) after isothermal
crystallization of PE at 131 °C (without imaging by AFM).

Another ex situ AFM study was then done to examine whether the clumping of crystals
into groups or the transition from an “edge-on” lamella to a “flat” lamella was caused
by the force applied by the AFM tip. Again, after inducing the nucleation using the
AFM tip, the tip was withdrawn in order to allow the crystallization to occur without
scanning. After the experiment had run for a few hours, the AFM was used to re-image

the same area. Similar results were obtained as with the earlier in situ AFM images.
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Figure 6.29 shows an example of such a situation, where image (a) was taken
immediately after inducing the crystals by the AFM tip and image (b) is the subsequent
growth of those crystals without imaging by the AFM. This result proves that the
clumping or transition from “edge-on” lamellae to “flat” lamellae is not induced by the

AFM tip.
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Figure 6.29: AFM images showing (a) the PE crystals induced by the AFM tip and (b) ex situ
image showing the relative clumping of crystals into two groups after isothermal crystallization
of PE (without imaging by AFM).

6.4.3.6.  Effect of Nucleation Density on Crystal Behaviour

In the case of low nucleation densities (i.e. where there are a small number of
nucleations), melting of crystals during the crystallization was observed, similar to
cases of high nucleation density. An example is shown in Figure 6.30 (the pink
highlighted crystal labelled as “6”). Crystals 8 and 9 caused crystal 6 to melt: its middle

melted as crystal 9 grew towards it. Later, as crystal 8 grew towards it, it melted again.

Moreover, crystal 7 (blue) deformed during the crystallization, as shown in image (a)-
(b). The crystal did not start straight but, as it grew, it deformed until it became
completely straight, and then it continued growing in a straight line, as shown in image

(d-e).

In comparison with the behaviour of crystals in the case of high density nucleation, in
low nucleation densities the crystals moved more; i.e. there were more changes to their
initial growth direction and they continued growing in this manner with time. This
behaviour (movement of crystals) might be due to the fact that where there is less
nucleation there are more spaces into which crystals can move or change their growth
direction. Figure 6.30 shows an example of such a situation: crystals labelled “1-5”
(Figure 6.30) change their initial growth direction and rotate as they grow. Crystals 2-5

change the angle of their direction of growth over the period of crystallization by a
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similar amount, in the range of 35-45°, while crystal 1 changed its angle by about twice
that, ~ 75°. This difference may be because crystal 1 has more space (i.e. free space to

its left) than the other crystals, allowing it to move more than them.

This was examined further by varying the density of nucleation and then investigating
the associated changes in growth behaviour. This will be discussed in more detail later

in this chapter.
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Figure 6.30: AFM (a-f) phase and (c’-f") height images (corresponding to images (c-f),
respectively) showing the crystallization of PE at 131-130 °C. Crystals labelled as “17-“5”
(yellow highlighted crystals) change their direction as they grow, nine crystals (1-9) have been
highlighted to aid the reader to follow their growth behaviour.

Figure 6.31 provides further evidence that the AFM tip has no effect on the crystals’
behaviour here. The images on the right in the Figure show the crystals that were

induced first; then the AFM tip was moved to induce the crystals that are shown in the
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left-hand images above. These (left-hand) crystals were scanned continuously (in sifu)
during their growth, as shown in Figure 6.30, while the crystals on the right-hand side
grew in the absence of scanning. Finally, the scan size was increased so as to be able to
see both areas simultaneously in order to compare the crystals formed in the two areas.
Obviously, the morphology in both areas is similar, indicating that the presence of the

tip had no effect.

Area that was
scanning by the
AFM during the Area that was not scanning by the
crystallization. AFM.
(1.5 um)

(6 pm)

Figure 6.31: An AFM phase image showing the similarity in morphology of the two induced
rows of crystals: one on the left (small row) that was scanned in situ during its growth and the
other on the right (large row) that was just induced with the tip and then grew without scanning.

Figure 6.32 shows another example of crystallization with low density nucleation. It
can clearly be seen how the crystals have changed their initial growth direction (angle)
and how this change is maintained with time. For instance, the initial angle of the
crystal labelled “1” in (a) was ~ 55°, and this changed to be ~ 92° in (d), a change of ~
67% (i.e. of 37°).
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Figure 6.32: A series of AFM phase images showing the movement of some crystals as they
grow in the case of low density nucleation at 133 °C.

To investigate this further, a single crystal was induced and its growth behaviour was
examined in situ.

6.4.3.7.  Single Crystal

To date, there have been few studies that have investigated single crystals from polymer
melt, due to the difficulty in preparing such single crystals. Various special approaches
have previously been used in an effort to prepare single crystals from the melt. These
methods include applying chemical etching to remove surrounding single crystals
[183], quenching and subsequent extraction in a solvent [36, 183—185]. In this work, for
the first time, single crystals were produced directly from the melt without any special
treatment of samples, and then the subsequent growth was studied in situ. A single
crystal or a single nucleus of PE was formed by following the same approach used as

that used earlier in the chapter to induce a row of nuclei, but instead choosing a small
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scan area (i.e. 150 nm) and a low scan rate (i.e. 0.5 Hz). Figure 6.33 shows an example
of one of the results of such an approach. After the formation of the single nucleus
using the AFM tip, its subsequent growth was monitored in real time (see Figure 6.34)
to investigate its behaviour in the absence of the effects that could be caused by the
presence of neighbouring crystals. This was intended to make it easier to identify the

effect of multiple crystals on each other.

200 nm
Figure 6.33: An AFM phase image showing a single crystal of PE induced at 133 °C.

Figure 6.34 shows a series of AFM phase images collected at 133 °C during the

isothermal crystallization of a single PE crystal from the melt.
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Figure 6.34: A series of AFM phase images showing the growth of a single crystal of PE.

