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Abstract. A comparison of transition and melting temperatures of n-alkanes with experimentally determined ticknesses and melting points of polyethylene lamellae shows that the variation of the thickness
with the crystallization temperature virtually agrees with the chain length dependence of the crystallinemesomorphic phase transition in n-alkanes. Mesomorphic polyethylene layers are stable objects up to
the thickness set by this phase transition. The ﬁndings lend further support to the view that polymer
crystallization generally uses a route which includes a passage via a mesomorphic phase. We construct
a thermodynamic scheme dealing with the transitions between melt, mesomorphic layers and lamellar
crystallites, assuming for the latter ones that they exist both in an initial “native” and a ﬁnal “stabilized” form. Application of the scheme in a reconsideration and quantitative evaluation of SAXS and DSC
results previously obtained for PE, sPP, iPS and P(CL) yields the equilibrium transition temperatures
between the various phases, latent heats of transition and surface free energies. According to the results
the mesomorphic phases are not liquid-like, but have thermodynamic properties which place them truly
intermediate between melt and crystals.
PACS. 61.41.+e Polymers, elastomers, and plastics – 64.70.-p Speciﬁc phase transitions – 64.60.My
Metastable phases

1 Introduction
Conventional wisdom assumes a growth of the lamellar
polymer crystallites by direct attachment of chain sequences from the melt onto a lateral growth face. For
many years there were no experimental observations which
would have spoken against this natural view, and theories
like the ones developed by Hoﬀman and Lauritzen [1] or by
Sadler [2], which were formulated on this basis, were able
to describe the temperature dependence of growth rates of
many polymer systems quite well. Experiments and theories in fact directed the main focus on the growth rate,
due to its technical importance and the many simple ways
to measure it. These theories imply as a basic law that
crystal thicknesses should be controlled by the supercooling below the equilibrium melting point Tf∞ , decreasing
inversely with that supercooling – apart from a temperature invariant small excess which is required to provide a
driving force. Surprisingly and hard to accept for many, a
direct check of this relationship by time – and temperature dependent small angle X-ray scattering experiments
did not conﬁrm this law. Comprehensive investigations
carried out for various crystallizable polymers led to the
general result that crystal thicknesses are inversely proportional to the supercooling below another temperature,
a
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called Tc∞ , which is always located many degrees above
Tf∞ . An even more drastic deviation from classical predictions was found for statistical copolymers. While Tf∞ decreases, as expected, with a rising fraction of co-units, the
crystal thickness remains invariant and equal to that of the
homopolymer. On the other hand, when the thicknesses
were measured at the melting points by SAXS experiments
during heating, they fully conﬁrmed the Gibbs-Thomson
equation [3,4]. We thought – and are still convinced –
that the conclusion which has to be drawn from these
observations is unambiguous: crystallization and melting
are not reverse processes – the pathway followed during
the growth of polymer crystallites diﬀers from that during melting. In fact, we were not the ﬁrst ones coming
up with such a view. In the beginning of the 1990ies,
Keller and his co-workers Goldbeck-Wood, Hikosaka and
Rastogi had already presented clear-cut evidence for such
a case [5]. If crystallization experiments are carried out
for polyethylene at an elevated pressure just below the
triple point value, one observes a crystal formation via a
transient mesomorphic “hexagonal” phase. The process
can be directly followed using a polarizing optical microscope. Crystals nucleate into the hexagonal phase, then
grow to sizes in the micrometer range, before they ﬁnally
transform into the orthorhombic phase after a second,
statistically initiated nucleation step. The melting upon

296

The European Physical Journal E

subsequent heating then takes place directly, without a
passage through the hexagonal phase. Authors interpreted
their observations as a new example for Ostwald’s rule of
stages [6]. This rule, formulated about 100 years earlier,
states that crystals always nucleate into that mesomorphic or crystalline structure which is the most stable one
for nm-sized crystals. Due to diﬀerences in the surface free
energy this state may diﬀer from the crystal modiﬁcation
which is macroscopically stable.
Thinking about our own results, which were all obtained at normal pressures, we felt that Ostwald’s rule of
stages might provide a clue to an understanding here as
well. The observed diﬀerent controlling temperature, Tc∞
rather than Tf∞ , then would have to be related to a phase
transition associated with a transient mesomorphic phase.
Obviously, it was not possible to just take over the scheme
proposed by Keller and his co-workers. Crystal thicknesses
are sharply selected under normal pressure conditions,
which diﬀers from the statistically induced transformation
process observed at elevated pressures. The model which
we developed to describe the results therefore showed differences in the character of the steps and included additional features [7]. While the ﬁrst step in crystal growth is
again the attachment of chain sequences onto the growth
face of a mesomorphic layer with minimum thickness,
which is in the second stage again followed by a spontaneous thickening, we assume that a solidiﬁcation of the
mesomorphic layer takes place exactly at the point where
a certain critical thickness is reached. The solidiﬁcation
produces crystallites which not only have a well-deﬁned
thickness but also a well-deﬁned lateral extension, both
with values in the nm-range. Such a granular substructure of the lamellae is suggested by measured line widths
of wide angle X-ray scattering reﬂections and sometimes
also directly by AFM and TEM images. Our model assumes that the “native” crystallites formed in the ﬁrst
place further stabilize in time, i.e., decrease their Gibbs
free energy by a change of the surface structure.
We introduced this model in purely qualitative manner, in order to provide basic explanations for the observed
dependencies. In particular, it accounted for the diﬀerent
relationships found between the crystallization temperature Tc and the crystal thickness dc , addressed by us as
“crystallization line” when plotted in the form d−1
c (Tc ),
and between the crystal thickness and the melting point
as given by the “melting line” d−1
c (Tf ) which agrees with
the Gibbs-Thomson equation [8]. The model furthermore
yielded a natural explanation for the invariance of the
crystal thickness with regard to the co-unit content in
statistical copolymers: if the co-units are already rejected
when the mesomorphic phase forms they have indeed no
inﬂuence on the ﬁnal crystal thickness.
We now proceed a step further. There exist convincing arguments supporting the view that the crystallization line measured for polyethylene can indeed be identiﬁed with a thickness dependent phase transition between
the hexagonal and the orthorhombic modiﬁcation. They
will be presented at ﬁrst. We then introduce a thermodynamic multiphase scheme which can be generally used

for a description and interpretation of observable structure changes taking place during the crystallization and
melting of polymers. On the basis of this scheme our previous SAXS and DSC measurements can be reconsidered
and now evaluated. This will be illustrated in a discussion of data obtained for polyethylene (PE), syndiotactic
polypropylene (sPP), both for homopolymers and statistical copolymers, and furthermore, for poly(-caprolactone)
(PCL) and isotactic polystyrene (iPS).
We begin with a brief summary of important properties of the hexagonal phase of polyethylene and its impact
on crystallization.

