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Abstract

Polymer crystals are metastable and exhibit morphological changes when being
annealed. To observe morphological changes on molecular scales we started from
small nanometer-sized crystals of highly folded long-chain polymers. Micron-
sized stripes consisting of monolayers or stacks of several layers of flat-on ori-
ented polyethylene nanocrystals were generated via evaporative dewetting from
an aqueous dispersion. We followed the morphological changes in time and at
progressively higher annealing temperatures by determining the topography and
viscoelastic properties of such assemblies of nanocrystals using atomic force mi-
croscopy. Due to smallness and high surface-to-volume ratio of the nanocrystals,
already at 75 °C, i.e. about 60 degrees below the nominal melting point, the
lateral size of the crystal coarsened. Intriguingly, this occurred without a no-
ticeable reduction in the number of folds per polymer chain. Starting at around
110 °C, chain folds were progressively removed leading to crystal thickening. At
higher temperatures, but still below the melting point, prolonged annealing al-
lowed for surface diffusion of molten polymers on the initially bare substrate,
leading eventually to the disappearance of crystals. We compared these results
to the behavior of the same nanocrystals annealed in an aqueous dispersion and
to bulk samples.

We also explained how scanning the AFM probe over a viscous melt led
to a deformation of the molten surface as a shear force was acting on the melt
surface induced by the moving AFM cantilever tip. The molecular chains within
the melt were stretched by the AFM cantilever-tip during scanning. Typically,
a large shear rate as well as significant mechanical work was applied on the
undercooled melt and this enhanced the possibility of the stretched molecular
chains to be aligned along the direction of scan. The aggregation of the stretched
and aligned chains along the scan direction resulted in small crystalline domains.
The mechanism of tip-induced nucleation has been described in detail. Factors
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such as number of scans or more specifically, the shearing time and tapping force
affecting the nucleation rate or the nucleation probability have been discussed
in detail. How nucleation induction time and contact time between the molten
sample surface and the AFM probe influenced the nucleation rate were included
in our discussion. It has been shown that the temperature of the undercooled melt
is an important parameter in describing the tip-induced nucleation phenomenon.
Even in regions consisting of few droplets of different sizes at a temperature close
to the melting temperature, it was shown that well aligned edge-on crystalline
domains along the scan direction can be found. A mechanism for the formation
of stacks of edge-on crystalline lamellae has been proposed.
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Chapter 1

Introduction

1.1 Motivation of the research

Nanoparticles having crystalline order (and thus distinct molecular order and ori-
entation) have been used as functional units and building blocks for larger scale,
mesostructured two- and three-dimensional objects (like stripes, films of discrete
thickness, stacks of layers and many more) [1–3]. However, mainly inorganic
particles have been studied because it has been difficult to synthesize polymeric
crystals of such small size which also can be further processed. The mechanism
of crystallisation of high molecular weight polymers are distinctly different from
crystallisation of a fluid of small molecules, mainly in terms of entanglements.
As linear chains contain one dimensionally chemically connected monomers these
chains cannot cut through each other. That is the reason why entanglements
occur. As the entanglements impose constraints on the motion of the polymer
chains, the crystallisation process is strongly affected. Polymer crystallisation
leads to two phase structures, the crystallites seperated by amorphous regions. In
the crystallite the polymer chains are well alligned in a parallel fashion while the
amorphous region is containing the entanglements. Within these crystallites the
polymer chains are folded several times if the total length of the polymer chain
is long. Different views of polymer crystallisation have been presented. Some
consider polymer crystallisation as a thermodynamically controlled process while
others described it as a kinetically controlled process. Several studies [4–7] showed
that equilibium polymer crystals can be obtained when few polymer chains are
involved. Polymer nanocrystals with a small fraction of amorphous regions are
nearly perfect and may reach thermodynamic equilibrium based on a high mo-
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1.1. Motivation of the research 2

bility of the polymer repeat units. Mostly crystallisation of polyethylene from
bulk have been studied where, entanglements played an important role for high
molecular weight samples. Single crystals of polyethylene have been studied first
in 1957 [8–10]. These crystals were crystallised from a very dilute solution [11].
Growth of single crystals of polyethylene from a melt were studied as early as in
the 90s, starting with the work by Keller and Toda [12].Their research specifically
aimed for the general understanding of the molecular mechanisms of polymer crys-
tallization. However, under such conditions, the amount of crystalline material
was typically extremely low. Complementary studies were done on crystallization
of polyethylne from a highly dilute solution [13, 14]. The morphological changes
of such crystals upon annealing were also investigated through atomic force mi-
croscopy [14,15]. Recently, by using water-soluble Ni(II)-complexes as catalysts,
aqueous dispersions containing well-defined and melt-characterized polyethylene
nano-crsystals have been obtained [16]. These nanocrystals of polyethylene con-
tained a limited number of chains. Such well-separated and easily processable
nanocrystals open up new routes for functional structure formation at various
lengthsacles. Moreover, synthetic modification of the crystal (via endgroups or
via the integration of functional groups at regular position along the polymer
chain using acyclic diene metathesis polymerization (ADMET)) [17, 18] allowed
generating functional structures having molecular order. Implementation of such
crystals into functional devices needs a detailed understanding of their stability
and morphological evolution at various temperatures.

Given that we have sufficient control over metastability of polymer nanocrys-
tals, the use of pre-fabricated building blocks with molecular order provides the
possibility for advanced molecular ordering on length-scales much larger than the
size of the particle [19, 20]. Following appropriate ways of assembly, nanocrys-
tals can be arranged in regular patterns [21–23]. Moreover, using anisotropic
nanoparticles, these patterns may also exhibit specific, direction-dependent prop-
erties given that a unique orientation of the building blocks was achieved [24,25].
To reach such goal, structure formation guided through solvent evaporation has
been studied previously [26,27]. Special attention of theoretical and experimental
studies has been focused on the behavior in the vicinity of a three phase contact
line [26–28], There, hydrodynamic transport of nonvolatile solutes towards the
contact line is combined with solvent evaporation. Often the resulting patterns
are periodic [19, 20, 26, 27]. Evaporation from a drop containing solid particles
typically results in the formation of ring like patterns of precipitate. This phe-
nomenon is related to the so-called coffee stain effect [29–32]. As maximum
evaporative loss takes place at the perimeter of the drop [31], all the solutes are
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transported to the edge by an outward hydrodynamic flow. Jamming of the so-
lutes [33] at the perimeter caused a local but transient pinning of the contact
line.

In general, we performed detailed measurements at the nanoscale level in
order to improve our understanding of the morphological changes upon thermal
annealing of the polyethylene nanocrystals. Our work utilizes the advantages of
tapping-mode Atomic Force Microscopy (AFM) which is extensively applied to
polymer materials. This technique is simple to apply and it has the high capabil-
ity of monitoring in-situ the assembly of materials under controlled atmospheric
conditions and temperature. In addition, we used AFM as an essentially surface
characterization technique. For probing the interior structure of materials X-ray
scattering techniques was applied to probe the bulk structure of the nanocrystals.
For the here used PE nanocrystals it was found that the nanocrystals essentially
consisted of individual single crystals having single crystalline lamellae of thick-
ness ∼ 6 nm covered by two amorphous regions from both sides of thickness ∼
1 nm, confirmed both by small angle X-ray scattering measurements but also
cryogenic transmission electron microscope [16].

This work focused on the morphological evolution of polyethylene nanocrys-
tals deposited within self-organized regular patterns upon thermal annealing and
recrystallisation of the undercooled melt of these nanocrystals. The motivation
of the project is divided into two parts. Firstly, we developped way to organize
the polyethylene nanocrystals from an aqueous dispersion into ordered patterns
on a solid surface, providing a well defined initial organization of the nanocrys-
tals which enables us to observe the thermally induced morphological changes
quite easily. Secondly, we were interested in reorganizing the nanocrystals by
applying thermal energy below the melting temperature of the nanocrystals and
to follow the changes (especially of the lamellar thickness) which occurred within
the deposited nanocrystals as a function of temperature and in time. Finally, we
were interested in inducing crystallization within the undercooled melt of these
polyethylene nanocrystals as a function of temperature and time.

By monitoring the semi-crystalline morphology in static conditions (i.e.
at a given constant temperature) but also in the course of heating, we attempted
to reveal the thermal behavior of these crystals. In this work, optical microscopy
in reflection mode, room temperature AFM and in-situ hot stage AFM tech-
niques were mainly used. These microscopy techniques provided fruitful struc-
tural information of the crystals which improved our understanding of melting
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and crystallization of such nanoscopic systems.

1.2 Outline of the thesis

The second chapter is devoted to a general introduction of concepts of polymer
crystallization. It focuses on the role of the surface free energy in the formation of
crystalline lamellar structures and in defining their thermal stability. The system
selected for the study is an aqueous dispersion of polyethylene nanocrystals; we
studied the thermal behavior of well-organized structures of lamellar crystals
of nanometer length. Starting from the very early investigations on polymer
crystallization, we will focus on the advancement of the crystallization studies
by explaining several proposed models and how they succeeded and failed in
explaining the underlying basic mechanism. We believe that the main originality
of this study concerns the morphological characterization of the system on a
molecular scale during stepwise increase in temperature and also during slowly
cooling the sample from an undercooled melt.

In the third chapter, the synthesis and the crystalline structure of the
polyethylene nanocrystals will be explained elaborately. The crystalline lamella
represents the basic structural entity of the semicrystalline polymer structure.
Detailed information about the crystalline structures of our nanocrystals will be
presented. Different strategies of deposition of the crystals are explained in detail
e.g. coffee stain phenomena and different techniques to confine drops of colloidal
solution under restricted geometry will be introduced. The approach we followed
for our system i.e., deposition inside a PTFE ring or meniscus driven evaporation
technique will be discussed in detail. The floating behavior of the nanocrystals
at the air-water interface on a Langmuir-trough will be described. Optical mi-
croscopy (OM) and atomic force microscopy (AFM) studies were used to explain
regular patterns formation on the substrate, sheding light on the physics involved
in the stick-slip regime. Working principle of OM and AFM will be described.
Their usefulness along with the importance of phase imaging AFM will be ex-
plained.

In the fourth chapter, we will be interested in the details of the morpho-
logical evolution of the deposited polyethylene nanocrystals during temperature
annealing. The different structural changes of the deposited nanocrystals at dif-
ferent temperatures observed in situ by AFM for a monolayer of crystals and also
for stacks of several layers will be discussed in this context in detail. The path-
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ways which were followed during the reorganization processes upon annealing will
be presented. Time evolution of morphologies at different temperatures will also
be discussed.

In the fifth chapter, we will discuss the recrystallisation from a melt of
polyethylene nanocrystals cooled slowly. Well-aligned edge-on crystals were found
to crystallize perpendicular to the scan direction of the AFM tip. The mechanism
of tip-induced nucleation will be described in detail. How nucleation probability
is affected by various tapping forces and number of scans will be described. It will
be shown that time of contact between molten sample surface and the AFM tip
was found to have no significant influence on the nucleation probability. It will be
shown that even in regions consisting of few molten droplets of different sizes at
a temperature close to the melting temperature, well aligned edge-on crystalline
domains along the scan direction can form. The formation of stacks of edge-on
crystalline lamellae will be explained.

In the sixth chapter, the overall conclusions of the thesis will be sum-
marized.

Seventh chapter will contain appedix to give some information about
the tip-induced crystallisation studies.



Chapter 2

General aspects of polymer crystallization

2.1 Introduction

In the context of the main focus of this study, i.e. the polyethylene nanocrystals,
we highlight mainly the influence of small lamellar thickness (∼ 8-10 nm) with
respect to their differences to the other systems. The Gibbs-Thomson equation
of melting-recrystallization of polymer crystals is discussed in detail, sheding
light on the very high surface to volume ratio of the small nano-sized crystals.
Strobl´s model of polymer crystallization (multi-step process) will be explained
along with a discussion of the crystallization and melting line. Consequences of
Strobl´s model will be presented on the basis of some proposed kinetic approaches
for the basic understanding of the mechanism of polymer crystallization. The
mechanisms of chain unfolding in the course of thermal annealing in our case will
be illustrated.

6



2.2. Polymer and Crystallisation 7

2.2 Polymer and Crystallisation

A polymer is a large molecule (macromolecule) composed of repeating structural
units. These subunits are typically connected by covalent chemical bonds and
known as monomers. The number of subunits is called degree of polymerization
N. Most real systems are polydisperse [34,35], i.e. they have due to the production
process (synthesis) a more or less broad distribution of N. In the year 1920, poly-
mer crystallization was first confirmed when the X-ray diffraction studies were
performed on synthetic and natural polymers [36]. The Bragg reflections were
broader in comparison with low molecular mass compounds and inorganic mate-
rials. In the melt synthetic polymers consist of long chains with variation of the
chain length, with a high degree of chain interpenetration and entanglement. So,
it was not easy to understand the mechanisms of crystallization in such systems
during cooling. Crystallization changes the physical and mechanical properties
of polymer systems remarkably. It is important to note that crystallization is
not limited to linear polymer chains such as polyethylene (PE) and polyethylene
oxide (PEO), but also occurs for more complicated polymer architectures such
as brushes. In order to answer the most important question about the polymer
crystallites, i.e., how can long polymer chain be incorporated in small crystallites,
the chain-folded model was introduced and widely used.

2.3 Chain-folded lamellae

In the year 1938, Storks made electron diffraction measurements on gutta percha

films of 27 nm thickness (prepared by evaporation from solution). He found

that, the total chain length was much larger compared to the film thickness.

He observed that, the films were composed of large crystallites with the chain

axis normal to the plane of the film. So, the only possibility was that, the chains

folded back and forth upon themselves so that neighboring segments were oriented

parallel to each other [37]. This observation led him to first propose a chain-folded

structure to explain the crystallization in such kind of systems.

In the 1950s, after the generation of small single crystals from dilute
solution, it was found that these crystals are regularly shaped and their lateral
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dimension was found to be up to 0.3 mm. But their thickness was found to be
only 12 nm. In polarizing microscope, when they were rotated between crossed
polarisers they produced uniform darkness at a certain angle confirming that they
are really single crystals.

Crystallization from highly concentrated solution or from polymer melt
can give rise to several structural evolutions ranging e.g. from a multilayer ag-
gregate of lamellar crystals spreading out from a common edge, dendrites to
spherulites. The chain folding was first evidenced by works of Keller [38]. In the
year 1957 based on electron-diffraction patterns, Keller [38] commented that the
direction of the polymer chains runs perpendicular to the basal plane of the crys-
tals and since the length of the polymer molecules exceed by many times the crys-
tal thickness, the polymer chains must be folded many times. The phenomenon
of folded-chain crystallization in polymer molecules is a subject of interest within
polymer scientists.

Compared with literature studies of bulk PE, the lamellar thickness Lc
(for a given polymer of known length, a measure for the degree of folding is the
thickness of the crystalline lamellae: the thinner these lamellae are the more
folded are the polymer chains) is very small for our nanocrystals which is due
to the low temperature of synthesis (15 oC). The crystallization has thus oc-
curred more than 100 oC below the melting point of polyethylene. This extreme
supercooling is not accessible by any other method used so far for the crystalliza-
tion of polyethylene. It results in a higher degree of chain folding into thinner
lamellae (the nanocrystals consist of eight chains with several hundred folds per
molecule). Consequently, these nanocrystals are highly metastable and therefore
will exhibit a strong tendency to change their morphology. Number of folds in
the polyethylene nanocrystals was measured using the numerical values of the
molecular weight of the polymers of the nanocrystals (∼ 2 x 105 g/mole) and
a molecular weight distribution or polydispersity index (∼ 2 (Mw/Mn)) in the
following way. The maximum length of the molecule in the fully extended form
can be calculated by the following formula, L = `m.N where, `m is the length of
a repeat unit. For polyethylene, it is ∼ 2.6 Å or (2.6 × 10−10 m). N is the degree
of polymerization which is the ratio of the total molecular weight of polymer and
molecular weight of the monomer unit i.e.,=200000 /28 =7143. So, the fully ex-
tended chain length for the polyethylene forming the nanocrystals is 7143 x 0.26
= 1857 nm.

The initial lamellar thickness is∼ 8 nm for our nanocrystals. The number
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of folds was found to be equal to 1857nm/8nm= 230 to 240, meaning the polymers
forming the crystalline lamellae are folded several hundred times.

2.4 The melting temperature

The equilibrium melting temperature T om is defined as the melting temperature
of an infinite stack of extended chain crystals, large in directions perpendicular
to the chain axis and where the chain ends have established an equilibrium state
of pairing. This quantity is one of the most important thermodynamic properties
of crystallizable chain polymers, as it is the reference temperature from which
the driving force for crystallization is defined. The change in Gibbs free energy
DG per unit mass at T om is zero. This is the general condition that determines
the melting point of any substance. The thermodynamic driving force for crys-
tallization from a liquid or melt to the folded chain conformation of a crystal at
a particular crystallization temperature Tc can be expressed as,

∆G = ∆H − T∆S (2.1)

∆G = ∆H[1− T (∆S/∆H)] (2.2)

Where, DH is the increase in enthalpy per unit mass and DS is the
increase in entropy per unit mass.

At the equilibrium melting temperature, T om, 4G = 0 and

T om = ∆H/∆S (2.3)

From equation (2.2) and (2.3) we can write,

∆G = ∆H(1− T/T om) (2.4)

At a fixed crystallization temperature Tc, the change in Gibbs free energy
which initiates the crystallization can be written as,

∆G = ∆H(∆T )/T om (2.5)
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Where, DT represents the super cooling, ∆T = (T om − Tc)

Polymers with high DH and low DS have a higher melting point than
those having high DS and low DH. For any crystallite, the total Gibbs free
energy can be given by the combined value of the part which is proportional to
its volume and parts for which extra energy is involved due to the formation
of its surface. For large crystallites, volume to surface area ratio is large and
so the contribution due to the surfaces becomes negligible compared with that
due to the volume. But for small crystallites the volume to surface area ratio
is small and so the surface energy contributes significantly to the enthalpy. So,
the effective enthalpy per unit mass is higher. This implies that the increase in
enthalpy required to melt the crystallite is lower and if we assume that DS is
independent of temperature, then we will have, Tm (small crystals) < Tm(large
crystals).

2.5 Gibbs-Thomson equation: Melting of polymer crystals

The Gibbs- Thomson equation can be represented as,

Tm = T om −
2σeT om
ρ∆Hf lc

(2.6)

σe is the surface energy of basal plane per unit area, ρ is the density of
the crystallites and DHf increase in enthalpy per unit mass on melting for a thick
crystal. This equation helps us to measure the value of equilibrium melting point
(T om) and surface energy (σe).

ℓc
-1

T

Figure 2.1 – Showing the scheme of the Gibbs-Thomson equation i.e., the tem-
perature is plotted as a function of inverse lamellar thickness.
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These quantities can be determined from the plot of melting points as
a function of inverse lamellar thickness i.e. Tm Vs. 1/`c. From the slope of
the plot, the surface energy (σe) can be determined and the equilibrium melting
temperature (T om) can be computed from the intercept of the plot. The lamellar
thickness can be measured e.g. by SAXS measurements or TEM measurements
and the DSC measurements normally give the value of Tm.

After the discovery of the folded chain model, scientists tried to explain
the consequence of the regularity of chain folding. Two important theories were
proposed which were in good agreement with the experimental results. The first
theory was proposed by Fischer saying that the fold period is determined ther-
modynamically corresponding to a minimum in the Gibbs free energy density of
the crystal at crystallization temperature. The second theory proposed by Lau-
ritzen [39,40] and Hoffman [40] is based on a kinetic approach. They considered
that the lamellar thickness corresponds to the crystals which have fastest growth
rate and it could be that this is not the most stable conformation of the crystals.
The extended chain conformation would be the most stable conformation of a
crystal but still the question arises, why do polymer chains fold upon crystalliza-
tion instead of choosing the extended chain conformation. This simple question
can be answered by making the argument that the kinetic energy barrier towards
the folded chain conformation is lower and therefore this process occurs faster in
comparison to the case of extended chain crystals. As a result, the Gibbs free en-
ergy for a folded chain is higher than that of equilibrium extended chain crystals
and so the melting temperature of the folded chains crystals is lower. So, we can
say that crystallization is a kinetically controlled process. For long chains, the
equilibrium state, represented by a lamellar crystal consisting of fully extended
chains, [41] is never reached.

From the thermodynamic point of view, we can say that the Gibbs free
energy of any type of polymer crystal below their melting temperature is always
lower compared to that of a liquid.
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Tm Tm
o

Gibbs free 
energy (G)

Temperature (T)

Gfolded chain

GLiq

Gextended chain

Figure 2.2 – Schematic showing the variation of Gibbs free energy of a liquid, a
folded chain crystal and an extended chain crystal with temperature.

At constant temperature and pressure, the required condition for a spon-
taneous phase transition is that the change in Gibbs free energyDG of the process
has a negative value. For polymer lamellar crystals, we have to specify the differ-
ence between the equilibrium melting temperature T om and the nominal melting
temperature Tm as it is dependent on the fold length and consequently the lamel-
lar crystal thickness. So, the fold surfaces contribute the larger part to the surface
energy, both because they are much larger in area than the other surfaces and
because the surface energy per unit area is much higher owing to the high energy
required in order to form these folds.

