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Chapter 1 

Introduction 

Polymers are modern materials characteristic for our time. There is no part of nowa

days life that polymers have not affected. Increasingly they get into applications, 

which have been reserved for the traditional materials as metals, ceramics and wood, 

so far. The reason for that is not least attributed to their favourable properties. 

Polymers have the advantage of a low density, resulting in a high specific strength 

and stiffness. Moreover, the ease of processing and low costs offers ideal features for 

efficient mass production. During the last decade, however, a new trend in polymer 

products is to be observed, towards high-tech functional polymers offering special 

features, used e.g. for dental fillings, liquid crystals displays (LCD's), information 

storage (CD's and DVD's) and light emitting sources in polymer LED's and polymer 

lasers. The term polymer originates from the Greek language and is composed of 

the words poly = many and meros = part, describing materials consisting of many 

chemically linked building blocks (the monomers) resulting in a large molecule. 

Usually, these macromolecules are built up by attaching the monomer units one 

after another giving a chain-like appearance. However, a polymeric material con

sists of many of those macromolecular chains, its properties are determined by a 

variety of factors, ranging from the chemical structure of the individual molecule 

(the constitution) to the spatial arrangement of all molecules (the conformation). 

Additionally, polymers having a symmetric constitution usually have the ability 

to form crystals by a regular, symmetric arrangement of chain segments. These 

crystals yield a substantial contribution, mainly on the mechanical properties of 

the material. The macroscopic form and structure of a crystal is described by the 

morphology. For polymer crystals, the morphology evolution strongly depends on 
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the conditions during the crystallization process. Following in the next section, the 

fundamental morphologies of polymer crystals are presented. 

It is widely established that the properties of polymeric materials strongly de

pend on their crystalline structure and the orientation of the macromolecules. It is 

one of the main advantages of these materials that the orientation of the macro

molecules can be manipulated during processing. Under specific processing con

ditions, the same polymer can result in a soft and flexible, or a strong and stiff 

product. 

However, in the vast majority of commercial polymer products the limits of the 

achievable mechanical properties such as stiffness and strength are by far not ex

hausted. As the polymer consists of long chain covalently bonded molecules, it is 

obvious that a parallel alignment of the chains will result in outstanding high stiff

ness and strength in the molecular direction since the load would then be opposed 

by the covalent bonds. 1 The ideal morphology for that consists of fully extended 

and uniaxially aligned molecules. But for conventional applications, the formation 

of such a structure is far from realistic processing conditions. A compromise between 

good mechanical properties of completely aligned molecules and effective process

ing conditions is found in a manufacturing route which generates fibrillar crystals 

in the polymer. In the resulting products, the fibrillar crystals act as reinforcement 

component in a polymer matrix, achieving outstanding mechanical properties. 

1.1 Morphology of semi-crystalline Polymers 

1.1.1 Lamellar crystals 

In 1925 M. Katz reported the observation of crystallinity in appropriate crystal

lizable polymers.2 Using X-ray diffraction he obtained a typical fibre pattern for 

strained natural rubber. The crystal structure could then be determined by tra

ditional crystallographic procedures. However, the morphology and the molecular 

arrangement of the crystals could not be determined at that time. 

It took about three decades to develop methods accessible for microscopic ex

aminations of polymer crystals in order to identify their morphology and molecular 

arrangement. 3- 5 Small angle X-ray scattering (SAXS) and transmission electron mi

croscopy (TEM) indicated a lamellar morphology; the polymer crystals were found 

to have a thin, platelettlike shape. Additionally, the concept of polymer crystals per-
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formed a drastic push resulted from careful works of Keller6 and Fischer.7 Based 

on his studies of solution grown polyethylene single crystals he concluded that the 

polymer molecules in the crystals were folded back upon themselves. Until now, 

the concept of polymer crystals with a fold surface is supported by a multitude of 

observations (see e.g. 8-14) and largely accepted in the scientific polymer society. 

Fig. 1.1 TEM bright field micrograph of aPE single crystal, grown from solution 
(aJ. The molecules traverse the thin dimension of the crystal folding back on itself 
at each surface, as depicted in (b J. 

Due to their chain-folded structure polymer crystals are found to have a platelet

tlike or lamellar shape in general, with the chains traversing the thin dimension of 

the crystal many times folding back on itself at each surface. Fig. lola shows a TEM 

bright field micrograph of a polyethylene (PE) single crystal grown from solution. 

The molecules traverse the crystal perpendicular to the image plane, the visible 

surface represents the (001) crystal surface. 

In most cases of polymer crystallization the lamellae are not in isolation and, 

in addition, may not be well formed. This gives rise to further, larger scale as

semblies, such as sheaves and ultimately spherulites, the light-optically identifiable 

structure elements of a usual crystalline polymer. For crystallization from the qui

escent melt, the lamellar morphology is the preferred one, building a spherulitic 

structure due to a radial growth process starting at a nucleus in the centre. An ex

ample for a spherulitic structure is shown in Fig. lo2a. It shows a TEM micrograph 

(phase contrast) of a spherulitic morphology obtained in isotactic polystyrene (iPS), 

isothermally crystallized from the quiescent melt at 180°C for 20 min. In this kind 

of imaging the crystalline areas appear darker than the surrounding amorphous 

phase. The individual lamellae are imaged 'edge on', i.e. that the molecules traverse 
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the crystal parallel to the image plane; the lateral crystal surface faces the observer 

(Fig. 1.2b). 

Fig. 1.2 TEM bright field micrograph (phase contrast) of a spherulitic structure 
in iPS (a). The spherulite is composed of individual lamellar crystals, which are 
oriented with their lateral surface parallel to the image plane (b). The lamellae are 
aligned 'edge on '. 

stacked lamellae 

Fig. 1.3 TEM bright field micrograph (phase contrast) of a HDPE melt spun thin 
film (a). The individual lamellae are oriented with respect to their molecular c
direction (indicated by the arrow) and separated by an amorphous interspacing (b). 

However, depending on the crystallization conditions the final structure can 

be influenced. This concerns the crystallization temperature, which influences the 

shape and dimensions of the individual lamellae, as well as the initial state of the 

melt. Since the polymer molecules have a chain like character, their average orien

tation can be influenced by external manipulation, e.g. flow fields and shear forces. 

This affects the resulting crystalline structure. At sufficient high orientation of the 
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melt during the crystallization all the lamellae will align with their crystalline c-axis 

parallel to the initial orientation direction. An example of such a structure is given 

in Fig. 1.3a. It shows a TEM bright field micrograph (phase contrast) of a melt spun 

high density polyethylen (HDPE) film. The dark areas represent the lamellar crys

tals, imaged 'edge on'. The corresponding electron diffraction (see the insert in Fig. 

1.3a) indicates the parallel alignment of the crystalline c-directions. This structure 

consists of individual lamellae, stacked with amorphous inter spacings and oriented 

in molecular c-direction, a so-called stacked lamellar morphology (Fig. 1.3b). 

1.1.2 Micellar crystals 

Historically, on the basis of the assumed organizational capabilities of random coils, 

chain molecules were first believed to crystallize by statistical parallelisation of chain 

portions to form small interconnected micells (the fringed micelle model, illustrated 

in Fig. 1.4a) without any identifiable faceting or any other identifiable morphology 

(see for a comprehensive review e.g. Vaughan and Bassett15 ). 

Fig. 1.4 fllustration of the fringed micelle model (a). The characteristic features 
of a micellar crystal are: its small dimensions (x and L) and the absence of a fold 
surface; the molecules emanate from the crystal without folding back, forming a 
fringed surface (b). 

Apart from some reservations, which were related to discrepancies in reconciling 

the fringed micelle model with the properties of spherulites (see e.g. Khoury16), 

this model was dominant until it was relieved by the lamellar concept with the 

fold surface in 1957 attributed to the work of Keller.6 But this does not mean that 

micellar crystals do not exist. Indeed, they are one of the morphologies of crystalline 

polymersP-19 A micellar polymer crystal has two characteristics: small dimensions, 
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at most some nanometers parallel (£) and perpendicular (x) to the chain direction, 

and molecules emanating from the longitudinal surface without folding back, called 

a fringed surface (Fig. l.4b). The exact shape of the micells, cylindric or cubic 

as sketched in Fig. l.4b, is insecure and probably depends on the corresponding 

polymer. Attributed to the small dimensions microscopic examinations on their 

morphology are difficult; imaging of micells mostly fails. However, since micells are 

of crystalline origin, scattering methods such as wide angle x-ray scattering (WAXS) 

and electron diffraction (ED) can help for identification. 

In order to avoid confusion, it is worth mentioning that throughout this thesis 

the term 'micell' will be used to describe a small crystal having a fringed surface. 

In context with block-co-polymers the term micell has a different meaning; solution 

of a block-eo-polymer in a selective solvent (e.g. block A soluble, block B insoluble) 

results in the formation of 'micells'.2o This is not the way the term 'micell' will be 

used in this thesis. 

1.1.3 Fibrillar crystals 

The fibrous crystal shape is a further characteristic morphology of crystalline poly

mers. It arises when the polymer melt or solution has a sufficiently high orientation 

during the crystallization process. The resulting crystals show a needle like shape, 

they have a much larger dimension in the chain direction as compared to the lamel

lar crystals but very small dimensions perpendicular to the chain direction. Fig. 1.5b 

sketches the molecular arrangement; the chains are extended in longitudinal direc

tion, traversing the crystal without folding back at the longitudinal surface. Thus, 

the terms extended chain crystal and needle crystal can be found in literature, too. 

Due to the molecules emanating from the longitudinal surface, this surface exhibits 

a fringed character comparable to that of micellar crystals. Fig. 1.5a shows a TEM 

dark field micrograph of fibrillar crystals found in polytetraflourethylene (PTFE) 

imaged with the 9 = (100) reflection. They are prepared by the friction transfer 

method21, 22 (see section 5.2.2) at 270°C. The bright areas in the micrograph repre

sent the crystalline areas, which meet the dark field imaging condition (see section 

3.1). Representing the needle like shape, the presented crystals have a diameter of 

at most 30 nm whereas their length exceeds 1 j.tm. 
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Fibrillar crystal 

molecular c-direction .. 

Fig. 1.5 TEM dark field micrograph (g = (100)) of fibrillar crystals in PTFE, 
prepared by the friction transfer method (a). The molecular orientation of the chains, 
determined by the corresponding electron diffraction pattern (insert), is indicated by 
the arrow. The chains traverse the crystal in longitudinal direction forming a fringed 
longitudinal surface (b). Characteristic for a fibrillar crystal is its shape, with a large 
dimension parallel and a small dimension perpendicular to the chain direction. 

Fig. 1.6 TEM bright field micrograph (phase contrast) of a shish kebab morphol
ogy in a cast film of iPS (a). The sample was crystallized at 18(f' C for 10 min. 
The lamellae and the central fibrillar crystal match in their crystalline c direction, 
indicated by the arrow. The molecular arrangement is sketched in (b) and in a more 
elaborate version in (c), in order to illustrate the three dimensional nature of shish 
kebabs (after Pennings 25). 

The first observations of fibrillar crystals, however, are not based on investiga

tions of the isolated morphology but on superstructures composed of fibrillar and 

lamellar crystals.23
, 24 Crystallization from stirred polyethylene (PE) solution re

sulted in a crystalline assembly consisting of two components: a central fibrous core 

crystal and lamellae as if strung along the core. Fig. 1.6a shows a TEM bright field 

micrograph (phase contrast) of such a morphology. An iPS cast film, prepared on 
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hot phosphoric acid (see section 8.2.2), was allowed to crystallize at 180°C for 10 

min. Lamellae are attached perpendicular to the central fibrillar crystal. The molec

ular c direction of both components is identical, as depicted in Fig. 1.6b and in the 

more elaborate version of Pennings in Fig. 1.6C.25 

This composed structure features under various names throughout the early 

literature on the subject. Lindenmeyer26 and Keller27 first coined the term 'shish

kebab' for this unusual structure. The central fibrous crystal is called 'shish', the 

lamellar component is called 'kebab'. In the following this nomenclature will be used; 

a 'shish crystal' is synonymous with a fibrillar crystal, the 'kebabs' are synonymous 

with lamellae attached to a fibrillar crystal. 

1.2 Structure and mechanical properties 

Polymers can be divided into two classes. The amorphous polymers consist of ran

domly oriented macromolecules. Below a certain temperature, the glass transition 

temperature Tg , amorphous polymers behave like a glass, i.e. they are hard and 

brittle. Above Tg , however, they become soft and flexible. The class of amorphous 

polymers comprises for example the thermosets, the elastomers and the amorphous 

thermoplastics. 

The other class contains the semi-crystalline polymers, consisting of an amor

phous and a crystalline phase. The amount of crystalline material can vary over a 

wide range. Examples for semi-crystalline polymers are polyethylene, isotactic and 

syndiotactic polypropylene, isotactic polystyrene, etc. 

Compared to the amorphous phase (above Tg), the crystalline phase has an out

standing high stiffness. This is attributed to the covalent C-C bonds along the molec

ular chain and the high intramolecular forces within the crystal. Thus, in molecular 

c-direction polymer crystals show a high strength. However, crystalline polymers 

are essentially composite materials with alternating crystalline and amorphous re

gions. Although the crystalline phase can become highly aligned as demonstrated 

for a stacked lamellar morphology in Fig. 1.3, the mechanical properties are mainly 

determined by the amorphous parts. Anyway, in order to use the favourable mechan

ical properties of the crystalline phase, the crystal morphology has to be changed 

from lamellar to fibrillar. Accordingly, this will result in outstanding high stiffness 

and strength in the molecular direction since the load would then be opposed by 
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the covalent bonds. 

However, the final morphology of a polymer product is, together with the molecu

lar composition, the factor determining the mechanical properties. For semi-crystal

line polymers, the different crystalline structures present (lamellae of shish crystals) 

have a different influence on the mechanical properties. The mechanical properties 

of semi-crystalline polymers improve with increasing the amount of long polymer 

chains that function as 'tie-molecules' between the crystals. Also, a preferred molec

ular orientation in a product enhances the properties in the orientation direction, 

while perpendicular the properties reduce. An extreme process is the fibre spinning 

of linear polyethylene (PE), where all molecules are aligned along the thread. To

gether with a completely oriented fibrillar morphology these fibres (e.g. the Dyneema 

fibre) yield excellent mechanical properties.28- 3o 

1.3 Scope and survey of this thesis 

The main objective of this thesis is to explore the process of shish crystal formation 

and the influence of the crystallization conditions on the resulting morphology. 

These aspects are of importance, not only for a better understanding of polymer 

crystallization in general, but also in the context of, for example, reinforcement of 

polymer products. Usually, fibre reinforcement is achieved by a carbon or glass fibre 

component. The use of such heterogeneous polymer compounds can be replaced by 

the specific generation of crystalline fibres within the polymer, accompanied by the 

advantage of easy recyclabitiy. 

Accordingly, in order to use the outstanding mechanical properties of fibrillar 

polymer crystals for commercial products, finally, a detailed understanding of the 

crystallization process, including the formation conditions and the resulting crystal 

morphology, is imperative. 

Chapter 2 comprises polymer crystallization theories, starting with the cor

responding thermodynamics. A short introduction to the concept of folded chain 

crystallization is given, followed by a description of the physical effects arising from 

chain orientation in the melt. To describe the formation process of fibrillar crystals, 

several models have been proposed. The four most promising models are presented, 

finally. 

The use of transmission electron microscopy (TEM) is central to the investiga-
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tions of fibrillar polymer crystals presented in this thesis. The principles and oper

ation modes, as well as a short overview of the further used examination methods, 

are presented in Chapter 3. 

The attainment of morphological and structural information about fibrillar crys

tals is an important aspect of the studies presented in this thesis. These investiga

tions are performed on fibrillar crystals in isotactic polystyrene (iPS), which serves 

as a model polymer for examination purposes throughout this thesis. The struc

tural and morphological analysis of fibrillar crystals by means of TEM observations 

is presented in Chapter 4. This chapter also includes examinations on the crystal 

surrounding and presents direct evidence for the hairdressing structure. 

Chapter 5 comprises a discussion on the crystallization process of shish crystals. 

Using different preparation techniques and crystallization conditions, the process 

of morphology evolution can be studied. It is demonstrated, that micellar nuclei 

are able to grow without external orientation, resulting in a fibrillar morphology. 

Also the macroscopic conditions, the crystallization temperature and the necessary 

amount of orientation, resulting in the formation of shish crystals is discussed in 

this chapter. 

Chapter 6 comprises studies on the thermal properties of fibrillar crystals. 

The possibility to observe the melting by means of differential scanning calorime

try (DSC) and light optical microscopy (LM) examinations is illustrated and the 

observed effect of superheating is discussed. 

The observations presented in Chapters 4, 5 and 6 contradict to the existing 

models, describing fibrillar crystallization. Hence, on the basis of the experimental 

results and some basic considerations, a new model for fibrillar crystallization is 

developed and presented in Chapter 7. Originating from the fringed longitudinal 

surface a fibrillar crystal will generate a preoriented, amorphous area in front of the 

tip. This preorientation controls the longitudinal growth process of the crystal. 

Finally, Chapter 8 serves to give experimental evidence for the presented model 

by corroborating some of the predictions concluded from the model. One basic 

aspect is the demonstration, that fibrillar crystal growth can propagate into the 

relaxed melt, no external molecular orientation is necessary. 
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Chapter 2 

Polymer Crystallization 

2.1 Introduction 

The main characteristic of the crystalline state is the translational symmetry, which 

defines the crystal lattice and indicates that a crystal is a regular repetition of 

identical building blocks. However, these blocks can be of very different origin. While 

monoatomar and low molecular materials are well known to form crystal structures, 

high molecular materials such as polymers and proteins do the same. In general, 

the basis of the lattice and the building unit are identical. This is correct for the 

monoatomar, the low molecular and as well for the protein crystals, but for polymer 

crystals this does not apply as it is sketched in Fig. 2.1. For polymer crystals the 

basis of the crystal lattice comprises only a small par of the macromolecular chain, 

usually only one monomer unit. 

Because of this peculiarity most semi-crystalline polymers have the remarkable 

property to crystallize in different crystal structures (e.g. polybutene-1 in a hexago

nal and a tetragonal crystal structure) as well as in different morphologies. For the 

crystallization from the quiescent melt the polymer crystals usually exhibit a lamel

lar shape. Correspondingly, the fundamental theories describing the chain folded 

crystallization of flexible polymers are treated in section 2.2. 

However, when the melt is not in equilibrium, e.g. due to a flow field, a shear 

flow or any other external force with an orientational effect on the macromolecular 

chains, the crystallization process itself and the resulting morphology will be influ

enced drastically. Accordingly, section 2.3 gives a short overview of the physics of 

oriented polymer melts followed by a selection of theories describing the fibrillar 
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crystallization in section 2.4. 

b 

c d 

Fig. 2.1 Schematic presentation of the structure of different crystalline materials: 
the hexagonal closed package of metal atoms (a), the crystal lattice of ice (b), a 
protein crystal, where one large protein is the crystal building unit (c) and the 
orthorhombic crystal of PE (d). 

2.2 Theory of chain-folded crystallization 

The description and analysis of polymer crystallization is generally based on con

cepts developed in the much older sciences of thermodynamics and crystal growth 

of low molecular mass materials. Their application to polymer crystallization has 

often been fruitful but sometimes at the cost of drastic assumptions and simplifica

tions. Because one single monomer unit of a long chain molecule is fixed between 

its next two neighbours, it is subjected to a one dimensional constraint, whereas 

monoatomar materials are of O-dimensional character. This affects for example re

markable differences in their growth rates. Typically, values for metals range be

tween 100 and 1.107 /-Lm/s,l whereas crystallization in polymers is much slower, 

with characteristic growth rates between 0.3 and 0.3.10-3 /-Lm / s. 2, 3 

For semi-crystalline polymers, as well as for monoatomar materials, the growth 

rate 9 depends on the crystallization temperature Te. However, the ordered at

tachment of segments to an existing crystalline surface is a two step process. First 

a segment of the macromolecular chain has to approach to the surface, assume 
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the right orientation and configuration before in a second step it can be attached 

to the crystal. This procedure requires a permanent molecular transport from the 

melt to the growth front and vice versa, which is maintained by thermal diffusion. 

Nevertheless, when a segment successfully has attached, it will only be stable when 

exceeding a critical size, otherwise it will detach (synonymous with melting). This 

critical nucleus size increases with temperature and so the nucleation rate decreases 

(Fig. 2.2). The total growth rate is composed of these two factors, leading to a 

maximum between the glass transition temperature Tg and the equilibrium melting 

temperature T!. 

L---4---~~--------------~=-~--.T 
TO 

m 

Fig. 2.2 The growth rate for polymer crystallization is governed by two processes, 
the diffusion which increases with temperature and the nucleation rate, which de
pends on the undercooling. The resultant shows a maximum in crystallization rate 
between Tg and T!. 

2.2.1 Basic thermodynamics of chain-folded crystals 

From the thermodynamic point of view crystallization is a first order phase transfor

mation from the liquid to the solid phase, the same is valid for the reverse process, 

the melting. This means, that crystallization is accompanied by an erratic change 

in entropy S. In a simple way of consideration, entropy is a measure for the de

gree of disorder in a system. Accordingly, a liquid-crystal phase transition provokes 

a decrease in entropy. Any phase transformation, e.g. liquid-solid, has an equilib

rium temperature T!, at which both, the solid and the liquid phase, coexist . It 

is functional to describe the conditions of phase equilibrium with the Gibbs free 

energy G as a thermodynamic potential in the variables p and T. According to the 

Maxwell relations, one can obtain a relationship between the Gibbs free energy and 

the corresponding entropy: 
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(2.1) 

In Fig. 2.3 the Gibbs free energy of both the liquid GLand the solid Ge phase 

is sketched as a function of temperature, showing the stable state is that of minimal 

energy, the ascent of G giving the entropy according to Eq. 2.1. The temperature 

of intersection T~ indicates the coexistance of the crystalline phase and the melt: 

(2.2) 

HL - T! . SL He - T! . Se (2.3) 

6.G = GL(Tm) - Ge(Tm) 6.H6.T (2.4) T! 
with H the specific heat and 6.H the heat of fusion. Above respective below 

this temperature the phase with the lower Gibbs free energy is the stable one. 

Nevertheless, the formation of a nucleus of the stable phase is necessary for the 

appearance of a phase transition. Therefore, one can observe the phenomenon of 

under cooling at the crystallization process, e.g. undercooled water. Contradictory, 

for the process of melting it is supposed that the liquid nucleus is formed unavoidably 

at the surface of the crystal , and hence the superheating of low molecular crystals, 

e.g. ice, can not be observed. (However, in polymeric materials the phenomenon of 

superheating is quite possible, although based on a different process.) 

G ...::;--....... 
........ ......... p=const 

AG ....... .... 

cryst.-...... --~ ", : ........ r .... ', 
Ed " .... , 
.... " " '. , 

I 

:+- AT ----.: 
, , , 

melt 
~------~--------~.-~==~----~T 

Fig. 2.3 Gibbs free energy of the liquid and the solid state. 

Hence, for the process of crystallization a certain undercooling below the equi

librium melting temperature T;; is necessary, resulting in a driving force 6.G for 

the transition (see Fig. 2.3). Equivalently, the melt becomes metastable when cool

ing below T;;. Starting from a nucleus, the crystal grows into the melt forming a 

liquid-solid interface at the growth front. Apart from the crystal surface, other de-
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fects such as chain ends, dislocations etc. can be installed into the crystal lattice, 

yielding a finite and imperfect crystal. The total stored defect energy for various 

types of nonequilibrium defects grown into the crystal gives an additional general 

contribution Ed to the Gibbs free energy of the crystal (Fig. 2.3). 

x 

Fig. 2.4 Sketch of a lamellar crystal, indicating the surface free energies of the 
lateral and the fold surface, (J' and (J' e respectively. 

The effect of increasing the Gibbs free energy due to crystal defects is a shift of 

the melting temperature T m towards lower temperatures according to the condition 

for a phase transition 

!lG' = !lG - Ed = 0 (2.5) 

With Eq. 2.4 this yields a generalized expression for the melting point depression 

depending on the specific defect energy content of the crystal lattice 

T m = T! (1 - :~) (2.6) 

Consequently, increasing the crystals total defect energy will result in a decrease 

of the melting temperature. Assuming a perfect crystal of finite size, the surface free 

energy and the crystals geometry determine the thermal behaviour. Considering the 

simplest case of a lamellar crystal with a geometry as sketched in Fig. 2.4, grown 

from a homogeneous melt, the free energy shift due to surface formation amounts 

to 

1 ( 2 ) 2(J' e 
Ed = x 2 l 4xl(J' + 2x (J'e ~ -l- (2.7) 

where (J' and (J'e are the surface free energies per unit area for the lateral and the 

fold surface, respectively. For a large fold surface area x 2 and due to a higher surface 

free energy of the fold surface (J'e ~ 3· (J',4 the lateral surface energy contribution 

to Eq. 2.7 can be neglected yielding for the melting point depression of a lamellar 
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crystal 

(2.8) 

which is known as the Hoffman-Weeks equation,5 a particular form of the Gibbs

Thomson equation, showing that the observed melting point for a thin platelett is 

depressed below that of an infinite crystal. Thus by plotting T m versus I-I one finds 

a linear behaviour with a slope of -2ueT!/ t1H and the intercept T!. Therefore 

the melting point of a lamellar crystal increases with its thickness. 

