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After the fundamental structure of semicrystalline polymers - plate-like crystallites with thick-
nesses in the nanometer range being embedded in a liquid matrix - had been discovered in the late
1950s, attention turned to the mechanism of formation. After intense, controversial discussions
an approach put forward by Hoffman and Lauritzen prevailed and was broadly accepted. The
picture envisaged by the treatment - plate-like crystallites with atomically smooth side faces and
a surface occupied by chain folds, growing side-ways layer by layer with a secondary nucleation
as rate determining step - was easy to grasp and yielded simple relationships. The main control
parameter is the supercooling below the equilibrium melting point of a macroscopic crystal, T

∞

f
,

which determines both the thickness of the crystallites and their lateral growth rate. The im-
pression of many in the community that the mechanism of polymer crystallization is principally
understood and the issue essentially settled however was wrong. Experiments carried out dur-
ing the last decade on various polymer systems provided surprising new insights which are now
completely changing the understanding. They revealed a number of laws which control polymer
crystallization and melting in bulk, showing in particular that the crystal thickness is inversely
proportional to the distance to a temperature T

∞

c which is located above the equilibrium melt-
ing point and that crystal growth stops already at a temperature Tzg which is below T

∞

f
. The

observations indicate that the pathway followed in the growth of polymer crystallites includes an
intermediate metastable phase. In a model proposed by us a thin layer with mesomorphic inner
structure forms between the lateral crystal face and the melt. The first step in the growth process
is an attachment of the coiled chain sequences of the melt onto the mesomorphic layer which sub-
sequently is transformed into the crystalline state. The transitions between melt, mesomorphic
layers and lamellar crystallites can be described with the aid of a temperature-thickness phase
diagram. T

∞

c and Tzg are identified with the temperatures of the (hidden) transitions between
the mesomorphic and the crystalline phase, and between the liquid and the mesomorphic phase,
respectively. Comparison of the predictions of the model theory with experimental results from
small angle X-ray scattering, optical microscopy and calorimetry yields in addition to the three
equilibrium transition temperatures latent heats of transition and surface free energies.
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I. INTRODUCTION

Considering that polymers are flexible long chains of
coupled monomeric units one might have doubts at first,
whether such objects can crystallize at all. In fact, this
is possible, but occurs in a peculiar way (Strobl, 2007).
In principle, a periodic structure in three dimensions can
be obtained by choosing a unique helical conformation
for all chains, orienting the helix axes parallel to each
other and packing the chains in regular manner. How-
ever, for obvious reasons such an ideal crystal structure is
never found. Starting from the melt where the chains are
coiled and penetrate each other, this ideal state cannot
be reached. This would require a complete disentangling
of all the chains which needs a too long time. For about
fifty years it has been known how nature deals with this
situation, and Fig. 1 presents one of the electron micro-
graphs obtained in this period. It shows the surface of a
solid sample of polyethylene (PE). The picture resembles
a landscape with many terraces. It represents an oblique
cut through stacks of lamellar, i.e. plate-like, crystallites
with curved edges. They have a lateral extension in the
μm range and a thickness of about 20nm. Fig. 2 pro-
vides insight into the inner structure of the stacks. It
shows an electron micrograph obtained for an ultrathin
slice of polyethylene which was stained with OsO4. Be-
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FIG. 1 Electron micrograph of a carbon film replica of a sur-
face of PE (width of the depicted region: 5 μm). One observes
stacks of plate-like crystallites with curved edges and a vary-
ing orientation on the sample surface. Picture obtained by
Eppe and Fischer (Eppe et al., 1959).

FIG. 2 Ultra-thin slice of a PE sample stained with OsO4.
The bright lines are crystalline lamellae of PE which are ori-
ented edge-on, i.e., with the plate surface perpendicular to
the surface of the slice. Crystallites are embedded in a dark

fluid matrix. Electron micrograph obtained by Kanig (Kanig,
1975).

ing rejected by the crystallites the staining agent enters
only regions which remained fluid. The contrast in the
image then arises from the different absorption of the
electron beam which is high in the stained, hence fluid
parts. The white lines depict lamellar crystallites, but
only those which stand up, i.e., are oriented with their
layer plane perpendicular to the slice surface; then the
electron beam can pass through with minor absorption.
The two micrographs are typical and exemplify the ba-
sic structural principle in the morphology of polymeric
solids: These are build up as a two phase structure, and
are composed of plate-like crystallites that are separated
by fluid regions. Cooling a melt to a temperature at
which the polymer crystallizes results in a semicrystalline
state with this character.

The development of such a structure is basically con-
ceivable. Crystals of short-chain molecules like the n-
alkanes are also composed of stacks of layers as is shown
in the schematic drawing of Fig. 3 . The interfaces are
occupied by the endgroups which cannot be incorporated
in the interior parts of the layer. Similarly, polymer crys-
tallization requires that one gets rid of the chain entan-
glements of the melt which cannot be resolved within the
available short time. These are just shifted into the amor-

FIG. 3 Structure of a crystal of short-chain molecules like
the n-alkanes. Schematic drawing with two layers. The layer
thickness corresponds to the length of the molecules, the dis-
tance between neighbours is about 0.5 nm.

phous intercrystalline regions. Since the crystal thickness
is small compared to the chain length, a given chain re-
turns into the same or the adjacent crystal after an ex-
cursion into the amorphous region. For this reason the
crystalline layers are since their first discovery named
‘folded chain crystals’. The drawing in Fig. 4 pictures a
section of such a polymer crystallite showing its interior
with straight chain sequences and the two ‘fold surfaces’.

FIG. 4 Part of a lamellar crystallite in a semicrystalline poly-
mer. Parallel straight chain sequences with a length of the
order 10 nm set up the crystalline structure in the interior.
The two surfaces, commonly addressed as ‘fold surfaces’, are
occupied by sharp folds, loops, entanglements and other non-
crystallizable chain parts.

The layer thickness depends on the crystallization tem-
perature and generally increases with rising temperature.

