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Abstract

New findings during the last decade have triggered a reconsideration of the foundations of polymer crystallization. The article
reviews the new experimental results, points to some straightforward conclusions and also presents a novel thermodynamic scheme
developed on the basis of the observations. The expansion of knowledge is due to the introduction of novel techniques: in situ
atomic force microscopy, modulated and high speed calorimetry, microbeam X-ray scattering, combinations of standard
techniques in simultaneous measurements, or the use of new evaluation procedures in scattering experiments and spectroscopy.
This is demonstrated by a selection of important and clear-cut experimental results. Attention is restricted to the crystallization
(from a quiescent melt or an isotropic glass) and melting of homopolymers and related statistical copolymers in bulk.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Polymer crystallization; Crystal melting; Recrystallization; Crystal size; Mesomorphic phases; Crystallinity

Contents
Lo IntrodUCHION . . .. .ottt e et e e e e e e 399
Local observations of nucleation and growth . ... ... ... ... .. . . . . . . . . . . e 400
2.1, Insitt AFM StUAIES . . oo v e et e e 400
2.2, Microbeam X-ray SCAMETING . . . .« ot vttt ettt e et e e e e e e e e e 402
3. Crystallization iSOtherms . . . . . . ... 403
3.1.  Growth- and filling-dominated Kinetics . ..... ... ... .. ..ottt 403
32, Meltmemory effects . . . . ... 405
4. Crystal thiCkness . . . . ... e 407
4.1. Time dependent SAXS eXPEriments . . . . . ..o vttt ettt ettt e e 407
4.2.  Polyethylene: Crystal thickening . ... .. ... ... . e 408
5. Granular substructure of lamellae . . . . ... .. .. 409
6. Crystal stability variations . . . . ... .. ...ttt e e e 410
6.1, Thermal TESPONISE . . . . o ottt et e et e e e 411
6.2.  Stabilization during crystallization . . . . ... ... . e 412
7.  Crystallization line and melting line . . . . ... ... .. e 414
7.1 Te—d—Trrelationships . . . ..t e 414
7.2.  Effects of co-units, diluents, blending and molar mass . . .............. .. i 416

E-mail address: strobl@uni-freiburg.de

0079-6700/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.progpolymsci.2006.01.001


http://www.elsevier.com/locate/ppolysci
mailto:strobl@unireiburg.de

G. Strobl / Prog. Polym. Sci. 31 (2006) 398—442 399

9.  Crystal thickness selection and melting properties
9.1.  Ostwald’s rule applied to polymer crystallization

9.2. A thermodynamic multiphase scheme .........
9.3.  Some applications . . ......................
10. Metastable mesomorphic phases ..................

10.1.
10.2.

The hexagonal phase of polyethylene

13.1.
13.2.

The trans mesophase of s-polypropylene . ......
11.  Orientation by magnetic fields . ...................
12, Crystallinity .......... .. ... i
13.  Amorphous regions with reduced mobility ...........
Characterization with mobility- sensitive techniques
Surface crystallization and melting in polyethylene
14, Growthrate ........... ... ...

Acknowledgements . . ............. .. .. ...,

References ........... ... ... ... ... . ... . ...

......................................... 421
......................................... 422
......................................... 423
......................................... 424
......................................... 426
......................................... 427
......................................... 429
......................................... 431
......................................... 432
......................................... 434

........................................ 435
........................................ 436

......................................... 438
......................................... 439
......................................... 439

1. Introduction

The understanding of crystallization and melting in
bulk polymers is, for obvious reasons, a main issue in
polymer physics: the questions which arise are of specific
nature, different from those encountered in the crystal-
lization of low molar mass systems, and the problems to
be solved have technologic relevance; control of the
mechanical properties of semicrystalline polymeric
materials is more effective the better the understanding.
When the fundamentals of the structure of semicrystalline
polymers—stacks of layer-like crystallites with thick-
nesses in the nanometer-range embedded in an
amorphous matrix—were revealed in the 1950s, con-
siderations about the mechanism of formation of this
structure started immediately. In the 1960s and 1970s,
they became a major field of research and a focus of
interest, discussed as a central topic in all structure
oriented polymer conferences. One conference, orga-
nized by the Faraday Society in 1979 at Cambridge
became famous as a climactic event [1]. It brought
together in intense, often controversial discussions the
different views and models developed by Fischer, Flory,
Frank, Hoffman, Keller, Kovacs, Point and Wunderlich,
to mention only some of many prominent contributors.
An agreement among the scientists could not be reached,
neither at this conference nor afterwards. However, in the
years that followed, one approach gained the ascen-
dancy—the one put forward by Hoffman, Lauritzen and
their co-workers [2]. It was accepted and used in data
evaluations by more and more workers, because it had a
number of appealing features:

e The picture envisaged by the treatment—a crystalline
lamella with an ordered fold surface and smooth
lateral faces, growing layer by layer, with secondary

nucleation the rate determining step—is clear and
easy to grasp.

e The theory yields a simple equation for the growth
rate.

e As it appeared, the growth rate of the lamellae
represents a well-defined property that can be easily
measured, either by optical microscopy or globally
with various techniques that probe the temporal
development of the crystallinity.