,-.-.-.-.-
I 

.- .-

driving i2rcj: ---.-'-

lamellar thickness 

Fig. 2.5 The crystallization rate is composed of two opposing factors, depending 
on the lamellar thickness 

From Fig. 2.3 one can notice, that the liquid-solid phase transition is accompa

nied by a gain of Gibbs free energy t1G which has to compensate the energy needed 

for building up the crystal surface and for other lattice defects. However, this is con

fined to a thermodynamic equilibrium description of the lamellar melting, but it is 

widely accepted that polymer crystallization is based on kinetic processes operative 

on the lateral growth face. Here, a range of lamellar thicknesses may be possible, 

each having a growth rate which depends on thickness. Only the thickness which 

maximizes the growth rate will prevail against the others. However, when looking 

at the growth rate itself, it is composed of two opposing factors, as depicted in 

Fig. 2.5. The thermodynamic driving force, which is related to t1G and to the ratio 

of volume over surface, increases with the thickness [ of the crystal, whereas some 

'barrier' term in the growth rate decreases exponentially with thickness. Hence the 

maximum growth rate is to be found at a thickness not much above the minimum 

stable one [min, which is defined by the Hoffman-Weeks equation 2.8 for a given 

supercooling. This means in terms of thermal stability, that a lamellar crystal with 
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thickness lmin will melt at a temperature T m, whereas crystallization at the same 

temperature yields thicker lamellar crystals with l = lmin + 8l. The 'barrier' term, 

which is responsible for the difference 8l, may be of different origin. In the follow

ing, two crystallization theories describing the 'barrier' term will be presented. The 

polymer surface nucleation theories6- 9 take into account that the attachment of a 

molecule to the crystal growth front is accompanied by an increase of surface free 

energy. Consequently, the surface free energy and hence the barrier increases with 

thickness, resulting in a decreasing growth rate. In the entropic barrier theories 10-
12 

another contribution, in addition to any surface free energy terms, comes into play, 

lowering the growth rate. When attaching a long-chain molecule to a crystal, it will 

explore many partially attached configurations, only a few of which are viable for 

further growth. As the number of unfavourable configurations increases exponen

tially with the crystal thickness, a barrier with the same functional dependency as 

that of surface nucleation is found. 

2.2.2 Polymer surface nucleation theory 

The previous consideration is based on thermodynamics exclusively, leading to the 

contradiction, that isothermal crystallization yields a crystal of thickness l, which 

will melt exactly at the crystallization temperature. But, since the crystallization 

process of long chain molecules has to organize the molecules into a well ordered 

lattice with parallel chains and a basal fold surface, the kinetic aspect of crystal

lization has to be involved. Equivalently, the crystallization of polymer molecules is 

determined by additional kinetic factors, whereas the melting process may be char

acterized by thermodynamics, exclusively. However, the minimum stable lamellar 

thickness lmin can be calculated by Eq. 2.8 depending on the undercooling. Ac

cordingly, it is one scope of surface nucleation theories to determine the lamellar 

thickness, which will arise at isothermal crystallization. 

The classical concept of surface nucleation, as proposed by Lauritzen and Hoff

man,13 is based on the formation of a 2 dimensional patch on a crystal surface, 

leading to a maximum free energy state. Since in chain folded crystals the fold 

length is constant and the growth is mainly lateral, an adapted surface nucleation 

model6 as sketched in Fig. 2.6 is proposed. In the first step a molecule aligns across 

the growth face of the crystal, called a stem. This critical nucleus increases the 

surface free energy. Subsequently, further stems will align adjacent to the first one, 
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reducing the free energy which will result in a stable state, finally. 

Fig. 2.6 Sketch of the polymer surface nucleation model (a) and the entropic bar
rier model (b) 

The rate determining process is the attachment of the first stem. For any thick

ness the flux S(l) of this process can be calculated by considering the rates for 

stem attachment and detachment. The ratio of the latter is given by a Boltzmann 

distribution, the average nucleation rate i follows by integration of the flux over all 

lamellar thicknesses greater than lmin' 

~ kTc kTc 
i = ioPe - aGkTC with P = -- - .,-:-----"::-:-= 

2bO' 2bO' + ab6.G 
(2.9) 

Here 6.G is the bulk free energy, k is the Boltzmann constant, a and b are the 

basal dimensions occupied by a single stem and a and ae are the surface energies, 

respectively. Hence, if Eq. 2.4 for 6.G is inserted, the theory indeed reproduces the 

observed growth rate dependence on temperature. 

The average thickness l; is given by the first moment of the flux distribution. 

* _ _ ft:in lS(l)dl 
19 - lmin + Jl - ft:in S(l)dl (2.10) 

yielding for the thickness deviation the expression 

Jl = kT 6.G + 4a/a (2.11) 
2ba 6.G + 2a/a 

Usually, the excess length Jl is only a small term representing the gain of stability 

compared to the marginal stability at lmin' 

2.2.3 Entropic barrier model 

Some discrepancies in the surface nucleation theory lead to the development of the 

entropic barrier theories. Here, the multitude of possibilities to attach the molecule 

to the growth front will not be neglected, leading naturally to an entropic barrier 
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for the formation of thick lamellae and consequently to a well defined and limited 

thickness (Fig. 2.6b). 

Entropic barrier models envisage the chain to be made up of segments comprising 

a certain number of monomers which act as growth units. Their addition to and 

removal from the growing crystal is limited to solid-on-solid sites, i.e. without leaving 

gaps in chain direction along the lateral growth faces in order to mimic the one 

dimensional character of the macromolecular chain. 

2.3 Crystallization from the oriented melt 

2.3.1 The physical effect of chain orientation in the melt 

So far, the introduced considerations are based on crystallization from the quiescent 

melt. But when applying an external force to the polymer, which yields an orienta

tion of the macromolecular chains, the crystallization as well as the morphology will 

change drastically. Accordingly, this requires considerations on the basic physics of 

oriented polymer chains. 

A single molecule with N monomer units can be pictured as a chain with the 

monomer units located at the points Tl , is, . . . , TN and with the length c between 

two links being fixed. In a first approximation, the polymer chain can be represented 

by the end-to-end vector fiN with a Gaussian distribution function of the form14 

W(RN) = -- e- 2N~ (2 .12) 
~ (3) 3/2 3R

2 

27rNc2 

Under the assumptions that conformational relaxation of molecules can com-

pletely be neglected and that the dimensional changes caused by deformation can 

be described by the affine transformation, the mean end-to-end distance of an uni

axially strained polymer chain is expressed by15 

(R~)={A2+~-3} (It) (2 .13) 

where A is the extension ratio. 16 Consider for instance the (n, n + 1) link and 

assume some average value i1 = ~+1 - Tn; a complete orientational disorder corre

sponds to < i1 >= 0, whereas a non-zero value of < i1 > implies some polarization 

of the link, and thus a reduction in entropy:14 

3u2 

f:lSorient = -k 2c2 (2.14) 

with k being Boltzmans constant. Equivalently, the entropy difference between 
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strained and unstrained melts can be expressed as17 

Nk {2 2 } b.Sorient = -2 .x +:x - 3 (2.15) 

when assuming the Gaussian distribution function. Accordingly, this gives a 

contribution to the free energy 

b.G = -Tb.Sorient = N:T {.x2 + ~ - 3} (2.16) 

In terms of statistical thermodynamics, the application of strain to polymer 

melts or solutions causes the macromolecules to be deformed into a less probable 

configuration, which gives rise to a decrease in entropy of the system, leading to a 

less entropy change necessary for the transformation into the crystalline state. The 

entropy difference b.S' between strained melt and crystal at a deformation ratio .x 
can be written as follows 

b.S' = b.S + b.Sorient (2.17) 

Thus an orientation of the molecular segments causes a reduction of entropy S 

and increases (b.Sorient is always negative) the infinite melting point T~ to T~. 

Equivalently, the free energy of the liquid phase changes from G L for the quies

cent state to G L + b.G for the case of a molecular orientation in the melt. The 

equilibrium melting point can be expressed by substituting Eqs. 2.15 and 2.17 into 

T~ = b.H / b.S' 

1 1 Nk {2 2 } 
T:;{ = T~ - 2b.H .x +:x - 3 (2.18) 

However, the crystallization process is accompanied by a change of entropy, 

which is proportional to the energy gain that can be achieved. The same is valid for 

melting. Thus, when the crystal surrounding is oriented, the difference in entropy 

and with that the gain in energy as well as the driving force decreases so that the 

melting point shifts to higher temperatures. 

2.3.2 The influence of orientation on crystal morphology 

For a closer inspection of the effect of entropy change in the amorphous sections of a 

polymer molecule on the morphology formation during crystallization, Gaylord18
, 19 

expressed the effects of deforming the melt by considering the respective end-to-end 

vectors based on the work of Flory.2o Assuming, a polymer chain is represented by 

a Gaussian distribution function according to Eq. 2.12 for a chain of N links. The 

process under consideration is as follows: the initial state is an amorphous, equilib-
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rium polymer chain. Following a certain deformation, the first n links are allowed 

to enter either a crystal or a fold within the crystal (Fig. 2.7). (The restriction of 

positioning the crystalline segment at the end of the chain has no influence on the 

results.) 

Fig. 2.7 Influence of orienting a chain followed by a crystallization process: un
deformed chain (a), deformed chain (b), deformed chain with crystallized subchain 
consisting of n links (c), crystallized subchain with 2 folds (f = 2) (d) 

In particular, the crystalline segment consists of f folds, each fold demanding 'Ij; 

links, f + 1 extended crystal stems of length l, each stem demanding ~ links (Fig. 

2.7). The crystallinity of the system can be expressed by the number of links in the 

crystal to X = N-l~(J + 1). The remaining amorphous subchain of t = N - n links, 

which initially spanned the distance rto before deformation (Fig. 2.7a), finally spans 

the distance ic (Fig. 2.7c). According to Eq. 2.14 this leads to a change in entropy. 

The total free energy of crystallization is composed of three terms: the gain of free 

energy due to the liquid-solid phase transition, the formation of a crystal surface 

and the entropy change in the remaining amorphous subchain: 

~G = a + fae - ~(J + l)~H + 3k~ [(fa) - (~~)] 
2tc 

(2.19) 

where the brackets indicate the mean square distances. The evaluation of (~~) 

just gives the simple mean end-to-end distance of a relaxed t-link chain with (~~) = 

tc2 (resulting from Eq. 2.12). According to the sketch in Fig. 2.7c the vector ic can 

be written in terms of the end-to-end distance R~ of the deformed chain and the 

vector r characterizing the crystallite: 

(2.20) 
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The effect of deformation can be described by the introduction of an orthogonal 

set of extension ratios A according to Eq. 2.13. 

Under the assumption that lhas the same direction as the deformation (e.g. in 

x-direction with Ay = Az = I) the last term in Eq. 2.20 only contributes with one 

component, for example the x-direction and Eq. 2.20 gives: 

(-2) (2 2 ) Nc2 2 {;!;Nc2 

TC = A +--3 -+l -2Axl ----
A 3 N7fc2 3 

(2.21) 

Hence, by inserting Eq. 2.21 into Eq. 2.19 the total free energy of crystallization 

can be derived. This expression shows that the resulting morphology of the crys

talline sub chain depends on the deformation ratio and on the degree of crystallinity 

X· 

!:::.G = U + fUe - ~(f + 1}6f + !... {A2 N + 31
2 

_ 2AxlJ 6 N} _ 3T (2.22) 
2 x t tc2 N 7fC2 t 2 

However, the crystal morphology that will appear after crystallization is deter

mined by the total free energy of the corresponding structure. For example, an 

extended chain crystal can be described by the following parameters; it has no fold 

(f = O), the length is l = nc and the number of units traversing the crystal is ~ = n. 

The same can be applied to crystalline segments with even respectively odd folds. 

Depending on the degree of crystallinity X = ~(f + I) Gaylord calculates from Eq. 

2.22 the free energies of the various crystal morphologies for different numbers of 

folds and under variation of the elongation ratio. The results are shown in Fig. 2.8 

for polyethylene exemplary. 

The calculations indicate that at the onset of crystallization, the extended-chain 

morphology has a lower free energy than the folded-chain structures and that the 

latter become only lower during the later stages of crystallization. Moreover, from 

this statement it can be concluded that a low degree of crystallinity favoures the 

formation of extended chain (shish) crystals. As expected, the free energy difference 

between extended and folded chain morphology increases with the extension ratio 

and supports the formation of fibrillar crystals. 
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Fig. 2.8 The free energy of crystallization 6.G as function of the degree of crys
tallinity X at extension ratio>. = 2 resp. >. = 6, calculated with the appropriate 
values for polyethylene. 

Additionally, Gaylord qualitatively explains the stress induced crystallization 

of shish-kebabs as a mixed morphology resulting from the intermediate stages or 

from interrupted crystallization prior to attaining the final equilibrium degree of 

crystallinity due to quenching of spatial factors. Hence, if the switch from extended 

chains to lamellae is not completed, both morphologies will coexist yielding a central 

fibrillar thread with overgrown fold crystals. 

2.4 Formation of fibrillar crystals 

The main characteristic of fibrillar crystals is the absence of a fold surface as it 

is found in lamellar crystals. Moreover, the chains traverse the long dimension of 

the crystal building a fringed surface at the basal (longitudinal) crystal plane when 

emanating from the crystal-liquid interface (Fig. 2.9). The lateral extent of fibrillar 

crystals still is very small compared to its longitudinal size. 

The surface free energy of the basal crystal plane a~ was estimated to be as high 

as 3 to 10 times the surface free energy of a fold surface,2! which can be explained 

by cumulative stresses due to the difference in crystalline and amorphous density at 

the interface. The lateral surfaces, however, exhibit the same surface free energy a as 

in lamellar morphologies. According to Eq. 2.7 the free energy shift for a geometry 

as sketched in Fig. 2.9 due to surface formation amounts to 

(2.23) 
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yielding in analogy to Eq. 2.6 for the melting point depression of a fibrillar crystal 

T = TO (1 _ ~ _ 2(l~ ) (2.24) 
m m d6.H L6.H 

For crystals with a high aspect ratio Lid the last term in Eq. 2.24 can be 

neglected and the melting point simply depends on the lateral dimension of the 

fibrillar crystal. Accordingly, the fibrillar morphology is thermodynamically more 

stable than the lamellar one, since in fibrillar crystals the lateral surface, which 

is the one of low surface energy (l, is dominating whereas in the case of lamellae, 

this is the fold surface with the higher (le. Nevertheless, it is a well known fact 

from experience that polymers usually crystallize in lamellar morphology, thus the 

kinetics being the crucial factor for the crystallization mechanism. 

Fig. 2.9 Sketch of a fibrillar nucleus 

Several models have been suggested in order to describe the mechanism of fib

rillar crystallization. Flory2o made theoretical studies on the crystallization from 

an oriented amorphous state in terms of statistical mechanics, assuming that the 

resultant crystals are of extended chain type exclusively before the first identifica

tion of shish crystals in 1965 by Pennings.22 Based on those observations, Pennings 

proposed a phenomenological model describing the formation of fibrillar crystals in 

a flowing polymer solution.23 On the other hand, thermodynamic considerations by 

Hoffman24 and Tiller and Schultz25 were made in order to estimate the crystalline 

dimensions. Contrarily, inspired by the observation that the kebab overgrowth is de

posited with a constant spacing on the central shish, Nagasawa and Shimomura26 

explain the crystal growth by a screw dislocation process, which implies the simul

taneous formation of shish and kebab crystals. In the following four of the models 

(Pennings, Petermann-Miles-Gleiter, Tiller and Schultz and Hoffman) will be illus

trated more detailed. 
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2.4.1 Pennings model 

In 1965 Pennings observed shish kebabs in stirred polyethylene solutions.22 In sub

sequent works23 , 27-34 he presented a model based on the effect of extensional and 

shearing fields on the nucleation rate in combination with a flow induced longitu

dinal growth for flowing polymer solutions. 

Pennings and coworkers observed, that the fibrillar polymer crystals could be 

found mainly at the rotator of their apparatus, indicating a physical adsorption of 

the molecules at the rotator surface. By the formation of loops of chain segments 

extending into the solution, entanglement layers were formed, which play an effective 

role in formation and growth of fibrillar crystals. The subsequent stage of nucleation 

is that some force is generated by the solvent that flows along and stretches the 

adhered molecules yielding a transformation into bundle-like nuclei. Once a nucleus 

is formed and attached to the rotor, the orientational effect of the flowing solution 

'unrolls' the polymer chains giving rise to a continuous nucleation step at the end 

of the fibre (Fig. 2.10). The lowering of the conformational entropy associated with 

the alignment of the polymer chain and the coil deformation is the principal factor 

responsible for the crystal-growth accelerating effect of the hydrodynamic field. 

growth 
direction 

Fig. 2.10 Model of the longitudinal growth of fibrillar crystals by simultaneous 
'unrolling' of polymer coils along the (001) crystal face under the influence of a 
local flow field. 28 

Besides this more or less intuitive model which essentially is based on the ob

servation that the fibrillar crystals seem to terminate in a smooth tapered tail 

Pennings introduces a calculation of the longitudinal growth rate in analogy with 

the Lauritzen-Hoffman surface nucleation theory13, 35 (see section 2.2.2). The sur-
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face nucleus, however, is formed by the polymer chains protruding from the (001) 

face of the crystal tip. The osmotic work required to bring these chains together in 

a dilute solution is the major contribution to the free energy of nucleation. Also this 

longitudinal variant of surface nucleation theory is based on a layerwise attachment 

of chains with the additional restriction that the chains incorporated in the process 

must protrude from the frontal crystal surface. Starting with the cross-sectional 

surface area of the crystal, which is assumed to be constant during the complete 

process, a new layer is formed by building a nucleus from some of the protrud

ing chains. Subsequently, this new layer is completed by lateral attachment of the 

remaining chains. Considering the free energy of formation under the presence of 

a flow field yields then an expression for the longitudinal growth rate. However, 

concerning the crystalline dimensions the model gives no further details. 

2.4.2 Petermann-Miles-Gleiter Model 

In 1979 Petermann, Miles and Gleiter presented a work on shear induced fibrous 

crystal formation in iPS.36 The mayor point of interest there is the observation of 

longitudinal crystal growth persisting after all shearing has stopped. Furthermore, 

when a shish crystal approaches an obstacle it will change its growth direction. 

x1aj~'. A Io.'t· B 

1 f3 . .. , 
-x f3 .,. 

b~ a c 

Fig. 2.11 Schematic picture of the growth process according to the Petermann
Miles-Gleiter model. 36 

The results concerning the growth of shish crystals in iPS may be understood 

in terms of the following model: By straining the melt a nucleus (A) is formed 

(Fig. 2.11a). The free energy difference between the nucleus and the surrounding 

undercooled melt results in a growth of A, which effects in a migration of the crystal-
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melt interfaces 0: and (3 in the directions x and -x, respectively. Consequently, this 

growth process will achieve the configuration depicted in Fig. 2.11b. Chain ends of 

molecules 1 and 2 are incorporated at the crystal surfaces 0:' and (3'. Any further 

crystal growth needs the incorporation of new molecules at these free sites. This may 

be achieved by inserting a new molecule 3 into the hole at the upper end of 1. The 

following growth of crystal B in x direction needs the alignment of dangling molecule 

parts in area B' in longitudinal direction by a tangential movement, indicated by 

the broken arrows. For geometric reasons this results in a compression stress ahead 

of B, which induces a flow field C. In fact, the gradient of this flow field aligns 

the molecules in area C parallel to the growth direction. This effects all molecules 

in front of the growing crystalline tip, the molecules emerging the frontal crystal 

surface (e.g. molecule 2 in Fig. 2.11b) as well as molecules, that are not incorporated 

into the crystal. Accordingly, the crystal grows into the oriented, under cooled melt; 

the alignment of the molecules is caused by the growth process of B itself, termed 

autocatalytic or self-induced longitudinal growth. 

However, this process needs a sufficient high growth rate in order to surmount 

molecular relaxation processes. With decreasing growth rate the orientational effect 

decreases and the molecular conformation in front of the tip differs only little from 

the relaxed melt. Moreover, a less perfect alignment increases the probability to 

incorporate chain folds (2 and 3 in Fig. 2.11c). At sufficient high density of chain 

folds at the crystal surface, the system may decrease its free energy by forming a 

fold surface instead of a fringed micellar one. The longitudinal crystal growth has 

stopped. 

2.4.3 Tiller-Schultz model 

The crystallization of polymeric material is associated with the necessity to trans

port both the heat of fusion and unincorporable molecular segments away from the 

growth front. Since the lamellar crystallization is rather slow, it can be supposed 

that the controlling step is the attachment of segments to the existing crystal sur

face whereas the process of heat transport takes place much faster. This situation 

will change with increasing crystallization velocity. Indeed, when the crystallization 

front moves faster into the melt than the liberated heat can diffuse away, heat dif

fusion will be the controlling factor of the process. With this approach Tiller and 

Schultz modeled the fibrillar crystallization based on the growth of a thermal den-
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drite from a highly strained melt.25 The released heat of fusion controls the kinetics 

and microstructure of the transforming polymer. 

G " /', 
oriented melt 
(increased 
entropy ~Si) 

oriented melt 
(initial state ~s.,) 

crystallization 

increases T • 
L-----~~~~~-+------------------~T 

T 
1 

Fig. 2.12 G- T diagram for crystallization from the strained melt according to 
Tiller and Schultz 25 

One fundamental assumption is a high fibrillar crystallization velocity from the 

oriented melt which can be supported by experimental experience.37- 4o Conse

quently, crystallization models based on interface control cannot apply to shish 

crystallization. Nevertheless, first the fundamental thermodynamics of the crystal

lization from the oriented melt have to be considered. Starting point is the oriented 

polymer melt at a temperature Te where the orientation is characterized by the 

change of entropy b.S (see Eq. 2.15); these are the two thermodynamic state vari

ables describing the system. In Fig. 2.12 the free energy of the oriented melt is 

represented by the G db.Se )-line. However, the crystallization process transfers 

the polymer from the liquid to the crystalline phase, which is represented by the 

Gc(T)-lines. But what happens exactly in thermodynamic terms at both sides of 

the crystallization front? During the crystallization the heat of fusion is released to 

the surrounding melt increasing the local temperature from Te to Ti . Additionally, 

strain relaxation in the liquid interface region takes place resulting in a change of 

state variables at the interface region from (Te, b.Se) to (Ti' b.Si) (Fig. 2.12). On 

the crystalline side of the interface, the thermodynamic state depends on the total 

stored defect energy Ed provoked by nonequilibrium defects grown into the crystal, 

as presented in Fig. 2.3. 
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The free energy driving force at the interface relative to a defect free crystal 

at Ti is given in Fig. 2.12 by !}.Gi . The overall free energy !}'Gc released in the 

crystallization process can be obtained by considering the transformation from the 

initial melt with (Tc, !},Sc) to the defect free crystal at the same temperature. The 

difference between the total free energy and the driving free energy indicates the 

effect of the state variable change. 

!}'G sv = !}'Gc - !}'Gi (2.25) 

The driving force at the interface is consumed in two processes, molecular tran

sition from the liquid to the crystalline state !}'G K plus excess energy !}'G E of the 

otherwise perfect crystal associated with strain energy storage (i), defect storage 

(ii) and surface creation (iii) for a filament of radius of curvature {!, surface tension 

"( and molecular volume Vo: 

!}'G E + !}'G K 

Ed + 2,,(/vo{! 

(2.26) 

(2.27) 

With help of Fig. 2.12 one can obtain for !}'Gsv under neglect of enthalpic effects 

relative to entropic ones 

(2.28) 

Accordingly, the decrease of entropy due to the orientation of the melt can be 

determined by Eq. 2.14. It is worth mentioning that the actual heat release !}'H* and 

the melting temperature T:n depend on the strain energy of the oriented melt near 

the interface and on the energy of defects Ed stored in the crystal. The appropriate 

expressions are 

!}'H* 

T:n 
!}'H + Estrain - Ed 

!}'H* 

!}'S + !},Sorient 

(2.29) 

(2.30) 

where Estrain is the strain energy in the melt, induced by the entropy elasticity of 

the oriented melt. Due to the released heat of fusion !}'H* during the crystallization 

process the temperature at the growing tip will increase from Tc to Ti . Under the 

assumptions of an isothermal single tip with a simple paraboloid filament shape the 

temperature of the interface is given by41 

!}'H* 
Ti - Tc = --Oel1 Ei ( -0) (2.31) 

CL 

where 0 = V {!/2a., a. the thermal diffusivity of the liquid, CL the specific heat 
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of liquid, and Ei is the exponential integral function a. 

To evaluate the stored defect energy Ed one can look at a single oriented chain 

with end-to-end vector fiN to calculate the defect concentration nd in the crystal 

depending on the direction of the molecular sections (according to Eq. 2.13 with a 

polarization of each link from i1 = ~+l - Tn) . 

Now the equipment is complete to calculate the growth velocity V of the tip 

and its radius of curvature {J from Eqs. 2.28 and 2.31 depending on the orientation 

of the melt . For simplification, the growth rate is assumed to be very high, so that 

the attachment kinetics can be neglected. However, being the essence of the above 

considerations, the growth velocity of the tip increases rapidly with increasing ori

entation, while its radius decreases. Performed for the values of isotactic polystyrene 

the calculations yield values for {J, which may be interpreted as the lateral dimension 

of the crystal, in the range of 50 to 150 A, the growth velocity is determined to be 

in the order of 1000 em/sec. However, the calculations do not allow an estimation 

of the longitudinal crystal dimension. 

2.4.4 Hoffman model 

In 1979 Hoffman published a model for fibrillar crystallization, which is mainly based 

on multiple nucleation events.24 Additionally, the crystal growth is restricted by the 

stress at the crystal ends, which determines the crystals dimensions. It is assumed 

that a flow field statistically elongates some of the polymer molecules creating in 

effect a set of bundlelike nuclei. It is important to mention that the nuclei are fringed 

micells interconnected by tie molecules which were the longest ones of the molecular 

weight distribution, since they are subjected most to orientation (Fig. 2.13). 