When following the crystallization process in a polar-
izing optical microscope often growing spherulites are
observed, as for example for the sample of poly(L-
lactide) (PLLA) shown in Fig. 5 .The inner structure of

FIG. 5 Growing spherulites observed during the crystalliza-
tion of PLLA in a polarizing optical microscope. Image series
obtained by Tai-Yon Cho, Universität Freiburg, 2006 .

these objects with sizes in the μm range is indicated in
Fig. 6 together with an electron micrograph obtained for
a spherulite of isotactic polystyrene (iPS). The structure
results from a repeated branching and splaying of the
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FIG. 6 Spherulite of iPS in an electron micrograph obtained
by Vaughan and Bassett (Vaughan and Bassett, 1989). The
orientation of the lamellar crystallites varies. Those in the
central parts of the lower half are standing up, those in the
lower right corner are lying flat(left). Schematic drawing
showing the inner structure of a spherulite resulting from
branching and splaying (right).

crystal lamellae. It implies that the radial growth rate
of a spherulite is identical with the lateral growth rate
of the constituent lamellar crystallites. In fact, poly-
mer crystals grow in the two lateral directions only -
growth in chain direction, i.e. normal to the plate sur-
face, is blocked by the folds and loops. The growth rate
varies with temperature in peculiar manner, exemplified
by poly(ε-caprolactone) (PεCL) in Fig. 7 : It decreases
exponentially with rising temperature.
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FIG. 7 Temperature dependence of the radial growth rate of
spherulites of PεCL (Cho et al., 2007a).

When these basic properties of crystallizing polymers
were revealed in the 1950s search for an understand-
ing started immediately. Discussions concerned first of
all the temperature dependent selection of the thick-
ness of the lamellar crystallites and the mechanism of
lateral crystal growth. Discussions were intense and a
central topic in all structure oriented conferences in the

1960s and 1970s. One conference, organized as a Fara-
day Discussion 1979 in Cambridge, became famous as a
climax (Faraday-Discussion, 1979). It brought together
in often controversial discussions the different views and
models developed by Fischer, Flory, Frank, Hoffman,
Keller, Kovacs, Krimm, Point, Stein and Wunderlich,
to cite only some of many prominent contributors. An
agreement between the scientists could not be reached,
neither at this conference nor afterwards. However, in
the years which followed, one approach gained the as-
cendancy, and this was the one put forward by Hoffman,
Lauritzen and their co-workers (Hoffman et al., 1976).
It was accepted and used in data evaluations by more
and more workers, because the picture envisaged by the
treatment was easy to grasp and the associated theory
yielded simple equations for the lamellar thickness and
the growth rate. The Hoffman-Lauritzen model was al-
ways accompanied by criticism, but this did not hinder
its success. Some points were taken up and led to modifi-
cations, but the foundations remained unchanged. In the
1980s it developed into the ‘standard model’ of polymer
crystallization and was broadly applied. The impression
of many in the community that the mechanism of poly-
mer crystallization is principally understood and the is-
sue essentially settled was, however, wrong. With the
1990s a renewed thinking set in, triggered by new experi-
mental results which contradicted the Hoffman-Lauritzen
equations. It is now the common opinion of the majority
of experts in the field that conventional wisdom is incor-
rect and needs a revision. The experimental evidence is
clear, the interpretation is under discussion. We offered
a new approach for the understanding.

To justify once again the necessity of a change in under-
standing we begin with a brief description of the previous
conventional views (section II). Next the contradicting
experimental results from the last decade are presented.
They can be expressed by a set of laws which generally
control crystallization and melting in polymeric systems
(section III). We understand these laws as clear indica-
tion for an interference of a transient mesophase in the
crystallization process and briefly explain in the final sec-
tion (IV) the proposed ‘multistage model’.

II. CONVENTIONAL VIEWS. THE

HOFFMAN-LAURITZEN MODEL

It is a characteristic property of polymer crystalliza-
tion that growth rates vary exponentially with temper-
ature, both near the melting point where they decay as
demonstrated by the example of Fig. 7 and also near
the glass transition where they increase with rising tem-
perature (this temperature range is not included in the
figure). The behavior indicates control of the growth
process by some activation steps. Near the glass transi-
tion they occur related to the diffusive motion of chain
sequences which have to pass over intra- and intermolec-
ular activation barriers. Barrier heights are essentially
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constant so that the rates of jumps over the barriers in-
crease with rising temperature. The conditions found in
the high temperature range near the melting point are
different. The slowing down of growth when the temper-
ature goes up is indicative for an increase of the barrier
height. The thickness of the lamellar crystallites gen-
erally increases when the crystallization temperature is
raised. It was therefore an obvious idea to relate the
two observations and to associate the increasing barrier
height of the activation step with the increasing thick-
ness of the growing crystallites. Hoffman and Lauritzen
proposed the model sketched in Fig. 8 . The drawing,

FIG. 8 Growth of a polymer crystallite as described by the
Hoffman-Lauritzen model. The plate-like crystallite (fold sur-
face in dark colour; the thickness here is denoted L∗

c , the width
L is assumed as constant) extends in one lateral direction only
with a growth rate G. The rate determining step is the forma-
tion of a secondary nucleus on the smooth growth face set up
of refolded, repeatedly stretched chain sequences (folds con-
necting adjacent stems of stretched chain parts are indicated
in the drawing). The attachment of further stems subsequent
to the nucleation step (with rate g) is treated as a rapid pro-
cess (g � G). From Hoffman, Davis and Lauritzen (Hoffman
et al., 1976).

reproduced from the original article, shows a lamellar
crystallite which grows in one lateral direction only; the
direction of growth is indicated by the vector G. It is as-
sumed that the growth face (with normal vector parallel
to G) is atomically smooth and that the rate determining
step is the formation of a secondary nucleus created by an
attachment of a refolded, repeatedly stretched chain se-
quence from the melt onto the growth face. When the nu-
cleus has formed it expands rapidly into a monomolecular
layer. The model thus has many features of the layer-by-
layer growth mode of low molar mass crystals leading to
a facetted shape. Based on this model Hoffman and Lau-
ritzen analysed the growth kinetics, asking for the crystal
thickness which would give the maximum growth rate. In
fact, the semicrystalline state does not represent a ther-
mal equilibrium associated with the Gibbs free energy
minimum, but is kinetically determined, i.e., the devel-
oping structure is that with the maximum rate of forma-
tion. The theoretical treatment resulted in the conclusion
that the maximum growth rate is achieved by crystallites
whose thickness is near the stability limit, i.e. the melt-

ing point, of the lamellar crystallites. The melting point
of a crystal with thickness dc (in the drawing Fig. 8 the
thickness is denoted L∗

c) is given by the Gibbs-Thomson
equation, as

T (dc) = T∞

f −
2σeT

∞

f

Δhf

1

dc

. (1)