The Hoffman—Lauritzen model was always confronted
by criticism, but this did not hinder its success. Some points
were taken up and led to modifications, but the foundation
remained unchanged. By the late 1980s it was broadly
applied. It became common procedure to represent the
temperature dependence of measured growth rates and
crystallization times with reference to the Hoffman—
Lauritzen theory, search for the predicted ‘regime
transitions’, and derive the parameters of the theory.

The impression of many in the scientific community
that the mechanism of polymer crystallization was, in
principle, understood, and the issue essentially settled,
however was wrong. With the onset of the 1990s a
reconsideration began, triggered by new experimental
observations. In fact, the experimental basis of the
Hoffman-Lauritzen theory had always been rather
narrow. Putting the focus on growth rates alone, the
basis of validation was growth rate measurements
exclusively. The Hoffman—Lauritzen treatment includes
several implications. In particular, it assumes:

e The lamellae grow by direct attachment of chain
sequences from the melt onto essentially smooth
lateral faces.

e The lamellar thickness is determined by the super-
cooling below the equilibrium melting point—given
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by the Gibbs—-Thomson equation—apart from a
minor correction which is necessary to provide a
thermodynamic driving force.

These assumptions looked quite natural, and nobody
would have questioned them without very good reasons.
Such reasons, however, now arose:

e Keller and his co-workers, when crystallizing
polyethylene at elevated pressures, observed the
formation of crystals from a mesomorphic hexagonal
phase and speculated that this may also happen under
normal pressure [3].

e Kaji and co-workers interpreted scattering which
arose before the appearance of the crystallites as
indicating the buildup of a precursor phase in the first
step of polymer crystallization [4], and Olmsted
constructed a corresponding theory [5].

e Time and temperature-dependent small angle X-ray
scattering experiments, at first carried out on
syndiotactic polypropylene and related copolymers,
contradicted the basic assumption of control of
the lamellar thickness by the supercooling below
the equilibrium melting point [6]. As it turned out, the
lamellar thickness is determined by the supercooling
below another temperature, which is always located
above the equilibrium melting point. In addition, the
thickness is not affected by the presence of co-units.

With these new observations fundamental questions
about the mechanism of polymer crystallization were
reopened.

The revival of this discussion, in a seemingly
‘mature’ field, initiated new activities. They brought
new insights and new questions to which novel
experimental tools could be applied. Of particular
importance was the use of the atomic force microscope.
All the previous time-dependent crystallization studies
yielded only global values. The in situ observations, now
possible with a resolution down to several nanometers,
opened a completely new access. New insights also
came from applying modulated and high speed
calorimetry. With these novel techniques it became
possible to extract, from the total heat flow, contributions
associated only with reversible structure changes and
also to study structure changes that take place within
very short times. Also new were: the use of synchrotron
radiation microbeams, which offered a spatial resolution
of the superstructures in semicrystalline polymers—
spherulites, fibers—down to the micrometer-range;
the use of comparative techniques in the evaluation of
temporal variations of infrared spectra during

crystallization processes; and simultaneous recordings
of small angle and wide angle X-ray scattering patterns.
Application of these new techniques has resulted in a
major extension of knowledge in the field of polymer
crystallization during the last decade.

This review will present a selection of such new
experiments. In a wide and varied field like polymer
crystallization, it can only be a selection rather than a
compilation of all results. A selection always brings in
weightings by the author and, due to knowledge
limitations, arbitrary choices. Readers should be aware
of this and also know that this review is not written by a
neutral referee presenting different, sometimes contro-
versial views for a comparison, but by one who is
engaged in the field. In spite of that, throughout this
article the attempt has been made to clearly separate
observations, straightforward conclusions, and personal
interpretations. To the latter class belongs in particular
the thermodynamic scheme, which we have developed
on the basis of our experiments, and which we now use
for data evaluations and the discussion of various
phenomena.

2. Local observations of nucleation and growth

Atomic force microscopy (AFM) is a most attractive
tool for studies of polymer crystallization. It provides
real-space images of local structures in time- and
temperature- dependent in situ studies. The sample
preparation method is easy, and achieved resolutions
approach the 10 nm-range. In the following some
selected examples are presented, dealing with:

e separate observations of nucleation, branching and
splaying,

e observations of characteristic differences in the
development of spherulites after homogeneous and
heterogeneous nucleation,

e real-time observations of the sequential building up
of spherulites and

e resolution of details of the boundary region of
spherulites.