The embryonic micells are idealized as a square parallelepiped of diameter d and 

lenght L, with the surface energies (J" and (J"~ as depicted in Fig. 2.9. In analogy to 

Eq. 2.7 the free energy of formation of each crystallite may be written as: 

(2.32) 

A closer inspection of Eq. 2.32 in the d - L plane yields the critical nucleus 

dimensions and the condition for a rapid crystal growth. The saddle point of Eq. 

2.32 represents the critical nucleus size at d* and L* with 

aEi(X) = J ~dt 
-00 
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* 4(7 L* = 4(7~ 
d = ilf and ilf (2.33) 

Then the reaction path trends downward indicating that crystal growth sets in. 

The rate will be quite slow in the region near the maximum. With increasing crystal 

dimensions ilG becomes negative resulting in an increase of the growth rate. This 

scaling point will be at the crystal dimensions Le and de determined by 

6(71 6(7 
Lc = ill and de = ilf (2.34) 

Without any other limitations the crystal would grow to infinite size. However, 

due to the density difference between the crystalline and the amorphous phase, 

strong cumulative stress arises at the longitudinal crystal surface limiting the crystal 

dimensions. 

fringed 
micell tie molecul 

~~ 
cham end ~ 

amorphous 
region \ perfect 

~I~I crysml 12! 
! 4-Ls~ ! 

orientation 

Fig. 2.13 The model of Hoffman: 24 multiple nucleation of micellar crystals in
duced by orientation of the polymer melt. Subsequently the nuclei grow to a set of 
perfect crystal segments. 

When looking at the crystal tip, there is a locally sharp defined phase transition 

from the crystalline to the amorphous. The number of molecules emanating from 

the crystalline has to correspond to the crystal density t2c whereas the number of 

molecules entering the amorphous phase has to correspond to the amorphous density 

t2a. This discontinuity at the end surface leads to a cumulative biaxial surface stress 

when exceeding a certain crystal size. The surface free energy (7~ can be expressed 

depending on the crystal dimensions by42 

(7~ = (7~o + VCe (fJ (~) (2.35) 

with v being the number of molecules (cilia) emanating from the end surface of 

the crystal, Ce the excess free energy of a cilium and V the crystal volume. (7~o is 

the end surface free energy in the absence of biaxial end stress. Substituting Eq. 

2.35 into Eq. 2.32 one gets an additional minimum in ilG that occurs at the crystal 

dimensions 
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( 
0.7746 1) 6u 

dstable = ds = VV€c/3ueO 3 bJ.f 
(2.36) 

and 

Lstable = Ls = ( 
0.7746 1) 6u~o 

VV€c/3ueO 3 bJ.f 
(2.37) 

Thus, the Hoffman model predicts the dimensions of the fibrillar crystal depend-

ing on the specific surface free energy. Nevertheless, according to Fig. 2.13 a fibrillar 

crystal should have a substructure consisting of a perfect crystal area of length Ls 

interrupted by strained amorphous regions which are not specified in length. Each 

perfect crystal sequence can be attributed to a single nucleation event followed by a 

fibrillar crystal growth. Consequently, each nucleus should not know the crystalline 

orientation of its neighbour resulting in a statistical distribution of the fibre orienta

tion of the perfect crystal sequences, there is no reason, why the crystal orientation 

of two neighbouring crystal sequences should match. Furthermore, this model does 

not describe the kinetics of the growth mechanism and the transitions from the 

fringed micellar nuclei to a fibrillar morphology is still uncertain. 

2.5 Concluding remarks 

Folded chain crystallization has been subject of many theoretical approaches6- 12 , 43-47 

since its structure was determined by Keller in 1957.48 Nevertheless, after more 

than 40 years of research their physical origin is still controversial, the two dom

inant theories, surface nucleation and entropic barrier theory, seem to be irrecon

cilable. Although both approaches are able to describe correctly some of the basic 

phenomenology of polymer crystallization, both have questionable aspects. Recent 

experiments49- 53 inspired a part of the polymer science community to deviate from 

the ideas presented by those 30 to 40 years old theories, in a direction of introducing 

a precursor state before the final formation of the crystalline structure. 

The fold surface and a thickness l depending on the supercooling bJ.T-1 are the 

main features of lamellar crystals. These experimental facts, at least, have to be 

reproduced by any theory describing polymer crystallization. 

However, for the fibrillar crystallization as well, the models are based on concepts 

being developed in the 1960's and 70's. Meanwhile, the examination methods have 

improved but this did not affect to the field of fibrillar crystallization models yet. 

Nevertheless, a transfer of the new concepts into the field of fibrillar crystallization 
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might give fruitful inspiration. 

The formation of fibrillar crystals requires a molecular orientation prior to the 

crystallization process. On the other hand, orientation of the polymer melts yields an 

increase of the free energy of the system and shifts the equilibrium melting point T~ 

to higher temperatures. Based on this situation, Tiller and Schultz propose their 

model of crystallization under high tension (section 2.4.3) . The Hoffman model 

in section 2.4.4 considers the surface energies of fibrillar crystals and derives the 

stable crystal dimensions. The Pennings model in section 2.4.1 introduces a kinetic 

description of fibrillar crystallization from flowing solution by means of 'unrolling' 

the polymer chains in flow direction. The Petermann-Miles-Gleiter model, finally, 

describes the formation of fibrillar crystals as a process, controlled by a self-induced 

flow field in front of the growing tip. This flow field, on the other hand, is attributed 

to the incorporation of new molecules into the growing crystal. 
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Chapter 3 

Examination methods 

3.1 Transmission electron microscopy 

The use of a transmission electron microscope (TEM) as a high-resolution tool for 

investigations of polymer crystals has been central to the work presented in this 

thesis and, therefore, requires a more detailed look at its imaging principles. 

bright field dark field 

a incident e--beam b 

specimen 

objective aperture 

Fig. 3.1 Mechanism of TEM bright field (a) and dark field (b) imaging. By shift
ing the objective aperture, the electrons used for image formation can be selected. 
When using the direct beam the TEM is operated in bright field mode; when using 
the scattered electrons the TEM is operated in dark field mode. 

In order to examine crystal morphologies, transmission electron microscopy (TEM) 

observations were performed on a Philips CM200 TEM operated at an acceleration 

voltage of 200kV using the diffraction, dark field and bright field mode. The latter 
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imaging usually was performed by means of using the phase contrast technique. l 

A TEM consists of an electron gun and an assembly of electron lenses. It is 

an electron optical instrument analogous to a light optical microscope, where the 

specimen is illuminated by an electron beam.2, 3 This requires operation in vacuum 

and a low specimen thickness (~ 10 - 100 nm). The image contrast is attributed to 

electron scattering; The electrons escape from the specimen under an angle relative 

to the incident beam. As sketched in Fig. 3.1 only those electrons that pass the 

objective aperture will contribute to the image formation. 

TEM on polymers is a destructive examination method. They are highly beam 

sensitive; radiation damage causes destruction of crystalline order, chain scission 

or crosslinking and mass lost. Thus, in-situ examinations are excluded. Moreover, 

polymers have low atomic number and scatter electrons weakly, giving poor con

trast.4, 5 

3.1.1 TEM bright field mode 

Fig. 3.1a sketches the ray path for bright field (BF) imaging. Only electrons scat

tered to low angles can pass the aperture and contribute to the image; electrons, 

scattered to large angles appear to be absorbed. Darker region in the BF image 

are regions of higher scattering. The observed contrast can be attributed to sev

eral mechanisms. In amorphous materials mass thickness contrast results, where 

the image brightness depends on the local mass thickness (thickness x density). 

With increasing local mass thickness the image region becomes darker.2 , 5 Fig. 1.1 

exemplary shows a TEM BF image using the mass thickness contrast. 

In the case of crystalline material the bragg contrast can appear, which is strongly 

dependent on crystal orientation. Electrons, scattered coherently to large angles do 

not contribute to the image brightness, the corresponding region appears darker. 

Bragg contrast requires a crystal lattice, which meets the bragg condition with the 

incident electron beam. However, BF imaging using the bragg contrast is rather 

unusual in polymer TEM. 

Especially for imaging crystalline polymer morphologies, phase contrast can be 

used. l The sample is imaged out offocus to improve the contrast, thus this technique 

is also known as defocus contrast. In the resulting image the crystalline regions 

appear darker than the surrounding amorphous. Fig. 3.2 shows exemplary two TEM 

BF micrographs of the same spherulitic structure in iPS, imaged with the bragg (a) 
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and the phase contrast (b). When imaging in bragg contrast mode the dark areas 

(see arrows in Fig. 3.2a) correspond to crystalline regions which meet the bragg 

condition in coherence with the adjustment of the aperture. Accordingly, only few 

crystals are imaged. Moreover, since electron microscopy damages the structure of 

polymer crystals, the bragg contrast disappears with increasing radiation dose. By 

way of contrast, phase contrast mode images the present crystals entirely. An intact 

crystal lattice is not necessary since the image formation is based on electron density 

differences in the examined sample. 

Fig. 3.2 TEM BF micrographs of spherulitic structures in iPS. 

The dark areas correspond to crystalline regions. Nevertheless, when comparing 

the images in Fig. 3.2, the observed lamellar thickness obtained by phase contrast 

appears much thicker than in bragg contrast mode (see arrows) . This expanding 

effect is attributed to the used defocus condition. Accordingly, a quantitative deter

mination of crystalline dimensions from the BF image is only possible when using 

bragg contrast mode, in phase contrast this is impossible. 

3.1.2 Electron diffraction 

Electron diffraction (ED) is an important technique for study of crystalline mate

rials. The directions that electrons are diffracted from the specimen relate to the 

atomic spacings and orientation of the crysta1.4 A single crystal will produce a 

diffraction pattern consisting of sharp spots. Each spot can be attributed to its 

respective lattice plane in the crystal, expressed by the corresponding Miller in

dices (hkl). However, in polymer TEM several crystals contribute to the diffraction 

pattern. For randomly oriented crystallites this gives many spots, which together 

from continuous rings (see e.g. the sketch shown in Fig. 3.5). When all the crys-
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tallites match in one crystalline orientation (fiber texture), the ED pattern again 

consists of sharp spots. Fig. 3.3 shows the ED pattern of iPS crystals in a fiber 

texture arrangement, indicated by the simultaneous occurrence of the (220) and 

(300) reflections. And when they match in every crystalline direction, a quasi single 

crystalline pattern with sharp spots is observed. 

, , 

c-direction • 

(2Z0) (371) 

, (1QO) , (012) 

, 

, , 
(360) (1)1) 

Fig. 3.3 ED pattern of a melt spun iPS 752k film. Every spot corresponds to a 
crystal lattice plane, marked by the Miller indices in the right diagram. In the case 
of iPS, the simultaneous observation of the (220) and (300) reflections indicates a 
fiber texture. The crystals, contributing to the ED pattern show parallel alignment 
in crystalline c-direction but no alignment in the a- and b-directions. 

3.1.3 TEM dark field mode 

DF images normally have much higher contrast than BF images, but are much 

weaker in intensity. Since DF imaging is realized in-focus, a quantitative determi

nation of crystalline dimensions is possible. It is important for study of crystalline 

materials. Scattered electrons are collected by displacing the objective aperture, as 

sketched in Fig. 3.1b. Then the image can be formed from one spot in the diffrac

tion pattern.2• 5 Bright regions in the image show only the ordered areas with the 

correct orientation. 
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Fig. 3.4 TEM DF (a) and BF (b) micrographs of the same sample area, showing a 
spherulitic structure in iPS. The D F images only few crystals (arrows) according to 
the bragg condition. The BF (phase contrast) indicates, that the majority of lamellae 
is not imaged in DF mode. 

polycrystalline diffraction pattern 

electrons used 
for DF imaging 

Fig. 3.5 Sketch of the diffraction pattern of randomly oriented iPS crystals. The 
circular area indicates the position of the aperture at DF imaging. Only those elec
trons, passing the aperture, contribute to image formation. 

Fig. 3.4 shows a DF (a) and the corresponding BF (b) micrograph of the same 

sample area. The sample contains randomly oriented lamellae (front on). As can be 

noticed by comparing both micrographs, DF mode images only a minority of crys

talline areas, most crystals can not be observed. This is attributed to the selection 

of electrons used for imaging. Randomly oriented crystals produce a diffraction pat

tern consisting of continuous rings as sketched in Fig. 3.5 for the case of iPS crystals, 

exemplary. By adjusting the aperture to a certain position in the diffraction pattern 

(illustrated by the circular area in Fig. 3.5) the electrons for image formation are 
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selected; all other electrons, which do not pass the aperture, will not contribute 

to image formation. Thus, the adjustment of the aperture selects the reflection ac

cording to the Miller indices and additionally the direction of the diffracting lattice 

plane relative to the incident electron beam. Only the minority of the randomly ori

ented crystals matches these conditions. However, when the crystals have a parallel 

orientation, the corresponding diffraction pattern consists of sharp spots (Fig. 3.3) 

increasing the yield of imaged crystals by far. 

3.2 Optical microscopy 

The light optical microscopy (LM) examinations were performed with a Leitz DMRB 

equipped with a heating device using polarizing contrast. For in-situ observations 

the sample position was maintained during the measurement. 

In the light optical microscope an image is produced by the interaction of light 

and the specimen. The image can reveal details to a resolution on the order of 0.5 

/-Lm, limited by the objective lens and the wavelength of light. The contrast forma

tion in bright field mode is based on light adsorption. Since the amorphous and 

crystalline constituents of polymeric materials usually have similar transmission co

efficients, however, bright field imaging yields very few contrast. Hence, polarizing 

contrast is used; a method which is widely applied to polymers. Polarized light, 

generated by the polarizer, is send through the specimen followed by another po

larizer, called the analyzer. The arrangement in polarizing contrast mode is crossed 

polarizers. The orientation of the two polarizers is perpendicular so that the an

alyzer does not transmit any of the light transmitted by the polarizer. With no 

specimen, or with an optical isotropic specimen, the field of view will be dark. 

However, optically anisotropic, birefringent materials may appear bright using this 

contrast mode when being in the right orientation relative to the polarizers. Most 

birefringence is due to orientation of optically anisotropic elements.6- s These can 

be amorphous or crystalline chains in a polymer, aligned by deformation or due to 

oriented crystallization. 

3.3 Atomic force microscopy 

Atomic force microscopy (AFM) was performed on a DI dimension 3100 in tapping 

mode, using height, phase and amplitude contrast imaging. This method was used 
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to follow the morphology development of a specific crystal on thermal treatment. 

The AFM was invented by Binnig, Quate and Gerber9 in an effort to overcome 

the limitations of a scanning tunneling microscope. iO It consists of a scanning com

ponent and a force sensing tool, and it enables to obtain microscopic information 

on a surface under investigation. In fact, the principle of this instrument is simple: a 

sharp probe (the tip) attached to a mechanical beam is rastered in the proximity of, 

or in contact with, a surface, measuring local physical properties. As a result, one 

obtains a digital image of an interaction force over the scanned area. Thus, in princi

ple, AFM is a non destructive examination method, allowing repeated examination 

of the same area. 

In tapping mode the probe is driven at a certain frequency and amplitude. 

The basic idea of this dynamic mode is to replace the tip-surface contacts with 

brief approaches of an oscillating tip. In the vicinity of a surface, the amplitude is 

damped by surface forces; even weak interactions can significantly change this value 

(amplitude contrast). This technique also allows to monitor the phase shift between 

the oscillator frequency (driver) and that of the probe (phase contrast). Depending 

on the operating contrast mode, AFM imaging yields local information about the 

topology or the viscoelastic response. 

Ex situ AFM investigations were performed using a Dimension 3100 (Digital 

Instruments) in Tapping Mode. The sample surfaces were scratched with a scalpel 

to facilitate the repeated search of the same sample area by means of the optical 

microscope, which is integrated in AFM. Further position refinement of the analyzed 

area was performed by AFM imaging using the coordinates of some characteristic 

landmarks in the surface. Between two successive AFM observations, the samples 

were placed onto a Linkam TMS600 hot stage to perform the thermal treatment for 

defined temperatures and times. 

3.4 Thermal analysis 

To study the thermal properties of the crystalline phase, differential scanning calorime

try (DSC) was performed on a TA Instruments DDK 2910 system. The melting and 

crystallization peaks were determined using a heating rate of 10 K/min. In order to 

prevent thermal degradation of the sample during the measurement, nitrogen gas 

was circulated around the sample pan. 
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The principle of DSC measurements is based on comparing the heat flow into a 

sample relative to a reference sample, usually an empty DSC pan.1l- 13 Both sam

ples are subjected to the same temperature program,14 usually heating or cooling 

at constant ramp dT / dt. Endo- or exothermic reactions in the examined sample 

result in characteristic changes of heat flow difference during the temperature scan. 

Usually, the heat flow difference is displayed depending on the temperature. Phase 

transitions, such as melting or crystallization, show significant peaks in the DSC 

analysis. For comparison between different samples, peak melting temperatures were 

taken as the corresponding melting temperature. 
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The molecular structure of shish crystals is characterized by the parallel alignment 

of extended chains and the absence of a fold surface. Furthermore, it has a nee

dle like shape, featuring a large dimension in chain direction but small dimensions 

perpendicular to the chain direction. This definition comprises a variety of pos

sible molecular arrangements, as sketched in Figs. 1.5b, 2.10, 2.13 and 7.1. The 

Hoffman model (section 2.4.4) clearly predicts a structure, consisting of alternat

ing crystalline and amorphous regions. According to the Pennings model (section 

2.4.1), the shish crystal has a continuous crystalline structure containing kink bands. 

These predicted features are contradictory and require experimental examination. 

If existing, the kink bands and the amorphous regions can be imaged by means of 

TEM. Accordingly, the morphological features are examined in section 4.3.1 using 

iPS shish crystals. 

The shish crystals might be more complicated than the schematic drawing in 

Fig. 1.5b might suggest because there is no strict separation from the molecules 

belonging to the shish component from those building the amorphous surrounding. 

In particular some part of the surrounding amorphous material can be molecularly 

connected to the core fiber by so called hairdressing moleculesl - 3 emanating from 

the lateral surface of the core crystal. The introduction of the hairdressing model 

implies that the inner structure of the central shish crystal is composed of bundle 
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like crystals which are connected by fringe-like regions (Fig.4.l). This structure 

corresponds to the predictions made in the theoretical model of Hoffman4 (see 

section 2.4.4). Nevertheless, the concept of hairdressing is corroborated by indirect 

observations only. In section 4.3.2 direct TEM observations of the hairdressing will 

be presented. 

Fig. 4.1 'Hairdressing' model of a shish crystal, showing elongated bundle like 
crystals which are connected by fringe-like regions from which the chains emanate. 5 

When the surrounding polymer is allowed to crystallize, usually on subsequent 

cooling after shish crystal formation, a shish kebab morphology arises. Shish-kebabs 

are crystalline assemblies consisting of two components: a central core fiber (the 

shish) and lamellae (the kebab) as if strung along the core. The central thread is 

the result of orientation-induced crystallization, yielding an extended chain crystal 

acting as nucleating templates for the deposition of chain-folded lamellae afterwards 

(Fig. 1.6b and c). It is reported, that shish-kebab formation has a highly fractionat

ing effect due to the coexistence of the longest chains being highly stretched and the 

shorter ones being essentially unstretched in a strained polymer system, where the 

former are incorporated exclusively into the central fiber, the latter contributing to 

lamellar crystallization, only. 6 

The hairdressing molecules, however, may crystallize first from a random forma

tion and form chain-folded plateletts which are intimately attached to the fibrillar 

core. For these structures Keller and coworkers introduced the term micro kebabs.5 

Consequently, macro kebabs are lamellae, which are not molecularly connected to 

the central core and can be removed therefore by selective dissolution. 

However, closer examinations on the evolution of lamellar overgrowth may yield 

an insight in the nature of the hairdressing and the structure of the central shish 

crystal (section 4.3.3). For this purpose separate shish crystals have to be prepared, 

which are decorated by subsequent homoepitaxial lamellar overgrowth. However, 

since only the transition zone from the shish to the kebab is of further interest, the 
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overgrowth does not necessarily need to be very large. 

4.2 Experimental 

4.2.1 Materials 

Two different homologues of iPS were used for experiments, supplied by Polymer 

Laboratories, Inc. (Mw = 752,000; 97% tacticity) and Polysciences, Inc. (Mw = 

851,000; 60% tacticity). In the following they will be referred to as iPS 752k and 

iPS 851k, respectively. The reason for using these two kinds is attributed to the 

specific preparation requirements (see section 4.2.2). Preparation of bulk samples 

by means of extrusion requires a high amount of material, which amounts to some 

grams. This quantity was not available for iPS 752k, but for the other material , 

iPS 851k. On the other hand, melt spinning was only successful using iPS 752k. A 

summary of all kinds of iPS used for experiments can be found in Tab. A.I. 

4.2.2 Preparation methods 

TEM examination makes specific demands on the sample, which has to be taken into 

consideration for the sample preparation. The prepared sample has to be electron 

transparent. Thus the preparation involves the formation of a thin film less than 100 

nm thick. 7 Additionally, the preparation conditions have to be adjusted so that the 

formation of shish crystals is ensured. This requires an orientation of the polymer 

melt during the preparation process. In the following, two preparation methods to 

produce thin polymer films containing shish crystals in iPS are introduced. 

Solution of extruded polymer 

Extruded samples of iPS 851k were prepared by pressing the polymer melt through 

the nozzle of a piston extruder in order to achieve a high shear rate and induce shish 

crystal formation. The extrusion process was performed at 250°C with a piston 

velocity of 2 mm/min. The diameter of the nozzle was 0,5 mm. 

These extrudates were dissolved in boiling xylene yielding a 0.05% solution. 

From this solution thin films were made by dripping a droplet of the solution onto 

a glass slide, waiting for the solvent to evaporate, floating the left polymer thin film 

on water and picking it on TEM grids. Moreover, samples were prepared by fishing 

a carbon coated TEM grid through the solution, in order to receive only the solid, 
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undissolved parts of the polymer, without producing a continuos polymer thin film 

(fishing technique). 

In order to crosscheck if the solution process itself produces shish crystals, sev

eral additional experiments were conducted. Solution of unextruded, as delivered 

material, shows no shish crystalline content in TEM examination. So does extruded 

material, heated to 280°C in order to melt all shish crystalline content. Moreover, 

no influence of stirring the solution was observed. 

Melt spinning method 

For preparing the melt spin films according to the method of Petermann and Gohil8 

solutions of iPS 752k are prepared in boiling xylene, yielding a 0.05% solution. A 

glass slide having a smooth surface is heated to 230°C, a temperature, which is just 

above the highest crystallization temperature of the relaxed undercooled melt. The 

solution is dispersed uniformly over the glass slide, and the solvent is allowed to 

evaporate. The resulting thin molten polymer film (thickness :S IfLm) is taken off 

from one end of the glass slide either by winding onto a motor driven cylinder or 

by pulling it from the glass surface with the help of a tweezer (Fig. 4.2). However, 

when the polymer melt sticks persistently onto the glass the preparation method 

has to be modified by using the surface of hot orthophosphoric acid instead of using 

a hot glass surface. 

·· heated 
lass slide 

Fig. 4.2 Preparation of melt spun films according to Petermann and Gohil 8 

4.2.3 Thermal treatment: the decoration technique 

Following the preparation some of the thin films were thermally treated either on a 

hot stage for isothermal crystallization or in the DSC. 
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Fig. 4.3 Sketch illustrating the decoration technique. By isothermal crystallization 
at Tc a single shish crystal is overgrown with lamellar crystals, resulting in a shish 
kebab morphology. 

A characteristic of shish crystals is their high aspect ratio, with a small diameter 

d ranging from approx. 5 to 40 nm. Due to this small diameter, single shish crystals 

are hardly to discover in electron microscopy; in optical microscopy this is impos

sible, because of its low resolution. In order to transfer a shish crystal morphology 

into the more distinct shish-kebab morphology, the decoration technique is applied. 

Isothermal crystallization induces a homoepitaxial overgrowth of lamellar crystals 

on the existing shish crystal core, which acts as a nucleus.9- 12 Fig. 4.3 illustrates 

this process schematically. The crystalline orientation of the lamellar overgrowth 

thus matches with the shish crystal. In the following, the kebab overgrowth will be 

referred to as 'decoration'. 

The lateral size of the lamellae depends on the decoration time and the crystal

lization rate. Finally, the increased lateral extension of the shish kebab simplifies 

microscopic observations. However, in the case of iPS the decoration usually is re

alized at 180°C, which is the temperature of maximum growth rate (see Fig. A.l). 

4.3 Results 

4.3.1 The morphology of shish crystals 

Fig. 4.4 shows a series of TEM DF micrographs (g=(012)) of shish crystals in iPS, 

prepared by melt spinning (a) and by solution of extruded iPS (b and c). The melt 

spinning technique results in oriented crystals, aligned with their molecular chain 
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direction parallel to the spinning direction, indicated by the arrow in Fig. 4.4a. In the 

case of iPS, melt spinning yields a shish crystal morphology. In the corresponding 

DF micrograph for example two distinct shish crystal can be observed in the upper 

left part. Their thickness amounts to 10 nm, their length is 85 nm and 61 nm, 

respectively. The described shish crystals seem to be aligned on a vertical straight 

line, interrupted by a dark area of about 13 nm. The lateral surface of the crystals 

shows no regular structure. 

Fig. 4.4 TEM DF micrographs (g=(012)) of shish crystals prepared by melt spin
ning (a) and solution of extruded iPS (b and c). The arrow indicates the molecular 
c direction. 

