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CHAPTER 1 

GENERALINTRODUCTION 

1.1 BACKGROUND 

Ever since it was recognized by Carothers and Hili [I] that a 
continuous chain-extended structure with the chain axis parallel to the 
fibre axis is necessary for obtaining maximum strength and stiffness in 
a polymer, the goal of achieving such a structure has fascinated many 
polymer scientists and engineers. Linear polymers are by virtue of their 
covalent bonding potentially very strong and stiff. 

On the basis of theoretica! considerations, linear polyethylene (PE) is 
a promising candidate for obtaining high-strength/high-modulus structures. 
In the crystals the PE chains are ordered parallel in a planar zig-zag 
conformation. Furthermore, the absence of pendant groups implies that 
a linear PE chain has one of the smallest cross-sectionat areas amongst 
all synthetic macromolecules. Consequently, the number of load- bearing 
elements per fibre cross section is relatively high, provided the chains 
are fully extended in the fibre direction. 

In literature semi-empirica! estimates of the tensile strength along the 
chain direction vary for PE between 16 and 36 GPa, based on loading 
infinitely long chains to the limit, i.e. rupture of C-C honds [2- 7]. On 
the basis of quanturn mechanica! considerations a tensile strength of 19 
GPa was calculated [8] which was later revised to 66 GPa [9]. The latter 
two values represent the stress required to fragment a crystal at absolute 
zero temperature, whereas in reality the stress is measured at finite 
temperatures. Theoretica! estimates of the ultimate modulus along the 
chain direction in a PE crystal range from 180 to 340 GPa [3,10- 15]. 
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In practice, ho wever, the strength and modulus of standard isotropie 
PE are less than 0.05 GPa and 2 GPa, respectively, due to the phenomenon 
of chain-folded crystallization. 

It is known that molecular orientation and chain-extension can be 
introduced effectively by solid-state deformation of PE via techniques 
such as solid-state extrusion or tensite drawing below its melting point. 
Via these techniques oriented structures have been obtained for normal 
and medium molecular weight PE with moduli up to 70 GPa. In most 
cases, however, the resulting strength was found to be less than l GPa. 
The use of very high molecular weight is a prerequisite for high tensite 
strength whereas virtually no molecular weight dependenee is found for 
the modulus if samples are compared at identical draw ratios [ 17 -20]. 
Therefore, in many cases ultra-high molecular weight PE (UHMW-PE) 
is used as starting material for high-strength/high-modulus structures. 

Basically, four different routes have been described in literature by 
which UHMW-PE can be processed successfully to strong PE structures 
(see the recent reviews [21-23] and the references therein). The first 
three routes involve dissolving of the polymer. In a first route the 
polymer is crystallized from the salution (into "shish kebabs") in an 
elongational flow field . In this case the crystallized chains are already 
predominantly highly extended and possess good mechanica! properties. In 
method two the polymer is crystallized from very dilute salution to obtain 
lamellar single crystals. These are transformed into more or less coherent 
films and subsequently drawn, either via tensite drawing, solid-state 
coextrusion or a combination of both. A third and technologically useful 
route involves the preparation of a gel from a semi-diJute polymer salution 
and a subsequent tensite drawing step. This is the so-called gel-spinning I 
drawing process. A fourth route does not need a dissalution step. It was 
found that in some cases as-polymerized UHMW-PE powders can be 
processed into structures with favourable mechanical properties, e.g. via 
solid-state coextrusion , foliowed by tensite drawing. 

Currently UHMW-PE structures with tensile strengths ~6 GPa and 
moduli ~160 have been prepared [24-29]. Needless to say, that via the 
different orientation techniques the theoretical values can only be 
approached, since defects such as chain- ends, chain- folds, kinks, loops 
etc. [30], are always present in the ultraoriented structures. 

With respect to isothermal drawing of solution-crystallized UHMW
PE there are three distinct temperature regions, corresponding to three 
types of deformation behaviour [31 ,32]. In region I, 70 o C to 135 o C, 
the material can be drawn in the solid state, resulting in structures with 
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excellent mechanica! properties. In region 2, ranging from 135 to 155 • C, 
drawing leads to strain-induced crystallization. The sample starts from a 
melt and can be drawn to a lesser ex tent and with lower efficiency, 
compared to the drawing in region I. In region 3, i.e. above 155 • C, the 
sample cannot be drawn to a draw ratio of more than 2 without breakage. 
155 • C sets an upper limit to the drawing. Strain-induced crystallization 
into the hexagonal structure occurs, in which there is an enhanced 
molecular mobility along the chain direction. The material cannot 
withstand the applied tensite stretching force and the sample fractures 
after distinct necking. 

The structure and properties of drawn (solution-crystallized) UHMW
PE have been studied in the past, but details of the deformation process 
are not fully understood yet. Current interest in fibres and tapes is 
focussed on the structural details of high-strengtb/high-modulus materials. 
Many structural models have been proposed in Iiterature to explain the 
remarkable enhancement of the mechanica! properties of semicrystalline 
polymers resulting from uniaxial drawing [33-44]. They are all evolutionary 
versions of early ideas of Mark [45], Staudinger [ 46] and Hess & Kiessig 
[47] for the molecular structure of long chain fibres. The models all 
emphasize the presence of highly oriented polymer chains. They differ, 
however, in the description of the fibre, as consisting of a homogeneaus 
continuous crystalline structure with various randomly distributed defects 
or consisting of a discrete microfibrillar structure with the crystalHtes 
connected axially in various ways. 

For a better understanding of the deformation mechanisms of UHMW
PE in the three different temperature regions mentioned above, the main 
part of this thesis is focussed on structural studies. Since the hexagonal 
crystal structure is not easily obtainable in the case of PE, trans-I ,4-
polybutadiene (t-1 ,4-PB) was used as a model system instead, to study the 
deformation behaviour in the hexagonal phase This polymer crystallizes in 
a pseudo-hexagonal crystal structure between approx. 70 and 140 • C, 
with similar molecular mobility characteristics as the hexagonal phase of 
PE [48]. The terms solution-crystallized, salution-cast and gel-spun, used 
throughout this thesis, have the same meaning unless stated otherwise. 

Ultra-drawn UHMW-PE structures exhibit favourable properties such 
as high-strength, high-modulus, toughness and high resistance against 
light and chemieals [23]. Unfortunately, these oriented structures exhibit a 
rather poor heat resistance and a low creep resistance. The creep property 
makes them less suitable for applications in which static loads are applied 
for prolonged periods. There are possibilities to increase the heat 
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resistance and reduce the level of creep. A second part of this thesis 
covers investigations on these latter two properties. 

1.2 SURVEY OF THESIS 

In Chaoter 2 the influence of the experimental conditions on the 
observed structural developments is investigated. In most studies on 
morphological changes induced by drawing, the analytica) conditions are 
quite different from the actual drawing conditions. Usually a polymer is 
drawn at elevated temperature. Relieving the stretching force as wel! as 
cooling the sample to room temperature prior to a morphological analysis 
can give rise to eertaio artefacts caused by relaxation and/or re
crystallization phenomena. To avoid mis-interpretations, the possible 
introduetion of artefacts is investigated in this chapter by comparing 
results obtained via conventional static measurements and via reai-time 
measurements. 

Subsequently, in Chaoter 3, a detailed structural study on the solid
state deformation of solution-crystallized UHMW-PE is described. This 
study is performed to get a better insight into the deformation process of 
ultra-drawing. A better understanding of the deformation process may help 
answer the question why solution-crystallized UHMW-PE is ultra-drawable 
and melt-crystallized UHMW-PE is not. Furthermore, extrapolation of 
observed structural changes caused by the drawing enables us to propose a 
possible structure of the final, ultra-drawn materiaL 

Chaoter 4 deals with the drawing of UHMW-PE inthemelt in a 
narrow temperature region between 135 o and 155 o C. In this study the 
deformations of melt-crystallized and solution-crystallized UHMW-PE 
are compared. On the basis of results obtained by several techniques, a 
deformation model wil! be discussed. 

Chapter 5 is concerned with the thermal stability of oriented PE 
structures embedded in an epoxy matrix. The favourable mechanica! 
properties and the low density of gel-spun/drawn UHMW-PE structures 
make it an interesting candidate for reinforcement of brittie matrices 
such as cement or epoxy resins. Unfortunately, these PE structures 
exhibit a rather low equilibrium melting point. It is known, however, 
that the melting point of an oriented polymer structure can be raised 
via constraining. Embedding oriented PE in a brittie matrix may 
introduce enough constraining to raise the melting point. 

In Chapter 6 the influence of crosslinking via electron beam radiation 
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is investigated for ultra-drawable solution-crystallized PE. Although the 
mechanica! properties are good in terros of Young's modulus and tensile 
strength, these structures are inherently less stabie with respect to 
prolonged static loading. The long-term properties of high-strength/high
modulus PE mîght be improved via the introduetion of a homogeneous 
crosslinked network. 

In Chaoter 7 a drawing study on t-1 ,4-PB is performed. It shows a 
solid-solid phase transition from a monoclinic into a pseudo-hexagonal 
crystal structure at approx. 70 • C. The characteristics of the high 
temperature pseudo-hexagonal crystal structure are similar to those of the 
hexagonal crystal form in which PE can transform. Since the hexagonal 
phase is more easily accessible to t-1 ,4-PB than to PE, the former polymer 
was used as a model system to investigate the drawability of a polymer 
like PE in the hexagonal phase. Introduetion of molecular orientation via 
tensile drawing appears to be impossible in the high temperature, pseudo
hexagonal phase, because of the high molecular mobility in this phase. A 
possible route to molecular orientation may be solid-state coextrusion, in 
which orientation is more or less introduced via lateral compressive 
forces rather than tensile forces. 