2 Summary of properties of the mesomorphic
phase in n-alkanes and polyethylene
For pressures above 3.2 kb a mesomorphic phase, known
as “hexagonal phase”, shows up in polyethylene as a stable phase, in addition to the orthorhombic-crystalline and
the liquid phase. Figure 14 depicts in the upper part the
phase diagram as it was obtained by Dollhopf and Leute
using a high pressure dilatometer [9]. The phase diagram
indicates that in this high pressure range a cooling from
the melt leads at ﬁrst into the stability range of the hexagonal phase before on further cooling the crystalline state
is reached. If a sample is kept in the stability range of the
hexagonal phase, at ﬁrst thin layers form which then spontaneously thicken to macroscopic sizes. When the transition into the crystalline phase is induced by cooling after
a prolonged thickening period one ends up in the nearly
completely crystalline, “extended chain morphology” of
polyethylene. The extended chain morphology thus represents the signature of a passage through the mesomorphic
phase. Chains in the hexagonal phase possess an overall stretched conformation which incorporates, however,
gauche-defects in form of kinks in a similar concentration as in the melt. Considering the internal energy and
entropy of the hexagonal phase, it is closer to the liquid than to the orthorhombic-crystalline state; the latent
heats ∆ham and ∆hac of transitions from the melt into
the mesomorphic and crystalline phase respectively have
a ratio ∆ham /∆hac of about 0.3.
An intermediate phase between the crystalline state
and the melt is also found in n-alkanes, for chains with
less than about 40 carbon atoms. Their range of existence
during a heating process is of the order of some degrees.
This phase is often addressed as “rotator phase”, since
a chain reorientation about the long axis constitutes the
main aspect of disorder. Also here some kink defects exist,
but only in low concentrations and preferentially near to
the end-groups. This intermediate phase is more crystalthan liquid-like. The ratio between the heats of transition
amounts to ∆ham /∆hac ≈ 0.7.
There exist peculiar cases where a mesomorphic phase
is also found for polyethylene at normal pressures. This
occurs when the chains are chemically modiﬁed by irradiation, or if a mechanical ﬁeld is applied on ultrahigh molar mass polyethylene ﬁbers, so that the shrinkage which
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Fig. 1. From Ungar [10]: stability ranges of the mesomorphic
phase at normal pressure, for various n-alkanes (rotator phase
“RP”), irradiated polyethylene (radiation induced hexagonal
phase “RIHP”) and a length-ﬁxed ultrahigh molar mass PE
ﬁber (“FIB”); n is the number of carbons in the molecule
or crystal stem. Crystallization line (broken) and melting line
(dotted) of PE from Figure 5.
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Fig. 2. PE for a pressure below the triple point value: temperature dependencies (schematic) of the bulk chemical potentials of the mesomorphic (hexagonal) and the crystalline (orthorhombic) phase. The potentials are referred to the chemical
potential of the melt and denoted ∆gam and ∆gac respectively.

(m) the diﬀerence of the bulk chemical potential with regard to the melt (a):
usually accompanies the melting is at ﬁrst suppressed.
X-ray scattering patterns obtained for these two cases indicate the occurrence of a mesomorphic phase similar to
the hexagonal high pressure phase, but now under normal
conditions.
With these ﬁndings the question arises whether or
not all these intermediate phases are related in the sense
that their character changes continuously from the rotator phase of the n-alkanes to the hexagonal phase of a
polyethylene at high pressures and temperatures. Ungar
dealt with this question in a thorough analysis and arrived
at the conclusion that, indeed, there exists one mesomorphic phase only [10]. It was in particular vibrational spectroscopy, carried out for the diﬀerent systems, by which
he demonstrated that there is a continuous change in the
conformational statistics, when going from short chain
n-alkanes to longer chain n-alkanes, then to irradiated
and length-ﬁxed polyethylene and, ﬁnally, taking into account the associated high temperature, to the hexagonal
high pressure phase of polyethylene. Figure 1, taken from
Ungar’s work, depicts the results obtained for normal pressures. It shows the stability ranges of the mesomorphic
phase as it is found for n-alkanes, irradiated polyethylene and a length-ﬁxed ultrahigh molar mass polyethylene.
The upper boundary always gives the transition line between the melt and the mesomorphic phase, and the lower
boundary that between the mesomorphic phase and the
crystalline state. It is obvious that there is a smooth continuation from the n-alkanes to the polyethylene states.
The ﬁgure indicates that for polyethylene special measures are required – chemical perturbations, mechanical
forces or pressures – to have a stable mesomorphic phase.
Without these measures it is metastable only, having thermodynamically a character as it is indicated in the drawing of Figure 2. The ﬁgure shows in a schematic plot for
both the crystalline phase (c) and the mesomorphic phase

∆gac = gc − ga ,
∆gam = gm − ga .

(1)

Coming from high temperatures the chemical potential
of the crystalline phase drops below the value of the melt
∞
when crossing the equilibrium melting point Tac
. The mesomorphic phase requires a lower temperature to fall with
∞
.
its chemical potential below that of the melt, here at Tam
In the sketched case, which is representative for polyethylene under normal conditions, the chemical potential of the
crystals is always below that of the mesomorphic phase.
Hence, here the mesomorphic phase can be metastable
∞
only. The scheme includes also a temperature Tmc
. It represents the temperature of a virtual transition, namely
that between the mesomorphic and the crystalline phase.
Thermodynamics relates the three transition temper∞
∞
∞
, Tac
, Tmc
to the heats of transition ∆hac and
atures Tam
∆ham . Since the slopes of ∆gam and ∆gac are given by
the entropy changes ∆sam and ∆sac respectively, one can
write
∞
∞
∞
∞
(Tmc
− Tac
)∆sac = (Tmc
− Tam
)∆sam ,

(2)

and therefore obtains
∞
∆ham
∆sam
T ∞ − Tac
≈
= mc
·
∞ − T∞
∆hac
∆sac
Tmc
am

(3)

This equation can be used – and we shall apply it later on
– if the heat of transition ∆ham is known. Data given
by Dollhopf and Leute [9], obtained by high pressure
calorimetry allow an estimate. Figure 3 suggests how an
estimate can be obtained. While the heat of transition between the crystalline state and the melt can be determined
for all pressures, corresponding data for the transition between the mesomorphic phase and the melt can only be
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Fig. 3. PE: variation with pressure of the total heat of crystal
melting ∆hac and, above pt , of the heat of transition ∆ham .
From Dollhopf and Leute [9].

obtained within the stability range of the mesomorphic
phase, i.e., for high pressures. For an estimate of ∆ham at
normal pressures one can try to obtain data by carrying
out a linear extrapolation. As indicated in the ﬁgure, this
suggests choosing a value which is roughly half of ∆hac .