The shish crystals presented in Fig. 4.4b and c arise from a different preparation 

procedure, offering different formation conditions. These crystals are formed during 

melt extrusion, the subsequent solution of the bulk material is necessary for thin 

film preparation. However, during the solution process the shish crystals loose their 

parallel alignment which results in a random orientation of the shish crystals in the 

final thin film. Hence, DF only images a minority of shish crystals, as described in 

section 3.1.3; only crystals oriented with their crystalline c axis in vertical direction 

contribute to the image; when imaging with the (012) refection, a deviation of about 

0.30 from the bragg angle will result in complete loss of intensity.I3 

Fig. 4.4b shows a shish crystal in iPS, having a thickness of about 7 nm. The DF 
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contrast is almost continuous over its entire length of 670 nm. The lateral surface 

shows no structure and appears smooth. The shish crystals in Fig. 4.4c are much 

thicker, although originating from the same preparation procedure. Their thickness 

varies between 20 and 40 nm. The lateral surface shows no significant structure. In 

longitudinal direction, some of the shish crystals show interruptions with no or less 

contrast, being in the order of some tens up to 150 nm. 

4.3.2 The hairdressing structure 

In order to mimic the structure that is formed at the process of shish crystal forma

tion from solution, bulk samples containing shish crystals were selectively dissolved 

so that all the amorphous and lamellar part of the polymer is separated from the 

shish crystals, which are stable under those conditions. This behaviour can be at

tributed to the difference in the dissolution temperature of lamellar and shish crys

tals (for a comprehensive treatise on polymer solution see e.g. Morawetz14). Hence, 

the result is a dilute iPS solution with shish crystals already being present, which 

can be fished or dropped onto a surface (e. g. a carbon supported TEM grid). Fig. 

4.5 shows such shish crystals from solution. In the TEM BF micrograph (bragg 

contrast) several ca. 120 to 200 nm broad, longish diffuse dark areas are visible 

(a)j the magnification of this micrograph shows a dark line attributed to a crystal 

lying in bragg position (b). This observation is corroborated by the DF (g= (012)) 

micrograph of similar objects, revealing a 20 nm thick central core of crystalline 

origin (c). 

Fig. 4.5 TEM BF (bragg contrast) micrograph of a shish crystal prepared by ex
trusion of iPS 851k and subsequent selective dissolution (a). The diffuse dark areas 
contain a crystalline core, visible in the magnification of the marked area (b) as well 
as in the DF (g=(012)) image (c). 
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4.3.3 Lamellar overgrowth 

Isothermal crystallization results in a homoepitaxial lamellar overgrowth onto the 

existing shish crystal nucleus, as demonstrated in Fig. 4.6. The bright field image 

(phase contrast) shows a solution prepared shish crystal (by the fishing technique) 

which has been isothermally crystallized at 180°C for 90 min (a). The mean diameter 

of the shish kebab structure is about 150 nm. The dark field micrographs (b) clearly 

portray the shish kebab morphology consisting of the central extended chain crystal 

and the lamellar overgrowth. 

Fig. 4.6 TEM BF micrograph (defocus contrast) of a solution prepared iPS shish 
crystal, subsequently crystallized at 18(f' C for 90 min (a). Dark field micrograph of 
a shish-kebab morphology showing the local arrangement of the lamellar overgrowth 
(b). 

Fig. 4.7 shows a series of TEM dark field micrographs of a melt spun iPS 752k 

film decorated at 180°C for 30 min; the imaging uses different reflections. However, 

the melt spun film has a high density of shish crystals and thus limits the lateral 

length of the kebab overgrowth. Since the dark field mode is sensitive on the choice 

of the respective diffraction reflection and the corresponding structure factor, the 

resulting micrograph may emphasize different structural details, depending on the 

reflection which is used for generating the image. 

When using the g=(220) reflection (Fig. 4.7a), the resulting image shows only 

few crystals lying in Bragg position. The lamellae are pronounced and are imaged 

continuously whereas the central shish crystals can be located with difficulties only. 

The g=(hk1) reflection nearly gives the same impression (Fig. 4.7b), but the yield of 

crystals contributing to the micrograph is higher. Nevertheless, using the g=(012) 

reflection (Fig. 4.7 c) gives a comparable yield of crystals lying in Bragg condition, 
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but the shish crystal is much more distinct. However, the kebabs do not appear 

continuously but with a certain modification in brightness, attributed to the rep

resentation of screw dislocations in the crystal.15, 16 Accordingly, the shish kebab 

morphology resulting from the dark field micrographs in Figs. 4.6 and 4.7 is sum

marized in a sketch (Fig. 4.8). The thickness d of the central shish crystal may 

vary between 7 and 40 nm. The kebabs are attached to the central core and grow 

perpendicular to both sides tapering off with increasing distance, finally adjusting 

to a lamellar thickness l of about 4 nm. However, being in contact with the central 

shish, the kebab thickness approximately is twice as big. The spacing between the 

individual kebabs is nearly equidistant with a periodicity of 16 to 24 nm. 

Fig. 4.7 TEM dark field micrographs of a melt spun iPS 752k film, crystallized at 
18(f'C for 30 min. The micrographs are imaged with the g=(220) (a), g=(hk1) (b) 
and g=(012) (c) reflection, respectively. 

Most of the observed shish kebab structures are composed in a way as depicted 

in Fig. 4.8a, with the kebabs on both sides facing each other. But a minority has a 

different structure, where the opposing kebabs are displaced by about half a period, 

sketched in Fig. 4.8b. This behaviour is clearly visible in the DF micrograph Fig. 

4.6b, the respective kebab crystal is marked by the arrow. 

4.4 Discussion 

4.4.1 The structure of shish crystals 

TEM DF imaging is a powerful tool for the investigation of crystalline morphologies. 

For the case of iPS shish crystals, dark field imaging with the g=(012) reflection 

yields the best results (see the comparing micrographs in Fig. 4.7). The examinations 

of the melt spun iPS film clearly demonstrate that the polymer chains in the shish 
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crystals, which corresponds to the crystalline c axis, are aligned in the direction of 

deformation. This simplifies DF imaging; but one has to bear in mind that , due to 

the fiber texture, only a part of the existing crystals is imaged. Thus, the high yield 

of shish crystals in DF imaging of Fig. 4.4a indicates a high nucleation density during 

the formation process. Accordingly, this limits the longitudinal dimension, since the 

growth process is sterically hindered by the presence of neighbouring crystals. 

spacing spacing 

Fig. 4.8 Sketch of the shish kebab morphology, as it is observed from the dark field 
micrographs of melt spun iPS samples 

In contrast to this, melt extrusion produces much longer (Fig. 4.4b) and thicker 

(Fig. 4.4c) shish crystals. Both observations indicate, that the nucleation density 

during the crystallization process is much lower than at the melt spinning process. 

On the one hand, the increased length indicates the absence of neighbouring crys

tals, which can impede the longitudinal crystal growth. On the other hand, a low 

nucleation density usually is accompanied by a high critical nucleus size (and vice 

versa), which results in an increased thickness. Hence, the thickness of the observed 

shish crystals depends on the formation conditions and can vary between i=::J 10 nm 

for melt spinning and i=::J 40 nm for melt extrusion. 

The DF images clearly illustrate the needle like morphology of shish crystals. 

Some of the crystals show interruptions in DF contrast in longitudinal direction. 

It is of essential interest, to clarify the origin of these non diffracting areas, since 

they can be attributed to two different effects: (I) the dark areas are of amorphous 

character and thus can not contribute to DF contrast. (II) The dark areas are 

of crystalline character, but the lattice orientation does not match the imaging 

condition, resulting in a loss of DF intensity. An elastic tilting or bending of the 

crystal lattice changes the orientation of the imaging lattice plane, the contrast fades 

away with increasing dismatching. However, a solution to that problem would be the 
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following: A tilt of the specimen between exposures should image different crystalline 

regions; in a subsequent comparison the crystalline regions can be identified. But, 

because of radiation damage, such studies are not possible. But there is another 

tool to identify the existence of crystalline regions: the decoration of the crystalline 

core with kebabs. Fig. 4.9 shows TEM BF and DF micrographs, representing the 

same sample area. It was prepared by solution of extruded iPS 851k, followed by a 

decoration process at 180°C. The DF (a) was imaged using the g=(012) reflection. It 

shows a shish kebab morphology, most distinct at the center of the structure. When 

approaching the outer parts of the structure, the central shish crystal looses contrast 

and finally disappears. The kebab overgrowth, however, still is observable, although 

the contrast of the shish crystal has disappeared. Thus, although invisible, a shish 

crystal is still existing. Additionally, the corresponding BF (b) micrograph shows, 

that both, the shish and the kebabs are imaged incompletely by the DF. Finally, 

Fig. 4.4b shows a continuous shish crystal, 670 nm in length. Consequently, the 

observation of non diffracting regions within the shish crystals has to be attributed 

to the imaging mechanism and not to amorphous areas, as predicted by the Hoffman 

model (see section 2.4.4). Moreover, the kink bands predicted by Pennings (see 

section 2.4.1) would appear in TEM DF imaging (using the g=(012) reflection) as 

dark bands nearly perpendicular to the c-direction.15- 17 However, no kink band 

were observed in iPS shish crystals. 

Fig. 4.g TEM DF (a) and BF (b) micrographs of a shish kebab morphology. The 
micrographs represent the same sample area. 
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4.4.2 The hairdressing of shish crystals 

The observation of the dark area around the solution prepared shish crystals (Fig. 

4.5) can be related to the presence of the hairdressing molecules, emanating from 

the crystal surface. The solution process dissolves all amorphous and lamellar parts 

of the polymer except the shish crystals. On the other hand, polymer chains that 

are molecularly connected to the shish crystal will emanate from its surface. Con

sequently, the result is a stable shish crystal which is surrounded by a diffuse cloud 

of dissolved hairdressing molecules, yielding a local increase of polymer concentra

tion. When preparing samples from this solution, the typical cloudlike structure 

with a central shish crystal is conserved as shown in Fig. 4.5a. However, on crystal

lization the amorphous hairdressing reorganizes and forms a lamellar kebab struc

ture, as shown Fig. 4.6a. According to the respective crystallization conditions and 

the corresponding lamellar growth rate (Fig. A.l) the diameter of the shish-kebab 

structure presented in Fig. 4.6a is expected to be 3 f.Lm, exceeding the observed 

value by far. This indicates, that there can be no additional crystallization due to 

unattached molecules as none are present. Thus, Fig. 4.6a shows the intrinsic ke

bab components of a shish-kebab structure, introduced by Keller and Willmouth 

as micro shish-kebabs.5 The lamellae visible in this micrograph are composed ex

clusively from molecules, that are incorporated into the central shish crystal. Both, 

the hairdressing area and the kebab overgrowth, are expected to contain the same 

amount of material. Hence, the subsequent crystallization process transforms the 

amorphous hairdressing molecules, located in a ~ 120 -200 nm broad area around 

the central shish crystal (Fig. 4.5a), into a kebab overgrowth having a diameter of 

~ 150 nm (Fig. 4.6a). 

4.4.3 The structure of shish kebabs 

The dark field micrographs clearly demonstrate, that a shish kebab is not simply a 

crystalline assembly consisting of lamellar crystals that are strung along a central 

core fiber, as it is implied by the sketch in Fig. 4.1a. Moreover, the transition 

from the central shish crystal to the overgrown lamellae is gradual, an unequivocal 

separation is not possible. However, the kebabs do not exhibit an uniform thickness, 

in the vicinity of the central core fiber they are twice as big as in some distance, 

where the thickness amounts to 4 nm, corresponding to a decoration temperature 
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of 180°C (see Fig. A.2). The increase of lamellar thickness is attributed to the 

presence of a nucleus18 (the shish), which reduces the surface free energy of the 

lamellae by means of sharing a common lateral surface. This behaviour has already 

been observed for shish-kebabs in injection moulded polyethyleneJ9 The periodic 

and nearly equidistant arrangement of the kebab overgrowth may be attributed to 

this effect. The thickening of the lamellae in the vicinity of the shish crystal results 

in a closed packed nucleation density. In some distance the lamellae obtain their 

equilibrium thickness; the initial nucleation density, however, is transferred to the 

final kebab structure, resulting in the observed periodicity. 

B 

nucleation -----. growth of lamellae 

Fig. .4.10 Formation of the displaced kebab structure. Depending on the nucleation 
position (B and C) a sterical hindrance in the further kebab growth occurs, leading 
to the displaced kebab structure. 

So, the kebabs have a platelettlike shape, which thickens on approaching the 

center in radial direction. Usually, they are strung perpendicular onto the central 

thread which results in a characteristic pattern as sketched in Fig. 4.8a with the 

lamellae on each side facing each other. However, a few kebabs exhibit a quite 

different behaviour. Although leaving perpendicular from the shish to both sides, 

the kebabs appear to be displaced against each other (Fig. 4.8b). Their spacial 

assembly can be reconstructed from the DF image Fig. 4.6. Marked by an arrow, 

one can find two displaced kebabs being connected by a continuos diagonal bright 

line crossing the shish. Since the DF is very sensitive to angular deviations from the 

crystalline orientation relative to the incident electron beam, this indicates that the 

displaced kebabs result from one lamellae, which is bended while crossing the shish. 
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The reason for their appearance is found in the formation process of the kebab 

overgrowth and depends on the distribution of nucleation sites on the shish crystal 

surface, as sketched in Fig. 4.10. When starting lamellar growth from two opposite 

positions (B and C in Fig. 4.10), which will interfere in the following process, one 

of them will prevail (B) against the other (C) and evades by changing its direction 

whereas the other one has to stop growing due to sterical hindrance. However, 

usually the decoration process results in the formation of flat crystalline platelets 

(as indicated by A) . 

4.5 Conclusions 

The formation of shish crystals can be achieved using different preparation tech

niques. Depending on the preparation and the corresponding formation conditions, 

the dimensions of the resulting shish crystals can be influenced. TEM DF exam

inations on all prepared shish crystals show, that the shish crystal consists of a 

continuous crystal lattice without amorphous interruptions in longitudinal direc

tion and without kink bands. 

However, the lateral surface of the shish crystal is not smooth, but molecules em

anate from the lateral surface resulting in a structure looking like a 'hairdressing'. 

Direct evidence for this hairdressing, which results in an increase of polymer con

centration in the surrounding of the shish crystal, was found by means of TEM BF 

imaging. Under convenient crystallization conditions, these hairdressing molecules 

will crystallize homoepitaxially onto the shish crystal , forming lamellae, molecularly 

connected to the core (micro kebabs). Those micro kebabs were shown using an iso

lated shish crystal, only surrounded by its hairdressing molecules, by crystallization 

of the amorphous hairdressing component. 

In general, a shish kebab morphology is a composed structure, consisting of a 

central fibrillar crystal (shish) overgrown with lamellae (kebabs) . The molecules 

contributing to the lamellar overgrowth, however, do not necessarily need to be 

intimately connected to the shish. Hence, the lateral extend of the kebabs can be 

adjusted by the decoration time. Since the kebabs are nucleated by the core crystal, 

both components match in their crystalline orientation; a shish kebab has a single 

crystalline structure. Thus, in TEM DF both components are visible using the same 

imaging conditions. 
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In this chapter, the formation process of shish crystals is investigated by means of 

morphological observations in the TEM and LM. As already noticed, a molecular 

orientation of the melt is a prerequisite for fibrillar crystallization, constituting an 

essential demand on the sample preparation. 

Alignment of the chain axis parallel to the drawing direction is the most im

portant result when thin, electron transparent films are prepared according to the 

Petermann and Gohil method l (see section 4.2.2 and Fig. 4.2 for detailed descrip

tion) and by the friction transfer method. The molecular alignment can lead to the 

formation of shish crystals, depending on the crystallization conditions. Both meth

ods were used to prepare highly oriented polymer thin films for TEM examination. 

A prerequisite for the formation of fibrillar crystals is the occurrence of molecular 

orientation in coincidence with the right crystallization temperature. Nevertheless, 

chain extension is not a static feature of a polymer melt because due to relaxation 

processes the system tends towards the isotropic state;2 orientation and relaxation 

are antagonistic processes. In order to get information on the conditions of shish 

crystallization, fiber pull out experiments3 were performed using iPS. In this kind 

of experiments a carbon fiber is pulled through the polymer melt followed by optical 

examination. It serves to explore the conditions (temperature and deformation) for 

shish crystal formation. 
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5.2 Experimental 

5.2.1 Materials 

Two different homologues of iPS were used for experiments, supplied by Polymer 

Laboratories, Inc. (Mw = 752,000; 97% tacticity) and Scientific Polymer Products, 

Inc. (Mw = 400,000; 90% tacticity). In the following they will be referred to as iPS 

752k and iPS 400k, respectively. 

The reason for using these two kinds is attributed to the specific preparation 

requirements (see section 5.2.2). Although resulting in an ultra thin polymer film, 

the friction transfer method requires a bulk sample, which can be managed by 

hand. Those bulk samples only were available for iPS 400k. On the other hand, 

melt spinning was only successful using iPS 752k. A summary of all used kinds of 

iPS can be found in Tab. A.I. 

5.2.2 Preparation methods 

Friction transfer films 

Oriented thin films of iPS 400k were prepared according to the method of Tabor et. 

a1.4 , 5 by sliding a surface of a polymer rod on a clean glass slide (Fig. 5.1), simply 

by hand. Additionally, the temperature of the glass can be adjusted if necessary. 

The friction transfer (FT) film, which remains on the glass, is floated onto water 

and picked up on carbon coated TEM grids. 

Following the preparation some of the thin films were thermally treated either 

on a hot stage for isothermal crystallization or in the DSC for non isothermal 

temperature programs. 

Fig. 5.1 Preparation of oriented polymer thin films by means of fri ction transfer. 
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Fiber pull out experiments 

Samples for light optical examinations were made by pressing iPS 400k between two 

glass slides at a temperature of 270°C for one minute to ensure that all crystalline 

content has been molten. Subsequently, the sample was quenched in ice water, the 

glass is removed. This results in an amorphous polymer film of approx. 50 11m 

thickness. 

For the fiber pull out experiments a bundle of several carbon fibers is placed 

between two peaces of this polymer film and sandwiched between two glass cover 

slides. This arrangement is pressed at 270°C in order to achieve a good contact 

between the fibers and the polymer matrix. Subsequently, this sandwich is quenched 

in ice water, resulting in an amorphous polymer matrix containing several carbon 

fibers. 

These samples were put on a hot stage and the fibers are pulled from the polymer 

melt with constant velocity and examined subsequently on a light optical microscope 

with crossed polars, equipped with a heating device. However, the process of pulling 

the fiber through the polymer melt is an ex situ experiment but the subsequent heat 

treatments are observed in situ. 

This kind of experiment covered a temperature variation from 210°C to 270°C 

and pull out velocities from 135 to 815 11m/min. In order to control the pull out 

velocity, a special apparatus was used. Subsequently, the samples were examined in 

the light optical microscope before resp. after crystallization at 180°C for 5 min. 

To study the influence of the resting carbon fiber, the evolution of crystallization 

was examined in the respective temperature range and no preferred nucleation on 

the carbon fiber was observed. 

The melt spun films of iPS were prepared as already described in section 4.2.2. 

5.3 Results 

5.3.1 The crystallization rate 

Fig. 5.2a shows a TEM DF micrograph (g=012) of an as prepared melt spun film 

of iPS 752k (spun at 230°C). Several shish crystals with the crystalline c-axis in 

spinning direction (indicated by the arrow) and without kebab overgrowth are vis

ible, their thickness varies between 6 and 10 nm, their length can reach up to 160 

nm. The corresponding ED pattern confirms the observed fiber texture (the g = 
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(220) and g = (300) reflection are present, see Fig. 3.3) and clearly identifies the 

crystalline c-direction. However, in order to exclude a confusion with lamellae, the 

sample was allowed to crystallize at 180a C for 30 min so that a lamellar overgrowth 

is induced resulting in a shish-kebab morphology (Fig. 5.2b), where the shish crys

tals are aligned in spinning direction, the lamellae perpendicular to the spinning 

direction. 

Fig. 5.2 TEM micrographs (DF with g=(012)) of iPS 752k, prepared by melt spin
ning at 2300 C. The as prepared sample contains shish crystals (a). With subsequent 
crystallization at 1800 C for 5 min, a shish-kebab morphology is observed (b). 

Moreover, highly oriented friction transfer films of iPS 400k, prepared at RT, 

were examined in the TEM. Although the ED pattern indicates the presence of an 

oriented crystalline phase (Fig. 5.3a), no crystal morphology can be identified in 

TEM BF or DF mode which has to be attributed to the small dimension of the 

existing crystals. Considering, that the crystals, maybe less than 10 nm in size, are 

embedded in a polymer thin film of 50 to 100 nm thickness, the contribution of 

one single crystallite to the image is superimposed by all crystalline and amorphous 

material of the entire film thickness. Consequently, the imaging of small crystals 

being distributed over a much larger thickness has to fail. However, since there is 

no direct observation, the longitudinal as well as the lateral size were estimated to 

be less than 10 nm. 
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Increase of the substrate temperature to 220°C results in a shish kebab mor

phology (Fig. 5.3b) containing short shish crystals, approx. 40 nm in length. 

Fig. 5.3 Electron diffraction of iPS 400k FT-film prepared at RT (a). TEM DF 
image of a FT-film prepared at a substrate temperature of 2200 C (b). 

Fig. 5.4 TEM ED pattern (a) and DF micrograph ( g=(012)) of an iPS 400k 
FT film, prepared at RT (b). Crystallization at 1800 C for 8 min yields a lamellar 
morphology, aligned with the crystalline c-axis in transfer direction (indicated by 
the arrow). 

When heating the micellar iPS friction transfer films for 8 min at 180°C (by 

putting the carbon supported TEM grid covered with the FT film on a preheated hot 

stage) a total lamellar morphology is observed (Fig. 5.4b). The corresponding ED 

pattern (a) shows increased crystalline content indicated by more distinct reflections 

compared to the as prepared one in Fig. 5.3a. However, increasing the duration of 

isothermal crystallization at that temperature does not change the morphology 
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significantly. 

5.3.2 Observation of micellar to fibrillar transformation 

A transformation from the as prepared to a shish-kebab morphology is achieved 

with a modified thermal treatment of the iPS FT films performed in the DSC: the 

polymer thin film supported by a carbon coated TEM grid was heated as fast as 

possible to 235°C. This temperature jump was achieved by putting the sample into 

the preheated DSC. Subsequently, it was heated with a 1 Kjmin ramp to 248°C, 

followed by a controlled cooling with the same rate to 235°C and finally cooled 

to RT with a 10 Kjmin ramp. In Fig. 5.5 the resulting shish-kebab morphology 

can be recognized. The kebab overgrowth is attributed to the cooling process from 

235°C to RT. Nevertheless, the shish crystals observed must originate from the 

initial micells. This was achieved only by thermal manipulation of the sample, no 

additional external orientation to the molecules was applied. 

Fig. 5.5 TEM micrographs (DF with g=(012)) of an iPS 400k FT film, prepared 
at RT with subsequent thermal treatment (see text), showing a shish kebab morphol
ogy. 

5.3.3 The crystallization conditions 

In order to examine the macroscopic conditions, necessary for shish crystal forma

tion, carbon fibers were pulled through an is melt. Depending on the experimental 

parameters (T, Vpull) the drawn fiber leaves behind different oriented structures 

visible in polarized light microscopy, which may be divided into the following cate

gories: 

I Streak-like objects, visible without subsequent crystallization (Fig. 5.6a). They 
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are found directly in the trace of the drawn fiber. However, when the sample 

is allowed to crystallize, lamellae nucleate and grow epitaxially on these struc

tures. In-situ observations on the hot stage optical microscope showed, that 

those structures maintain birefringent up to temperatures of about 260°C. 

For the duration of at least 30 min no change in appearance could be observed. 

II Rod-like objects, only visible after additional crystallization at 180°C (Fig. 

5.6b). These structures vary in length and seem to proceed from short, sep

arated units into long continuous entities. As already mentioned in section 

4.2.3 a decoration of the shish crystals is necessary in order to visualize them 

as shish-kebab structures in optical microscopy. Moreover, in-situ thermal ex

periments using the 'decoration' technique with gradually increasing Tmax (as 

it will be described in section 6.2.3) showed, that the nuclei of those structures 

maintain stable up to temperatures of about 245°C. 

III no oriented structures are observed around the trace of the drawn fiber, even 

after additional crystallization. 

Fig. 5.6 LO micrographs (polarizing contrast) of fiber pull out experiments. A 
streak-like polarizing contrast is visible in the trace of the fiber (a) (Form J). The 
pull out experiment was performed at 22fr C with a pull-out velocity of 480 f.tm/min 
in a iPS 400k sample. Rod-like objects appear in the trace of the fiber after 10 min 
crystallization at 18frC (b) (Form II). The preparation parameters were T=24frC 
and Vpull =480 f.tm/min. Both micrographs show the crystallization in the trace of 
one fiber (note the different scale bars in (a) and (b)). 

The entirety of the fiber pull out experiments for iPS 400k is shown in Fig. 5.7. 

Streak-like, birefringent structures (Form I) arise at temperatures up to 230°Cj with 

increasing drawing velocity Vpull the maximum temperature of appearance increases. 
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Adjacent to the Form I regime, Form II is found at preparation temperatures ranging 

from 220 to 260°C; the influence of Vpull is analogous. With further temperature 

increase no oriented birefringent objects (Form III) were observed. 
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Fig. 5.7 Results of the fiber pull out experiments in iPS 400k. Depending on 
the Temperature and the pull out velocity the resulting structure is registered in 
the diagram. (.) corresponds to the observation of streak-like oriented structures, 
that are visible without additional crystallization (Form I). For preparation param
eters marked with (*) Form II is observed. (6) denotes the parameters, where no 
anisotropy is observed (Form III). 

5.4 Discussion 

5.4.1 The crystallization process 

Both preparation techniques, the melt spinning and the friction transfer method, 

realize an alignment of the macromolecular chains parallel to the drawing direction. 

However, the resulting morphologies differ considerably because they offer quite dif

ferent crystallization conditions, which will be demonstrated by a closer inspection 

on both methods. 

