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Abstract

During the melting and crystallization of uni-
axially oriented polyethylene small-angle X-ray
scattering (SAXS) and wide-angle X-ray scatter-
ing (WAXS) patterns are recorded simultaneously
and continuously, i.e. with high signal-to-noise
ratio and a time resolution of 7 s. The multidi-
mensional chord distribution function (CDF) is
computed from each of the SAXS patterns and
visualises the nanodomain structure of the mate-
rial in physical space. Thus without application
of a model a detailed and continuous multidimen-
sional stream of data is obtained that reveals the
mechanisms which govern melting and crystal-
lization in the material studied. Finally the CDF is
semi-quantitatively analysed as a function of the
temperature programme.

We find that swarms of small crystalline blocks
which are observed during the heating of the in-
jection moulded rods are melting earlier than the
extended lamellae. Directly after the last lamel-
lae have vanished we quench to a crystallization
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temperature. No formation of blocky crystals is
observed. Instead, before the beginning of crys-
tallization, a mesophase separation into disentan-
gled and entangled regions is indicated. More-
over, row structures of nuclei are observed com-
ing and going. As long as these rows are oriented
in fibre direction, the orientational memory of the
melt is not erased. Crystallization starts in dis-
entangled bundles of chain segments at the tips
of knots (entanglement strands). Fast and con-
tinuous lamellar growth is observed. Most of
the lamellae are positioned at random. Correla-
tions between lamellae are limited to twins which
are formed when lamellae grow at both ends of
the same entanglement strand. Thereafter slow
thickness growth of lamellae is observed, and
in twins this growth is directed outwardly, away
from the entanglement-rich amorphous zone be-
tween them. Only during this period the wide-
angle X-ray scattering (WAXS) exhibits an in-
creasing orientation of the crystals. At a high un-
dercooling or after there is no space for lamellae
any more, secondary crystals (blocks) are formed
that are unoriented but placed in such a man-
ner that correlations among them are high both
in longitudinal and transversal direction. Key-
words Fibers, Polyethylene, SAXS, Crystalliza-
tion, Melting,



1 Introduction

The mechanisms of structure transfer which are
the basis of polymer crystallization have been
studied in polymer science for several decades.
Since industry has returned to the tailoring of
bulk polymer materials, this field is back in the
focus of scientific interest [1-8]. Nevertheless,
the views concerning the nanostructure evolution
are still conflicting, because the experimental data
collected so far are still incomplete. In this paper
we propose and exercise a method that appears
apt to narrow the mentioned gap and is resting
on both in-situ experiments with high time res-
olution using oriented materials, and an advanced
technique of data analysis.

Using imaging methods like atomic force mi-
croscopy (AFM) or scanning near-field optical
microscopy (SNOM) it appears very difficult to
in-situ monitor a structure transfer process exe-
cuted under technical conditions with sufficient
resolution corresponding to both time and space
[9-11]. Utilising X-ray scattering, such exper-
iments are possible, but the recorded data re-
quire mathematical evaluation, as long as it is not
considered to apply simplified notions. Unfortu-
nately a mathematical treatment is still frequently
avoided, and thus the present state of science in
the field of small-angle X-ray scattering (SAXS)
is similar to the state of solid-state NMR before
the multidimensional NMR was invented.

Since several years one of us is developing auto-
mated data evaluation methods for the SAXS aim-
ing at the investigation of nanostructure evolution
processes [12-15]. Fundamental with respect to
this development is the principle of late modelling
which, for the field of SAXS and nanostructure
analysis, has been pointed out early in the work
of Ruland [16-21]. According to this principle
the interesting information concerning the struc-
ture is first extracted from the raw data, then vi-
sualised after an appropriate Fourier transforma-
tion, before, as the final step, modelling comes
into play.

Such kind of investigations make substantially
higher demands on the experiment than com-

mon SAXS studies carried out at synchrotrons
with two-dimensional (2D) detectors. If the only
goal is to document that a peak is emerging and
moving, a SAXS setup at a less-advanced syn-
chrotron, a typical sample-to-detector distance of
2 m and a small detector with few pixels is ad-
equate. If a Fourier analysis is the aim, it is no
longer sufficient to be able to recognise a peak
close to the beam stop, the position of that equals
a long period of 100 nm. Then, additionally in-
formation from the USAXS region is required,
which has to be recorded with both high signal-
to-noise (S/N) ratio and high spatial resolution on
a large detector positioned in typical USAXS dis-
tance.

If, today, we combine sufficiently equipped syn-
chrotron radiation facilities with both an ad-
vanced concept of analytics for the investigation
of oriented polymer materials, it becomes possi-
ble to study the processes of structure transfer in
two or three dimensions of physical space. Fig-
uratively, we no longer interpret the fringe struc-
ture of a hologram, but shine light on it and de-
scribe the image that is flashing up. Recently
we have already reported results of corresponding
crystallization experiments [22-24], which have
been carried out with a time resolution of 2 min
at the Hamburg Synchrotron Laboratory (HASY-
LAB). Because of the coarse time pattern some
basic questions concerning the mechanisms of
melting and crystallization remained unanswered.
We found, for example, not only lamellar crystals,
but also distorted lattices from block-shaped ones,
which are much less extended than the lamellae.
Nevertheless, we were not able to enlighten the
genesis of the latter. Alike we observed in our
high S/N-data row structure nuclei before the first
lamellae showed up; two minutes later there was
nothing but a crowd of oriented lamellae placed
at random positions. We postulated that the statis-
tical placement should have been preceeded by a
regular and long ranging “shish kebab” [25] struc-
ture. Now we present the results from an extended
series of experiments that have been recorded
at the European Synchrotron Radiation Facility
(ESRF) in Grenoble, where time resolution was



increased to 7 s at even higher S/N-ratio as com-
pared to the earlier studies. Utilising such a fine
time pattern at high data quality we are entering
the new field of continuous and multidimensional
investigation of nanostructure evolution, and thus
achieve new vistas concerning the mechanisms
that are governing the processing of polymer ma-
terials, as has already been pointed out in a short
communication [26].