Figure 6.35 shows another example where the single crystal rotated as it grew.
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Figure 6.35: A series of AFM phase images showing the growth of a single crystal of PE at
130 °C.

It was noted that when a single nuclei was formed the subsequent crystal appeared to
rotate as it grew. The important thing here was to determine whether the AFM tip has
caused this movement of the single crystal during the scanning. To verify this, after the
nucleus was induced the sample was kept at the crystallization temperature for about 30
min without scanning with the AFM. Then, the AFM was used to image the crystal, as
can be seen in Figure 6.36. It is clear that crystal has still rotated despite not being

imaged during growth.

Figure 6.36: AFM phase images (a-b) the induced crystal and its initial growth and (c) after
withdrawing the tip and then reimaging the same area by AFM.

Another approach that was used to examine whether the AFM tip influenced the

direction of growth of the crystal or not was by scanning parallel to the initial growth
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direction after inducing the crystal. This means scanning perpendicularly (i.e. scan
angle= 90°) to the induction (initial) scanning direction (i.e. scan angle= 0°) of the
single crystal. If the AFM tip were really causing the movement of the crystal, then in
this case this movement would not appear. This was not what occurred, however: even
in this case, where the tip was scanning in the same direction as the crystal growth, the
crystal moved as it was growing and became perpendicular to the scanning direction
(Figure 6.37). This is further evidence that the AFM tip was not causing the movement
of the crystal.
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Scan angle = 0°

Scan angle = 90°

Figure 6.37: A series of AFM phase images showing the growth of a single crystal of PE at
132 °C. (a-b) the initial images were taken with a normal scan direction (scan angle=0°) and (1)
the final image was also taken at 0°, while (c-k) were taken with a vertical scan direction (scan

angle=90°).

It is very clear that the AFM has no influence on the direction of growth and that the
crystal growth direction is independent of the scanning direction. The growth behaviour
of the single crystal was therefore investigated as a function of temperature in order to

examine if there is a relationship between the amount of movement and the
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crystallization temperature or, more precisely, the growth. This was done by
crystallizing a single crystal at a lower temperature (e.g. at 130 °C) after inducing it,
until it had grown to some extent. Then, the temperature was increased by two or three
degrees (e.g. to 132 °C) and the growth was observed. Figure 6.38-Figure 6.40 show

three examples of such approaches.

In Figure 6.38 (a-d) the crystal was induced at 132 °C, then the temperature was
lowered to 130 °C to allow the crystal to grow for some distance so as to make it easier
to observe the change in its growth direction. Once the crystal had grown, the
temperature was raised to 132 °C to determine if there was the same amount of
movement. As can be seen in Figure 6.38 (e-m), the crystal was still moving with time
but the amount of movement was reduced as the temperature was increased. To confirm
this, the temperature was again reduced to the initial crystallization temperature (130
°C) and it was clear that the amount of movement then increased sharply, as can be seen

in Figure 6.38 (n-q).

(a) - ; S (b) - Y (C) . 3 (d) :
130°C (€ =3 & ' 3 \
= 200 nm R : \
) =

130 °C

Figure 6.38: A series of AFM phase images showing the growth of a single crystal of PE at
130 °C and 132 °C.

Figure 6.39 indicates the second example studying the movement of the crystal as a
function of temperature. In this case, the crystal was crystallized for a short time at
130 °C (a-f), then the crystallization temperature was increased to 133 °C (g-1) and

finally the crystallization temperature was again reduced to 130 °C (m-r).
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133 °C

Figure 6.39: A series of AFM phase images showing the growth of a single crystal of PE at
130 °C and 133 °C.

Figure 6.40 shows the third example. In this case the crystal was crystallized at 130 °C
for a short time, then the crystallization temperature was increased to 133 °C (a-c) and
the sample was kept at this temperature for some time. After that, the temperature was
reduced to 131 °C (d-f) and the crystal was allowed to crystallize at this temperature for
a period of time. At this temperature, the amount of movement was slightly higher
compared to what it was at 133 °C. Next, the temperature was lowered further to
130 °C for a short time (g-i), at which point the increase in movement became very
obvious. Then, the temperature was raised again to 133 °C (j-1) for some time, with no
movement apparent at this temperature. Finally, as the temperature was lowered again

to 130 °C, the movement of the crystal was sharply increased, as can be seen in images
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(m-o0). These temperature changes caused an “S”-shaped crystal to be formed by the last
stage of crystallization (o). This S-shaped morphology was reported previously by [12],
although they report that the S shape forms when the lamellae length was 0.5-1 um.

Across all the performed experiments, similar behaviour was observed: the movement
of the crystal reduced when the crystallization temperature was increased. For example,
at 132 °C the amount of movement was lower than that at 131 °C while at 131 °C it was

lower than at 130 °C. Moreover, no lamellae branching or spiralling was observed.

133 °C

131 °C

130 °C

133 °C

130 °C

300 nm

Figure 6.40: A series of AFM phase images showing the growth of a single crystal of PE at
133 °C, 131 °C and 130 °C.

The relationship between the crystallization temperature or, more precisely, the growth
of the crystal, and the amount of movement was examined quantitatively. The lengths
of these individual crystals were measured from the successive images as a function of
time at different temperatures in order to investigate quantitatively the movement of

crystals as a function of time, temperature and length of crystal.
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Figure 6.41: Plots showing (a) the angle of the single crystal of PE relative to the scan direction
and its length as a function of time (b) the angle of the crystal as a function of its length. The
measurements were taken from Figure 6.34.
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Figure 6.42: Plots showing (a) the angle of the single crystal of PE relative to the scan direction
and its length as a function of time at 130 °C and (b) the angle of the crystal as a function of its
length. The measurements were taken from Figure 6.35.
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Figure 6.43: Plots showing (a) the angle of the single crystal of PE relative to the scan direction
and its length as a function of time at 132 °C and (b) the angle of the crystal as a function of its
length. The measurements were taken from Figure 6.37.
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Figure 6.44: Plots showing (a) the angle of the single crystal of PE relative to the scan
direction and its length as a function of time at 130 °C and 132 °C and (b) the angle of the
crystal as a function of its length. The measurements were taken from Figure 6.38.

