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and kept there for ca. 2 min until the SAXS and the WAXS appeared to
be vanished. Then the samples were quenched to a crystallization
temperature (130°C, 126°C, 120°C). Isothermal crystallization was
studied in the following 30 min. Finally the samples were either
quenched (20°C/min) or cooled (2°C/min) to ambient temperature.
Data Recording at ESRF. Data were recorded using two two
dimensional detectors (one detector for the collection of ultra small
angle Xray scattering patterns in a distance of 10 m to the sample,
and an offset wideangle Xray scattering detector close to the
sample). In the critical regions of the temperature profile the cycle time
was set to 7 s. This setup facilitates insitu optimization of the exposure
time.
Data Recording at HASYLAB. Results of similar experiments
obtained with only one old USAXS detector at beam line BW4
(HASYLAB, Hamburg) have already been submitted for publication.46
At HASYLAB several compromises had to be accepted because of the
old detector and the low brilliance of the beam line. Cycle time was
2 min, and detector sensitivity was manually changed during the
experiment.
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ABSTRACT
The structure transfer between an oriented polymer melt and the
solid semicrystalline state is central for the optimization of materials
properties but still not sufficiently explored. For the first time we
present real space image series of the nanostructure evolution genera
ted by Fourier inversion from highresolution timeresolved twodimen
sional smallangle Xray scattering (SAXS) images and related wide
angle Xray scattering (WAXS) patterns recorded at the ESRF,
Grenoble (cycle time 7 s, exposure 0.1 s – 3 s). From the continuous
movies detailed insight into the structure transfer mechanisms is
obtained.
Quantitative data analysis has already been performed on similar
data recorded at HASYLAB, Hamburg (cycle and exposure time
120 s). The results show that ordered placement of crystallites is the
exception. There is no lattice. A random car parking process1 is
governing the formation of lamellae “stacks”. The observed long period
is not related to a regular repeat distance, but only to the layer
thickness and the Rényi limit.2 Under these premises not distortions of
some lattice ought to be studied, but order generating mechanisms
should be searched for in the dominant random process. Two such
processes found in our data have been identified.
The highresolution data from the ESRF show that crystallization
is induced by the oriented network of entangled chains. The cool melt
is not homogeneous. Instead, it contains entanglementrich domains of
varying size and orientation. Nucleation appears to be induced at the
ends of these “entanglement strands”. Continuous lateral growth of
primary lamellae is observed from the active sites (no blocks). If both
ends of a strand are fertile, the corresponding lamellae are separated
by the height of the entanglement strand. Growth of lamellae thickness
(outward from the strand end) is observed in the next period. Only in
the last period blockshaped crystals (frustrated lamellae) show up.
They form strong correlations (shortrange lattice) with the primary
lamellae and with each other (Strobl'sblock structure) and, in the end,
dominate the nanostructure and the features of the scattering pattern.
EXPERIMENTAL
Material. Highpressure injection molded rods from Lupolen 6021
D (BASF) were molten and recrystallized in the synchrotron beam of
beam line ID02 at the ESRF in Grenoble. More information on the
material is in a previous paper.3
Melting and Crystallization. At a rate of 2°C/min the samples
were molten in an oven up to a meltannealing temperature of 140°C
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DATA ANALYSIS
2D SAXS patterns with fiber symmetry are transformed into
multidimensional chord distribution function (CDF)7, which is the
correlation function of the nanodomain surfaces in real space. For
quantitative analysis of the crystallite stacking we extract from the
CDFs interface distribution functions (IDFs)8 and analyze these curves
by models based on domain thickness distributions and their
arrangement.
Computer programs are developed for pvwave9 under Linux.
After adaption of the programs to the experimental setup and a frame
byframe control of image alignment, the CDF is computed
automatically. Trying to cope with the flood of data by spot testing led
to false conclusions. So for every snapshot we mount images of SAXS,
WAXS and the CDF (from two different view points) in a composite
picture (programs: PoVRay, ImageMagick). This series is finally
transformed (transcode) into avimovies of about 3 min length which
finally can be replayed (mplayer). Thus the
mechanisms of
crystallization are revealed.

Figure 1. The oriented melt. (a) SAXS, (b) WAXS, (c) CDF, domain
face up (d) CDF, lattice face up. The CDF shows a region | r12, r3 | <
300 nm (cylindrical coordinates in real space. Arrows: meridian. The
WAXS meridian is almost vertical).
RESULTS
Early Stages of Crystallization. Figure 1 shows one of the
images of one of the movies. It describes the nanostructure of the
oriented melt. The SAXS (a) appears diffuse. The WAXS (b) shows
only an amorphous halo. In the CDF (c, d), we observe the staggered
structure of various rows extending along the fiber direction (meridian).

The movie exhibits their volatility. The peaks on the domain face (c)
are resulting from correlations between opposite surfaces of domains
(i.e. from the beginning of a nucleus to its end or to the end of a
neighbor). The peaks on the negative face (d) of the CDF are related
to conjunctions (i.e. from the beginning of a nucleus to the beginning of
a neighbor).

Just as formation of lamellae starts (Figure 2), the most probable
entanglement strand is extending 24 nm in fiber direction and 30 nm in
perpendicular direction. Between the corresponding peaks, on the
meridian, the first lamellae become visible (Figure 3). There is some
WAXS orientation, but it is low.
In the sequel we observe growth of lamellae thickness (no graph
shown here) – away from the nucleating entanglement strand. It goes
along with the improvement of WAXS orientation. Finally the
generation of unoriented, crystalline blocks is observed (Figure 4).
These secondary crystallites are small, unoriented but wellpositioned:
They undergo strong correlations among each other and with the
primary lamellae.
Placement of Crystallites Along the Fiber Axis. The initial
placement of layers along the fiber axis is more or less random and
resembles the random car parking process.1 By analysis of the IDFs
from the primary crystallization regime only a weak ordering process is
found (Figure 5a).

Figure 2. Nanostructure of the oriented melt. Crystallization is about
to start (30 s after the start of quenching).

Figure 5. The order generating processes extracted from model fits of
the SAXS. (a) weak process predominant during the primary
crystallization in the beginning of the isothermal phase. (b) strong
process predominant during secondary crystallization.

Figure 3. Lamellae have extended from the tips of the entanglement
strands in lateral direction.

One coupling constant c describes the weal process. Let c=0.4
(Figure 5a). Then 40% of the lamellae are solos. The rest is correlated.
From this rest, again 40% are organized in duos. The rest is organized
in trios or higher correlation ... . The strong process found by analysis
of the HASYLAB data (Figure 5b) describes nothing but the strong
tendency of the secondary blocks to undergo correlations, which is
clearly shown in the videos of the ESRF measurements. In order to fit
the HASYLAB data novel models for lamellae arrangement had to be
developed, because the crystallization mechanism is inducing a
special kind of correlation: The thick primary lamellae are more or less
uncorrelated, whereas the small crystallites show a considerable
correlation – but only with their closest neighbors.
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Figure 4. Blocks have populated the remnant amorphous zones and
formed shortrange correlated ensembles in which the primary
lamellae are incorporated. The blocks show no preferred orientation.
Related to the row structure we observe a pyramidshaped
correlation made from opposite surfaces of some kind of domain (our
interpretation: entanglement strand) that is extending out into space
and has its maximum at the origin of the coordinate system. Here the
most probable entanglement strand is a single entanglement.
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