This thesis is based on a collection of publications which have been 
reproduced in part from various journals (Chapters 2-6 and the Appendix) 
[32,49-55] or have been submitted (Chapter 7) [56]. Furthermore some 
papers on related subjects, not presented in this thesis, have been 
published elsewhere [57 ,58]. 
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CHAPTER 2* 

A REAL-TIME SOLID-ST A TE DRA WING STUDY OF 
UHMW- POL YETHYLENE 
-COMPARISON WITH CONVENTIONAL X-RAY RESULTS-

Abstract 
In the past morphological changes, caused by uni-axial drawing of flexible 
po!ymers have been studied mostly under conditions, quite different from 
the actual drawing c.onditions. Cooling ( partly) drawn samples to room 
temperature as wel! as relieving the stretching force prior to a 
morphological study may introduce artefacts, teading to mis-interpretations 
of the results. In order to exclude this possibility, X -ray studies are 
performed in real-time, i.e. during the deformation process. For this melt
crystallized as wel/ as solution-crystal!ized ultra-high molecular weight 
polyethylene (UHMW-PE) has been used. Comparison with X-ray results 
obtained via the conventional methad reveals that the latter methad can 
be used without any problem i/ the results are used for qualilalive 
interpretations of the solid-state drawing of UHMW-PE. For studies of 
deformation phenomena in the initia/ elastic deformable region as well 
as for quantitative X -ray studies, however, reai-time measurements are 
strongly recommended and somelimes even necessary. 

*) Reproduced in part from N.A.J.M. van Aerle & A.W.M. Braam, Makromol. 
Chem. 189, 1569 ( 1988) by permission of Hüthig & Wepf Verlag, Baset, 
and from N.A.J.M. van Aerle & A.W.M. Braam, Colloid & Polym. Sci. 
267, 323 ( 1989) by permission of Steinkopff-Verlag, Darmstadt. 
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2.1 INTRODUCTION 

In order to gain insight into the molecular basis of the mechanical 
properties resulting from uniaxial drawing of polymer materials, extensive 
X-ray studies have been performed in the past. In most cases, however, 
samples were studied via wide angle X-ray scattering (W AXS) and small 
angle X-ray scattering (SAXS) techniques under conditions, quite different 
from the actual drawing conditions. E.g., very often a polymer was drawn 
at elevated temperature but studied with X-rays at room temperature. 
Relieving the stretching force as well as cooling the sample to room 
temperature prior to X-ray analysis, can give rise to artefacts caused by 
relaxation and/or (re)crystallization phenomena. 

If, for example, melt-crystallized ultra-high molecular weight 
polyethylene (UHMW-PE) is drawnat lOO"C and the stretching force is 
subsequently relieved, the sample unavoidably shrinks to some extent. This 
shrinking can be regarded as a relaxation process. Orientational studies on 
such a sample may yield results which are not by definition representative 
of the actual drawing process [ 1-6). 

Discussions about the nature of structural changes caused by uniaxial 
drawing of flexible polymers are influenced by such potential artefacts 
for many years already. To exclude this possibility, reai-time studies 
during the deformation process are necessary. 

For this purpose a stretching device has been designed and built, 
enabling a synchronous monitoring of stress, clamp displacement, oven 
temperature, and SAXS or WAXS patterns during a stretching process at 
elevated temperature. For a detailed description of the apparatus, the 
reader is referred to the Appendix at the end of this thesis or reference 
[7]. In the case of drawn PE tapes, usually exposure times of 30 minutes or 
more are needed to measure a WAXS or SAXS pattern, using conventional 
X-ray equipment. This is far too long for measuring structural changes 
during an actual drawing process. In order to reduce the X-ray exposure 
time to a reasanabie timescale with respect to the total duration of the 
drawing process, the benefits of a very bright synchrotron X-ray souree 
in combination with a two-dimensional detector was used. In this way 
the exposure time could be reduced by two or three orders of magnitude. 

Since only very little is known about the possible introduetion of 
artefacts via conventional X-ray drawing studies, X-ray results obtained 
during and after solid-state drawing of UHMW-PE will be compared in this 
chapter. For this comparative study, melt-crystallized as well as solution-
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crystallized UHMW-PE are used as precursor, because both materials are 
quite different with respect to their initia! morphology and drawability. 
The conventional and reai-time X-ray method of investigation will be 
referred to in this chapter as method A and method B, respectively. 

Method A: samples are drawn at elevated temperature and studied, 
after relieving the stretching force and cooling to room temperature. 
Method B: samples are studied in real-time, i.e. during the drawing 
process at elevated temperature. 

2.2 EXPERIMENT AL 

2.2.1 Sample preparation 

The UHMW-PE used in all studies presented in this thesis was Hostalen 
GUR-412 (Hoechst/Ruhrchemie, Mw=l500 kg/mole, Mn=200 kg/mole). 

Melt-crystallized samples were prepared by compression moulding as
received UHMW -PE powder at 180 o C for a bout 40 min to a thickness of ± 
0.3 mm. The pressed film was subsequently quenched to room temperature. 

Solution-crystallized films were obtained by dissolving UHMW-PE in 
xylene. A 2wt.% suspension of UHMW-PE in xylene, containing 0.5% 
stabilizer di-t-butyl-p-cresol (based on polymer) was degassed under 
vacuum and subsequently heated in a silicone oil bath to approx. 130 ° C. 
During heating the suspension was stirred to a homogeneaus dispersion. The 
stirring was stopped as soon as dissalution starts, as could be observed 
from agglomeration of powder particles and the "Weissenberg effect" around 
the stirrer. The salution was kept at approx. 130 o C for 2-5 h to obtain a 
(macroscopically) homogeneaus solut,ion and subsequently poured into an 
aluminum tray. Crystallization/gelation occurs and the solvent was slowly 
evaporated in a fume cupboard at room temperature for several days. After 
removal of the solvent, the resulting film was pressed at room temperature 
to obtain flat and void free samples. 

The resulting films were cut into tapes of 100x2 mm2. For method A 
tapes were subsequently drawn manually to the desired draw ratio, using 
ink marks. The drawing temperature was chosen to be 100 o C and 120 • C 
for the melt- and solution-crystallized samples, respectively. 

2.2.2 Static X-ray diffraction 

The W AXS and SAXS data for the conventional drawing study 
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were obtained simultaneously with a Kiessig camera, using Ni-filtered Cu 
Ka-radiation generated by a Nonius Diffractis Generator operating at 40 kV 
and 26 mA. The sample to film distances were 67 mm/400 mm for WAXS/ 
SAXS, respectively. For quantitative results, the photographically recorded 
X-ray patterns were densitometerized with an Enraf Nonius micro
densitometer model 1 [8]. For more precise and quantitative SAXS 
measurements a Kratky camera with a line focus of O.lx20 mm2 was used 
with Ni-filtered Cu Ka-radiation generated by a Philips PW 1130 generator 
operating at 45 kV and 35 mA. In all cases the samples covered the whole 
line-focussed X-ray beam of the camera. The scattering intensities were 
recorded photographically (07 Agfa Gevaert film) and densitometerized. 
The sample to film distance was approx. 200 mm. Finally, the data were 
manipulated with the program FFSAXS [9]. 

2.2.3 Dynamic X-ray diffractioo 

The reai-time drawing measurements (method B) were performed 
with a home- built stretching device, described in literature [7] and in 
the Appendix at the end of this thesis. Due to the oven construction, 
structural changes during the drawing process could only be foliowed with 
the X-ray beam directed perpendicular to the tape surface. The PE-tapes 
were drawn at 100 o C (melt-crystallized) or 120 o C (solution-crystallized) 
with a drawing velocity of 0.0044 sec -l. The X-ray patterns were monitored, 
using the synchrotron facilities at the polymer beamline of HASYLAB
DESY (Deutsches ,&lektronen Synchrotron) located at the storage ring DORIS 
in Hamburg. The X-rays, generated at 5.260 GeV and 25-30 mA, were 
monochromatized to a wavelength of 1.61±0.02 Á., as was determined using 
a dry piece of bovine cornea with a sixth order reflection maximum at a 
position corresponding to a d-spacing of 110 Á.. Combining the intense 
radiation with a Westinghouse two-dimensional silicon intensified Vidicon 
detector (TEM 432/R) developed at HASYLAB (DESY, Hamburg) [10-12] 
made it possible to record X -ray patterns every I 0 seconds. The sample to 
detector distance was chosen to be about 9 cm and 205 cm for the WAXS 
and SAXS experiments, respectively. 

The resulting isointensity contour plots were corrected via a two-stage 
background subtraction procedure. The Vidicon detector was equipped with 
a two-dimensional array of 256x256 pixels. First of all each pattem was 
corrected for the intrinsic background of the silicon-target of the detector, 
as arises in the unexposed state [12]. Subsequently, the resulting pattem 
was corrected for the detector characteristic, due to which high X-ray 
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intensity detected by one pixel unavoidably leads to an overall signal 
increase of all 256 pixels of the same row [ 13]. The patterns we re not 
corrected for small differences in sensitivity over the whole detector area 
caused by nonuniformities of the scintillator screen, the photocathode 
and the target. The noise signa! and the dark current of the target of the 
detector were reduced by cooling. 

2.3 RESUL TS & DISCUSSION 

Since the initial morphology and the deformation behaviour is quite 
different for melt- and solution-crystallized samples, this section is 
divided in two parts. In the first part X-ray results, obtained via method 
A and method B, are compared and discussed for melt-crystallized UHMW
PE. In the second part a similar comparative study is described for the 
solution-crystallized counterpart. 

2.3.1 Melt-crystallized UHMW-PE 

2.3.1.1 Deformation behaviour 

In Figure 2.1 the stress-straio curve is presented for melt-crystallized 
UHMW-PE, drawn at 100 oe using the heatable stretching device. The 
stress was monitored synchronously with the clamp displacement and reai
time X-ray patterns. Using an emperically determined calibration curve, 
the detected clamp displacement was correlated with the actual draw ratio 
(see Appendix). The absence of a distinct yield stress clearly indicates a 
homogeneaus deformation behaviour, i.e. without necking. 