2.1. In situ AFM studies

Even if hot stages can be used for experiments at
elevated temperatures, the best performance is still found
at ambient temperature. Furthermore, studies of systems
which crystallize slowly are also preferable. Chan, Li
and co-workers prepared samples of poly(bis-phenol
octane ether) (BA-CS8), which allowed an investigation
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Fig. 1. BA-C8 crystallizing at 22 °C. AFM tapping-mode phase images of an embryo (left), one growing a primary lamella and the later
development of branches (right). Reproduced with permission from Chan et al. [7]. Copyright (2002) American Chemical Society.

under such conditions. The polymer, synthesized by
condensation polymerization, had a glass temperature of
10.5°C and a melting point of 83.3 °C. Experiments
were carried out on initially amorphous BA-CS8 films
with a thickness of 300 nm. Fig. 1 presents one of the
results [7]. The dot in the left hand picture is a nucleus
which subsequently develops into a single lamella. This
starting event is a homogeneous nucleation. Indeed, the
authors observed that not all dots that showed up at the
beginning developed into lamellae. Some of them
disappeared, i.e. disintegrated. As is shown in the picture
on the right hand side, the first branches develop when
the lamella reaches a size of the order of 1 um.

If the branching is repeated for all the later starting
lamellae, whenever they reach a length on the order of
1 um, the embryo gradually develops into an object as is
shown growing in Fig. 2. [8]. Finally, it will become a
spherulite with a characteristic feature, a pair of ‘eyes,” at
its center.

If spherulites start from a heterogeneity by hetero-
geneous nucleation, a different growth pattern is
observed, as is depicted in Fig. 3. In this case, several
lamellae develop simultaneously, emanating from
the surface of the heterogeneity. As a consequence, the
growing object shows quasispherical symmetry from
the very beginning. This differs from the initial
anisotropy associated with a homogeneous nucleation,
which is retained up to the end in the form and direction
of the two eyes.

Bassett and co-workers introduced the notion of
dominant and subsidiary lamellae in pioneering work
carried out with a transmission electron microscope
(TEM) [9]. The latter lamellae develop during a
sequential buildup of spherulites. Spherulite growth
proceeds by branching and splaying of the dominant
lamellae, which provide the framework within which the
subsequent growth of subsidiary lamellae occurs. Bassett
arrived at this view when he examined the structures of
developing spherulites at ambient temperature after
quenching at different stages followed by surface etching
to improve the contrast. Atomic force microscopy now
enables an observation of the sequential buildup in real

time. Fig. 4 presents, as an example, a series of images
obtained by Hobbs [10] during isothermal crystallization
of polyethylene (PE) at 133 °C. The picture on the left
hand side shows a few lamellae which have advanced
with very rapid growth. As shown by the further pictures,
this is followed by a retarded in-filling growth. The
growth rate of the latter is obviously much slower. The
observations are in full agreement with Bassett’s notion
of dominant and subsidiary crystallites.

The sequential buildup of spherulites with a
succession of rapidly growing dominant and slower
growing in-filled secondary lamellae can also be visible
at spherulite boundaries. An example again obtained by
Hobbs et al. [11], is shown in Fig. 5; it also displays the
effect of crystallization temperature. Experiments were
carried out on poly(hydroxybutyrate-co-valerate)
(PHBcV). A prerequisite was the use of an AFM that
permits use of a special electronic control for fast

2um

Fig. 2. In situ AFM recording of a crystallizing polyether (BA-C8 at
22°C). AFM tapping-mode phase images of a homogeneously
nucleated growing spherulite obtained at different times. Reproduced
with permission from Li et al. [8]. Copyright (2003) Elsevier Science
Ltd.

Fig. 3. In situ AFM recording of crystallizing BA-C8 (22 °C).
Tapping-mode phase images of a heterogeneously nucleated growing
spherulite obtained at different times. Reproduced with permission
from Li et al. [8]. Copyright (2003) Elsevier Science Ltd.
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Fig. 4. PE crystallized at 133 °C: AFM tapping-mode phase images obtained after different times of development (scale bar: 1 pm). Reproduced

with permission from Hobbs [10]. Copyright (2003) Springer-Verlag.

Fig. 5. P(HBcV): AFM tapping-mode phase images of the growth fronts of spherulites developing at different temperatures (scale bar: 100 nm).

Reproduced with permission from Hobbs [11].

scanning; the higher growth rates at lower temperatures
require such a tool. At the lowest crystallization
temperature, 10 °C, the boundary looks rather sharp,
but this changes at higher temperatures. At the highest
temperature, one again clearly observes advancing
dominant lamellae with a higher growth rate. The final
density of lamellae is only reached at a certain distance
behind the furthest forward crystallizing point. The
observation can be explained by a reduction in the
branching rate with an increase in the crystallization
temperature.

2.2. Microbeam X-ray scattering

The existence of an extended boundary region
through which the crystallinity varies is confirmed in
experiments with another new tool, namely, micro-beam
X-ray scattering which can be carried out with
synchrotron radiation sources. Kolb, Riekel et al. [12]
reported such an experiment conducted on isotactic
polypropylene (iPP) and poly(vinylidenefluoride)
(PVDF). The result is shown in Fig. 6. An X-ray beam
with micrometer cross-section allows one to monitor
structural changes when it is crossed by the boundary of
a growing spherulite. There are no Bragg reflections as
long as the micro-beam penetrates the amorphous region
outside of the spherulite. Reflections start to appear when
the boundary of the growing spherulite enters the

illuminated region. When the extension of the boundary
region is more than 1 pum, its profile becomes resolved.
The figure presents a typical result obtained for iPP. It
indicates that the width of the boundary region amounts
to about 30 um. As is shown by the upper curve, the
crystallinity profile of the boundary region can also be
determined when growing spherulites are quenched to

boundary spherulite radius / pym center
20 40 60 80 100
1 1 i 1 1 J
- .....QQDODOOOQQOQOO
o ®
e ® hd Quenched Spherulite

Xc

- Kinetics Experiment

T T T T i

40 50 60 70 80
crystaliization time / min

Fig. 6. iPP Crystallizing at 148 °C. Variation of the crystallinity
through the boundary region of a growing spherulite as determined by
a microbeam WAXS experiment in situ at the crystallization
temperature and at room temperature after quenching. Reproduced
with permission from Riekel et al. [12]. Copyright (2001) Elsevier
Science Ltd.