The equation describes the suppression of the melting
point below the equilibrium value of a macroscopic body,
T∞

f , caused by the excess free energy σe of the fold sur-
face; Δhf denotes the heat of fusion. For a crystal-
lization temperature T the Hoffman-Lauritzen treatment
predicted a thickness of the growing crystals of

dc =
2σeT

∞

f

Δhf(T∞

f − T )
+ δ, (2)

hence, a value inversely proportional to the supercooling
below T∞

f , apart from a minor excess δ necessary for
providing a driving force. The associated growth rate u
followed as

u = u0 exp

(
−

T ∗

A

T

)
· exp

(
−

TG

T∞

f − T

)
. (3)

The first exponential term expresses the temperature de-
pendence of the segmental mobility in the melt; for tem-
peratures above the glass transition it obeys an Arrhe-
nius law with some effective activation temperature T ∗

A.
The second exponential term refers to the free energy of
activation associated with the placement of a secondary
nucleus on the growth face. It diverges together with dc

at T∞

f . For the parameter TG theory yielded an expres-
sion of the form

TG =
K

T
, (4)

with K being determined by Δhf , σe and the surface free
energy σl of the growth face.

The Hoffman-Lauritzen model was widely accepted. It
became a standard procedure to evaluate growth rate
data of polymer systems as suggested by the theory, and
to derive from results surface free energies of the sec-
ondary nucleus.

III. NEW EXPERIMENTAL RESULTS

In the 1990s new ideas came up, triggered by new
observations:

• Keller and his co-workers, when crystallizing
polyethylene at elevated pressures, observed the
formation of the orthorhombic crystals out of a dis-
ordered hexagonal phase and speculated that this
may also happen under normal pressure conditions
(Rastogi et al., 1991) (Keller et al., 1994).
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• Kaji and co-workers interpreted a scattering of X-
rays which they observed prior to the scattering by
the crystallites as indicating the buildup of a pre-
cursor phase prior to the crystal formation (Imai
et al., 1995) , and Olmsted constructed a corre-
sponding theory (Olmsted et al., 1998).

• Temperature dependent small angle X-ray scatter-
ing (SAXS) experiments, at first carried out for
syndiotactic (s-)polypropylene (sPP) and related
octene copolymers (sPPcOx: chains include a frac-
tion x of statistically distributed octene co-units),
contradicted the basic assumption of a control of
the lamellar thickness by the supercooling below
the equilibrium melting point (Hauser et al., 1998).

A. Crystallization line, recrystallization line and melting line

Considerations about mechanisms of crystallization
and melting in polymers require as basic ingredients

• a knowledge of the variation of the crystal thick-
ness, dc, with the crystallization temperature,

• a monitoring of possible structure changes during
a heating to the melting point, and

• a knowledge of the variation of the melting temper-
ature with the crystal thickness.

During the development of the Hoffman-Lauritzen model
the focus was mainly on growth rate measurements;
temperature dependent studies of the lamellar struc-
tures were rare. With the aid of small angle X-ray
scattering experiments employing appropriate efficient
methods of data evaluation (Ruland, 1977) (Schmidtke
et al., 1997) it was possible to determine these struc-
tural properties, at first for s-polypropylene together
with a variety of sPPcOs and then also for isotactic (i-
)polypropylene (iPP), polyethylene together with octene
copolymers (PEcOx), poly(ε-caprolactone), poly(L-
lactide) and poly(1-butene) (Strobl, 2006). Figs. 9 and
10 present as two typical examples the results obtained
for sPPcO15 (s-polypropylene with 15% of octene units)
and poly(ε-caprolactone). As suggested by the Gibbs-
Thomson equation, the melting points are plotted as a
function of the inverse crystal thickness, d−1

c , and the
same representation is used here also for the relation
between the crystallization temperature and the crystal
thickness. The appearance of the plots is peculiar and
typical for all investigated samples: Two straight lines
are found that cross each other. The ‘melting line’, giv-
ing the dependence between the melting temperature and
d−1
c , agrees with the Gibbs-Thomson equation. This al-

lows a determination of the equilibrium melting point
T∞

f by a linear extrapolation to d−1
c = 0. The ‘crystal-

lization line’ gives the relationship between the crystal-
lization temperature and d−1

c . It has a higher slope than
the melting line, intersects the latter at a finite value of
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FIG. 9 sPPcO15, results of temperature dependent SAXS ex-
periments: Crystallization line describing the relationship be-
tween the crystallization temperature T and the inverse crys-
tal thickness d−1

c (open symbols) and Gibbs-Thomson melting
line giving the melting points T as a function of d−1

c (filled

symbols). The vertical direction of the connecting lines indi-
cates that crystals have a constant thickness up to the melting
point (Hauser et al., 1998).
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FIG. 10 PεCL: Crystallization line and melting line. For
crystallization temperatures below 40 ◦C crystals increase in
thickness before the final melting (Heck et al., 1999).

d−1
c and has a limiting temperature for d−1

c → 0, denoted
T∞

c , which differs from T∞

f . The crystallization line is
described by

d−1
c = Cc(T

∞

c − T ) . (5)

The crossing implies T∞

c > T∞

f . The results of the
temperature dependent measurements during heating are
given by the thin lines which connect respective points
on the crystallization line and the melting line. The lines
are vertical when the thickness remains constant and are
curved when the thickness increases during heating.

The existence of straight crystallization lines in all in-
vestigated systems expresses a first simple law: Crys-
tal thicknesses are inversely proportional to the distance
from a certain characteristic temperature, T∞

c , which is
different from the equilibrium melting point T∞

f . In the
two examples T∞

c is 35 ◦C and 50 ◦C above T∞

f .
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Lamellar crystallites can only exist at temperatures be-
low the melting line. Therefore, crystals with thicknesses
as given by the crystallization line cannot be formed any
longer when the temperature of the intersection point
is approached. This is indeed experimentally confirmed.
Results of small angle X-ray scattering experiments in
the interesting temperature range were obtained for sP-
PcO20 and they are shown in Fig. 11 . Points deviate

FIG. 11 sPPcO20: Relationship between crystallization tem-
perature and crystal thickness in the range around the point
of intersection between the melting line and the crystallization
line. Crystallization at the three highest temperatures (square

symbols) was carried out applying ‘self-seeding’ (Strobl, 2000).

from the crystallization line already before reaching the
point of intersection. The results were obtained using a
procedure known as ‘self seeding’ which greatly enhances
the number of nuclei and thus allows observation of crys-
tallization processes also at high temperatures. The en-
hancement is achieved by stopping a heating process im-
mediately after the sample melting followed by a rapid
cooling down to the crystallization temperature.