In order to record such data streams, a powerful
X-ray source and two modern two-dimensional
(2D) detectors are required. The concept of scat-
tering pattern analysis developed by us utilises
methods of image processing that have success-
fully been applied in medical technology for
years. Combined we obtain a detailed image in
physical space of the correlations among the sur-
faces of the crystalline domains. This image is
the multidimensional chord distribution function
(CDF) [14, 27, 28].

In particular during the period of nascent nanos-
tructure the CDF is a favourable tool, because
it perfectly discriminates the emerging structure
(correlation peaks in the CDF) from the chaos
(CDF vanishing everywhere). On the other hand,
the interpretation of such weak pre-crystalline
structures never seen before appears to be suscep-
tible to misinterpretation to a considerable extent.

As here we report results of an in-situ study of
polyethylene crystallization, we continue a series
of papers [29-31] aiming at the advance of un-
derstanding structure transfer between a polymer
melt and the solid state.

2 Experimental

Highly oriented polyethylene (PE) rods are
prepared from commercial material, cautiously
melt-annealed in a furnace, and finally crystal-
lized in the synchrotron beam of an ultra small-
angle X-ray scattering (USAXS) beam line. In
the majority of the experiments orientation is pre-
served, although the nanostructure itself changes
completely.

Commercial high-density, low-branched

Ziegler-Natta type polyethylene is used for
our experiments (Lupolen 6021 D, BASF,
Mw=182 kg/mol, M,=25 kg/mol, density
0.962 g/cm3, melt index 0.2). In order to
achieve high orientation, an equilibrated, low—
temperature melt (160°C) is injected into a cold
mold. Maximum mold pressure is 444 MPa
and final mold pressure 336 MPa after 180 s.
In the differential scanning calorimetry (DSC)
the material exhibits bimodal melting with peak
maxima at 131°C and 141°C.

As a result of this high-pressure injection-
moulding (HPIM) process, rods of 10 cm length
and a diameter of 6 mm are obtained. Inspection
by the eye exhibits a core-shell structure with a
core diameter of 2.5 mm. Samples for the present
investigation are sectioned [32] from the shell
of the rod using a low-speed diamond saw. In
tests carried out during previous experiments [32]
we ascertained fibre symmetry by comparing the
scattering patterns before and after turning the
samples by 90° about fibre axis and finding no
difference.

The experiments are performed in the synchrotron
beam line 1D02 [33] of ESRF. The wavelength
of the X-ray beam is 0.1 nm. USAXS images
are collected by a two-dimensional position sen-
sitive XRII-FReLoN (“X-Ray Image Intensifier,
Fast Readout, Low Noise™) CCD detector devel-
oped at ESRF (driven in1024 x 1024 pixel mode
of each 0.164 x 0.164mm?, 14 bit resolution).
The sample-to—detector distance is set to 10 m.

Wide-angle X-Ray scattering (WAXS) is simul-
taneously recorded using a MCP-Sensicam CCD
detector positioned [34, 35] at a short distance of
the sample.

Samples of 2 mm thickness are mounted in a
Mettler-Toledo FP82HT hot stage and subjected
to a temperature programme. Temperature is
measured using a separate thermo couple being in
direct contact with the sample. USAXS exposure
is varied during the experiment between 0.1 s and
3 s in order to always use the full linear range of
the detector, i.e. in every image the most intense
pixel is exposed to about 14000 counts. The inci-
dent beam is attenuated by a factor of 10 in order



to keep the exposure in a reasonable range with
respect to the available timers and counters. A
minimum cycle time of 7 s between two snapshots
provides for both control of exposure and data
storage (4 s) of single snapshots. We use to start
with an exposure of 0.3 s as soon as the material is
reaching a temperature of 120°C, then decrease it
to 0.1 s up to the moment when most of the mate-
rial is melting. Thereafter we instantly increase to
3 s and finally slowly adjust to lower exposure.
The CDFs presented in Figure 2 are computed
from scattering patterns which have been exposed
for 3 s each.

The flexible concept of a general experiment con-
trol by small programme modules under Linux
which communicate via pipes has been a crucial
prerequisite for the ad-hoc implementation of the
dynamic exposure control.

3 Dataevaluation

A major problem concerning time-resolved 2D-
experiments is the sifting and evaluation of the
data flood. In 3 days we have accumulated 30 GB
of data. In order to pre-evaluate the huge amount
of scattering patterns we have adapted our evalu-
ation programme to the actual local experimental
conditions and have added a parameter tracking
system. As a result, the most frequent action of
the user is nothing but a mouse click that con-
firms the computed proposal concerning centre
and alignment of the pattern. Utilising this proce-
dure the pre-evaluation can be carried out in tol-
erable time. Thereafter the scattering images be-
longing to a series are automatically transformed
to the multi-dimensional CDF of a nanostructured
sample with fibre symmetry [14,22,32].

For the purpose of visualisation the CDFs are, in
general, plotted in a logarithmic intensity scale.
The obvious method to handle negative values is
described upon request. For the plot an upper
level of interest in the CDF is scaled to a value of
100. A mask eliminates all values below 0.1. The
logarithm is taken. An inverted copy of the CDF
is treated the same way and re-inverted. Both par-

tial surfaces match and, “glued together”, yield a
continuous 3D surface in a logarithmic scale.

Concerning the next step, i.e. sifting of the CDF
results, a manual survey has proven inapplica-
ble. In order to take advantage of the continuous
multi-dimensional data stream, adapted presenta-
tion tools have to be built in order to become able
first to comprehend the dynamics of the process,
and, second to properly describe it.

