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Abstract

Structure evolution of highly oriented polyethylene during cautious melting and crystallization is investigated with both high time

resolution and high signal-to-noise ratio by means of small-angle X-ray scattering (SAXS) and wide-angle X-ray scattering (WAXS). The

two-dimensional SAXS patterns are transformed to the multidimensional chord distribution function (CDF) in physical space. The results are

continuous and smooth movies of the nanostructure, which elucidate the mechanisms of the evolution of semicrystalline structure.

We find that in our material crystallization is preceeded by a rather diffuse mesomorphic nanostructure. Based on its variation in relation to

other observed features like row nuclei and crystalline lamellae, we propose to associate it to phase separated regions of entangled and

disentangled chain segments, respectively. The movies show that the mesophase structure holds the key for the understanding of crystallite

orientation and arrangement in the fibre.

q 2005 Published by Elsevier Ltd.
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1. Introduction

The understanding of polymer crystallization is central

for the tailoring of materials properties and again is in the

scientific discussion [1–7]. Nevertheless, the views con-

cerning the evolution of the corresponding semicrystalline

nanostructure are still conflicting, because the experimental

data collected so far are still incomplete. In this paper, we

report first results of a method that appears apt to narrow the

mentioned gap and is resting on both in situ experiments

with high time resolution using oriented materials, and on an

advanced technique of data analysis.

By means of imaging methods like atomic force

microscopy (AFM) or scanning near-field optical

microscopy (SNOM) it appears very difficult to in situ

monitor a structure transfer process executed under
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technical conditions with sufficient resolution correspond-

ing to both time and space [8–10]. Utilising X-ray

scattering, such experiments are possible, but the recorded

data require mathematical evaluation, as long as it is not

considered to apply simplified notions. Many papers have

been published during the last two decades that report on

investigations in which X-ray patterns are collected with a

high time resolution aiming at a ‘peak position analysis’.

For this task images with a typical maximum count of 200

have been reported in many studies. Because of the poor

counting statistics [11] of such measurements the corre-

sponding data are insufficient for a quantitative analysis of

either peak shape or Fourier analysis.

If, today, we combine sufficiently equipped synchrotron

radiation facilities with an advanced Fourier analysis

concept for the investigation of oriented polymer materials,

we are enabled to study the processes of structure transfer in

two or three dimensions of physical space. Recently, we

have already reported results based on corresponding

crystallization experiments [12–14], which have been

carried out with a time resolution of 2 min at the Hamburg

Synchrotron Laboratory (HASYLAB), where this exposure

time is the minimum to guarantee sufficient data quality.
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Because of the coarse time pattern some basic questions

concerning the mechanisms of melting and crystallization

remained unanswered. We found, for example, 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

statistical placement should have been preceded by a regular

and long ranging ‘shish kebab’ [15] structure. Here we

present first results from extended series of similar

experiments that have been recorded at the European

Synchrotron Radiation Facility (ESRF) in Grenoble with a

good signal-to-noise ratio and a time resolution of 7 s.

Utilising such a fine time pattern with scattering patterns

qualified for Fourier analysis we are entering a new field of

continuous and multidimensional investigation of nanos-

tructure evolution, and thus achieve new vistas concerning

the mechanisms that are governing the processing of

polymer materials.

In order to record such data streams, a powerful X-ray

source and two modern two-dimensional (2D) detectors are

required. The concept of scattering pattern analysis devel-

oped by us utilises methods of image processing that have

successfully been applied in medical technology for years.

Combined we obtain a detailed image in physical space of

the correlations among the surfaces of nanosize domains in

the material. This image is the multidimensional chord

distribution function (CDF) [16–18].
2. Experimental section

2.1. Material and setup

Polyethylene samples (Lupolen 6021 D, BASF, thick-

ness: 2 mm) from high-pressure injection moulded [19] rods

are molten and crystallized in the synchrotron beam of beam

line ID02 at the ESRF in Grenoble. Data are recorded using

two 2D detectors. In the critical regions of the temperature

profile the cycle time between consecutive snapshots is set

to 7 s. USAXS images are collected by a two-dimensional

position sensitive XRII-FReLoN (‘Fast Readout, Low

Noise’) CCD detector developed at ESRF (driven in

1024!1024 pixel mode of each 0.164!0.164 mm2, 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 [20,21] at a short distance of the sample.

USAXS exposure is dynamically adapted during the

experiment between 0.1 and 3 s in order to always use the

full linear range of the detector, i.e. in every image the most

intense valid pixel is exposed to about 14,000 counts. The

primary beam is attenuated by a factor of 10 in order to keep

the exposure in a reasonable range with respect to the

accuracy of 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 8C,

then decrease it to 0.1 s up to the moment when most of the

material is melting. Thereafter, we instantly increase to 3 s

and finally slowly adjust to lower exposure.

