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Abstract

Nanostructure evolution of highly ori-
ented polyethylene during cautious melt-
ing and crystallisation is investigated with
high time resolution by means of small–
angle X–ray scattering (SAXS) and wide–
angle X–ray scattering (WAXS). The two-
dimensional SAXS patterns are trans-
formed to the multidimensional chord
distribution function (CDF) in physical
space. The results are continuous smooth
movies of the structure evolution which
elucidate the mechanisms of structure
evolution.

We find that crystallisation is preceeded
by a peculiar nanostructure which we as-
sociate to the network of the entangled
chains in the melt. This structure holds
the key for the understanding of crystal-
lite arrangement. The next stages of struc-
ture evolution are a fast lateral growth of
lamellae from nuclei located at the ends
of the entangled strands towards regions
with lower entanglement density; thick-

�
Corresponding author. Tel.:+49-40-42838-

3615; fax: +49-40-42838-6008. E-mail address:
Norbert.Stribeck@desy.de

ness growth away from the entanglement
strands accompanied by increase of per-
fection within the layers; and, finally,
the crowding of the remnant amorphous
phase by swarms of secondary crystalline
blocks that form short-range networks
both with the primary lamellae and with
each other.
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1 Introduction

The understanding of polymer crystalli-
sation is central for the tailoring of ma-
terials properties and again is in the sci-
entific discussion [1–7]. As the result
of crystallisation a nanostructure compris-
ing crystalline domains in an amorphous
matrix is formed. We visualise this pro-
cess from two-dimensional (2D) X-ray
scattering data collected in situ at the
European Synchrotron Radiation Facility
(ESRF) with high frequency. Data are
transformed to physical space, yielding
smooth movies of the structure evolution.
In our experiments polyethylene with uni-

1



axial orientation is cautiously molten in
order not to erase the orientation memory
of the melt, then quenched to the crystalli-
sation temperature. The nanostructure is
presented as the multidimensional chord
distribution function (CDF) [8, 9]. By ap-
plication of this method to series of snap-
shots recorded with high frequency we
obtain quasi-continuous movies in which
structure formation mechanisms and their
interrelationships are revealed. Compari-
son with earlier experiments [10–12] car-
ried out at a rate of 30 snapshots per hour
demonstrates that the quasi-continuous
stream of high-quality multidimensional
scattering data is required, if the mecha-
nisms of crystallisation shall be studied.
An essential condition for the experienced
quantum leap with respect to the visual-
isation of nanostructure evolution is the
availability of advanced 2D detectors, dy-
namic control of exposure time for each
snapshot, and a brilliant synchrotron radi-
ation source.

2 Experimental section

2.1 Material and setup

High-pressure injection moulded [9] rods
from Lupolen 6021 D (BASF) are molten
and crystallised in the synchrotron beam
of beam line ID02 at the ESRF in Greno-
ble. Data are recorded using two 2D de-
tectors (one detector for the collection of
ultra small-angle X-ray scattering patterns
in a distance of 10 m to the sample, and a
second offset wide-angle X-ray scattering
detector close to the sample). In the crit-
ical regions of the temperature profile the
cycle time between consecutive snapshots
is set to 7 s.

2.2 Data analysis

Data analysis is carried out with com-
puter programs developed under Linux
and pv-wave [13]. The computation of
the CDF [8] is carried out automatically
using an algorithm which resembles part
of the back projection procedure used in
medical computer tomography. Spot test-
ing of individual snapshots from the large
series turned out to be error-prone. Thus
perception was improved by combining
four patterns (small-angle X-ray scatter-
ing (SAXS), wide-angle X-ray scattering
(WAXS) and the CDF from two different
view points) in one picture frame and, fi-
nally, by collecting the series of frames in
a movie. For this purpose the free pro-
grams PoVRay, ImageMagick, transcode
and mplayer are utilised. In the running
movie the mechanisms of nanostructure
evolution become clear, and we can pick
representative frames for the purpose of
demonstration and an aspired quantitative
analysis.