"0 
CU 
0 
-I 

Figure 2.1 

5 

Draw Ratio 

Stress-strain curve of melt-crystal/ized UHMW-PE, drawn 
at 100 o C using a drawing velocity of 0.0044 sec -l. 
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2.3.1.2 Wide angle X-ray scattering (WAXS) 

In Figure 2.2 the WAXS patterns obtained by both methods are 
compared. Due to a limited detector size only one quadrant of the 
WAXS patterns could be detected in case of the reai-time study (the 
corresponding detectable area is indicated by a dashed box in two 
conventional WAXS patterns in Figure 2.2a). Close inspeetion of the 
different W AXS results reveal a fairly high degree of similarity, implying 
the absence of large artefacts which could have been introduced in methad 
A. Via method 8 weak signals (e.g. the amorphous halo of PE) are not 
easily detectable because of problems with Vidicon overload due to the 
presence of intense (11 0) and (200) reflections. Despite this, a big 
advantage of method 8 is the possibility to study the elastic deformation 
region, which is inaccessible to the conventional method. 

As can be seen, the orthorhom bic ( ll 0) and (200) reflections are 
split into two arcs on both sides of the equator, at draw ratios up to 1 .8. 
Additionally an equatorial (200) reflection maximum could be discerned 
for all draw ratios studied, indicating that a fraction of all crystallites is 
preferentially oriented with the a-axis perpendicular to the drawing 
direction throughout the whole drawing process. 

Since in the conventional WAXS pattem of a tape with a draw ratio 
of 1.7 the split of the (110) reflection into two arcs can not be discerned 
easily, a densitometric azimuthal <P-scan along the (200) and (11 0) 
reflection was performed. The results, presented in Figure 2.3, clearly 
indicate the presence of two reflection arcs for the (11 0) reflection, 
consistent with the reai-time findings presenled in Figure 2.2b. 

To investigate whether some (re-)crystallization occurs by cooling 
samples to room temperature andjor by relieving the stretching force, 
equatorial 29 scans were compared. To have a comparab1e resolution 
in the 29 scans for both methods, the spotsize of the densitometer was 
adapted. Furthermore, to facilitate comparison between the different 
equatorial 29 scans, the reflection maxima were rescaled in such a way 
that the (11 0) and (200) reflection peaks coincide. Some results are shown 
in Figure 2.4. 

As can be seen in Figure 2.4a, for a draw ratio of 3 the intensity 
minimum between the ( 110) and (200) reflection maxima (denoted by a "*") 
is higher in case of method 8, pointing to the presence of a larger fraction 
of amorphous PE. This result suggests that some (re- )crystallization indeed 
occurs, teading to a smaller fraction amorphous PE in the conventional 
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Comparison of W AXS patterns of a drawing series at 100 • C obtained 
for melt-crysta/lized UHMW-PE via method A (a) and method B (b). 
The corresponding draw ratios are indicated. The drawing direction is 
vertical. "e, o" indicate the position of the primary beam. 
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Figure 2.3 
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360 

Azimuthal diffraction profile of the (110) (a) and (200) (b) 
reflection arcs, recorded via method A for a sample with 
a draw ratio of 1.7. The dashed fine indicates the meridian. 

study (method A). However, as the draw ratio increases up to 5, the 
intensity minimum between the (110) and (200) diffraction coincide for 
both methods (see Figure 2.4b). Apparently the difference in amorphous 
contribution, detected by both methods, decreases as the draw ratio 
increases. 

Additionally, the reai-time WAXS results exhibit increased intensity 
at 29 values of 19 • -20 •, possibly indicating the presence of a small 
fraction of monoclinic PE. It has been shown in the past that under 
conditions of stress the orthorhombic modification of crystalline PE is 
partially transformed into a structure similar to the triclinic form of n
paraffins [14] but more conveniently described in terms of a monoclinic 
modification [15,16]. Characteristic for this structure is a high (OIO) 
reflection intensity with a corresponding d-spacing of 4.56 Á. This 
modification is rather instabie upon heating and usually disappears when 
such a sample is heated unconstrained for a short time to temperatures 
above 70 • C [ 15, 16] (the a-relaxation temperature of PE). In case of method 
B ho wever, the sample is kept constrained at 100 • C via the applied 
stretching force during the drawing experiment. Therefore, some 
monoclinic PE may be still detectable. Furthermore, the existence of some 
monoclinic PE in method B is supported by farmer reai-time measurements 
showing the introduetion of not less than 20% monoclinic modification of 
PE during the drawing of melt-crystallized PE at room temperature [17 ,18]. 
Further research will be necessary for a better understanding. 
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Equatorial 29-scan of WAXS patterns, obtained via 
method A (-) and method B ( ---) for samples with 
corresponding draw ratios of 3.0 (a) and 5.0 (b). 

Finally, it is worth to mention that both reai-time and conventional 
X-ray results are similar to findings for drawn melt-crystallized lower 
molecular weight PE samples [1,2,19,20]. As the draw ratio increases, the 
split reflection arcs contract and gradually intensify on the equator (at a 
draw ratio of a bout 2.1 ), indicating an increase in preferential 
orientation of molecular ebains parallel to the drawing direction. 

2.3.1.3 Small angle X-ray scattering (SAXS) 

In Figure 2.5 the SAXS patterns are compared for both methods. They 
clearly show the formation of so-called four-point patterns, characteristic 
for polymers like polyethylene and polypropylene, at low draw ratios. It 
should be noted that the SAXS pattern of the undrawn sample, recorded 
via method B, imply some anisotropy, which however is mainly caused by 
a difference in geometry of the primary beam ( 1 x4 mm 2) and the circular 
beamstop. Nevertheless, a small part of the initial anisotropy may arise 
from clamping and straightening of the sample in the stretching device. 

As for the W AXS results, the SAXS results show good qualitative 
agreement. Obviously, relieving the stretching force, as well as cooling 
the sample to room temperature prior to study, does not lead to large 
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Comparison of SAXS patterns of a drawing series at 100 • C obtained 
for melt-crystallized UHMW-PE via method A (a) and method B (b). 
The corresponding draw ratios are indicated. The drawing direction is 
horizontal. 

-18-



artefacts due to re-orientation and/or (re- )crystallization. The results, 
presented in Figure 2.5, are also consistent with conventional SAXS 
patterns obtained for linear low molecular weight PE at low draw ratios. 

Both the SAXS and the W AXS patterns observed can be understood in 
terms of a deformation model, as proposed originally by Petertin and co
workers [21-23]. According to this model, chain tilting and slipping occurs 
within the lamellae during the initia! stages of drawing. Subsequently the 
lamellae fracture into small blocks of crystallites which, together with 
non-crystallized material, are incorporated into so-called microfibrils. 

2.3.2 Solution-crystallized UHMW-PE 

2.3.2.1 Deformation behaviour 

In Figure 2.6 a stress-strain curve is presented which is typical for 
a 2wt.% UHMW-PE, drawn at 120 ·c. This curve was obtained in a similar 
way as the curve presented in Figure 2.1. Comparing the curves of Figures 
2.1 and 2.6 immediately shows some substantial differences in drawability. 
Solution-crystallized material can be drawn more than 60 times and shows 
a distinct yield stress, indicating the occurrence of necking. 

"0 

"' 0 
...J 

Figure 2.6 

30 60 
Draw Ratio 

Stress-strain curve of solution-crystallized UHMW-PE, 
drawn at 120 • C with a drawing velocity of 0.0044 sec -l 

2.3.2.2 Wide angle X-ray scattering (WAXS) 

Figure 2.7 shows a typical WAXS series for solution-crystallized 
UHMW-PE, obtained via method A and method B. Also in this case the 
detectable part of the W AXS region for the reai-time method is indicated 
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Comparison of W AXS patterns of a drawing series at 120 • C, 
obtained for solution-crystallized UHMW-PE via the conventiona/ 
method A ( photographs) and via the reai-time method B (contour 
plots). The drawing direction is vertica/. "e, o" indicate the 
position of the primary beam. The corresponding draw ratios are 
indicated. Note that in case of method B the draw ratio between 
2 and 4 is il/-defined. Continued on the next page. 

via a dasbed box in two of the conventional W AXS patterns. Close 
qualitative inspeetion of the different W AXS patterns shows a high degree 
of similarity between the two methods used. Even the biaxial orientational 
characteristic, i.e. a considerable decrease in the (200) reflection 
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Figure 2,7b 
See legend of Figure 2.7a on preceding page. 

intensity as the draw ratio increases, is observable during the deformation 
(method B) and thus indicates that this feature is not introduced during 
cooling of the sample and/or relieving of the stretching force. 

Due to the way in which the undrawn tape is clamped and straightened 
in the stretching device, the sample wiJl already experience some degree of 
deformation prior to the actual start of the drawing experiment. As can be 
seen, the first signs of orientation are introduced almast immediately. A 
similar feature was observed for the melt-crystallized samples. Unfortunately, 
solution-crystallized UHMW-PE films exhibit necking upon drawing as was 
already noticed from the stress-strain curve (Figure 2.6). In the necking 
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region the draw ratio changes quite drastically from approx. 1.2 to 5 (see 
Chapter 3). Since this region covers only a very small area of the tape 
relative to the dimensions of the primary beam ( l x4mm \ thorough 
investigation of orientational changes within this region is impossible via 
method B. 

On the other hand, however, a big advantage of method B is the 
possibility to study the elastic deformation region (between a draw ratio 
of l and approx. 1.2), which is inaccessable to the conventional method A. 
As can be deduced from the reai-time W AXS pattern at a draw ratio of 
approx. 1.1, the (200) reflection almast immediately exhibits an equatorial 
maximum in addition to two reflection arcs on both sides of the equator. 
The ( ll 0) reflection, on the other hand, does not show a distinct 
equatorial maximum at the very first stages of drawing. This indicates 
that a fraction of all crystallites almast immediately tends to orient with 
the a-axis perpendicular to the drawing direction, which is in line with 
findings for melt-crystallized PE samples at very low draw ratios (see 
Figure 2.2). 

For a more or less quantitative comparison of the W AXS results, 
equatorial 29 scans were compared for both methods. In order to have 
camparabie resolution in the 29 scans, the spotsize of the densitometer as 
well as the sample to film distance were adapted in the case of method A. 
To facilitate comparison between the different equatorial scans, the 29 
scale was expressed as s (s=2 · sin9 /.{J. Additionally, the reflection 
maxima we re rescaled in such a way iliat the (I 1 0) and/or (200) reflection 
maxima coincided. The results are presented in Figure 2.8. 