3 Impact of the mesomorphic phase on the
crystallization of polyethylene
Keller and his co-workers picked up Ostwald’s concept
of a size dependence of thermodynamic stabilities in the
manner expressed by Figure 4. The ﬁgure shows a phase
diagram in terms of temperature and size, whereby the
inverse crystal thickness serves as size parameter. The
thickness is given by the number n of structure units in a
stem, i.e.,
dc
n=
(4)
∆z
with dc describing the layer thickness and ∆z denoting
the stem length increment per structure unit. The situation under consideration is that of Figure 2 where the
crystal phase can get stable, but the mesomorphic phase
remains metastable for all temperatures. Here, one has al∞
∞
∞
> Tac
> Tam
. The (T /n−1 ) phase diagram in
ways Tmc
Figure 4 indicates that this sequence and thus stabilities
can change for small enough crystallites. The prerequisite
is a suﬃciently low surface tension of the mesomorphic
layer in the melt. The melting point depression with decreasing thickness then can be smaller than the one of the
crystalline lamellae, with the consequence of an inversion
of the transition temperatures. The inversion sets in at a
crossing point X where the Gibbs free energies of equally
thick crystalline and mesomorphic lamellae placed in the
melt become identical. The phase diagram is composed
of three stability regions associated with the amorphous

Fig. 4. From Keller and co-workers [6]: phase diagram
(schematic) for lamellar PE crystallites of thickness n (structure units per stem) for a pressure below the triple point value:
stability regions of the melt (a), of layers of the hexagonal phase
(m) and of orthorhombic lamellar crystallites (c). Pathway followed in the crystallization processes observed in experiments
carried out close to the triple point: nucleation into the hexagonal phase (1), successive growth through the m-region into the
c-region, transformation into an orthorhombic crystal somewhere within the c-region initiated by a further nucleation step;
the thickness at the crossing point X was in the µm-range.

melt (a), layers of the hexagonal mesomorphic phase (m)
and orthorhombic lamellar crystals (c). The phase boundaries, i.e., transition lines are denoted Tam , Tac and Tmc ,
all three representing functions of n−1 . The consequence
of such given conditions for the formation and growth of
crystallites is obvious: for temperatures below that associated with the crossing point, thin mesomorphic layers
can become stable and thus form from the melt. The system uses this kinetically prefered pathway. The horizontal
line starting at point 1 indicates the development. The
ﬁrst step is the formation and further growth of a mesomorphic layer with a minimum thickness as given by the
transition line Tam (n−1 ). The high inner mobility of the
mesomorphic phase makes a spontaneous thickening possible which transfers the layer into the stability range of
the crystal lamellae (c). Somewhere in this range the transition into the crystalline state then takes place, initiated
by a nucleation step. This is exactly what was observed in
the experiments. A simultaneous lateral and longitudinal
growth could be seen directly in a polarizing optical microscope which stopped when after a statistically initiated
nucleation the transformation into the crystalline state occurred. Hikosaka devised a nucleation theory which describes the whole process [11]. The process, found at high
pressures just below the triple point, concerns mesomorphic and crystalline objects with thicknesses and lateral
extensions in the µm-range.
Might an interference of the hexagonal phase also control the crystallization of polyethylene under normal pressure? Keller and co-workers who had already speculated
about this saw some possibility, but could not provide a
proof. We are now convinced that this indeed happens,
and can prove it by experimental data. SAXS experiments
were carried out for two polyethylenes with octene counits and they led to the results shown in Figure 5 [4].
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Table 1. Polyethylene and poly(ethylene-co-octene): thermodynamic data following from the experiments.
∞
Tmc
◦

C

∞
Tac
◦

C

∞
Tam
◦

C

T (Xn )
◦

C

T (Xs )
◦

C

∆hac

∆ham

σacn

σacs

σam

kJ
mol C2 H4

kJ
mol C2 H4

kJ
mol

kJ
mol

kJ
mol

P(EcO14)

154

133

112

100

99

8.2

4.1

7.5

6.6

1.2

PE

154

144

134

130

129

8.2

4.1

7.5

6.6

1.2

points: comparing crystalline layers with the same thickness n it can be stated that the n-alkanes melt at much
lower temperatures than polyethylene. The reason follows
from the analysis carried out by Flory and Vrij. Polyethylene crystals with a thickness n melt when
ngc + 2σac = nga

(5)

where σac denotes the excess surface free energy per crystalline stem end. For n-alkanes the Gibbs free energy per
molecule in the melt is further reduced, due to the delocalization of the CH3 -endgroups. This delocalization – or
“unpairing” of the endgroups, using Flory’s words – can
be accounted for by formulating the equilibrium condition
at the melting point of n-alkanes as
Fig. 5. P(EcOx): crystallization line Tc versus d−1
(continc
uous, open symbols) and melting lines Tf versus d−1
(dashed,
c
filled symbols). The dotted line is the extrapolated melting line
of polyethylene [4].

Shown (with open symbols) are the crystal thicknesses
measured during and after isothermal crystallizations at
various temperatures between 85 ◦ C and 110 ◦ C – there
was no thickening during the crystallization time – and
(with ﬁlled symbols) the melting points registered during subsequent heating runs. As expected one ﬁnds a difference in the Gibbs-Thomson melting lines for the two
samples with 7 and 14% per weight of octene units, with
lower values for P(EcO14), but, in contrast to that, a virtually unique dependence of the crystal thickness on the
crystallization temperature, i.e., only one crystallization
line. The same result was obtained earlier for syndiotactic
polypropylene and a series of related octene copolymers
(see Fig. 8) and also in a recent additional SAXS study
on a broader series of copolymerized polyethylenes [12].
On the basis of the two measured melting lines one can estimate the course of the melting line of pure polyethylene
(we avoided direct measurements on non-copolymerized
polyethylene, because here thickness values are always
modiﬁed by the ongoing crystal thickening processes –
a property of polyethylene and all other polymers with
activated sliding motions within the crystals). It is also
included in the ﬁgure, ending at 144 ◦ C close to the equilibrium melting point of polyethylene as given by Flory
and Vrij [13] based on a thermodynamic analysis of nalkane melting points (Tf∞ = 145 ◦ C). When we plot the
crystallization line and the (extrapolated) melting line of
polyethylene into Ungar’s phase diagram Figure 1, noteworthy results show up. The ﬁrst one concerns the melting

ngc + 2σac = nga − RT ln n.