2.6 Theories of chain folding and lamellar thickness

The way polymers crystallize is often quite different from the pathway followed by
small molecules. When a metastable liquid of small molecules undergoes a phase
transition into a crystal, the mechanism of this ordering process is considered to
be nucleation and growth. One can thermodynamically understand a first-order
transition as a relaxation of a metastable melt towards the equilibrium state which
requires overcoming a free energy barrier. The height of this barrier depends on
the depth of penetration into the metastable state or undercooling (DT ). In order
to introduce a new phase into the metastable melt interfaces must be introduced.
This is a nucleation process where the density fluctuations are localized with large
amplitude. If the resulting nuclei are larger than a critical size, they continuously
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grow towards a stable crystalline phase. According to the nucleation theory, for
a single component system, the nucleation barrier from melt to crystal transition
does not vanish with temperature. So, the liquid phase is metastable [42,43].

In this small molecule case, the characteristic size of the molecule is
much smaller than that of the crystal nucleus. The situation is more complicated
if the small molecules are connected together to form polymer chains. Clearly, the
ability of different portions of a long polymer chain to take part in different initial
nuclei makes the situation difficult (due to the connectivity of the monomeric
units in a polymer chain) as this process is associated with entropic frustration
( polymer crystallization is frustrated by relatively large free energy barriers,
which arise from the necessity to reorganize polymer conformation into ordered
states) and leads to incomplete crystallization where polymer chains fold back
and forth to form crystalline lamellae. The chain folding problem requires the
understanding of entropic frustration associated with chain connectivity. All the
kinetic mechanisms involve clear phase boundaries between ordered crystals and
disordered liquid phase.

In describing crystallization of polymer chains from melt or in order to
understand the process of lamellar growth two approaches have been used. They
are the well known Lauritzen-Hoffman secondary nucleation theory [39, 40] and
the Sadler´s [44] rough surface or entropic theory introducing the idea that the
free-energy barrier might actually be entropic rather than enthalpic in nature.
Further developments along these lines by Sadler and Gilmer led to this type of
theory being called the Sadler–Gilmer theory [45]. The concept of both models
is dealing with the free energy barrier but the nature of the barrier distinguishes
these two kinetic theories. L-H theory [39, 40] considered the free energy barrier
to be enthalpic while S-G theory [45] explained it to be entropic.

In L-H theory [39, 40], the most important contributions to the free en-
ergy barrier are the surface energies of the crystallites, including the high surface
energies associated with the folds in the lamellar surfaces. So, the energy barrier
is thus mainly enthalpic. In L-H theory it was assumed that once a chain seg-
ment has laid down on growing surface parallel to the chains already forming the
crystals growth face, the next units of the chain continue to be laid down to form
a straight stem. At the lamellar surface, the chain folds and the following units
are laid down adjacent to the section previously laid down until the other face of
the lamellae is reached when chain folding takes place again. The whole process
requires the orderly laying down of segments of length ` one after another to form
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smooth flat growth faces, no new layer is started until the previous layer is com-
plete. So, regular chain folded lamellae are formed. In the LH theory [39,40], this
first step is considered as the rate determining step as it is associated with the
highest energy barrier. The magnitude of this barrier increases with the lamellar
thickness (`). In the second step, the segments become crystallographically regis-
tered. In the next steps, subsequent stems fold back and again sediment adjacent
to the attached stems which again lower the overall free energy. This process
continues to happen until reaching a negative free energy change. Certain free
energy change associated with this sequential folding process. LH theory [39,40]
treats the attachment of the stems onto the substrate as a one-step process and
ignores the entropic behavior of the nucleation process and subsequent spreading
of the stems in the early version of this theory. Later, the segmental nature and
entropic origin of the initial surface nucleation process have been considered by
Hoffman [39]. In the LH model [39, 40], since there is no new lateral surface
generated during completion of the rows, the only free energy barrier during this
process is associated with folding (i.e., creation of the fold surface). In addition,
this free energy contribution is not related to the lamellar thickness, therefore,
the substrate completion process weakly depends on the undercooling, as com-
pared to the surface nucleation process which has an exponential dependence on
undercooling. The main fact of the LH theory [39, 40] is that it describes the
kinetics of crystallization in molecular terms, for linear flexible macromolecules
which are crystallized from the melt into chain folded lamellae. In this theory
the structures which evolves is one which develops with the highest rate. This
maximum is reached for a crystal thickness just above the stability limit of the
crystallites as determined by the Gibbs-Thomson equation.
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a b

Figure 2.3 – (a) Model of surface nucleation and growth of chain folded crystal.
The surface nucleus composed of n stems of length `c, thickness b and width
a, forms on a substrate and proceeds towards the lateral direction with a
growth rate g. The surface nucleus then completes a layer of thickness b by
covering to crystal width L. This caused the crystal to grow in the G direction.
(σ) and (σe) are the lateral and fold free energies respectively. Inspired from
ref. [39, 40] (b) The Sadler–Gilmer model without any perfectly regular fold
surfaces, inspired from ref. [46].

The S-G theory [45] was introduced in recognition of the fact that curved
growth faces are sometimes observed. This curvature implies steps on the growth
surface and is inconsistent with the basic L-H theory [39, 40]. In this theory,
units consisting of straight segments of chain containing only a few monomers are
imagined to be laid down on the growing crystal face parallel to the pre-existing
chains. These units can be added to the places according to a rule which is taking
into account the fact that the unit belongs to polymer chains and may thus be
connected to the other units, otherwise they are chosen randomly. Several islands
of partially crystallized units can exist simultaneously on the growing face and
units can even add to incomplete layers. The energy of the interaction of each
unit with the surface is only of order kT , so that units not overlaid by others
can detach again. Groups therefore attach and detach randomly, but subject
to the rules, they take up the required straight conformations that permit the
close fitting of groups and the lowering of the energy of the interaction between
them. There is thus an entropic barrier, a barrier due to disorder that must be
surmounted before the free energy can be lowered. It is clear that the longer the
straight segments are the higher this barrier will be [46].

In spite of the large differences in many aspects, atomically smooth or
rough growth faces, nucleation or reversible attachment-detachment processes,
short-chain sequences or whole stems as elements, the two approaches have one
basic feature in common: It is assumed that the lamellar crystallites grow directly
into the entangled melt. The growth face sets the border between the crystal and
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the melt, and crystallization proceeds by a movement of the face. In a general
view the assumed mechanisms agree with those found for single crystals of low
molar mass compounds. When crystallized from the melt one there can also find
layer-for-layer growth if the growth face is atomically smooth, beginning for each
new layer with a nucleation step, or “normal growth”, if the growth face is rough,
being determined by the balance between the rates of attachment and detachment
of single molecules.

Depending on many experimental evidences [47–50] it was proposed that
the formation and growth of the crystallites is not a one step process proceeding
directly into the melt but follows a route over intermediate states. Thus, con-
sidering the experimental basis as reliable and broad enough, a novel model of
polymer crystallization was proposed.

2.7 Strobl´s model: a multi-step process

Strobl´s model suggested that crystallization from the entangled melt is a multi
stage process but not a one step process [51]. It explains that in the first step
there a mesomorphic layer is formed by density fluctuations, where the chains
have a preferred orientation but also have liquid like mobility. The thickness
of this mesomorphic layer increases until a critical thickness is reached. At this
stage the chains within the mesomorphic layer cooperatively transform into a
granular crystal layer. Finally these granular crystalline blocks joined together
to form a continuous lamellar crystal. Pre-ordering phenomena within the melt
are assumed to play an important role in this process.

Figure 2.4 – Schematic of the two step model proposed for the formation of poly-
mer crystallites [inspired from Strobl´s model in ref. [51].
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2.7.1 Crystallization and melting lines

Considerations about mechanisms of crystallization and melting in polymers re-
quire as basic knowledge of the variation of the crystal thickness `c with the
crystallization temperature Tc and the variation of the final melting temperature
Tm with crystal thickness.

Time and temperature-dependent SAXS experiments make it possible
to determine these relationships and have been carried out for several polymer
systems. Investigations were facilitated by the invariance of the crystal thickness
during the crystallization process.

The Gibbs–Thomson equation described in equation (2.6) suggests
plotting the melting points as a function of the inverse crystal thickness `−1

c ,
and the same representation was then also used for the relation between Tc and
`c. The appearance of the plots is typical of all the samples investigated: two
straight lines that cross. The ‘melting line’ that gives the relation between Tm

and `−1
c , confirms the Gibbs–Thomson equation. This allows a determination of

the equilibrium melting point T∞m by a linear extrapolation to `−1
c = 0. The novel

feature in the results is the ‘crystallization line’ which gives the relation between
Tc and `−1

c . It has a greater slope than the melting line, intersects the latter at a
finite value of `−1

c , and approaches a limiting temperature as `−1
c , → 0, denoted

T∞c which differs from T∞m . The crossing implies that, the T∞c is always greater
than T∞m .

Few results derived from temperature dependent measurements during
heating [49, 52] led Strobl to an important conclusion concerning the popular
Hoffman–Weeks plot. Many authors derived equilibrium melting points of crys-
tallizing polymers from DSC studies, plotting the temperature difference Tm−Tc
against Tc and identifying the equilibrium melting point with that crystallization
temperature where the temperature difference would vanish. Strobl´s results
demonstrate that this procedure is wrong. It yields the temperature of the inter-
section point between the melting and the crystallization line rather than T∞m .
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Figure 2.5 – Crystallization (green) and melting line (orange) versus the inverse
lamella thickness.

What is the meaning of this state diagram then? The melting line de-
scribes the thickness dependence of a phase transition that leads from the crys-
talline to the isotropic amorphous state. Obviously the crystallization line has to
be interpreted in an analogous way: It also represents the `c dependence of a struc-
tural transition, but since T∞c 6= T∞m , certainly not one between the crystalline
and the amorphous state. Those parts of the structure which melt immediately
above Tc experience exactly this transition. The state diagram Figure 2.5 is
therefore an indication for a crystal development in two steps: Crystallites first
appear in an initial form which then transforms into the final lamellar crystal-
lites. The latter process provides the stabilization expressed by the temperature
differance (Tm−Tc) and it occurs without a change in `c.

Lamellar crystallites principally exist only at temperatures below the
melting line. Therefore, crystals with thicknesses given by the crystallization
line can no longer be formed when the temperature of the intersection point is
approached. This has indeed been confirmed by experiments [51,53].

2.7.2 Consequences of the multiphase model

Polymer crystallization is a thermodynamically first order transition. Generally,
during crystallization, a favorable enthalpic change leads to the attraction of the
molecules to overcome the phase boundary and their subsequent incorporation
into the crystals. This is opposed by the loss of entropy which results from the
above mentioned steps. This view leads to think about multiple steps in polymer
crystallization. Among these steps the rate determining step is the one necessary
for overcoming of the nucleation barrier and thus growth is nucleation controlled.
Crystallization of many molecules involves at least a partial disentanglement of
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these chains.

Independent of the condition for crystallization, i.e., whether one crys-
tallizes from solution or melt; the polymer chains fold back and forth in the crys-
talline lamellae. The free energy of a folded state results from attraction among
non-bonded monomers and loss of bending along the chain backbone. Different
folded states of the crystalline polymer have different free energies and must be
separated by barriers.

In Strobl´s model the validity of L-H [39,40] model and S-G models [45]
is questioned.

A specific pathway of one polymer chain among many others during
crystallization in the melt may include several major steps, as indicated by Strobl
[51].

It was demonstrated that the kinetics in the very early stage of crys-
tallization is controlled by nucleation and growth directed and not by spinodal
dynamics. According to the nucleation and growth mechanism, one starts with
the birth of a baby nucleus in the early stages of homogeneous crystallization.
Free energy barriers indicate the initial lamellar thickness. Once this baby nucleus
has formed, chains diffuse to the growth front where they adsorb and crystallo-
graphically attach. This step is not hindered by a barrier, in contrast with the
underlying assumptions of the LH theory [39,40].

If several molecules take part to this adsorption process, a thin layer of
molecules in front of the crystal can be formed, but these molecules do not form
a mesophase. During or shortly after the adsorption, multiple selection processes
take place, which determine whether the adsorbed part of a particular polymer
chain is accepted or rejected by the growth front on different length scales. These
selection processes must be sequential and cooperative.

The detailed scheme of multiple-steps in polymer crystallization proposed
by Strobl [51] gives rise to several questions which needed to be further discussed.
Actually, in front of a growing crystal face, there should be a thin adsorption layer
rather than an independent mesomorphic phase as the latter can give rise to two
difficulties. Firstly, in the case of PE, when the hexagonal mesophase grown at
an elevated pressure transforms to the orthorhombic crystal. This can give rise to
twinned symmetries having three equivalent orientations 120 o apart from each
other. PE spherulites, however, always grow with the b-axis in the radial direc-
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tion, as pointed out by Lotz [54], and no twin symmetry can be found. Another
difficulty is how to account for thermodynamic function changes, such as en-
thalpy and density changes, in these two separated phase transitions proposed by
Strobl [51] (from the melt to the mesomorphic phase and from the mesomorphic
phase to the crystal) to elaborate one crystallization process. In Strobl’s contri-
bution, the proposed granular crystal to lamella growth deals with length scales
of a few tens of nanometers. It is viewed as a construction mechanism of polymer
crystal lamellae [51]. The granular structure, which has been reported for sev-
eral semicrystalline polymers, is obtained in almost all the cases under specific
crystallization conditions. Generalization of this structure depends critically on
providing explanations consistent with the necessary regular arrangement of chi-
ral conformational handedness in lamellar crystals [54] and the periodic banded
spherulitic formation without the existence of a lamellar continuity. Experimen-
tal evidences shows that facetted or nearly facetted single crystals and aggregates
of various polymers can be grown in bulk, thick and thin film melts, and blends
in broad DT regions, yet no granular structures have been reported [12,55–60].
Regarding the granular structure, another question can be raised regarding the
extrapolation of the Gibbs-Thomson equation used in Strobl’s contribution [51].
This extrapolation used in polymer lamellar crystals was based on the assump-
tion that the metastability of the polymer lamellae is only associated with one-
dimensional thickness (an extrapolation of the crystal volume must be used in
the original Thomson-Gibbs extrapolation). If the Tc line represents the gran-
ular crystals with the same crystal structure as the final lamellar crystals, the
assumption using one-dimensional lamellar thickness as the marker of the crystal
metastability is not valid. Both the thickness (`) and lateral size (a) of the granu-
lar crystals need to be considered when extrapolation is carried out. This requires
a two-dimensional extrapolation in a Tm−1/`−1/a three-dimensional space.

It is necessary to understand the nature of the free energy barrier be-
tween various folded states. We need to explain the finite number of chain folds
in solution-grown lamellae, the temperature dependence of lamellar thickness and
the kinetics of lamellar thickening. How do backbone stiffness (as measured by
the characteristic ratio c∞) and liquid-crystalline nature of stiff backbone seg-
ments influence the free-energy landscape? Do these liquid-crystalline tendencies
promote a mesomorphic state prior to the formation of lamellae or within the
lamellae? Is there a critical chain length below which extended chain crystals
form, and above which chain folded lamellae form with or without a mesomor-
phic precursor? These open questions can be answered perhaps by computer
simulations which may give some helpful insight into the nature of these barri-
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ers.

In any effort to relate theory and experiments on polymer crystalliza-
tion, it is essential to know the quench depth and consequently Tm. Tm is usually
obtained by various extrapolation schemes [61] based on thermodynamic argu-
ments, but applied to a non-equilibrium system. In particular, there is no reliable
procedure to obtain Tm for copolymers. Marand [61] criticized Strobl´s model
by evoking the risk involved in extrapolating a temperature range above Tm for
the presence of a stable mesomorphic phase.

We did not find the answers of the questions mentioned above using
Strobl´s model. Strobl explained the phenomena of polymer crystallization into
only a few specific steps: the creation of mesomorphic layer as a precursor in all
systems, spontaneous thickening up to a critical thickness, and structural tran-
sition into granular blocks, followed by merging of granular blocks into lamellar
crystals. Lotz [54] mentions the danger in simplifying the crystallization process
in terms of a finite number of discrete steps. Nonetheless, Strobl´s model can be
very useful for making quantitative predictions for each of the four fundamental
steps and to compare them with experimental results for a variety of polymers.
Examples include chemical approaches for stabilization of the mesomorphic phase,
blocking the transition from the mesomorphic phase to the crystalline phase and
avoiding coalescence of granular blocks. It is essential to integrate the answers to
various questions mentioned above into such theoretical developments.

2.7.3 Theoretical studies on explaining mechanism of polymer
crystallization

Muthukumar and his group have attempted to evaluate the underlying assump-
tions and ideas of the current growth theories mentioned above under different
conditions. They have approached various issues by a combination of tools. They
have performed Langevin dynamic simulations of many chains in dilute solutions
crystallizing into lamellae. These simulations [4, 62] were based on the united
atom model, and folded-chain-lamellae form due to a competition, mediated by
chain connectivity, between chain stiffness (arising from tensional energy) and at-
traction between non-bonded segments. Using the input from Langevin dynamics
simulations, they have performed coarse-grained simulations to follow the growth
of lamellae of thousands of chains, by using the Monte Carlo method. Further,
they [5] have derived thermodynamic results by using statistical mechanics of
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polymer chains. The main results are summarized below.

The major result arising from their theoretical considerations is that
chain entropy is the most dominant control parameter that distinguishes poly-
mer crystallization from ordering of small molecules. The substantial reduction
of conformational entropy of the chains during the ordering process dictates how
the ordering proceeds. In addition, energy considerations used in the crystalliza-
tion of small molecules must naturally be accounted for. It is the free energy
of the system E−TS (E and S being the energy and entropy, respectively) that
determines the course of polymer crystallization and the nature of the ultimate
crystalline states. The LH theory and its modifications focus on energy consider-
ations. In contrast, Muthukumar´s work has included the entropic contributions
as well.

The manifestations of chain entropy were present at all temperatures,
except at T = 0. Two major conclusions that emerge from considerations of free
energy by including chain entropy are the following:

(1) The free energy landscape for a single lamella exhibits a set of barriers,
many metastable states (separated by free energy barriers), and a globally stable
state. Each of these metastable states has a thickness that is much smaller
than the extended chain length. Among the metastable states, even the first
reasonable state with its free energy just below that of the melt is long-lived,
due to the barrier for thickening. The thickness of this long-lived metastable
state increases with temperature, in a qualitatively similar manner to the Gibbs-
Thompson law. However, if enough time is granted for this metastable state to
evolve, then the equilibrium thickness would be reached for each temperature
is approached. The equilibrium thickness decreases as the equilibrium melting
temperature. The equilibrium melting temperature does not correspond to that
of extended chain dimensions.

(2) The lateral growth faces a free energy barrier, due to temporal crowd-
ing of entangled chains at the growth front. The linear growth rate G assumes
the form,

G ∼
(
Din

Dbulk

)
exp

(
− 1
T4T

)[
1− exp

(
4H4T
kTmT

)]
(2.7)

WhereDT is the quench depth, Tm is the melting temperature, DH is the
latent heat of fusion, T is the temperature, Din is the diffusion coefficient inside
the growth zone with the barrier, and Dbulk is the diffusion coefficient away from
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the zone. The first two terms on the right hand side become unimportant for small
molecules and for dilute solutions of the polymer. These results are qualitatively
different from the classical views on polymer crystallization. Although the new
entropic model seems to capture the general trends of phenomenology, much
more work is required to make quantitative comparisons with experimental facts.
However, there is a promise of unification of ideas on crystallization from small
molecules and from polymer chains.

2.8 Mechanism of chain unfolding upon annealing

Annealing of polymer crystals can lead to structural modifications taking place
at different spatial scales. This evolution can be particularly complex because,
as was shown before, the nanometer-thick crystalline lamellae form essentially
metastable phases for which the melting point depends strongly on the lamellar
thickness [63]. Therefore it is clear that annealing of semicrystalline materials
below the melting point of the constitutive crystals could dramatically change
their morphology.

The increase of the fold length by chain unfolding on annealing is un-
doubtedly one of the most extraordinary properties of chain folded polymer crys-
tals. The process itself can be studied as a function of the two principal vari-
ables, annealing time and annealing temperature. The effect of temperature for
two fixed annealing times was already demonstrated by Keller [64]. Fischer and
Schmidt [65] made the first combined study of the two variables by examining
the increase of the long-spacing (the average separation between stacked lamel-
lar crystals, usually measured by small-angle X-ray or neutron diffraction) of
polyethylene single crystals as a function of time for different temperatures. It
was found that the long spacing increased logarithmically with time as described
by the equation: 2.8

LB = LB0 +B(T )log
(
t

t0
+ 1

)
(2.8)

Where LB0, is the long spacing at time t0 and B(T ) is a constant cor-
responding to temperature T. This well known equation has been widely used to
account for crystal thickening in the bulk many times in many cases.