G. Strobl / Prog. Polym. Sci. 31 (2006) 398—442 403

room temperature. This stationary measurement yielded
a similar profile.

3. Crystallization isotherms

Crystallization isotherms are recorded by applying
various tools, the most popular being calorimetry, wide
angle and small angle X-ray scattering, and dilatometry.
There are now new experiments where two different
tools are commonly used, either simultaneously or one
after the other, in a comparison. Such combinations are
of great value, because they allow discrimination
between different factors acting together in the crystal-
lization process.

It is a quite common procedure to evaluate data by
fitting to the Avrami equation. The Avrami theory treats
the growth of objects with a constant inner structure,
which grow in one, two or three dimensions. As a matter
of fact, a constant inner structure is not always found. As
was discussed in the former section and demonstrated by
AFM in situ observations, spherulites are often built up
sequentially, starting with a rapid growth of dominant
lamellae, which is then followed by an in-filling process.
The Avrami equation does not deal with this often
encountered situation. The data evaluation must there-
fore be put on a more general basis.

The dynamic range of all the standard tools is
restricted. There are only rarely measurements which
surpass two orders in the signal magnitude. This implies
that for a spherulite with a normal final size of the order
of a few micrometers, observations start only when it has
already reached a size of several hundred nanometers.
The initial stages of crystallization are thus outside the
range of the standard measurements. However, there is
an experimental tool with much higher sensitivity:
measurement of the linear attenuation coefficient of
light. Using that, one is able to encompass a dynamic
range of more than four orders of magnitude.

In the following, three combined determinations
of crystallization isotherms will be reviewed. They
were conducted on syndiotactic polypropylene (sPP),
poly(ethylene-co-octene) (PEcO) and poly(e-caprolac-
tone) (PeCL) which represent different cases of observed
crystallization kinetics. The potential of time depen-
dence measurements of the linear attenuation coefficient
is demonstrated for a sample of PEcO.

3.1. Growth- and filling-dominated kinetics
Fig. 7 presents crystallization isotherms of a

commercial sPP obtained by small angle X-ray
scattering (SAXS) and dilatometry (from Ref. [13]).
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Fig. 7. sPP-Fina: crystallization isotherms as given by the time
dependence of the Porod coefficient P (from SAXS, filled symbols)
and of the density change dp (from dilatometry, open symbols). The
initial slope indicates a kinetic power law P oc3p o< [13].

The appropriate parameter to use in SAXS studies of
crystallization kinetics is the Porod coefficient P defined
as

P (Apy)’ Oy ()

P is determined by the amorphous—crystalline inter-
face area per unit volume O,. and the density difference
Ap,. between the crystals and the amorphous phase. At
any time of the crystallization process, P can be derived
from the asymptotic decay of the SAXS curves—
homogeneity of the structure is not required. Multipli-
cation by the crystal thickness d.. leads to

Pd. < (Ap,) b )

and thus to a property which includes the crystallinity ¢..
On the other hand, dilatometry yields the change in the
specific volume 6v or the change in the global density dp,
which can also be related to Ap,. and ¢, by

ovocdp o Apycg. 3)

Fig. 7 uses a log—log plot to represent the time
dependences P(f) and 6p(f). The power law for the initial
development of crystallinity can be derived from the
initial slope as

b < 1 4)

This is the law expected for a constant growth rate of
spherulites having a fixed inner structure. The agreement
in the kinetics recorded in terms of P and in terms of p
confirms that the density in the growing lamellar
crystallites does not change. The different functional
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Fig. 8. SWAXS experiments on PEcO14: crystallization isotherms as
given by the time dependence of the product Pd, (open symbols) and
by the change of the intensity of the 110-reflection I (filled symbols).
The initial slopes indicate kinetic power laws Pd, I ot with v=
1.4-1.6 [14].

dependences of 0p and P on Ap,.—linear and quadratic,
respectively—would result in different isotherms for P
and op if Ap,. were to vary with time.