176



Chapter 6: PE Crystallization Induced by AFM Tip

700

600

500

400

300

Length (nm)

200

100

0

()

1536 1664 1792 1920 2048 2240 2496 2752

Time (s)

140
135
130
125
120
115
110
105
100
95

90

Angle (°)

Angle (°)

160
150
140
130
120
110
100

90

80

70

60 E

(b)
* @
o ¢
*
*
*
*
*
*
*
*
200 400 600 800
Length (nm)

Figure 6.45: Plots showing (a) the angle of the single crystal of PE relative to the scan direction
and its length as a function of time at 130 °C and (b) the angle of the crystal as a function of its
length. The measurements were taken from Figure 6.39.
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Figure 6.46: Plots showing (a) the angle of the single crystal of PE relative to the scan direction
and its length as a function of time at 130 °C, 131 °C and 133 °C and (b) the angle of the crystal
as a function of its length. The measurements were taken from Figure 6.40.
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Figure 6.47: Plots showing (a) the angle of the single crystal of PE relative to the scan direction
and its length as a function of time at 132 °C and (b) the angle of the crystal as a function of its
length. The measurements were taken from data not presented here.

The growth rate of the single crystal and the rate of change of its angle were measured
as previously explained in Chapter 5, once again being found to fluctuate with time, as

can be seen in Figure 6.48. This result has been discussed in Chapter 5.
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Figure 6.48: A plot showing the growth rate of the single crystal and the rate of change in its
angle (amount of movement) as a function of time. The measurements were taken from
Figure 6.34.
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Figure 6.49 shows the average growth rates of a number of single crystals at
temperatures of 130—133 °C. It can be seen that the growth rate of the crystals at 130 °C
was almost triple that which occurred at 131 °C, which in turn was about double the
growth rate at 132 °C. This again implies that even a small change in temperature can

have a significant impact on the crystallization process.
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Figure 6.49: A graph showing the average growth rates of a number of single crystals as a
function of temperature.

From all the data presented above, it is clear that the single PE crystal moves as it

grows. It is difficult to explain this result, but there are some possible explanations.

The first was that this movement is due to relaxation of the melt. It was thought that
during the induction of the nucleus, the AFM tip pushed hard on the melt, inducing a
hole. Then, as the melt relaxed back the growing crystal appeared to move. This
possible explanation was examined by changing the temperature of crystallization. If
the explanation is correct, the movement of the crystal should be increased as the
temperature increases and decreases, since the relaxation of the melt increases with
temperature. The outcome, however, was the opposite of this, as the temperature
decreased the movement of the crystal was increased. This implies that the movement

of the crystals is connected with the growth rather than the relaxation of the melt.

This result may be explained by the fact that crystallization of polymers occurs by
transporting the materials to the growth front (i.e. as the crystals grow they need to be

transported to the growing tip). This suggests that stress is induced in the crystal due to
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shear as those molecules are transported. Because the growth rate is so small at high
temperatures those forces should be very small, but as the growth rate increases the
force increases resulting in a more significant change in the angle of the crystal,

perceived as movement of the crystal.

Another possible explanation for this is that this movement or rotation of the crystal
may be related to surface stresses, which is one of the proposed driving forces behind
the twisting of lamellae in spherulites. Crystal rotation may be caused by the
unbalanced surface stresses on opposite fold surfaces resulting from the overcrowding
and inefficient packing of the fast-growing lamellae [51]. As the crystal grows, the
crystal surface becomes crowded, establishing a structural asymmetry that may result in
surface forces that lead to crystal rotation, similar to lamellar twisting [187]. It has
previously been reported that the scrolling of single crystals might be caused by the

unbalanced surface stresses that result from overcrowding [188].

It may also be that as the nuclei were induced by the AFM tip they might be unstable,
causing them to reorganize themselves to be in a more stable state, leading to the
observed movement. This seems less likely as it is not just the nucleus that rotates but

the whole crystal.

6.5. Conclusion

The purpose of this chapter was to first induce PE crystals, and then to investigate their
subsequent growth behaviour in situ using the AFM. This is the first study that has
attempted this. The AFM tip was successfully used to induce local nucleation in the PE
film when significant conditions were controlled, such as the ideal (range of)
temperature, the tapping force and the mechanical work of the tip that is required to
induce nucleation. Nucleation was induced by increasing the tapping force and this was
done by decreasing the amplitude setpoint of the AFM tip along a single line so as to
initiate a contact and orient chains on the sample surface (i.e. the same approach to that
used to orient the E/MB domains in Chapter 4). The induced crystals were initially

observed to have only an edge-on orientation relative to the surface of the PE film (i.e.
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no flat-on orientation was observed). At later stages of crystal development, however, a

transition from an edge-on to a flat-on orientation was observed to occur.

In this chapter, novel observations in respect to the tip-induced oriented PE crystals
were reported during isothermal crystallization between 134 °C and 129 °C. Firstly,
some crystals were seen to have forced their neighbours apart so as to provide more
room to grow between them. Moreover, a few crystals were found to be deformed or to
have re-organized themselves as they grew, apparently attempting to be in a lower
energy state. Secondly, at later growth stages, the gap between the growing crystals
narrowed slightly, until they became adjoining to each other (i.e. the crystals clumped
into groups). This could be due to the change in the crystal orientation from being edge-
on to flat-on, as their height increased. Thirdly, on interdigitation, the crystals appeared
to have similar habits as they approached other neighbouring crystals to those reported
previously: i.e. two crystals could change their growth direction to avoid hitting each
other; they could meet each other and therefore stop growing; they could merge with
each other and become one crystal; or they could pass by each other without meeting
and continue growing. Additionally, one new habit was observed: the two crystals
could meet and stop growing for a while before one of them changed its growth
direction slightly, opening up room for growth and allowing it to accelerate. Fourthly,
some crystals melted or disappeared during the isothermal crystallization, suggesting

that those crystals were unstable.