The presence of co-units (units with a different chemi-
cal structure) in a chain which cannot be included in the
crystal lattice modifies the crystallization and melting
properties. Temperature dependent small angle X-ray
scattering studies were carried out to see these effects.
The findings for s-polypropylene and a variety of different
sPPcOs are depicted in Fig. 12 . Contrasting the normal
behavior of the melting lines, which shift to lower tem-
peratures when the co-unit content increases, the crystal-
lization line is invariant within this set of samples. One
observes a unique T vs d−1

c relationship common to all
of them, which determines dc as being inversely propor-
tional to the supercooling below T∞

c = 195 ◦C .
For the crystallization temperatures chosen in the ex-

periments of Fig. 12 all crystallites keep their thickness
constant up to the point of melting. A different behavior
is observed when the crystallization is carried out at lower

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
20
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100
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T
/°

C

dc
-1 / nm-1

Tf s-PP
Tc s-PP
Tf s-P(P-co-O)4
Tc s-P(P-co-O)4
Tf s-P(P-co-O)15
Tc s-P(P-co-O)15
Tf s-P(P-co-O)20
Tc s-P(P-co-O)20

FIG. 12 sPP and sPPcOx: Unique crystallization line (open
symbols) and series of melting lines (filled symbols). Extrap-
olation of the melting lines to d−1

c = 0 yields the respective
equilibrium melting points. They decrease with increasing
co-unit content (Hauser et al., 1998).

temperatures, down to temperatures near to the transi-
tion into the glassy state . When heating such a sample
after the completion of the crystallization, reorganization
processes set in. The crystal thickness generally increases
upon heating, and this reorganization process proceeds
continuously. Fig. 13 shows as an example the result of
corresponding small angle X-ray scattering experiments
on three different samples of s-polypropylene. Samples
were isothermally crystallized and then heated stepwise.
The figures present the variation of the thickness up to
the melting point, again in plots of d−1

c versus the tem-
perature. All the initial points are located on the unique
crystallization line of s-polypropylene. For crystallization
temperatures in the low temperature region heating is
accompanied by a continuous crystal thickening indica-
tive for overall reorganization processes. Recrystalliza-
tion goes on up to the temperature of final melting, indi-
cated by a star. This temperature of final melting does
not depend on initial crystallization temperature. In the
case of sPPcO20 crystallized at 20 ◦C heating leaves
the crystal thickness at first constant. This changes at
50 ◦C . Here thickening processes set in, and the fur-
ther course is well defined: d−1

c changes linearly with
temperature following the drawn ‘recrystallization line’.
Recrystallization ends at 85 ◦C with the melting. The
same dependence shows up when sPPcO20 is at first crys-
tallized at 40 ◦C . Recrystallization again sets in when
the recrystallization line is reached, and d−1

c follows this
line from thereon, up to the final melting. The line in
the diagram guiding the process of recrystallization for
sPPcO20 controls also the recrystallization for the other
two samples. The line is equally included in all three
figures in Fig. 13 . The recrystallization line has a char-
acteristic property: Extrapolation of the line to d−1

c → 0
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FIG. 13 Three different samples of sPP, crystallized at various
temperatures and heated: Inverse crystal thicknesses at the
beginning (open squares), at melting points (filled squares)
and at the end point of recrystallization processes(stars).
All crystallization lines and recrystallization lines (dots) are
identical, the melting lines (dashes) are shifted against each
other (Heck et al., 2007).

ends at the same temperature as the crystallization line.

This recrystallization is a rapid process, much faster
than the initial crystallization. This was demonstrated
by Schick and coworkers (Minakov et al., 2004) in a study
of the melting of cold crystallized poly(ethylene tereph-
thalate) with a chip calorimeter which allows heating
rates up to 105 K min−1 for thin films. Only for such
high heating rates recrystallization was suppressed in this
sample. On the other hand, for sufficiently low heating
rates structural changes are well-defined and no longer
rate dependent. A step-like sample heating with anneal-
ing times in the order of minutes is usually accompanied
by a full establishment of new stationary structures.

The described results suggest the validity of a sim-
ple scheme for the description of crystallization, recrys-
tallization and melting which can be generally applied
to crystallizable polymers and related statistical copoly-
mers. The scheme can be set up using a d−1

c /T -diagram
and is presented in Fig. 14 with the data of one of the
s-polypropylene samples. The diagram is composed of
three lines,

FIG. 14 General scheme treating crystallization, recrystal-
lization and melting, exemplified with data of sPP. Sample
invariant crystallization line and recrystallization line, sam-
ple dependent melting line (here: for sPP-Mitsui). Pathways
followed during heating processes subsequent to an isother-
mal crystallization at low temperatures (recrystallization be-
fore melting, fixed melting point Xs at the intersection of
recrystallization line and melting line) and high temperatures
(melting without prior recrystallization).

• the crystallization line representing the relationship
between the crystallization temperature and the in-
verse crystal thickness d−1

c ,

• the recrystallization line controlling the course of
recrystallization processes,

• the melting line with all final melting points.

Crystallization line and recrystallization line are sample-
invariant, i.e., they are not affected by the co-unit con-
tent. The melting line, on the other hand, shifts to lower
temperatures when the chemical disorder in the chain
increases. Melting line and recrystallization line inter-
sect each other at a certain temperature and a certain
value of d−1

c . This point of intersection, denoted Xs in
Fig. 14 , marks the end of recrystallization processes.
If the initial value of the crystal thickness is above the
thickness value at Xs no recrystallization occurs; the sam-
ple just melts. For an initial thickness below the criti-
cal value one has always recrystallization before melt-
ing. Whenever the recrystallization line is reached dur-
ing a heating experiment, d−1

c varies from thereon lin-
early with T guided by the line, up to the temperature
at Xs where the crystals melt. This temperature of final
melting varies between different samples according to the
displacement of Xs.
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B. Granular substructure of lamellar crystallites

The lamellar crystallites have a granular substructure.
Evidence is provided by the widths of the hk0−Bragg
reflections in X-ray scattering patterns, Δqhk0, which are
proportional to the inverse of the coherence length along
the normal onto the respective lattice plane. Denoting
the coherence length Dhk0, the relationship is described
by the Scherrer equation