Fig. 8 depicts isotherms obtained in simultaneous
small angle and wide angle X-ray scattering (SWAXS)
experiments on PEcO14, a poly(ethylene-co-octene)
with 14% per weight of octene co-units. The time
dependence of the product Pd, is compared with the time
dependence of the intensity Ig of the 110-Bragg
reflection. Both sets of isotherms coincide. Hence,
Ap,. is again a constant, i.e. the development of
crystallinity is based on the growth of lamellar crystal-
lites with constant density—there are no positive
indications for intralamellar ordering processes within
the timescale of the experiment. The power law found
for the initial stages of crystallinity development differs
from the first case: It is Pd, oIz <’ with v=1.4-1.6.
This result indicates that the crystallinity development is
dominated by an in-filling process, rather than linear
growth of spherulites. An open framework of dominant
lamellae developed very rapidly in a first step, and the
main part of the crystallization process is then
the creation of subsidiary lamellae. Observations in a

102 |

dvicmi/g] P d¢[a.u.]

108 | v‘ ;g

10? 10° 10* 10°
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Fig. 10. PeCL: crystallization isotherms Pd.(f) and dv(¢) obtained by
SAXS and dilatometry. The initial slope indicates a kinetic power law
Pd, «dv oct* [13].

polarizing optical microscope (POM) confirmed this
view. Fig. 9 depicts a typical series of images. The view
field is completely filled with objects of essentially
constant size, about 5 um, and the crystallization process
shows up as an increase in brightness. At the end, the
objects have turned into spherulites. In addition to this
major component, one growing spherulite shows up in
the images which has a constant inner brightness from
the beginning. One might speculate that the objects of
constant size which become continuously filled started
with a homogeneous nucleation. As discussed in the
previous section, this leads at first to an open spherulite,
which is subsequently filled. On the other hand, the few
single spherulites which grow with constant brightness
might have started from heterogeneities. Then many
lamellae grow together and keep the spherulite filled
from the very beginning.

A third possible case shows up in the experiment on
PeCL depicted in Fig. 10 [13]. The isotherms Pd.(f) and
ov(t) determined by SAXS and dilatometry agree.
Hence, again crystallites are growing with a constant
inner density, but the initial growth law is peculiar. The
slope corresponds to a power law Pd, oy ocr* and
indicates that crystallization kinetics here is a result of

Fig. 9. PEcO14 crystallization at 92 °C: POM images obtained at 0, 600, 1800 and 63000 s (from left to right); the scale bar has a length of

10 pm [14].
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both the growth of spherulites and an accompanying in-
filling process.

In all the presented experiments, recordings
covered a range of only 1-2 orders of magnitude,
which is typical for conventional techniques. A much
higher sensitivity can be achieved in time-dependent
measurements of /1, the linear attenuation coefficient
of light. The attenuation of a laser beam passing
through a platelike sample with a thickness D is given
by the Lambert-Beer law as

I/ly = exp(—AD) 5)
For A, theory yields the expression [15,16]
Ao nR* (Apas)zG (6)

where n is the number density of growing objects, R
is the spherulite radius, Ap, is the difference between
the mean density in the interior of the spherulites and
the melt, and G represents an interference factor.
During the initial stages of crystallization, when the
volume fraction occupied by the spherulites is still
low, G is equal to unity. For the case of growing sPP
spherulites leading to the isotherms in Fig. 7 one
expects A ocr*, which was indeed found [15]. Fig. 11
shows the result of /1 measurements for PEcO14 [16],
the sample that gave the SWAXS isotherms of Fig. 8.
The measurements now extend over more than four
orders of magnitude. The isotherm for the highest
temperature follows a power law /o>, again
indicative of the dominance of the in-filling processes;
the time dependence of / here relates to an increase
of Ap,s only.

3.2. Melt memory effects

If a semicrystalline polymer is melted and then
recrystallized, memory effects may occur. It is then
found that the time required for the second crystal-
lization varies with the temperature of the melt and the
time during which the sample is kept in the molten
state. Crystallization times tend to decrease when the
melt temperature is lowered and the period of melting
is shortened [17]. Memory effects are commonly
explained by assuming persistence of nuclei in the
melt. This is a reasonable explanation if the shape of
the isotherms is retained, because a variation in the
number of growing spherulites leads only to a shift of
the curves along the log f-axis. The two experiments
addressed in the following indicate other changes.

Fig. 12 presents various isotherms measured for a
commercial sPP using a dilatometer [18]. The
decrease in the specific volume for a fixed crystal-
lization temperature, 7.=105°C, and various tem-
peratures T, of the melt is presented in log—log plots.
The sample was always kept for 20 min at 7}, before
it was rapidly cooled to the crystallization tempera-
ture. For melt temperatures above 161 °C the same
result was always obtained, whereas for temperatures
below this critical value the crystallization isotherms
vary. The shape of the curve is thereby altered.
For high melt temperatures the initial increase of
the crystallinity is that of filled spherulites with a
constant growth rate (vo—v or’). For lower melt
temperatures the power law changes, and for the
lowest temperatures vo—v o is found. Here, the
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Fig. 11. PEcO14 Crystallized at various temperatures: isotherms given by the time dependence of the light attenuation coefficient A [16].
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(v, specific volume; vy, specific volume of the melt at 7¢.) [18].

growth is not only faster, but is accompanied by an
in-filling process.