Therefore we have programmed animation tools.
In the most simple case we choose a fixed view-
point and scale, load one CDF after another from
the hard disk, and display it on the computer
screen. Such an animation cannot be controlled
by the user, the built-in display quality of our data
evaluation language pv-wave [36] is insufficient
for our purpose, and we can only watch single 3D
functions viewed from a single viewpoint. In or-
der to improve the practical value of the animation
we have rendered the data from each shapshot
(USAXS, WAXS, CDF from two viewpoints) us-
ing a ray-tracing programme (PoVRay 3.1), have
combined them in a composite image and, in the
final step, have merged the series of compos-
ite images to make it a movie. Format conver-
sions and image composition are carried out by
the modules of the ImageMagick package. The
movie is generated by transcode.

Ultimately, as the control functions of the pro-
gramme mplayer are used to replay the movies,
the essential phases and processes of nanostruc-
ture evolution become evident. All the pro-
grammes mentioned (except for pv-wave) are free
software and have been developed by the commu-
nity of Linux programmers.

4 TheCDF of distorted structures

The structure evaluation method used in this
report extracts the information on the sam-
ples nanostructure (i.e. a topology p(r) €
[pcryst, Pamorph] of phases with distinct densi-
ties) from two-dimensional (2D) SAXS patterns
with fibre symmetry. The CDF z (r) is an “edge-
enhanced autocorrelation function” — the auto-



correlation of the gradient Vp (r), or the Lapla-
cian A (p*2 (r)) of Vonk’s multidimensional cor-
relation function [37] p*2 (r). It shows peaks
where ever there are domain surface contacts be-
tween domains in p (r) and its displaced ghost as
a function of ghost displacement.

Thus, compared to the correlation function
p*2 (r), the effect of the CDF is “edge enhance-
ment”, if we apply the terminology of the field
of digital image processing. This means that for
multi-phase systems the interpretation of the CDF
is obvious, but from its mathematical definition it
is not restricted to such systems and, therefore,
can be applied to deliberate distributions of den-
sity p (r) in space. However, in the latter case its
interpretation may be difficult or even impossible.

If, in the sequel, we take the chance to as well
interpret the distorted structures observed in the
CDF of the cool polymer melt, then we apply a
similar method of edge enhancement as astron-
omy when it is using the very Laplacian opera-
tor [38, 39], in order to visualise details in pho-
tographic images of the universe. Similar to our
case, the mentioned images cannot be described
by a small number of discrete phases. Nev-
ertheless, the mathematical operator acts edge-
enhancing and visualises details, which are dif-
ficult to find in the raw data. Admittedly, the in-
terpretation of such details is to some extent spec-
ulative. On the other hand, there are several rea-
sons encouraging us to publish our data and our
interpretation:

1. We are reproducing the structural details in
all experiments on this material during the
last four years — and now even on a totally
different instrument.

2. We are able to erase the observed details de-
tails in the CDF by heating the melt to a
higher temperature.

3. The danger that the features are artifacts
which are generated by Fourier transforma-
tion of noisy data is much smaller now be-
cause of the very good S/N-ratio achieved
at the ESRF beam line. Single adulterated

scattering patterns are easily detected in the
extended series due to the short cycle time
between snapshots.

4. The reported measurements with high time
resolution exhibit for the first time that
an initially monotonous CDF feature first
changes to form discrete peaks (i.e. a
mesophase), before crystallization is start-

ing.

5 Results

5.1 Fromtheinjected rod totheoriented
melt

The nanostructure as reflected in the CDF.
Our experiments start from highly oriented,
HPIM-PE rods which, in a first step, are slowly
melted. In contrast to an earlier paper [32] it now
has become possible to record the structure trans-
fer with high accuracy and quasi-continuously.
Figure 1 shows three phases during the heating.

The presented CDF of the melting semicrystalline
material describes the correlations among domain
surfaces. In the present paper the functions are al-
ways scaled to a constant maximum amplitude,
because we are focusing on the investigation of
topology variations. In the left column (Fig-
ure la) the typical triangular peaks of lamellar
domains are observed with their surface normals
oriented parallel to the fibre axis, as was already
reported in previous work [32].

Figure 1b demonstrates the transitional stage be-
tween solid and melt. The corresponding movie
clearly exhibits the regression of the lamellar
structure which is accompanied by the emerging
of a novel kind of structure, which is characterised
by a narrow negative ridge on the meridian of the
CDF. We address this feature by a row structure .
It is worth to be noted that a “shish” made from
a bundle of straightly extended chains would be
characterised by two close, narrow and positive
ridges extending on both sides of the meridian.
The negative ridge can only be explained by a
modulation of electron density, and the observed



126.9°C -00:08:06 136.9°C

a

0N0:03:06

\

Figure 1: Heating of HPIM-PE. The images show the CDF in a logarithmic intensity scale watched
from a top viewpoint (top) and a bottom viewpoint (bottom), respectively. The fibre axis (meridian)
is indicated by an arrow in the base plane. The clips represent an area of 300 nmx300 nm. Times are
computed with respect to the moment of quenching the melt.

shape of the peak indicates a peculiar probability
distribution of long periods according to an expo-
nential fall off.

Outside the meridian we, additionally, observe
strong and diffuse positive regions that, in the
course of melting, are more and more veiling the
lamellar peaks on the top face of the CDF. For-
tunately the CDF shows a second and clear fea-
ture related to lamellae-shaped domains that is
not veiled during the process of melting. If we
turn the CDF upside down (Figure 1b, bottom)
the self-correlation peak of a lamellar system (cf.
[14], Figure 9) is found on the equator. In the plot
it is almost looking like a triangle. During the
melting process the width of this triangle is nar-
rowing continuously. Thus the lamellae are melt-
ing continuously from their edges. There is little
evidence of a subdivision process into blocks.