(6)

The RT ln n-term relates to the translational entropy of
the molecules. While the translational entropy is completely negligible for polymers, it always has to be included
in treatments of smaller molecules; for low molar masses it
becomes even dominant. When Flory and Vrij evaluated
the n-alkane melting point data they derived in addition
to the equilibrium melting point also the following value
of 2σac :
2σac = (2200 + 2.2 × 418) cal mol−1 = 13 kJ mol−1
using
∆hac = 950

cal
kJ
= 8.0
·
mol CH2
mol C2 H4

When we derive 2σac from the slope of the PE melting
line we obtain for the surface free energy (see Tab. 1)
2σac = 13.1 kJ mol−1

(7)

i.e., somewhat unexpected considering the diﬀerent surface structures, an almost identical value. Hence, the
close approach of the hexagonal-melt to the orthorhombichexagonal transition in the n-alkane phase diagram is due
to the translational entropy contribution only. Since the
latter is absent in the melting process of polyethylene, the
stability range for mesomorphic polyethylene layers with
thicknesses in the nm-range – comparable to the n-alkanes
– becomes much expanded. These layers thus represent
under normal pressure conditions indeed stable objects.
The second noteworthy ﬁnding concerns the crystallization line. As can be seen, it nearly coincides with and
linearly continues the at first slightly bent line associated
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Fig. 6. Sketch of the pathway followed in the growth of polymer crystallites as suggested in reference [7].

with the mesomorphic-crystalline phase transition of the
n-alkanes. Since the endgroup location in the interfaces
of the n-alkane crystal is retained at this transition, no
translational entropy arises and there is no diﬀerence between polyethylene and n-alkane layers. The observed coincidence therefore tells us something, namely, that the
crystal thickness dc is obviously selected exactly by this
transition. The selection is sharp; there is no evidence
for any excess thickness as it is required to stimulate the
nucleated transition in the high pressure experiments of
Keller and co-workers. The cause of the diﬀerence in the
transformation properties – both are ﬁrst order transitions
– could be related with the size: here, we are in the nmrange, the transition concerns nm-blocks for which it could
be an easy collective process, whereas the high pressure
experiments refer to the µm-range where the transition
requires an activated nucleation.

Fig. 7. (T /n−1 )-phase diagram for polymer layers in a melt
(“a”) dealing with 3 phases: mesomorphic “m”, native crystalline “cn ” and stabilized crystalline “cs ”. Two pathways for
an isothermal crystallization followed by heating, A (low crystallization temperatures) and B (high crystallization temperatures): (1) chain attachment onto a mesomorphic layer with a
thickness determined by the transition line Tam ; (1)–(2) spontaneous layer thickening; (2) formation of native crystals when
the thickness reaches the transition line Tmcn . The then following stabilization of the crystallites causes a change of the
related transition lines and a shift of the crossing point from
Xn to Xs . Pathway A during heating: upon reaching the transition line Tmcs (3a) onset of continuous recrystallization processes up to the melting at Xs (3b). Pathway B during heating:
the crystallites melt when Tacs is reached (3). The experimental “crystallization line” is identical with Tmcn , the “melting
line” is identical with Tacs , the “recrystallization line” is to be
identiﬁed with Tmcs .

step is addressed as a “merging” of the blocks, but this

4 Thermodynamic scheme describing polymer represents only one possibility.
When we proposed this model the question about
crystallization and melting
In our ﬁrst attempt to interpret the diﬀerent dependencies
observed for the crystallization and melting process we
proposed the model reproduced in Figure 6 [7]. It is meant
to describe diﬀerent stages which are passed through when
a lamellar crystallite is growing. Taking up Keller’s idea
the process starts with an attachment of chain sequences
from the melt onto a growth face of a mesomorphic layer
with minimum thickness which then spontaneously thickens. When a critical thickness is reached, the layer solidiﬁes immediately under the formation of block-like crystallites. The existence of blocks was suggested both by
wide-angle X-ray scattering experiments which indicate
that the coherence length in lateral direction has the same
order of magnitude as the crystal thickness, and also by
direct observations in the AFM, which often show such a
blocky structure [14,15]. Even more, according to recent
observations crystal thickness and lateral coherence length
are strictly correlated [16]. Their ratio is temperature invariant, suggesting that the crystal block formation out
of a transient mesomorphic phase is an elementary step in
polymer crystallization. A last, but equally important step
in the crystal development is a stabilization of the crystallites in time, leading to a further decay in the Gibbs’
free energy. It can be formally described as a decrease in
the surface free energy. In the model of Figure 6 this last

the nature of the transient mesomorphic phase was left
open. One view under consideration was a near-to-liquid
state like a nematic liquid crystal – the existence of such
a precursor phase had been proposed by Kaji and coworkers [17] or Winter and co-workers [18] on the basis
of experiments, or by Olmstedt [19] on a theoretical basis. An alternative was a truly intermediate state similar
or equal to that found in the high pressure experiments
of the Keller group. We now think that we are able to
decide this issue. Not only the presented comparison between polyethylene and n-alkane data, but also the result
of evaluations which follow strongly support to identify, in
the case of polyethylene, the mesomorphic phase with the
known hexagonal phase, and to assume also for the other
crystallizing polymer systems the existence of a mesomorphic phase with similar intermediate character.
We address the stabilization as a process which transforms the initial “native” crystals into “stabilized” crystals and thus deal with the following phases:
•
•
•
•

the amorphous melt, marked by the label “a”;
mesomorphic layers (label “m”);
native crystals (labelled “cn ”) and
stabilized crystals (with label “cs ”).

In the spirit of Ostwald’s rule of stages we set up for these
phases the scheme displayed in Figure 7. It is devised to
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treat the process of a crystal development under isothermal conditions and to follow the structural changes during a subsequent heating – just as experiments are usually
carried out. The thermodynamic conditions to which the
scheme refers are the same as for Figure 4, namely bulk
∞
∞
∞
transition temperatures in a sequence Tmc
> Tac
> Tam
as
it is found at normal pressures. However, dealing with two
diﬀerent crystalline states, native crystals and stabilized
crystals, two diﬀerent crossing points are encountered.
They are denoted Xn and Xs . Their positions control what
happens during an isothermal crystallization followed by
heating. There are two diﬀerent scenarios, exempliﬁed by
the pathways A and B in the ﬁgure. In experiments these
are realized by crystallizations at low or high temperatures
respectively, usually emanating from the glassy state in
the former case, or coming directly from the melt in the
latter. We ﬁrst address the high temperature case, i.e.,
pathway B. At the point of entry, labelled “1”, chains are
attached from the melt onto the lateral growth face of a
mesomorphic layer with the minimum thickness. The latter is determined by the melt-mesomorphic transition line
Tam . 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 surface free energy
state (still at “2”). The consequence of the stabilization
shows up during a subsequent heating. Without stabilization a heating would immediately transform the native
crystals back into the mesomorphic state, but after the
stabilization the situation has changed: since the crossing
point is shifted to location Xs , the crystallites remain stable upon heating until the next transition line is reached.
As shown by the scheme, this transition is now a direct
melting without the interference of a mesomorphic phase.
Exactly this is observed in many experiments in the case
of a crystallization from the melt.