As can be seen, the equatorial 29 curves fit very well for both 
methods, indicating the absence of large artefacts due to re-orientation 
and/or (re-)crystallization in experiments performed by the conventional 
method A. The higher intensity at low 29 values in the case of the 
conventional methad very probably arises from ineffectively fittered white 
radiation. The (200) reflection intensity difference observed for the 
corresponding draw ratio of 5 very probably arises from the inaccuracy in 
determining the actual draw ratio in this region (the ultimate draw ratio 
in the necking region). The WAXS results indicate that relieving the 
stretching force as well as cooling the sample to room temperature prior 
to the X-ray investigation does not lead to significant differences in the 
WAXS patterns if solution-crystallized UHMW-PE is solid-state drawn 
atl2o·c. 
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Figure 2.8 
Equatorial diffraction profiles of W AXS patterns, obtained via 
conventional method A (-) and the reai-time method B ( --- ). 
The corresponding draw ratios are indicated. 
s=2 ·sine !dx' where ~ is the wavelength of the X -ray source. 

2.3.2.3 Small angle X-ray scattering (SAXS) 

Additional information about the possible introduetion of artefacts was 
obtained by performing SAXS measurements, the results of which are 
presented in Figure 2.9. Due to the low resolution of the Kiessig camera used 
(approx. 250 Ä) the reflection maxima are rather poorly resolved in case of 
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Figure 2.9 
Comparison of SAXS patterns of a drawing series at 120 o C. 
obtained for solution-crystallized UHMW-PE via the 
conventional method A (Ie ft) and the reai-time method B 
( right). The drawing direction is horizont al. 
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Figure 2.10 
Meridional diffraction profiles of SAXS patterns, obtained 
via the conventional method A ( Ie ft) and the reai- time method 
B (right). The corresponding draw ratios are indicated . 
s=2 ·sin8/tf.x·~ is the wavelengthof the X-ray source. 

method A. Nevertheless, the resulting photographs are shown for qualitative 
comparison. The nicely resolved reflection maxima for the reai- time 
measurements clearly show the higher resolution of the experimental set-up 
for method B. Close inspeetion of the results shows a high degree of 
similarity between the two methods. 

For a more or less quantitative comparison of the SAXS results, some 
meridional scans are compared. In method A, a Iine-focussed Kratky camera 
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was used to enhance the resolution. The orientation in the SAXS region, as 
can be seen in Figure 2.9, implies that scattering curves obtained with a 
line focus camera and with the sample mounted with the drawing direction 
exactly perpendicular to the slits of the camera are implicitly desmeared. 
The meridional SAXS patterns were corrected for liquid scattering, sample 
thickness, fluctuations in the intensity of the primary beam and background 
scattering due to the camera set-up itself, as will be described in more 
detail in Chapter 3. In the case of methad B, the meridional SAXS intensity 
was first corrected for the intrinsic background of the Vidicon detector, 
as described in section 2.2.3, and subsequently for the thickness of the 
sample. For the latter correction a calibration curve of sample thickness 
versus draw ratio was used. Via this procedure SAXS intensities could be 
deduced with an uncertainty ranging up to approx. 20%. Therefore, the 
resulting intensities can only be used for a general impression. In Figure 
2.10 some resulting curves are compared. Again a rather high degree of 
similarity can be noticed between both methods. Not only the changes in 
the long period, L, up to a draw ratio of approx. I 0 but a lso the constancy 
of L starting from a draw ratio of I 0-15 can be observed via both methods. 
Even the distinct decrease in SAXS intensity is unambiguously detectable in 
the reai-time study. 
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lnfluence of drawing on the long period L, detected via the 
conventional methad A (e) and the reai-time methad B (o). 
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For the reader's convenience, the dependenee of the long period L on 
the draw ratio is explicitly presented for both methods in Figure 2.11. The 
results show a very high degree of similarity with respect to the changes 
in L, as was already noted. Even the absolute L-values agree very we11, 
especially if one bears in mind that L depends on the drawing temperature 
and changes by as much as 6-8 A per o C close to a drawing temperature 
of 120 o C [24-27]. 

A detailed explanation and discussion of the results of drawn solution
crystallized UHMW-PE will be given in Chapter 3 

2.4 CONCLUDING REMARKS 

It is shown that both W AXS and SAXS results obtained in reai-time 
and conventional solid-state drawing studies on both melt-crystallized 
and solution-crystallized UHMW-PE exhibit a high degree of similarity. 
Apparently, cooling a (partly) drawn sample to room temperature as we11 as 
relieving the stretching force does not lead to significant artefacts in 
the X-ray patterns as a result of possible relaxation/(re- )crystallization 
effects in solid-state drawn UHMW-PE. 

Up to now no results have been found in the case of solid-state 
drawing of UHMW-PE which prove the necessity to perform observations in 
real time in order to elucidate polymer solid-state deformations qualitatively. 
Fortunately, therefore, conclusions drawn from conventional measurements, 
as presented in literature, are in almost all cases still valid. Only if a 
quantitative X-ray study is needed, i.e. determination of scattering 
intensities, a reai-time study is recommended. Furthermore, a big 
advantage of reai-time drawing studies is found in the possibility to study 
orientational changes occurring in the elastic deformation region. 

It should be noted, however, that possible differences in X-ray results 
between conventional and reai-time drawing may be more distinct when 
the drawing is performed on lower molecular weight polymers, closer to 
the melting point, or at higher drawing velocities. 
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CHAPTER 3* 

A STRUCTURAL STUDY ON THE SOLID-ST A TE DRA WING 
OF SOLUTION-CRYSTALLIZED UHMW-POLYETHYLENE 

Abstract 
The influence of solid-state drawing of solution-crystallized ultra-high 
molecular weight polyethylene on the structure has been studied. Results 
obtained by different wide-angle and small-angle X -ray techniques support 
a deformation mechanism. which was partially described by Peter/in. An 
extended mechanism is proposed, which not only explains the orientationa/ 
effects observed via WAXS and SAXS fairly easily, but can a/so account 
for the constancy of the long period. the steady decrease of the meridiona/ 
SAXS intensity, the increase in crystallinity and the increase in the 
longitudina/ crystallite si ze as the draw ratio increases ( starting from a 
draw ratio of JO). Furthermore, the observed changes in lateral apparent 
crystal sizes as wel/ as the stress-strain behaviour during the drawing 
process can be understood easily in terms of this model. 

*) Reproduced in part from N.A.J.M. van Aerle & C.W.M. Braam. 
J. Mater. Sci. 23. 4429 ( 1988) by permission of Chapman and Hall Ltd. 
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3.1 INTRODUcriON 

Conventional semi-crystalline polymers exhibit tensile strengths and 
Young's moduli considerably lower than their theoretically achievable 
values. Many researchers have tried to bridge this gap. For flexible 
polymers like polyethylene and polypropylene it is well known that the 
introduetion of molecular orientation, e.g. by uniaxial drawing, decreases 
the difference between the theoretica! and experimental mechanica! 
properties. 

In the late seventies Smith et al. [ 1-7] introduced a methad of obtaining 
ultra-high molecular orientation in polyethylene. Their methad consists in 
the crystallization of ultra-high molecular weight polyethylene (UHMW-PE) 
from a semi-dilute solution. The resulting gels (after evaporation of the 
solvent) can be drawn to very high draw ratios, teading to ultra-oriented 
fibres or tapes with excellent mechanica! properties. 

At the time, no straightforward explanation of such extraordinary 
orientations and related properties was available. In addition, no adequate 
experimental results on the structure of the final ultra-drawn materials 
were available. Smith et al. studied the structure and texture of the 
undrawn gels by means of scanning electron microscopy (SEM) and wide 
angle X-ray scattering (WAXS) [2,7]. They showed that the gels (after 
remaval of the solvent) consisted of partially oriented conglomerates of 
lamellae with some preferential orientation. In a similar way they studied 
the structure of the ultra-drawn samples and proved the existence of 
extreme anisotropy. Only very recently, a thorough electron microscopie 
study has been performed on ultra-drawn UHMW-PE [8]. 

Several deformation mechanisms have been proposed in the past to 
describe the morphological changes during drawing of flexible semi
crystalline polymers. One of the first deformation roodels was proposed 
by Kobayashi [9]. He assumed a complete unfolding of molecules in the 
necking region. However, most of the experimental results support the 
currently accepted deformation mechanism of Petertin [l 0-16]. In this 
model a large scale irreversible deformation of PE involves sliding and 
tilting of lamellae, resulting in the formation of crystalline blocks. 
These crystalline blocks organize into so-called microfibrils. Further 
deformation leads to shearing of the microfibrils and to tautening of 
intra- and inter-microfibrillar tie-molecules, bridging crystalline blocks 
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of microfibrils. This deformation model has been disputed by several 
authors [17-22]. Some of them have proposed a temporary melting during 
the first stages of drawing [19-22]. The strongest and often-cited evidence 
for melting and recrystallization on drawing is the correlation between the 
long period (measured via smal! angle X-ray scattering (SAXS)) and the 
drawing temperature which is independent of the initial lamellar thickness 
[23]. However, as will be shown below a complete randomization of 
molecules due to melting does not occur in case of so1ution-crystallized 
UHMW-PE drawn at 120 o C. The Petertin model has of ten been used to 
describe experimental results of deformation studies of melt-crystallized 
samples of polyethylene. To our knowledge, the structural changes of 
so1ution-crystallized UHMW-PE have never been studied in detail before. 

To get a better insight into the deformation and the final structure of 
the ultra-drawn material, extensive X-ray scattering experiments (W AXS 
and SAXS) have been carried out, the results of which wil! be reported 
here. As was shown in Chapter 2, no detectable artefacts are introduced 
by re1ieving the stretching force or coating a drawn sample to room 
temperature prior to an X-ray investigation, in case solution-crystallized 
UHMW-PE is drawn at 120 o C. Therefore, all measurements were carried 
out at room temperature on samples drawn at elevated temperatures. 