2.8. Mechanism of chain unfolding upon annealing 24

Generally, the increase in fold-length directs the system towards the low-
est Gibbs free energy, which is achieved for fully-extended chain crystals. How-
ever, the mechanisms of chain unfolding can strongly differ for various systems
and annealing conditions. In our study, in the case of annealing of the deposited
polyethylene nanocrystal, we will show the increase of the stem-length occurred
via successive diffusion and aggregation of chain segments, leading to fewer crys-
tals of different sizes. The bigger crystals are getting bigger at the expense of the
smaller crystals. For the dry state of the crystals the recrystallization mechanism
was first proposed by Kawai [66]. He observed from diffraction patterns that
during unfolding the initial crystal orientation, including directions perpendicu-
lar to the chain axis, is preserved. This means that at no instant the memory
of the original structure is lost during unfolding. Consequently, there could have
been no full melting in any portion of the crystal. From many experiments it
was evidenced that the overall thickness of melt-crystallized lamellae increases
with increasing the annealing temperature. This behavior can be associated with
additional crystallization of amorphous portions at the lamellar surfaces, mass
transport within the crystal (point defects), or partial intra-chain rearrangement
(perfection) of the chain without coordinated displacement of a molecule as a
whole along its molecular chain. This can be described as ‘fold dislocation’ [67]
and is accompanied by a discrete increase in lamellar thickness (see Fig. 2.6).

Figure 2.6 – Schematic of successive stages of the increase of stem-length in single
crystals on annealing. Inspired from ref. [67].

As it has been said before that due to low temperature of synthesis,
polyethylene nanocrystals, in our case, contain extremely folded polymer chains
which thus are far from their thermodynamic equilibrium state [16]. Conse-
quently, these nanocrystals will unavoidably change their morphology even when
kept at temperatures far below their nominal melting point. The metastable
folded chain crystals led to melt formation at a temperature which is well below
the equilibrium melting temperature. A key reason for metastability derives from
the small dimension of the crystals along the chain direction. In our case, the
surface to volume ratio is extremely high for the nanocrystals as our nanocrys-
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tals contain most likely single crystalline lamellae of ∼ 8 nm thickness having a
lateral dimension of ∼ 20 nm. The melting temperature decreases as the surface-
to-volume ratio of the crystal increases. However, polymer crystals consisting
of folded molecules are able to increase their crystallinity by a reduction of the
degree of chain folding with temperature or time. In most cases, molecular re-
organization into less folded states improves the thermal stability of the crystal
and shifts its melting temperature to higher values. In the presence of neigh-
boring small nano-crystals, molecules may be exchanged between these crystals.
Such exchange may lead to coarsening. Due to their lower surface-to-volume
ratio, bigger crystals typically have a higher melting temperature than smaller
ones. Consequently, instead of melting, crystals may coarsen and thicken and so
increase their melting temperature.

In chapter four we will explain the morphological evolution in terms of
lamellar thickness of such highly folded polyethylene nanocrystals as a function
of annealing temperature and in time.



Chapter 3

Materials and instruments used, experimental
techniques followed, and pattern formation on

surface

The earlier chapter intended to give some basic ideas about polymer crystalliza-
tion. We also have explained different theories of how polymer chains are crystal-
lized from solution or melt. This chapter will contain some detailed information
regarding the synthesis of the dispersion containing polyethylene nanocrystal and
their crystalline structure. Some deposition techniques in order to form patterns
with high regularity will be explained. The experimental set up we used in order
to deposit the nanocrystals in an orderly manner is also included in this chapter.
Along with the technique we discuss the process of regular pattern formation on a
solid substrate as used in our studies. We will also briefly present the experimen-
tal instruments used to follow pattern formation in our system such as optical
microscope and tapping-mode atomic force microscope.

26
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3.1 Synthesis of aqueous dispersion of polyethylene
nanocrystals

Because of interesting mechanical properties and low cost polyethylene has found
many applications worldwide. It can be produced either by free radical poly-
merization, using high temperature and pressure or by metal-organic catalysts
which are working in a water free environment. But now ethylene can also be
polymerized in water with water soluble Ni(II) complexes [68–70]. Aqueous dis-
persions of polyethylene nanocrystals were prepared by catalytic polymerization
of ethylene.

The aqueous dispersion of polyethylene nanocrystals was synthesized by
the group of Prof. Stefan Mecking in the Chemistry Department of the University
of Konstanz.

The purpose of using the synthetic procedure for generating nanocrystals
had two advantages. Firstly, catalytic polymerization of ethylene in an aqueous
medium led to well-defined colloidal particles. Secondly, these particles are suit-
able for fundamental studies of chain folding in polymer crystallization [71, 72].
This synthetic procedure represents a new way to prepare semi-crystalline PE un-
der mild conditions of pressure and temperature. During this process, crystalline
nanoparticles exclusively made of polyethylene are formed. Crystallization prob-
ably started while the chains are still growing at 15 oC. However, it can not be
excluded that the fast polymerization process and the slow nucleation in confined
nanoparticles [73] might have prevented crystallization from starting before the
polymerization was completed. Then polyethylene nanocrystals were formed in
a melt at 15 oC at 40 atm. Crystallization at such a high degree of super cooling
has not been reported previously.

By a combination of cryogenic transmission electron microscopy (cryo-
TEM [74,75]) and small-angle X-ray scattering (SAXS [76,77]) the structure and
shape of the nanocrystals were determined. While cryo-TEM allowed studying
the shape of the particles in a shock frozen solution, the analysis by SAXS al-
lowed the in situ determination of the internal structure of the particles. By this
complementary combination of methods, it was shown unambiguously that the
produced polyethylene particles were single faceted nanocrystals and consisted of
a lamella covered by an amorphous phase in which the PE chains fold back.

This novel way of generating polyethylene nanocrystals allowed the prepa-
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ration of long chains of polyethylene in a well-controlled environment and at
ambient temperature.

The system was prepared by catalytic polymerization as characterized
previously [78]. The starting dispersion only contained PE (3.5 wt %) and just
enough of the surfactant sodium dodecyl sulfate (SDS) to stabilize the particles
against coagulation. Unlike typical free radical emulsion polymerization [78, 79]
the particles appeared as a result of the polymerization in a non-solvent for the
polymer. The surface tension of 65 mN/m of the dispersion (i.e. close to pure
water: 72 mN/m) demonstrated that virtually all the surfactant was adsorbed
onto the particles; no micelles were present in the system. The molecular weight
of the resulting polymer was 2 ∗ 105 g/mol and the polydispersity as given by the
ratio of the weight-average to the number average molecular weight of the polymer
was ∼ 2. These dispersions contained essentially separated, nano-sized crystals
(lateral size ∼ 17-20 nm) consisting of a single crystalline lamella (thickness ∼ 6
nm) covered by thin amorphous layers (thickness ∼ 1 nm). Specimens for cryo-
TEM were prepared by vitrification of a thin liquid film of the diluted dispersion
supported by a copper grid in liquid ethane. Examinations were carried out at
temperatures around 90 K. Hence, the particles were analyzed in situ, i.e., in the
dispersion. Moreover, no staining agent was used to enhance the contrast between
the objects and the surrounding medium (for details of the general procedure of
sample preparation cf. ref [75]).

Figure 3.1 – Schematic of polyethylene nanoparticles in water. These particles
consist of a single lamella with a thickness Lc of ca. 6 nm sandwiched between
two amorphous layers resulting in an overall thickness of 8-9 nm (including
the amorphous layers). Adapted from ref. [16].

As suggested by Fig. 3.1, many of these nanocrystals exhibited a trun-
cated lozenge habit with a lateral dimension R. Colloidal stability of the particles
is brought about by adsorbed molecules of the charged surfactant sodium dode-
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cyl sulfate (SDS). For the sake of clarity, the adsorbed SDS-molecules are not
shown.

3.2 Crystalline Structure of the polyethylene nanocrystals

Figure 3.2 – Micrograph showing particles in dilute aqueous solution obtained
from cryo-TEM measurements. Adapted from ref. [16].

Polyethylene nanocrystals are the main focus of our study. The aqueous disper-
sion consisted of flat platelets with a rather narrow size distribution. The different
gray scales for different particles seen in Fig. 3.2 resulted from different viewing
angles. If the platelets are nearly parallel to the electron beam, the length of the
optical path through the particles is much longer than for nearly perpendicular
arrangement. From the cryo-TEM images a lateral dimension or the diameter of
(25.4 ± 4.3) nm and a corresponding thickness of the platelets of (6.3±0.8) nm
have been determined [16]. These numbers were derived from the image analy-
sis of 67 particles with approximately perpendicular orientation to the electron
beam [16].

The nanoplatelets were interpreted as single lamellae of polyethylene with
a lamellar thickness Lc of 6.3 nm. This thickness and the lateral dimension of
the nanocrystals were confirmed by wide-angle X-ray scattering (WAXS) mea-
surements performed on the dispersion at room temperature.

Due to the unknown tilt of each particle relative to the electron beam and
a certain variation of shapes as shown by Fig. 3.2 it was difficult to characterize
the nanocrystals precisely. Nevertheless, most particles were found to contain
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straight edges (faceted lamellae), and many of these appear hexagonal as shown
in the figure inset (Fig. 3.2).

Polyethylene is a semicrystalline polymer [78,79], crystalline lamellae are
covered by an amorphous layer. The amorphous layer in which the chains fold
back exists on both sides of lamellae. This thin amorphous layer on both sides of
the crystalline particles must be taken into account. Cryo-TEM was not able to
detect this fact as the electron density of amorphous PE is virtually the same as
that of the low density amorphous ice. Hence, there was not sufficient contrast
between a possible amorphous layer and the surrounding medium. By apply-
ing contrast variation SAXS as an analytical tool this problem was solved. One
can also see from Fig. 3.2 that, the particles are well-dispersed in the aqueous
medium and no aggregates were found. This was a prerequisite for a meaningful
investigation by scattering methods in solution. The analysis technique of the
particles by SAXS was elaborately described by Weber et al. [16]. From the mea-
surements as shown by Weber et al. [16] it turns out that the thickness of the
crystalline lamellae was 6.3 nm and the volume fraction of the crystalline part
was determined to be φcryst = 0.70. From the particle volume, the polyethylene
density [79] and the chain molecular weight, it was estimated that each particle
was made up of ca. 8 chains. The experimentally determined electron density
value for the amorphous parts matches perfectly with the electron density value
of low density amorphous ice (314 electrons/nm3, cryo-TEM background; cf. the
discussion of Figure 3.2 taken from ref. [80]). Thus, it was concluded that
the amorphous parts were virtually matched in the cryo-TEM. Scattering mea-
surements also confirmed that colloidal stability of the particles was achieved by
electrostatic repulsion between the particles brought about by the adsorbed sur-
factant SDS. So, a full structural analysis was achieved by the combined study
of cryo-TEM and SAXS.

As discussed above, most of the observed nanocrystals were faceted. The
shape of a macroscopic polymer crystal resulted from an anisotropic growth rate.
Usually the edges correspond to the slowest growing crystallographic planes while
the fastest growing planes will disappear during the crystal growth [75]. The ba-
sic habit of a PE crystal has the form a lozenge, defined by the slowest {110}
planes. At extreme undercooling realized here, many nanocrystals have a trun-
cated lozenge habit while no full lozenge shape has been found. The truncated
lozenge habit may result from the very small size of these nanocrystals. The
surface/volume ratio is indeed very high for such a small crystal and could result
in the unusual equilibrium shape of a truncated lozenge.
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Besides SAXS, which has been employed to study the crystalline struc-
tures, differential scanning calorimerty (DSC) also allowed to determine polymer
crystallinity. DSC was also used for measuring the melting point of the nano-
crystals.

3.3 Deposition procedures onto a solid substrate

The aim was to find a technique allowing to deposit the nanocrystals in an orga-
nized fashion from the aqueous dispersion onto a cleaned, solid substrate. With
the here presented approach we succeeded to self-organize the nano-crystals in
form of stripes after the complete evaporation of the solvent. In this part, we
will discuss about several possibilities by which solutes of various sizes can be
deposited on a solid substrate.

At the beginning spin coating was employed to deposit our nanocrystals
onto Si-substrate but only unorganized structures of the nanocrystals or broad
range of different patterns of the nanocrystals were left on the substrate, probably
due to fast evaporation of the solvent. Spin-coated samples are regarded as being
far from equilibrium systems [81,82].

3.3.1 Coffee stain phenomena

The simple technique of drop deposition consists of placing a drop on a solid
substrate followed by evaporation to the open air. Although evaporation in the
vicinity of a three phase contact line may seem very simple, this problem is com-
plex as there is a combined effect of hydrodynamics within the dispersion and
evaporative mass transfer to the gas phase. The resulting dissipative structures
are typically organized randomly without any regularity. An evaporative drop
which contains nonvolatile solute forms a ring like precipitate on a solid surface.
This phenomenon was termed as coffee stain effect [30–32]. As maximum evapo-
rative loss takes place at the perimeter of the drop, all the solutes are transported
to the edge by an outward hydrodynamic flow. Jamming of the solutes at the
perimeter causes a local roughness which pins the contact line. Thus, a ring of
diposits is formed. The requirement for a coffee stain effect to occur is that there
must be a coupling of hydrodynamic flow inside the droplet and the possibility
of the drop to be pinned at the contact line.
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Figure 3.3 – (a) A picture of a dried coffee drop. The dark perimeter is produced
by a dense accumulation of coffee particles. The radius is approximately 5
cm. (b) Schematic illustration of the origin of the advective current. (i) If the
contact line were not pinned, uniform evaporation would remove the hashed
layer, the interface would move from the solid line to the dashed line, and the
contact line would move from A to B. However, if the contact line is pinned
then the retreat from A to B is not possible, and there must be a flow that
replenishes the lost fluid. (ii) shows the actual motion of the interface and
the compensating current. Adapted from ref. [30].

A thorough study has been performed by Deegan et al. on the dynamics
of drying drops [30–32] in particular on the self-pinning of the contact line on the
substrate, from which coffee-stain-like drying lines originate (Fig. 3.3).

These coffee stains leave large and multilayered, often disordered aggre-
gates and so it is not really of interest for our studies. Thus, drop-deposition
method must be used in a controlled way in order to obtain homogeneous and
ordered layers of self organized particles over an adequately large area.

3.3.2 Confinement of a drop, a restricting geometry

In recent years, scientists were interested in the consequences of confining the
geometry of an evaporating drop. In order to confine a drop, several experimental
set ups were used with the intention to form ordered patterns. Confining a liquid
drop between two parallel plates and controlling the speed of the upper plate while
keeping the lower plate fixed resulted in patterns of high regularity as the meniscus
receded [19]. Highly regular patterns also have been produced by confining a drop
of polymer (or nanocrystals) solution in a restricted geometry made of a spherical
lens on a flat substrate named sphere-on-flat geometry [26, 27, 83–85]. Pattern
formation during the drying of a colloidal suspension using capillary rise method
has also been reported [86]. Moriarty et. al. proposed a meniscus-mediated
evaporation technique [23] also to restrict the drop and to guide self assembly of
gold nanoparticles.
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(a) Meniscus driven evaporation process

We followed the same technique as Moriarty et. al. and deposited our
nanocrystal dispersion in an ordered manner. The major aim of our work was
to find a systematic way to control the evaporation of the solvent with good
reproducibility. A novel technique for nanocrystals deposition was inspired by
previous work on polystyrene spheres [87, 88]. For a solvent with appropriate
wetting properties, such as water, a Teflon ring can be used for creating a meniscus
of solution rather than a drop (see Fig. 3.4). Indeed, the wetting properties of
the [solvent-Teflon ring-substrate] system are such that the affinity of the solvent
with Teflon is lower than that with silicon oxide (the samples onto which the
dispersion was deposited in this study were cleaned silicon substrates with a
native oxide layer), hence the formation of a meniscus. Consequently, during
evaporation, the solvent retracted from the centre of the sample towards the edge
of the ring. It is important to note that although the ring could be clamped to
the substrate like in [87,88], in our experiments the ring was held in place by the
capillary forces caused by the liquid. When the contact line reached a region close
to the ring, evaporation encountered the competition of capillary forces, due to
the presence of the Teflon ring, which traps the liquid. Consequently, evaporation
was considerably slowed down in the region close to the ring, hence giving more
time for the crystals to organize. The rate of evaporation in this configuration
was mainly dictated by the capillary forces related to the presence of the Teflon
ring. Noticeably, for a solution containing excess surfactant molecules, the onset
of dewetting in the centre of the sample did not occur as rapidly as for a solution
free of surfactants. But this, surprisingly, did not modify significantly the overall
evaporation time. The duration of the evaporation in the meniscus technique
is much larger compared to that in the spin-coating process (several minutes or
more compared to a few seconds). Thus, samples prepared by this approach can
be considered as being closer to equilibrium.
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Figure 3.4 – (a) Experimental set up consists of a 1 cm inner-diameter Teflon ring
on top of a silicon substrate filled with an aqueous dispersion of polyethylene
nanocrystals. (b) Schematic representation of the retracting three phase con-
tact line in the course of evaporative dewetting of a dispersion. The x-axis
indicates the direction of evaporation from the center towards the bounding
Teflon ring.

(b) Experimental requirements

As a starting point, an aqueous dispersion of polyethylene nanocrystals
with a polymer content of 3.5 wt% was chosen for our study. The concentration
of the dispersion was changed by adding deionized water to the stock solution.
Mostly two different concentrations were used for our experiments. One is of
35 ppm (35 mg/L) and another one is of 70 ppm (70 mg/L). Sodium dodecyl
sulphate (SDS) was present in our system as surfactant in order to avoid the
coagulation of the nanoparticles. Imposing a circular geometry by means of a
Teflon ring (inner diameter of 1 cm), we have deposited a small volume (ca. 0.2
ml) of the aqueous nanocrystal dispersion onto a clean silicon substrate (∼ 1.5 x
1.5 cm2). The whole set up has been kept at room temperature and left open to
air for evaporation of water. Typically, the evaporation processes was completed
within 30 – 60 minutes. Due to low-wettibility of water Teflon was chosen as a
material for the ring used in our experiments.

(c) Reason for choosing the deposition technique

After deposition the capillary force acting at the inner edge of the Teflon
ring created a long range liquid like meniscus rather than a drop. The meniscus
mediated evaporation technique led to the formation of a thickness gradient which
decreased gradually from the edge to the centre of the ring as shown in Fig. 3.4b.
Evaporation started from the centre where the solvent-nanoparticle film thickness
was thinnest and the contact line gradually moved towards the edge until all the
solvent evaporated. To make sure that no solvent was left we kept every sample
in room temperature and in a clean environment for at least one day. A high
degree of reproducibility of the patterns formed was achieved by this technique
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demonstrating that the meniscus driven control of the evaporation process and
the associated capillary flow represented a useful process for creating ordered
patterns.

In a single experiment, it was possible to span a large number of param-
eters.

Firstly, the evaporation was not steady or homogeneous across the whole
surface and the speed of the contact line was not fixed. That is why near the
centre the contact line pinned very irregularly. The contact line spent different
times and moving a certain distance depending on the number density of the
nanocrystals per unit volume in that region during the course of evaporation.
Thus, stripes with various widths and heights were formed.

Secondly, the presence of nanocrystals led to repeated transient pin-
ning and thus to a non-monotonic displacement of the retracting contact line.
This stick-slip process resulted in the formation of micrometer-wide concentric
annuluses. On a scale smaller than the diameter, these annuluses appear as par-
allel stripes. The formation of stripe patterns has been discussed in theoretical
models [28, 89].

Thirdly, as the solvent evaporated and the liquid front moved towards
the edge, the concentration of the nanocrystals in the dispersion increased. Thus
in addition to a variation of the contact line velocity a concentration gradient was
formed. At centre the concentration was lowest and at the edge it was found to
be highest.

Finally, as evaporation was slow, in situ observation under an optical
microscope was possible. For a given concentration of the dispersion and deposit-
ing the same amount of dispersion inside the ring, the evaporation time and the
patterns formed were highly reproducible. That is the main advantage of this
deposition procedure.

3.3.3 Floating of nanocrystals in air-water interface

When a monolayer is fabricated at the gas-liquid or liquid-liquid interface, the
film is named Langmuir film. A Langmuir film can be deposited on a solid surface
and is thereafter called Langmuir-Blodgett film (in the case of vertical deposition)
or Langmuir-Schaefer film (in the case of horizontal deposition).
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Using Langmuir-Schaefer technique we formed a homogeneous monolayer
of the nanocrystals on hydrophobic/hydrophilic Si-surface. In a first set of ex-
periments, a huge amount of the stock (3.5 wt %) dispersion (∼ 500 µL) was
spreaded and consequently, after transferring and characterizing by AFM more
than one layer of crystals have been formed on the hydrophilic Si-surface. The
patterns were similar to depositing the dispersion within Teflon ring i.e., stacks
of several layers over the whole Si-surface. But, these stacks of layers, were not
well organized as we obtained in the meniscus-driven evaporation technique. This
may be due to faster water evaporation rate in this case.

3.4 Characterization techniques

3.4.1 Optical Microscopy

The optical microscope, also known as the "light microscope", is a type of micro-
scope which uses visible light and a system of lenses to magnify images of small
samples. There are many complex designs of optical microscopes which aim to
improve resolution and sample contrast. The microscope used for our study was
a digital microscope which has a CCD camera and allows to store the images
directly on a computer.