The melt spinning method (Fig. 5.8a) produces a high longitudinal flow 

gradient by building up the flow within an extremely short distance. 1 If one as

sumes a linear change in longitudinal velocity of the melt, then with a deformation 
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zone of 1 J.lm and a take up speed of 1 ms-1, a longitudinal flow gradient of 105 S-1 

is obtained. The time available for crystallization is determined by the duration 

between the onset of deformation to falling short of the glass transition temper

ature. However, since the melt spun film is very thin, its temperature during the 

preparation process depends, in a first approximation, only on its position relative 

to the heated glass slide. The corresponding thermal gradient dT / dz is calculated 

according to simple heat diffusion in air and yields that the film obtains the glass 

transition temperature at the latest at a position ~ 10 mm above the glass slide. Ac

cordingly, with the corresponding take up speed all crystallization and relaxation 

processes were stopped after 10-2 s. However, these conditions are sufficient for 

shish crystal formation (Fig. 5.2) within the available time. Additionally, one can 

estimate the lower limit of the longitudinal growth rate to 9 2: 10 J.lm Is, nearly 

two orders of magnitude faster than the lamellar growth process (from the quiescent 

melt) in iPS.6 This high crystallization rate is in accordance with observations on 

the shish crystallization of other polymers,7-1o where the fibrillar crystallization is 

much faster than the lamellar process. 

z 

a 

flow region 
melt spun/ - l)lm 
, " film 

" 

hot plate 
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friction transfer 
film 

Fig. 5.8 Closer inspection on the dimensions during thin film preparation: melt
spinning (a) and friction transfer (b). 

The friction transfer method, in contrast, leads to shear induced orienta

tion of the macromolecular chains (Fig. 5.8b). Considering a film thickness e of 50 

nm and a velocity v of 10 m/s a shear rate of 2· 108 S-1 is obtained. This process 

is accompanied by a temperature development in the tip of the bulk material; the 

transferred film, however, is quenched immediately to the substrate temperature 

(RT) due to its small thickness. Assuming that the contact area between the tip 

of the bulk material and the substrate extends to IS ~ 1 mm in sliding direction 

(see IS in Fig. 5.8b), the time between onset of shearing and quenching amounts to 
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81v = 10-4 s. Hence, the as prepared friction transfer films show the very beginning 

of orientation-induced crystallization which is corroborated by the TEM observa

tions. The presence of an oriented ED pattern in combination with no identifiable 

crystalline morphology is characteristic for a micellar structure. Assuming a maxi

mum length of the micells of 10 nm, upper limit of the corresponding growth rate 

can be estimated to 9 :::; 100 /-Lm/s (from the melt spinning process: 9 ~ 10 /-Lm Is). 

The orientation of the macromolecules, attributed to the high shear rate, results 

in a high supercooling and consequently in a high nucleation density. Nevertheless, 

the entire structure is supposed to be composed of parallel aligned micells, intercon

nected by strained amorphous molecules. It is comparable to a slightly crosslinked 

and oriented rubberlike network (Fig. 5.9a). 

The rapid quenching can be suppressed by heating the substrate to e. g. 220°C 

and thus giving the generated micells enough time for subsequent longitudinal 

growth. However, due to the high nucleation density this growth process can only ex

tend over a mean range until it is interrupted by neighbouring crystals, yielding the 

observed short shish crystals (Fig. 5.3b) . The observation of the kebab overgrowth 

has to be attributed to subsequent crystallization due to the substrate temperature. 

micellar structure selective melting fibrillar crystals 

~- ~--:: 