3.2 EXPERIMENT AL 

3.2.1 Sample preparation 

2wt.-% UHMW-PE gels (Hostalen GUR-412, Hoechst/ Ruhrchemie, 
Mw=l500 kg/mole) were preparedas described in the experimentalpart 
of Chapter 2 or reference [24]. The solvent was evaporated at room 
temperature. Drawn tapes were obtained by stretching dried gel to the 
desired draw ratio at 120oC with an lnstron-1195. The stretching velocity 
was chosen to be I 00 mm/min. Ink marks we re used to determine the 
draw ratio after the necking region. Since the PE-gels neck during the 
first drawing stages, the draw ratio within the necking region changes 
quite drastically from 1.2 to about 6 within a range of less than 1.5 mm 
sample length. In this region the draw ratio was determined by measuring 
the change in cross-section area with an optica! microscope, assuming 
preservation of polymer volume. 
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3.2.2 X-ray diffraction 

Most of the W AXS and SAXS data were obtained simultaneously with 
a Kiessig camera, using Ni-filtered Cu Ka-radiation generated by a Nonius 
Diffractis Generator operating at 40 kV and 26 mA. The sample to film 
distance was 400 mm for SAXS and 67 mm for WAXS. For the X-ray results 
in the necking region the Kiessig camera was equipped with a very fine 
pinhole collimation set to reduce the exposed area. Simultaneous detection 
of the WAXS and SAXS patterns ensures detection of both characteristics 
at exactly the same sample area. 

For more precise and quantitative SAXS results a Kratky camera with 
a line focus of 0.1 x20 mm was used with Ni-fittered Cu Ka-radiation 
generated by a Philips PWII30 generator operating at 45 kV and 35 mA. 
The scattering intensities were recorded photographically (07 Agfa Gevaert 
film) and measured with an Enraf Nonius micro-densitometer model I [25]. 
The sample to film distance varied between 200 and 230 mm. Finally, the 
data were manipulated with the program FFSAXS [26], using computers 
from the Univac 1100 series. Some additional WAXS data were recorded 
with a flat film camera, choosing a sample to film distance of 27 mm. 

Line-broadening effects, to determine apparent crystal sizes (ACS), were 
recorded photographically with a Guinier camera, using X-ray generating 
conditions as for the Kiessig camera. Instrumental broadening was corrected 
for using a thin film of Al 0 -powder (with crystal sizes of more than 1000 
Á). The halfwidths of the didraction peaks were calculated, assuming a 
Gaussian profile, with: 

LlB 2 = LlB 2 + LlB.2 
obs s 1 

(I) 

in which LlB b is the observed peak width at half -maximum intensity, LlB 
the broadenin°g ~aused by the crystallites within the sample and LlB. the s 
instrumental Iine broadening, which appeared to be 0.15 •. The broa1dening 
effects were interpreted as the ACS and calculated via the Scherrer 
equation: 

(2) 

in which Dhkl is the ACS along the hkl-direction, 29hkl the corresponding 
Bragg reflectwn angle,-\: the wavelengthof the X-ray souree (1.542 Á) and 
K a constant chosen to oe 0.9. 
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3.3 RESULTS 

3.3.1 Uodrawn gel 

In Figure 3.1 some X-ray patterns in combination with a schematic 
representation of the initia! undrawn PE-gel are presented, showing 
that both the long range order and the molecular chain orientation are 
anisotropic with respect to the gel surface. As can be seen, the long range 
periodicity as well as the molecular chain direction are, on average, 
perpendicular to the gel surface (the XY -plane in Figure 3.1). However, 
the a- and b-axes of the crystallites are distributed at random in the 
plane parallel to the gel surface. The appearance of higher order SAXS 
reflections, as can be detected by choosing longer exposure times (not 
shown here) implies a fairly high degree of long range ordering. 

z 

~y 
Figure 3.1 
Combined WAXS and SAXS patterns of a dried UHMW-PE gel film. 
Arrows indicate the direction of the primary beam. used. Note that 
the sample to film di stance is different for both W AXS and SAXS. 
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3.3.2 Structure of drawn gel (tapes) 

The structural changes occurring during drawing were studied by 
recording the structural parameters at different draw ratios at room 
temperature. During the drawing process the thickness of the tapes reduced 
remarkably (approx. 40 times) whereas the width changed only slightly 
(approx. 2 times). A possible explanation is given in paragraph 3.4.2. 

3.3.2.1 Wide angle X-ray diffraction 

Some characteristic WAXS patterns are presented in Figure 3.2. From 
these data it can be concluded that the crystallized molecules orient 
towards the drawing direction during the drawing process. 

The WAXS data obtained with the incident X-ray beam parallel to 
the tape surface (Figure 3.2a) show the existence of two preferential 
orientations in the necking region (draw ratio between 1.2 and 5), since the 
orthorhombic (110) and (200) reflections split into two arcs on both sides of 
the equator. The angle between the mean molecular chain orientation and 
the drawing direction decreases from 90 o to 0 o within the necking region. 
After necking this angle has become 0 o and the resulting single are of the 
reflections decreases during further drawing. 

The WAXS data obtained with the incident X-ray beam perpendicular 
to the tape surface (Figure 3.2b) show a smooth changing of the average 
molecular chain orientation. In contrast to the WAXS data of Figure 3.2a 
both the (110) and the (200) reflections almost immediately intensify as 
arcs on the equator. As the draw ratio increases, the reflection arcs 
decrease, indicating an increase in molecular orientation. The 
orientationa1 changes are quite different from those presented in Figure 
3.2a, especially at low draw ratios. Furthermore, notice the remarkable 
intensity difference for the (110) and (200) reflections as measured with 
the X-ray beam directed in different ways with respect to the tape 
surface. This is already easily detectable at draw ratios of 3 and higher. 

Higher order reflections were recorded at a smaller sample to film 
distance. Some results are shown in Figure 3.3 for a tape drawn to a draw 
ratio of 100. Besides the aforementioned intensity difference of the (110) 
and (200) reflections, also a striking difference for the (020) reflection 
can be seen. In addition, the presence of reflection spots with a 
corresponding d-value of 4.55 A assigned to an oriented monoclinic crystal 
structure [27] is detected, with the intensity of the (0 1 0) reflection 
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WAXS patterns of UHMW-PE gel tapes stretched at l20°C to the draw 
ratios indicated. (a) obtained with the primary beam parallel to the tape 
surface, (b) with the beam perpendicular to the tape surface. The drawing 
direction is vertical. 
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a b 
Figure 3.3 
WAXS patterns of an UHMW-PE tape. drawn toa draw ratio of 100 at 
120 • C, obtained with the primary beam parallel (a) and per pendieu/ar 
(b) to the tape surface. 

being clearly dependent on the direction of the incident beam with respect 
to the tape surface. 

The apparent crystal sizes (ACS) along three lattice directions (200, 
020 and 110) were determined with the incident X-ray beam perpendicular 
to the tape surface. The results, as presented in Figure 3.4, show that the 
ACS decrease rather drastically during the initia) stages of drawing. As 
the draw ratio exceeds 30, further drawing leads to a subsequent small 
increase. Furthermore it should be noted that the ACS along the (200) and 
(020) direction coincide within the experimental error. This indicates the 
absence of differences in ACS behaviour along the a-axis and b-axis, 
despite the presence of strongly preferential orientation of both axes 
within the tape. 

3.3.2.2 SmaJI-angle X-ray scattering 

The SAXS data, presented in Figure 3.5a, show that the long period 
also changes its preferred orientation towards the drawing direction. Like 
the W AXS data, the SAXS data show the biggest reorientation processes 
taking place within the small necking region. 

For the sake of clearness the SAXS results obtained with the incident 
beam parallel to the tape surface (Figure 3.5a) are presented schematically 
in Figure 3.5b. Notice the transformation of the initia! pattem (i.e. the 
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Figure 3.4 
ACS {apparent crystal sizes) along the (110) , (200) 
and (020) directionsas a function of the draw ratio. 

undrawn material) via a four - point diagram (at a draw ratio of 3-4) into a 
pattem with long range order parallel to the drawing direction (at a draw 
ratio of 1 0). During the first stages of drawing a combination of the 
initial and the intermediate pattem can be detected. In addition, the angle 
between the maxima of the four-point pattem and the drawing direction 
changes gradually from about 70 o at a draw ratio of 2 to approximately 
10 o at a draw ratio of 5. U pon further drawing the intensity of the first 
order maximum decreases, while streak formation occurs at the first and 
zero order maxima. 

The data presented in Figure 3.5c were obtained with the incident 
beam perpendicular to the tape surface. As in case of the W AXS results, 
the SAXS results are highly dependent on the relative direction of the 
incident beam at low draw ratios. It is clear that there is a weak first order 
maximum parallel to the drawing direction already during the first stages 
of drawing (i.e. at a draw ratio of 2). Thîs first order maximum cannot be 
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Figure 3.5 
Observed and schematical representations of SAXS palterns, obtained for 
UHMW-PE ge/tapes, stretched at 12o•c to the draw ratios indicated. The 
drawing direction is vertical and the primary beam was directed parallel 
( a,b) and per pendieu/ar ( c,d) to the tape surf ace. 
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detected anymore at high draw ratios with the camera used. Furthermore, 
the streak formation as mentioned before is less pronounced and only 
detectable at the equator. 