Furthermore, the effect of nucleation density on the behaviour of the crystals was
examined. It was found that as the nucleation density reduced, the crystals moved
(rotated) as they grew. To investigate this further, a single crystal was induced and its
growth behaviour was studied as a function of temperature. It was found that, as the
growth of the crystal increased, the change in its angle also increased. To the best of our
knowledge, this is the first time that single crystals have been induced from the melt
without special treatment. The movement of crystals has also not been observed

previously.

Overall, no branching or splaying out of crystals was observed, which means that the
process would not eventually lead to the formation of spherulites. Additionally, on

isothermal crystallization, there was no sign of the formation of new nuclei or crystals,
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but only the development of the previously induced crystals with time. This observation

is consistent with the hypothesis of the dependence of nucleation on temperature.

These interesting observations could provide new insights into the crystallization

kinetics of PE and of polymers in general.
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Chapter 7

Kinetics of Flow-Induced PE Crystals by AFM Tip

7.1. Introduction

Since the development of AFM, it has been used for the study of polymer
crystallization and melting in real time with nanometre scale resolution. In particular,
AFM enables the crystalline lamellae to be resolved at the surface of the melt, thus
allowing their growth to be followed in situ over the period of the image capture
process. Some in situ AFM studies of lamellar scale growth have shown that the growth
rate of individual lamellae fluctuates, both from lamella to lamella and in time. These
observations have been found in a range of polymer systems, such as
poly(hydroxybutyrate-co-valerate) (PHB/V) [9], PEO, PCL [8], BA-CS8 polymer [79]
and PE [4], PLLA and PHB [189]. This finding of fluctuating lamellar growth contrasts
with older theories of polymer crystallization, which had predicted a constant lamellar
growth rate at a particular temperature, based on macroscopic observations of polymer
spherulite growth made by optical microscopy. For this reason alone, it is clear that our
theoretical understanding of the process of polymer crystallization is incomplete. One
reason for this discrepancy between theory and experiment may be the fact that polymer
crystallization theories work on the assumption of idealized systems, whereas in real
systems a range of molecular weights are typically present, along with impurities and
other non-crystallizable components. Other effects typically not included in the initial
assumptions of polymer crystallization theory are surface and interface effects and the
effect of dislocations on crystal growth, although the influence of such variables is often

discussed separately.

Notwithstanding the theory, based on the limited experimental evidence that exists at

present, fluctuations in the growth rates of the lamellae could in fact be a general
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feature of melt crystallization. For this reason, further observations of such phenomena
are required so as to drive a better theoretical understanding of what gives rise to
variations of individual lamellar growth rates. Since the original theories were mainly
based on information from PE crystallization, it is particularly useful to examine the
growth rates of this material in detail. The focus of this chapter, therefore, will be on the

growth rate of individual lamellae in PE.

In this chapter, the method that was used to induce PE crystallization is first briefly
presented. The behaviour of the subsequent crystallization in PE at different
temperatures is then described and discussed. Ultimately, the chapter investigates both
the variation in the growth rate of individual lamellae and the overall distribution of

the lamellar growth rates as a function of temperature.

7.2. Method

The PE type, the sample preparation and the AFM mode used in the research presented
in this chapter were the same as described in the previous chapter (Chapter 6). A
different method was used to induce oriented crystals, however. In this case, the AFM
tip was used as flow shear to induce oriented PE crystallization and then to investigate
their subsequent growth behaviour, including crystal orientation and growth rate. This
was done by bringing the tip into contact with the surface of the molten PE and then
moving the stage in either the x-axis or y-axis. Since the tip was contaminated after this
step, it needed to be replaced at this point. The experimental setup is shown in

Figure 6.2 (a) and the crystals that were formed are shown in Figure 6.2 (b-d).
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Figure 7.1: (a) Schematic diagram showing the experimental setup to enable the shear induced
crystallization by means of the AFM tip, (b) optical image showing the oriented crystals at the
edge of the scratched line and spherulites in the rest of the film where no shear was applied, (c)
AFM phase image of the scratched film, and (d) magnified view of (c) showing the resulting
oriented PE crystals.

7.3. Results and Discussions

7.3.1. Orientation- Induced Crystallization of PE by AFM Tip

Figure 7.2 shows the PE film after using the AFM tip at 130 °C to induce crystallization
by shearing. As can be seen in Figure 7.2, a large number of nuclei form rapidly on the
edge of the scratch line. This is due to the orientation of the PE chains in the direction
of the scratch, which causes the crystals to form perpendicularly to the shearing

direction. No nuclei were observed in the rest of the film, however.
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Figure 7.2: An AFM phase image showing the PE crystallization induced by the AFM tip at
130 °C.

7.3.2. Crystallization Behaviour

After using the AFM tip to induce the PE crystals, the film was then cooled to the
desired crystallization temperature in order to investigate the subsequent isothermal
crystallization. The growth of oriented PE crystals was followed at the temperature
range of 130-124 °C, at which the AFM was able to image the crystallization in situ.
Below 124 °C, it was not possible to follow the crystal growth in real time, due to the
large growth rate. Above 130 °C, no growth was observed over the several hours of the
experiment, and the crystal tended to melt when kept at those high temperatures for a

long time.

During the isothermal crystallization, similar behaviours to those described in Chapter 6
were observed, such as the pushing apart of neighbouring crystals, melting and changes

in the orientation of crystals. These phenomena are presented and discussed below.