~~ 
~~~~ 

growth 
~ 

Fig. 5.9 The transformation mechanism from micellar to fibrillar structure. FT 
at room temperature results in an oriented network of micellar crystals and strained 
tie-molecules (a). With increasing temperature imperfect micellar species will melt 
(b); the remaining nuclei are able to grow due to the reduction of micellar crosslinks 
(c). 

Additionally, the micellar structure of a FT iPS film can be transferred either to a 

lamellar or a fibrillar morphology, depending on the subsequent thermal treatment. 

For the latter case, lamellar crystallization has to be avoided by rapid heating 

to a temperature where no lamellar crystallization occurs. Further temperature 
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increase to T max, performed at a slow heating rate, results in a selective melting 

of imperfect micellar crystals; the more perfect ones will remain (b). The effect of 

this selective melting is a reduction of physical crosslinks, which, in consequence, 

enables the stable micellar nuclei to grow in longitudinal direction into the still 

oriented polymer melt (Fig. 5.9c). The selective melting 'creates free space' for the 

fibrillar crystallization process. 

Consequently, the observed transformation from a micellar to a shish crystal has 

to be attributed to a longitudinal growth process, which is activated only by a ther

mal treatment. An external orientation of the molecules is not required. This contra

dicts most of the theories on fibrillar crystallization, where a continuous orientation 

of the molecules, induced by external manipulation (shear or flow) is imperative for 

the crystallization process. 

5.4.2 The crystallization conditions 

Since the evaluation of the fiber pull out experiments has to be done by optical 

microscopy, a direct identification of shish crystals is impossible. However, using the 

decoration technique, shish kebabs can be identified due to their increased lateral 

dimension, providing indirect evidence for existing shish crystals. 

Obviously, the structures Form I and Form II are induced by the mechanical 

influence of the moving fiber to the polymer melt. The birefringence indicates a 

parallel alignment of the macromolecular chains, either in a crystalline or in an 

amorphous structure. Since the birefringence of Form I maintains at elevated tem

peratures (up to 260°C) without showing a time dependent effect, a relaxation of the 

aligned molecules does not take place, although relaxation processes in the melt are 

dominant under those conditions. Hence, an amorphous origin of the birefringence 

is ruled out. 

Accordingly, the observed birefringence of Form I is attributed to a crystalline 

origin as well as the nuclei for the oriented lamellar overgrowth of Form II, which 

may be of lamellar or fibrillar morphology. Their thermal behaviour (Le. their ther

mal stability) indicates, that the birefringence has to be attributed to the presence 

of shish crystals, aligned with the crystalline c-axis in drawing direction. 

The streak-like appearance of Form I, visible without additional overgrowth, 

is attributed to an aggregation of many parallel aligned fibrillar crystals, whereas 

Form II represents a shish-kebab morphology, containing few or at least one central 
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fibrillar core crystal. 

The examined formation conditions comprise the crystallization temperature T 

and the pull-out velocity Vpull. Drawing a carbon fiber through a polymer melt is 

comparable to a shearing experiment; the velocity Vpull corresponds to the shear 

rate f; . The polymer melt located in the trace of the fiber will finally experience 

a certain orientation. Nevertheless, relaxation processes will counteract by trans

ferring the oriented polymer chains into the random coiled state due to entropic 

reasons. The time scale for relaxation processes decreases with increasing temper

ature. Thus, shear rate f; and relaxation are antagonistic processes. However, the 

molecular orientation will be fixed, when crystallization is faster than relaxation. 

In this connection the diagram in Fig. 5.6 can be interpreted. The transition 

from region II to region III denotes the balance of relaxation and shear rate. With 

increasing temperature (or decreasing velocity) relaxation is the dominating process; 

the shear rate is insufficient to maintain the orientation before crystallization sets 

in and vice versa. 

5.5 Conclusions 

The formation of shish crystals from an oriented iPS melt is a fast process. Within 

a period of 10-2 s (the time available for crystallization at melt spinning) the shish 

crystals achieve a length of approx. 100 nm, yielding a crystallization rate of 10 

pm/s, nearly two orders of magnitude higher than the lamellar crystallization rate. 

Additionally, the available crystallization time in FT experiments amounts to 1O-4 s, 

sufficient only for the nucleation process; the structure is quenched below Tg before 

onset of longitudinal crystal growth, resulting in a micellar structure. Neverthe

less, with an appropriate thermal treatment (avoiding lamellar crystallization and 

using selective melting of micells) the nuclei can grow in longitudinal direction, re

sulting in the formation of shish crystals. In contrast to most theories on fibrillar 

crystallization, the observed longitudinal growth process does not need an external 

orientation of the molecules (like shearing or a flow field) during the crystallization 

process. 

The formation conditions of shish crystals were examined by means of a fiber 

drawing experiment, covering a temperature range from 210 to 270°C. It was found, 

that the formation threshold is characterized by the balance of shear rate f; (resp. 
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the drawing velocity of the fiber) and relaxation in the polymer melt (resp. the 

temperature). Increasing temperature can be compensated by simultaneous increase 

of the drawing velocity. In the accessible parameter window, shish crystal formation 

was observed up to 260°C. 
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The previous chapters comprise the examination of shish crystal properties, i.e. their 

morphology (chapter 4) and their crystallization process including the formation 

conditions (chapter 5). 

This chapter presents the examination of the shish crystal melting. Since the 

geometry of shish crystals significantly differs from the lamellar one, a different 

melting behaviour is expected. According to Eq. 2.24 the melting point depression 

mainly depends on the thickness d of the shish crystal, the effect of the fringed 

surface can be neglected. Based on thermodynamic considerations only, the melting 

point of shish crystals is expected to be lower than the respective equilibrium melting 

point T!. However, Pelzbauer and coworkers observed a melting point for iPS shish 

crystal at 246°C; 5°C above T!. This effect has to be attributed to structural effects 

and will be examined in this chapter. 

The melting behaviour of iPS lamellar crystals has been investigated in detail l - 3 

and shows a double melting peak. However, the maximum thermal stability of lamel

lar crystals is found at 230°C for isothermal crystallization at Tc=220°C (see Fig. 

A.3). DSC examinations of iPS shish crystals are more difficult since the content of 

shish crystals in the available samples usually is to low. 

The samples prepared by fiber pulling are not suitable for DSC examinations, 

because the fraction of generated shish crystals achieved by these preparation tech-
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nique is to low to give a significant signal in DSC analysis. Moreover, although the 

melt spinning technique yields a high fraction of shish crystals, the total yield of 

polymer material is by far not enough for DSC examinations. Hence, bulk samples 

were prepared by extrusion of the melt in order to obtain a sufficient amount of 

shish crystals. Moreover, parallel to the TEM observations in chapter 5 the trans

formation from the micellar to a shish crystal morphology, observed in FT films, 

was confirmed by DSC examinations. 

To corroborate the DSC measurements, TEM examinations were conducted on 

the iPS extrudates, confirming the presence of shish crystals. Moreover, the struc

ture development (or better the retrogression) on increasing temperature using the 

birefringence of shish-kebabs is observed, using optical microscopy. 

6.2 Experimental 

6.2.1 Materials 

For the presented experiments, one kind of iPS was used, supplied by Scientific 

Polymer Products, Inc. (Mw = 400,000; 90% tacticity). As in the previous chapter, 

this will be referred to as iPS 400k. 

6.2.2 Preparation methods 

Friction transfer films for DSC measurements 

Oriented thin films were prepared according to the friction transfer (FT) method 

of Tabor et. al.4 , 5 as already described in section 5.2.2. 

In order to produce a higher amount of FT films for DSC measurements, the 

method was modified slightly by pressing the polymer block on a rotating glass 

sheet. Subsequently the resulting thin polymer film is removed from the glass yield

ing enough material for DSC measurements. 

Melt extrusion 

For DSC examinations bulk samples of iPS 400k were prepared by pressing the 

polymer melt through the nozzle of a piston extruder as described in section 4.2.2. 

The barrels temperature and the velocity of the piston are adjustable and were 

varied between 230°C and 250°C and 1 mm/min and 80 mm/min, respectively. 
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Since the iPS melt is sensitive to oxidation at elevated temperatures, some effort 

was made to keep the extrusion process as short as possible. 

Due to the high orientation of the polymer melt (within the right parameter win

dow) shear induced crystallization sets in directly at the nozzle, noticeable through 

the opaque appearance of the extrudate and in the extreme case blocking of the 

nozzle occurs (at temperatures below 230°C). 

The following thermal analysis of the samples was performed with a heating rate 

of 10 K/min. To prevent thermal degradation, nitrogen gas was circulated around 

the sample pan. 

For AFM examinations, an extruded sample, prepared at 250°C with a piston 

velocity of 2 mm/min was dissolved in boiling xylene and thin films were prepared as 

in section 4.2.2. However, instead of using TEM grids, the thin films were prepared 

directly on freshly cleaved mica substrates. 

Sheared samples 

Samples for shearing experiments were made by pressing iPS 400k between two 

glass cover slides at a temperature of 280°C for one minute to ensure that all 

crystalline content has been molten. Subsequently, the sample was quenched in 

ice water. This results in an amorphous polymer film of approx. 50 /lm thickness, 

sandwiched between two glass cover slides. In order to induce oriented structures 

in the sample it was put on a 230°C hot stage and the two glass cover slides were 

sheared before quenching the sample in ice water. It was then used on a heating 

device for examinations in an optical microscope with crossed polars for in situ 

observations. 

The thermal treatment of the film was carried out directly in the microscope 

without changing the sample positions. 

6.2.3 Thermal treatment: the gradual melting procedure 

This method is developed especially for optical examinations of the melting be

haviour of shish crystals in iPS. At first, the shish crystals are decorated for visu

alization purpose. Subsequently, the sample is heated to T max for a certain period 

of time. Usually, T max is above the melting temperature of lamellar crystals. The 

lamellar overgrowth melts and the shish kebab structure disappears, accompanied 

by a complete loss of visibility. Subsequently, the sample is cooled to 180°C in order 
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to decorate the remaining shish crystals; the resulting shish kebab structures be

come accessible for examination. This process is repeated with gradually increasing 

the maximum temperature T max' 

6.3 Results 

6.3.1 The melting temperature 

Fig. 6.1a shows a series of DSC measurements of extruded iPS 400k samples. The 

samples were prepared at a constant piston velocity of 20 mm/min under varia

tion of the extrusion temperature. When prepared at 235°C or 240°C the samples 

exhibit two melting peaks in the DSC thermogram, at Tl = 220°C and around 

T2 = 249°C , respectively. A significant crystallization could not be observed in 

the respective thermogram in Fig. 6.1a. However, when increasing the extrusion 

temperature to 245°C, the higher melting peak disappears and the lower one is to 

be found at 222°C , additionally, a strongly developed crystallization is observed 

with its maximum at 160°C. Fig. 6.1b shows the DSC thermograms of samples 

extruded at a piston velocity of 60 mm/min showing two melting peaks for all three 

preparation temperatures. The corresponding melting points, enthalpies t1H and 

calculated crystallinities X are listed in Tab. 6.1. However, the DSC thermogram of 

the untreated sample (as delivered from the supplier) shows exclusively one melting 

peak at Tl and moreover no crystallization can be observed (Fig. 6.3b). For a purely 

amorphous quenched sample neither a significant melting nor a crystallization oc

curs, due to the slow crystallization kinetics of iPS. Accordingly, when a distinct 

crystallization is observed at a heating rate of 10 K/min this has to be attributed 

to the presence of nuclei in the polymer. This effect can be observed in the DSC 

thermogram Fig. 6.1a; the sample extruded at 245°C with 20 mm/min shows sig

nificant crystallization, indicating the existence of nuclei; their amount, however, is 

insufficient for detection in the DSC. 

Hence, the extrusion process produces such a high amount of shish crystals, 

that the detection threshold is exceeded and their melting can be observed in the 

DSC with the occurrence of T2 • Assuming, that the heat of fusion for iPS6 t1Hf = 

91.1J/crn-3 is the same for lamellar and shish crystals the weight fraction of shish 

crystals in the sample XT 2 can be calculated and is found to vary between 0.9 and 

3.2 % (Tab. 6.1). 
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Fig. 6.1 DSC thermograms of extruded iPS 400k. The velocity of the piston was 
kept constant at 20 mm/min under variation of the barrel temperature (a). For tem
peratures 235° C and 240 ° C two significant melting peaks can be observed, whereas 
at a higher extrusion temperature (24SO C) only the lower melting peak at Tl is visi
ble. When conduction the extrusion at a piston velocity of 60 mm/min, two melting 
peaks are observed for all three temperatures (b). 

processing conditions Tl tlHTl XT1 T2 tlHT2 XT2 

v[mmlmin] T[°G] [0G] [Jig] [%] [0G] [Jig] [%] 
20 235 220 12.4 14.3 249 2.8 3.2 
20 240 221 12.6 14.5 249 2.1 2.4 
20 245 223 16.8 19.4 - - -
60 235 222 10.9 12.6 247 2.1 2.4 
60 240 222 13.5 15.6 251 0.8 0.9 
60 245 222 13.0 15.0 254 0.8 0.9 

Tab. 6.1 Measured melting points Tl and T2 with the respective enthalpies tlH 

and the corresponding crystallinities X. 

It is conspicuous, that the increase of T2 is accompanied by a decrease of the 

corresponding enthalpy tlH. This fact is demonstrated in Fig. 6.2, showing the 

measured melting enthalpies as a function of T2 • These data were obtained from 

the entire extrusion experiments; the processing temperature ranges from 230 to 

245°C and the piston velocity from 1 to 80 mm/min. 

Moreover, a modified DSC temperature program was performed with an ex

truded iPS sample prepared at 235°C with 60 mm/min, shown in Fig. 6.3a. The 

sample was heated with 10 K/min to 240°C and kept at that temperature for 30 

min (a). This temperature is just below the highest observed melting at T2 . Subse

quently it was cooled to 120°C (b) to start a new scan up to 280°C (c). Then the 

sample was cooled to 120°C (d) and heated to 280°C (e) once more. 
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Fig. 6.2 Melting enthalpy !::1H as a function of the melting temperature T2 . The 
data was obtained from variation of the extrusion parameters (extrusion Tempera
ture from 230 to 24SO C, piston velocity from 1 to 80 mm/min). 

After 30 min at 240°C the thermogram shows a distinct crystallization at 200°C 

on cooling from the melt (b) and a melting peak at T2 = 248°C in the subsequent 

heating scan (c). Once heated to 280°C the iPS shows an amorphous behaviour (d 

and e). 
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Fig. 6.3 DSC thermograms of an iPS extrudate produced at 23SO C with a piston 
speed of 60 mm/min (a) (see text for the corresponding DSC program). 
As delivered samples show an endotherm at 22~ C whereas quenching from 2700 C 
yields a complete amorphous state(b). All scans were performed with a 10 K/min 
heating resp. cooling ramp. 

Additionally, one of the extruded samples (prepared at 245°C with 60 mm/min) 

was dissolved in boiling xylene yielding a 0.05 % concentration for preparation of 

thin films for TEM examination. However, in contrast to non extruded but crys

talline iPS this one does not dissolve completely but shows some solid fragments 

within the solution. Fig. 6.4a shows the corresponding DF micrograph of the dis

solved extrudate, which subsequently has been decorated at 180°C for 5 min. Several 

shish kebab structures can be observed in an interlinked, slightly brighter area, that 
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can be attributed to undissolved fragments. Their longitudinal extension varies be

tween 40 and 120 nm as determined from the DF. However, since DF imaging only 

portrays crystals that meet the right orientation, the amount (and the length) of 

shish kebabs is assumed to be much higher than the micrograph 6.4a might suggest. 

The brighter area in their surrounding results from an excess of material which con

tributes to electron scattering, a process comparable to the mass contrast in BF 

imaging. 

Fig. 6.4 DF micrographs of dissolved extruded samples: iPS 400k extruded at 
2450 C with a piston velocity of 60 mm/min. Short shish kebab structures can be 
observed (a). Extrusion at 2500 C with 2 mm/min and subsequent solution yields 
much longer shish kebab structures (b). The prepared thin films (in a and b) were 
additionally crystallized at 1800 C for 3 min to decorate the shish crystals with lamel
lar overgrowth. 

However, using modified extrusion conditions the longitudinal dimension of the 

shish crystals as well as the solubility of the extrudate can be changed significantly. 

For example, a sample prepared at 250°C with an extrusion velocity of 2 mm/min 

yields a homogeneous solution (for optical inspection the polymer has dissolved com

pletely, but the solution still contains undissolved shish crystals) and the resulting 

shish kebab structures have a longitudinal extension in the order of about one I-lm 

in DF imaging, as presented in Fig 6.4b. Additionally, extruded samples showing 

a marked melting endotherm at T2 (Fig. 6.1) were subjected to the same solution 

procedure, but without success. These extrudates did not dissolve in boiling xylene 

and no thin film preparation was possible. 
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6.3.2 DSC measurements on FT films 

The electron microscopy observations concerning FT iPS films (see sections 5.3.1 

and 5.3.2) were corroborated by results of DSC measurements conducted on iPS 

400k FT samples. The thermogram of the as prepared FT sample confirms the ab

sence of shish crystals (Fig. 6.5a). One single melting peak with its maximum at 

218°C and an additional shoulder at 230°C can be recognized, following a distinct, 

expanded crystallization process. In addition, a step at the glass transition temper

ature of iPS (~ 100°C) is observed. However, when crystallizing the FT films at 

180°C for 10 min, the thermogram changes significantly; three melting endotherms 

at 190°C, 216°C and 233°C occur, without showing a crystallization process, pre

viously. 

240·C 

235·C 

230·C 

O.Oi 

100 250 180 200 220 240 260 
T [0C] 

Fig. 6.5 DSC thermograms (10 K/min) of iPS 400k friction transfer films. As 
prepared (upper curve) and crystallized at 1800 C for 10 min (lower curve) (a). 
Heating and cooling with 1 K/min from 2300 C to the denoted maximum temperature 
following a temperature jump to 2300 C (b). 

In analogy to the preparation of the TEM samples presented in Fig. 5.5 several 

DSC runs were realized (Fig. 6.5b). Starting with a temperature jump to 220°C the 

sample was slowly (1 Kjmin) heated to a maximum temperature Tmax (as denoted 

in Fig. 6.5b) and cooled (1 Kjmin) to 220°C, followed by a 10 Kjmin cooling to 

80°C, which is the starting temperature for the subsequent measurement. One can 

notice two melting peaks, the first one at about 220°C, the second approximately 

5°C above Tmax . Additionally, the enthalpy of the latter endotherm decreases with 

increasing the maximum temperature. 
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6.3.3 The morphology development during melting 

Additionally, examinations of the thermal stability of the birefringent structures 

formed by shearing an iPS 400k melt at 230°C were performed in the light optical 

microscope equipped with a heating stage. 

Since the structures are only visible with sufficient lamellar overgrowth (analo

gous to Form II in section 5.3.3), the determination ofthe thermal properties needs 

a two step experiment. Since the lamellae melt at ~ 220°C no birefringence can be 

observed above this temperature, but the nucleus may still be present. Hence, the 

gradual melting technique (as described previously in this chapter) is used to follow 

the dimensional change of the shish crystals in optical microscopy. Fig. 6.6a shows 

a series of LO micrographs of the same objects with stepwise 5°C increment of the 

maximum temperature Tmax from 235°C to 245°C and subsequent crystallization 

at 180°C. Depending on Tmax the length of the shish kebab structures decreases 

until at 245°C gaps in the shish kebab structure occur. The shortening is an ir

reversible process, depending only on the temperature and not on the duration, 

as demonstrated in Fig. 6.6b. Here the same experiment was performed but with 

different duration at T max' 

Fig. 6.6 LO micrographs of shish kebab structures prepared by shearing an iPS 
400k melt at 2300 C. Subsequent crystallization at 1800 C for 10 min results in lamel
lar overgrowth; long birefringent shish-kebab structures are visible. The length of the 
shish-kebab structures decreases with increasing the denoted Tmax (a). The duration 
at maximum temperature Tmax (denoted in the micrograph) has no influence on the 
observed length (b). 
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The same experiment was performed ex situ in an atomic force microscope 

(AFM) but with shish crystals prepared by solution of an extruded iPS 400k (pre

pared at 250°C with a piston velocity of 2 mm/min). The sample was heated outside 

the AFM to Tmax for 1 min and subsequently crystallized at 180°C (Fig. 6.7). How

ever, the lamellar overgrowth is necessary because the central shish crystal is not 

located at the surface and hence it is not detectable with the scanning probe tech

nique. The length of the central thread is slightly decreasing with increasing the 

maximum temperature from 7.6 /-lm at 245°C to 5.0 /-lm at 273°C (Fig. 6.7). With 

further increase of the maximum temperature no shish kebab could be re-identified. 

Fig. 6.7 Series of AFM micrographs (amplitude contrast) of a shish kebab struc
ture heated to the denoted maximum temperature for 1 min followed by crystalliza
tion at 18(f' c. 

6.4 Discussion 

6.4.1 The melting temperature of shish crystals 

The reason for the melting peak at T2 , observed for extruded iPS in the DSC, may be 

of different origins. It can indicate the occurrence of a different crystalline structure 

in iPS, but since no polymorphism has been observed for iPS, this possibility can 
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be excluded. Superheating of the lamellae has to be taken into consideration, too. 

But the DSC thermograms rather indicate the presence of stable nuclei in the 

polymer (e.g. Fig. 6.3a). Nevertheless, the appearance of the melting at T2 is 

connected with the extrusion process, which results in a high orientation of the 

molecules in the melt and hence in an increase of undercooling. Under these pro

cessing conditions shish crystals in iPS can be generated. This is confirmed by iden

tification of shish crystals in the extruded samples via TEM DF. This observation 

was carefully cross-checked by a number of identical preparation procedures with 

non extruded iPS and with extruded samples heated to 280°C subsequent to the 

extrusion process, in order to melt all crystalline content. In none of those samples 

shish crystals could be detected, so a supplementary shish crystal formation due 

to the thin film preparation process can be excluded definitely. Consequently, the 

occurrence of the endotherm peak T2 has to be attributed to the melting of shish 

crystals. 

However, the measured melting temperature of the shish crystals exceeds the 

equilibrium temperature6 T! = 241°C by at most 13°C. This superheating of fibrillar 

crystals already has been reported for solution-7- 16 as well as melt-crystallizedI7-
20 

polyethylene fribrillar crystals. For the case of isotactic polypropylene Grubb et. 

a!. 21 could show that shish kebab crystals in pressed films are to some extend su

perheatable, too. Pelzbauer und Manley examined fibrillar iPS crystals grown from 

solution22 and found the maximum endothermic peak at 246°C in DSC measure

ments, which increases only negligible with heating rate, which corresponds to our 

DSC measurements. 

The reason for the superheating of shish crystals may be of different origin. Slow 

melting crystals can lead to a delayed melting noticeable by an increased melting 

temperature.23 This effect clearly depends on the heating rate and moreover, shows 

a decrease of crystallinity on isothermal heating. But the in situ light microscopy 

(Fig. 6.6b) indicates that the melting of the shish crystals does not depend on the 

time and combined with the DSC heating rate experiments22 a slow melting of shish 

crystals can thus be excluded. 

Melting is an entropy producing phase transition from the crystalline to the liq

uid state. The gain of entropy t:l.S, however, depends on the macro conformation of 

the surrounding molecules. Hence an oriented amorphous surrounding results in a 

shift towards higher temperatures (see e.g. Eq. 2.18 and Fig. 2.12) that can exceed 
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the equilibrium melting temperature T~. But, for a system without external con

straints, such as macroscopic fixation, the amorphous phase will relax on exceeding 

the glass transition temperature and loses its orientation accompanied by increas

ing entropy. In order to keep their orientation in the melt, the macromolecules have 

to be fixed internally, building a rubberlike network. Accordingly, polymer crystals 

can act as physical crosslinks when one polymer chain is incorporated into at least 

two crystals (see e.g. Fig. 2.13). When these amorphous tie molecules are strained, 

this may either be attributed to the previous crystallization process or happens at 

the onset of size reduction of the crystals due to melting, they show a smaller than 

average entropy of fusion24 leading to crystal superheating, designated as struc

tural superheating (in order to distinguish from the superheating caused by slow 

melting). 

Nevertheless, a shish crystal morphology is an ideal prerequisite for the occur

rence of tie molecules due to its fringed longitudinal surface and the hairdressing 

emanating from its lateral surface (see section 4). Indeed, there is many indication 

from our observations that the high melting point results from structural super

heating attributed to strained tie molecules, as will be explained in particular. 

We observed, that the solubility of the extruded iPS samples decreases with 

increasing shish crystal content. The DSC thermogram (Fig. 6.1b) of the sample 

extruded at 245°C with a piston velocity of 60 mm/min and the corresponding TEM 

DF micrograph (Fig. 6.4a) clearly indicate the presence of shish crystals, but, how

ever, their number is too less for a significant signal. The TEM observations revealed 

that the shish crystals are embedded in non dissolved polymer fragments, which is 

a clear evidence for the presence of tie molecules, interconnecting the shish crystals, 

because the solution process is incapable of separating the connected crystals. This 

can finally lead to a completely insoluble network where most of the molecules are 

incorporated into a crystal. Moreover, Wunderlich,16 Keller9 and Kawai14 demon

strated that etching of polyethylene fibrillar crystals leads to a decrease of the 

observed melting peak below the equilibrium melting temperature. In contrast to 

solution, etching removes all the amorphous including the tie molecules and hence 

prevents structural superheating. 

But there is a discrepancy in the data with the explanation above. With increas

ing shish crystal content (accompanied with increasing number of tie molecules) the 

observed melting temperature decreases (Fig. 6.2), which is not expected. However, 
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one has to keep in mind that the melting of a small crystal is determined by its 

size according to the Gibb-Thomson equation (Eq. 2.24 for fibrillar geometry). The 

observed shish crystals indicate, that their length decreases with increasing number 

(TEM micrographs in Fig. 6.4 and the DSC thermographs). Hence, their length de

creases with increasing nucleation density. This behaviour is quite obvious, because 

with increasing nucleation density the "free space" for subsequent growing of an 

individual crystal is reduced. The smaller crystals sustain a greater melting point 

depression, which is compensated by a higher amount of tie molecules. Increasing 

the crystal dimensions leads to less depression but, on the other hand, the struc

tural superheating effect is less due to less tie molecules. Consequently, the observed 

melting behaviour can be explained by a common, size depending Gibbs-Thomson 

melting accompanied by structural superheating. 

6.4.2 Thermal behaviour of friction transfer films 

The observation of the high melting peak in the DSC thermograms has to be at

tributed to the presence of shish crystals, as already demonstrated. A great advan

tage of the FT preparation technique is the possibility of parallel DSC and TEM 

examinations. Thus, the observed transformation from micellar to shish crystal mor

phology in chapter 5 can be additionally examined by thermal analysis. Fig. 6.5b 

clearly demonstrates, that the applied thermal treatment results in the formation of 

shish crystals. Moreover, with increasing the maximum temperature, the enthalpy 

of shish crystal melting decreases. Hence, the amount of melting material becomes 

less with increasing the maximum temperature. This observation corresponds to the 

selective melting of micells, presented in section 5.4.1. Increasing maximum temper

ature results in a melting of imperfect nuclei, the number of the remaining nuclei 

decreases. However, during subsequent cooling the remaining nuclei will grow, as ob

served by TEM. Hence, the fraction of shish crystals is proportional to the number 

of remaining nuclei. This effect clearly is observed in the DSC thermograms. 

But there is a discrepancy between the results from DSC and TEM examinations. 

Isothermal crystallization at 180°C for 10 min results in a distinct melting peak at 

233°C (Fig. 6.5a). The origin of this melting peak is still unclear. The corresponding 

TEM examinations indicate a lamellar morphology for the same thermal treatment 

(see Fig. 5.4b). However, the observed high melting temperature is in the range 

of the observed shish crystal melting. On the other hand, a lamellar origin can 
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be possible as well. The reason for this observation may be found in the different 

conditions attributed to the respective sample preparations; an ultra thin film for 

TEM, which adheres firmly to the substrate and for DSC a completely unfixed 

material. However, a satisfactory explanation was not found. 

6.4.3 Thermal shortening of shish crystals 

The DSC thermograms demonstrate that the melting of the shish crystals covers 

a temperature range of approximately 15°C, starting at about 240°C. This is in 

good agreement with the observations from light microscopy (Fig. 6.6), although 

the formation conditions differ. However, the melting results in an irreversible re

duction of longitudinal size, depending only on the temperature T max, This means 

that the melting starts at the longitudinal surface and propagates into the crystal 

with increasing temperature. Such a behaviour can not be explained with struc

tural superheating exclusively, since the outer fringed surface is not expected to be 

fixed by tie molecules because of the absence of further crystals. Thus, the crystal 

would melt maybe slowly, but continuously from the end surface, showing a length 

reduction depending on duration. But, the partial molten shish crystal is thermally 

stable, which can be attributed either to a perfection during heating8 , 9, 13 or to 

a crystal shape that tapers in tip direction. Both possibilities result in a higher 

thermal stability in the first case due to a reduction of crystal defects and due to an 

increase of crystal thickness in the latter one. From the available data no decision 

can be made. 

In contradiction to the other results, the AFM micrographs (Fig. 6.7) yield a 

much higher melting temperature coming near 270°C. This may be attributed to 

the sample preparation. The DSC measurements as well as the light microscopy 

were performed at bulk samplesa , the AFM samples were prepared as polymer 

thin films onto a mica substrate. Since there might be a considerably interaction 

between the polymer molecules and the substrate, this can result in an fixation of 

the emanating molecules onto the substrate, giving an additional contribution to the 

structural superheating. Consequently, the melting temperature is shifted towards 

even higher temperatures. 

aThe films for light microscopy had a thickness of about 50 jlm, compared to a shish diameter 
of ~ 20 nm, this can be supposed as a bulk sample 
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6.5 Conclusions 

Shish crystals in iPS can be produced by extrusion of the polymer melt in an appro

priate processing window yielding enough crystals to be detected in DSC measure

ments. The corresponding high melting endotherm is a signature for their presence 

and can be used for identification purposes. Structural superheating attributed to 

strained tie molecules dominates the melting process and shifts the observed melting 

temperature beyond the equilibrium melting temperature. 

AFM and LO observations illustrate the irreversible shortening of the shish 

crystals during the melting process. The melting starts at the longitudinal ends 

of the crystal and proceeds in central direction with increasing temperature. This 

process only depends on the melting temperature, the duration at that temperature 

has no influence on the observed shortening of the shish crystal. Thus, the thermal 

stability of shish crystals is not uniform throughout the crystal but it decreases 

in axial direction when approaching the longitudinal surfaces. This behaviour can 

be attributed to two different, but not mutually exclusive, reasons: (i) a tapering 

crystal shape and (ii) perfection during heating. 

Finally, the transformation of micells into shish crystals could be confirmed by 

DSC measurements in analogy to the TEM observations presented in the previ

ous chapter. Moreover, the DSC thermograms corroborate the proposed selective 

micellar melting and the subsequent shish crystal growth. 
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Chapter 7 

Model of shish crystal 
formation 

7.1 Introduction 

97 

Within the first 15 years after the observation of fibrillar polymer crystals by Black

adder and Schleinitz1 and Pennings2 some effort has been done to develop a model 

describing the corresponding crystallization process . The main ideas of four promis

ing approaches, which have already been presented in section 2.4, date from this 

period. 

However, there are some contradictions within the different models concerning 

the kinetic pathways and the predicted morphological features, which will be dis

cussed in the following. From his comprehensive studies of fibrillar crystallization 

in flowing solutions Pennings describes the flow induced crystallization by an 'un

rolling' process of polymer coils, which are attached to an already existing nucleus. 

The inevitable incorporation of chain ends results in the formation of kink bands 

in the crystal lattice (see Fig. 2.10), which could not be confirmed by TEM DF 

investigations, where the kink bands would appear as dark lines3 perpendicular to 

the longitudinal direction (using the g=(012) reflection). However, since our inves

tigations were limited to crystallization from the melt, Pennings approach might be 

valid for solutions, but for the melt another mechanism must take effect. 

The approach suggested by Hoffman4 assumes that multiple nuclei are involved, 

building one coherent shish crystal. This crystals consists of perfect, single crystal 

fragments, following each from an individual nucleus, connected by fringed-like, 
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amorphous regions (see Fig. 2.13). But it is unlikely from this process, that the 

bundle like crystal parts match in their crystalline a- and b direction, since they 

result from the growth of independent, randomly oriented micellar nuclei (with 

respect to their a and b axis). However, no amorphous interruption could be observed 

in TEM dark field imaging, the shish crystals show an uniform, single crystalline 

lattice structure, being inconsistent with the Hoffman model. 

The kinetic model proposed by Petermann5 describes the growth of fibrillar 

crystals by means of an autocatalytic process at the crystal tip. Inserting new 

molecules into cavities within the crystal (resulting from chain ends) generates a 

flow field in front of the growing crystal, which aligns the molecules in front of the 

tip. With decreasing growth rate the growth induced alignment of molecules ahead 

of the tip becomes less perfect. The crystal growth ceases irreversibly if the growth 

rate is sufficiently low. This fact is in contradiction to the observed transformation 

from micellar to shish crystals, presented in section 5.3.2. Hence, the growth process 

is not controlled by the incorporation of new molecules. 

In contrast to those theories, the Tiller-Schultz model6 makes no predictions 