Dhk0 =
2π

Δqhk0

. (6)

For polymers, reflections are much broader than in the
case of low molar mass crystals and generally indicate
coherence lengths of several to some tens of nanome-
ters. This small coherence length is to be identified
with the extension of crystal blocks which compose the
lamella. They show up directly in electron micrographs,
then, when a staining agent penetrates into the block
boundaries (Michler, 1992), and sometimes also in atomic
force microscope (AFM) images. The examples presented
in Figs. 15 and 16 were obtained for samples of i-
polypropylene and s-polypropylene, respectively. The
granular structure is clearly apparent, and as we see, the
lateral extension of the blocks is comparable to the crys-
tallite thickness. As it turned out, the lateral size of the

FIG. 15 Sample of iPP, AFM tapping mode image of lamellar
crystallites which stand up, i.e., are oriented with the fold sur-
faces perpendicular to the image plane. The lines representing
the edges of the crystallites are not continuous as in the elec-
tron micrograph of Fig. 2 but broken up in small blocks. The
image demonstrates that the lamellar crystallites have a gran-
ular substructure. Scan over 1μm in both directions obtained
by Magonov and Godovsky (Magonov and Godovsky, 1999).

blocks changes with temperature in systematic manner,
namely, exactly proportional to the crystal thickness dc.
Fig. 17 presents the temperature dependence of the two
lengths dc and D220 as obtained for different samples of
s-polypropylene. As can be seen, all points D−1

200(T ) are
allocated on one common line. When continued, this
line ends again at T∞

c = 195 ◦C , like the crystallization

FIG. 16 Sample of sPP: AFM tapping mode image of the
edges of up standing crystals showing a granular substructure
(scan over 1.25μm in both directions) (Hugel et al., 1999).

FIG. 17 Different samples of sPP ( sPP, sPPcOx and sPP-
Fina) crystallized at various temperatures T : Crystalliza-
tion line d−1

c versus T determined by SAXS (open symbols)
and inverse lateral coherence lengths D−1

200 derived from the
linewidth of the 200-reflection (filled symbols) (Hippler et al.,
2005).

line of s-polypropylene. Analogous results were obtained
for polyethylene and related copolymers (Hippler et al.,
2005).

C. Zero growth temperature

For many decades it was taken for granted that the
growth rate of polymer crystallites is controlled by the
supercooling below the equilibrium melting point of a
macroscopic sample, T∞

f , and Eq.( 3) of the Hoffman-
Lauritzen model was generally used in evaluations of tem-
perature dependent growth rate measurements. Growth
rates are controlled by an activation barrier, and the sec-
ond exponential factor in Eq.( 3) states that the height of
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this activation barrier diverges at T∞

f . In the Hoffman-
Lauritzen model this is a consequence of the divergence
of both the crystal thickness and the size of the secondary
nucleus at T∞

f , as described by Eq.( 2). The small angle
X-ray scattering experiments described in section III.A
contradict Eq.( 2); the temperature dependence of the
crystal thickness is to be described by Eq.( 5) which no
longer includes T∞

f . As a consequence, doubts arouse
also with regard to the validity of Eq.( 3).

In a first check we carried out growth rate measure-
ments on poly(ε-caprolactone). Its crystallization and
melting properties were well-characterized by the small
angle X-ray scattering experiments. The equilibrium
melting point is T∞

f =99 ◦C , and the temperature con-
trolling the crystal thickness according to Eq. ( 5) is
T∞

c =135 ◦C (see Fig. 10 ). The difference between
these two temperatures is especially large. In poly(ε-
caprolactone) a low number of spherulites is slowly grow-
ing to large sizes, which is a favorable situation for accu-
rate growth rate measurements in a polarizing optical mi-
croscope. The results were already presented, in Fig. 7 ,
giving growth rates between 47 ◦C and 58 ◦C .

Using Eq. ( 3) means to include as a basic assump-
tion that the activation energy diverges at T∞

f . Actu-
ally, whether or not this is correct, can be examined by
the experiment. One replaces the set parameter T∞

f by
a variable temperature Tzg. A differentiation of lnu with
regard to T and some reordering leads to

(
−

d ln(u/u0)

dT
+

T ∗

A

T 2

)
−1/2

= TG
−1/2(Tzg − T ) . (7)

Application of this equation allows Tzg to be deter-
mined; values for T ∗

A are available in the literature.
Fig. 18 presents a plot as suggested by Eq. ( 7). As is
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FIG. 18 PεCL: Temperature dependence of the radial growth
rate. Plot based on Eq. ( 7) giving Tzg = 77 ◦C (Cho et al.,
2007a).

obvious, the equation can indeed be used for a determi-
nation of the ‘zero growth temperature’ Tzg. Data points
are all on a straight line, and the extrapolation down to

zero yields Tzg with a value of 77 ◦C . This temperature
is far below the equilibrium melting point of 99 ◦C .

A second check concerned the growth rate of polyethy-
lene. Here the equilibrium melting point is located be-
tween 141.4 ◦C (given by Wunderlich as measured for
macroscopic ‘extended chain crystals‘ (Wunderlich, 1980)
) and 144.7 ◦C (derived by Flory and Vrij using an ex-
trapolation of n-alkane melting points (Flory and Vrij,
1963)). Fig. 19 shows data of an own measurement
plotted as suggested by Eq.( 7). The result for Tzg is
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FIG. 19 Growth rates of PE represented according to
Eq.( 7) (Cho et al., 2007b).

132.6 ◦C which is again far below the equilibrium melt-
ing point.

Hence, the popular, broadly used Eq. ( 3) is indeed
incorrect. The activation energy does not diverge at T∞

f

but definitely earlier. Obviously Eq. ( 3) has to be re-
placed by another relationship, namely

u = u0 exp

(
−

T ∗

A

T

)
· exp

(
−

TG

Tzg − T

)
. (8)

It includes Tzg as a third temperature characteristic for a
given polymer system, different from both T∞

f and T∞

c .

D. Summary of controlling laws

Thus, as we have seen, experiments revealed that crys-
tallization and melting of polymers in bulk can be de-
scribed by a number of laws. We summarize them here
once again:

• The first law gives the melting point T of plate-like
crystallites with thickness dc which is depressed due
to the excess free energy of the fold surface. It is
expressed by the Gibbs-Thomson equation ( 1)

d−1
c = Cf(T

∞

f − T ) with Cf =
Δhf

2σeT∞

f

.
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T∞

f is the equilibrium melting point of macroscopic
crystals. If co-units are incorporated in the chains
a further drop of melting points results .