In a previous paper [22] we reported the results
of a survey carried out at HASYLAB. A few min-
utes before melting a block structure (i.e. floes in
planes with their normal parallel to the fibre direc-
tion) had sometimes been observed. Because of
the outdated detector at beam line BW4 the evo-

lution of this block structure could not be studied.
In the experiments from the ESRF presented here
we use only 10% of the incident intensity, adjust
to a tenfold S/N-ratio and a 15fold time resolu-
tion. Again we sometimes find modulations of
the triangular peaks that indicate the presence of
arranged blocks. Nevertheless, now the continu-
ous stream of data reveals that such block struc-
tures vanish before the lamellae themselves start
to melt, and that the observed blocks are less sta-
ble than the lamellae.

Admittedly, there is a feature observed during
melting that we first took for an indication of
a block structure during melting when we sifted
through the images one by one. It is related to a
negative ridge subdivided in three parts (Figure 1b
bottom) that is extending parallel to the merid-
ian in a distance of 200 nm. Observing the cor-
responding videos it becomes clear that this fea-
ture does not grow in phase with the melting of
the lamellae. Instead, it is correlated both to the
four diffuse positive domain peaks that are veil-
ing the lamellar triangles (Figure 1b, top) and the
sharp row structure on the meridian (Figure 1b,



bottom). Moreover, the discussed negative ridge
is found outside the range of lamellae extension,
and thus can hardly indicate a decomposition of
lamellae.

The row structure. At the end of the melting
we still observe a small bulge in equatorial direc-
tion indicating the presence of crystallites (“ke-
bab™). Just when this bulge has vanished, the
discrete WAXS has vanished as well. Neverthe-
less, the row structure is surviving the melting
of the crystallites (Figure 1c). In this phase of
the melting there is no preferential distance be-
tween the row nuclei, else the meridional triangle
should be subdivided into a sequence of peaks.
If, moreover, the nuclei would show a rather uni-
form height (in fibre direction), then, in addition,
we would expect discrete peaks pointing upwards
on the meridian (in Figure 1c, top). However,
there we only find a diffuse positive region ex-
tending far out into space. The structural feature
behind this CDF feature cannot be explained by
the row structure itself. So, although this is only
a poor approximation of structure with respect to
the observed regime of a cool melt, let us use the
notion of domains and answer the question, in
which simple case we would observe a positive
region in the CDF. The most simple explanation
is some weak segregation in the melt, and in this
case the positive signal z (r') at some displace-
ment r’ would measure the probability of find-
ing a chord crossing a “homogeneous” domain of
length and direction given by r’. Prerequisite is
that there are no correlations among the regions
of segregation. The structure and its evolution
shows that such segregation-domains are associ-
ated to the row structure and reach out into space.
Therefore we call them “row structure associated
domains”, RADs. We recognise that the diffuse
positive regions in the CDF are characterising a
volume in correlation space that is governed by
such RADs.

In Figure 1c, top, an indentation on the equator re-
flects an aspect of memory concerning the lamel-
lar structure of the precursor material: With re-
spect to the beginning of a RAD its end is pref-

erentially found in a distance A along fibre direc-
tion. A shrinks during the progress of melting,
and the longitudinal extension of the RADs be-
comes more and more statistical. Finally, in the
melt there is no preferential RAD extension any
more. However, let us go back and, again, com-
pare this image to Figure 1b, top, where still a
much stronger modulation of the RAD structure
is observed. There a majority of the RADs is still
restricted to regions whose extensions in fibre di-
rection are given by the average amorphous thick-
ness, A, in the lamellae stacks of the precursor
injection moulded rod.

The ultimate orientation preserving structure
of the melt. Figure 2 shows some of the CDFs
recorded close to the melting point. Although the
intensity of the row structure is decreasing by two
orders of magnitude, its principal shape remains
similar for a considerable period when the melt-
annealing temperature of 140°C is reached (Fig-
ure 2a) (recent test measurements show that even
after 20 min at 140°C the basic topology remains
unchanged). Nevertheless, during the period of
constant temperature one feature of the topology
is vanishing (Figure 2b). It is related to the melt-
ing of the last lamellae, and the corresponding
change of the diffuse scattering can hardly be de-
tected during the course of the experiment.

Because during our experiments we expected the
ultimate orientation preserving structure to be de-
stroyed after a long period of melt-annealing, we
have only kept the samples at the melt-annealing
temperature for 2 min, and thus sometimes have
not reached the pure ultimate orientation preserv-
ing structure of the melt that is shown in Fig-
ure 2b. In the other experiments we have got stuck
in a densely populated row structure with a few
isolated lamellae persisting (Figure 2a). This dif-
ference has a consequence on the following pro-
cess of crystallization that is reported in section
“Crystallization from the oriented melt”.

The ultimate orientation preserving structure is a
sparse row structure (Figure 2b) and exhibits on
the meridian of the CDF a statistical ensemble of
rows. Each row is made from nuclei of varying



Figure 2. The last phase of HPIM-PE melting and the beginning of quenching. The images show the CDF
in a logarithmic intensity scale watched from a top viewpoint (top) and a bottom viewpoint (bottom), respec-
tively. The fibre axis (meridian) is indicated by an arrow in the base plane. The clips represent an area of
300 nmx 300 nm. Times are computed with respect to the moment of quenching the melt

thickness but well-defined long period, and dur-
ing the period of melt-annealing the thicknesses
of the nuclei become more homogeneous, so that
now positive and negative peaks show up, as is
expected for a simple one-dimensional lattice of
homogeneous nuclei. In the raw data scattering
pattern the corresponding layer line is not directly
observed, but the interference function (computed
by projecting the scattering data and applying the
Laplacian in reciprocal space) shows the feature.
In addition, on the top face of the CDF we still
observe the continuous and diffuse positive peak
of pyramid shape that is characterising a very
broad distribution of RADs (with the most prob-
able chord of the RADs being an infinitesimally
short one).

In the figure this pyramid is already slightly struc-
tured, and after it decomposes into single peaks
of similar strength as those characterising the ori-
ented row structure, an isotropic phase is ob-
served during the following crystallization pro-
cess. The orientation memory is lost. Neverthe-
less, as long as the oriented row structure is still
observed on the meridian, the result of the fol-

lowing crystallization is a two-component mate-
rial comprising both a highly oriented structure
and an isotropic one [22].