2.3 The CDF

The multidimensional chord distribution
function (CDF) with fibre symmetry in
real space, 	 
�������������

, can be computed
from the fibre-symmetric SAXS pattern,� 
�������������

, of multi-phase materials with
uniaxial orientation [8]. No model is re-
quired to compute the CDF. Apart from
fibre symmetry we only assume that the
nanostructure is sufficiently imperfect.
The CDF is the extension of Ruland’s in-
terface distribution function (IDF) [14] to
the multidimensional case or, in a differ-
ent view, the Laplacian of Vonk’s multi-
dimensional correlation function [15]. In
the CDF peaks show up, where ever the
displacement of the nanostructure with re-
spect to itself generates areas of domain
surface contact.
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Figure 1: Structure of the oriented polyethy-
lene melt. (a-d): Four views of the measured
data are combined in one movie frame. (a):
SAXS, (b): WAXS, (c): CDF (top view), (d)
CDF (bottom view). Fibre axis in (b) verti-
cal, otherwise horizontal. (e): Sketch of the
nanostructure

3 Results and Discussion

The movies that show the nanos-
tructure evolution in real space
are available for download on
the web (http://www.chemie.uni-
hamburg.de/tmc/stribeck/crys/).

Figure 1 shows one movie frame from
the beginning of the crystallisation con-
taining combined measurement data (Fig-
ure 1a-d) and a sketch of the correspond-
ing nanostructure (Figure 1e). The CDFs
(c,d) display the correlations among do-
main surfaces in the nanostructure for dis-
placements of 300 nm in two directions
(fibre direction

���
and transverse direction����

, respectively). Fibre direction is indi-
cated by an arrow in the base plane of the
three-dimensional (3D) plots.

In the cooling melt we do not only ob-
serve the becoming and passing of crys-
tal nuclei which form row structures along
the fibre axis [16] (Figure 1, m). In ad-
dition, a broad pyramid-shaped elevation
(Figure 1, k) shows up in the CDF which
characterises correlations between oppo-
site surfaces of some domains of irregu-
lar shape. The movies suggest that these
domains are associated to the observed
row nuclei. Thus we call them row nu-
clei associated domains (RADs). More-
over, the process of structure evolution in-
dicates that the RADs may be identified
by strands in the polymer chain network,
in which chain entanglements are accu-
mulated (Figure 1, l), the nuclei being lo-
cated at the tips of these domains. By
strands of different length and orientation
this structure is governing a considerable
but finite volume in the neighbourhood of
a deliberate nucleus (Figure 1,k). This
volume is confined by the extension of the
pyramid shaped structure in the CDF. In
the sketch (Figure 1e) it is indicated by the
cylindrical envelope.

Upon increasing temperature of the melt
we observe, how the material is loosing
its memory [17]: The volume controlled
by the RADs is shrinking, and when fi-
nally the correlations of the nuclei with
each other are no longer restricted to the
fibre direction, the material has lost most
of its orientation memory.

Let us study a melt, the orientation mem-
ory of which is still fairly well pre-
served. Upon decreasing temperature the
monotonous distribution between the tips
of the RADs is developing maxima which
move outward in correlation space (Fig-
ure 2, n). We interpret this phenomenon
as a phase separation process causing
the merging of entanglements into RADs.
The maxima are not found on the merid-
ian (fibre axis). Thus the most probable
RAD is becoming an entangled strand that
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Figure 2: Primary lamellae have formed

is extending in an inclined direction.

Let us further restrict our demonstration
to the case of isothermal crystallisation
at 130 � C (highest crystallisation temper-
ature chosen). In this case the different
mechanisms are most clearly separated
from each other. In the beginning of crys-
tallisation in the top view of the CDF (Fig-
ure 2, p) peaks from the first crystallites
are showing up on the meridian, exactly
between two RAD peaks. Thus their av-
erage thickness is more or less equal to
the average extension of the RADs in fi-
bre direction (24 nm). Their lateral exten-
sion cannot be read from the extension of
the central peak, because it is veiled by
the strong RAD peaks. Nevertheless, in
the bottom view of the CDF we observe
on the equator an extended self correlation
triangle that is a typical feature of lamel-
lar systems [8]. Continuous growth of
the base of this triangle exhibits that most
of the lamellae are continuously growing.
Only a weak component from blocks ar-
ranged in planes [2] may be present.