• A second law concerns the relationship between the
crystal thickness and the crystallization tempera-
ture T . It has also the form of a Gibbs-Thomson
equation, but includes another controlling temper-
ature, T∞

c (Eq.( 5)):

d−1
c = Cc(T

∞

c − T ) .

As an important property, Eq.( 5) holds commonly
for the homopolymer and related statistical copoly-
mers of a system.

• For crystallization temperatures below some char-
acteristic value a subsequent heating leads to con-
tinuous recrystallization processes. They follow the
recrystallization line given by

d−1
c = Cr(T

∞

c − T ) . (9)

All recrystallized samples melt at the same point,
independent of the initial crystallization tempera-
ture.

• A further law concerns the temperature depen-
dence of the lateral size of the crystalline blocks
which are the constituent elements of the lamellae:
The lateral extension of the blocks is proportional
to their height in chain direction dc.

• Crystallites grow in lateral direction only, with a
rate which increases exponentially with the super-
cooling below the zero growth temperature Tzg as
expressed by Eq.( 8).

Polymer crystallization and melting processes are thus
controlled by three characteristic temperatures, T∞

f , T∞

c

and Tzg. They are arranged as

Tzg < T∞

f < T∞

c .

IV. THERMODYNAMICS OF CRYSTAL GROWTH

A. Applying Ostwald’s rule of stages

Given this set of experimentally well-founded laws one
has to ask about their physical background. What is the
reason for the occurrence of three characteristic control-
ling temperatures ? What is the meaning of the various
lines showing up in a T/d−1

c diagram ? To begin with, the
difference between the crystallization line and the melting
line in the macroscopic limiting temperature and in the
effect of co-units demonstrates that different laws control

crystallization and melting in bulk polymers. Here, crys-
tallization and melting are not reverse processes. While
melting is certainly associated with a direct transfer of
chain sequences from lateral crystal faces into the melt,
formation of crystals obviously follows another route -
very probably one which uses a passage through some
intermediate phase. In their crystallization experiments
on polyethylene at elevated pressures during the early
1990s, Keller and his co-workers observed a nucleation
into a metastable hexagonal phase prior to the trans-
formation into the stable orthorhombic phase (Rastogi
et al., 1991) (Keller et al., 1994). They interpreted their
observations as an example for Ostwald’s rule of stages.
This rule, formulated about one hundred years earlier,
states that crystals nucleate into that mesomorphic or
crystalline structure which is the most stable one for
nanometer sized objects (Ostwald, 1897). Due to differ-
ences in the surface free energy this state may differ from
the macroscopically stable crystal form. Searching for an
understanding of polymer crystallization under normal
pressure conditions, we felt that Ostwald’s rule of stages
when applied to the growth process might again provide
the clue, and developed a corresponding model.

Indeed, participation of a transient ‘mesophase’ with
a state of order intermediate between the melt and the
crystal yields a natural explanation for the existence of
three controlling temperatures. These can be identified
with the three transition temperatures between the melt,
the crystal and the mesophase. The basic conditions un-
der which such a mesomorphic phase can interfere and
thus affect the crystallization process are described in the
drawing of Fig. 20 . The scheme shows for both the crys-

FIG. 20 Thermodynamic conditions assumed for crystalliz-
ing polymers : Temperature dependencies of the bulk chemi-
cal potentials of a mesomorphic (label m) and the crystalline
phase(c). The potentials are referred to the chemical poten-
tial of the amorphous melt(a) (Strobl, 2006).

talline phase and the mesomorphic phase the difference
of the bulk chemical potential to that of the melt:

Δgac = gc − ga

Δgam = gm − ga . (10)

Coming from high temperatures the chemical potential
of the crystalline phase drops below the value of the
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melt when crossing the equilibrium melting point T∞

ac .
The mesomorphic phase requires a lower temperature to
fall with its chemical potential below that of the melt,
here named T∞

am. The plot includes also the temperature
T∞

mc. It represents the temperature of a virtual tran-
sition, namely that between the mesomorphic and the
crystalline phase. The three temperatures have the or-
der

T∞

am < T∞

ac < T∞

mc . (11)

Since the bulk chemical potential of the crystal is always
below that of the mesomorphic phase, the mesomorphic
phase is only metastable for macroscopic systems. How-
ever, for small objects, with sizes in the nanometer range,
stabilities can be inverted. Due to a usually lower surface
free energy, thin mesomorphic layers can have a lower
Gibbs free energy than a crystallite with the same thick-
ness. Then Ostwald’s rule of stages applies.

Thermodynamics relates the three transition temper-
atures T∞

am, T∞

ac , T∞

mc to the entropy increases Δsma =
sa − sm and Δsca = sa − sc associated with a melting of
the mesomorphic and the crystalline phase, respectively.
Since the slopes of Δgam and Δgac are given by Δsma

and Δsca, one can write in linear approximation

(T∞

mc − T∞

ac )Δsca ≈ (T∞

mc − T∞

am)Δsma (12)

or

Δhma

Δhca

=
ΔsmaT

∞

am

ΔscaT∞

ac

≈
(T∞

mc − T∞

ac )T∞

am

(T∞

mc − T∞

am)T∞

ac

. (13)

B. Multistage model and nanophase diagram

A possible pathway for the growth of polymer crystal-
lites mediated by a mesophase is shown in Fig. 21 . In

FIG. 21 Multistage model of polymer crystal growth. Rather
than being directly attached to the crystal surface chain seg-
ments of the melt are first incorporated in a thin layer with
mesomorphic structure in front of the crystallite. The meso-
morphic layer thickens spontaneously. When reaching a criti-
cal thickness a crystal block forms by a first order transition.
In a last step the excess energy of the fold surface is reduced
(Strobl, 2007).

this multistage model crystal growth proceeds in several
steps. A thin layer with mesomorphic inner structure

forms between the lateral crystal face and the melt, sta-
bilized by epitaxial forces. All the co-units are already re-
jected on its front. A high inner mobility allows a sponta-
neous thickening of the layer up to a critical value where
the core region crystallizes under formation of a block.
In a last step the surface region of this block, at first still
disordered, perfects, which leads to a further stabiliza-
tion. Based on this model it is possible to construct a
thermodynamic scheme which shows all the features of
Fig. 14 , i.e., a crystallization line, a recrystallization line
and a melting line. It deals with four different phases:

• the melt

• mesomorphic layers

and two limiting forms of the crystallites, namely

• native crystals (labeled ’cn’) and

• stabilized crystals (with label ’cs’).