Pronounced melt memory effects were also found for
PEcO14, the sample with crystallization Kkinetics
dominated by the in-filling processes (compare Figs. 8
and 9). Fig. 13 reproduces dilatometric isotherms, again
measured for a constant crystallization temperature, 7, =
93 °C, and various temperatures of the melt (from Ref.
[19]). One observes a general shift to shorter times with
decreasing T}, and two noteworthy features:

e Isotherms start with a power law close to ¢, oct,
which indicates a first order process for the creation
of crystallites.

e Independent of the chosen melt temperature all
isotherms finally end up at the low T}, limiting curve.

The latter may therefore be assigned to the growth of
initially nearly empty objects, for example, open
spherulites composed of a few dominant lamellae only.
Then, these are filled with subsidiary crystallites, and the
filling rate changes with the temperature of the melt.
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Fig. 13. PEcO14: dilatometric crystallization isotherms, Av(t) =vy— (), for T,=93 °C and the indicated melt temperatures [19].
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4. Crystal thickness

For many years, crystallization and melting of
statistical copolymers were treated differently from the
case of homopolymers. Workers in the field took up
Flory’s idea to essentially treat copolymers like a system
of oligomers with a molar mass distribution correspond-
ing to the copolymer sequence length distribution [20].
In this view, crystallization is described as an
equilibrium process associated with segregation of
sequences of different length. Isothermal crystallization
starts with the formation of thick crystals composed of
the longest sequences, then continues with thinner
crystals and ends with the formation of crystallites
having the minimum thickness necessary to keep them
stable in the surrounding melt. In a subsequent heating
process, the crystallites melt in reverse order. With this
approach two completely different concepts existed in
the field of crystallizing polymers: Hoffman and
Lauritzen’s kinetic theory—applied to homopoly-
mers—and Flory’s equilibrium treatment of copolymer
systems.

Time dependent SAXS experiments and AFM scans
carried out in situ at the crystallization temperature have
the potential to detect segregation processes. They have
been carried out for various systems, and the outcome of
several investigations appears quite clear: in both cases,
homopolymers and statistical copolymers, isothermal
crystallization leads to crystals with uniform thickness.
Indications of segregation were not found. The only
exception is polyethylene where thickening processes in
the crystalline state—made possible by the activity of the
a-process—ultimately produces a thickness distribution.
A few examples follow.

4.1. Time dependent SAXS experiments

In recent years, SAXS curves of semicrystalline
polymers were more and more evaluated via the
interface distance distribution function (IDF) [21,22].
The latter, denoted K”(z), follows from the scattering
curve I(g) by applying a Fourier transformation:

K'(x) J [[}ij}o (4'1(@)) —4'1(q) |cos(gz)dg )
0

Here, ¢ denotes the scattering vector, g=41t sin /A,
with @ the Bragg angle and A the wavelength. For
crystallites with thickness d,, K”(z) has a peak at z=d,
which refers to the distance between the two surfaces
of the lamellae. Fig. 14 shows the temporal evolution
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Fig. 14. PEcO14, crystallization at 92 °C: Temporal evolution of the
IDF. The times of the measurements follow from the starting points at
the log t-axis on the left; the linear scale of the IDFs is plotted on the
right side [23].

of the IDF derived from a time-dependent SAXS
experiment on crystallization of PEcO14 (from Ref.
[23]). Results indicate formation of crystallites with an
invariant thickness of 5nm. The changing crystal
thickness accompanying sequence length segregation
would show up in a continuous peak shift.

Fig. 15 shows the same result—a time invariant
crystal thickness—obtained for a commercial sPP that
included steric defects (the sample had 83% syndiotactic
pentads) [13].
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Fig. 15. sPP-Fina, crystallization at 108 °C: evolution of the IDF [13].
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Fig. 16. PET, crystallization at 233 °C recorded by in situ AFM. Results of numerical image analysis: (left) time-dependence of the mean crystal
thickness and (right) thickness distribution in the final state. Reproduced with permission from Ivanov et al. [25]. Copyright (2001) American

Chemical Society.

In many discussions, crystal thickness variations are
also assumed for crystallizing homopolymers, in the
sense that the first grown dominant lamellae should be
thicker than the later developed subsidiary crystallites.
Bassett et al. had already opposed this view on the basis
of TEM images, which show equal thicknesses for both,
dominant and subsidiary crystallites [24]. Confirmation
of the thickness uniformity now has come also from
in situ AFM studies. Fig. 16 is taken from a work of
Ivanov et al. [25]. It shows results of a numerical
analysis of images obtained for PET during crystal-
lization at 233 °C: The thickness distribution is rather
sharp, and the mean thickness is constant throughout the
whole crystallization process. A time-dependent SAXS
study carried out at the same crystallization temperature
for comparison yielded the same result.

4.2. Polyethylene: crystal thickening

The majority of crystallization experiments have been
carried out on high density polyethylene (HDPE) for
obvious reasons: it is a major commercial product with
high crystallinity, has a simple chemical structure, and is
stable in heat treatments. However, HDPE has peculiar
properties that introduce complications into crystal-
lization experiments. Since sliding motions are active in
the crystalline state, crystals thicken spontaneously,
following a logarithmic law d.=C; log t+ C,. What is
of interest in basic studies is the thickness of the lamellar
crystallites when they form, but measurements always
catch a later state modified by thickening. In basic
studies, it is thus preferable to use branched or
copolymerized PEs since the presence of the hetero-
units blocks the sliding motion; they cannot be drawn
into the crystal. Fig. 17 reproduces the results of a time-
dependent SAXS experiment on a sample of HDPE [26].