concerning the fibrillar structure. It focuses on the thermodynamics of crystalliza

tion under high tension, especially on the heat evolution at the tip. There is no 

morphological point of departure for refutation. However, the authors assume that 

strain relaxation in the liquid interface region takes place resulting in an increase of 

entropy. It will be shown by kinetical considerations that exactly the reverse takes 

effect at the growth front. 

Hence, a refined model for fibrillar crystallization will be developed in this chap

ter, which is based on our observations and fundamental considerations concerning 

shish crystal formation from the melt. 

7.2 General considerations 

In order to develop a model for shish crystallization, the initial step is to compile 

the already known facts and combine them with basic considerations. So what do 

we safely know about fibrillar crystals so far? They exhibit a needle-like shape 

with a diameter ranging from 5 to 50 nm and a length, which can exceed several 

j.tm. The ED pattern proves, that the crystalline c-direction matches with the long 

dimension. Hence, the macromolecular chains are arranged parallel in this direction, 
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too. The crystalline structure shows a single crystalline feature, no fragmentation 

and no amorphous interspacings could be observed in TEM DF (see e.g. Figs 4.4 and 

6.4b). However, molecules being partly incorporated into the crystal, can emanate 

from the lateral crystal surface resulting in a hairdressing morphology. Moreover, 

shish crystallization is exclusively initiated by applying orientational forces to the 

polymer chains. But from the FT experiments (section 5.3.2) we know, that the 

longitudinal growth process does not necessarily need further external orientation 

in the meaning of applying a shear rate i . 

When going to the molecular level, the characterization of the structure becomes 

difficult and especially the representation of the exact arrangement of the polymer 

chains depends on general assumptions. Thus, the molecular structure of the longi

tudinal surface, its shape and the internal defect distribution are not accessible by 

examination methods, nowadays. However, the available knowledge about polymer 

shish crystals is sufficient to draw an accurate picture. 

When looking at the molecular arrangement of an extended chain crystal, the 

most simple structure is represented by the parallel alignment of defect free chains 

(Fig. 7.1a) . But a real polymer chain has in general a certain amount of stereoreg

ular defects, denoted by the degree of tacticity. The incorporation of those defects 

results in an increase of the crystal free energy. Hence, the lamellar crystallization 

process selects only perfect segments to build up the crystal and rejects the defective 

parts into the surrounding amorphous phase. This is possible, because the growth 

direction is perpendicular to the chain axis. At fibrillar crystallization, by way of 

contrast, growth direction and chain axis are parallel, which makes a selection of 

perfect chain segments nearly impossible. Thus, assuming a highly oriented, still 

amorphous melt, crystallization starts with the nucleation process, which selects 

suitable, perfect chain segments to build up the nucleus. With the completion of 

nucleation, the chains, that have to be incorporated into the crystal, are determined, 

irrespective of any chain defects. This means, that the final defect distribution in 

the crystal is already fixed at the nucleation process and corresponds with the de

fect distribution of the incorporated polymer chains. Fig. 7.1b shows the calculated 

distribution of stereoregular defects in a polymer with 90% tacticity (iso- or syn

diotactic triads). 

However, the microstructure of fibrillar crystals is not only determined by the 

distribution of chain defects. Attributed to the high growth rate, configurational 
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defects, such as kinks, jogs and even chain folds, can penetrate the liquid-crystal 

interface during the crystallization and emerge in the crystal interior. Each of these 

imperfections increases the free energy of the crystal. The free energy of the system 

can be lowered by either elimination or aggregation of the defects. In contrast to 

chain defects, kinks and jogs are highly mobile along an extended chain, requiring 

little cooperative chain interaction and having relatively low activation energies.7, 8 

Those defects can be removed from the crystal only by reaching a chain end. Hence, 

an appropriate clustering of defects can produce a density deficient volume and 

can locally approximate the conformation of a melt, lowering the free energy of the 

crystal.9 The resulting axial density modulation may be observed by small angle 

x-ray scattering (SAXS). 

~ l 

a b n d 

Fig. 7.1 Models of fibrillar microstructure; defect-free extended chain crystal (a), 
calculated distribution of stereo regular defects corresponding to 90% isotactic triads 
(0: perfect monomer unit, I: defect) (b); Clark's model/or drawn fibers (c),1° fibril
lar microstructure according to Fischer (d),l1 Prevorsek's model (e),12 hairdressing 
model according to Barham and Keller (f)Y' 

Many models describing the microstructure of fibrillar crystals have been pro

posed. The model of Clark10 for ultadrawn fibers features a homogeneous, primarily 

extended chain crystalline matrix containing defects without any axial periodicity 

(Fig. 7.1c). Fig. 7.1d shows the model of Fischer and Goddar,u The microstructure 

consists of a homogeneous crystalline matrix with a high concentration of defects 

(mainly chain folds and chains crossing normal to the fiber axis) not completely 

statistically distributed so as to give rise to a periodic density fluctuation along 

the fiber axis. Prevorsek et al. 12 have proposed a structural model (specifically for 
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Nylon-6 fibers) that is shown in Fig. 7.1e. The microfibrills are considered to consist 

of crystalline domains with extended but non-crystalline molecules between them. 

The hairdressing model of Keller13 proposes elongated bundle-like crystals, that are 

connected by fringe-like amorphous regions. This model is based on the observation 

of reversible shrinkage of PE shish crystals on heating. 

Several examinations have been done on the fibrillar microstructure via SAXS 

and wide angle x-ray scattering (WAXS) methods.9 , 10, 12, 14-21 In most cases an 

axial modulation of electron density was observed, indicating an alternating ar

rangement of crystalline and non-crystalline domains. Nevertheless, the discussion 

of crystallite size focuses on the axial crystallite size since this is the most contro

versial issue.14 In case of PE fibers the determined axial sizes range from 60A 14 to 

1000A22(measured by TEM DF). 

II 

Fig. 7.2 Skin-core model of a shish crystal. The central core consists of extended 
chains with statistically distributed defects (I ). The crystal skin is characterized 
by partially attached chains resulting in a surrounding hairdressing. 

However, in TEM DF shish crystals of iPS do not show an axial modulation 

of crystalline and amorphous areas (see e.g. Figs. 4.5 and 4.6) neither a reversible 

shrinkage on heating (see Fig. 6.6). Hence, we have to assume that iPS shish crystals 

have a continuous crystal structure with a statistical defect distribution. A defect 

clustering, as proposed by Petermann et a1.9 for iPP, seems to be unlikely because 

the motion of a kink is sterical hindered due to the large phenyl side group in 

PS. Nevertheless, at the skin layer of the shish crystal a selection of perfect chain 

segments can take place during the crystallization process. Defective segments are 

rejected into the surrounding, leaving a preferred nucleation place for another per-
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fect segment (Fig. 7.2). This results in a skin-core structure. The core consists of 

extended chains whereas the skin is characterized by partially attached chains. This 

structure has two consequences: (I) an intrinsic hairdressing and (II) a crystal sur

face of lower density. Finally, when the skin layer shows some modulation due to the 

onset of lamellar nucleation, this would be in agreement with the axial modulation 

observed by SAXS measurements. 

7.3 The process of shish crystallization 

7.3.1 Brushed tip and selforientation 

In general, a basic feature of semi-crystalline polymers is that the crystalline phase 

is more dense than is the surrounding amorphous (as for most crystalline systems). 

This consequences a density paradox at the crystalline-amorphous interface. Assum

ing a crystal with the chains emanating perpendicular to the crystal surface into 

the amorphous phase; the amorphous parts of the chains will form random coils and 

it is readily seen in the diagram in Fig. 7.3a that the random coil phase is much 

more dense than is the body of the crystal. This is a general representation of the 

impossibility of having random coils emanate from every surface site (normal to the 

crystalline chain axis). There are two possible resolutions to this paradox, which are 

not mutually exclusive. One is to tilt the chains from the vertical, as illustrated in 

Fig. 7.3b, which dilutes the existing chains sufficiently to prevent a density excess 

at the interface. The other resolution is to fold two out of three of the emergent 

chains back into the crystal (Fig. 7.3c) which results in the fold surface found in 

lamellar type polymer crystals (see e.g. Frank,23 Hoffman24 ). 

amorphous 

crystalline 

a b c 

Fig. 7.3 The density at the crystalline-amorphous interface anomaly and its res
olution. 

The density difference problem applies to the longitudinal surface of shish crys-
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tals as well. When forming a fringed micellar nucleus, the amorphous chains emerg

ing from the frontal plane result in a density excess in front of the crystal. A refolding 

of those chains into the crystal is rather unlikely, because the crystal is already estab

lished and incorporation of the dangling ends is only possible at the lateral crystal 

surface. Let us consider the initial state first; a fringed micellar nucleus, assumed 

to be of cylindrical shape, having the density f2c is located in the amorphous phase 

of density f2a < f2c. The crystal body has two different types of surfaces, the lateral 

surface with the chains aligned parallel to the surface plane and the basal surface 

with the chains emerging perpendicular from the surface plane into the amorphous 

phase as illustrated in Fig. 7.3a. The latter one bears the density excess resulting 

in a high surface free energy a~. However, with increasing distance there must be a 

continuous dilution of the chains from f2c to f2a. 

1.0 

----
0.8 

0 
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a.. 0.6 --:s 
a.. 0.4 
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Fig. 7.4 The equilibrium parabolic density profile of a polymer brush of infinite 
surface area. 25 

This problem finds an analogy in the examination of polymer brushes, which 

arise when polymer chains are tethered by one end to a surface or interface at a suf

ficient high density that the chains stretch away from the interface forming a layer 

of thickness h.26
-

28 This behaviour occurs, because every monomer unit of a chain 

occupies a finite volume, which is excluded for the entirety of the further monomer 

units (excluded volume problem29 ). Under specific assumptions (monodispers poly

mer chains, infinite size of interface) the density profile f2(r) of such a system can 

be determined theoretically.25 Fig. 7.4 shows the calculated density profile, which 

corresponds to a global minimum of the free energy; with increasing distance from 

the surface (at r = 0) the density decreases. These results can be transferred, with 

minor modifications, to the situation at the fringed surface of a shish crystal. Thus, 
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the density in front of the crystal decreases monotonically from (1c to (1a with increas

ing distance. Since the diameter of the crystal is of finite size, an additional lateral 

density profile will occur. Consequently, a density, which equals the crystalline one, 

is forced on the adjacent amorphous phase resulting in a high free energy of the 

system. The system can decrease its free energy by transforming the compressed 

amorphous area into a crystalline phase when exceeding a specific local density 

threshold (1', as illustrated in the diagram of Fig. 7.5. The crystal surface, in conse

quence, will be shifted in longitudinal direction into the melt forming a cone shaped 

tip (Fig. 7.5b and c). This behaviour is in accordance with tilting the surface plane 

(Fig. 7.3b) to resolve the density excess at the crystalline-amorphous interface. 

a surface c 
distance from the surface r 

Fig. 7.5 The supposed density profile in front of a shish crystal (a). Due to the 
density excess at a planar crystal surface (b) the system will tend towards a tapered 
surface shape (c), in order to reduce the surface free energy. 

This self orientation effect is influenced essentially by two properties of the spe

cific polymer: the difference 6.(1 between crystalline and amorphous density and the 

persistence length of the chain. The latter one gives an expression for the flexibility 

of the chain and describes qualitatively the length, in which the chain maintains its 

general direction.3D Thus, a high persistence length favours the self orientation at 

the shish crystal tip. The density difference, on the other hand, indicates the 'free 

volume' available for lateral chain migration of chains emerging from the crystal 

surface. The confinement of emerging chains to the area in front of the crystal tip 

increases with decreasing 6.(1. Consequently, the self orientation effect at the tip of 

a fibrillar crystal is favoured in polymers having relatively inflexible chains and a 

low density difference between the crystalline and the amorphous phase. Concern

ing these properties, iPS is a preferred polymer, due to its relative high persistence 

length, attributed to the phenyl side group with a high steric factor31 and its low 
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density difference of 0.075 g/cm3 (for PE: L:1Q = 0.143 g/cm3 ).32 

7.3.2 Longitudinal crystal growth 

The cone shaped geometry at the crystal tip results in an enlargement of the 

crystalline-amorphous interface accompanied by an increased number of nucleation 

sites. Additionally, the adjacent amorphous phase is highly preoriented in the crys

talline c-direction. This initial situation supports the longitudinal crystal growth 

by means of the following process: Fig. 7.6a shows a two dimensional sketch of the 

initial situation at the basal crystal surface. From the lateral surface to the center 

the crystal propagates increasingly in x-direction. The amorphous polymer chains, 

protruding from the (001) plane have to maintain their overall direction due to 

the presence of the neighbouring molecules and their persistence length. Thus, at

tachment of the protruding, preoriented segments to the crystal needs small lateral 

transport and generates only little additional surface. Subsequently, this effects the 

neighbouring chains, demonstrated in Fig. 7.6b. Assuming, molecule 2 has been at

tached to the lateral nucleation site of 3; in lateral direction this leaves 'free space' 

for molecule 1 to migrate in central direction (density relaxation), which is driven 

by the outer molecules (not illustrated in the diagram). In central direction, on the 

other hand, this will result in a compressive force to molecule 3. In order to evade 

this additional confinement, 3 has to migrate in central direction towards the crys

talline part of 4, accompanied by increased orientation. Consequently, molecules 

1 and 3 experience increased alignment and vicinity to the respective nucleation 

site to be the next for attachment. Hence, the crystallization process spreads out 

over the entire crystal tip like a chain reaction and re-establishes the initial surface 

structure but shifted into the melt; the crystal grows in longitudinal direction. 

Fig. 7.6 The self-induced crystal growth at the shish crystal tip. 
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Apart from the formation of the fringed type nucleus, this longitudinal crystal

lization process does not need an external orientation of the molecules. The crystal 

tip propagates into the melt while pushing an orientational field in front, which 

again induces the crystallization process and so on. This will be called self-induced 

crystallization. 

The lateral surface layer The situation at the lateral crystal surface differs from 

the central core, because here is no compressive effect from the outer molecules. The 

resulting consequence is illustrated in Fig. 7.7. It shows the dynamic behaviour of 

a chain being partly incorporated into the surface layer of the crystal during the 

longitudinal growth. 

c 

.. ...... . .. ... 

--~--~~~-fl==~n 
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Fig. 7.7 The growth process at the lateral surface layer. 

Let us consider a chain, protruding from the (001) plane of the lateral crystal 

surface layer (Fig. 7.7a). The dangling end of the chain joins the amorphous phase 

forming a relaxed coil conformation while the first segments, emerging from the 

crystal, maintain their overall (001) direction according to the specific persistence 

length of the polymer. When the next stem attaches to the neighbouring nucleation 

site, the entire rest of the chain has to follow this movement, indicated by the 

arrows. The position, at which the chain exits the crystal, shifts more and more 

in x-direction with progressive crystallization whereas the center of mass of the 

corresponding polymer coil will not follow this movement. Consequently, the chain 

will bend back in -x-direction (Fig. 7.7d) . Finally, this chain will not experience 

further incorporation into the crystal. 

However, the vacant nucleation site in front (A in Fig. 7.7d) may be occupied by 

a new molecular segment from the surrounding amorphous phase and the process 

will start again. The resulting crystal structure is characterized by a core-skin mor-
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phology with an intrinsic hairdessing of partly incorporated molecules, as already 

illustrated in Fig. 7.2. 

It is appropriate at this point to refer to results of Hill et. al. concerning the 

lamellar overgrowth of solution crystallized PE shish crystals.33 They report that 

it is possible to transform smooth fibrillar crystals into overgrown ones, simply 

by storing them in pure xylene (no additional polymer molecules) at the right 

temperature. This observation illustrates that even fibrillar crystals with smooth 

appearance have a hairdressing of molecules emerging from the lateral surface and 

thus corroborates the intrinsic hairdressing structure predicted by the above model. 

However, for solution grown fibrillar crystals an external orientation of the poly

mer chains becomes indispensable. For crystallization from the melt, an external 

orientation enhances and supports the self-induced growth of shish crystals, but it 

is not imperative. 

The crystallization temperature is a crucial parameter for the formation of 

long fibrillar crystals. In chapter 5 the formation temperature for shish crystals 

in iPS was determined to cover a range up to approx. 260°C. Moreover, in the 

entire examinations, a formation of shish crystals in iPS was never observed at 

temperatures below 200°C. Thus, shish crystallization occurs above the temperature 

interval of lamellar crystallization (Fig. A.I). However, the process of self-induced 

shish crystal formation is not restricted to temperatures, as long as attaching chain 

segments to the nucleation sites of the crystal is energetically favourable, i.e. from 

the glass transition temperature Tg to the equilibrium melting temperature T~. 

So, why do we observe shish crystal formation in the melt only above lamellar 

crystallization temperatures? 

The reason is quite obvious and can be divided into two aspects; (I) the formation 

of fibrillar nuclei on deformation of the melt has to compete with the formation of 

lamellar crystals. With increasing temperature, the generation of lamellar nuclei 

decreases, favouring the formation of shish crystal nuclei. (II) The area in front of 

the growing shish crystal tip is supposed to be oriented in longitudinal direction. 

This offers of cause convenient conditions for lamellar crystallization. Consequently, 

a lamellar crystal will appear in the pathway of the self-induced longitudinal shish 

growth which ultimately leads to a break-down of the growth process. Hence, the 

occurrence of lamellar crystallization has to be avoided by appropriately choosing 
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the crystallization temperature. 

7.3.3 Incorporation of new chains during the growth process 

So far the described process of longitudinal growth will run without complications 

for polymer chains of infinite length, which is quite an unrealistic assumption. But 

what happens when the crystallization front approaches a chain end? 

Fig. 7.8 Incorporation of a new chain during longitudinal growth . • represents a 
chain end 

The initial situation is a fibrillar crystal growing in longitudinal direction . The 

amorphous interface region in front of the tip is characterized by a density gradient 

~ {}, which decreases from the crystalline density {}c to the amorphous density {}a 

with increasing distance (see diagram in Fig. 7.5). The crystallization front migrates 

in longitudinal direction and will thus, inevitably, approach to a chain end of one 

of the incorporated molecules as demonstrated in Fig. 7.8a for molecule 1. In the 

sequel the chain end will enter the area of increased density in front of the crystal, 

indicated by the broken line. Consequently, a local density defect appears in the path 

of 1, allowing a 'free molecule', which is not incorporated into the crystal, to enter 

the pre-orientational area (molecule 2 in Fig. 7.8b). Due to the increased density 

and the flow field induced by ~ {} (indicated by the broken arrows) the probability 

of inserting a chain end instead of a chain fold is higher. Thus, the chain end of 

molecule 2 will follow the path of 1; a new molecule is incorporated into the crystal 

(Fig. 7.8c) maintaining the longitudinal growth process. 

However, this process will propagate to infinite length but the incorporation of 

new molecules is a crucial part. It requires the local coherence of a new chain end in 

the vicinity of the local density defect. Moreover, an incorporation of both the chain 
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ends of a macromolecule will finally stop the growth process, as already explained 

by the Petermann-Miles-Gleiter model in section 2.4.2. 

7.3.4 The coherence with existing crystallization models 

The Hoffman model4 of fibrillar crystallization is based on thermodynamics exclu

sively. Its main aspect is the prediction of shish crystal dimensions from the ratio of 

surface to bulk free energy (section 2.4.4). The dimensions of a stable nucleus are 

given by Eq. 2.33 and yields for the case of iPS a critical lateral size d* of 90 A at a 

temperature Te of 230°C. Structures below that critical size are not stable and will 

melt. However, the value of d* is valid for a completely relaxed melt at the liquid 

side of the interface with the equilibrium melting temperature T!. With increasing 

molecular orientation in front of the crystal the equilibrium melting temperature 

T~ increases and results in a decrease of the critical nucleus size according to 

* 4a 4a T~ 
d = D.f = D.hf . T;R - Te 

(7.1) 

Nevertheless, this influences the shape of the longitudinal fibrillar surface in 

a way that the crystal tip is not tapering as sketched in Fig. 7.5 but flattened 

in the central region as sketched in Fig. 7.9. The number of chains involved in 

this flattening increases with the temperature Te. Consequently, there will be a 

critical upper temperature limit Tcrit (depending on the crystal diameter and the 

orientation in the melt), at which the longitudinal surface becomes completely plane 

over its entire diameter so that self-induced longitudinal growth becomes impossible. 

Additionally, Hoffman calculates a maximum thickness ds according to the sur

face free energy a~o at the longitudinal surface (Eqs. 2.35 and 2.36). With a cone

shaped interface, however, the excess free energy of a cilium emanating from the 

crystal surface Cc decreases, because the density excess at the interface is reduced 

substantially. Thus, the Hoffman model underestimates the stable shish crystal di

ameter. 

The model proposed by Tiller and Schultz6 is a thermodynamic model as well. 

The basic idea is to describe the liquid-crystal interface by means of the state 

variables temperature T and entropy S. The crystallization process releases heat 

into the surrounding melt, increasing the temperature from Te to Ti accompanied by 

an increase of entropy in the liquid interface region relative to the initially strained 

melt. But, when assuming the cone-shaped fibrillar tip with an orientational field 
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in front, the entropy of the liquid interface region will decrease, contrary to the 

assumption of Tiller and Schultz. Thus, the Tiller-Schultz model has to be modified 

concerning the free energy balance as illustrated in the diagram of Fig. 7.10, which 

should provide only a rough overview how to combine the thermodynamics of the 

Tiller-Schultz model with the structural results of the self-induced crystallization 

model. 

-Q..c1 
'" 

Fig. 7.9 The shape of the fibrillar tip considering the lateral size d* of a stable 
nucleus 

The free energy of the liquid phase is represented by the G L (T) lines; during the 

crystallization process the initial state of the strained melt (G d ~Sc)) transfers in 

the interface region to an intermediate state (Gd~Si)) with increased orientation, 

the local temperature is increased from Tc to Ti due to the released heat of fusion. 

Compared with Fig. 2.12 the free energy lines of the liquid phase changed their 

relative position. Consequently, this results in a decrease of the excess free energy 

~G sv, which indicates the effect of the state variable change. Thus, the heat release 

into the surrounding melt is lower than calculated by the Tiller-Schultz model. 

The structural model proposed by Pennings (see section 2.4.1) was developed for 

solution grown shish crystals. In this case, there will be no self-induced orientational 

field in front of the crystal because the density difference ~(! between the crystal 

and the surrounding polymer solution is too high. However, from a structural point 

of view, Pennings model of unrolling the coiled chains to an existing crystal shows 

certain similarities to the present model. 

The Petermann-Miles-Gleiter model (see section 2.4.2) , finally, first introduced 

the self-induced longitudinal growth process of shish crystals, which corresponds to 

the present model. However, the basic mechanism of the presented growth process 

differs from those ideas, since the structure and the shape of the crystal surface 

are the controlling factors resulting in the self-induced formation of a molecular 
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orientation in front of the growing tip. 
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Fig. 7.10 The modified G- T diagram for crystallization from the strained melt, 
according to the Tiller-Schultz model 6 GLand Gc are the free energy lines for 
the liquid and the crystalline phase, respectively_ At the liquid side of the interface 
the entropy decreases from t1Sc to t1Si due to the orientational field in front of 
the growing shish crystal tip. t1Gc is the free energy released in the crystallization 
process, t1G E is attributed to incorporation of defects into the crystal, t1G K is 
consumed for transition from the liquid to the crystalline phase and t1G sv is the 
excess free energy, responsible for increasing the temperature from Tc to T i . 

7.3.5 Nucleation of shish crystals 

So far we discussed the longitudinal growth of fibrillar crystals neglecting the forma

tion of initial nuclei. However, shish crystallization is never a spontaneous process 

from the relaxed polymer melt, for the formation of fibrillar nuclei a certain amount 

of orientation is essential. 

The molecular orientation of the melt influences the resulting morphology in the 

following way (Fig. 7.11): Crystallization from the relaxed melt yields a spherulitic 

morphology, consisting of lamellae with thickness l corresponding to the supercool

ing t1T. They grow perpendicular to the chain axis ideally to infinite size. When 

applying an orientational external force during the crystallization, the morphol

ogy changes from spherulitic to stacked lamellar; the lamellar crystals decrease in 

thickness due to the increased supercooling (see Eq. 2.18). Further increase of ori

entation results in a completely different crystal morphology, consisting of fibrillar 

crystals with growth direction parallel to the chain axis. The crystalline dimensions 
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are reversed; perpendicular to the chain direction the crystal has a small extension 

(diameter d') whereas its length L' in parallel direction becomes large. Finally, crys

tallization from a highly oriented melt yields long shish crystals with ideally infinite 

longitudinal size L. 

rlMf1.d l' 
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Fig. 7.11 The formation of crystal morphologies depending on the molecular ori
entation. Crystallization from the relaxed melt yields lamellar crystals of thickness 
l. With increasing the orientation of the melt the lamellar thickness decreases and 
finally the morphology switches over to a fibrillar one. 
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Fig. 7.12 Calculated lamellar thickness 1 and limiting thickness 6l depending on 
the orientation of the melt A. 

What is the reason for the switch over from the lamellar to the fibrillar morphol

ogy on increasing the molecular orientation? Let us consider crystallization from a 

melt at constant crystallization temperature Te . Increasing molecular orientation 

of the melt is accompanied by an increase of the equilibrium melting temperature 
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T;:: and supercooling tJ..T' according to Eq. 2.18. The expected lamellar thickness 

l, which depends on the supercooling, will decrease. Fig. 7.12 shows this behaviour 

qualitatively for the case of iPS at a crystallization temperature of 180°C. Crys

tallization from the quiescent melt (>. = 1) yields a lamellar thickness l of ~ 5nm, 

which is in agreement with the TEM observations. On increasing molecular orien

tation this value decreases and approaches asymptotically to infinite thin lamellae. 

Moreover, the nucleation theory of Lauritzen and Hoffman34 gives the dependence of 

lamellar thickness l on the supercooling tJ..T from Eq. 2.10, which can be simplified 

as 

Ao 
l = t5l + tJ..T (7.2) 

where Ao is a constant and t5l is the limiting thickness, given in Eq. 2.11. The

oretically, this nucleation theory is only valid for low supercoolings, but it can be 

expanded to the case of high supercoolings.35 The limiting thickness t5l originates 

from the fold surface and is determined by the average loop length and the proba

bility of chain folding. 36 Thus, lamellar crystals require at least a thickness of t5l for 

generating a fold surface. Fig. 7.12 shows the limiting thickness t5l for iPS crystals 

calculated from Eq. 2.11, having only a weak dependence on the molecular orien

tation >.. For crystallization from the relaxed melt this yields a value of ~ 1.2nm, 

which is in good agreement with calculations from Tanzawa et.al.36 Conseqently, 

when the lamellar thickness falls short of the t5l limit, the formation of a lamellar 

morphology becomes impossible. At the latest at this critical orientation >'crit the 

morphology changes from lamellar to fibrillar with t5l being the crucial parameter. 

This qualitative consideration shows how the molecular orientation influences the 

nucleation; the limiting thickness, however, may shift to higher values due to kinetic 

effects arising from the orientation of the chains which impedes the process of chain 

folding with increasing molecular orientation. 

Applying the Gaylord theory of oriented polymer crystallization37 (see section 

2.3.2) to the problem of orientation induced morphology change yields a similar 

result. Fig. 7.13 shows the computed free energies tJ..G for extended (f=O), one 

fold (f=l) and two fold (f=2) crystals according to Eqs. 2.22 plotted against the 

molecular orientation >.. (Calculated with the appropriate values for polyethylene 

and crystallinity of X = 0.2). This approach as well indicates that at low orientation 

the system favours a folded morphology, which changes to a fibrillar one when 
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exceeding a critical orientation Aerit . 
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Fig. 7.13 The free energy of crystallization 1:J.G, as function of molecular orien
tation A, calculated with the appropriate values for PE, according to Gaylord. 37, 38 

7.3.6 Summary 

A phenomenologic model describing fibrillar crystallization is proposed. Due to the 

density excess at a planar lateral surface the crystal tip will assume a cone-like shape 

in order to reduce the surface free energy. Such a morphology can be supposed for 

every fringed crystal surface. Moreover, the molecular orientation of the melt in 

front of the crystal is maintained in the (001) crystalline direction resulting in an 

orientational field, extending over some distance until the equilibrium conformation 

of the melt is reached. Combined with the special surface geometry, which offers a 

high amount of nucleation sites, a self-induced longitudinal growth is obtained. The 

surface layer, however, can not join this process completely; the polymer chains are 

incorporated partially in the crystal, emanating from the lateral surface. Thus, the 

presented model predicts a core-skin morphology with a continuous core consisting 

of extended chains coated with an imperfect skin layer resulting in an intrinsic 

hairdressing of shish crystals, as confirmed by the observations. 

The temperature window, necessary for shish crystal formation, is prescribed by 

two requirements: (I) lamellar crystallization, especially in the preoriented area in 

front of the shish crystal, has to be excluded. This defines the lower temperature 

limit. (II) With increasing temperature, the shape of the tip flattens due to increase 

of the critical lateral nucleus size. When this value exceeds the crystal diameter the 

upper temperature limit for fibrillar crystallization is reached, because the shape of 
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the tip will become planar again. Further longitudinal growth becomes impossible. 

7.4 Predictions from the model 

The proposed model comprises the nucleation and the longitudinal growth process 

of fibrillar crystallization. It is shown that the formation of fibrillar nuclei requires 

a certain degree of molecular orientation in the melt, otherwise a lamellar mor

phology will arise. A closer inspection on the longitudinal growth process shows, 

that no assumptions concerning the initial state of the melt were made; an external 

orientation of the melt is not necessary. Thus, shish crystal growth is expected to 

propagate even into the relaxed melt. But an orientation induced nucleation is still 

a prerequisite. 

Moreover, fibrillar and lamellar crystallization are in a competition. This com

prises the nucleation as well as the growth process. For the formation of fibrillar 

nuclei a certain amount of molecular orientation is required. When the lamellar 

nucleation, due to an increased supercooling, starts before a critical threshold ori

entation Acrit is reached, fibrillar crystallization becomes impossible. On the other 

hand, the preoriented area in front of the tip offers ideal conditions for lamellar 

crystallization as well. Hence, a high lamellar crystallization rate suppresses the 

formation of shish crystals. Consequently, for a fast crystallizing polymer showing 

no (or only low) tendency to form shish crystals, this tendency can be enhanced by 

reducing the crystallization rate, e.g. by diluting with a miscible, non crystallizable 

polymer. 

These predictions, however, 

I longitudinal growth into the relaxed melt 

II enhancement of shish crystallization by reducing the lamellar crystallization 

rate 

represent a point of departure in order to confirm the presented model. In chapter 

8 the corresponding experiments are presented. 

7.5 Conclusions 

Based on the experimental observations and on theoretical considerations, we were 

able to develop a model describing the fibrillar crystallization process in polymers. 
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A main idea of the proposed model is the cone-like shape of fringed crystal surfaces, 

which reduces the surface free energy of the crystal. This consideration applies 

to every fringed surface in polymer crystals. Hence, the shape of micellar crystals 

is supposed to resemble that of a lentil rather than a cubic such as sketched in 

Fig. 2.9. However, imaging of the shish crystal tip via high resolution examination 

techniques would yield further information on the formation process. But regarding 

the practicability of microscopic examination it is still doubtful , if the shish crystal 

will retain its shape or if it finally develops a lamellar structure at the tip following 

the growth process. 

Nevertheless, the presented model permits to make two predictions, which can 

be called in to corroborate the model, presented in the following chapter. 
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Chapter 8 

Verification of the model 

8.1 Introduction 

It is one of the essential features of the model presented in the previous chapter, 

that the fibrillar growth does not necessarily require an external orientation of the 

molecules; moreover, the preoriented area in front of the shish crystal tip is an in

trinsic characteristic of every fringed crystal-amorphous interface. First indications 

of the existence of the predicted self-induced growth process have been established 

by the transformation of micells into shish crystals, presented in chapter 5. Also 

Petermann reported continuing growth of shish crystals persisting after all shearing 

has stopped. 1 But both observations lack in one essential point: the initial state of 

the melt is far from being isotropic. Even without further external orientation, it is 