7.3.2.1.  The Force of Crystallization

Due to the high density of nucleation at the edge of scratch line, a large number of

edge-on crystals formed, and grew perpendicular to the scratch line (see Figure 7.3).
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Here, similar phenomena were observed to those described in the previous chapter, with
crystals forcing their neighbouring crystals apart in order to grow between them. This
similarity in behaviour was observed despite the different method used to induce
crystallisation. Figure 7.3 and Figure 7.4 show two examples of such a situation. The
highlighted crystals in Figure 7.3 represent the neighbouring crystals that were affected
by the crystals that crystallized initially under this constraint. For example, the two blue
and two green crystals that, in each case, constrained a middle crystal, can be seen to be
forced apart by the middle crystal in order to provide more room for the latter to grow
between them. The separation distance (red lines) between the two blue crystals, and
between the two green crystals, became larger as the middle (constrained) crystals
continued to grow. In the case of the two pink crystals, however, the constrained middle
crystal was unable to move its neighbours apart, as in the two cases above. This could
be because these two pink crystals were in turn constrained by other crystals, which

prevented their movement.

Shear direction

Figure 7.3: AFM phase images showing the growth of oriented crystals of PE at 130 °C. Some

crystals are highlighted to aid the reader to follow the growth of those crystals. The blue arrow

indicates the shearing area and its direction. The red lines and dashed lines indicate the distance

separation between the two blue crystals and between the two green crystals, respectively. The
black-to-white scale is 22°.

Figure 7.4 shows another example of a crystal pushing its neighbours apart to grow
between them (the crystal between the two green crystals here). As the middle crystals
continue to grow between these two crystals, the separation distance (red dashed

arrows) between the two green crystals becomes larger.

Another interesting phenomenon observed here is that crystals can bend as other

crystals join them, as indicated by the blue arrows in Figure 7.4. This observation was
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also presented in Chapter 6. A bend in lamellae during growth has previously been

reported [69], but no explanation was given.

. 120°0 nm
N —

Figure 7.4: AFM phase images showing the movement and bending of some crystals due to the
growth of others during isothermal crystallization at 129 °C. The red dashed arrows indicate the
distance separation between the two green crystals and the blue arrows point out to the area
where a crystal was bent by another crystal.

7.3.2.2.  Melting During Crystallization

It was observed that some crystals melted during isothermal crystallization while the
remainder continued growing (similar to what was observed in Chapter 6), as can be
seen in Figure 7.5 (b-h) and their corresponding height images (d’, ', ' and h’). The
arrows indicate the crystals that melted, each crystal indicated by different colour for
ease of identification. The possible reasons behind this were discussed previously in

Chapter 6, Section 4.3.4.
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T=125°C

Figure 7.5: AFM (a-h) phase and (d’, ¢', f and h') height images showing the melting of some
crystals during the crystallization of the oriented crystals, induced by AFM tip at 129-125 °C.

The crystallization behaviours presented above were similar to those observed in

Chapter 6, where the crystallization was induced by tapping hard on the surface melt
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using the AFM tip. For example, some crystals were moved or bent by other crystals

and also some crystals melted during the isothermal crystallization.

7.3.2.3.  Edge-on to Flat-on Transition
Figure 7.6 (a-c) shows the initial orientation of the induced crystals, which is edge-on,

and they continued to grow edge-on for a while.

Figure 7.6 (d-1) shows the continued growth of crystals in the zone just at the left edge
of the area shown in images (a-c). Interestingly, after this short distance from the
scratch, the orientation of crystals changed to be flat-on and continued to grow in the

same manner, which implies that the film was very thin.
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Figure 7.6: A series of AFM phase images showing the transition of orientation of PE crystals
from being edge-on to flat-on as they grow further from the scratch line (at 124 °C).

Although in almost all the conducted experiments it was observed that the initial
crystals were oriented edge-on, at some later stages a transition from edge-on to flat-on
was observed. Figure 7.7 shows two phase sequences and their corresponding height

images, which represent a zoomed out view of the area that was scanned in

Figure 7.6. This indicates the later stage of crystallization at 124 °C where the transition

from an edge-on to a flat-on orientation is clearly seen at a distance of ~ 1.5 pm from
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the scratch line. This observation looks just like the twisting of lamellar crystals within

a spherulite.

Figure 7.7: AFM phase sequences (a-b) and (a'-b') their corresponding height images showing
the later stage of crystallization of PE crystals induced by shearing. (c) 3D image of (a'). These
images are a zoomed view of the area that was being scanned in

Figure 7.6.

This transition from edge-on to flat-on lamellae has also been reported in PCL [190]

and isotactic polystyrene (i-PS) [96] systems.

The actual mechanism for this switching is not clear but a possible explanation for this
transition here is that since the surface has been scratched by the AFM tip, most of the
removed PE will be deposited at the edge of the scratched line which leads to the

adjacent area becoming thicker than the rest of film. As the crystals grow some distance
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from the scratched line (i.e. from thicker area to the thinner one) their orientation will

be changed from being edge-on in the thicker area to being flat-on in the thinner area.

7.3.3. Growth Rates and Distribution

To obtain quantitative kinetic information about the crystallization behaviour, the
growth rate of the crystals was examined as a function of temperature. To do this,
individual lamellae were identified and labelled, as shown previously in Chapter 6, in
order to follow their growth over the course of the experiment from one AFM image to
the next. Measuring the growth rates of individual lamellae in this way allowed both the
variation in the growth rate of individual lamellae, and the overall distribution of the
lamellar growth rates to be investigated under isothermal crystallization conditions.
Each lamella was followed until one of the following conditions was met: its growth
had proceeded beyond the image area; its growth had terminated on another lamella; it

had collided with impurities within the film and stopped growing.

In this section, the measurements of crystal length and their overall average growth
rates as a function of time and temperature will be presented first, then the distribution
of the PE crystal growth rates at different temperatures will be set out and

discussed.