Since the Kiessig camera has a limited resolution of approx. 250 Á, 
a Kratky camera was used to determine accurate values for the long period 
(L). The scattering patterns of Figure 3.5c.d show perfect orientation of 
the first order maxima at all stages of drawing. So if scattering curves are 
obtained with a Kratky camera and the incident beam perpendicular to the 
sample surface and the sample with the drawing direction exactly perpendic
ular to the slits of the camera, the diffraction data are implicitly desmeared. 
The Kratky SAXS patterns obtained are measured and corrected for liquid 
scattering, sample thickness and fluctuations in the intensity of the 
primary beam. Furthermore, scattered intensities measured with the 
apparatus without any sample were subtracted from the aforementioned 
corrected intensities. As can be seen in an example (Figure 3.6) this 
procedure enables determination of long period characteristics from 
scattering curves even with weak first order maxima. Finally, some results 
are presented in Figure 3.7. Besides the variation of L, drastic intensity 
changes of the first order maxima can be noticed. SAXS intensity caused 

0 20 

Figure 3.6 
Correction of meridional SAXS intensity curves of an UHMW-PE tape of 
draw ratio 30. (a) observed SAXS curve for the sample, ( b) intensity curve 
without any sample (i.e. background). (c) corrected SAXS intensity curve 
for the sample. s=2 · sin8 /~, dx is the wave/ength of the X -ray source. 

-39-



Draw Ratio 

6 

1 
10 

15 

20 

30 

40 

0 20 

Figure 3.7 
Corrected meridional SAXS curves of UHMW-PE tapes, stretched 
at 120 • C to the draw ratios indicated. s=2 · sin8 ltl 

x 

by the presence of a long period can be detected via this way for draw 
ratios up to 40. Despite the strong changes in intensity, the long period L 
does not change for draw ratios of 10 and higher. 

3.4 DISCUSSION 

3.4.1 Undrawn gel 

The X-ray results of the undrawn material described in section 3.3.1 
point to the existence of lamellar crystals, as has been confirmed in the 
past by TEM experiments [28]. The preferred orientation in the cast and 

-40-



dried gel has already been described by Smith et al. [7]. Similar phenomena 
are also observed for single crystal mats, obtained by slow filtering of a 
suspension of single crystals or by sedimentation [29-33]. In the case of 
single crystal mats the orientation is caused by a combination of gravity 
and flow effects during the filtering. In cast gels, however, the 
orientation is caused by the drying procedure. A cast film tends to shrink 
in all directions during drying. The solvent can be removed by extraction 
with a low boiling solvent such as hexane, or by evaporation. In the 
extracted gel films as well as in the unconstrained dried films no preferred 
orientation was observed. However, when the cast film was clamped 
during the drying procedure, in order to avoid shrinking of the sample, 
preferred orientation was introduced. No difference in orientation was 
found when the clamped film was horizontally or vertically positioned 
during drying. This implies that only shrinking forces and not gravity 
effects are responsible for the occurrence of orientation. 

3.4.2 Drawn gel 

3.4.2.1 Structure at low draw ratios 

The W AXS and SAXS results obtained at low draw ratios by irradiation 
parallel to the tape surface can be described and understood completely 
with the deformation model originally described by PeterJin [ 10,11 ]. Th is 
model describes the transformation of lamellar into fibrous structures at 
low draw ratios via chain tilting, slipping and twisting. The presence of 
preferentially oriented lamellae enables us to follow the deformation 
process of these lamellae from aside and from the top of the lamellae. The 
selective reduction in thickness, as noted in paragraph 3.3.2, suggests 
that crystal slippage proceeds preferentially within planes parallel to the 
film surface. During deformation the lamellae, initially oriented nearly 
parallel to the film surface, rotate and incline to the drawing direction. 
When the 200-planes come to the highest shear position, neck formation 
occurs through crystal slippage in 200-planes along the chain axis 
direction. Such a mechanism not only explains the selective reduction in 
sample thickness during drawing but also the formation of the single 
crystal like texture of the ultra-drawn tapes (Figure 3.3) with the a-axis 
and b-axis oriented preferentially perpendicular and parallel to the tape 
surface. The results presented are to a very high degree similar to those 
obtained for single crystal mats [29,30]. This is also true for higher order 
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reflections, not shown here. lt is not surprising, since the initia! 
structure of such mats does not differ much from salution cast gel films. 
Furthermore, the results are also quite similar to those obtained for 
linear low molecular weight PE drawn at elevated temperatures to draw 
ratios between l and 6 [34,35]. Finally it should be mentioned here that 
during the lamella-fibril transformation no melting into a complete 
randomized melt occurs, as suggested by Juska and Harrison [20,21 ], since 
in that case no differences should be observable in W AXS and SAXS data 
obtained with the X-ray beam parallel or perpendicular to the tape surface. 

3.4.2.2 Structure at high draw ratios 

After the structural reorganisation (i.e. at a draw ratio above 5) the 
samples show a high degree of orientation, as illustrated by the W AXS data 
in Figure 3.2. Further drawing reduces the deviation from the preferred 
orientation. At draw ratios above 30 hardly any improvement of chain 
orientation can be detected. At extremely high draw ratios (above 80) the 
samples seem to be perfectly oriented and crystalline. These results are in 
excellent agreement with data of Smith & Lemstra [2]. However, an accurate 
investigation of these diffraction patterns still reveals the presence of 
traces of an amorphous fraction as was clearly observable on the original 
photographs (Figure 3.3). 

From the results presented in Figure 3.7, the dependency of L and 
the integral intensity of the Bragg-peak on the draw ratio can be obtained 
(Figure 3.8). As mentioned in the preceding paragraph, the structural 
changes caused by the drawing, up to a ratio of a bout l 0, can be understood 
in terms of the deformation model presented by Peterlin. At higher draw 
ratios the intensity of the long period decreases drastically, whereas the 
value of L remains constant. These results are similar to experimental data 
obtained for drawn melt-crystallized commercial linear PE-grades [36,37]. 
This implies that the molecular weight and the use of gelation has no 
significant influence on the behaviour of the long period upon drawing. 
Since, even at a draw ratio of 40, the above-mentioned integral intensity 
deviates from zero, some amorphous material must be present. 

Clements & Ward [37] explain the observed decrease in SAXS reflection 
intensity at higher draw ratios by an increase in formation of crystalline 
bridges acting as links between oriented lamellae. Peterlin & Corneliussen 
[36] ascribe it to a decrease of effective electron-density difference 
between amorphous and crystalline components. However, the above
mentioned interpretations are not simply transferable to deformations up to 
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lnfluence of draw ratio on the long period (o) and 
the inlegral intensity of the Bragg-peak (e) 

extremely high draw ratios. Our results can be easily understood by a 
deformation model which is more or less an extension of the model 
originally described by Peterlin, as will be described in the next 
paragraph. 

3.4.3. Extended deCormation model 

The transformation of lamellae into microfibrils has been described 
in detail in the past [ 1 0-12]. Th is transformation starts with a breaking of 
lamellae into smaller units, accomplished via the initiation of two kinds 
of cleavage planes. A schematical representation is given in Figure 3.9, 
in which the Z-axis represents the molecular chain direction. During the 
drawing process larger blocks of folded chains are braken off from the 
lamellae and incorporated into so-called microfibrils. If the cleavage 
plane A (i.e. plane XZ in Figure 3.9) is not parallel to the growth plane, 
many molecular folds wiJl cross this cleavage plane. These folds will be 
translated axially and withdrawn from the lamellar parts. In this way 
microfibrils are formed in which crystallites are stacked and connected by 
so-called intra-microfibrillar tie-molecules (intra-TMs). These intra-TMs 
arise from the molecular folds that originally bridged the A-cleavage 
planes and thus originate from the same lamella. 
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Figure 3.9 
Schematical representation of the lamellar break-down during the initia! 
stages of drawing. (A) cleavage planes, giving rise to intra-microfibrillar 
tie-molecules, ( B) cleavage planes giving rise to inter-microfibrillar 
tie-molecules. The Z-axis indicates the preferential c-axis orientation at 
each stage of drawing. 

Besides the intra-TMs, a second type of tie-molecules will be 
introduced during the microfibril-formation. Just after the formation of 
the fibrillar texture, the microfibrils are connected laterally by bridging 
molecules, which are called inter-microfibrillar tie-molecules (inter-TMs). 
Since microfibrils are formed out of lamellar parts, which are separated 
via cracking planes B, parallel to the drawing direction (i.e. planes YZ in 
Figure 3.9), the inter-TMs must originate from molecules which were 
originally bridging the cracking planes or from inter-lamellar tie
molecules. For the sake of simplicity the formation of both kinds of 
cleavage planes (A and B) is presenled as two independent processes. Of 
course both processes may occur more or less simultaneously. 

Just after the lamella-fibril transformation, during which the different 
types of microfibrillar tie-molecules (TMs) are introduced, further drawing 
first leads to a tautening of the intra-TMs. This process can be foliowed 
experimentally via the increasing L-value (see Figures 3.7 and 3.8). The 
tautening of the intra-TMs is completed at a draw ratio of a bout 10, as can 
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be deduced from the constancy of the L value after that point. Furthermore, 
during these initia! stages of the plastic deformation, the microfibrils are 
also translated with respect to each other, resulting in a tautening of the 
inter-TMs. Due to this tautening, the inter-TMs wil! bridge an increasing 
amount of alternating crystalline-amorphous blocks of the microfibrils. 

Further drawing leads to the pulling out of inter-TMs out of the 
microfibrils via unfolding of microfibrillar crystallites, resulting in a 
decreasing microfibrillar fraction and an increasing fraction of inter
microfibrillar materiaL The latter fraction will obviously consist of 
molecules with increasing stem lengths, finally teading to extended chains 
(Figure 3.10). 
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Schematical representation of three stages of plastic deformation. The 
bold and the thin lines represent the microfibril boundaries and the 
molecular chain directions, respectively. The white regions indicate the 
amorphous material. During the deformation proces the mierostruc/ure 
wil/ change gradually from structure a to c, via a transformation of 
microfibrils (mf) into more or less chain-extended material ( ce). 

Now it can be easily understood why the value of L remains constant 
for draw ratios above l 0. A lso the decrease of the SAXS intensity can be 
explained by the decrease of the microfibrillar fraction during the deform
ation process, since the microfibrils form the exclusive fraction with 
alternating electron densities and therefore the only fraction responsible for 
the meridional SAXS intensity. The growing chain-extended fraction wiJl 
lead to a larger average crystal size in the drawing direction, although L 
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will remaio constant. The experimental data of Clements & Ward [37] are 
in this way easily explained. The observed increase in crystallinity as a 
function of the draw ratio (see e.g. [2]) can also be explained very easily 
in terms of this model. Since most of the amorphous material is part of 
the microfibrils, a decrease of the microfibrillar fraction will unavoidably 
lead to a simultaneous decrease in amorphous material and thus in an 
increase in crystallinity (see also Figure 6.4 of Chapter 6). 