σacs describes the surface free energy per crystal stem end
for a stabilized layer in the melt. With

The structural changes to be expected along the pathway A are diﬀerent. The beginning is the same – starting
at point 1 with an attachment of chain sequences onto
a spontaneously thickening mesomorphic layer, then, on
reaching Tmcn , the formation of native crystals followed by
a stabilization. Heating the stabilized crystals they at ﬁrst
retain their structure. However, as shown in the scheme,
at ﬁrst the transition line Tmcs is reached which relates
to a transformation into the mesomorphic state instead
of a crystal melting. The consequences are obvious ((3a)
to (3b)): a repetition follows of the same two steps again
and again, ﬁrst a transition into the mesomorphic phase
and then a thickening until crystals form. The end of this
multi-sequence is reached at the crossing point Xs where
the crystal melts. Experimental examples to be given further on show exactly these structural changes.

Of importance is also the transition between the melt and
the amorphous state, described by the line Tam . As it
relates to the equilibrium

Thermodynamics ﬁxes the diﬀerent transition lines denoted Tmcn , Tacn , Tmcs , Tacs , Tam , all to be understood as
functions of n−1 . Tacs relates to the equilibrium between
stabilized crystals and the melt where

gc +

2σacs
= ga .
n

(8)

ga − gc ≈

∆hac ∞
(Tac − T )
∞
Tac

we obtain
∞
Tac
−T ≈

∞
1
2σacs Tac
·
∆hac n

(9)

(10)

In experiments this line is addressed as the “melting line”.
The experimentally obtained “crystallization line” is
to be identiﬁed with the transition line Tmcn giving the
location of the equilibrium between mesomorphic and native crystalline layers of equal thickness, being established
for
2σacn
2σam
= gm +
·
(11)
gc +
n
n
σam and σacn denote the respective surface free energies,
again expressed per crystal stem end. With
gm − gc ≈

∆hmc ∞
(Tmc − T )
∞
Tmc

(12)

we obtain for the crystallization line the equation
∞
Tmc
−T ≈

∞
(2σacn − 2σam )Tmc
1
·
∆hmc
n

(13)

As we shall see, experiments on cold crystallized samples
yield the transition line Tmcs which we address as “recrystallization line”. It follows from equation (13) exchanging
the surface tension σacn by σacs , which is the equivalent
parameter associated with stabilized crystals:
∞
Tmc
−T ≈

∞
1
(2σacs − 2σam )Tmc
·
∆hmc
n

gm +

(14)

2σam
= ga ,
n

(15)

∆ham ∞
(Tam − T ),
∞
Tam

(16)

∞
1
2σam Tam
·
∆ham n

(17)

we can write, with
ga − gm ≈

∞
−T ≈
Tam

∞
Tam (n−1 ) begins at Tam
and then passes through the two
crossing points Xn and Xs . A knowledge of two of these
three points is required in order to ﬁx the a⇔m transition
line.
On the basis of the thus established thermodynamic
scheme we are now able to discuss our experimental results. We have studied the eﬀect of co-units and diluents on crystallization and melting in polyethylene and
s-polypropylene, and we will begin with a reconsideration
of these experiments. Then the scheme will be applied

302

The European Physical Journal E

Fig. 8. sPP and sP(PcOx): unique crystallization line (open
symbols) and series of melting lines (filled symbols); the dotted
line is the extrapolated melting line of a perfectly syndiotactic
polypropylene [20].

on a selection of existing published data. We shall deal
with experiments carried out on polyethylene and copolymers, syndiotactic polypropylene and copolymers, isotactic polystyrene and poly(-caprolactone). Application of
the scheme provides us with an understanding of the observations and enables a quantitative data evaluation to
be carried out.

Fig. 9. Polymer-diluent mixtures P(EcO14)/C16 H34 (90/10;
80/20; 60/40; 40/60): crystallization lines and melting lines
(top). Mixtures P(EcO14)/C15 H12 (100/0; 80/20): crystallization lines and melting lines (bottom) [21].

5 Eﬀects of co-units and diluents
Of special importance for the start of a renewed discussion about the mechanism of polymer crystallization
was the observed invariance of crystal thicknesses in series of copolymers with diﬀerent co-unit contents. The
ﬁrst observations of this kind were made on syndiotactic polypropylene and related octene copolymers [3,20].
Figure 8 reproduces these data. While a whole series of
melting lines appears, showing a melting point suppression which systematically increases with the octene co-unit
content, there exists only a unique crystallization line, i.e.,
a unique dependence of the crystal thickness on the crystallization temperature.
Parts of analogous ﬁndings for polyethylene and related copolymers have been presented in Figure 5. For
one of the copolymer systems in this ﬁgure, P(EcO14), we
studied additionally the eﬀect of two diﬀerent diluents,
namely of the n-alkane C16 H34 and of methylanthracene
(C15 H12 ) [21]. The results, reproduced in Figure 9, show
that the eﬀect of diluents can be diﬀerent: a dissolution
of methylanthracene again leaves the crystallization line
unchanged, producing only a shift in the melting line, but
the dissolution of n-C16 H24 results in shifts of both the
melting- as well as the crystallization line. The thermodynamic scheme provides an understanding, and the two
diﬀerent situations are dealt with in Figure 10. Eﬀects
depend on whether or not the diluent molecules or the

co-units can enter the mesomorphic phase. If they are rejected those transformation lines which include the melt,
i.e., Tacn , Tacs and Tam , are shifted to lower temperatures,
but the line Tmc remains unaﬀected. This is the situation sketched in part b: the crystallization line does not
change while the melting line experiences a shift, and this
is observed for all co-units and for methylanthracene as
a diluent. Another situation is encountered if the diluent
becomes incorporated into the mesomorphic phase, and is
only rejected subsequently when the crystals form. Under
these conditions (part c) all transitions which include the
crystalline state are shifted while the transition between
the melt and the mesomorphic phase, Tam , remains on its
place (the latter holds in the ideal case of a complete inclusion; if there is a partial rejection also Tam will shift).
Such a situation is met if n-C16 H24 is used as a diluent for
polyethylene, which leads to a shifting of both the crystallization line Tmcn and the melting line Tacs .
The amounts of shifting induced by a diluent can be
derived from Raoult’s law, in the case of the melting line as
∞
∞
Tac
(xd = 0) − Tac
(xd ) =
s
s

∞ 2
R(Tac
)
s
xd .
∆hac

(18)

Here, xd denotes the molar fractions of dissolved molecules. The shifts in Figure 9 agree with equation (18) in
satisfactory manner [21].

G. Strobl: A thermodynamic multiphase scheme treating polymer crystallization and melting

303

Fig. 11. Multiphase scheme applied to SAXS data of
P(EcO14) [4]: crystallization line (green), melting line (blue),
recrystallization line (ocher), crossing points Xs and Xn ,
∞
Tam
= 112 ◦ C from equation (3) and a⇔m transition line (red).

Fig. 10. Variations in the (T /n−1 )-phase diagram introduced
by co-units and diluents: (a) homopolymer crystallization (b)
eﬀect of co-units or a diluent which remains in the melt: shift
of the melting line but invariant crystallization line; (c) eﬀect
of a diluent which enters the mesomorphic phase: shifts of both
the melting line and the crystallization line.