The measurements of crystal lengths and growth rates were done following the method
previously explained in Chapter 5. Figure 7.8-Figure 7.11 show the lengths of several
PE crystals in micrometres versus time in seconds at crystallization temperatures

ranging from 125-128 °C.
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Figure 7.8: Graph showing the crystal growth lengths of a selection of nine crystals as a
function of time at 125 °C.
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Figure 7.9: Graph showing the crystal growth lengths of a selection of nine crystals as a
function of time at 126 °C
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Figure 7.10: Graph showing the crystal growth lengths of a selection of nine crystals as a
function of time at 127 °C.
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Figure 7.11: Graph showing the crystal growth lengths of a selection of nine crystals as a
function of time at 128 °C.

From all the plots above it can be seen that the length of the crystals increased with time

at each temperature, which is in agreement with the literature.
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Figure 7.12 shows the average of the crystal lengths shown in Figure 7.8- Figure 7.11 as

a function of time. Obviously, the growth rate increases as the crystallization

temperature decreases for PE.
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Figure 7.12: Graph showing the average length of PE crystals at 125-128 °C as a function of
time.

From the above data, the growth rate of crystals and the average growth rate were
measured and compared as a function of temperature. It was found that the average

growth rate decreases as the temperature increases, as can be seen in Table 7.1 and its

corresponding graph in Figure 7.13.

Table 7.1: The overall average growth rates of a number of PE oriented crystals growing at
temperatures of 125-128 °C.

Crystallization temperature | Average growth rate
((®) (nms™)
125 0.32
126 0.22
127 0.06
127.5 0.05
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Figure 7.13: Graph showing the average growth rates of a number of individual crystals as a
function of temperature.

The distribution of individual lamellar growth rates measured between consecutive frames
was investigated by producing histograms of the growth rate data. Since different
amounts of data were available for each of the experiments conducted, different bin sizes
were used for the various histograms. The bin size for each histogram was selected in
order to best represent the data; hence if more data was available for a particular plot
this allowed smaller bin sizes to be used (relative to the overall width of the
distribution). This information will be presented prior to each histogram. Four
histograms reflecting the growth rate measured for PE crystals at 125 °C, 126 °C,
127 °C, and 128 °C, respectively, will be presented and discussed below.

Figure 7.14 (a) is a histogram of the measured growth rate data for PE crystallization at
125 °C, showing the distribution of individual lamellar growth rates where the bin size
for the histogram is 0.1 nm/s. In this histogram, a total of 236 measured growth rates
were used. Figure 7.14 (b) is a plot showing how the growth rates of these individual

lamellae vary as a function of time. The measurements were taken from Figure 7.8.
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Figure 7.14: (a) Histogram of lamellar growth rates measured between consecutive AFM
images for PE at an isothermal crystallization temperature of 125 °C. A total of 236
measurements are included in the histogram where the bin size of the displayed distribution is
0.1 nm/s. (b) A graph representing the growth rate variations of six individual crystals as a
function of time at this temperature. The measurements were taken from Figure 7.8.

Figure 7.15 (a) and (b) show the equivalent data as for Figure 7.14, this time for PE
crystallization at 126 °C, with a bin size of 0.1 nm/s based on a total of 102 measured

growth rates.
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Figure 7.15: (a) Histogram of lamellar growth rates measured between consecutive AFM
images for PE at an isothermal crystallization temperature of 126 °C. A total of 102
measurements are included in the histogram where the bin size of the displayed distribution is
0.1 nm/s (b) A graph representing the growth rate variations of six individual crystals as a
function of time at this temperature. The measurements were taken from Figure 7.9.
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Figure 7.16 (a) and (b) show the equivalent data as for Figure 7.14, this time for PE
crystallization at 127 °C, with a bin size of 0.03 nm/s based on a total of 77 measured

growth rates.
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Figure 7.16: (a) Histogram of lamellar growth rates measured between consecutive AFM
images for PE at an isothermal crystallization temperature of 127 °C. A total of 77
measurements are included in the histogram where the bin size of the displayed distribution is
0.03 nm/s. (b) A graph representing the growth rate variations of ten individual crystals as a
function of time at this temperature. The measurements were taken from Figure 7.10.

Figure 7.17 (a) and (b) show the equivalent data as for Figure 7.14, this time for PE

crystallization at 128 °C, with a bin size of 0.02 nm/s based on a total of 128 measured

growth rates. The measurements were taken from Figure 7.11.
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Figure 7.17: (a) Histogram of lamellar growth rates measured between consecutive AFM
images for PE at an isothermal crystallization temperature of 128 °C. A total of 128
measurements are included in the histogram where the bin size of the displayed distribution is
0.02 nm/s. (b) A graph representing the growth rate variations of three individual crystals as a
function of time at this temperature. The measurements were taken from Figure 7.11.

Direct comparison between the four histograms reveals a large variation in the
distribution of individual growth rates as a function of crystallization temperature. From
these histograms it can be seen that even with only two degrees’ difference in
temperature, some of the crystals are still growing at a similar rate to the average. For
instance, at 127 °C, some crystals grow at a rate of ~ 0.3 nm/s (Figure 7.16 (a)) which is
not far from the average of the growth rates of crystals at 125 °C, which is 0.32 nm/s
(Figure 7.14 (a)). Additionally, some crystals grow four times faster than the average at
a particular temperature, as can be seen for example in Figure 7.14 (a), where some
crystals grow at a rate of ~1.2 nm/s compared to the average of 0.32 nm/s. Likewise, at
126 °C, some crystals grow at a rate of 0.8 nm/s compared to the average at this
temperature of 0.23 nm/s. The same pattern is evident in the histograms for the other
temperatures. This indicates that some crystals grow very fast while others grow very

slowly at the same temperature.