2.2. Data analysis

Data analysis is carried out with computer programs

developed under Linux and pv-wave [22] in order to extract

information on nanostructure (i.e. a topology r(r)2[rcryst,

ramorph] of phases with distinct densities) from two-

dimensional (2D) SAXS patterns. The result is an ‘edge-

enhanced autocorrelation function’ z(r)—the autocorrelation

of the gradient field Pr(r). Thus as a function of ghost

displacement, r, the CDF z(r) shows peaks where ever there

are domain surface contacts between domains in r(r) and in

its displaced ghost. The CDF with fibre symmetry in real

space, z(r12, r3), is computed from the fibre-symmetric

SAXS pattern, I (s12, s3), of multi-phase materials with

uniaxial orientation [16]. No model is required to compute

the CDF. Apart from uniaxial symmetry we only assume

that the nanostructure is sufficiently imperfect. In the

historical context, the CDF is an extension of Ruland’s

interface distribution function (IDF) [23] to the multi-

dimensional case or, in a different view, the Laplacian of

Vonk’s multidimensional correlation function [24].

Spot testing and interpretation of individual snapshots

from the large series of data turned out to be error-prone. In

order to become able to describe the principal phases of the

process, perception was improved by combining four

patterns (small-angle X-ray scattering (SAXS), wide-angle

X-ray scattering (WAXS) and the CDF from two different

view points) in one picture frame and, finally, by

concatenating the frames into a movie. For this purpose,

the free computer programs PoVRay, ImageMagick,

transcode and mplayer were utilised. In the running movie

the phases of nanostructure evolution become clear, and we

can pick representative frames for the purpose of demon-

stration and an aspired quantitative analysis.
3. Results and discussion

The movies that show the nanostructure evolution in real

space are available for download on the web (http://www.

chemie.uni-hamburg.de/tmc/stribeck/crys/).

Fig. 1 shows one movie frame from the beginning of the

crystallization containing combined measurement data (Fig.

1(a)–(d)) and a sketch of the corresponding nanostructure (Fig.

1(e)). The CDF (c, d) displays the correlations among domain

surfaces in the nanostructure for displacements of 300 nm in

two directions (fibre direction r3 and transverse direction r12,

respectively). Fibre direction is indicated by an arrow in the

base plane of the three-dimensional (3D) plots.

In the cooling melt, we do not only observe the becoming
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http://www.chemie.uni-hamburg.de/tmc/stribeck/crys/


Fig. 1. Structure of the oriented polyethylene 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) vertical,

otherwise horizontal. (e) Sketch of the nanostructure.

Fig. 2. Primary lamellae have formed.
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and passing of crystal nuclei which form row structures

along the fibre axis [25] (Fig. 1, m). In addition, a broad

pyramid-shaped elevation (Fig. 1, k) shows up in the CDF.

According to the mathematical design of the CDF it

characterises correlations between opposite surfaces of

some kind of domains. Because of the broad monotonous

character of the pyramid peak at this stage of the crystal-

lization, the shapes of the corresponding domains are poorly

defined. The movies show that these domains appear

together with row nuclei on the meridian of the CDF.

Thus we decided to call them ‘row nuclei associated

domains’ (RADs). The reason that we dare to address the

RADs ‘domains’ is both in their subsequent evolution

before the first crystals are observed, and, at the time when

crystallization is starting, in the observed correlations

between its distinct features and the developing semicrystal-

line structure. This evolution indicates that the RADs may

be identified by strands in the polymer chain network, in

which chain entanglements are accumulated (Fig. 1, l), the

nuclei being located at the tips of these domains. By strands

of different length and orientation such a structure is initially

diffuse but governing a considerable, nevertheless finite

volume in the neighbourhood of a deliberate nucleus (Fig. 1,

k). The size of this volume is given by the extension of the

pyramid shaped structure observed in the CDF. In the sketch

below the movie frame (Fig. 1, e) it is indicated by a

cylindrical envelope.

Upon increasing temperature of the melt we observe,

how the material is loosing its memory [26]: the volume
controlled by the RADs is shrinking, and when finally the

correlations of nuclei with each other are no longer

restricted to the fibre direction, the material has lost most

of its orientation memory, as the chain entanglements have

become randomly distributed in the melt.

Let us study a melt, the orientation memory of which is

still fairly well preserved. Upon decreasing temperature we

observe that the monotonous distribution of distances

between the tips of the RADs is developing into distinct

maxima which move outward in correlation space (Fig. 2, n)

before any crystallization is observed. At this stage, for the

first time a domain structure is undoubtedly observed. We

interpret the observed transition as a mesophase separation

process causing the merging of single entanglements and

RADs into more compact RADs of preferential size and

orientation. The CDF maxima are not found on the meridian

(fibre axis). Thus the most probable RAD is becoming an

entangled strand that is extending in an inclined direction

with respect to the fibre direction.