Flory suggested to use Raoult’s law also for statistical
copolymers [22], however, the experimental results, i.e.,
the melting line shifts observed for the octene-copolymer
of polyethylene shown in Figure 5 contradict this view.
The shifts introduced by co-units are much larger than
those of equal molar fractions of diluent molecules [21].

6 Application to various crystallizing polymer
systems
6.1 Polyethylene and related copolymers
We ﬁrst discuss data which were obtained for a polyethylene copolymerized with 14% per weight of octene co-units

(P(EcO14)). The SAXS data obtained for this sample are
included in Figure 5 and we extract them and depict them
again in Figure 11. The crystallization line and the melting line are well deﬁned by the data, and we draw them
in green and blue color respectively. A look on measured
DSC curves is also of interest, and data are reproduced in
Figure 12. Crystallization temperatures were chosen between 77 ◦ C and 94 ◦ C, and one observes a pronounced
change in the melting properties: there is a constant ﬁnal melting point located at 100 ◦ C as long as the crystallization temperature is below 91 ◦ C; for higher crystallization temperatures the melting peak location moves
together with the crystallization temperature. An analogous behaviour shows up in the SAXS determined melting points. Exactly such a behavior is predicted by the
thermodynamic scheme. We therefore identify the constant melting temperature of 100 ◦ C with the location of
the crossing point Xs and draw the recrystallization line
(ocher-colored) through this point. It remains the question how we could possibly ﬁx the a⇔m transition line. It
has to pass through Xs , but a second point is still needed.
∞
which can be determined
For this purpose we use Tam
by applying equation (3). As mentioned earlier, we derive
from Figure 3 for the ratio between the heats of transition the approximate value ∆ham /∆hac ≈ 0.5, which
∞
≈ 112 ◦ C. The a⇔m transition line connecting
gives Tam
∞
Tam and Xs is drawn in red color. The point of intersection between Tam and the crystallization line, Tmcn , is
the ﬁrst crossing point Xn . With this we have fully established the scheme and can derive all thermodynamic
parameters. They are collected in Table 1. The surface
free energies σacs and σam followed from the slopes of the
melting line and of the a⇔m transition line respectively,
by applying equations (10) and (17). The surface tension
associated with the native crystals, σacn , is to be derived
∞
and Xn . We
from the slope of the line which connects Tac
note that the stabilization process leads to a decrease of
the surface free energy by about 14%. As to be expected,
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Fig. 12. P(EcO14): DSC curves measured subsequent to
isothermal crystallizations at various temperatures between
77 ◦ C and 94 ◦ C, indicating a crossing point temperature
T (Xs ) = 100 ◦ C.

the surface free energy of the mesomorphic layers is much
smaller than that of the crystallites.
It is possible to establish the multiphase scheme also
for polyethylene, and this is shown in Figure 13. The
(green) crystallization line in the ﬁgure was directly transferred from Figure 5, the (blue) melting line is identical with the dotted line obtained by the extrapolation.
∞
In order to obtain Tam
for polyethylene we again use
equation (3) and obtain now an approximate value of
134 ◦ C. The presence of co-units in the melt leads to a parallel shift of Tam to lower temperatures, however, the slope
remains unchanged. We therefore can choose for the a⇔m
transition line the same slope as in Figure 11. The now
completed scheme includes also the two crossing points
Xn and Xs . The data thus obtained for polyethylene are
given in the second line of Table 1. Variations between
P(EcO14) and PE are found only for the temperatures,
not for the heats of transition and the surface free energies. To give an example for a possible crystallization and
melting process following path B, a crystallization temperature of 127 ◦ C is chosen (gray lines in Fig. 13). The pathway indicates that under these conditions at ﬁrst a mesomorphic layer with an initial thickness of 8.9 nm would
form. It would spontaneously thicken and change into the
crystalline state at a thickness of 11.7 nm. The melting
on heating would then occur at 131 ◦ C. An actual experiment carried out for these conditions would, however, lead
to slightly diﬀerent results because polyethylene lamellae
thicken also in the crystalline state, much less rapid than
in the mesomorphic phase, but still measurable.
Having obtained values for the transition temperatures
∞
∞
∞
, Tac
and Tam
, at least approximate ones, we can now
Tmc
speculate about a possible continuation of the m⇔c and
a⇔m transition lines from the high pressure region, where
they can be directly determined, down to normal pressure conditions. Figure 14 with the (p, T )-phase diagram

Fig. 13. Multiphase scheme applied to PE: crystallization line (green) and melting line (blue) from Figure 5,
∞
Tam
= 134 ◦ C from equation (3), slope of the a⇔m transition
line Tam (d−1
c ) (red) from Figure 11. Pathway for a crystallization at 127 ◦ Cfollowed by a heating to the melt.

of polyethylene of Leute and Dollhopf [9] shows how this
continuation could possibly look like.
6.2 s-polypropylene and related copolymers
We select here out of the series of samples in Figure 8
the sPP-copolymer with the highest octene content,
sP(PcO20), and also a commercial sample with higher
syndiotacticity, sPP-Mitsui, which was used in another investigation [23].
The SAXS data obtained for the commercial sample
are shown in Figure 15. The sample was both, cold crystallized from the glassy state at 25 ◦ C and crystallized from
the melt at temperatures between 100 ◦ C and 120 ◦ C. The
thicknesses for the various crystallization processes are all
located on the (green) crystallization line. The changes of
the thickness with temperature observed during heating
greatly diﬀer. For the three highest temperatures thicknesses remain constant up to the melting points. For the
cold crystallized sample changes set in immediately when
the heating starts. d−1
approaches and then follows the
c
(ocher-colored) recrystallization line, until melting occurs
near to or at the crossing point Xs . When crystallizations
are carried out at 100 ◦ C and 105 ◦ C one meets the intermediate case: thicknesses remain constant until the recrystallization line is reached; from thereon d−1
follows
c
this line. As is obvious, with a crystallization at the three
highest temperatures one enters pathway B of the scheme,
for the lower temperatures the structure changes during
heating are those of pathway A.
The temperature at the crossing point Xs shows up
also in the DSC scans, as can be seen in Figure 16. After
an extended range of continuous reorganization, which extends up to 110 ◦ C, crystals melt at about 130 ◦ C independent of the heating rate, in agreement with the location
of Xs found in the SAXS experiments. The (blue) melting
line has to pass through the measured melting points. Its
slope is already known from all the measurements carried
out on sPP samples (see Fig. 8).
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Fig. 15. SAXS data of sPP-Mitsui. (Circles) crystallization
from the glassy state at 25 ◦ C: variation of the crystal thickness
during heating [23]. (Squares) melt crystallization at various
temperatures between 110 ◦ C and 120 ◦ C followed by heating.
Crystallization line (green), melting line (blue), recrystallization line (ocher), a⇔m transition line with slope from Figure 17
(red), crossing points Xn and Xs .