Although the SAXS exhibits a high orien-
tation, the orientation showing up in the
WAXS pattern (pseudo colour image in
Figure 2) is low.

The off-meridional RAD peaks do not
vanish as crystallisation is proceeding. In-
stead, they are compressed in fibre direc-
tion and converted into offset layer thick-
ness peaks describing amorphous gaps be-
tween neighbouring lamellae. A similar
but reverse process is observed during the
melting of the original material. Thus
crystallisation appears to be governed by
a peculiar nanostructure which we asso-
ciate to the network [1, 18] of the entan-
gled chains in the melt.

Based on these findings we propose a
mechanism for the primary crystallisa-
tion. According to it, the extension of the
most probable RADs in fibre direction and
the lateral shift of their tips controls the
primary lamellar structure. If an RAD is
fertile at both ends (Figure 2, o), then its
tips become the centres of two surfaces of
offset neighbouring lamellae that are fac-
ing each other. In between is the amor-
phous layer with the entanglement-rich
RAD. The inclination of the entangled
strands that join two neighboured lamel-
lae implies a component of lateral orien-
tation of the corresponding amorphous re-
gion, as has been postulated by one of us
in a model of crystallisation from a melt
that is containing multi-functional knots
of entangled strands of chain molecules
[18].

In the following 20 min we observe that
both meridional peaks visible in the top
view of the CDF (Figure 3, black ar-
rows) are moving in outward direction.
Thus the average thickness of the crys-
talline layers is growing, but the dis-
tance between twin lamellae is kept con-
stant. Thickness growth is oriented: away
from the entanglement-rich RAD. During
this phase the observed orientation of the
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Figure 3: Thickness growth (black arrows) of
lamellae has finished. Maximum orientation
(white arrows) in the WAXS

WAXS reflections is increasing, as is the
number of lamellae during this phase. Af-
ter about 20 min this peculiar and more or
less statistical placement process [10–12]
of lamellae comes to an end.

In the final stage of crystallisation (Fig-
ure 4) the broad triangular peaks in the
top view of the CDF are split into a series
of narrow peaks, the strength of which is
strongly decreasing as a function of dis-
tance from the meridian. This CDF fea-
ture is expected for an ensemble of sep-
arated blocks that are placed in a plane
(Strobl [2]). Even a little bit earlier and
on the meridian, strong but narrow cor-
relation peaks start to grow, showing that
along fibre direction the emerging blocks
placed in such a way that they correlate
strongly with each other. Anisotropy of
the WAXS is lost during this phase, ex-
hibiting that the blocky secondary crystals
are not oriented.

In principle, our material passes through

q

Figure 4: Swarms of block-shaped secondary
crystals are formed (q). The WAXS becomes
isotropic

these phases even if the temperature pro-
file is varied, but composition and size
distributions of lamellae and blocks vary
considerably. For example a narrow size
distribution of secondary crystals (blocks)
can be achieved by quenching from a high
crystallisation temperature. Nevertheless,
in all our experiments carried out under
ambient pressure the ultimate nanostruc-
ture is governed by the short-ranging net-
works of frustrated crystal blocks.

4 Conclusions

Our in-situ melting and crystallisation ex-
periments clearly show the evolution of
the ensemble of crystalline domains and
of the correlations among them. The
method developed by us appears apt to
elucidate the nanostructure evolution dur-
ing processing and service of oriented
polymer materials, in general. The only
pre-requisition is that the process to be
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investigated can be carried out at a syn-
chrotron beam line equipped with mod-
ern detectors and in-situ control of the ex-
posure. After the evaluation software is
adapted to the actual setup, the complete
processing beginning from the recorded
scattering pattern up to the combined 3D
view of the nanostructure is carried out
automatically. Nevertheless, we are still
far from a real-time visualisation of struc-
ture on a time-scale of seconds, which
would require an increase of computing
power by two orders of magnitude.
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