In earlier work [32] on the melting of HPIM-PE
we have reported discrete and regular undulations
on the row structure ridge in the CDF based on
experiments at HASYLAB. Because of the long
exposure required in Hamburg we that time have
integrated the pulsating row structure for 2 min,
and this integration results in the undulations for-
merly observed.

In a short communication [26] the results con-
cerning the structure formation during cooling
and before the first crystallites show up are pre-
sented in combined SAXS/WAXS patterns and
sketches of the nanostructure. Here we only sum-
marise the results.

Now quenching the sparse row structure to the
crystallization temperature we immediately ob-
serve a novel, now less extended nanostructure of
RADs, from which a lamellar structure will grow
that, again, is highly oriented. Due to the high
time resolution we observe that the row structure
itself is only a latent one. In our previous study



[22] based on data accumulated with a coarse time
resolution we had perpetuated the common no-
tion that from a static row structure or a “shish”
(bundle of extended chains) one-dimensional lat-
tices of lamellae should have formed which (dur-
ing the next two minutes needed for exposure)
should have been overgrown by many secondary
lamellae poured in between. Now we observe that
the correlations among most of the nuclei stringed
like beads on a chain are subjected to atrophy,
and we speculate that the creation of a primary
nucleus is going along with the generation of a
harmonic sequence of only latent secondary nu-
clei that extend along the preferential direction
of the polymer chains. A second possible ex-
planation would be to assume that all the nuclei
are converted into crystals, but that the crystal
growth itself is destroying the correlated arrange-
ment among them.

Discussion of the RAD structure. Up to this
point we have described the development of the
CDF in the vicinity of the melting point with-
out modelling the RADs. We have observed that
the lamellae do not disintegrate into blocks upon
melting. Moreover we have found a nanostruc-
ture emerging that is made from a row structure
and row-structure associated domains. What kind
of notions can we associate to these RADs? Cer-
tainly there must be some contrast in electron den-
sity between the RADs and a matrix phase in the
melt.

We assume that the contrast observed is caused
from a different degree of chain entanglement
what the RADs and the matrix phase is con-
cerned. If we write the pyramid shaped pos-
itive peak in the CDF as a chord distribution,
fo (r12,73), in correlation space described by the
transverse coordinate 715 and the longitudinal co-
ordinate r3, the height f, may be associated to
the probability to find the other end of the RAD
chord at (r12,73), and the identification of RADs
with strands of entanglements or knots appears to
be reasonable. Two observations make us assume
that the RADs are entanglement strands and as
such the precursors of the amorphous phase but

not pre-crystals (bundles, nuclei). Firstly, there is
another feature (the row structure) that appears to
be related to nuclei in the melt. Secondly, as crys-
tallization is starting later on, not the crystalline
layers but the amorphous gaps are emerging from
the RADs.

In the oriented melt the RAD peak is a pyra-
mid with its maximum in the origin of correlation
space. So most of the RADs are single entangle-
ments. Nevertheless, some of the RADs reach out
far into space and may be identified by the knot
zones of the entangled network [30, 31]. In the
most extended ultimate melt structure at the end
of the melt-annealing period (Figure 2b) the ex-
tension of the region governed by the RADs is
more than 300 nm in longitudinal direction and
130 nm in transverse direction.

At each side of the central column in Figure 2
more solidified states of the melt are shown. Both
in Figure 2a and in Figure 2c there is no pyra-
mid peak. Instead, the positive peak of the RADs
appears indented both along the meridian and
the equator. A “sofa cushion peak” exhibiting
four lappets has replaced the pyramid. Thus at
this stage of the crystallization process a domain
structure is, for the first time undoubtedly ob-
served. We interpret the observed change of the
CDF from the pyramid to a sofa cushion shape as
a mesophase separation process causing the merg-
ing of single entanglements and other RADs into
an ensemble of better defined RADs of preferen-
tial size and orientation. The most probable RAD
no longer is a single entanglement, but a strand
extending under an oblique angle with respect to
the fibre direction (meridian). As a result of melt
solidification thus we observe a condensation of
entanglements, and a mesophase separation into
entanglement- or knot-strands [30, 31] and bun-
dles [8] takes place. As a function of increas-
ing solidification the relative probability of long-
ranging strands is decreasing. It remains unan-
swered, if this effect is caused from a compression
of existing knot strands or from the precipitation
of additional and less extended strands.



Figure 3: Oriented crystallization of PE from the
RAD structure

52 Crystallization from the oriented
melt

RADs and crystallization. Only 20 s after the
RAD pyramid has been converted into the men-
tioned sofa cushion shape we observe the first
crystals in the CDF (Figure 3a). In the top view
we detect the corresponding tip of the peak on the
meridian exactly between two lappets of the RAD
structure. Because of the strong RAD peaks we
are unable to discriminate the shape of the crys-
tals, but in the bottom view beneath we observe
on the equator the sharp self-correlation ridge of
lamellae on the equator sitting on the background
of the RAD “sofa cushion”. In comparison to
the block shaped nuclei on the meridian that are
still present at this early stage of crystallization
it becomes clear that the first lamellae are not
preceeded by ensembles of blocks arranged on
planes. Shortly after that (Figure 3b) the strength
of the RAD feature on the equator has decreased,
and the extended lamellae are now very clear. In-
specting the RAD peaks we observe that the lap-
pets have become compressed and converted into
thickness distributions of amorphous layers.