3.4.2 The imaging principle of an optical microscope

The principal of light microscopy is to shine light or reflect light from a sample
through a specimen and examine it under magnification. The major optical parts
of a microscope are the objective lens, the eyepiece, the condenser and the light
source. The objective lens magnifies the object. The high degree of magnification
of the objective lens results in a small focal length and the magnified image
actually appears directly behind the objective. The eyepiece delivers this image
to the eye or a charged coupled device (CCD) camera. The eyepiece enlarges the
image but does not increase the ability to see fine details (i.e., the resolution). The
condenser focuses the light source on the specimen. The condenser also eliminates
stray light and provides a uniform illumination. An iris diaphragm controls the
amount of light reaching the specimen. In addition, the light intensity can also be
controlled by adjusting the voltage applied to the lamp on some microscopes.
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3.4.3 Applications of optical microscopy in our study

In our case, optical microscope was successfully employed to investigate samples
in open air. This certainly makes it advantageous for our studies. We deposited
a drop of aqueous dispersion of polyethylene nanocrystals inside a PTFE ring
in order to confine the drop onto a cleaned Si surface. With the help of optical
microscopy we followed the real time behavior of the evaporative dewetting of the
confined drops containing nanocrystals. Applying interference of light reflected
from the substrate and from the surface of the deposited structures, a series of
parallel stripes representing segments of the concentric rings were found. We
were also able to determine the spacing between stripes in different regions and
the width of the resulting patterns on the Si-surface through OM studies (as will
be discussed later elaborately). The quality of the images was highly dependent
on the illumination. The amount of illumination was important for controlling
resolution vs. contrast. Resolution and contrast are antagonistic in nature. Res-
olution was increased by increasing the amount of light. However, the brighter
light led to a loss in contrast. We decided upon the optimal mix of contrast and
resolution by adjusting the voltage (i.e., intensity or brightness) of the lamp. We
were also able to enhance the contrast of the images simply by increasing the
exposure time. Even the difference between non-annealed and annealed samples
was easily detected using optical microscope. From the above discussion it is
very clear that studies through optical microscope were highly important in our
case.

3.4.4 Atomic Force Microscopy

Atomic force microscopy (AFM) is a high-resolution type of scanning probe mi-
croscopy, with demonstrated resolution on the order of fractions of a nanometer,
more than 1000 times better than the optical diffraction limit. G. Binnig and C.
F. Quate [90] developped the atomic force microscope to measure the ultra small
forces (even less than 1 µN) which are present between the AFM tip surface and
the sample surface [90,91]. Tapping-mode atomic force microscopy was employed
as the main analysis technique for our studies.
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3.4.5 Working principle of atomic force microscopy

The AFM is one of the foremost tools for imaging, measuring and manipulating
matter at the nanoscale [92–94]. Different material properties like topography,
adhesion, stiffness, friction can be measured by AFM. The information is gathered
by "feeling" the surface with a mechanical probe.

An AFM, in general, consists of a cantilever (see Fig. 3.5 a) with a
sharp tip (probe) (see Fig. 3.5 b) at its end that is used to scan the sample
surface. The cantilever is typically silicon or silicon nitride with a tip radius of
curvature on the order of nanometers. The cantilever is fixed to a glass block,
which is locked into the AFM during scanning.

a b

Figure 3.5 – Electron micrographs showing (a) an AFM cantilever and (b) a tip
lying on the top of the cantilever. Taken from wikipedia.

The important thing about a tip is the material by which it is made of
and the spring constant or the resonance frequency of the cantilevet the tip is
attached to. For our measurement we used soft AFM tips made of silicon (type:
PPP-NCL-W) obtained from NANOSENSORS. The silicon resistivity was about
0.01-0.02 W cm. The cantilever properties were given by its thickness (7 ± 1 mm),
length (225 ± 10 mm), width (38 ± 7.5 mm), height (10 − 15 mm), resonance
frequency (146 − 236 kHz) and force constant (21 − 98 N/m). The tips were
not coated. The downward forces on the sample can be lowered by increasing
the flexibility of the cantilever, resulting in less distortion and damage during
scanning.

When the tip is brought into proximity of a sample surface, forces be-
tween the tip and the sample lead to a deflection of the cantilever according to
Hooke’s law. As the tip of the cantilever is scanned across the sample its motion
is detected by a laser beam that must be focused onto the cantilever. The angle of
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the reflected beam from the cantilever is detected by a four-segment photodiode.
The reflected laser spot must be at the centre of the detector to give maximum
sensitivity for imaging and force control (see Fig. 3.6).

Detector adjustment Prism Laser

Mirror

Cantilever

Detector

Figure 3.6 – The basic optical path the laser follows in a JPK NanoWizard®II
Bioscience AFM has been schematically illustrated in this figure.

3.4.6 Tapping-mode atomic force microscopy

AFM can be performed in two different imaging modes: contact and non-contact
modes. All of our studies have been performed in tapping-mode.

Tapping mode is an imaging technique which represents a controlled
oscillation of the cantilever. The oscillation is imposed to the cantilever close to
its resonance frequency. When there is a difference in force, it is detected by the
tip, and then the oscillation amplitude is changed. By detecting and adjusting
the change in the oscillation amplitude (via the feedback loop), the AFM can
then detect very small variations in forces. Tapping mode is a combined mode
of contact and non-contact AFM. It has the advantages of both of the contact
mode and non-contact mode. The oscillating cantilever is placed closer to the
surface than in non-contact imaging mode which helps the tip to actually come
into contact with the surface at every oscillation. Due to the very short period
of effective contact between the tip and the surface, destructive lateral friction is
removed, preserving the advantages of non-contact mode imaging.



3.4. Characterization techniques 40

3.4.7 AFM hot stage

(a) Accessories and Calibration

In-situ AFM investigations of the morphology evolution were performed
using a TM-AFM with the help of a special accessory designed for measurements
in a controlled environment and temperature. The hot stage is based on a Peltier
element connected to a suitable DC power supply. The heating device is attached
to a Teflon spacer, which is glued with to an AFM sample disk. The temperature
controller was connected with sample heater. The sample heater is equipped with
a magnetic sample holder for standard AFM sample holder.

The temperature observed or shown by the activated temperature-controller
is actually measured by the thermosensor built in the sample heater. The sample
heater is inserted into a stage of the Nanowizard TM AFM. The peltier controller
and the stage radiator were not covered during measurements.

After proper connection of all the accessories temperature of the sample
lying on the heating stage can be well controlled with resolution of 0.1 ºC and
temperature can be raised up to 300 °C. Since the sample possesses increased
specimen height, the lateral calibration of the scanner must be adjusted by per-
forming a calibration using a standard with the same height. This is normally
done by the manufacturer company (JPK). The surface temperature of the Peltier
element is monitored by a small thermocouple. The calibration of the device was
done, using materials with known melting points (PEO, melting point 69 oC).

(b) Melting and re-crystallisation with AFM hot stage

Real-time studies of polymer melting and crystallization with nanometer
resolution have become possible using suitable hot stages and intermittent con-
tact AFM modes [95–98]. If a polymer melt is scanned in TM-AFM, the free
amplitude of the resonating lever must be higher (sometime three to four times
higher) than for conventional experiments in air in order to overcome the adhesive
interactions. In addition, intermediate tapping conditions provide stable imaging
conditions. It is necessary to retune the cantilever periodically as the resonance
frequency may shift as the cantilever heats up or cooled down.

The temperature was raised slowly while images were continuously cap-
tured. The melting process could be monitored in situ, as will be shown in
chapter 4. It should be taken into account that AFM scanning is relatively
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slow compared to the melting process. Upon lowering the temperature of the
hot stage, crystallization may set in as will be shown in chapter 5. Again, the
resulting crystalline domains were observed. In such crystallization experiments,
it has been revealed that the AFM tip has significant influence on inducing nu-
cleation.

3.4.8 Applications of AFM in our studies

Just like any other tool, an AFM’s usefulness has limitations. When determining
whether or not analyzing a sample with an AFM is appropriate, there are various
advantages and disadvantages that must be considered.

AFM has several advantages. In our case, AFM was successfully em-
ployed to get real time behavior of the deposited polyethylene nanocrystals upon
annealing; AFM was very useful in order to get a three-dimensional surface profile
for the deposited and afterwards for the annealed crystals. Additionally, samples
imaged by AFM in our studies did not require any special treatments (such as
metal/carbon coatings). In our study, the tapping-mode AFM worked perfectly
well in ambient air. These advantages of using AFM make it possible to study
biological macromolecules and even living organisms.

As with any other imaging technique, there is the possibility of image
artifacts, which could be induced by vibrations, deformation of the surface by the
applied force, thermal drifts, contamination of the tip by the particles or molecules
from the sample surface. These image artifacts are often unavoidable. However,
their occurrence and effect on results can be reduced through various methods.
In order to avoid deformation of the sample surface, one can tap the surface very
gently with a relatively weak force. In our case, while performing in-situ AFM
hot stage measurements, change in temperature of the sample caused most of the
crystals to melt and the sample surface was covered with a very thin liquid layer
of the melt. So, it was not possible to see the morphology of the solid objects
using very weak force. Thus, we had to increase this force (tapping harder) to go
through the thin liquid layer of melt covering the nanocrystal morphology. Using
TM-AFM one can approximately estimate the tapping force (F) applied onto the
sample surface during intermittent contact [99, 100].

To avoid adhesive tip-sample interactions, large drive amplitudes of the
oscillating probe were used. The amplitude ratio (rSP = ASP/Ao) is related to the
applied force, where ASP is the set point amplitude used for imaging a particular
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sample and Ao is the free amplitude of oscillation of the AFM tip. The higher
the value of rSP , the weaker is the force the tip applies onto the sample surface
at constant drive amplitude.

The tip was often contaminated with polymers which got attached to the
tip during scanning resulting in bad quality images containing artifacts. In order
to avoid such tip contamination, high oscillation amplitudes were used. Another
way of getting rid of contamination is to wash the contaminated tip with some
solvents (methanol, chloroform etc.).

During the in-situ hot stage measurements, we often experienced thermal
drift caused by the change in temperature along with slow rate of scanning. A
temperature change results in a contraction or expansion of the various parts
of the microscope. Since these parts are manufactured from different materials,
their thermal expansion coefficients will be different. This causes the probe tip
to be displaced both laterally and vertically from the old position with respect
to the sample. Under hot condition, this problem was sometimes overcome by
re-imaging the similar region another time. Another way to solve the problem
was to retract the cantilever, retune the resonance frequency of the cantilever one
more time and image again the similar region. Thermal drift are more relevant
at slow rates of scanning. However, in order to observe fine details and to obtain
quality images, a slow rate of scanning was employed in our studies.

3.4.9 Determination of viscoelastic properties through phase imaging

Phase Imaging is a powerful extension of tapping-mode atomic force microscopy
that provides nanometer-scale information about surface properties. By mapping
the phase of the cantilever oscillation during the tapping-mode scan, phase imag-
ing goes beyond simple topographical mapping and allows to detect variations
in composition, adhesion, friction, viscoelasticity [99, 101], and perhaps other
properties. Phase imaging results when there is a difference in phase between
the imposed oscillation signal and the detected oscillation of the cantilever. This
phase shift results from the dissipation of energy occurring during the tapping
of the tip on the surface. Different materials will induce different energy dis-
sipation, allowing their differentiation in an image, even on a topographically
flat surface. Although it is not a quantitative mode of imaging, like topography
measurement, when it comes to self-organization on a flat sample for example,
it can provide very useful information on the presence of regions with different
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mechanical properties at the surface.

When polyethylene nanocrystals deposited within a monolayer stripe
were annealed at 133 oC for 1 hour and cooled down to room temperature a
reduced number of new aggregated crystals was observed. The height image
showed the topography of the surface where individual bigger aggregates of crys-
tals were visible (although not shown here). The phase image of the same area
shows exactly the same morphological features but every individual aggregate
with a very sharp edge was clearly visible that did not clearly appear in the
height trace.

In Fig. 3.7 the phase images clearly show the differences in properties
(or material) over the surface. The crystalline domains are of different nature
than that of the melt. While by the height images one can have information
about the change in thickness, phase images can clearly differentiate regions of
high and low surface adhesion or hardness e.g. crystalline and molten regions
in our case. When the oscillating AFM probe is scanned along the surface the
molten material was detected as softer than the harder crystalline material. This
results in a phase difference between molten and crystalline regions, thus provid-
ing a distinct contrast between the two. As can be seen from Fig. 3.7 a), the
as-prepared sample was crystalline (or hard) everywhere within the monolayer
stripe with a phase-value comparable with the hard background. As discussed
above, the tapping force can easily be varied and we have demonstrated its in-
fluence on imaging. We have increased the temperature to 75 oC and the sample
was kept at that temperature for 10 minutes (see Fig. 3.7 b). One can see that
compared to the as-prepared sample the phase contrast image shows dark do-
mains in the monolayer region which indicates that few polymer molecules were
molten. In this particular case the set point ratio was 0.84 which means that
the AFM tip tapped in a soft manner. But applying even softer forces where the
set point ratios were 0.9 and 0.97 for Fig. 3.7 c) and Fig. 3.7 d) respectively
one can clearly see that the darkness of the phase contrast images increased.
This indicates that, when softer force was applied the AFM tip cannot penetrate
through the molten polymer layer but stays on the top of the monolayer stripe
and hence cannot detect the crystalline structures underneath the molten layer.
Tapping with much higher force (see Fig. 3.7 e), the set point ratio for this
imaging was 0.67) clearly shows some crystalline domain within the monolayer
stripe. Due to higher tapping force, the AFM tip penetrates through the molten
polymer layer on top of the stripe and one can image the crystalline structures.
Fig. 3.7 f shows the similar region after cooling back the sample to room tem-
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perature. One can see that almost all the molten polymers became recrystallized
and a the similar morphology like the as prepared sample was obtained. Thus,
phase imaging helped us to detect the different material properties (crystalline
or melt, in our case) by applying various tapping forces. During measurements
of crystallisation from the undercooled melt of polyethylene nanocrystals phase
imaging was advantageous to detect the tip-induced nucleation of edge-on crys-
talline domains (will be described and shown in detail in chapter 5). The height
image alone would not be able to give detailed information about the behavior
of the nanocrystals upon annealing; hence the information provided by the phase
image is essential in order to understand the crystallization-melting process of
our system.

a b c
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Figure 3.7 – (a-f) AFM phase images showing as prepared, annealed at 75 oC
for 10 minutes (rSP = 0.84), annealed at 75 oC for 20 minutes (rSP = 0.9),
annealed at 75 oC for 30 minutes (rSP = 0.97), annealed at 75 oC for 45
minutes (rSP = 0.67), after cooling back the sample to room temperature
respectively. Size of all the images is 1.5 x 1.5 µm2.

3.5 Regular pattern formation on substrate

Within the aqueous dispersion, polyethylene nanocrystals were transported by
convective flow towards the contact line where they got stuck, locally jammed
and formed a clog. The so localized nanocrystals exerted a frictional or pinning
force which slowed down dramatically or even stopped the motion of the contact
line. During pinning the contact area between dispersion and substrate remained
constant. As a consequence, the loss of volume due to evaporation caused a steady
decrease of the contact angle. In turn, the uncompensated Young force [102]
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increased persistently until it overcame the pinning or frictional force. This led
to depinning of the contact line, which jumped to a new position where it got
arrested once more. The deposited polyethylene nanocrystals were rather strongly
adsorbed on the silicon substrate as can be demonstrated by their resistance
to desorption even when the whole sample was put in large volumes of pure
water. The stripes remained almost unchanged after such a washing procedure.
In our study, we observed at a distance of ca. 2 mm from the center of the
ring a small slice (ca. 200 x 700 µm2) with an optical microscope. Exploiting
the interference of light reflected from the substrate and from the surface of
the deposited structures, a series of parallel stripes representing segments of the
annuluses were found (see Fig. 3.8a). As confirmed by atomic force microscopy
(AFM), the various gray-levels seen in the micrograph (Fig. 3.8a) can be directly
related to the thickness of the stripe: The darker the gray the thicker the stripe.
Close to the center of the Teflon ring i.e. where the dewetting process started,
stripes were spaced at rather irregular distances (see Fig. 3.8b). In the course of
the dewetting process, the spacing of the stripes became more regular (see Fig.
3.8c +d). This change in regularity may be related to the initially low number
density of PE nanocrystals per unit volume which did not allow for frequent
pinning of the contact line at the beginning of evaporative dewetting. However,
towards the end of water evaporation, the contact line was frequently pinned.
This process resulted in regularly spaced stripes. Thus, we expect a gradual
change in number density of PE nanocrystals in the dispersion in the course of
evaporative dewetting.
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Figure 3.8 – (a) Optical micrograph of a small slice (ca. 200 µm x 700 µm) at
a distance of ca. 2 mm from the center, taken after complete evaporation
of water. (b-d) Higher resolution optical micrographs showing the typical
changes as the dewetting processes move from a position about 2 mm from
the center (c) toward the Teflon ring (d +e). The scale bar in images (b) and
(c-e) represents 100 µm and 20 µm, respectively.
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Using AFM, it could be shown that the deposited stripes had a well-
defined thickness. Especially towards the end of the evaporation process, where
closely spaced stripes were observed (Fig. 3.8d), they all had a uniform thickness
of about 8±1 nm (Fig. 3.9a, b + c). This thickness is practically identical with
the lamellar thickness of the polyethylene nanocrystals, as determined by X-
ray scattering and electron microcopy [16, 103]. This uniform thickness suggests
that the stripes were formed by a single layer of flat-on oriented nanocrystals,
i.e. crystals having their lamellar normal in the direction of the surface normal.
As shown previously [104], flat-on PE lamellae most likely contain polyethylene
chains with the c-axis of the unit cell (i.e. the PE-stem) oriented at an angle of
ca. 35° to the direction of the surface normal.

The formation of stacks of several layers (Fig. 3.9 (d + e)) was observed
at early stages of the evaporation process, or when more concentrated dispersions
were used. Interestingly, step heights were similar for monolayers and each step
of multiple layers (Fig. 3.9). From characteristic height profiles (Fig. 3.9 (c
+ e)) we deduced a regular step height of 8±1 nm for these steps. Thus, we
concluded that all nanocrystals were oriented flat-on, i.e. as lamellae parallel to
the substrate surface.

Complementary experiments showed that the width of stripes and their
spacing can be influenced by the initial concentration of the dispersion, the rate
of evaporation of water and the solvent-substrate interaction. For the purpose of
studying the influence of annealing on morphological changes of the nanocrystals,
we mainly focused on regular monolayer and multilayer stripes of up to some
micrometers in width.
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Figure 3.9 – (a) AFM topography image (28 x 13 µm2) of regularly spaced stripes
obtained towards the end of the evaporative dewetting process (similar to
Fig. 3.8d). It should be noted that all stripes exhibited a unique mean
thickness as can be deduced from the color code. b) Higher resolution image
(3 x 3 µm2) and c) a cross section through one of these stripes. d) AFM
topography image (12 x 3.2 µm2) stack of five layers obtained at an earlier
stage of the evaporative dewetting process (similar to Fig. 3.8b). e) Cross
section through this stack. Note that the mean height of the monolayer (ca.
8 nm) is equal to the step height in the stack.



Chapter 4

Morphological changes during annealing of
polyethylene nanocrystals

In the previous chapter the crystalline structure and the synthesis procedure
of the polyethylene nanocrystals, the main focus of our studies, were explained.
Different experimental characterization techniques e.g., optical microscopy, in situ
atomic force microscopy equipped with a hot stage were discussed elaborately.
Different deposition techniques were described along with that we have employed
in order to deposit the nanocrystals in an ordered fashion on solid substrate.

The current chapter will mainly be focused on the reorganizational behav-
ior of the deposited polyethylene nanocrystals within a monolayer and stacks of
layers upon annealing below the equilibrium melting temperature of the nanocrys-
tals as a function of annealing temperature and annealing time.

48
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Polymer crystals are metastable and exhibit morphological changes when
being annealed. To observe morphological changes on molecular scales we started
from small nanometer-sized crystals of highly folded long-chain polymers. Micron-
sized stripes consisting of monolayers or stacks of several layers of flat-on ori-
ented polyethylene nanocrystals were generated via evaporative dewetting from
an aqueous dispersion. We followed the morphological changes in time and at
progressively higher annealing temperatures by determining the topography and
viscoelastic properties of such assemblies of nanocrystals using atomic force mi-
croscopy. Due to smallness and high surface-to-volume ratio of the nanocrystals,
already at 75 °C, i.e. about 60 degrees below the nominal melting point, the
lateral size of the crystal coarsened. Intriguingly, this occurred without a no-
ticeable reduction in the number of folds per polymer chain. Starting at around
110 °C, chain folds were progressively removed leading to crystal thickening. At
higher temperatures, but still below the melting point, prolonged annealing al-
lowed for surface diffusion of molten polymers on the initially bare substrate,
leading eventually to the disappearance of crystals. We compared these results
to the behavior of the same nanocrystals annealed in an aqueous dispersion and
to bulk samples.