The above-described molecular deformation model also easily explains 
the variation of the ACS shown in Figure 3.4. At draw ratios below 5 the 
cleavage of crystals (lamellae) into microfibrils will reduce the lateral 
crystal dimensions. As the drawing proceeds, the lateral dimeosion of the 
microfibrils will decrease due to the process of unfolding into ebain
extended materia}. In this way the mean lateral dimeosion of the chain 
extended fractidn increases at the expense of the microfibrillar fraction. 
At intermediate draw ratios (i.e. between 5 and 40) the experimental ACS 
are average values of the lateral dimensions of the decreasing 
microfibrillar fraction and the increasing chain-extended. At draw ratios 
above 40 the microfibrillar fraction is reduced to such an extent that its 
contribution to the observed crystal sizes becomes negligible. Hence the 
observed increase in crystal sizes at draw ratios above 30 can be 
understood in terms of an increase in the mean value of the lateral 
dimensions of the chain-extended fraction. 

Furthermore, this deformation model can be used to describe the 
shape of the stress-straio diagram of drawing, i.e. the constancy of the 
engineering stress for solution cast PE-films (e.g. see Figure 1 of Smith et 
al. [6] or Figure 2.6 of Chapter 2). After the formation of microfibrils 
and the tautening of all TMs, the only deformation will be the unfolding 
of molecular segments within the microfibrils, teading to an increase 
in chain- extended fraction. If the segments that will be unfolded arise 
from crystals in which the molecules are nicely adjacent re-entered, the 
absolute number of inter-TMs within an arbitrary cross-section of the 
sample will not change during the drawing process. Thus the applied 
stretching force for unfolding will not change very much, since the number 
of segments to be unfolded will be constant. As long as the possibility to 
unfold adjacent re-entered sterns exists, this drawing process continues 
without a large iocrement in stretching force. 

Let us define molecular clusters consisting of adjacent re-entered 
sterns, which are randomly distributed amongst the microfibrils. When the 
unfolding of several of these clusters is more or less completed, further 
drawing will require an increasing stretching force and will therefore soon 
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lead to sample failure, if the stretching force rises above the tensite 
strength of the weakest point of the sample. At this moment the maximum 
draw ratio is reached. 

From the above, it follows that during the complete deCormation 
process the cores of the individual clusters are never deformed, they are 
only displaced with respect to each other. Therefore, these eentres can be 
considered as virtual constraining points (cross-links) during the complete 
drawing experiment. So the maximum draw ratio will depend on the average 
molecular weight M between two constraining points. M is influenced by 
the crystallization c5nditions. Melt-crystalli;zation will leaá to a smalt 
M whereas gelation from an extremely dilute salution will lead to very 
hi~h values of M (single crystals). In semi-dilute salution the value of 
M will range befween these two extremes. In a forthcoming paper [38} it 
wiT! be shown that the relation between the maximum draw ratio and the 
concentration of the salution is equivalent to the relation 

1 -1/2 
dmax = d.. max · (> (3) 

as already described by Smith [39], where i refers to the maximum 
draw ratio of melt-crystallized material and w~~ the polymer volume 
fraction of the initia! solution. 

3.4.4 Final remarks 

The observed three-dimensional anisotropy of the monoclinic phase in 
the drawn tapes is caused by the anisotropy present in the initia! undrawn 
gel. The relation between the anisotropy of the orthorhombic and monoclinic 
PE phase was reported in the literature [40} and will not be discussed 
further. 

Most direct evidence for the occurrence of chain-extension during 
drawing was given very recently by Prof. Stein and coworkers from the 
University of Massachusetts, Amherst [41]. They performed small-angle 
neutron scattering (SANS) studies on tapes which were prepared in our lab. 
As precursor a UHMW-PE gel was crystallized from a 1 wt.% salution 
containing 50% deuterated UHMW-PE (I.V.=17) prepared by Himont and 
50% protonated UHMW-PE (I.V.=17). Preliminar results indicated a distinct 
reduction in the lateral molecular size, as determined from a drastic 
reduction of the radius of gyration perpendicular to the drawing direction 
from several hundreds A in the undrawn state to about 15 A at a draw 
ratio of 60. 
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3.5 CONCLUSIONS 

The transformation of solution-crystallized UHMW-PE gels was studied 
via different X-ray techniques. The results imply a three-stage deformation 
process, analogous to Peterlin: 

1. Transformation of the lamellae into microfibrils during the 
initial stages of drawing (similar to the model described by 
Peterlin). 

2. Tautening of the inter- and intra-microfibrillar tie
molecules, introduced during the first stage. 

3. Unfolding of microfibrillar crystallites and actdition of these 
unfolded segments to the chain-extended fractions (the original 
inter-microfibrillar tie-molecules). 

This model not only explains the orientational effects observed via 
WAXS and SAXS but also the constancy of the long period, the intensity 
decrease of the meridional SAXS intensity, the changes in crystallinity, the 
changes in apparent crystal sizes and the observed stress-straio behaviour. 

Furthermore, the maximum achievable draw ratio can be understood 
in terms of the distribution of molecules amongst clusters, consisting of 
more or less adjacent re-entered sterns. 
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CHAPTER 4* 

A STRUCTURAL STUDY ON THE MELT-DRAWING 
OF UHMW-POLYETHYLENE 
-INFLUENCE OF CRYSTALLIZATION HISTORY-

Abstract 
Ultra-high molecular weight polyethy/ene (UHMW-PE) can be drawn in 
the melt in a limited tempera/ure range between the melting point of 
lamellar crystals, approx. 135 oe. and the orthorhombic to hexagonal phase 
transition tempera/ure, at approx. 155 o C. In this particu/ar tempera/ure 
range, rejerred to as region 2, drawing results in the formation of a 
composite structure composed of fibrous crystals as a result of strain
induced crystallization of the high molecular weight jraction. embedded 
in a melt of lower molecular weight material. A/ter cooling to room 
tempera/ure this latter fraction crystal/izes. using the fibrous crystals 
as crystallization nuclei. The resulting structure exhibits a shish-kebab 
morpho/ogy. Solution-crystallized as wel! as me/t-crysta!lized UHMW-PE 
samples have been studied with respect to draw efficiency and structure 
formation during dejormation in the melt and wil/ be discussed. 

*) Reproduced in part from N.A.J.M. van Aerle & P.J. Lemstra, Makromol. 
Chem. 189, 1253 ( 1988) by permission of Hüthig & Wepj Verlag, Base!. 
and from P.J. Lemstra, N.A.J.M. van Aerle & C.W.M. Bastiaansen. Polym. 
J. 19, 85 ( 1987) by permission of The Society of Polymer Science, Japan. 
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4.1 INTRODUCTION 

In the past two decades, various routes have been found to produce 
fibrous structures based on flexible macromolecules, possessing superior 
mechanical properties. Ward and coworkers developed processes at Leeds 
University for the production of high-modulus flexible polymers by 
tensite drawing, hydrostatic extrusion and die drawing [I]. A process which 
proved to be rather versatile and successful in producing high-strength 
polyethylene structures, such as fibres and tapes, is the so-called gel
spinning process invented in the late seventies at DSM-Research [2,3]. In 
this process solution-spun/cast ultra-high molecular weight polyethylene 
(UHMW-PE) is drawn in a temperature range close to but below the 
melting point. 

A detailed study on the isothermal drawing behaviour of UHMW-PE 
has been published recently [4,5]. Three temperature regions could be 
discerned, as shown in Figure 4.1: 

-Region I is the temperature region between 1o·c and 135•c (the 
melting temperature of lamellar crystals) in which ultra-drawing cao be 
performed in the solid-state, starting from solution-spun/cast samples. 
A detailed 'morphological study on the ultra-drawing of solution-cast 
UHMW-PE in this region is described in the foregoing Chapter 3 [6]. 

-Region 2 is a narrow temperature domaio between 135•c and 155•c 
in which isothermal drawing starts from the melt. Depending on the strain 
rate and the molecular weight, strain-induced crystallization can take 
place u pon drawing. The up per limit of approx. 155 • C corresponds to the 
orthorhombic-hexagonal solid-solid phase transition in polyethylene (PE) 
[7], as will be discussed in Chapter 5. 

- Region 3 is above 155 • C, drawing is impossible due to necking and 
failure of the sample at low strains. 

The most important difference between (isothermal) drawing in region 
I and region 2 was found in the efficiency of draw on the mechanica! 
properties. E.g., the linear relationship between Young's modulus and the 
draw ratio was found to be more than 3 times steeper in case of drawing a 
solution-cast film in region 1 compared to region 2 (compare the bottorn 
curves of Figure 4.1) [4,5]. This difference was explained in terros of 
conformational relaxation effects during isothermal drawing in region 2. 

In this chapter a structural study of isothermal drawing of both melt
crystallized and initially solution-crystallized UHMW-PE in temperature 
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Figure 4.1 
Drawing behaviour of UHMW-PE as a lunetion of drawing temperaJure 
(up per curves). The stress-strain behaviour in region I and region 2 ( midd Ie 
curves) and the resulting Young's moduli (lower curves) arealso shown. 
s and m denote solution- and melt-crystallized UHMW-PE, respectively. 

region 2 is presented. The molecular topology and orientation in the 
resulting crystalline textures was studied via different X-ray diffraction 
techniques and transmission electron microscopy. Furthermore the melting 
behaviour of the drawn tapes was investigated and related to the efficiency 
of the drawing process in region 2. 
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4.2 EXPERIMENT AL 

4.2.1 Materials 

UHMW-PE Hostalen-GUR 412 (Hoechst/Ruhr Chemie) was used, 
Mw=1500 kgjmole. Solution-cast films were obtained by casting PE/xylene 
solutions of 1.5% (w jv), as described in detail in the ex perimental section 
of Chapter 2 [5]. After complete remaval of the solvent, the cast-films 
we re pressed at approx. 90-100 o C at 2-10 MPa in order to re move voids 
in the sample. Melt-crystallized UHMW-PE films were prepared by 
compression moutding of as-received powder at 200 o C for 20 minutes and 
subsequent quenching to room temperature. 