The broad peak with a maximum at 21 nm is assigned to
the crystallites. It moves with increasing time to higher
d.-values. The properties of the amorphous layers are
also peculiar. The constant position of the IDF maximum
at 10 nm indicates that their most probable thickness—
which is near to the minimum value—remains constant
throughout the crystallization process. The wide skewed
distribution at the beginning narrows and converges
towards the most probable value. Hence, in contrast to
all the other polymers, where d_ is fixed, in HDPE it is
the thickness of the amorphous layers, which has a
characteristic fixed value. There are more polymer
systems with longitudinal chain mobility in the crystal-
line state, which consequently also show spontaneous
crystal thickening at the crystallization temperature.
These include i-polypropylene, poly(ethylene oxide),

0 10 20 30 40 50 60
z/ nm

Fig. 17. HDPE: evolution of the IDF during crystallization at 129°C.
The shift of the maximum (filled circles) indicates continuous crystal
thickening. The peak located at z=10nm is associated with the
amorphous layers in the stacks [26].
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Fig. 18. sPP, crystallized at 135 °C: AFM tapping mode phase image.
The edge-on oriented lamellae show a granular substructure [28,29].

Fig. 19. iPP: AFM tapping mode phase image showing a granular
substructure of the edge-on oriented crystal lamellae (1 um scan).
Reproduced with permission from Magonov et al. [30].
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poly(oxymethylene), poly(vinylalcohol) and poly(tetra-
fluoroethylene), citing only the most common ones. An
article by Schmidt-Rohr and Hu [27] collects the
evidence from NMR spectra for the sliding motion and
discusses the peculiar drawing properties—the ‘ultra-
drawability’—of these systems.

5. Granular substructure of lamellae

It has long been known that lamellae formed when a
polymer crystallizes have a granular substructure.
Evidence is provided by the widths of the Bragg
reflections in wide angle X-ray scattering (WAXS)
patterns. For polymers they are much broader than for
low molar mass crystals, and generally indicate lateral
coherence lengths of several to some tens of nanometers.
This is the same order of magnitude as the lamellar
thickness. The block structure also shows up in TEM
images when the staining agent penetrates into the block
boundaries within the lamellae.

There are cases where the granular substructure
becomes also apparent in AFM tapping-mode images,
and two examples are presented here. That shown in
Fig. 18 was obtained for sPP with high syndiotacticity
[28,29]. A thin film of the sample was isothermally
crystallized at 135 °C. The lamellae, oriented edge-on,
show the granular substructure. Many images showing
this property for various semicrystalline polymers were
obtained by Magonov et al. [30,31]. Fig. 19 presents as
one example the texture of a sample of isotactic
polypropylene (iPP). Images of PE that show the blocky
substructure were published by Loos et al. [32] and
Goderis et al. [33]. In the latter work, block sizes in AFM
images and coherence lengths derived from reflection
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Fig. 20. sPPcO15, crystallized at 70 °C and heated to melting: (left) change of the interface distribution function K”(z). (right) Continuous decrease
of crystallinity, ¢.(T)/d(70 °C), recorded by DSC and SAXS (heating rate: 1 K/min) [6].
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halfwidths in WAXS patterns were compared. The
agreement was satisfactory.

The blocky substructure is fundamental for the
deformation properties of semicrystalline polymers
[34,35]. A main yielding mechanism is block sliding,
and this sets in cooperatively at the yield point. The
strain-controlled, comparatively simple deformation
properties of semicrystalline polymers are mainly
based on the many degrees of freedom offered by

45 —

block sliding—internally stiff crystal layers would cause
a quite different, much more complex deformation
behavior.

6. Crystal stability variations
The uniformity in thickness of lamellar crystallites,

which generally results if crystallization processes are
conducted isothermally, does not imply uniform

4.0

3.5

3.0

heat capacity [Jg 'K 1]

2.5

heat capacity [Jg 'K 1]

is I , | : T [ T [ T [
[ 580 min -
— a0 T 300 m!n
‘_'x .......... 120 min
- E 93 min
% 35| ----- 60 min
z ——— 34 min
]
&
S 3.0+
S |
9]
ey
25—
4 | T T T
60 70

T[°C]

Fig. 21. sPPcO15: DSC-melting curves obtained after different times of isothermal crystallization at 55 °C (top), 65 °C (center) and 75 °C (bottom)

[6].
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Fig. 22. PTT crystallized at 195 °C and then heated stepwise to the
indicated temperatures. Results of a SAXS data evaluation: changes
in the distribution function for the amorphous layer thickness, /,(1).
Reproduced with permission from Ivanov et al. [37]. Copyright
(2004) Springer-Verlag.

stability. In a subsequent heating process, melting still
extends over a broad temperature range. Conventional
views often associated melting point variations with a
corresponding distribution of lamellar thickness only,
but recent experiments now point to further sources of
variations in crystal stability. In particular, some new
experiments demonstrate, that the stability of crystals is
not yet fixed when they are formed, but often improves
with time.