4.1 Introduction

Because of its mechanical properties and low cost of production polyethylene (PE)
is extensively studied and widely used in many applications. Due to its simple
chemical structure, PE also represents one of the most investigated polymers
in terms of crystallization in solution, bulk systems or thin films [9, 10, 38, 63,
105–107]. In general, in order to proceed from a disordered polymer melt to a
perfectly ordered crystal significant changes in conformations are required [108].
However, in particular the length of the polymer imposes severe steric and kinetic
restrictions that result in crystalline states having some degree of disorder like
chains fold [109]. For a given polymer of known length, a measure for the degree
of folding is the thickness of the crystalline lamellae: the thinner these lamellae
are the more folded are the polymer chains. The number of chain folds, and thus
the thickness of the lamellae, highly depends on crystallization conditions. For
long chains, the equilibrium state, represented by a lamellar crystal consisting of
fully extended chains, [41] is never reached.

It turns out that due to the synthesis, which has to be performed at
low temperatures, the resulting polyethylene nanocrystals contain highly folded
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polymer chains which thus are far from their thermodynamic equilibrium state
[16, 103]. Consequently, and these nanocrystals will unavoidably change their
morphology even when kept at temperatures far below their nominal melting
point. For such highly metastable states of small polymer crystals, it is a non-
trivial task to define and measure the melting process. Like for small inorganic
crystals or clusters, an individual crystal may melt at a lower temperature than
the bulk melting temperature [46, 110]: The melting temperature decreases as
the surface-to-volume ratio of the crystal increases. In addition, polymer crys-
tals consisting of folded molecules are able to increase their crystallinity by a
reduction of the degree of chain folding with temperature or time. In most cases,
molecular re-organization into less folded states improves the thermal stability of
the crystal and shifts its melting temperature to higher values. In the presence
of neighboring small nano-crystals, molecules may be exchanged between these
crystals. Such exchange may lead to coarsening, i.e. slightly bigger crystals may
become larger at the expense of smaller crystals [111]. Due to their lower surface-
to-volume ratio, bigger crystals typically have a higher melting temperature than
smaller ones. Recently, computer simulation results were compared to exper-
iments on alkane chains and functional olefins validating the inverse thickness
dependence of the melting temperature (Gibbs-Thompson behavior) which also
was influenced by the crystal environment, i.e. interfacial tensions [112]. Con-
sequently, instead of melting, crystals may coarsen and thicken and so increase
their melting temperature.

Here, we will explore the consequences of metastability of polymer crys-
tals by detecting changes in morphology as a result of annealing. Using well-
defined nanometer-sized polyethylene crystals consisting of highly folded long-
chain polymers we followed these changes as a function of temperature and an-
nealing time.

4.2 Morphological evolution of polyethylene nanocrystals

A polymer crystal containing folded chains does not represent the lowest free
energy state and thus is only metastable. Such folded states of reduced degree of
crystalline order are prone to morphological changes which are accompanied by a
reduction of the number of folds per molecule. A process of morphogenesis [113]
can be identified, following characteristic paths which lead to a reduction of the
total free energy. The process can be modeled by computer simulation [114] con-
sidering individual chains as the basic units which have the possibility of internal
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reorganization, even behind the growth front, i.e. in a crystalline environment.
As indicated by these computer simulations, the process of morphogenesis is
more pronounced for small crystals of initially highly folded polymer chains. The
here investigated nanocrystals consist on the average of eight chains with several
hundred folds per molecule. This high degree of folding of the polymers is the
consequence of the low temperature (large undercooling) at the stage of polymer-
ization and nanocrystal formation. Consequently, these nanocrystals are highly
metastable and therefore will exhibit a strong tendency to change their morphol-
ogy. In the present study, we followed the pathways taken during morphogenesis
through in-situ AFM-studies on monolayer stripes of these nanocrystals.

The limited number of polymer chains per nanocrystal and their well-
defined orientation with respect to the substrate facilitate to follow and to relate
the observed morphological changes to molecular transport and conformational
changes (reduction of chain folds). The high surface-to-volume ratio, i.e. the
large number of molecules located at the periphery of the crystal with respect to
the interior, translates directly into a high detachment probability for polymers
from the nanocrystal and thus favors rapid morphological changes.

In the following, we will present our results as a function of increasing
annealing temperature which enables progressively faster and more long-ranged
morphological changes. We will also compare observations on monolayers with
the simultaneously occurring changes in multilayers.

4.2.1 Annealing experiments at T< 110 °C

Monolayer stripes obtained by the here employed evaporative dewetting process
are built up from a random assembly of nanocrystals which are neither all uniquely
oriented nor perfectly ordered without having empty space in between. Accord-
ingly, due to such boundaries within the monolayer, many polymer molecules (or
parts of them) are located at crystal surfaces where they are lacking neighboring
polymers. Consequently, as temperature increases, these molecules have a higher
probability for detaching from the crystal and becoming part of a molten phase
surrounding the nanocrystals. Using tapping mode AFM the amount of molten
polymers can be visualized via the phase-signal.

In Fig. 4.1, we observed the morphological changes occurring in a mono-
layer stripe during annealing at a comparatively low temperature where according
to DSC the nanocrystals do not melt. We have chosen 75 °C, i.e. almost 60 °C
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below the nominal melting temperature of 133 °C. Similar observations of mor-
phological changes, though at varying rates, were made at all temperatures in
between ca. 60 °C and 110 °C. As can be seen from Fig. 4.1a’, the as prepared
sample showed already some heterogeneities indicating the random assembly of
nanocrystals which did not results in a highly ordered pattern. The correspond-
ing phase image (Fig. 4.1a’’), indicates that the whole stripe consisted of highly
elastic material similar to the surrounding substrate, as represented by the bright
color of the phase signal. (Fig. 4.1a’’). No molten regions were detectable.
However, when increasing the temperature to 75 °C the phase signal changed sig-
nificantly (Fig. 4.1b’’), indicating that some molecules were molten. Even after
prolonged annealing, the phase contrast did not change much (Fig. 4.1c’’).
Alongside with the change in phase contrast, an apparent change in thickness
(height) of the stripe was observed (Fig. 4.1b’ + c’) [115]. When pushing
the AFM tip harder into the sample, i.e. penetrating through a layer of molten
polymers on top of the stripe, the heterogeneous arrangement of fused crystals
became visible in topography (Fig. 4.1d’). The corresponding phase image
(Fig. 4.1d’’) shows that in between the nanocrystals a significant number of
molten polymers existed already at 75 °C. Analogous to an Ostwald ripening
process, these more mobile molecules allowed for fusion of nanocrystals. Af-
ter the sample was cooled back to room temperature (Fig. 4.1e), all molten
polymers recrystallized. Hence, during annealing for about one hour at 75 °C,
the arrangement (morphology) of the crystalline material changed due a melt-
ing and re-crystallization process involving the detachment of polymers from one
nanocrystal and attachment at another crystal surface. This process led to a
coarsening of the morphology: Small crystals transformed into bigger aggregates.
Interestingly, during this coarsening stage the thickness of the crystalline domains
did not change significantly. Thus, diffusion of molecules between neighboring
crystals and subsequent re-attachment/re-crystallization at crystal surfaces was
probably so fast that polymers were not able to achieve less folded chain. We
conclude that at such comparatively low temperatures with respect to the equi-
librium melting temperature of ca. 141 °C [116] the process is driven by the
reduction of the number of molecules at crystal boundaries, i.e. a reduction in
total perimeter of all crystals. This is achieved by making the crystalline do-
mains bigger than the initial nanocrystals (fusion of small crystalline domains
into bigger ones).
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Figure 4.1 – AFM topography (left column, the color code ranges from 0 – 12 nm)
and phase (right column) images (3 x 1.5 µm2) showing reorganization within
a monolayer of nanocrystals induced by annealing at 75 °C, i.e. ca. 60 °C
below the temperature where melting is detected by DSC. a) as prepared, b)
15 min, c) 60 min, d) 75 min after reaching the chosen temperature of 75 °C.
Images e) show the sample after being quenched back to room temperature.
The tapping oscillation amplitude and force were similar for all images except
d) where much harder tapping conditions (lower amplitude and lower set point
ratio) were applied.

As can be seen in Fig. 4.2, the rate of the coarsening process and the
degree of coarsening was affected by the number of stacked layers of nanocrystals.
At the edge of a multilayer stack one can observe a monolayer, a double layer and
a triple layer simultaneously (Fig. 4.2a). For the as-prepared sample, the phase
contrast in all these regions indicates rather elastic, i.e. crystalline material (Fig.
4.2b). After raising the temperature to 80 °C (Fig. 4.2c), first the monolayer
partially melted and started to reorganize. Only about one hour later, also the
double layer showed clear indications of partial melting and rearrangements (Fig.
4.2d). A few hours later, the monolayer has coarsened to such an extent that the
fraction of molten polymers was so small that it was hardly detectable in the phase
image while the region of the double layer contained still a significant amount of
molten polymers (Fig. 4.2e). The triple layer was still comparatively unaffected.
These differences in annealing behavior of the various layers might be attributed
to the change in interfacial energy between substrate and nanocrystal and between
layers of nanocrystals. Zhang et al. [117] showed that layered lamellar crystals
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of short polyethylene molecules showed a sequential melting behavior: the top
lamella melted before the bottom lamella, quantitatively related to stabilization
via Van der-Waals interactions. In our experiments on layers of nanocrystals
annealed at significantly lower temperatures rearrangement processes driven by
detachment of molecules from the nanocrystals occurred first in the monolayer
region, probably favored by a reduced areal density of polyethylene molecules.
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Figure 4.2 – AFM topography (a + h, the color code ranges from 0 – 28 nm) and
phase images (b – g) (5 x 1.5 µm2) showing the evolution of a stack of three
layers of nanocrystals at 80 °C [c) 15 min, d) 60 min, e) 330 min] followed by
annealing at 100 °C [f) 15 min, g)+h) 240 min]. Images a) and b) show the
as prepared sample.

At 100 °C, the fraction of molten polymers increased homogeneously for
all regions as can be deduced from a homogeneous “darkening” of the phase con-
trast. The most elastic (hardest) part of the image corresponds to the substrate,
seen on the outmost left part of the image of Fig. 4.2f. Even during annealing
for several hours no significant further changes were detectable on the scale of the
image (Fig. 4.2g). Comparing the topography after this annealing procedure
(Fig. 4.2h) with the initial stage (Fig. 4.2a) demonstrates that only local
coarsening had occurred, crystals fused to larger object without change in the
degree of chain folding. As the thickness of these layers has not changed, we
suppose that no interdiffusion between layers had occurred.

In summary, we attribute the observation of significant changes at such
low temperatures in polyethylene crystals mainly to the enormous number of poly-
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mers attached to crystal surfaces (i.e., lateral faces of lamellar crystal). These
molecules have a low but still measurable probability to detach from the crys-
tal and diffuse to other crystalline surfaces. Of course, the same process is also
present in larger crystals but there the absolute number of molecules detach-
ing/attaching per unit time is less and thus the resulting morphological changes
are hardly detectable or would require significantly longer annealing times.

4.2.2 Annealing experiments at T< 120 °C

Annealing behavior of solution grown polyethylene single crystals and investi-
gations of morphological changes during annealing of such crystals have been
studied previously by various groups [15, 118–120]. In particular, upon an-
nealing of single crystals placed on a solid substrate the formation of picture
frame-like structures was studied in situ using AFM at elevated temperatures
which indicated that the reorganization process started at the crystal edges at a
temperature above ca. 120 °C. In our case, the thickness of the crystalline re-
gions changed gradually but clearly when annealing at temperatures higher than
ca. 100 °C (Fig. 4.3). While at the lower temperatures only reorganization
without detectable changes in height occurred (Fig. 4.3a), thickness started
to increase at higher temperatures and isolated crystalline domains formed at
around 110 °C (Fig. 4.3b). At even higher temperatures (Fig. 4.3c+d), the
process accelerated. From these images it is quite notable that the boundaries
of the monolayer region thickened more rapidly than regions within the mono-
layer, analogous to what was observed for monolayer crystals of poly (ethylene
oxide) [113,114,121–123], or polyethylene [15,118–120]. Based on these results,
we conclude that at temperatures higher than ca. 110 °C the reduction of chain
fold became possible. The higher thermal energy increased the probability of
chain desorption, allowed for faster rearrangements over larger distances. This
favored the formation of isolated domains and, in turn, provided sufficient time for
thickening before additional polymers reattached to the crystal front. Thickening
was more prominent in regions with a lower amount of surrounding polymers, in
particular at the boundaries of the initial monolayer stripe.
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Figure 4.3 – AFM topography images (3.5 x 1.5 µm2) of a monolayer of nanocrys-
tals, measured after short annealing times at progressively higher tempera-
tures: a) after 30 min at 100 °C, b) after 15 min at 110 °C, c) after 15 min
at 117 °C, and d) after 20 min at 120 °C.

4.2.3 Annealing experiments at T< 130 °C

When annealing a stack of three layers, additional features were observed (Fig.
4.4). Similar to the monolayer of Fig. 4.3d, after one hour at 122 °C (Fig.
4.4b), the monolayer part had reorganized into an array of almost individual crys-
talline domains with a thickness up to three times the initial thickness. Taking
into account that the volume, i.e. the amount of molecules, of this monolayer re-
gion has not changed detectably, this implies that the polymers chains became less
folded. Secondly and rather surprisingly, the triple layer region became thinner,
as thin as the double layer region. This implies that in the triple layer significant
interdiffusion occurred between the layers of nanocrystals. After such annealing,
the height of the initial triple layer was found to be the same as for the initial
double layer. This suggests that the degree of chain folding is the same in both
regions. The most prominent thickness was around 16 nm, i.e. twice the starting
thickness, which can be interpreted as a reduction in the number of chain folds by
a factor of two. Taking into account that we have observed significant melting-
recrystallization taking place even at lower temperatures, we tentatively conclude
that the double layer region has transformed into a monolayer of crystalline do-
mains having more extended chains. Along these arguments, the reduction in
thickness of the triple layer can be interpreted also by the formation of a mono-
layer of thicker crystalline domains. However, as more nanocrystals (roughly 1.5
times the number of nanocrystals deposited in the double layer region) were avail-
able at the beginning of annealing, the resulting coarsened crystalline domains
were less separated. This conclusion is supported by the formation of compara-
tively large empty regions within this double layer region, which did not appear
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in the triple layer region, when the sample was further annealed at 124 °C for
one hour. One of these spots is indicated by an arrow in Fig. 4.4c. It is highly
intriguing to observe that for a given annealing time thickening was the more
significant the fewer molecules were surrounding the crystalline domain. This is
the case at the periphery of the initial monolayer (Fig. 4.3d) and within the
monolayer (Fig. 4.4). In regions with a higher amount of molecules per area,
the attachment probability is higher, the time between successive attachments is
shorter and thus the available time is shorter for molecules at the crystal bound-
aries to remove chain folds. The lateral faces of the crystals are identified as a
key element during annealing and, in particular, in the coarsening process. It is
at these faces where molecules attach and detach. Thus, for small nanocrystals
the number of molecules at these surfaces is significant with respect to the to-
tal number of molecules in the crystal. Following these fundamental arguments
which lead to the Gibbs-Thomson relation, we thus expect that the surface to
volume ratio of small nanocrystals is not only determined by the thickness of
the lamellar crystal (the thinner the lamella the higher is the surface to volume
ratio) but also by the lateral size. In addition, the strength of attachment of
molecules at the various faces of the crystal may be different (as it is the case for
polyethylene crystals) and consequently one has to “weigh” the contributions of
the different faces not only according to their area but also as a function of their
attachment strength (=surface tension) which is also a function of temperature.
As our results are not providing all the necessary details for an in-depth analy-
sis with respect to the contributions of the individual faces we are only able to
discuss this point in general terms.
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Figure 4.4 – AFM topography images (5 x 2 µm2) of a stack of three layers of
nanocrystals, all measured at room temperature. a) as prepared, b) after 1
hour at 122 °C, and c) after 1 hour at 124 °C. The monolayer reorganized faster
than the double and triple layer. The three layers merged and resulted in a
layer having about the thickness of a double layer. The double layer visible
reorganized before the triple layer. In the monolayer region isolated crystalline
islands started to form. The height of some of these islands increased even
beyond the thickness of the double layer.

At 120 °C, the coarsening process in a monolayer region was followed
in time and in situ in Fig. 4.5. Already after 15 min, the monolayer had
transformed into an array of droplet-like domains of a variety of sizes (Fig. 4.5a).
Interestingly, the corresponding phase image clearly indicates that most of these
droplets exhibited a liquid-like behavior, at least at their surface (The chosen
conditions of tapping mode AFM, i.e. the set-point ratio [99,115], allowed only for
small penetration of a few nanometers). Initially, only very few droplets contained
detectable crystals. Interestingly, in the course of annealing over several hours
(keeping the conditions of tapping mode AFM constant), more of these liquid-
like droplets crystallized and grew in size (Fig. 4.5c – g). The thickness of the
crystalline domains reached values of up to ca. 60 nm. The layered topography
pattern, together with the internal structure of the crystalline domains is visible
in the phase image. The data presented in Fig. 4.5 and results from many
other samples consisting of droplet-like regions strongly indicate that the droplets
contain stacks of lamellae. From AFM it is not possible to decide definitely if
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these lamellae are fully edge-on or somewhat inclined. E.g., we cannot exclude
that the lamellae are tilted by ca. 35 – 45°, which would suggest that the stems
are parallel to the substrate but lamellae are inclined.

After cooling the sample back to room temperature, the phase image
(Fig. 4.5h) demonstrates that all the molten polymers crystallized. The corre-
sponding topography image (Fig. 4.5i) clearly shows that the thickness of the
resulting new crystalline domains was mostly only around 10 nm (see the differ-
ences between Fig. 4.5f and Fig. 4.5i), i.e. a thickness consistent with the
lamellar thickness obtained when annealing the sample at temperatures below ca.
110 °C.
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Figure 4.5 – AFM topography [a), e), f), and i), color code ranging from 0 – 60
nm] and phase [b), c), d), g) and h)] images of a monolayer of nanocrystals
pre-annealed at 110 °C for 30 min and then measured during annealing at
120 °C [a) and b): 15 min, c): 55 min, d) and e): 120 min, f) and g):
190 min] and after quenching to at room temperature [h) and i)]. The red
arrow highlights one droplet-like region which melted as the temperature was
raised from 110 °C to 120 °C but then re-crystallized during annealing at
120 °C. In the course of annealing, progressively more of these droplet-like
regions re-crystallize. The arrows are used to highlight one of these droplets
which clearly underwent crystallization in the course of annealing. The size
of images a) – e) is 1.8 x 1.8 µm2 and of images f) – i) is 1.2 x 1.2 µm2.

4.2.4 Annealing experiments up to T = 133 °C

In order to follow the reorganization process at comparatively high annealing
temperatures, we decided to use a small pile of a limited number of nanocrystals
which allowed observing simultaneously the evolution of regions of different thick-
ness. The focus was on which part of this pile “survives” the annealing process
at a given temperature. We would like to emphasize that such a pile of a lim-
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ited number of nanocrystals sitting on a bare substrate has to be considered as an
“open system” as polymer chains have the possibility to diffuse away from the pile
once they are detached from the nanocrystals. This has to be contrasted to the
“closed system” of nanocrystals dispersed in an aqueous medium used by [103].
There, no exchange of polymers between nanocrystals is likely to occur. Thus,
equilibration of nanocrystals at various temperatures is feasible.

In the present experiments, we kept the annealing time as short as pos-
sible for each temperature chosen. Under such conditions, we did not allow for
long-time rearrangement and coarsening processes. The equipment used required
a minimum of ca. 15 min to stabilize the temperature and to obtain a suitable
AFM image. As shown already for nanocrystals deposited in stripes, annealing
at temperatures up to ca. 110 °C allowed only rearrangement processes on small
length-scales. It can be seen (Fig. 4.6c) that in comparison to thicker parts the
thinner parts of the sample exhibited a more liquid-like behavior. Above ca. 110
°C significant coarsening occurred and resulted in very few crystals of different
sizes. The biggest crystal evolved from the thickest region of the initial pile. In-
creasing the annealing temperature step-wise (Figs. 4.6f – g) led to fusion of
the smaller crystals and to some increase in size of the bigger ones. As indicated
by the pronounced contrast in the phase images of Fig. 4.6, at elevated tem-
peratures all crystals were surrounded and covered by molten polymers. Thicker
crystals were able to attract more of these mobile molecules from the thinner
ones and thus got larger in the course of the measurement. On the contrary,
smaller (and thinner) crystals became even smaller by losing their molecules to
the thicker crystals. This observation is in accordance with a theoretical study
by Rabani et al. who concluded that thermal coarsening of nanoparticle domains
proceeds via diffusion and coalescence of domains [22].



4.2. Morphological evolution of polyethylene nanocrystals 61

a b

e f

c

g

d

h

Figure 4.6 – AFM topography [a) and e), color code ranging from 0 – 40 nm]
and phase [b) – d), f –h)] of a disordered pile of nanocrystals. a) + b): as
prepared, c) after 15 min at 75 °C, and after each time additional 15 min at
d) 100 °C, e + f) 120 °C, g) 126 °C, and h) 133 °C. The size of images is 1 x
1 µm2.