All of the plots showing growth rate variations for individual crystals display a
variation of growth rates from crystal to crystal and as a function of time (see
Figure 7.14 (b)- Figure 7.17 (b)). This is consistent with similar observations of non-
constant growth rates for individual lamellae under isothermal conditions made by

others [4, 9, 78, 190]. Such observations, however, are not compatible with current
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polymer crystallization theories that, in general, predict a single constant crystallization
rate at a constant temperature. It is not clear what gives rise to the variability observed
experimentally in the growth rates of polymer crystals or how it can be accounted for

theoretically.

7.4. Conclusion

The main purpose of the work presented in this chapter was to study the kinetics of
flow-induced PE crystals at the level of a single lamella as a function of temperature
with AFM. Shear flow was induced by scratching the PE melt with an AFM tip. Firstly,
the induced crystallization behaviour was examined as a function of temperature. It was
found that the crystallization behaviours in this work were similar to those in the
previous chapter. These included some crystals that force their neighbours apart to
provide more room to grow between them, and also some crystals that melted during
the isothermal crystallization. This suggests that these behaviours could be general
features for PE crystals or even for polymer crystallization in general. Furthermore, a
high nucleation density of edge-on PE crystals oriented perpendicular to the flow
direction was observed, although there was a transition from edge-on to flat-on lamellae

beyond a certain distance from the edge of the scratched region.

Secondly, the kinetics of the individual crystals, which was the main focus of this
chapter, was investigated as a function of time. The growth rates of individual crystals
and the distribution of growth rates of these individual crystals were measured. It was
found that the average growth rates increased as the crystallization temperatures
decreased; but also that the rates fluctuated with time for each individual crystal. The
distribution of the growth rates of individual crystals showed that there is a big variation
in growth rates at any given crystallization temperature. These observations are in a
good agreement with the observation of non-constant lamellar growth rates in some of
the previous work on polymer systems. This implies that growth rate variations for
individual lamellae may be a common feature in polymer melt crystallization. Further
studies are therefore needed on other crystallizable polymer systems in order to confirm
whether this observation is a general feature of polymer melt crystallization, as well as

consideration of what causes these wide variations.
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Summary and Future Work

8.1. Summary

The direct observation of the crystallization process in polymers with high resolution
and without damaging the sample, promises to make a significant contribution and
improvement to knowledge in the field of polymer crystallization. This PhD thesis has
presented a study into the crystallization of PE and PE containing block copolymer
(E/MB) as a function of temperature. It has been shown that this can be achieved using
AFM, and that this is a promising technique for the investigation of the crystallization

process in situ, in real time, and with high resolution.

The direct observation of the isothermal crystallization process of PE presents some
important scientific information. The aims of this study were to: 1) control the
orientation of E/MB microdomains locally using the AFM tip; 2) examine the
subsequent crystallization behaviour in these oriented domains, both in sifu and with ex
situ imaging, as a function of temperature; 3) investigate the behaviour of PE
crystallization induced by shear using the AFM tip in situ, in real time, and; 4) examine
the distribution of lamellar growth rates of PE under isothermal crystallization

conditions.

The AFM tip was successfully used, for the first time, to orient the microdomains of a
block copolymer locally and then to investigate the subsequent crystallization in situ.
The AFM tip was also used to control the orientation of the cylindrical microdomains of
E/MB effectively in different directions, according to its scan direction, before they
crystallized. This enabled the direction of the crystals’ growth to be defined relative to

the block’s interface. It was found that the number of defects reduced as the number of

202



Chapter 8: Summary and Future Works

orienting scans was increased. On subsequent isothermal crystallization in these pre-
oriented microdomains, and depending on the thermal conditions examined, a change
from fully confined crystallization to templated and breakout crystallization was
observed. Confined behaviour of crystals was observed at very high supercooling,
templated crystallization at lower supercooling, and a mixture of templated and
breakout crystallization at the lowest supercooling. The difference in morphology, as
well as behaviour, of crystals that grew parallel to the axes of the pre-existing cylinders,
and of crystals that grew perpendicular to them was explored. It was found that the
growth rates of the templated crystals were higher compared to the rates of crystals that
grew against the melt structure. As the crystallization temperature increased, the overall
crystallization rate, and the relative difference between the growth rates along the
cylindrical microdomains and the growth rates against them decreased. This indicates
that small variations in crystallization temperature can have pivotal effects on the
crystallization process, including switching from being completely confined to largely
breakout crystallization within just a small temperature range, with associated effects on
the attributes and morphology of the product. It was also found that crystals can change
their direction of growth from being perpendicular to the microdomains to being
parallel to them, and that this transition was associated with a clear and significant

increase in the crystal growth rate.

Oriented PE crystals were induced using two different methods. First, the AFM tip was
successfully used to induce crystals locally by increasing the tapping force, and this was
done by decreasing the amplitude setpoint of the AFM tip along a single line so as to
initiate a contact with, and orient chains on, the sample surface (the same approach to
that used to orient the E/MB domains in Chapter 4). Secondly, the surface of the molten
PE was scratched by the AFM tip. In both cases, the initial induced crystals were
observed to have only an edge-on orientation relative to the surface of the PE film (i.e.
no flat-on orientation was observed). At later stages of crystal development, however, a
transition from edge-on to flat-on orientation could occur. Furthermore, single crystals
of PE were, for the first time, directly induced by the AFM tip without need for the kind
of special treatments that have hitherto been described in the literature for inducing a

single crystal from the melt.
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Regardless of the approach used to induce PE crystals, similar behaviours were
observed for the first time. These include some crystals that force their neighbours apart
to provide more room to grow between them, and also some crystals that melted during
the isothermal crystallization. This suggests that these behaviours could be general

features for PE crystals, or even for polymer crystallization in general.