Let us continue to watch crystallization and restrict our

demonstration to the case of isothermal crystallization at

130 8C (highest crystallization temperature from our

experimental series). In this case, the different mechanisms

are most clearly separated from each other. In the beginning

of crystallization in the top view of the CDF (Fig. 2, p) peaks

from the first crystallites are showing up on the meridian,

exactly between two RAD peaks. Thus, their average

thickness is similar to the average extension of the RADs in

fibre direction (24 nm). Their lateral extension 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



Fig. 3. Thickness growth (black arrows) of lamellae has finished. Maximum

orientation (white arrows) in the WAXS.

Fig. 4. Swarms of block-shaped secondary crystals are formed (q). The

WAXS becomes isotropic.

N. Stribeck et al. / Polymer 46 (2005) 2579–25832582
correlation triangle that is a typical feature of lamellar

systems [16]. Continuous growth of the base of this triangle

exhibits that most of the lamellae are continuously growing.

Nevertheless, a weak component from blocks arranged in

planes [2] may be present. Although, the SAXS exhibits a

high orientation, the orientation showing up in the WAXS

pattern (pseudo colour image in Fig. 2) is low.

As crystallization is proceeding, the RADs are not

substituted by an uncorrelated semicrystalline nanostructure

in which the sizes of crystalline and amorphous domains are

decoupled from the sizes of the RADs. Instead, the RAD

peaks themselves are gradually compressed in fibre

direction and converted into narrow and offset layer

thickness peaks describing amorphous gaps between

neighbouring lamellae. A similar but reverse process is

observed during the melting of the original material. Thus,

crystallization appears to be accompanied by a peculiar

mesomorphic phase structure, which we associate to the

network [1,27] of the entangled chains in the melt.

Based on these findings we propose a mechanism for the

primary crystallization. According to it, the extension of the

most probable RADs in fibre direction and the lateral shift of

their tips is controlling, the primary lamellar structure. If a

RAD is nucleating crystallites at both of its ends (Fig. 2, o),

then its tips become the centres of two surfaces of offset

neighbouring lamellae that are facing each other. In between

is the amorphous layer with the entanglement-rich RAD.

The inclination of the entangled strands that join two

neighboured lamellae implies a component of lateral

orientation of the corresponding amorphous region, as has

been postulated by one of us in a model of crystallization

from a melt that is containing multi-functional knots of

entangled strands of chain molecules [27].

In the following 20 min we observe that both meridional

peaks visible in the top view of the CDF (Fig. 3, small

arrows) are moving in outward direction. Thus the average

thickness of the crystalline layers is growing, but the

distance between twin lamellae is almost kept constant.

Thickness growth is oriented: away from the entanglement-

rich RAD. During this phase, the observed orientation of the

WAXS reflections is increasing, as is the number of

lamellae during this phase. After about 20 min this

statistical placement process [12–14] of single and twin

layers comes to an end.

During the final stage of crystallization (Fig. 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 distance from the meridian. This

CDF feature is expected for an ensemble of separated blocks

that are placed in a plane (Strobl [2]). Even a little bit earlier

and on the meridian, strong but narrow correlation peaks

start to grow, showing that along fibre direction the

emerging blocks are placed in such a way that they correlate

strongly with each other. Anisotropy of the WAXS is lost

during this phase, demonstrating that the blocky secondary

crystals are not oriented.
In principle, our material passes through these phases

even if the temperature profile 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 crystallization temperature. Nevertheless, in all

our experiments carried out under ambient pressure the

ultimate nanostructure is governed by the above-mentioned

short-ranging networks of ‘frustrated’ crystal blocks. A
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mechanism similar to the two-step process (first extended

oriented lamellae, then imperfect blocky crystallites) of

polymer crystallization observed in situ by us has earlier

been proposed on the basis of transmission electron

microscopic studies [28–30].

It postulates that during growth front propagation at first

‘dominant lamellae’ are formed, which are followed by

imperfect crystallites in ‘subsidiary lamellae’.
4. Conclusions

Our in situ melting and crystallization experiments

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 during processing and service of oriented polymer

materials, in general. The only pre-requisition is that the

process to be investigated can be carried out at a

synchrotron beam line equipped with modern detectors

and in situ control of the exposure. After the evaluation

software is adapted to the actual set-up, the complete

processing beginning from the recorded scattering pattern

up to the combined 3D view of the nanostructure is carried

out automatically. It must be stressed that this non-

optimised straight-forward implementation of automated

data evaluation, visualisation and sequence concatenation

yields movies that are quite smooth. We expect that artificial

variations still observable in the structure at low tempera-

ture can easily be eliminated, if also in this interval of the

experiment the cycle time between two real snapshots is

shortened. This is, of course, a matter of both data storage

and computing capacity.

Nevertheless, we are still far from a desirable on-line

visualisation of nanostructure on a time-scale of 1 s during

the experiment that would provide the experimenter with in

situ feedback. Presently we are able to transform 300

scattering patterns per hour to physical space, and the scene

rendering of a movie takes another 10 h. Thus, in order to

realise in situ feedback, computing power has to be raised

by two orders of magnitude, not considered the present

bottleneck of data readout.

A quantitative evaluation of the full set of crystallization

experiments is reported in a follow-up paper [31].
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