Besides the number of chain folds per polymer, the thickness of crys-
talline polyethylene lamellae depends also on the degree of chain tilting within
the crystal. However, based on AFM measurements alone, we are not able to
determine the tilt angle. Previous works e.g. for long alkanes [124] have shown
that for lamellae crystallized at temperatures lower than ca. 100 °C chain tilting
is less pronounced than upon annealing at temperatures closer to the melting
point. For fully extended alkanes of a total length of about 30 nm the tilt angle
increased from 0° to about 40° upon heating from ca. 100 °C to ca. 125 °C.
By means of electron diffraction Labaig et al. [125] observed for crystals grown
on a supporting substrate at temperatures as high as ∼ 125-131 °C chain tilt
of ∼ 45° (cited e.g. by Keith et al. [55]). Thus, we may assume that also in
our (mono) lamellar crystals chain tilt will increase as we increase the annealing
temperature.

This coarsening process at temperatures between 120 °C and 133 °C is
associated with a size-dependent melting temperature: at a comparatively low
temperature the smaller crystals started to melt and disappeared eventually while
at this temperature bigger crystals still increased in thickness. In order to explore
the influence of annealing time we kept the sample of Fig. 4.6 at a constant
annealing temperature of TA = 133 °C (Fig. 4.7). The choice of TA was inspired
by the position of the melting peak observed in DSC. Comparing Fig. 4.6e with
Fig. 4.7a shows that the step-wise increase of TA from 120 °C to 133 °C did not
lead to melting of all crystals. Only some of the small crystals melted and fused.
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On the contrary, the biggest crystal slightly increased in size.

Furthermore, from a comparison of the total volume of the all objects,
either crystalline or molten, we conclude that after such short annealing times the
amount of polymeric material stayed approximately constant. However, keeping
the sample at 133 °C for many hours eventually led to the disappearance of all
crystals (Figs. 4.7b and c). After ca. 1000 min at 133 °C (Fig. 4.7c), one
hardly can detect any crystalline domain. The AFM phase contrast image sug-
gests that all crystals have been transformed into thin liquid droplets. From the
topography image, it is obvious that the volume of the crystalline domains was
not conserved. Taking into account that polymers cannot evaporate, a significant
number of polymers must have diffused out of the frame of the image. These
polymers probably coat the surrounding substrate with a layer too thin to be
detectable by AFM (at the measurement parameters chosen). We interpret this
disappearance of crystals in the following way: Molecules at the surface of any
crystal have a non-zero probability to detach from this crystal, e.g. sublimation
of ice below the melting point. At temperatures largely below the melting tem-
perature, the detachment probability is low and almost no molecule would detach
from a crystal within a given time, say, several hours. However, at temperatures
close to the melting point, the detachment probability can be quite significant.
As the crystals were deposited on an initially bare substrate they were surrounded
by a large surface which does not contain any polymers (no free polymers were
adsorbed onto the substrate because only nanocrystals were deposited). Thus,
some of the detached molten polymers gained translational entropy by diffusing
away from the crystal and so covered the initially bare substrate. This diffu-
sion process away from the crystals progressively lowered the probability for re-
attachment as the density of detached molecules close to the crystal decreased.
Consequently, crystals progressively lost more and more molecules, got smaller
and eventually reached a size where the surface-to-volume ratio was high enough
to allow for complete melting of the crystal. Accordingly, small isolated crystals
on any bare substrates can never “survive” for long times, they will eventually
disappear as can been seen in Fig. 4.7c. A related study for alkane monolayers
and sub-monolayers showed the dependence of the melting temperature on sur-
face coverage. There, crystals found to be in equilibrium with a thin liquid layer
covering the whole substrate [126]. We conclude that isolated crystals deposited
on a bare substrate are prone to disappear even at temperatures well below the
melting temperature of such crystals surrounded by its melt.
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Figure 4.7 – AFM topography (top row, color code ranging from 0 – 40 nm)
and phase (bottom row) images showing the disappearance in time of the
nanocrystals from Fig. 4.6h after a) 15 min, b) 300 min and c) 1000 min at
133 °C. The size of images is 1 x 1 µm2.

4.3 Three distinct paths for changes in morphology

From the above results we can identify three processes for lowering the free en-
ergy of an ensemble of nanocrystals (see Fig. 4.8). Annealing nanocrystals at
progressively higher temperatures allows accentuating them differently.

Path 1:

Due to their small size and their high surface-to-volume ratio, a large
amount of molecules at the periphery of these nanocrystals shows a high ten-
dency for detachment. This favors the formation of bigger lamellar crystals at
the expense of smaller ones. Interestingly, this Ostwald ripening process is not
necessarily involving a reduction of the number of chain fold. i.e., the thickness of
the lamellar crystals remains constant. Thus, we may tentatively conclude that
the required energy for removing chain folds is higher than for detaching poly-
mers from a crystal. Alternatively, the kinetics of fold removal may be slower in
comparison to the exchange of molecules between individual nanocrystals.

Path 2:

The existence of chain folds in an otherwise crystalline polymer reduces
crystallinity and thus represents a cost in crystallization energy. Thus, states of
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highly folded crystalline chains are never stable and will evolve into less folded
states, i.e. lamellar crystals of higher thickness. Such can either be achieved at
constant temperature by increasing the annealing time (the increase in lamellar
thickness depends on the logarithm of annealing time [127,128] or for a constant
experimental (annealing) time by increasing the annealing temperature. Due to
the high mobility of polyethylene along the chain axis lamellar thickening is easily
possible even in the crystalline state [129–131]. In accordance with this tendency;
our observations show an increase in lamellar thickness at temperatures above ca.
110 °C. We expect that some increase of lamellar thickness would also occur at
lower temperatures but at a drastically lower rate.

Path 3:

For our “open system”, even below the thermodynamic equilibrium melt-
ing temperature crystals can show a melting-like behavior. Similar to sublimation,
bordered by empty space or a bare substrate, crystals of small volume (i.e., with a
large number of molecules located at the crystal surface) will decrease in size due
to the loss of molecules to the surrounding space. We would like to re-emphasize
that such a decrease in crystal volume and eventual melting is not possible in a
“closed system” like the one studied by Rochette et al. [103].
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Figure 4.8 – Compilation of the thickness values determined from AFM mea-
surements on monolayers shown in this manuscript, represented in a Gibbs-
Thompson plot (temperature vs. reciprocal thickness). Our results are com-
pared with literature data on bulk samples and on nanocrystals in aqueous
dispersion analogous to the ones studied here on a solid support. The arrows
1 – 3 indicate pathways followed during annealing. Details are described in
the text.

4.4 Concluding remarks

Taking advantage of the well-defined small size of the initial nanocrystals, which
were deposited in a controlled way to result in a layered assembly, we investi-
gated the process of molecular reorganization and the corresponding morpholog-
ical changes as a function of temperature and annealing time. Due to the kinetic
features of the various pathways taken, a representation of the reciprocal crystal
thickness in a Gibbs-Thompson plot yields a complex pattern. A large spectrum
of possible correlations between annealing temperature and crystal thickness is
explored, as shown in Fig. 4.8. No crystal will be able to resist melting if the
temperature is increased above the melting line which reflects the size-dependent
melting temperature. We note that the representation as a function of inverse
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thickness implies that the crystal size in the other two dimensions is large. Thus,
for the initial nanocrystals having a nanometer size in all dimensions, a repre-
sentation as a function of inverse volume might be more appropriate. Below the
melting line, the actual thickness of the crystal depends on the pathway taken,
allowing to obtain for a given annealing temperature crystals of different lamellar
thickness.

A comparison with literature results on bulk samples [132] and results
obtain by annealing the same type of polyethylene nanocrystals in an aqueous
dispersion [103] demonstrates that our results are consistent with previous con-
clusion. As shown in [103] for a “closed system”, crystals having a well defined
lamellar thickness can be stabilized (equilibrated) at temperatures well below the
melting line for large lamellar crystals of a certain lamellar thickness as studied
e.g. in [132]. Furthermore, by using assemblies of small nanocrystals (“open
system”), we were able to display that polymer crystals are thermodynamically
not stable below the melting line. While such crystals will always try to reach
energetically more favorable states of less folded chains, i.e. increased lamellar
thickness, they may also loose molecules to the surrounding bare substrate, de-
crease in volume and eventually melt due to their small size. Consequently, a
manifold of crystalline states, differing e.g. in lamellar thickness and volume, are
possible for a given annealing temperature. In an “open system” these states are
only metastable. Thus, morphological changes will occur in the course of time.
The molecular architecture of polyethylene allows for comparatively fast reorga-
nization processes and a relatively facile thickening of lamellar crystals which can
be easily detected even after rather short time and modest annealing tempera-
tures. We anticipate that also other semicrystalline polymers will follow the same
pathways during annealing. However, steric constraints or specific intra- or inter-
molecular interaction may drastically reduce the rate of these kinetic processes.
Thus, on typical experimental timescales no changes in thickness or morphology
may be detectable.

1

1All the results shown and explained in this chapter have been published in ref. [133]



Chapter 5

Shear induced crystallization by AFM cantilever tip
from an undercooled melt of polyethylene

nanocrystals

In the previous chapter, we have performed systematic in situ annealing mea-
surements and have discussed reorganization processes of deposited polyethylene
nanocrystals upon annealing as a function of annealing time and annealing tem-
perature for both monolayer and stacks of multiple layers. In this chapter, we
will discuss crystallization experiments from the undercooled melt of polyethylene
nanocrystals.

Scanning the AFM probe over a viscous melt leads to a deformation of
the molten surface as a shear force is acting on the melt surface as a consequence
of the moving AFM cantilever tip. The molecular chains within the melt are
stretched by the AFM cantilever-tip during scanning. Typically, a large shear
rate as well as a huge mechanical work is applied (as will be shown later) on
the undercooled melt and this certainly enhanced the possibility of the stretched
molecular chains to be aligned along the direction of scan. The aggregation of
the stretched and aligned chains along the scan direction may result in small
crystalline domains. Different nucleation processes in polymer crystallization
will be explained. The mechanism of tip-induced nucleation will be described in
detail. Factors such as number of scans or more specifically, the shearing time and
tapping force affecting the nucleation rate or the nucleation probability will be
discussed in detail. How nucleation induction time and contact time between the
molten sample surface and the AFM probe do influence the nucleation rate will
also be included in our discussion. It will be shown that the temperature of the
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undercooled melt will be an important parameter in describing the tip-induced
nucleation phenomenon. Even in regions consisting of few droplets of different
sizes at a temperature close to the melting temperature, it could be shown that
well aligned edge-on crystalline domains along the scan direction can be found.
A mechanism for the formation of stacks of edge-on crystalline lamellae will be
proposed.

5.1 Introduction

The crystallization behavior of polymer melts under flow is an important and
interesting subject of polymer processing which directly affects the final proper-
ties. In most polymer processing operations, such as extrusion, injection molding,
fiber spinning, etc., the molten polymer is exposed to varying levels of flow fields
(elongation, shear, mixed) [134]. In comparison with quiescent crystallization,
crystallization under flow is much faster which results in different morphologies
e.g. shish kebab morphology. It is well-known that during polymer processing
the crystallization kinetics and the final morphology, (spherulitic, cylindrical, or
fibrillar) are deeply influenced by molecular orientation induced by flow (in the
molten state) and deformation (in the solid state) [42,72,135–137]. Many stud-
ies have been carried out to investigate the molecular orientation in the deformed
melt and the resultant morphological changes during the crystallization process
utilizing various combined characterization techniques. These involve some meth-
ods such as optical microscopy, atomic force microscopy (AFM), and transmission
electron microscopy (TEM) [138,139].

To map out the surface topography AFM is mainly relying on moni-
toring the deflection of a tip caused by its interaction with the sample surface
during scanning. Typically, imaging is carried out in a condition of low force
between the tip and the surface molecules. Several studies have been performed
to investigate nucleation induced by AFM tips during the crystallization experi-
ments [140–142]. Pearce and Vansco investigated the possibility of tip-induced
nucleation during crystallization of poly(ethylene oxide) (PEO) near the melting
point [140]. They concluded that the tip did not induce nucleation. A similar
conclusion was made by Godovsky and Magonov during their study of PE crystal-
lization using AFM [141]. However, Beekmans found that tip induced nucleation
was possible in the study of crystallization of poly(-caprolactone) (PCL) [142].
The difference in the behavior between PEO and PCL was attributed to the differ-
ence in the shear force. High shear forces will cause chain alignment at the surface
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of the melt. It is important to point out that in the studies on PCL [142] and
PEO [140] the contact mode, which in general produces high shear forces during
scanning, was used at temperatures near the melting points of the polymers. Dur-
ing the experiments, the amorphous areas around the growing crystallites were
scanned for a long time without detection of nucleation. Control of molecular
orientation within polymer films introduces anisotropy of the physical properties.
Control of orientation in a specific localized space is quite helpful in develop-
ing ordered nanometer sized structures in polymers. These nano-sized structures
could be applied for device preparation. Atomic force microscopy is a powerful
tool to introduce such structures in different organic films with nanometer reso-
lution. Several kinds of polymer thin films (e.g. polystyrene) were modified by
scanning or indenting using AFM cantilever tip, resulting e.g. in ripple structures
perpendicular to the fast scan direction [143] which were accompanied by an in-
crease in volume. The modification mechanism is considered to be a mechanical
deformation [144–149]. AFM has been used before for mechanical indentation
and to scratch the sample surface. Usually, stretching method is one of the most
powerful orientation control techniques for thick polymer films but is not suitable
for controlling specific localized areas. Orientation control of liquid crystals using
AFM has also been studied [150,151] where a thin polymer film was rubbed by
an AFM tip for aligning liquid crystals on a surface driven by the grooves or some
structural changes on the surface induced by rubbing. This method is very useful
for nanolithography and for alignment of liquid crystal molecules. AFM tip has
been used in the contact mode to scratch/rub the surface of a glassy polymer
thin film of isotactic polystyrene (i-PS) at room temperature. After subsequent
isothermal crystallization, an extremely high nucleation density of edge-on crys-
tals within the rubbed region was observed. This study demonstrated that both,
soft rubbing or hard scratching, allow for lowering the nucleation barrier for
polymer crystallization and to control the orientation of the resulting crystalline
lamellae [152].

Recently, people have succeeded [153–155] to align polymer molecules
in a desired direction with precise control of film temperature and applied load
by scanning an AFM cantilever tip in contact with the sample surface in a way
named modification scan. Well aligned edge on lamellae appeared after the scan
[153–155]. Film thickness measurements were conducted in situ after removing
polymers from a selected region of the sample through a process of tip-sample
force adjustments described as nanodozing [145].
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5.2 Experimental procedure

Samples were prepared for these experiments in a similar way as discussed in
chapter 3. Using AFM hot stage, the deposited monolayer and multilayer stripes
were annealed at a temperature ( mostly at 130 oC) close to the nominal melting
temperature of the crystals (i.e. 133 oC) and kept at that temperature for some
time (∼ 30-40 minutes) in order to obtain molten polymers. As the crystals were
molten below the equilibrium melting temperature some memory of the crys-
talline state may have been retained for some time. Subsequently, crystallization
experiments were carried out by cooling the sample down slowly to a temperature
range from 122 oC to 118 oC where nucleation was observed. In this temperature
range we also observed the process of lamellae thickening during systematic an-
nealing of the deposited crystals in the previous chapter. There, stretching of the
polymer chains by the moving AFM tip followed by aggregation of the stretched
chains resulted in the formation of small crystalline domains built up by polymers
aligned along the scan direction of the AFM probe. Although in our studies the
experiments were done in tapping mode (the tip was not in continuous contact
with the sample surface) AFM tip was none the less able to induce such stretching
and aligning of polymers.

5.3 Nucleation process in polymer crystallization

Polymer crystallization normally starts with primary nucleation. Nucleation can
be defined as the formation of small crystalline domains due to fluctuations in
density or order in the super cooled melt [156]. The formation of these initial
or primary nuclei is the first step of the crystallization process. The continu-
ation of crystallization by attachment of more and more polymer molecules on
the growth surface is normally known as secondary nucleation. If no foreign sur-
face or existing nuclei is present, nuclei formation may take place spontaneously
with a probability depending on supercooling. This phenomenon is termed ho-
mogenous nucleation. However, if any second phase is required (it may be a
foreign particle or the surface of a nuclei/crystal from the same polymer), then
nucleation is termed heterogeneous nucleation. Wunderlich et. al. [157] based
on an earlier work [158] have further advocated the subdivision of this classi-
fication by incorporating a third category called self-nucleation or self-seeding.
Polymer crystallization from the melt is often associated with thermal memory
effects i.e., the dependence of the crystallization kinetics on thermal history. If a
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semi-crystalline polymer is molten and then recrystallized, crystallization kinetics
depends on temperature and time in the molten state (e.g. Ziabicki) [159]. The
memory effect causing self-seeding can be explained as an indication that chain
segments from former crystalline lamellae retain their conformational crystalline
arrangement even when surrounded by melt.

While primary nucleation can be homogenous or heterogeneous, sec-
ondary nucleation by its definition is heterogeneous.

In order to form stable nuclei (primary or secondary), the free energy
barrier of crystallization needs to be overcome. The size of the required critical
nucleus obviously depends on this free energy barrier: larger critical nuclei require
longer times to form. In any nucleation process, the free energy barrier 4G of
the nucleation process (crystallization) is given roughly by,

4G = 4Gc +
∑

γ∗A (5.1)

where, the first contribution 4Gc represents the change of Gibbs free
energy per unit volume of the solid or crystalline phase. This leads to an energy
reduction of the system which is then counterbalanced by the introduction of
surface energy i.e. the second contribution of the equation 5.1. ∑ γ∗A results
in increase in the surface energy of the system where the specific surface free
energy is given by γ∗. Primary nucleation involves the largest specific area A
while the area is somewhat reduced for secondary nucleation on the surface.
Tertiary nucleation, which can be defined as nucleation in a corner, involves yet
lesser specific area.

5.4 Nucleation under shear: induced by AFM cantilever tip

A variety of features can be induced in thin polymer films with an AFM tip
through tip-sample force alteration. When relatively low forces are employed,
the polymer surface can be imaged non-destructively. Under such conditions
images can be obtained even when the sample surface is scanned many times
with no visible changes in the images. In addition, enlarging the scan area shows
no evidence for irreversible changes in the area previously scanned. Application of
high forces results in the removal of polymer material from the substrate surface,
e.g. via the nanodozing process [145], producing holes in the films. Intermediate
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forces can cause polymer material to become transported by the tip into ridges
which generally lie perpendicular to the AFM fast scan direction. Here, we will
show how an AFM tip can induce nucleation even when using the intermittent
tapping-mode.

In rheological approaches, there are at least four different geometries
which allow shear induced crystallization and orientation studies. These are
the cone-plate [160], rectilinear parallel plates (sandwich rheometer or sliding
plates) [161], slot flow (duct flow) [162], and torsional parallel disks (rotat-
ing parallel plates) [163]. Cone-plate geometry and rectilinear parallel plates
produce a uniform shear rate across a sample but both slot flow geometry and
torsional parallel disks cause a continuous variation of shear rates across the sam-
ple, depending also on the viscoelastic properties of the material [164]. When the
flow parameters controlling the formation of oriented structures are not known
and need to be determined, then geometries with a broad distribution of shear
rates could be advantageous as they can be used in a combinatorial approach
to detect the conditions necessary for the onset of oriented nuclei. Another ad-
vantage of slot flow and torsional parallel disks is that each point in the sample
associated with different shear flow rate experiences the same temperature pro-
tocol, thus eliminating errors associated with the reproduction of temperature
history possible with the repetition of the measurements required by the first
group of geometries [165]. Compared to the recent flow induced crystallization
studies [165–168] our study is different in the sense that no large scale flow was
induced by external forces. The molten surface was locally deformed by repeated
scanning of the AFM probe over the molten surface.

Fig. 5.1a shows an AFM phase image of a triple layer stripe after it
has been kept at 127 oC for 30 minutes. During this time both the temperature
stabilisation and imaging were carried out. This sample was first annealed at
133 oC. There, all crystals were molten. After ∼ 20 minutes when temperature
stabilisation and first time imaging was completed, the temperature was slowly
reduced to 130 oC and imaged once. The next step was to reduce the temperature
to 127 oC. No indication of nucleation was observed even at 127 oC after the same
region was scanned first time at that temperature. But, when the sample was
cooled down from 125 oC to 122 oC and scanned a significant number of edge-on
crystalline domains were found, oriented perpendicular to the scan direction (see
Fig. 5.1.b). From the topography image (see Fig. 5.1.c) one can also deduce an
apparent difference in thickness between the formed edge-on aggregated crystals
and the still molten region surrounding them. This becomes very obvious from
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the height profile taken at the position of the white line in Fig. 5.1(c) (see Fig.
5.1.d). The temperature-time protocol followed for this particular sample have
been schematically shown (see Fig. 5.1e).
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Figure 5.1 – AFM phase images (a–b) showing crystallsation in a molten film
resulting from a stack of three layers of nanocrystals. (a) 30 min at 127 °C,
(b) 20 min at 122 °C. Some edge-on crystals were found to form, aligned
perpendicular to the scan direction. (c) The corresponding height image (the
color code ranges from 0 – 45 nm) of (b) showing height difference between
the resulted edge-on crystals and the molten surrounding film. Size of each
image is 0.7 x 0.3 µm2. (d) Corresponding height profile of the line drawn
in image (c). (e) Schematic showing thermal history (the temperature-time
protocol) of the sample. The black rectangular boxes represent the time of
imaging for each image shown in a and b+c.