In addition to the abovementioned unusual behaviours of PE crystals, novel
observations on the tip-induced oriented crystals of PE were observed during isothermal
crystallization between 134 °C and 129 °C. Firstly, a few crystals were found to be
deformed, or re-organized themselves as they grew, apparently in an effort to attain a
lower energy state. Secondly, at later growth stages, some PE crystals appeared to
clump together: i.e., as they grew, the gap between them reduced and even disappeared.
This could be due to the transition in the orientation of the crystals from being edge-on
to being flat-on, as their height increased. The height of these lamellae was measured
and found to be non-linearly related with time. Thirdly, on interdigitation, the crystals
exhibited similar habits when they approached another neighbouring crystal as those
reported previously in the literature: i.e. two crystals could change their growth
direction to avoid hitting each other; they could meet each other and therefore stop
growing; they could join each other and become one crystal; or they could pass without
meeting and continue growing. Additionally, one new habit was observed: the two
crystals could meet and stop growing for a while before one of them changed its growth
direction slightly, opening up room for growth and allowing it to accelerate. Fourthly,
some crystals melted or disappeared during the isothermal crystallization suggesting

that those crystals were unstable and relaxed back to the melt state.

Furthermore, the effect of nucleation density on the behaviour of the crystals was
examined. It was found that as the nucleation density reduced, the crystals moved
(rotated) as they grew. To investigate this further,, a single crystal was induced and its
growth behaviour studied as a function of temperature. It was found that as the length of

the crystal increased the amount of change in its angle increased.

Overall, no branching or spraying out was observed in the induced PE crystals, which
means that the process would not eventually lead to the formation of spherulites.
Additionally, on isothermal crystallization, there was no sign of the formation of new

nuclei or crystals but only the development of the previously induced crystals with time.
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This observation is consistent with the hypothesis of the dependence of nucleation on

temperature.

The growth rates of individual PE crystals, and the distribution of the growth rates of
individual crystals, were measured under isothermal conditions at different temperatures.
It was found that the average growth rates increased as the crystallization temperatures
decreased; but also that the rates fluctuated with time for each individual crystal in both
the PE and E/MB systems, which is not accounted for by current polymer
crystallization theories. The distribution of the growth rates of individual crystals
showed that there is a big variation in growth rates as a function of supercooling. These
observations are in line with some of the previous work on polymer systems that have
also observed non-constant lamellar growth rates. These measurements demonstrate the
need for a better theoretical understanding of the crystallization process in polymers so

that such seemingly generic behaviour can be accounted for.

The current findings add to a growing body of literature on PE crystallization and on

polymer crystallization generally.

8.1. Future Work
8.1.1. Further Study in Different Polymer Systems

This study of PE crystallization has demonstrated interesting behaviour such as crystals
forcing their neighbours apart and re-organizing themselves as they grow. Exactly what
causes these behaviours is still unknown, however. It would therefore be interesting to
check whether similar phenomena can be observed in other crystallizable polymer
systems. This could be done by inducing crystals using the same approach used in this
project and then investigating the behaviour of the subsequent growth of these induced
crystals. If similar observations are found this could mean that these phenomena are a

general feature for polymer crystallization from melt.

Moreover, it would be interesting to repeat the experiment on PE but using thin films
(with different range of thicknesses) in order to examine the relationship between film

thickness and crystallization behaviour, especially in terms of whether the orientation of
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the lamellae in thin films is initially edge-on, as in the relatively thick films used in the

current study, or flat-on.

The observations made in this research of fluctuations in the growth rates of the
individual lamellae, and their distributions at any given crystallization temperature, are
limited to the PE system investigated in this study. Further studies are therefore needed
on other crystallizable polymer systems in order to confirm whether this observation is
a general feature of polymer melt crystallization, as well as to help understand what

causes these wide variations.

Furthermore, well-ordered microdomains of block copolymers were obtained in this
study by scanning over the area of interest with the AFM tip so as to provide a very
quick and simple approach to define the direction of growing crystals relative to the
interface of blocks, and thus making it easier to assess the behaviour of the subsequent
crystallization. It would therefore be of interest to apply the same approach used in this
study to control the microdomain orientation of other types of block copolymer and
even to study the crystallization behaviour in those systems. This will make it easier to
determine the impact of microdomain orientation on growth, which in turn could give

insights into block copolymer crystallization in general.

8.1.2. Continued Development of the AFM Technique

Over the past 60 years there has been extensive debate and theoretical development on
the physical processes that occur during polymer crystallization. Fundamental questions
such as why are crystals thinner than expected from equilibrium thermodynamics, how
chains fold back to re-enter the same crystal, and the roles played by ‘loose loops’ and
‘tie chains’ in the mechanical properties of bulk films, still await definitive answers. A
lack of direct imaging data at the molecular scale has made it difficult to reach a
consensus on these issues which are at the heart of our understanding of this important

class of materials.

This study has shown that following crystallization in situ in real time is crucial in
examining the internal structure and formation mechanisms during crystallization.

Watching the crystal growth in situ at the lamellar scale with high-resolution AFM, and
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combining this with molecular resolution ex situ images of crystalline regimes could
allow a better understanding of how morphological development is linked to molecular
scale conformational changes. Continuing advances in AFM, particularly in the area of
high speed scanning and high resolution imaging, could allow further investigation of

the crystallization process in situ, in real time, even in more complex polymers.

In addition, many potential uses of block co-polymers have been proposed for different
nanotechnologies, based principally on their ability to form interesting patterns. The
main challenge in the use of block co-polymers, however, lies in the control of
microdomains. Achievement of precise microdomain location and orientation, and the
elimination of various defects, requires the introduction of external fields during the
processing step. In this study, the AFM tip technique has shown its ability to control
some parameters, and to manipulate and guide the microstructure of block co-polymers.
It is important now to continue to experiment with this technique in other more complex

block co-polymer systems.
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