The scheme, being displayed in Fig. 22 , delineates the
stability ranges and transition lines for these phases. The

FIG. 22 T/n−1 phase diagram for polymer layers in a melt
(label a) dealing with three phases: mesomorphic (m), na-
tive crystalline (cn) and stabilized crystalline (cs). Lines of
size dependent phase transitions: Tmcn between mesomorphic
and native crystalline layers, Tacn , Tmcs , Tacs , Tam with cor-
responding meanings. Two routes for an isothermal crystal-
lization followed by heating: route A for low crystallization
temperatures and route B for high crystallization tempera-
tures. Triple points Xn / Xs with coinciding Gibbs free ener-
gies of the melt, a mesomorphic layer and a native / stabilized
crystalline layer with the same thickness (Strobl, 2006).

variables in this phase diagram are the same ones as in
Fig. 14 , i.e. the temperature and the inverse crystal
thickness, the latter being given by the number n of struc-
ture units in a stem,

n =
dc

Δz
with Δz denoting the length per structure unit.

Application of the model implies to interpret the three
lines in Fig. 14 as transition lines in a T/d−1

c phase
diagram, identifying
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• the line named Tacs with the melting line (T∞

ac =
T∞

f )

• the line Tmcn with the crystallization line, which
implies in particular that T∞

c , the controlling tem-
perature for the crystal thickness, is set equal to
the transition temperature T∞

mc.

• line Tmcs with the recrystallization line.

The Gibbs-Thomson equation generally deals with the
effect of surface free energies on transition temperatures.
It can not only be applied to lamellar crystallites but in
analogous manner also to temperature and size depen-
dent transitions of layers with mesomorphic structure.
This leads for the crystallization line to the theoretical
expression

T∞

c − T ≈
(2σacn − 2σam)T∞

c

Δhcm

1

n
(14)

and for the recrystallization line to

T∞

c − T ≈
(2σacs − 2σam)T∞

c

Δhcm

1

n
. (15)

σam and σacn denote the surface free energy of the meso-
morphic layer and the native crystal layer, respectively.
The surface free energy of the stabilized crystallites de-
noted σe in Eq.( 1) is renamed as σacs .

The thermodynamic scheme associated with the model
includes as a further line the stability limit Tam of layers
with mesomorphic structure which starts from the macro-
scopic transition temperature T∞

am. The Gibbs-Thomson
equation yields for this case

T∞

am − T ≈
2σamT∞

am

Δhma

1

n
. (16)

For temperatures above T∞

am the mesophase no longer ex-
ists. The mesophase mediated growth process assumed
by the multistage model here comes to an end. This,
however, is exactly the property of the zero growth tem-
perature. Hence, we identify Tzg with T∞

am. Note that
the ordering of the limiting temperatures in the model
(Eq.( 11)) agrees with the observations

Tzg = T∞

am < T∞

f = T∞

ac < T∞

c = T∞

mc .

Of particular importance in the ‘nanophase diagram’ of
Fig. 22 are the triple points Xn and Xs. At Xn both me-
somorphic layers and native crystals have the same Gibbs
free energy as the melt, at Xs this equality holds for the
stabilized crystallites. The positions of Xn and Xs con-
trol what happens during an isothermal crystallization
followed by heating. In agreement with the experiments
the scheme predicts two different scenarios exemplified
by the routes A and B. Route B, realized by crystalliza-
tions at high temperatures, is as follows: At the point
of entry, labelled ‘1’, chains are attached from the melt
onto the front of a mesomorphic layer with minimum

thickness. The layer spontaneously thickens until the
transition line Tmcn is reached at point ‘2’, where native
crystals form immediately. The subsequently following
stabilization transforms them into a lower free energy
state, and the crossing point is shifted to Xs. On heating
crystallites remain stable up to the transition line Tacs

associated with a melting of the crystal. Route A (low
crystallization temperatures) is different: The beginning
is the same - starting at point 1 with an attachment of
chain sequences onto a spontaneously thickening meso-
morphic layer, then, on reaching Tmcn , the formation of
native crystals followed by a stabilization. When heat-
ing the stabilized crystals they at first retain their struc-
ture. However, now at first the transition line Tmcs is met
which relates to a transformation into the mesomorphic
state instead of melting. The consequence for a further
heating is a continuous recrystallization mediated by the
mesophase ((3a) to (3b)). This ends at the triple point
Xs where the crystal melts.

What is the nature of the temperature dependent acti-
vation barrier showing up in the second exponential fac-
tor in Eq.( 8) determining the growth rate? The proposed
multistage model includes a possible answer. The series
of steps sketched in Fig. 21 involves several activation
barriers. The first step - attachment of a chain sequence
on the growth front of the mesomorphic layer - could be
dominant, and the observations support this supposition.
Before a sequence, which lies coiled in the melt, is incor-
porated into the growing mesomorphic layer, it has to be
‘activated’ by a transfer into an overall straightened form
as required for an attachment. The straightening has to
reach at least the length given by the initial thickness
of the mesomorphic layer. The number of monomers in
such a sequence, n∗, is determined by Eq.( 16), as

n∗ =
2σamT∞

am

Δhma

1

T∞

am − T
. (17)

Since the straightening leads to a decrease in entropy
which is proportional to the sequence length it introduces
an entropic activation barrier

−
ΔS

k
∝ n∗ . (18)

Transition of the barrier takes place with a probability

exp
ΔS

k
= exp−

const

T∞

am − T
. (19)

Since we identify T∞

am with Tzg, the theoretical expression
agrees with the experimental result as given by Eq.( 8).

C. Model based data evaluation

Application of the scheme to experimental results, as
given by the crystallization line, the melting line, the
recrystallization line of a system and the zero growth
rate temperature yields the thermodynamic parameters
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included in the equilibrium relationships. Fig. 23 shows
once again the data of poly(ε-caprolactone) from Fig. 10 ,
now complemented by the recrystallization line and the
a⇒m transition line. The latter is fixed by T∞

am (= Tzg)

FIG. 23 PεCL: Crystallization line (continuous), recrystal-
lization line (dots) and melting line (dashes) determined by
SAXS, zero growth rate temperature T∞

am (from Fig. 18 )
and a⇒m transition line passing through T∞

am and Xs (dash-
dots) (Strobl, 2007).

and the location of Xs.
Evaluation of such a nanophase diagram yields

• the enthalpy change Δhma between the mesomor-
phic and the amorphous phase

• the surface free energy of mesomorphic lamellae
σam

• the surface free energy of crystalline lamellae in the
initial native state, σacn

• the surface free energy of crystalline lamellae in the
final stabilized state, σacs .