In published works on flow induced crystallization using different meth-
ods similar temperature-shear protocols have been followed [165–168] in order
to observe nucleation. The first step was to heat the polymer above its equilib-
rium melting point to remove all memory of previous heat treatments and the
second step was to cool the polymer down to the temperature where a shear
pulse was applied to the undercooled melt followed by isothermal crystallization
and/or a further cooling to lower a temperature to complete the polymer crys-
tallization. In our studies we never heated our samples above the equilibrium
melting temperature and memory may not have been lost completely.

Due to the temperature-dependent change in the resonance frequency
of the oscillating cantilever-tip, the value of amplitude set point has to be set
properly in order to image the molten surface with a low tapping force. Due to
stickiness of the melt there is a possibility of adhesive interaction between the
AFM probe and the molten sample surface. Adhesion becomes more pronounced
when the set point amplitude ratio is decreased i.e. at increased tapping force.
Thus, one may expect that polymer chains are also sheared or deformed more at
higher tapping force. While the AFM probe is scanning over the molten surface
the polymer chains within the viscous melt may be stretched by the AFM tip.
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These chains may become nuclei for the crystals when several of them align and
aggregate along the scan direction. In fact, scanning of the AFM tip over the
undercooled viscous melt has two consequences on the polymer chains. They can
be oriented and stretched at the same time. In our experiments, polymer chains
were deformed in the scanning direction. In edge-on lamellae chains are lying
flat-on the substrate (parallal to the surface of the film) with the c-axis aligned
in the scanning direction (see Fig. 5.2).

Direction of pulling 

Oriented crystals along the 
flow field

Interaction of AFM
tip with the melt

Stretching of molecular 
chains by AFM tip

Direction of 
scanning

Edge-on lamellae

Figure 5.2 – Schematic of the shear induced nucleation by AFM tip in our study.

The applied tapping force may cause deformation of the chains at the
surface of the melt in the direction of scanning. Thus, the sample experiences
lateral shear forces, the amount of which depends on the amplitude set point value
and the scan rate. These shear forces might be sufficient to induce nucleation
during scanning by aligning polymers predominantly along the scanning direction.
When the shear rate is smaller than the reciprocal Rouse relaxation time the
orienting effect is dominant while stretching becomes significant at higher shear
rates [169]. Interestingly, experimental results [170–174] show that even small
deformation considerably enhance the crystallization rate at high shear rates. In
our case, the shear rate was calculated to be approximately 103s−1 to 104s−1(will
be shown later). At such high shear rates one even can stretch shorter molecules
and, therefore, increase the concentration of stretched molecules which can be
potentially involved in the formation of primary nuclei. It should be noted that
the scanning direction is horizontal in all AFM images. If, as a result of such
stretching, a stable nucleus is formed with a horizontal orientation of the c-axis
of the polymers, this nucleus should serve as the starting point for further growth
of lamellar crystal structures.

Under shear-flow condition, it has been observed that mechanical work
per volume above a certain value must be applied to the polymer melt at a shear
rate larger than the reciprocal Rouse relaxation time of the longest polymer chain
within the polymer melt in order to observe shear-induced crystallization. Below
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this work, nucleation is not possible [165–168, 175]. This mechanical work w
was found to be

w =
ˆ ts

0

η

(
dγ

dt
(t)
)[(

dγ

dt
(t)
)]2

dt (5.2)

dγ
dt

is the shear rate (the rate of change of shear strain or particularly de-
formation in our case), η is the shear rate dependent viscosity and the integration
is performed over the entire time of shearing ts. Time of shearing is important,
as it demonstrates that not only the shear rate is important in order to be able
to stretch the chains but also the time of stretching needs to be sufficiently long
in order to allow aligning and aggregation of polymers. Different experimental
methods have been proposed in literature to determine the “critical” value of the
mechanical work that needs to be applied to the polymer [165,167,176].

The approximate mechanical work performed during shearing on the un-
dercooled melt of the polyethylene nanocrystals necessary to induce crystalliza-
tion was calculated using equation 5.2.

In our case, the lateral tip velocity Vt was ∼ 10 µm/s (as given by the
software JPK during scanning) and the contact time tc (defined by the time per
oscillation that the tip is interacting repulsively or stays in mechanical contact
with the sample) was of the order of µs. The shear rate in our studies was related
to the penetration depth of the AFM probe into the melt and it was ∼ 10−3 to
10−2 µm.

The shear rate (dg/dt) = tip velocity/ penetration depth = 10 µm
s−1/(10−3- 10−2µm) = 104- 103 s−1

From equation 5.2 the mechanical work performed on the melt can be
calculated. From literature the viscosity of polyethylene melt at a temperature
range 125 oC to 130 oC was found to be of order 104 Pascal second for low density
polyethylene samples (Mw ∼ 120 kg/mole) [177]. We know that with increasing
temperature of the polymer melt the viscosity is reduced. So, at high temperature
(∼ 150 oC) the viscosity would be of the order of 102 Pascal second. As for most
of our studies the deposited crystals were molten ∼ at 130 oC, viscosity of order
104 Pascal second will be taken into account.
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w =
10−6sˆ

0

104Pa.s
[
104s−1

]2
dt (5.3)

Where, 10−6 seconds is the time of shearing. In our experiments, the tip
was penetrating through the molten surface, as this was necessary for produc-
ing shear force within the melt. The penetration depth was in the range of few
nanometers as we have discussed before. During stretching the cantilever was os-
cillating near its resonance frequency. In most of our experiments the resonance
frequency of the used cantilever was ∼ 160 KHz. During imaging the oscillation
frequency of the cantilever was in the range of ∼ 157-159 kHz. Oscillation fre-
quency is number of osillations of the cantilever per unit time. So, the shearing
time was taken as a fraction of the reciprocal of the oscillation frequency, i.e ca.
1 µs.

w =
10−6sˆ

0

(1012Pa.s−1)dt (5.4)

w =
[
1012Pas

]10−6s

0
(5.5)

w = 106Pa (5.6)

If the shear rate is used as 103 s−1, considering the penetration depth of
the AFM tip through the melt surface to be a little higher ( ∼ 10 nm) then the
workdone comes out as 104Pa.

The mechanical work done on the polymer melt in our case was found to
be high (∼ 106Pa). This value of the mechanical work performed on the melt was
found to be somewhat smaller than the one mentioned in ref. [168] (∼ 108Pa).
Nonetheless, inducing nucleation under such high shear rate seems possible by
the AFM cantilever tip even under low deformation.
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5.4.1 Nucleation and growth of the aligned crystals

Polymer crystallization is a two step process which includes nuclei formation and
subsequent growth. The shear enhanced crystallization rate is generally associ-
ated with a significant increase of the first step i.e. the nucleation rate. According
to classical nucleation theory, the nucleation rate for quiescent conditions (when
there is no shear applied) depends on the free energy difference between the crys-
talline and amorphous phase. The effect of shearing on the kinetics of nuclei
formation is understood by considering that the increase of the degree of order
due to shear results in an effective change in the free energy of the melt. In that
context, several models have been proposed which directly relate the free energy
changes to some measure of flow intensity. Dumbbell-like models have been ini-
tially used to calculate the flow-induced change in free energy and the subsequent
crystallization rate enhancement [178]. Theoretically, a simple approach is to as-
sociate the external work and the Gibbs free energy, which considerably reduces
the nucleation barrier and thus enhances the nucleation rate.

The following question arises: What would be a driving force for the for-
mation of stable clusters in polymer crystallization? One possible answer is that
stable inert nuclei exist at all temperatures below the equilibrium melting point
of the polymer [179]. However, a systematic comparison of results on shear-
induced crystallization [180] suggests by direct experimental observations [167]
that stretching is a necessary condition for the formation of an oriented morphol-
ogy. Stretching of polymer chains which is generated by surface crowding leads
to an increase in surface free energy of the polymer melt, which consequently
reduces the nucleation barrier and increases the thermodynamic driving force
DG = DG` −DGs (DG is the free energy difference between the liquid and the
crystalline phase. DG` and DGs are the free energy changes of the solid and
liquid phase, respectively). Stretch contributes an extra work (DGf ) to increase
thermodynamic driving force (DG). The good correlation between experimental
results and DG suggests that combining classical nucleation theory with the extra
work DGf in the driving force can be generalized to all shear enhanced crystal-
lization conditions. Thus, stretching of polymers should be considered as the first
step in the formation of nuclei which are created from the initially quiescent melt.
These nuclei have to be made stable and one possible reason for their stability
under shear deformation is that stretched segments of the coiled molecule reduce
the configurational entropy of the chain allowing the stretched portions to come
into closer contact with each other and the aggregates to get bigger. An inert
nucleus (i.e. a nucleus too small to grow) cannot survive without the shear flow
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as it may dissolve in the melt at quiescent conditions. However, while it has been
created and stabilized under shearing condition it will collide with other inert
nuclei, where the number of collisions, facilitated by the mechanical work per-
formed on the system during shear, transforms low quality inert nuclei into stable
aggregate nuclei. If shearing is stopped at this point, the aggregates formed, in
contrast to dormant nuclei, will still be stable as their sizes are above the criti-
cal size of active nuclei required at these thermodynamic conditions. Aggregates
possessing a size smaller than the critical size will dissolve.

Deformation of amorphous chains has two effects on the nucleation ki-
netics: stretching reduces the entropic penalty for crystallization; and monomer
alignment increases the probability of suitable alignment with the nucleus.

We need to consider several parameters which are related to the shear
induced crystallization in our studies. In a pure polymer melt, shear force between
the melt and the AFM probe orients and aligns the polymer chains in the melt to
form stable nuclei consisting of chains having their c-axis oriented along the scan
direction. The stability of these structures depends very much on the relaxation
behavior of the oriented polymer chains in the melt. The relaxation behavior
mainly depends on chain length and temperature. Longer chains take longer
time to relax from the deformation than shorter ones and thus have a better
chance to be oriented after shear. Short chain molecules relax in a short time
after deformation and hence often cannot form nuclei under shear. Under certain
shear conditions, longer chains will remain oriented (because of longer relaxation
time) whereas the rest of the molecules will relax and become un-stretched.

Both, an increase of temperature and a decrease in molecular weight of
the high molecular weight tail would result in a reduction in relaxation time and
thus an increase of the minimum shear force parameter. As we have discussed
previously that the viscosity of polyethylene melt at a temperature range 125
oC to 130 oC was found to be of order of 104 Pascal second for low density
polyethylene samples (Mw ∼ 120 kg/mole) [177]. We know that with increasing
temperature of the polymer melt the viscosity is reduced. So, at high temperature
(∼ 150 oC) the viscosity would be of the order of 102 Pascal second. At high
temperature, the polymer chains quickly relax and nuclei dissolve within the
melt and cannot induce crystallization. That is the reason why at relatively high
temperature the system contains only molten polymers but no stable crystals (see
Fig. 5.3a+a´). A temperature decrease corresponds to an increase in relaxation
time. In turn, this increases the degree of orientation of the polymer chains at a
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given shear rate, thus leading to higher probability of nucleation as can be seen
in Fig. 5.3 b+b´. With the decrease in temperature, well aligned crystals were
formed, directed along the scan direction. In our study, phase imaging provides
sufficient resolution for the visualization of individual crystalline aggregates of
varying thickness (for a given polymer of known chain length a measure for the
degree of chain folding is the thickness of the crystalline lamellae) in the range
of 20 to 50 nm but the width (defined as the linear lateral extent of the resulted
crystalline regions from one side to other side) of these regions are large (∼
150 nm or even more). With time these crystalline domains were growing and
new crystalline domains appeared around the previous domains in the course of
scanning at a fixed temperature (see Fig. 5.3c+c´). From the latter observation
we conclude that the nucleation probability increases with number of scan.
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Figure 5.3 – AFM phase (a–c) and corresponding topography images (a´-c´, the
color code ranges from 0 – 15 nm) showing crystallization from an undercooled
melt of polyethylene nanocrystals. [a)+a´) 20 min at 130 °C, b)+b´) 20 min
at 122 °C, c)+c´) 40 min at 122 °C (considering the time for temperature
stabilisation and imaging, after the temperature got stabilized the sample
was contineously imaged)]. Well-aligned edge-on lamellae were found to form
perpendicular to the scan direction. Size of each image is 1.5 x 0.5 µm2. (d)
Schematic showing thermal history (the temperature-time protocol) of the
sample. The black rectangular boxes represent the time of imaging for each
image shown in a, b and c. (e) and (f) Corresponding profiles of the white
lines drawn in fig b´ and c´ respectively.
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5.4.2 Increase in nucleation probability with number of scans

In Figure 5.4, the effect of number of scans is shown for a sample that was
cooled down from 122 °C to 120 °C and kept at that temperature for 30 minutes
considering the temperature stabilisation and imaging time. This sample was
scanned at 120 °C only two times. While the temperature stabilisation and first
scan took ∼ 20 minutes, the second scan took ∼ 10 minutes. After finishing
of the second scan the sample was kept at 120 °C for 10 more minutes without
scanning and then cooled down to room temperature.

In general, in most of our experiments, it was found that a several times
scanned region contained a larger number of lamellae per unit area as compared
to a region scanned once only. As we are dealing with a melt and the AFM tip is
scanned over the same region several times, it is possible that the AFM tip ori-
ented progressively more polymer chains (by stretching of them and subsequently
orient them in the shear direction) during each single scan.

In order to scan the whole investigated area by an AFM tip, some 100
scan lines are needed which takes about 10-15 minutes. Thus time of stretching
of an individual polymer is short. At such a small time the probability may be
not so significant for the tip to induce crystallization, as a result no stable nuclei
were observed except one at the top left corner (see Fig. 5.4 a´+a´´). During
the later scans, e.g. here in the second scan (see Fig. 5.4 b´+b´´) the time
that the tip is scanning over the same region of the viscous melt is progressively
increased which subsequently increases the probability of stretching ( Fig. 5.4
b´+b´´) and consequently, the probability for the AFM tip to induce nucleation
increased. Increasing number of scans increases the probability for the AFM tip
to stretch the polymer chains by interacting more often with melt and inducing
more deformation on the molten surface. That is why we found an increased
number of crystalline domains per unit area after finishing of each scan even if we
kept the temperature fixed. It is important to note that the sample was imaged
continuously i.e. the total time that a sample has been kept at a particular
temperature is the combined time for temperature stabilisation and imaging.



5.4. Nucleation under shear: induced by AFM cantilever tip 81

0 nm

40nm a´ a´´

b´ b´´
120 oC

RT

122 oC
125 oC
128 oC

133 oC

Time (Minutes)

Tem
perature( oC

)

30 40 50 900 20

ea b

Figure 5.4 – AFM topography (a´ and b´, the color code ranges from 0 – 40
nm) and the corresponding phase images (a´´ and b´´) showing the effect
of number of scans on nucleation probability at 120 °C during crystallsation
from an undercooled melt of nanocrystals. [a´ and a´´) 20 min at 120 °C
scanned for the first time, b´, b´´) 30 min at 120 °C, scanned secend time.
Size of each image is 1 x 0.7 µm2. (e) Schematic showing thermal history
(the temperature-time protocol) of the sample. The black rectangular boxes
represent the time of imaging for each image shown in a and b.

5.4.3 Increase in nucleation probability with tapping force

Our next aim was to verify the effect of tapping force on the tip-induced nucleation
process. It was found that during cooling down from 120 oC to 118 oC nucleation
started. At 118 oC the AFM cantilever-tip was scanned over three different
regions of the sample for about 40 minutes with various tapping forces. For the
first scan all three regions were scanned with a same tapping amplitude (rSP =
0.53) for about 10 minutes. The nucleation probability for this first scan was
almost similar for all regions (see Fig. 5.5 a+a´+a´´). The exactly same
three regions were then scanned for the second time with varying tapping forces
separately. Scanning of each regions took ∼ 10 minutes and so imaging all three
regions took ∼ 30 minutes (see Fig. 5.5 b+b´+b´´).

It is important to note that at 118 oC the sample was continuously
scanned. In the first region (see Fig. 5.5 b) a relatively small tapping force was
applied (rSP = 0.53) compared to the other two regions (see Fig. 5.5 b´+b´´)
where the applied tapping forces were higher (rSP = 0.37 and rSP = 0.23 for the
second and third region, respectively) and it was found that with increasing tap-
ping force the nucleation probability increased (see Fig. 5.5 b´+b´´). The set
point amplitude was varied right after finishing of the first scan over the regions
mentioned in Fig. 5.5 a+a´+a´´. After ∼ 10 minutes, when the first region
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has been scanned for the second time, the set point was varied and at that set
point the second region was scanned for the second time for another ∼ 10 minutes.
The set point then was reduced to an even lower value to image the third region
for the second time which took again ∼ 10 minutes. At higher tapping force, the
shear force between the tip and the polymer melt increased which increased the
nucleation rate. Not only the number of scan increases the nucleation probabil-
ity but also the tapping force contributes to an enhanced nucleation rate in our
study. The same three regions were again scanned for a third time with rSP =
0.5 for another ∼ 10 minutes and so in total the sample was kept at 118 oC for
∼ 45-50 minutes with continuous imaging. From the results mentioned above it
is clear that crystallization contributed significantly in all the three regions (see
Fig. 5.5 c+c´+c´´).
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Figure 5.5 – AFM phase images (a+a´+a´´, b+b´+b´´, c+c´+c´´) show-
ing the effect of varying tapping forces on the nucleation probability or nucle-
ation rate at 118 °C during crystallsation experiments from an undercooled
melt of nanocrystals [a, a´, a´´) three regions scanned simultaneously for ∼
10 min with rSP = 0.53, (b, b´, b´´) three regions scanned seperately ∼
10 minutes each with rSP = 0.5, 0.37, 0.23 respectively (∼ 30 min for three
scans), (c, c´, c´) third time the same regions were scanned simultaneously
for another ∼ 10 min (rSP = 0.5). So, the tip was scanned over the sample
∼ 45 minutes in total. Size of the images is 2 x 2 µm2.



5.4. Nucleation under shear: induced by AFM cantilever tip 83

5.4.4 Effect of contact time and nucleation induction time on nucleation
rate

Contact time tc is defined by the time during one period of oscillation that the
tip is interacting repulsively or stays in mechanical contact with the sample. The
force is averaged over an oscillation period. This time tc is a useful quantity to
understand the behavior of tapping operation as well as for the estimation of the
deformation done to the sample surface. The contact time increases with the
tip-sample proximity. For a small separation in relation to the free amplitude of
oscillation there is a steep increase in contact time. So, in this case there is a
contact almost during the whole oscillation cycle.

The contact time depends on the mechanical properties of the sample.
The contact time increases with decreasing Young’s modulus. Softer samples
have larger contact time values as compared to stiff materials. For hard elastic
materials the product of contact time and the force is almost constant [181].
In that case forces and contact times are inversely proportional. Experiments
performed on samples with very low elastic moduli (e.g. polymer melt in our
case) could have contact times close to oscillation period of the cantilever tip.
The contact time cannot be directly measured but average force measurements
are somehow analogous [182].

At elevated temperatures where there is viscous melt everywhere within
the system, the contact time between the melt and the AFM tip increased com-
pared to the room temperature measurements where the system contains only
hard or crystalline materials with high elastic moduli. This provides more time
for shearing and stretching of polymer chains within the melt and subsequent
alignment of the resulting nuclei in the direction of scan.

It has been observed that the necessary condition for the formation of
oriented nuclei is that the polymer must experience a mechanical work (as we have
roughly estimated before) performed in its melt state. This work has to be larger
than a threshold value at a shear rate which should be larger than the inverse
Rouse time of the polymer chains. In our study, the stretch relaxation time or
the Rouse time is much larger than the contact time between the polymer melt
and the AFM tip. So, increasing relaxation time increases the time for alignment
of polymer chains and favors the formation of oriented crystals.

Variation of time of contact between the AFM tip (by varying the free
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amplitude of oscillation and the set point value) and the molten sample surface
was found to have no significant influence on the tip induced nucleation probabil-
ity (see Fig. 5.6). The movement of the cantilever is measured by the deflection
of the reflected spot position on the photodiode. This vertical deflection value
is usually displayed in Volts in the used softwere and this is the differance in
voltage between the different section of the photodiode. This value is sufficient
as the conversion from Volts to an actual deflection distance is relatively linear
across the centre of the photodiode. But for some measurements it is important
to know the deflection of the cantilever in units of length. The free amplitude
of oscillation is defined by the amplitude of oscillation at which the cantilever is
freely oscillating near it´s resonance frequency and no force is applied between
the tip and the sample surface. At the biginning of a measurement the resonance
frequency of a cantilever is tuned by setting the free amplitude of oscillation value
and thereby allow the cantilever to oscillate with a frequency very close to the
resonance frequency of the cantilever. During oscillation of the cantilever the
amplitude value in Volt can be converted to nanometer value using calibration
manager of the JPK softwere. Thus the free amplitude of oscillation values were
changed manually before starting of a measurement and the conversion to nm
values were done. Even applying large free amplitude of oscillation (see Fig. 5.6
b, b´ where the heights and phases were recorded with free amplitude of oscilla-
tions (Ao) ≈ 21 nm and 15 nm respectively but, the amplitude of force at which
the cantilever was driven during imaging i.e the drive amplitude in this case was
∼ 7.9 nm and ∼ 5.5 nm respectively) it was still possible to induce nucleation
with almost the same probability as in the case of long contact time between
molten sample surface and the AFM tip with small free amplitude of oscillation
in Fig. 5.6 b´´ where height and phase were recorded with free amplitude of
oscillations (Ao) ≈ 6 nm and with a drive amplitude of 2.2 nm. The decrease
in cantilever oscillation amplitude values from the free amplitude of oscillation
values during imaging was resulted from the close proximity of the cantilever to
the sample surface when the tip intermittently contacts or taps the surface.