Primary crystallization of our polyethylene ma-
terial is finished after the crystal lamellae have
formed. We do not observe series of layer
peaks that would be typical for a lattice of al-

i

24 nm
Y

1

RAD 24 nm

100 nm

-—130nm ——

24¢nm
{

Figure 4: 1sothermal crystallization of PE at 130°C.
Sketch of the characteristic nanostructure of a lamel-
lar twin as indicated by the CDF. The entity is show-
ing two crystalline and one amorphous layer of almost
equal thickness. At the tips of the RADs (row nu-
clei associated structure) primary nuclei are indicated,
from which the twin lamellae have been grown

ternating crystalline and amorphous layers, and
the only observed quartet of peaks related to
non-crystalline structures is readily explained by
a mechanism, in which crystalline layers are
formed at both ends of the same entanglement
strand (Figure 4). We can discriminate the amor-
phous layers from the crystalline ones, because
the maxima of their triangular peaks are displaced
off the meridian. In the structure-ghost con-
struction of CDF peaks this displacement is ad-
ditionally required in order to perfectly match the
bottom surface of one crystalline lamella on the
top surface of its related twin. Because during
the processing this shift is continuously emerging
from the lateral tilt of the most probable RAD, the
RADs appear to have a chaperoning function for
the formation of amorphous layers between cor-
related twin lamellae.

Bundles and knots, blocks and lamellae. In
summary, before the start of crystallization we ob-
serve a phase separation into bundles and knots
(RADs). To us it appears most probable that the
phase separation is driven by the formation of
bundles from parallelised polymer chains which
are not yet crystalline, but crystallizable. A force
generated by bundle growth might then cause the
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Figure 5: Lamellae (a) and a plane tiled with blocks
(b) are clearly discriminated in the CDF. View of the
bottom face of the CDF in the range |ria],|rs| <
150 nm. The r3—direction (meridian) is indicated by an
arrow in the base plane. Both images show the struc-
ture during isothermal crystallization of PE 90 s after
quenching

entanglement strands to become compressed and
tilted. Because of the relatively low molecular
mass of our material the knots do not percolate
[30], and the crystallizable bundle phase is form-
ing the matrix in the cool melt. Only if we were
willing to define the average distance between the
knots in transversal direction as some block ex-
tension, then the crystallization could be said to
be preceeded by a block structure.

Crystal nuclei are supposed to predominantly
emerge from the interface between knots and bun-
dles, and this proposed mechanism is able to ex-
plain the observed association between the entan-
glement strands and the structure of row nuclei.
The generation of a primary nucleus at an inter-
face appears to induce the generation of a row
of secondary nuclei, the whole row being a la-
tent nanostructure only. Crystallization at low un-
dercooling causes the first crystallites to rapidly
and continuously grow into lamellar shape. Most
probably during this process knots are circum-

vented and enclosed in the crystalline domain.

During crystallization at high undercooling we
find that after a short period of time most of
the domains are no longer lamellae. Instead, we
observe planes tiled with blocky crystals (Fig-
ure 5). The two CDFs in the figure show the
situation 90 s after the start of isothermal crys-
tallization at 130°C (Figure 5a) and 120°C (Fig-
ure 5b), respectively. The differences of the
nanostructure are clear. At 130°C we observe
on the equator a strong intensity ridge that is
decreasing monotonously as a function of dis-
tance (triangular peak). The observed disconti-
nuity in the centre is an artifact resulting from the
automatic data evaluation (background scattering
correction). Crystallizing at 120°C, the ridge is
clearly modulated (i) and thus reveals oriented
planes full of blocky crystals. Moreover, on the
meridian we always observe a strong long pe-
riod peak (j) emerging, as soon as blocks are be-
coming the predominant crystalline feature. This
shows that only the blocks, i.e. the secondary
crystallites, are seeking strong correlations (short-
range order, lattice) with other domains, whereas
the primary lamellae occupy volume without any
relation to their neighbours (random car parking
process) [22-24] — as long as the already men-
tioned formation of twins is disregarded.

Nanostructure evolution visualised in movies.
The dynamics of nanostructure evolution during
the crystallization as a function of different tem-
perature profiles are most clearly visualised in se-
quences of 3D representations of the CDF that
are collected in movies (http://www.chemie.uni-
hamburg.de/tmc/stribeck/crys/).  The principal
steps of the crystallization from our oriented but
quiescent melt are sketched in Figure 6.

A semi-quantitative analysis of the nanostructure
and its evolution for the different crystallization
conditions from our experiments is presented in a
following section.
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Figure 6: Sketch of the principal steps of crystallization from a highly oriented, quiescent polyethylene melt as
indicated from CDF-images generated from 2D-SAXS/WAXS image series accumulated during a continuous,
simultaneous in-situ experiment. Knots (entanglement strands, (a)) are represented in a simplified manner by
ellipses. The backbone (b) is a sequence of bundles and knots, not an extended chain crystal. When crystal-
lization starts (c), primary nuclei (p) induce a row of latent secondary nuclei (s) arranged on a lattice along the
backbone. Primary crystallization (d) results in extended lamellae grown from the primary nuclei only. Sec-
ondary crystallization starts (e) with the generation of rows of blocks, followed by (f) the crowding of virtual
planes oriented perpendicular to the fibre direction by unoriented, block-shaped crystals

5.3 Theultimate structure

Back at room temperature all samples show a
two-component nanostructure made from both
lamellae and blocks. The average lateral exten-
sion of the lamellae in the ultimate structure is
lower (70 nm) than that observed directly after the
beginning of the crystallization process (100 nm).

Figure 7 shows the different ultimate structures
which are obtained as a result of different temper-
ature programmes.

In the ultimate structure the longitudinal correla-
tion peak (next strongest peak on the meridian)
has changed its character. The peak that has been
rather narrow when it has started to emerge (cor-
relation between two blocks in fibre direction)
has become a broad triangle. This observation
does not indicate that blocks have merged to form
lamellae, but only that there is no 3D colloidal lat-
tice. On the other hand, a structured arrangement
within a single plane filled with blocks is clearly
indicated by the satellites to the strongest peaks

12

(cf. arrows in Figure 7f). In our cursory study re-
ported recently [22] we crystallized at 127°C, but
found no longitudinal correlation among planes
tiled with blocks. Instead, the longitudinal corre-
lation was found to be restricted to rows of single
blocks. From the former experiment we unfortu-
nately have neither WAXS data nor data concern-
ing the achieved structure of the annealed melt.