Fig. 14. pT -phase diagram of PE: stable mesomorphic phase
above the triple point (pt ≈ 3.3kb, Tt ≈ 220 ◦ C, from Leute and
Dollhopf [9]). A guess about the continuation of the (then virtual) transition lines a⇔m and m⇔c to normal pressure based
on the experimentally determined crystallization and melting
lines of PE.

Figure 17 collects the SAXS data which were obtained
for sP(PcO20). The data for crystallization temperatures
below 100 ◦ C are extracted from Figure 8. Furthermore
included are the results of three longtime measurements
conducted at the highest temperatures [24,7]. A non-zero
crystallinity was achieved here with the aid of the selfseeding technique. These experiments had been carried
out in order to enter the temperature range where crystallization necessarily must produce thicknesses away from
the crystallization line. This necessarily occurs for temperatures above T (Xn ). Usual crystallization experiments do
not enter this range, because growth rates here become
forbiddingly low; we also tried the experiment only in this
single case. The data well ﬁx the (green) crystallization
and the (blue) melting line, and the line plotted through
the three high temperature points – it represents Tacn –
determines Xn . An additional DSC scan carried out for a
cold-crystallized sample yielded the temperature location
of Xs which turned out to be 80 ◦ C. The now known locations of the two crossing points Xn and Xs allow to draw
the (red) a⇔m transition line. With this, the scheme is
fully established. In addition, since the slope of the a⇔m
transition line does not vary between sPPs with diﬀerent syndiotacticity or diﬀerent co-units contents we use

Fig. 16. sPP-Mitsui, quenched to the glassy state and
then crystallized at 25 ◦ C: DSC curves measured with the
given heating rates, indicating a crossing point temperature
T (Xs ) = 132 ◦ C. The low temperature endotherm shifts to
lower temperatures when the heating rate is decreased.

this knowledge and plot also the a⇔m transition line into
Figure 15. It has to pass through the crossing point Xs
and now determines also the second crossing point, Xn .
Having adjusted the full scheme for both samples,
all relevant thermodynamic data can be derived, and
they are collected in Table 2. The heat of fusion
∆hac = 7.7 kJ/mol C3 H6 was taken from the literature.
The heat of transition ∆ham = 5.8 kJ/mol C3 H6 follows
from equation (3), and the three surface free energies are
derived from the slopes of the respective transition lines
using the equations given previously.
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Fig. 17. SAXS data of sP(PcO20) [7]: Crystallization line
(green), melting line (blue), crossing points Xn and Xs , a⇔m
transition line (red).

Fig. 19. iPS: DSC melting curves obtained after crystallizations at the given temperatures (heating rate 0.5 K/min), indicating a crossing point temperature T (Xs ) ≈ 230 ◦ C [25].

6.3 i-Polystyrene and poly(-caprolactone)

Fig. 18. SAXS data of iPS, showing the variation of d−1
c during
heating scans subsequent to isothermal crystallizations at the
indicated temperatures [25]: crystallization line (green), melting line (blue), recrystallization line (ocher) and crossing point
Xs . A possible course of the a⇔m transition line (broken red).

There is one further interesting, noteworthy point.
Figure 8 includes also the melting line of a perfectly syndiotactic polypropylene as obtained by an extrapolation of
all the measured melting lines. Diﬀerent from the case of
polyethylene, it appears as if the equilibrium melting point
∞
∞
of this ideal sample would coincide with Tmc
. This is
Tac
exactly the situation at the triple point, where, even more,
∞
these two temperatures also coincide with Tam
, leading to
∞
∞
∞
Tmc
= Tac
= Tam
= 195 ◦ C.

Materials which are perfectly syndiotactic have not been
synthesized so far. Obviously they would have interesting properties, for example, indeed follow pathway A –
pathway B no longer exists – up to close to the equilibrium melting point. Furthermore, it can be expected that
already some slight pressure would produce a macroscopically stable mesophase.

Finally, we reconsider in the framework of the new scheme
SAXS and DSC data obtained earlier for a sample of isotactic polystyrene [25] and for poly(-caprolactone) [4].
Figure 18 reproduces SAXS data of the iPS sample.
Crystallization experiments were carried out isothermally
after a transfer from the amorphous glassy state. We measured the crystal thickness for various crystallization temperatures and then continued the measurement during
heating processes up to the melting point. Again, two different scenarios are found. For low crystallization temperatures thicknesses remain constant at ﬁrst, then increase,
approach the recrystallization line, and ﬁnally follow this
line up to the temperature of the crossing point Xs . On the
other hand, for the highest crystallization temperatures
no crystal thickening occurs up to the melting point. Data
yield a well-deﬁned crystallization line (plotted green) and
also a well-deﬁned recrystallization line (ocher). The melting line (blue) is less reliably determined due to the only
small temperature interval within which melting points
could be measured. The a⇔m transition line is not ﬁxed
by the data. It is only known that it has to pass through
Xs with a negative slope, and the dotted red line included
in the ﬁgure represents just a possible choice for illustration.
Figure 19 presents the corresponding DSC scans. In
agreement with the SAXS observations the melting points
reached in heating scans subsequent to isothermal crystallizations at lower temperatures are constantly located at
about 230 ◦ C. This exactly agrees with T (Xs ). An upward
move of the melting point together with an increasing
crystallization temperature is found only at the highest
temperatures, above 220 ◦ C.
One may ask about the meaning of the weak low temperature endotherm which varies with the crystallization
temperature. As a check shows, its location is exactly on
the recrystallization line. Hence, as it appears, these low
temperature endotherms have to be associated with the
transition from the crystalline to the mesomorphic phase.
Since the recrystallization sets in immediately, the signal
intensity is only low.
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Table 2. s-Polypropylene and s-poly(propylene-co-octene): thermodynamic data following from the experiments.
∞
Tmc
◦

sPP-Mitsui
sP(PcO20)

∞
Tac
◦

C

195
195

∞
Tam
◦

C

162
137

T (Xn )
◦

C

150
113

T (Xs )
◦

C

139
92

C

132
80

∆hac

∆ham

σacn

σacs

σam

kJ
mol C3 H6

kJ
mol C3 H6

kJ
mol

kJ
mol

kJ
mol

7.7
7.7

5.8
5.8

9.0
9.0

7.5
7.5

3.4
3.4

Table 3. i-Polystyrene: some thermodynamic data derived
from the experiments.
∞
Tmc
◦

C

310

∞
Tac
◦

∞
Tam
◦

C

266

T (Xs )
◦

C

>230

C

230

∆hac

∆ham

σacs

kJ
mol C8 H8

kJ
mol C8 H8

kJ
mol

9.3

>5.1

8.7

Table 4. Poly(-caprolactone): some thermodynamic data
derived from the experiments.
∞
∞
∞
Tmc
Tac
Tam
T (Xs )
◦