likely that the complete melt will maintain its orientation during the timescale of 

the crystallization process. They do not prove longitudinal growth into the relaxed 

melt. 

Thus, in order to confirm the proposed model, the self-induced longitudinal shish 

crystal growth into a quiescent melt still has to be proved. Nevertheless, this self

induced process is predicted only for the growth but not for the nucleation; the 

nucleation still requires an external manipulation to produce molecular orientation. 

To surmount this contradictory demands, on the one hand an oriented melt for 

nucleation and on the other hand a quiescent melt for the growth, a special exper

imental technique was used. It allows to apply a locally restricted deformation to 

the polymer melt. Adjacent to the deformation zone a quiescent polymer melt is 

found. Due to the external orientation of the melt, shish crystals are nucleated in 
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the deformed area and it is observed, that their longitudinal growth propagates into 

the quiescent melt. This experimental observation confirms prediction I in section 

7.4 and thus corroborates the presented model. 

When considering different polymers, one can notice that their tendency towards 

orientation-induced shish crystal formation strongly varies from polymer to poly

mer.2- 8 Here, especially the degree of molecular orientation in the melt is a crucial 

parameter in the crystallization conditions. With increasing the orientation during 

the crystallization process the resulting morphology changes from spherulitic via a 

stacked lamellar to a fibrillar one; the threshold for those changes, however, depends 

on the constitution and stereoregularity of the used polymer whereas the amount 

of orientation, that is applied to the melt, is exclusively an extern and polymer in

dependent parameter. The existence and formation of fibrillar crystals in iPS, e.g., 

has extensively been studied in the previous chapters of this thesis. Nevertheless, 

the syndiotactic variant of polystyrene (sPS) seems to be unable of building shish 

crystals; no observations of fibrillar crystals in sPS have been reported yet. Con

sequently, the question arises, why both styrenics differ so much in their ability to 

build fibrillar entities. 

Shish crystallization always has to compete with the lamellar crystallization. 

This may be the reason, why in fast crystallizing polymers the formation of shish 

crystals is found to be difficult or quite impossible, as in the case of sPS. Exper

imental evidence for the formation of sPS shish crystals will be presented in the 

following. By diluting the sPS with non-crystallizable atactic polystyrene (aPS) 

and subsequent orientation of the melt the formation of shish crystals could be es

tablished. Since both polymers are miscible in the melt,9, 10 the blending effects a 

decrease of lamellar crystallization rate and thus finally enhances the shish crystal 

formation, as predicted by the presented model (see II in section 7.4). 

8.2 Experimental 

8.2.1 Materials 

The iPS used for examinations was supplied by Polyscience Inc. (Mw ~ 1,780,000; 

60% tacticity) . In the following it will be referred to as iPS 1,7M. A very high Mw 

iPS had to be used in order to achieve the bridging between the carbon film cracks. 

Fracture of the molten layer occurred when lower Mw was used. 
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The sPS was supplied by Idemitsu Petrochemical Co, Ltd., Japan (Mw ~ 

226000). No information on the degree of tacticity was available. In order to blend 

the sPS, a commercial grade of atactic polystyrene (aPS) supplied by BASF AG, 

Germany, was used. No further specification concerning this polymer was available. 

8.2.2 Preparation methods 

Preparation of a locally restricted deformation 

iPS 1,7M was dissolved in boiling xylene yielding a 0.05% solution. One droplet of 

this solution was placed carefully on the surface of 240°C hot phosphoric acid. The 

droplet spreads out over the surface of the acid and the solvent evaporates. The 

remaining polymer thin film (cast film) was floated onto water and picked up onto 

TEM carbon coated copper grids. 

TEMgrid 

straining device 

Fig. 8.1 Sketch of the stretching device. 

Some of those TEM grids were taken for an additional gold evaporation of 2 nm 

thickness on the polymer side of the sample. 

All the TEM grids, with and without gold decoration, were cut into square 

shaped pieces and mounted into a special heatable stretching device (Fig. 8.1). In 

order to obtain defined starting conditions the whole arrangement including the thin 

iPS film is heated up to 270°C for a few minutes. Subsequently the temperature is 

lowered to temperatures between 210°C and 240°C, followed by deforming the TEM 

grid to an extension of about 30% . This is the important part of the experiment. 

When stretching the TEM grids, the carbon film on the grid will break and form 

cracks which are bridged by the iPS film. The deformation of the polymer film is 
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restricted only to the crack whereas the polymer on the carbon remains relaxed. 

The film deformation occurs in homogeneously via a 'necking process'. 

Following the deformation, the grids are kept for various times (from 2 to 5 

minutes) at the deformation temperature and are subsequently quenched in ice 

water. In order to decorate the shish crystals in the polymer film with lamellae, the 

grid is placed on a 1BO°C hot glass slide for additional 5 minutes. 

Melt spun films of sPS and aPS/sPS blends 

sPS and a mixture of sPS and aPS containing 50% aPS are dissolved in boiling 

xylene yielding a 0.05% solution. 

From this solutions melt spun films were prepared according to the method 

presented in section 4.2.2. The pure sPS films were prepared by spinning from a 

265°C hot glass slide. For the sPS/aPS films, the preparation method had to be 

modified: since the melt adheres firmly on the hot glass substrate, spinning was 

performed from the surface of 220°C hot phosphoric acid with the help of the edge 

of a glass slide. The resulting polymer thin films are transferred to carbon supported 

TEM grids. Additionally, some of the samples were placed on a 1BO°C hot glass slide 

for 2 minutes. 

8.3 Results 

8.3.1 Observation of shish crystal growth into the non de
formed melt 

The presented experimental technique (see Fig. B.1) applies a deformation to the 

polymer film, which is restricted to a locally sharp defined area. The molten iPS 

film adheres firmly to the carbon support. The carbon film is brittle and reacts to 

the TEM grid deformation by crack formation. Only the part of the iPS film which 

bridges the crack is mechanically deformed. 

In order to check this local deformation, a thin iPS film on the carbon substrate 

was evaporated (onto the polymer side of the sample) with gold clusters, which 

served as markers for the deformation on the polymer film.ll The crack shown 

in the TEM brightfield micrograph of Fig. B.2 has been formed by straining the 

grid 30% at 230°C. The average distance d of the gold clusters in the un deformed 

area was found to be isotropic with di = 23 ± lOnm; in the deformation zone, 
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the average distance measured parallel to the straining direction was found to be 

do = 134 ± 43nm. The local average straining ratio was estimated by 

t:.L = 134nm - 23nm = 4, B = 4BO% (B.1) 
Lo 23nm 

The gold clusters serve as markers for the local flow of the polymer melt and yield 

a proof for the localized straining of the polymer melt. The actual experiments were 

performed without gold decoration of the polymer films, because the gold decoration 

suppresses the contrast of the shish crystals in the phase contrast mode of the TEM. 

Fig. 8.2 Transmission electron micrograph of a deformed carbon iPS sandwich 
sample evaporated with gold clusters. The deformation was carried out at 230 ° C 
and led to the formation and extension of a crack in the carbon film. The gold 
clusters indicate that the iPS film is only locally stretched between the crack of the 
carbon film. 

Fig. B.3 shows a TEM bright field micrograph (phase contrast) of an iPS film on 

a carbon substrate without gold decoration, strained in the local restricted area at 

230°C. The preparation conditions were the same as described above. The sample 

was kept for additional 2 min at the straining temperature before quenching into ice 

water. Subsequently, the deformed TEM grid was heated to 1BO°C for an additional 

5 min in order to decorate the shish crystals. 

In Fig. B.3, the crack in the carbon substrate with the bridging polymer film, 

prepared as described above, is presented. The left hand side of the micrograph 

appears brighter due to the lower mass contrast attributed to the absence of carbon 

and a thinner polymer film in this area. According to the results from the gold 
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decorated samples, this is the area where the deformation of the polymer melt is 

localized (deformation zone). The carbon borderline is marked by an arrow. 

Fig. 8.3 TEM BF (phase contrast) micrograph of shish kebab structures in iPS, 
induced by local deformation at 23(f' C. The deformation of the iPS film is localized 
at the left side of the micrograph. The dark line, indicated by an arrow, is the one 
end of the crack in the carbon film. Several shish kebab structures have grown into 
the undeformed area. 

The micrograph shows several shish kebab structures, which extend from the 

deformation zone to the undeformed area. One shish kebab structure (marked (b) 

in Fig. 8.3), for instance, has a total length of 1560 nm, consisting of 690 nm in the 

deformation zone and 870 nm in the un deformed area. However, there is one shish 

kebab structure (a), which is located only in the deformation zone, measuring 1380 

nm. This one ends directly at the carbon borderline. 

8.3.2 Shish crystals in sPS/aPS blends 

Melt spun films of sPS were prepared in the same way as done for iPS (see section 

4.2.2) achieving equivalent molecular orientations with elongational flow gradients 

of ~ 105 S-l. The spinning temperature was varied between 250°C and 270°C. Fig. 

8.4 shows the respective TEM micrographs of a sPS melt spun film prepared at a 

temperature of 265°C. One can observe a morphology composed of parallel stacked 

lamellae. There is no indication for shish crystals being present in the film, although 

the applied preparation technique is highly effective in orienting the macromolec-
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ular chains. Moreover, no shish crystals in sPS have been reported in the present 

literature. 

Fig. 8.4 TEM micrographs of a melt spun sPS film, prepared at 265° C with a 
elongational flow gradient of ~ 105 S-1 (the direction of the flow is indicated by the 
arrow). The BF (a) as well as the DF (imaged with the g=(002) reflection} (b) 
clearly indicate the stacked lamellar morphology. 

A drastic change in morphology can be achieved by diluting the sPS with non

crystallizable aPS. Since both polymers are miscible in the melt, the crystallization 

rate of the blend will decrease with increasing content of aPS. 9, 10 Melt spun films of 

a 50/50 sPS/aPS blend were prepared by the melt spinning method, yielding sim

ilar crystallization conditions as for the preparation of pure sPS melt spun films. 

Fig. 8.5 shows TEM DF micrographs of a sPS/aPS melt spun film. Without fur

ther thermal treatment shish crystals can be observed (a). However, the contrast of 

this DF micrograph is not optimal. This may be attributed to the low content of 

diffracting crystalline material in the sample (due to the dilution of the sPS with 

non-crystallizable material and due to an incomplete crystallization process). In or

der to identify the shish crystals by their ability to nucleate perpendicular lamellar 

crystallization, these sPS/aPS melt spun films were allowed to crystallize at 180°C 

for two minutes. The corresponding DF micrograph is shown in Fig. 8.5b. Perpen

dicular to the spinning direction (indicated by the arrow in (a)) a large number 

of lamellar crystals appear, forming a shish kebab morphology. These observations 

clearly demonstrate that shish crystals can be produced in sPS by diluting the crys

tallizable component with a miscible non-crystallizable component. The formation 

of the shish kebab structure is a subsequent process. Pure sPS, on the other hand, 

will form only a stacked lamellar structure under similar conditions. 
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Fig. 8.5 TEM micrographs (g=(002)) of sPS/aPS 50/50 melt spun films, pre
pared at 22{? C. The arrow indicates the spinning direction. Shish crystals can be 
observed parallel to the spinning direction (a). Additional annealing at 18(? C for 2 
minutes results in a shish kebab morphology (b). 

8.4 Discussion 

Observation of shish crystal growth into the relaxed melt 

From Fig. 8.3 it can be summarized that the shish structures appear either only 

in the deformation zone (b), or are bridging the carbon film crack with parts in 

both the deformed and undeformed zone; however they have not been observed in 

the undeformed zone only. This leads to the conclusion that the shish crystals are 

nucleated only in the deformed zone, whereas the growth of the shish crystals can 

extend into the un deformed zone. 

Isotactic polystyrene has been selected as the polymer under investigation be

cause its crystallization rate is very slow. The crystallization rate of the lamellar 

crystalline material is dominated by the lateral growth rate of the lamellae, which 

involves refolding of molecules. According to the presented model for the longitu

dinal growth of shish crystals, refolding of the macromolecules stops the local flow 

event and, hence, stops the shish growth. In order to keep the shish crystals grow

ing, refolding has to be avoided either by a large enough growth rate of the shish 

crystals or a slow enough growth rate of the lamellar crystals. Clearly, an externally 

enforced orientation of the melt, superimposed to the local orientational field may 

additionally favour the shish growth. It is very likely, that many polymer shish crys

tals may not grow without an external extensional flow field, because the necessary 

conditions of molecular relaxation, growth rates and tendencies to form fold surfaces 

may only be reached by the superposition of local and external induced orientation. 
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But our experiments clearly demonstrate that local molecular orientational area at 

the growth front plays an important part in the shish crystals growth process and 

thus corroborate the model presented in chapter 7. 

Shish crystals in sPS / aPS blends 

Although only differ in stereoregulariy, iPS and sPS show very different crystalliza

tion behaviours; a qualitative comparison is given in Tab. 8.1. Besides the occur

rence of polymorphism, the crystallization process in sPS is more than one order of 

magnitude faster than in iPS.12 , 13 

growth rate poly- Tg Tm TU 
m 

[pm/min] morphism [OC] [OC] [OC] 
iPS 0.3 no 100 220 24114 
sPS ~4 yes 100 ~ 268 (a,;3) 27815 

Tab. 8.1 Comparison of crystallization properties of iPS and sPS. 

So, what may be the reason for the difference in orientation-induced crystalliza

tion behaviour? To discuss this question, we have to dismantle the crystallization 

step by step. Since both polymers have the same constitution, it is supposed, that 

the time scales of relaxation processes are similar. Hence, excluding any crystal

lization and neglecting molecular weight effects, both polymers experience the same 

orientation on equivalent elongational forces during the melt spinning process. When 

crystallization starts from this final state, the formation of fibrillar crystals is ex

pected. This is the case for iPS, since its lamellar crystallization kinetics is slow with 

quite a long induction time.16 However, in reality there is no possibility to switch 

off crystallization, taking effect in case of sPS. The way from the relaxed, random 

coiled to the final elongated molecules is continuous, passing through all interme

diate states of orientation. This is accompanied by an increase of supercooling f1T 

(Eq. 2.18). Hence, when the supercooling exceeds a certain threshold value in the 

process of increasing molecular elongation, lamellar crystallization starts, before the 

final orientation is reached and thus anticipates the formation of fibrillar entities. 

Additionally, imposing an orientation on a polymer melt shortens the induction time 

and increases the rate of lamellar growthP This is the case for sPS, resulting from 

its fast lamellar crystallization kinetics. Thus, the molecular orientation, required 

for shish crystal formation can't be achieved, because lamellar crystallization occurs 

first. 
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Diluting the sPS with aPS increases the induction time of crystallization and 

reduces the crystallization rate, leading to a delayed onset of crystallization. Con

sequently, a higher initial orientation of the melt can be achieved which finally 

results in the formation of a shish crystal morphology, as it is observed by TEM 

examinations (Fig. 8.5) 

8.5 Conclusions 

The longitudinal shish crystal growth extending into non-strained polymer melts is 

documented, and it is explained by the model of a self-induced orientation field in the 

front of the crystal tip. The tendency towards the orientation-induced formation of 

fibrillar crystals strongly depends on the chosen polymer. But there is no possibility 

to give a prediction based on the respective constitution and stereoregularity, as 

experienced by the comparison of iPS and sPS. There are many specific material 

properties that have to be considered, such as crystallization kinetics and induction 

times. These come into play for sPS, because its fast lamellar crystallization rate 

interferes with the chain orientation process and thus anticipates the formation of 

fibrillar entities. 
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Appendix A 

Characterization of iPS 

For the examination of shish crystals, isotactic polystyrene (iPS) offers a variety of 

advantages. It has a high electron radiation resistance which simplifies morpholog

ical investigations in the TEM and it can be quenched easily due to its high glass 

transition temperature Tg at 100°C in combination with a low crystal growth rate. 

Moreover, shish crystals can easily be generated in iPS. 

Four different kinds (homologues) of iPS were available for experiments, their 

molecular mass, tacticity and the specific nomenclature used in this thesis, are listed 

in Tab. A.1. 

Nomenclature Molecular mass Tacticity Supplier 
iPS 400k 400,000 90% Scientific Polymer Products, Inc. 
iPS 752k 752,000 97% Polymer Labs. 
iPS 851k 851 ,000 60% Polysciences, Inc. 
iPS 1.7M 1,730,000 60% Polysciences, Inc. 

Tab. A.l Molecular mass, tacticity and the used nomenclature for the used kinds 

of iPS. 

A.I Lamellar crystallization rate 

Compared to other polymers, crystallization in iPS is a quite slow process. Fig. 

A.1a includes the growth rate measurements for iPS 752k, iPS 400k, iPS 851k and 

additionally data from an iPS with Mw = 1.57.106 and 97% tacticity made by 

Miyamoto and coworkers. 1 The maximum growth rate is found at about 180°C 

independent on the examined iPS. Its value, however, is still influenced by the 

tacticity of the respective material (see the growth rate for iPS 851k in Fig. A.1). 
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10.1 
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Fig. A.l Growth rate data of different kinds of iPS. 

The lamellar thickness I attained at isothermal crystallization at Tc of iPS 400k 

was determined by small angle x-ray scattering (SAXS),2 yielding values between 

3 nm for crystallization at 120°C and 6.6 nm at Tc =230°C (Fig. A.2). 
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Fig. A.2 Lamellar thickness of isothermally crystallized iPS 400k, measured by 
SAXS.2 

A.2 Crystal structure 

From the melt iPS crystallizes in a 2*31 helical conformation forming a hexago

nal lattice structure3 with lattice parameters a=21.9 A and c=6.6 A, respectively. 
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Apart from this, a further crystal structure is observed in the presence of solvent 

molecules,4, 5 characterized by a 2*1211 helical conformation building an orthorhom

bic crystal lattice. Such a gel crystallizes in a micellar morphology6 which is in con

trast to the lamellar morphology of the hexagonal phase. However, the appearance 

of the gel phase is a more exceptional case and requires the presence of a solvent so 

that iPS can be supposed to have no polymorphism. 

A.3 Thermal behaviour 
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Fig. A. 3 DSC thermograms of iPS 752k crystallized isothermally for 7h at the 
depicted temperature. 

In DSC examinations of the isothermal crystallized material a double melting 

peak is observed.7 The lower melting peak increases with the crystallization temper

ature according to Hoffman-Weeks (Eq. 2.8) whereas the higher one is found to be 

independent of Tc at about 220°C(Fig. A.3). The origin of the double melting peak 

in semi-crystalline polymers is discussed controversially in the literature and can 

be approximately grouped into the following models. (i) Melting and recrystalliza

tion model,7-11 which advocates that the lower endotherm represents the melting 

of most of the lamellae initially present, while that at higher temperature repre

sents the melting of thicker and more perfect lamellae formed by recrystallization 

of partially melted material. (ii) Dual lamellar thickness model,12-14 which suggests 
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that the double endothermic behaviour is associated with the melting of lamel

lae having a bimodal distribution of thickness. (iii) Perfect and imperfect crystal 

modeP5-17 The low-temperature melting peak is attributed to the melting of less 

perfect (thinner or defect containing) lamellae while the higher endotherm results 

from the melting of dominant thicker lamellae. However, this listing is by far not 

complete and up to the present there exist more or less divergences among these 

models. 

There is a further peak visible in the DSC thermograms of Fig. A.3. This one 

appears approx. 15°C above the crystallization temperature Tc and is called the 

temper peak. 1S Its origin is still under debate in the present literature.14, 19-23 
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Summary 

The final properties of a product, produced from semi-crystalline polymers, are 

to a great extend determined by the internal structure, which itself is established 

during the crystallization process. For example, orientation of the macromolecular 

chains during the processing enhances the nucleation and crystallization, not only 

accelerating the process, but also leading to different types of crystalline structure. 

Dependent on the crystallization conditions, such as the flow gradient and the crys

tallization temperature, the final microstructure of the polymer can be adjusted. 

The resulting crystalline structures comprise a spectrum ranging from a spherulitic 

lamellar to a completely fibrillar morphology. Due to its parallel chain alignment 

the latter has outstanding mechanical properties in chain direction. Hence, polymer 

processing of high performance products aims for the formation of these structures. 

Moreover, a complete modeling of the processing, providing the means for predicting 

the final product properties, basically requires the understanding of the structure 

formation, especially of the crystallization process. The formation of lamellar poly

mer crystals has been subject to a multitude of examinations. The crystallization 

process of fibrillar crystals, however, has been neglected in the past and needs fur

ther examination. 

For the examination of fibrillar crystallization, insight in the morphology of the 

resulting fibrillar crystals is of upmost importance. Isotactic polystyrene proved to 

be a good model polymer for this purpose, since it has convenient properties with 

respect to electron microscopy and its crystallization behaviour. The fibrillar crys

tals have been prepared following different preparation routes and crystallization 

conditions. Melt spinning of iPS yields highly oriented, electron transparent thin 

films, containing a high amount of fibrillar crystals as shown by means of TEM 

morphological examinations. On the other hand, fibrillar crystals were prepared 

by pressing the iPS melt through the nozzle of a piston extruder. The dimensions 
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of the resulting fibrillar crystals (their thickness and length) are controlled by the 

preparation conditions. An effective orientation process and high nucleation rates, 

as found during the melt spinning process, result in short and thin crystals. In order 

to increase the crystalline dimensions, lower orientation and nucleation density have 

to be adjusted, as revealed by the morphological studies on melt extruded iPS. The 

crystalline structure, however, is independent of the crystallization conditions and 

was found to consist of a continuous crystal lattice in longitudinal direction. These 

studies further revealed information on the crystal surrounding. It could be demon

strated that so called hairdressing molecules emanate from the crystal surface. On 

subsequent annealing, these molecules, intimately connected to the crystalline core, 

will form lamellar crystals. Their crystalline orientation matches exactly with the 

fibrillar core crystal, forming a shish kebab morphology. This homoepitaxial nucle

ation capability of fibrillar crystals was used as a tool for identification purposes. 

The process of shish kebab formation is attributed to a two step process; first the 

formation of the fibrillar crystal core, followed by subsequent lamellar overgrowth. 

The crystallization process is followed by morphological examinations. Due to the 

high glass transition temperature of iPS, the crystallization process can be quenched 

at any state, yielding information on the morphological evolution. Upon quenching 

immediately after onset of molecular orientation (cSt :::::J 10-4 s), as achieved by the 

friction transfer method, a micellar morphology is observed. These are the nuclei of 

fibrillar crystallization. A special thermal treatment, developed during the studies 

of fribrillar crystallization, was applied in order to induce the longitudinal growth 

of these nuclei without external mechanical manipulation of the macromolecular 

chains. The resulting fibrillar crystals, grown from the existing micellar nuclei, could 

be established by means of TEM examinations. This observation clearly indicates 

the possibility to separate the nucleation from the subsequent growth process. 

The TEM observations on the transformation of micells into fibrillar crystals 

could be corroborated by DSC examinations, showing an additional melting point, 

which has to be attributed to the existence of fibrillar crystals. Their melting tem

perature is found to range from 235°C to 255°C, depending on the crystallization 

conditions. It is quite remarkable, that the highest observed melting temperature 

exceeds the equilibrium melting point of iPS by almost 15°C. This behaviour of fib

rillar melting is explained by a structural superheating effect. Due to a fixation of 

the molecules emerging from the crystal surface, the crystal surrounding decreases 
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its entropy on size reduction of the crystal and thus suppresses the melting process. 

In this thesis, a novel model describing the fibrillar crystallization and growth 

process is presented, based on the experimental observations and general considera

tions concerning fibrillar crystals. The concept of this model is based on the idea of 

a cone-like shape of fringed crystal surfaces, which reduces the surface free energy 

of the crystal. This consideration, however, applies to every fringed surface in poly

mer crystals. Attributed to this specific shape of the crystal - melt interface, the 

amount of nucleation sites increases. And , furthermore, in front of the crystal tip 

a preorientation of the molecules occurs. This inevitable orientation zone, finally, 

controls the longitudinal growth process of the fibrillar crystals. A major prediction 

resulting from the presented model is the fact, that , in contradiction to the majority 

of proposed theoretical approaches, the growth process does not necessarily require 

an external orientation; the growth propagates self-induced even into the relaxed 

melt. 

In order to confirm the presented model by experimental evidence, the self

induced growth of fibrillar crystals into the relaxed melt was examined and proved. 

However, this prediction only concerns the growth process, for the nucleation an 

orientation of the melt is still imperative. Accordingly, an experimental arrangement 

was developed in order to produce a locally restricted deformation zone adjacent 

to a completely relaxed polymer melt. Due to the external orientation of the melt, 

shish crystals are nucleated in the deformed area and it is observed, that their 

longitudinal growth propagates into the quiescent melt, as it is predicted by the 

proposed model. 

Hence, parameters concerning the manufacture of polymers, which are reinforced 

by fibrillar crystals, may be concluded using the presented model. 



Samenvatting 141 

Samenvatting 

De eigenschappen van een product, geproduceerd uit semi-kristallijne polymeren, 

worden voor het grootste gedeelte bepaald door de interne structuur die wordt vast 

gelegd tijdens het kristallisatieproces. Bijvoorbeeld, orientatie van macromoleculaire 

ketens tijdens het produceren versterkt nucleatie en kristallisatie en versnelt niet 

alleen het proces maar geeft ook twee verschillende structuren. De kristallisatiecon

dities, zoals stromingsgradient en kristallisatietemperatuur bepalen de uiteindelijke 

microstructuur. De resulterende kristallijne structuur omvat een spectrum van sfer

ulietlamellen tot een complete fibrilmorfologie. Mede door de parallelle ketenrichting 

heeft deze laatst genoemde morfologie uitstekende mechanische eigenschappen in de 

ketenrichting. Daarom richt verwerking zich soms exclusief op de formatie van deze 

structuren. Bovendien een compleet model van de verwerking, op voorwaarde voor 

het voorspellen van de uiteindelijke eigenschappen, behoeft voornamelijk het be

grip van deze structuurformatie, en zeker van het kristallisatieproces. De formatie 

van lamellaier poly mere kristallen is onderwerp geweest van veel onderzoek. Het 

kristallisatieproces van fibrillaire kristallen is in het verleden verzuimd en zal verder 

onderzocht moeten worden. 

Voor het onderzoeken van fibrillaire kristallisatie is inzicht in de morfologie 

van de resulterende kristallen van uiterst belang. Isotactisch polystyreen blijkt een 

goed model polymeer te zijn voor dit doel, omdat het geschikte eigenschappen 

heeft met betrekking tot elektronenmicroscopie en het kristallisatiegedrag. De fibril

laire kristallen zijn geprepareerd volgens verschillende routes en onder verschillende 

kristallisatiecondities. Smeltspinnen van iPS geeft hoog georienteerde, elektronen

transparante, dunne films, die een grote hoeveelheid fibrillaire kristallen bevatten 

zoals men bij TEM onderzoek kan zien. Ook werden fibrillaire kristallen geprepa

reerd door het extruderen van iPS smelt door een capillair. De dimensies van de 

resulterende vezelachtige kristallen (dikte en lengte) worden gecontroleerd door de 
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preparatie condities. Een effectief orientatieproces en hoge nucleatiesnelheden, zoals 

gevonden tijdens het smeltspinproces, resulteren in korte en dunne kristallen. Om 

de kristaldimensies te vergroten, moet een lagere orientatie- en nucleatiedichtheid 

worden verkregen, zoals morfologiestudies van smeltgeextrudeerde mousters uitwi

jzen. De kristalstructuur blijfet echter onafhankelijk van de kristallisatiecondities 

en er werd gevonden dat deze bleek te bestaan uit een continu kristalrooster in ex

trusie richting. Ook informatie over de omgeving van het kristal werd verkregen en 

het bleek dat zogenaamde 'hairdressing' moleculen voortkomen uit het kristalopper

vlak. Bij annealen vormen deze moleculen, dicht op elkaar aan de kristallijnen kern, 

lamelachtige kristallen. De orientatie van de kristallen komen exact overeen met 

de fibrillaire kristalkern, wat leidt tot een 'shish-kebab'-achtige morfologie. Dit ho

moepitaxiale nucleatievermogen van de vezelkristallen werd gebruikt als een middel 

voor identificatie doeleinden. Ret proces van shish-kebab vorming wordt toegekend 

aan een twee-staps proces; allereerst vorming van de fibrillaire kristalkern, gevolgd 

door wildgroei van lamellen. 

Ret kristallisatieproces werd gevolgd met behulp van morfologische karakter

isatie. Door het hoge glasovergangstemperatuur van iPS kan het kristallisatiepro

ces ingevroren worden zodat morfologische karakterisatie op elk gewenst moment 

kan plaatsvinden. Indien het systeem wordt ingevroren met behulp van de 'friction 

transfer' methode direct na het begin van het ontstaan von moleculaire orientatie 

(1St ~ 10-4 s), ontstaat er een micellaire structuur, de kiemen voor fibrillaire 

kristallisatie. Een speciale thermische behandeling die ontwikkeld is gedurende de 

studie naar fibrillaire kristallisatie is gebruikt voor het induceren van longitunale 

groei van deze kiemen zonder ext erne mechanische behandeling van de polymeer

moleculen. De uiteindelijke fibrillaire kristallen, gegroeid uit de bestaande micel

laire kiemen, konden worden waargenomen met behulp van TEM. Deze waarneming 

bevestigt de mogelijkheid nucleatie te scheiden van het daaropvolgende groeiproces. 

De TEM waarnemingen van de verandering van micellen in fibrillaire kristallen 

konden bevestigd worden met DSC studies, die een extra smeltpunt tounden dat 

kenmerkend is voor de fibrillaire kristallen. Afhankelijk van de kristallisatiecondities 

werd een smeltpunt gevonden tussen 235°C en 255°C. Ret is opmerkelijk dat het 

hoogst gemeten smeltpunt ongeveer 15°C hoger is dan het evenwichtssmeltpunt van 

iPS en kan verklaard worden door een structurele oververhitting: Door fixatie van 

moleculen die uit het oppervlak van een kristal steken wordt de entropie van de 
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omgeving van het kristal verlaagd en onderdrukt daarbij het smeltproces. 

In dit proefschrift wordt een nieuw model gepresenteerd dat de fibrillaire kristal

lisatie en groei beschrijft, gebaseerd op experimentele waarnemingen en algemene 

beschouwingen met betrekking tot fibrillaire kristallen. Ret concept van dit model 

is gebaseerd op het idee van kegelvormige 'fringed' kristaloppervlakken, die de op

pervlakte vrije-energie van het kristal verlagen. Door de specifieke vorm van het 

smelt-grensvlak van het kristal, neemt het aantal nucleatie posities toe. Bovendien 

vindt voor de tip van het kristal een orientatie van moleculen plaatsen, deze (onver

mijdelijke) zone controleert het longitudinale groeiproces van de fibrillaire kristallen. 

Een belangrijke voorspelling die voortkomt uit het gepresenteerde model is dat, in 

tegenstelling tot de meerderheid van de voorgestelde theoretische benaderingen, 

het groeiproces niet noodzakelijkerwijs een ext erne orientatie nodig heeft; de groei 

propageert zelf-gei"nduceerd, zelfs in de gerelaxeerde smelt. 

Om het model te bevestigen is de zelf-gei"nduceerde groei van fibrillaire kristallen 

in een gerelaxeerde smelt onderzocht en bewezen. Dit betreft, echter, alleen het 

groeiproces. Voor nucleatie is een orientatie van de smelt nog steeds noodzake

lijk. Dienovereenkomstig is een experimentele opstelling ontworpen om een lokaal 

beperkte deformatiezone, aangrenzend aan een volle dig gerelaxeerde smelt, te pro

duceren. Door de externe orientatie van de smelt, nucleeren shish-kristallen in het 

gedeformeerde gebied en wordt waargenomen dat hun longitudinale groei in de smelt 

propageert, zoals is voorspeld door het model, dat daarmee wordt bevestigt. 
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Stellingen 

Behorende bij het proefschrift van rngo Lieberwirth 

1. The formation of shish crystals is connected to the application of orientation 

to a polymer melt or solution. However, this statement is only true for the nu

cleation event. The growth process itself does not need an external orientation 

as proposed by current models describing fibrillar polymer crystallization. 

J. D. Hoffman, Polymer, 1979, 20, 1071. 

This thesis, chapter 7. 

2. The equilibrium melting temperature of polymer crystals as determined by 

the Hoffman-Weeks interpolation method will underestimate the true ther

modynamic value. 

J . D. Hoffman, J. J. Weeks, 1. Chem. Phys., 1965, 42, 4301. 

T. Suzuki, A. J. Kovacs, Polym. J., 1970, 1, 82. 

This thesis, chapter 6. 

3. The appearance of shish-kebab and row structures in semi-crystalline polymers 

is very similar and leads to confusion. An unequivocal discrimination of both 

structures is only possible by the identification of the central shish crystal 

core. 

M. J . Hill, A. Keller, 1. Macromol. Sci. Phys., 1969, B3, 153. 

4. Altough discussed during the last four decades, the process of polymer crys

tallization and the concept of chain-folding is sill a matter of debate. Let us 

hope that the issues will be solved in this Century? 

EPF meeting July 15-20, 2001 Eindhoven. 

5. "Seeing is believing" 

The late A. Keller, private discussions about electron microscopy. 



6. The differentiation between" shallow" and" deep" entanglements by Kanamoto 

et al., to explain the drawing behaviour of Polyethylene in the molten state, 

demonstrates a shallow understanding of a deep fundamental problem. 

H. Uehara, M. Nakae, T. Kanamoto, A.E. Zachariades and R.S Porter, Macro

molecules, 1999, 32, 2761. 

7. Incentives for the development of environmentally friendly polymers should 

not be based on natural (" green") polymers only. 

A.A.M. Peijs, EPF-Magazine, Special Issue of the European Polymer Federa

tion, July 2001, p.p. 59-64. 

8. It is a pity that "Buitenzorg" on Java can not be revisited. 

"Travels around Java in 1920s" by Marquess Tokugawa; The Tokugawa Reimeikai 

Foundation, translated by Dr. M. Iguchi, ITB press, Bandung, October 2000. 

9. The discussion about the melting behaviour of nascent polymer (reactor) pow

ders underestimates the role of the kinetics on melting. 

"Chain Mobility in Polymer Systems", L. Kurelec, Ph .. D. thesis (in press) 

TU-Eindhoven, October 2001. 

10. Brussels will be increasingly far away for most of the Europeans in the future 

EU. 
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