The shape of the satellites to the strongest peaks
in the ultimate CDF is indicating the distribution
of block sizes. Blocks are more uniform and big-
ger, if the material is quenched after isothermal
crystallization (Figure 7c,e). As well a crystal-
lization at a low temperature that is, in general,
favouring the formation of blocks provides for
more uniform blocks (compare Figure 7b with
Figure 7a).

If we crystallize for half an hour at a very
low temperature (120°C, Figure 7b), the ultimate
nanostructure is no longer a function of the cool-
ing rate chosen.

The samples which have not completely been
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Figure 7: Oriented crystallization of PE from the
melt. Ultimate nanostructures as revealed in the CDF.
The images show the top view of the CDF in the range
|r12|,|rs| < 150 nm. The r3—direction (meridian) is
indicated by an arrow in the base plane. Indicated are
the crystallization parameters and, in addition, if the
crystals were not completely molten during 2 min melt
annealing at 140°C

molten (Figure 7a,c,f) exhibit their strongest
peaks in the CDF extending on a straight line par-
allel to the equator. In contrast, the corresponding
peaks of the samples which have been completely
molten during melt-annealing (Figure 7b,d,e) ex-
hibit arc-shaped positive peaks. As revealed in
the movies generated from the stream of X-ray
data, the bending is the result of preferential di-
rected thickness growth of twin lamellae during
the isothermal phase, away from the nuclei at the
tips of the tilted entanglement strands. Thus the
central part from the set of three triangles is mov-
ing outward (thickness growth), whereas the outer
triangles (amorphous zone in between) remain at
almost the same position. An explanation for the
different behaviour of the two kinds of samples
appears to be obvious. If the memory of the sam-

ple is not only in the knots of the cool melt, but as
well in remnant crystallites, lamellae grow from
these un-melted crystallites, and a considerable
fraction of the original lamellae is instantly re-
stored.

54 Semi-quantitative evaluation of the
domain structure

A complete evaluation of the high-resolution mul-
tidimensional data from our experiments would
require novel concepts for data evaluation as well
as a multidimensional modelling of the data to be
developed. We do not have the means to surmount
this task in a reasonable period of time. Never-
theless, even at this stage we can acquire more
in-depth notions concerning the structure trans-
fer between the melt and the solid state, if only
we study the positions of the peak maxima in the
CDF. Moreover, the results obtained by such anal-
ysis may result in hints concerning the answer
to the question of how to design more advanced
methods of data analysis.

In any case, a shortcoming of this semi-
quantitative analysis is that it can only be applied
to such peaks in the CDF which are sufficiently
separated from each other. Most clearly this is
the case for the crystallization at 130°C. Here
all the peaks that are of primary interest for the
nanostructure are well-separated. For the mate-
rials crystallized at lower temperature this is no
longer the case, and for analysis we have to pick
clear peaks with a less direct meaning.

5.4.1 Isothermal crystallization at high tem-

perature

Figure 8 shows the variation of nanostructure pa-
rameters as a function of time after quenching to
130°C as determined from the positions of the
peak maxima in the CDF. Only a fraction of the
collected images have been subjected to this anal-
ysis. Cooling rate during quenching is 20°C/min.
Crystallization starts 35 s after leaving the melt-
annealing temperature of 140°C. During the first
100 s the most probable thickness of the crys-
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tallites in the ensemble (filled circles) is 24 nm.
The most probable amorphous gap between twin
lamellae (open circles) is rapidly decreasing from
30 nm to 23 nm. On this level it remains con-
stant for 5 min. The most probable transversal
offset of the crystalline lamellae from twins with
respect to each other (diamonds) is initially con-
tinuously decreasing to 16 nm. Thereafter this pa-
rameter, as well, is constant for 5 min. During this
first 5 min the stable crystalline domain is a fairly
extended lamella (100 nm diameter). In the pe-
riod between 2 min and 5 min we both observe
a continuous increase of the most probable layer
thickness to 27 nm and an increase of the crys-
tal orientation in the WAXS pattern. During this
period of crystallite thickness growth the distance
between both the correlated lamellae is constant.
Thus the semi-quantitative analysis now provides
means to measure the phenomenon of directed
thickness growth that has already been detected
by inspection of the movies. In the image inset in
Figure 8 the proposed average stabilising primary
knot (entanglement strand) is indicated between
the two lamellae.

After the first 5 min the generation of blocky crys-
tals (secondary crystallization) is starting in addi-
tion to the continued formation of lamellae. The
average transversal offset in twins is considerably
decreasing, then becomes more and more diffuse,
and cannot be determined any more for crystal-
lization periods >20 min. The most probable crys-
talline thickness (as measured in fibre direction) is
once again increasing up to a value of 30 nm, but
here we can no longer address this phenomenon
by the term layer thickness growth because — as
is exhibited by the 2D WAXS data measured si-
multaneously [26] — the blocky crystals are ori-
ented at random.

During the final quenching after an isothermal
phase of 30 min the average crystal extension
decreases considerably and the nanostructure be-
comes heterogeneous to such an extent that the
determination of most of the nanostructure pa-
rameters becomes insignificant.
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Figure 8: Isothermal crystallization at 130°C fol-
lowed by quenching. Parameters of the nanostructure
as determined from the maxima of the corresponding
peaks in the CDF

5.4.2 Crystallization during quenching from
the cool melt

Nanostructure is evolving in a different manner, if
the material is cooled from the melt as fast as pos-
sible (20°C/min). Figure 9 presents the structural
data retrieved from the peak maxima in the CDF.
The first crystals are observed when the tempera-
ture has dropped to 130°C. Down to a temperature
of 118°C we only observe the formation of lamel-
lae; at lower temperatures blocky crystals are be-
coming predominant.