C

135

◦

C

◦

C

100 >60

◦

C

∆hac

∆ham

σacs

kJ
mol C6 H10 O2

kJ
mol C6 H10 O2

kJ
mol

17.9

>8

8.4

60

Even if the thermodynamic scheme is not completely
ﬁxed by the data, one can still carry out an evaluation.
The results are given in Table 3. The heat of fusion ∆hac
has been taken from the literature. From the slope of the
melting line the surface free energy σacs can be derived.
∞
∞
and Tac
Not only the bulk transition temperatures Tmc
are determined by the data but also the crossing point
temperature T (Xs ), following from both, the SAXS experiment and the DSC scans. T (Xs ) sets a lower limit
∞
. Applying
for the unknown transition temperature Tam
equation (3) also gives a lower limit for ∆ham . It indicates that the mesomorphic phase is again in its properties
intermediate between the melt and the crystalline phase.
Figures 20 and 21 present SAXS and DSC data obtained for poly(-caprolactone). The situation is similar to
that encountered for i-polystyrene: depending on the chosen crystallization temperature one observes in the SAXS
experiments both scenarios, structural changes during the
heating for low temperatures, and an invariant thickness
up to the melting point for high temperatures; the observations in the DSC scans correspond to that. Data again
ﬁx the crystallization line, the melting line and the recrystallization line and allow a determination of Xs . For
illustration we also included in the ﬁgure a possible course
for the a⇔m transition line (dotted red). The thermodynamic data derived from the experiments – again only a
partial set – are collected in Table 4. Also for PCL we
ﬁnd for the mesomorphic phase properties which place it
intermediate between the melt and the crystalline state
rather than close to the liquid or the solid state.

7 Concluding remarks
As it appears, the consistency of the data representation
within the framework corroborates the validity of the

Fig. 20. SAXS data of PCL [4]: crystallization line (green),
melting line (blue), recrystallization line (ocher) and crossing
point Xs . A possible course of the a⇔m transition line (broken
red).

Fig. 21. PCL: DSC melting curves obtained after crystallizations at various temperatures between 37 ◦ C and 47 ◦ C
(heating rate 10 K/min), indicating a crossing point temperature T (Xs ) = 60 ◦ C [4].

proposed thermodynamic multiphase scheme. In particular, the correct description of the two modes of structural
changes upon heating after crystallizations at low and high
temperatures looks very convinving. It may be surprising
that a mesomorphic phase with properties right in the
middle between the crystal and the melt should exist for
all polymer systems, but the experiments indicate it quite
clearly. Indeed, it is the interference of this mesomorphic
phase which generally controls polymer crystallization via
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the selection of the crystal thickness. Of equal importance
for the non-reciprocity of crystallization and melting in
polymer systems is the stabilization process which transfers the initial native crystallites into their ﬁnal stabilized
form.
Although not being particularly simple with its multitude of transition lines the proposed scheme still refers
to an ideal case in the sense that it addresses the melting
behavior of stabilized crystals only. As is demonstrated
by the ﬁnding of straight Gibbs-Thomson melting lines,
these possess deﬁnite properties, i.e., constant values of
the heat of fusion and the surface free energy. In fact, as
is known from various observations, not all the crystals
experience a stabilization. In particular those which develop at later times often remain in the native or in an
only partially stabilized state. Their presence shows up,
for example, in the thickness change during heating of the
cold-crystallized sPP shown in Figure 15. Stabilized crystals would not change their thickness up to the temperature at which the recrystallization line is reached, as it is
observed for a crystallization at 100 ◦ C. In case of the sample crystallized at room temperature thickness changes
set in immediately, which indicates that at least a part
of the lamellar crystallites has remained in the initial native state. Even a small temperature increase then brings
them back into the mesomorphic state, from where they
recrystallize again after some thickening. At the present
state of investigation, there is not enough information on
the nature of the stabilization process to incorporate it
explicitly into the scheme.
Conventionally the stability variations showing up in
the broad melting range observed also after an isothermal crystallization at high temperatures were primarily
associated with thickness variations. However, this view is
contradicted by the experiments. There was never an indication in the SAXS experiments for a change in the thickness distribution during heating. Our treatment therefore
associates the variations in the crystal stability after an
isothermal crystallization with variations in the surface
free energy only.
Choosing straight lines for all the transitions in
the phase diagram is of course an approximation, the
same one which leads to the corresponding equations in
Section 4. There are cases, where the data justify this linearization approximation, as for example the s-PP crystallization line in Figure 8 which straightly extends over
a range of 100 ◦ C. Existing curvatures would modify the
three bulk transition temperatures, but it is diﬃcult to estimate the amount of these changes and thus the accuracy
of the values given in the tables.
Acknowledging the importance of the mesomorphic
phase for the crystal formation in polymers a legitimate
question comes up: why has its occurrence not been reported so far, or only in special cases like the polyethylene crystallization at high pressure? In particular, there
exist now many AFM observations with high resolution
but so far no images which would have the character of
the sketch of Figure 8. The answer 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 formation would then resemble the formation of a nucleus, and
the building of a crystal lamella consequently a repeated
self-supported and guided nucleation. That crystal nucleation can be facilitated by a passage through an intermediate phase is known since Ostwald’s time, and it is
corroborated by convincing experiments, for example, by
the nucleation studies on n-alkanes carried out by Sirota
et al. [26]. 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. [27] reported in one work a certain weakness of the front zone of growing polyester lamellae and related it to perturbations of the crystal structure.
On the other hand, there exist signals for the transition into the mesomorphic phase which have already
been observed by many people, namely, the often reported
low temperature endotherms showing up in DSC scans a
few degrees above the crystallization temperature. In the
framework of the scheme not only the weak endotherms in
the DSC scans of i-polystyrene in Figure 19, but also the
low temperature endotherms in the curves observed for
sPP-Mitsui (Fig. 16) have to be associated with a short
transition of native crystals back into the mesomorphic
state – short because it is immediately followed by a recrystallization. Typically, these signals move to lower temperature when the heating rate is decreased, as it is to be
expected for a competition between a crystal dissociation
and an immediate reformation.
If the mesomorphic phase extends only over a few
nanometers and is passed through very rapidly one may
ask about the justiﬁcation of the use of the basically
macroscopic notion of a “phase”. In fact, such a use does
not look problematic in view of the succesfull application of the Gibbs-Thomson equation for the melting point
depression even for nm-sized crystals. Also important to
note: assuming a passage through a transient mesomorphic phase diﬀers from assuming the existence of a transition zone between crystal and melt with a continuous
change of the state of order. A transition zone can always
be incorporated into a thermodynamic treatment via an
eﬀective surface free energy. Then crystal sizes would be
controlled by the supercooling below the equilibrium melting point, but this disagrees with the observations.
There exist certainly more questions and additional
observations. Hopefully, the proposed scheme can serve as
a sound basis to discuss them. It appears that it takes up
main properties of polymer crystallization and melting in
correct manner.
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