The heat of fusion, Δhca, is usually available in the
literature or can be determined by calorimetry. The
heat of transition Δhma then follows from an applica-
tion of Eq.( 13). In the next step σam is calculated using
Eq.( 16). The surface free energy σacn is obtained using
Eq.( 14) with Δhcm = Δhca − Δhma. The surface free
energy of the stabilized crystallites can be calculated ap-
plying the corresponding relation Eq.( 15).

The data derived in this way for poly(ε-caprolactone)
from the nanophase diagram in Fig. 23 are collected in
Table I.

The heat of transition Δhma is indicative for a truly
intermediate character of the mesomorphic phase, be-
ing neither near to the liquid nor resembling a per-
turbed crystallite. Comparing mesomorphic with crys-
talline lamellae, the drop of the surface free energy, from

TABLE I PεCL: Thermodynamic data derived from the ex-
periments

T∞

mc T∞

ac T∞

am Δhca Δhma σacn σacs σam
◦C ◦C ◦C kJ

mol C6H10O2

kJ
mol C6H10O2

kJ
mol

kJ
mol

kJ
mol

135 99 78 17.9 11.4 9.7 8.4 2.5

σacn and σacs to σam, is larger than that in the heat of
transition from Δhca to Δhma. This is, indeed, an ex-
pected result. Only under this condition stabilities of
crystalline and mesomorphic lamellae become inverted
for nanocrystallites, thus opening the mesophase medi-
ated growth route.

With the a⇒m transition line also the triple point Xn

is fixed, being located at the intersection with the crys-
tallization line. The point Xn marks the respective end of
the mesophase-mediated growth process. For crystalliza-
tion temperatures above T (Xn) and crystal thicknesses
above d(Xn) growth must proceed by a direct attach-
ment of chain sequences onto the lateral growth face of
the crystal. As it appears, so far experiments never en-
tered this temperature range. In principle, polymers also
crystallize between T (Xn) and T∞

ac , however, as it seems,
this occurs with a vanishingly low rate. For the observed
practically realized crystallization rates the participation
of an intermediate mesomorphic phase is obviously a ne-
cessity.

V. FINAL REMARKS

In the field of polymer crystallization we are presently
in a time of shifting paradigmas away from conventional
wisdom, but it will need more years to establish a gener-
ally accepted new understanding. The experimental re-
sults presented in this article provide a sound basis. They
can be expressed by some equations of simple form which
relate the thickness and growth rate of the plate-like crys-
tallites in polymeric solids to the supercooling below two
characteristic temperatures. Since both differ from the
equilibrium melting point their existence invalidated the
long accepted Hoffman-Lauritzen model. The findings,
resulting from temperature dependent structural stud-
ies using X-ray scattering and optical microscopy, ask
for a comprehensive explanation. The existence of three
different controlling temperatures rather than a unique
one is - in our view - indicative for the participation of
a third transient phase in the growth process, and we
developed a corresponding theoretical model on thermo-
dynamics grounds. The response in the polymer physics
community varies; we don’t see a blunt rejection but full
acceptance is also rare. Of course, we hope that our
view finally will be accepted as the correct concept, but
are aware that this time has not yet come. Convincing
the whole community would be much facilitated if the
proposed presence of a small region with mesomorphic
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structure at the front of a growing lamellar crystallite
could be shown directly, rather than inferring it from the
laws which govern crystallization and melting. Atomic
force microscopy with its high spatial resolution has the
potential to realize this aim, however, so far an image
with the character of the multistage model sketched in
Fig. 21 has not been reported. The reason could be that
the mesomorphic phase is passed through very rapidly,
maybe even in the manner that it exists as a transient
state during the formation of a block only. The block for-
mation would then resemble the formation of a nucleus,
and the building of a crystal lamella consequently a re-
peated self-supported and guided nucleation. That crys-
tal nucleation can be accelerated by a passage through
an intermediate phase is known since Ostwald’s time, and
it is corroborated by convincing experiments, for exam-
ple, by the nucleation studies on n-alkanes carried out by
Sirota et al (Sirota and Herhold, 1999). There could,
however, also be another reason for the non-visibility of
the mesomorphic phase in the AFM studies: Its surface
stiffness could be near to that of the crystal so that the
contrast would be insufficient to show up in the images.
Li et al (Li et al., 2001) reported in one work a certain
weakness of the front zone of growing polyester lamellae
and related it to perturbations of the crystal structure.

The necessary revision of the traditional views about
the crystallization in bulk polymer melts has revived the
debate in the whole field after a longer period with re-
duced interest. There are several further issues, new and
traditional ones, some of them of great technical im-
portance, which are now intensely discussed at general
conferences and focussed meetings (see, for example, the
Lecture Notes of the last EPS Discussion Meeting in Wal-
dau (Reiter and Strobl, 2007)). These are, in particular,

• primary nucleation phenomena

• long living structures in the melt affecting the crys-
tallization process

• confinement effects on crystallization as they are
found, for example, in block copolymers

• crystallization in flowing melts with oriented
chains, or

• mobility restrictions in the regions near to crystal-
lites.

Conditions in polymeric systems are peculiar and differ-
ent from other materials. Experiments on polymeric sys-
tems therefore always require special tools for the prepa-
ration or the data evaluation and need special approaches
in theoretical treatments or computer simulations. For
a long period polymer physics played only a side role in
teaching and research programs of physics departments,
if it was included at all . With the uprise of biophysics,
organic electronics and the various uses of soft matter
the situation has changed. Polymer physics provides the
basis, and polymer crystallization is here a central phe-
nomenon.

Acknowledgments

The work presented in this Colloquium article was car-
ried out in in Freiburg during the last decade by techni-
cians, students and postdocs of my group - Mahmud Al-
Hussein, Simon Armbruster, Tai-Yon Cho, Jens Fritsch,
Qiang Fu, Michael Grasruck, Andreas Häfele, Georg
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