It is important to note that elongated regions appeared in Fig. 5.6
b´, b´´ and Fig. 5.6 c, c´, c´´ are parallel to each other. The reason of
such parallel stacks formation will be explained in detail in section 5.4.6 of this
chapter.
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Figure 5.6 – AFM phase images (a+a´+a´´, b+b´+b´´, c+c´+c´´) show-
ing the effect of varying time of contact between the AFM tip and molten
sample surface on nucleation probability at 118 °C during crystallsation from
an undercooled melt of polyethylene nanocrystals. (a, a´, a´´) first scan
for ∼ 10 minutes (rSP = 0.5). Height and phase were recorded with free
amplitude of oscillation (A0) ≈ 9 nm, (b, b´, b´´), each region scanned
seperately ∼ 30 minutes (∼ 10 minutes for each scan) with rSP = 0.74, 0.7,
0.55 respectively. As the free amplitude of oscillation was changed (to vary
the time of contact between polymer melt and tip) during the imaging of
three different regions, the set point amplitude was also changed in order to
maintain proper imaging conditions. Heights and phases were recorded with
free amplitude of oscillations (A0) ≈ 21 nm, 15 nm and 6 nm respectively.
(c, c´, c´´) third scan ∼ 10 minutes (rSP = 0.55). Height and phase were
recorded with free amplitude of oscillation (A0) ≈ 6 nm. Size of the images
is 1.5 x 1.5 µm2.

Both the samples (as shown in Fig. 5.5 and in Fig. 5.6) were ther-
mally treated in a similar way. The thermal history for these two samples are
schematically shown in Fig. 5.7.
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Figure 5.7 – Thermal history followed for the samples to investigate the effect
of tapping force and the time of contact between melt and the tip on the
nucleation probability. The black rectangular boxes represent the time of
imaging for each image shown in a, b and c of Fig. 5.6 and Fig. 5.7.

Typically, in isothermal experiments at imposed shear rate, the time cor-
responding to a sudden rise in the shear viscosity is taken as indicator for the
onset of crystallisation [171]. Such a quantity, usually referred to as “induction
time”, is roughly proportional to the inverse of the nucleation rate. Characteri-
zation of the crystallization kinetics under shear is based on induction time, i.e.,
the time required for the onset of crystallization.

Polymer viscosity has an influence on the shear rate and hence on the
process of shear induced crystallization. Viscosity of the polymer as a measure
of resistance of the polymer to the shear is one of the factors controlling both
the behavior of the polymer melt and the formation of oriented nuclei. The
induction time of crystallization decreases monotonically with the increase of
the strain [183]. It means that with the increase in induction time the extent
of surface deformation or the applied strain decreases. That is the reason that
at a relatively high temperature the extent of surface deformation is less and
nucleation is thus more difficult. Larger induction times are observed at higher
temperatures, that is, closer to the thermodynamic melting point (Tm of the
nanocrystals is 133 °C as determined by DSC).

Detailed simulations of polymer crystallization have provided much use-
ful information on the growth process [184–186], yet simulating primary nucle-
ation has proven difficult, especially at low undercooling, because of the extremely
long nucleation times. That is why at a relatively high temperature (e.g 126 oC),
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where initial scanning revealed only molten polymers (see Fig. 5.8 a) homoge-
neous nucleation was not observed due to low undercooling. However, keeping
the sample for a long time at this temperature while scanning many times leads
to nucleation (see Fig. 5.8 b). This particular sample was not molten at 133 oC
as it was found before that at a temperature close to melting temperature (126
oC in this case) significant amount of molten polymer exists in the system (as
can be seen from Fig. 5.8a). In between Fig. 5.8 a and Fig. 5.8 b six more
scans were performed. Last scan before Fig. 5.8 b was done after 90 minutes of
continuous scanning at 126 oC without appearance of any nuclei. Then the sam-
ple has been kept at 126 oC for ∼ 1 hour without imaging. After one hour when
the sample was scanned again nucleation occured (see Fig. 5.8 b). The sample
was again scanned for another 3 times for ∼ 30 minutes without any significant
changes (figures are not shown).
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Figure 5.8 – AFM phase images (a-b) showing the effect of crystallization induc-
tion time at a temperature very close to the melting temperature (at 126
°C kept for 30 min considering the temperature stabilisation and the first
scanning time, 150 min respectively for a-b). In between Fig. 5.8a and
Fig. 5.8b several scans were performed. At such a high temperature the
crystallization induction time is relatively high. Size of the images is 2 x 1
µm2. (c) Schematic showing thermal history (the temperature-time protocol)
of the sample. The black rectangular boxes represent the time of imaging for
each image shown in a and b.
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A more pronounced sensitivity of the induction time to shear intensity
is found at the higher temperature. In other words, the slower the crystallization
in quiescent conditions, the more pronounced is the relative effect of shear. This
fact can be interpreted in terms of polymer chain orientation. As the temperature
increases, both the orientational effect and the quiescent crystallization kinetics
are decreased. The latter, however, is much more sensitive to temperature [187].
Furthermore, while the intrinsic crystallization rate (i.e., in the absence of shear)
tends to zero as the temperature approaches the thermodynamic melting point,
the shear-induced orientation effect survives at any temperature. Induction time
is inversely proportional to the nucleation rate [187,188].

5.4.5 Shish-kebab structure formation by AFM tip

In our study of shear induced nucleation by AFM cantilever tip, shish-kebab
type of structures were found to form (see Fig. 5.9). Actually, this is the typical
morphology formed by a flow induced crystallization process. The mechanism
of formation of shish-kebab under flow is still under debate but some ideas are
proposed.

There are several proposals for the primary nucleation process under
flow condition in the molten state. But two ideas were accepted mostly. A)
The chains of longer relaxation time within the polymer melt are stretched by
flow and aggregate to form shish nuclei upon which the bulk of materials are
crystallized as kebabs. B) An accumulation process where aggregation occurs as
soon as the number of point nuclei becomes large enough resulting in a row of
small nuclei forming a shish [175]. In Fig. 5.9a one can see when the sample was
cooled down from 125 oC to 122 oC and imaged a well defined shish structure was
formed. Cooling down from 122 oC to 120 oC generates kebab structures after
first imaging at 120 oC which were crystallized on the shish structure (see Fig.
5.9b). With time the kebab structures were growing (see Fig. 5.9c). After the
same region scanned third time (see Fig. 5.9d) the shish sturucture was invisible
and the kebabs were stacking together forming stacks of edge-on crystals.
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Figure 5.9 – (a´)-(d´) represent the phase contrast and (a´´)-(d´´) the corre-
sponding topography images (the color code ranges from 0 – 40 nm) showing
shish-kebab structure formation by the AFM tip from the undercooled melt of
polyethylene nanocrystals during crystallization experiments. When the sam-
ple was cooled down from 125 oC to 122 oC the temperature stabilisation and
first imaging took ∼ 20 minutes. A well defined shish structure was formed.
Cooling down from 122 oC to 120 oC generates kebabs structures which were
crystallized on the shish structure (temperature stabilisation and first time
imaging at 120 oC took ∼ 20 minutes). With time the kebab structures were
growing. Size of each image is 3.5 x 0.5 µm2. (e) Schematic showing thermal
history (the temperature-time protocol) of the sample. The black rectangular
boxes represent the time of imaging for each image shown in a, b, c and d.

5.4.6 Formation of stacks of crystals under shear

Some elongated crystalline regions were found to appear over a long distance
across the double or triple layer region (see Fig. 5.10 a) where nucleation was
induced by the AFM tip and vertical growth of one elongated crystalline region is
stopped by the appearance of another two elongated crystalline regions just above
and below the mentioned region (see Fig. 5.10 a). Nucleation was induced when
the sample was cooled down from 125 oC to 120 oC. The only difference of this
sample from that explained in section 5.4.5 is that formation of shish structure
was not observed in this case. Due to the limitation in AFM phase contrast
resolution at elevated temperatures these regions appeared somewhat diffuse. In
many of our experiments we observed these long crystalline regions (see Fig. 5.5
and Fig. 5.6 also). No clear height variation and no change in phase contrast
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were observed within the stacks across the lines of crystalline regions. But, after
quenching the sample to room temperature, these long crystalline regions were
found to contain aggregated stacks of crystalline lamellae (see Fig. 5.10 b).
The most interesting feature is the alignment of the stacks in one direction. The
stacks of lamellae were only well visible at room temperature for most of the
samples.
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Figure 5.10 – AFM phase contrast images (a) imaged at 120 oC for first time for
∼ 20 minutes considering the temperature stabilisation and imaging time.
(b) at room temperature. Size of each image is 3 x 0.8 µm2. Stacks of
crystals along a long distance are well visible at room temperature. (c)
Schematic showing thermal history of the sample. The black rectangular
boxes represent the time of imaging for each image shown in a and b.

The phenomenon of the stacking of crystalline domains during polymer
crystallization (preserving the chain direction) is not fully explained. For crystal-
lization from the quiescent melt, it was assumed that the stacking was related to
the screw dislocation [41,189,190]. However, we have no evidence hinting at the
presence of such dislocations in the measured images. We note that we observed
the formation of the stacked lamellae of polyethylene at elevated temperatures
(∼ 118 oC-122 oC), but well below the equilibrium melting temperature.

May be in our case the stacking of the lamellae is due to the ordering
influence of shear at the molten surface. Part of the chains emerging from the
growing crystals remain molten, but in an extended rather than folded confor-
mation. If this part of the chain is long enough, it serves as a nucleation site for
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the new adjacent crystal. Such a mechanism can lead to the growth of stacked
crystals, forming large domains in which the chain direction is the same. One has
to consider also the possibility that the thickness of the lamellae in the elongated
crystalline layer is large (less folded polymers) because crystallisation took place
at low supercooling. For the origin of large lamellar thickness, possible thickening
processes should also be taken into account.

5.4.7 Tip-induced nucleation within a molten monolayer of nanocrystals

The tip induced nucleation was found to be similar in nature in an initial mono-
layer region and within a densely packed bi- or tri-layer regions. From the be-
ginning within the monolayer regions the nanocrystals were not densely packed
because of the limited number of nanocrystals per unit area in the monolayer
region.

So, when the temperature was raised (here in this paricular case to 130oC)
few droplet-like domains with varying sizes were formed in the monolayer region
(see Fig. 5.11a+b). When the temperature was reduced slowly, edge-on crys-
talline domains were nucleated by the AFM tip within these droplet-like domains
which were found to be aligned along the scan direction (see Fig. 5.11). The
mechanism responsible for the formation and alignment of edge-on crystals is
similar to the one discussed in section 5.4 of this chapter.
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Figure 5.11 – AFM topography (a´-c´, the color code ranges from 0 – 50 nm
and phase images (a´´-c´´) showing the tip induced crystallsation within
a molten monolayer region from an undercooled melt of nanocrystals.
[a´+a´´) 30 min at 125 °C considering time for temperature stabilisation and
first time imaging at 125 °C, b´+b´´) 20 min at 122 °C considering time
for temperature stabilisation and first time imaging at 122 °C, c´+c´´)
20 min at 118 °C considering time for temperature stabilisation and first
time imaging at 118 °C. Size of each image is 1.6 x 1.3 µm2. Well aligned
edge-on crystals were found within the droplets. (d) Thermal history (the
temperature-time protocol) followed for this particular measurement. The
black rectangular boxes represent the time of imaging for each image shown
in a, b and c.

5.5 Concluding remarks

We have shown that nucleation can be induced by the AFM tip in an under-
cooled melt of polyethylene nanocrystals using tapping-mode under a high shear
rate. The resulted edge-on crystals were aligned and oriented in the direction of
scanning. The applied shear rate was found to be significant and the critical me-
chanical work done on the melt (below which nucleation is not possible) was also
found to be high. We have calculated w from the equation of a literature study
recently done by D´Haese et al. [168]. Although the amount of work performed
to deform the melt in our case is 2-3 order of magnitude lower in our case, AFM
tip was succesfully employed in our studies to induce nucleation. Scanning the
same region several times increased the nucleation probability. For that reason,
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several times scanned regions were found to contain a larger number of lamellae
per unit area as compared to regions scanned once only. Nucleation probability
was found to increase with tapping force. Contact time between sample surface
and the AFM tip was found to have no influence on the nucleation process as for
soft samples (melt in our system) the contact time is rather long and almost sim-
ilar to the oscillation period of the cantilever tip. At relatively high temperatures
nucleation was induced after a long time of scanning over the molten surface,
due to a long nucleation induction time. Shish-kebab like structures were found
to form. Thus we are inclined to think about a mechanism of structure forma-
tion induced by deformation i.e., stretching of long polymer chains within the
polymer melt caused by the AFM cantilever tip and subsequent crystallization
of the smaller chains onto it. Elongated crystalline regions containing stacks of
crystalline aggregates aligned edge-on were observed. Due to strong influence of
the AFM cantilever-tip to induce nucleation, even in the monolayer regions which
only contain some molten droplet-like domains, well aligned edge-on crystals were
observed.



Chapter 6

Overall conclusion

The motivation of the project was to follow the morphological evolution of de-
posited polyethylene nanocrystals within self-organized regular patterns upon
thermal annealing and recrystallisation of the undercooled melt of these nanocrys-
tals. The primary necessity for that was to organize the polyethylene nanocrystals
from an aqueous dispersion into ordered patterns on a solid surface. A well de-
fined organization of the nanocrystals helped us to observe the thermally induced
morphological changes throughout the study. Reorganization of the nanocrystals,
in particular the changes of the lamellar thickness, occuring within the deposited
nanocrystals as a function of temperature and in time were followed. How crystal-
lization was induced within the undercooled melt of these polyethylene nanocrys-
tals was also studied as a function of temperature and time.

We took advantage of the well-defined small size of the initial nanocrys-
tals to follow the process of molecular reorganization and the corresponding mor-
phological changes. A large spectrum of possible correlations between annealing
temperature and crystal thickness have been explored. Due to the kinetic features
of the various pathways taken, a representation of the reciprocal crystal thickness
in a Gibbs-Thompson plot yielded a complex pattern. No crystal will be able
to resist melting if the temperature is increased above the melting line, which
reflects the size-dependent melting temperature. We note that the representation
as a function of inverse thickness implies that the crystal size in the other two
dimensions is large. Thus, for the initial nanocrystals having a nanometer size in
all dimensions, a representation as a function of inverse volume might be more ap-
propriate. Below the melting line, the actual thickness of the crystal depends on
the pathway taken, allowing to obtain for a given annealing temperature crystals
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of different lamellar thickness.

We compared our data with literature results on bulk samples [132] and
a recent result obtained by annealing the same type of polyethylene nanocrystals
in an aqueous dispersion [103]. The comparison demonstrated that our results
are in good agreement with previous conclusion. As shown in [103] for a “closed
system”, crystals having a well defined lamellar thickness can be stabilized (equi-
librated) at temperatures well below the melting line for large lamellar crystals
of a certain lamellar thickness as studied e.g. in [132] Furthermore, by using
assemblies of small nanocrystals on a bare substrate (“open system”), we were
able to show that polymer crystals are thermodynamically not stable, even below
the melting line. While such crystals will always try to reach energetically more
favorable states which contain less folded chains, i.e. increased lamellar thick-
ness, they may also loose molecules to the surrounding bare substrate when the
sample is been kept at a relatively high temperature for several hours. This leads
to decrease in volume of the crystalline materials and eventually melting of the
crystals due to their small size. Consequently, a manifold of crystalline states,
differing e.g. in lamellar thickness and volume, are possible for a given annealing
temperature. In an “open system” these states are only metastable. Thus, mor-
phological changes will occur in the course of time. The molecular architecture
of polyethylene allows for comparatively fast reorganization processes and a rela-
tively facile thickening of lamellar crystals which can be easily detected even after
rather short time and modest annealing temperatures. We anticipate that also
other semicrystalline polymers will follow the same pathways during annealing.
However, steric constraints or specific intra- or intermolecular interaction may
drastically reduce the rate of these kinetic processes. Thus, on typical experi-
mental timescales no changes in thickness or morphology may be detectable.

We have shown that nucleation can be induced by an AFM cantilever-
tip in an undercooled melt of polyethylene using tapping-mode. The resulting
edge-on crystals were aligned and oriented with respect to the direction of scan.
The applied shear rate was found to be high and the critical mechanical work
done on the melt (below which nucleation is not possible) was also found to be
somewhat lower compared to literature values like in the study by D´Haese et
al. [168]. Scanning the same region several times increased the nucleation proba-
bility. For that reason, regions which were scanned several times contained larger
number of lamellae per unit area as compared to regions scanned once. Nucle-
ation probability was found to increase with tapping force. Contact time between
sample surface and the AFM tip was found to have no detectable influence on the
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nucleation process. At relatively high temperatures nucleation was induced only
after a long time scanning over the molten surface due to very high nucleation
induction time. Shish-kebab like structures were found to form which suggests a
mechanism of structure formation like, stretching of polymer chains within the
polymer melt by the AFM cantilever tip under high shear rate and subsequent
attachment and crystallization of the other chains. Elongated crystalline regions
containing stacks of crystalline aggregates aligned edge-on were observed. Well
aligned edge-on crystals were observed even in the monolayer regions which only
contained some molten droplet-like domains.

Finding reorganization of polymers within crystalline regions at much
lower temperatures than expected contributes to understand the non-equilibrium
processes of those nanometer-sized polymer crystals.
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Chapter 7

Appendix: Some information for tip-induced
crystallisation study

7.1 Alignment of crystals without shear

A complementary approach was made to examine the tip-induced nucleation ef-
fect. A sample containing stripes patterns of polyethylene nanocrystals prepared
by eveporative dewetting as described in chapter 3 have been used for this study.
One of these samples was kept at 133 °C for 30 minutes in a linkam hot stage
and then stepwise cooled down from 133 °C to room temperature at a slow cool-
ing rate of 1oC/min in between temperatures where no AFM measurements were
performed. The time at each temperature was ∼ 30 minutes. It is important to
note that at these high temperatures the sample was only kept within a linkam
hot stage not measured by AFM or any other tools. This sample was then mea-
sured under AFM using tapping-mode at room temperature for the first time
after the above mentioned treatment of the sample. It is very clear that, in this
experiment an AFM tip has no influence inducing nucleation and ordering as the
sample contains only crystalline materials. Still, well-aligned crystalline domains
were found in every multilayer stripe throughout the whole sample, where the
crystalline domains were oriented parallel to the stripe edge (see Fig. 7.1 a)
and b)
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0 nm

25nm

a

b

c

Figure 7.1 – (a-b) phase images measured at room temperature (the sample was
cooled down stepwise with a cooling rate of 1oC/min) Size of each images are
4 x 1.5 µm2 and 3.5 x 1.5 µm2 respectively. (c) AFM topography image (size
of the image is 15 x 15 µm2, the color code ranges from 0 – 25 nm )where
the sample was cooled down directly from 133 °C to room temperature with
a cooling rate of 50 oC/min. In the first case due to slower cooling rate the
edge-on crystals found sufficient time to orient but in the later case although
an upward direction of the aggregated crystal was observed, due to faster
cooling rate resulted crystals found less time to orient.

Experiments on fast cooled samples (cooled from a higher temperature to
room temperature with a cooling rate of 50 oC/min), still oriented edge-on lamel-
lae parallel to the oriented stripe edge were observed (see Fig. 7.1 c). Obviously,
the boundary of the stripe has an orientational effect within the polyethylene
melt. However, tip-induced lamellae are oriented perpendicular to the scan direc-
tion. At temperatures close to melting temperature of the crystals the crystalline
domains are aligned by the AFM tip along the scan direction.

7.2 Number of nuclei per unit area is larger in the many times
scanned regions

The two regions (above and below to the white rectangular box in Fig. 7.2a)
scanned once after keeping the sample at 100 °C for 20 minutes) showing a sim-
ilar kind of orientation of the lamellae as the region scanned several times (i.e.,
perpendicular to the scan direction). However within white box the tip induced
nucleation rate is higher as the number of crystalline domains (per unit area or
unit distance perpendicular to the orientation of the crystals) is higher in this
region which was scanned many times.
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0 nm

55 nm

0 nm

50nm

a
b

Figure 7.2 – AFM topography (a+b, the color code ranges from 0 – 50 nm and
from 0 – 55 nm respectively for a and b) showing that during crystallsation
experiments from an undercooled melt of polyethylene nanocrystals the num-
ber of nuclei per unit area is higher within an area which is scanned by the
AFM tip many times as compared to regions scanned once. [a)+b) 20 min
at 100 °C], (b) is zoomed in image from the red square box in the image (a).
Size of the images are 8 x 10 µm2 and 3 x 3 µm2 respectively.
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