During the initial period the average layer thick-
ness (filled circles) drops from 24 nm to 20 nm,
where it pauses a while up to the time when the
formation of blocky crystals is starting. There-
after it decreases to 15 nm. The amorphous in-
terlayers (open circles) and the transversal offset
of twin lamellae (diamonds) are constantly high
during the phase of layer generation. As soon as
the formation of blocks is starting, the transversal
offset cannot be determined any longer and the
average amorphous thickness drops to the level of
the extension of the secondary crystalline blocks.
A longitudinal correlation (solid line) of blocks
in the fibre direction is the first clear indication of
block formation. Particularly distinct are the cor-
responding positive peaks on the positive face of
the CDF. They characterise the distance from the
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Figure 9: PE crystallization during the quenching
(20°C/min) from the melt. Parameters of the nanos-
tructure as determined from the maxima of the corre-
sponding peaks in the CDF

“upper” end of a block to the “lower” end of its
neighbour. Thus the value determined from the
peak position is L + b, long period plus block
extension in fibre direction. The correspond-
ing value (solid line) drops from initially 60 nm
to 50 nm and then remains at this lower level.
For temperatures below 110°C we as well find
a transversal correlation among blocks (dashed
line). According to the peak position the distance
between neighbouring blocks in the (layer) plane
is constant at 43 nm.

As expected, the average crystallite sizes are con-
siderably smaller for the material that has been
guenched from the melt as compared to the mate-
rial discussed before (isothermally crystallized at
a high temperature). Moreover, here there are less
lamellae, and because of the quenching the block
size distribution is relatively narrow. This causes
the nanostructure made from arranged blocks to
become particularly clear in the CDF of this ma-
terial.

5.4.3 Isothermal crystallization at medium

and low temperature

At medium (126°C) and low (120°C) crystalliza-
tion temperature the semi-quantitative data anal-
ysis is more difficult than in the two cases dis-
cussed before, because a superposition of lamel-
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Figure 10: Isothermal crystallization at 126°C. Pa-
rameters of the nanostructure as determined from the
maxima of the corresponding peaks in the CDF. The
long periods are very weak during the first 10 min (lit-
tle correlation among domains), and peak maxima of
block arrangement cannot be determined

lar and block structure is observed almost from
the beginning of the isothermal phase.

Thus during crystallization at 126°C (Figure 10)
a slow decrease of the most probable crystallite
thickness (filled circles) from 24 nm to 20 nm is
observed, and the only other parameter that is eas-
ily accessible is the long period. At the beginning
of crystallization two clear long periods (trian-
gles) are found in the CDF, which merge 2 min
after the quenching. In the beginning the long
period is rapidly decreasing and indicates a pre-
dominantly statistical process of crystallite plac-
ing in the volume (“random car parking” [23]).
Only 5 min after the quenching the most proba-
ble structural parameters have reached their ulti-
mate value. They even do not change during the
quenching after the isothermal phase. From both
the data accumulated at the ESRF and the earlier
data from the cursory study at HASYLAB [22]
we estimate the same lateral distance between two
blocks from the same plane (45 nm).

If the melt is crystallized at 120°C (Figure 11), the
decrease of the crystallite thickness from 24 nm to
20 nm is much faster than in the material crys-
tallized at 126°C. After only 2 min the satel-
lite peaks of blocks arranged in planes (open tri-
angles) are very clear. Initially the distance of
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Figure 11: Isothermal crystallization at 120°C. Pa-

rameters of the nanostructure as determined from the

maxima of the corresponding peaks in the CDF

the satellite peaks from the equator is somewhat
longer than that of the central peak. This means
that the extensions in fibre direction of the blocks
arranged in planes are somewhat thicker than the
most probable thickness of all crystallites. The
reason may be the random orientation of crystal
axes in the blocks. 4 min after the start of the
crystallization there is no more difference.

While the long period is decreasing during crys-
tallization, the average transverse distance be-
tween neighbouring blocks in a plane (dashed
line) is slightly increasing from 50 nm to 55 nm.
As well at this low crystallization temperature, the
final cooling to ambient temperature has no ef-
fect on the average parameters of the nanostruc-
ture. Here, at the lowest crystallization tempera-
ture chosen, even the widths of the peaks and thus
the widths of the distributions of the nanostructure
parameters are neither changed by cooling nor by
variation of the cooling rate.

6 Conclusions

In this paper we have shown that the analysis of
X-ray data from polymer materials recorded with
high resolution in time and space can be carried
out in physical space. It results in a detailed, al-
most continuous data stream which reflects the
evolution of nanostructure during materials pro-

cessing. By application of this method we have
been able to gain a rather detailed description and
notion concerning the mechanisms that control
the formation of crystals in our oriented polyethy-
lene melt.

After a semi-quantitative analysis we, moreover
have obtained curves describing the variation of
nanostructure parameters during the crystalliza-
tion processes investigated. We expect that sim-
ilar studies will contribute to the understanding
of the relationships between process control pa-
rameters and the features of the resulting nanos-
tructure, in particular if the typical industrial pro-
duction stages with respect to polymer materials
processing like fibre spinning, extrusion, straining
or annealing are set up at a modern synchrotron
beam line, monitored continuously by 2D detec-
tors, and finally analysed by advanced data eval-
uation procedures that incorporate the fields of
scattering theory and digital image processing.

Even if the novel combination of experiment and
analysis provides detailed insight into the mecha-
nisms of nanostructure transfer, new limits of cog-
nition become apparent. For example, we now
would wish to be able to discriminate the contin-
ued growth of “early” crystals from the effects
arising from the formation and growth of late
crystals. In order to perform such investigations
it would be desirable to minimise the volume
integration of the scattering method down to a
cross-section far below that of the presently avail-
able microfocus beams, or to advance an imaging
method in a way that it can be used in-situ in a
minimal invasive environment, similar to what al-
ready at this stage can be achieved by utilisation
of X-rays.
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