6.1. Thermal response

Fig. 20 shows the melting behavior of a sample of
poly(propylene-co-octene) with 15% by weight of
octene co-units (sPPcO15) which was isothermally

crystallized at 70 °C (from Ref. [6]). The change in
crystallinity during heating with a rate of 1 K/min was
monitored by both the product Pd, «¢. deduced from
the SAXS curves and the enthalpy H derived from heat
capacity measurements by DSC. The plot on the right
shows in both measurements a continuous decrease of ¢,
with rising temperature. The plot on the left presents the
change of the IDF during heating. The maximum of the
peak is 3.7 nm for all temperatures; only the peak height
decreases. Hence, the stabilities of the crystallites vary
despite a common thickness—the first melt already at
75 °C, i.e. 5 °C above the crystallization temperature, the
last disappear at 105 °C.

Part of the stability variations can be associated with
the sequential building up of the spherulites. A TEM
study of Bassett and Patel on poly(4-methylpentene-1)
[36] has shown that the subsidiary lamellae always melt
prior to the dominant crystallites even though both have
the same thickness [24]. Fig. 21 presents analogous DSC
observations for sPPcO15 (from Ref. [6]). The sample
was isothermally crystallized at three values of T, for
various times of crystallization. The structures
developed during the preset times were probed by
heating scans. It is evident that all the crystals first
developed have high melting points, i.e. the highest
possible stability, whereas the crystals formed later melt
much earlier, i.e. are less stable.

Bassett and Patel related the lowering of the stability
of subsidiary crystallites to constraints encountered
during the in-filling process. Ivanov et al. quantified
these constraints in a recent temperature-resolved SAXS
study of the melting of isothermally crystallized
poly(trimethlyene terephthalate) (PTT) [37]. A model-
based analysis yielded the thickness distribution function
of the interlamellar amorphous layers. Fig. 22 presents
the change of this distribution function during heating. It
is evident, that the thinnest amorphous layers disappear
first, which indicates that crystals with the nearest
neighbors have the lowest stability. Hence, the stability

Fig. 23. iPS, cold-crystallized at 160 °C (left) and then annealed at 215 °C for 30 min (right): TEM micrographs obtained after quenching to room
temperature. Reproduced with permission from Petermann et al. [38]. Copyright (2001) American Chemical Society.
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Fig. 24. Polyether BA-CS8, crystallized at 75 °C (left), then annealed at 77 °C for 30 min (center) and at 79 °C for 10 min (right): AFM tapping-mode

images of a flat-on oriented crystal. From Li et al. [39].

of a crystal depends not only on its inner structure and its
surface, but also, for in-filled crystals, on the interaction
between neighbors.

Microscopy observations have shown that besides the
stability difference between dominant and subsidiary
crystals there exist also stability variations within a
single lamella. Two images obtained by Petermann et al.
for i-polystyrene (iPS) in a TEM are reproduced in
Fig. 23. The micrograph on the left shows the lamellar
structure which developed in a thin film after crystal-
lization at 160 °C; the picture on the right shows the
changes caused by 30 min annealing at 215 °C. In both
cases the sample was quenched to room temperature for
observations. Many of the initial continuously extended
lamellae become fragmented upon annealing.

Fig. 24 presents AFM images obtained by Li et al. for
the polyether BA-C8 [39]. The lamellae appearing flat-
on in the pictures grew during crystallization at 75 °C
and were then annealed at 77 and 79 °C. The annealing
initiated melting, but not in a homogeneous manner.
Corrugations in the originally smooth lateral surfaces
were produced and also holes in the interior. Hence,
despite their initial uniform appearance, some parts of a
lamella are more stable than others.

6.2. Stabilization during crystallization

Crystallites with the highest stability, i.e. those with
the highest melting points, do not possess this stability
from the very beginning. There exist several experiments
which show a time dependence of the stability or an
ordering within the crystalline state. We present here
three selected studies:

e The stability of crystallites is probed by applying
short temperature pulses during a dynamic mechan-
ical experiment.

e Ordering processes associated with the crystallization
are resolved by time-dependent IR spectroscopy.

e Changes in the internal structure of the crystallites
show up in a time-dependent simultaneous small
angle and wide angle X-ray scattering experiment.

Wurm and Schick devised a novel technique to test
lamellae stability during an ongoing crystallization, and
applied it to the crystallization of poly(g-caprolactone)
(PeCL) [40]. The storage modulus G’ was monitored as
crystallization ensued at an annealing temperature of
331 K, and for a time subsequent to the imposition of a
4 K high temperature pulse, an insufficient increment to
reach the melting temperature of the bulk sample. Six
experiments were performed, with pulses applied after
annealing times of 7000, 12,000, 17,000, 25,000, 40,000
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Fig. 25. PeCL crystallized at 331 K: temporal development of the
shear modulus G’ when a temperature pulse of 4 K height is applied
after various times. From Wurm et al. [40].
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