4.2.2 Drawing 

Isothermal drawing was performed in a Goettfert-Rheostrain, using 
silicone oil with matched density to PE as heating medium. Durnb-beli 
shaped samples were kept at the drawing temperature of 150 o C for a bout 5 
minutes to allow for therma1 equilibrium, subsequently drawn at a constant 
strain rate of 0.1 s -l and finally caoled at fixed sample length below the 
crystallization temperature within less than a minute. 

In order to exclude differences in thermal history, the undrawn 
samples were kept at 150 o C for a bout 5 minutes and caoled to room 
temperature prior to X-ray and DSC studies. 

Under the drawing conditions given above, the maximum achievable 
draw ratio was found to be approx. 14 and 35 for the melt-crystallized 
and solution-crystallized UHMW-PE samples, respectively. 

4.2.3 X-ray diffraction 

Wide angle X-ray scattering data (WAXS) obtained at room temperature, 
were obtained using a flat film camera in combination with Ni-filtered Cu 
Ka-radiation, generated by a Philips PW1009 Generator operating at 40 kV 
and 25 mA. Small angle X-ray measurements (SAXS) were monitored with 
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a Kiessig camera, using Ni-filtered Cu Ku-radiation generated by a Nonius 
Diffractis Generator, operating at 40 kV and 26 mA. For more detailed and 
quantitative SAXS results, a Kratky camera with a line focus of 0.1 x20 mm 2 

was used with Ni-filtered Cu Ku-radiation, generated by a Philips PW 1130 
Generator operating at 45 kV and 35 mA. In all cases the samples covered 
the whole line-focussed X-ray beam of the Kratky camera. The scattering 
intensities were recorded photographically (07 Agfa Gevaert film) and 
densitometerized with an Enraf Nonius micro-densitometer model I [8]. The 
data were processed with the programme FFSAXS [9]. The SAXS patterns 
were corrected for liquid scattering, sample thickness and fluctuations in 
the intensity of the primary beam. All SAXS data were obtained at room 
temperature. Synchronous recording of SAXS and WAXS pattern at elevated 
temperatures was performed, using a Kiessig camera equipped with an oven. 

4.2.4 Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) was performed using a Philips 
EM 420T microscope, operatingat 100 kV. Samples were treated with 
chlorosulphonic acid according to Kanig [I 0] at 60 o C for 16 hours and 
embedded in a matrix. Subsequently thin sections were obtained by 
ultramicrotomy at room temperature using a Reichert Ultracut E. Finally 
the cut sections were stained with uranyl acetate. 

4.2.5 Differential Scanning Calorimetry (DSC) 

Melting endotherms were recorded using a Perkin-Eimer DSC-7 
differential scanning calorimeter. To eliminate constraining effects during 
melting, the studied samples were chopped to pieces of about 2 mm length 
[3]. Furthermore, a droplet of silicone oil was added to ensure a good 
thermal conduction. A standard heating ra te of I 0 o C/min was chosen . . 
Indium was used for temperature cal i bration (T = 156.6 o C). The 
temperatures at which the endotherms show a mllJximum were taken as 
the melting temperatures. 
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4.3 RESUL TS & DISCUSSION 

4.3.1 W AXS at room temperature 

4.3.1.1 Solution-crystallized UHMW-PE 

Figure 4.2 shows a series of drawn, initially solution-crystallized 
samples. The W AXS patterns, as examined at room temperature, show radial 
symmetry along the drawing direction (fibre symmetry) as is expected for 
drawing of an isotropie melt. This is quite different from the biaxial 
orientation effects, observed by solid-state drawing of solution-cast films 
[5,6, IJ], i.e. drawing in region 1. 

The W AXS patterns clearly show that the b-axis of the crystallites 
almost immediately tends to align perpendicular to the drawing direction as 
can be concluded from the presence of only equatorial (020) reflection arcs 
in the drawn samples (the (020) are is not clear in the reproduetion of 
Figure 4.2 for draw ratio of 3, but can be seen in the original). At higher 
draw ratios the b-axis orientation increases. The (200) reflection arcs 
show a different orientation behaviour as a function of the draw ratio. Two 
different sets of (200)-arcs can be distinghuised: 

a) The equatorial (200) reflections combined with the equatorial (020) 
reflections arise from crystallites in which the c-axis is preferentially 
oriented parallel to the drawing direction (to be referred to as type 1-
crystallites analogous to the nomendature of Hili et al. [12-14]). An 
equatorial (200) reflection signa) remains observable at all draw ratios of 
10 and higher. 

b) At low draw ratios meridional (200) reflection arcs are also observable. 
These arcs split into two arcs on either side of the meridian as the draw 
ratio reaches 17, with a broad meridional (200) are as intermedia te case. 
The combination of these (200) reflection arcs and the equatorial (020) 
reflections defenitely indicate the presence of a second kind of crystallites 
(in this chapter referred to as type 11-crystallites [12-14]). Also in this 
latter kind of crystallites the b-axis is always directed perpendicular to 
the drawing direction and the a-axis tends to orient more and more away 
from the drawing direction as the drawing proceeds. 

These results are quite different from the X-ray patterns obtained for 
similar solution-crystallized samples, but drawn in the solid-state (region 
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Figure 4.2 
WAXS patterns of solution-crystallized UHMW-PE drawnat 150 ·c. 
monitored at room temperature. The corresponding draw ratios are 
indicated in the upper right corner. The drawing direction is vertical. 
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Figure 4.3 
Transmission electron micrographs of solulion-crystallized UHMW-PE, 
drawnat 15o•c toa draw ratio of JO (a) and 29 (b), respectively. The 
drawing direction is indicated by an arrow. 

I) [5,6]. 
Using transmission electron microscopy (TEM) the two types of 

crystallites described above are visualized. Figure 4.3 shows the presence of 
the well-known shish-kebab morphology [15]. The type 1-crystallites form 
a core of more or less chain-extended molecules (the shish-part), whereas 
the type 11-crystallites are observable as lamellar overgrowth. 

The shish-component (type 1-crystallites) with the c-axis oriented paral
lel towards the drawing direction probably originates from strain-induced 
crystallization of the high molecular weight part of the materiaL The lower 
molecular weight part and the dangling ends of the oriented ultra-high 
molecular weight chains of the oriented sample relax during the drawing 
process and give rise to the formation of type 11-crystallites after cooling 
to room temperature. This is in line with earlier work of Kitamaru and 
coworkers [16,17]. By performing birefringence experiments on the gel
fraction of crosslinked oriented PE they concluded that the crosslinked 
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ebains participate in the c-axis oriented crystallites whereas the free 
ebains crystallize into structures like type 11 -crystallites. The presence 
of the two stated textures (type I and type 11) is also consistent with the 
findings for crosslinked lower molecular weight PE, deformed in the 
melt [12-14,18]. 

Type 11-crystallites arise from crystallization of molten material, using 
the fibrous type I-crystallites as crystallization nuclei. At low draw ratios 
the fraction of fibrous type I-crystallites is limited, and consequently 
the amount of crystallization nuclei is low. In this case lamellar overgrowth 
of molten material can extend far enough to twist around the b-axis, as is 
welt known for spherulitic crystallized PE (cf. draw ratio 10 in Figure 
4.3). This results in a row structure for the lamellar overgrowth, as was 
originally described by Keller [19]. Ho wever, as the draw ratio increases, 
a higher fraction of type 1-crystallites will be formed. In this case a 
more dense array of crystallization nuclei is present and the lamellae 
impinge before growing far enough to twist several times (cf. draw ratio 
29 in Figure 4.3). This results in type 11-crystallites with an in-complete 
row orientation as was originally described by Keller and Mach in [ 18] and 
later considered more fundamentally by Nagasawa and coworkers [20]. 

4.3.1.2 Melt-crystallized UHMW-PE 

In Figure 4.4 some characteristic W AXS patterns of melt-crystallized 
samples are shown, obtained under similar conditions as the solution-cast 
samples discussed above. Under these drawing conditions the maximum 
achievable draw ratio was found to be approx. 14. Initially melt
crystallized samples exhibit features similar to the drawn solution-cast 
samples, i.e. the presence of two different textures. However, a significant 
difference can be observed in a more efficient generation of the fibrous 
material (type 1-crystallites), in case of melt-crystallized UHMW-PE. 

4.3.2 SAXS at room temperature 

In order to get more information about the influence of drawing in 
region 2 on structural changes on a scale of 50-600 A, SAXS studies were 
performed. In Figure 4.5 typical SAXS patterns are presented, obtained for 
the same samples as in Figure 4.2. In the undrawn sample no preferentially 
oriented long range ordering can be observed. For a draw ratio of 3 
however, some SAXS intensity can be detected parallel to the drawing 
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Figure 4.4 
WAXS patterns of melt-crystal/ized UHMW-PE drawnat 150°C, 
monitored at room temperature. The corresponding draw ratios are 
indicated in the upper righl corner. The drawing direction is vertical. 
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direction. At higher draw ratios also SAXS intensity perpendicular to the 
drawing is observable. For more information a high resolution Kratky 
camera was used. The orientation in the SAXS region, as can be seen in 
Figure 4.5, implies that the scattering curves obtained with a linefocus 
camera and the samples with their drawing direction exactly parallel or 
perpendicular to the slits of the camera are implicity desmeared. 

Figure 4.6a shows the resulting meridional SAXS intensity versus s 
plots for different samples. These curves are camparabie to a vertical 
densitometer scan of the SAXS patterns in Figure 4.5. The curves, especially 
for draw ratio 22 and 35 indicate the presence of an alternating array of 
crystalline-amorphous phases with a long range ordering of 475-490 Á, 

parallel to the drawing direction. 
Figure 4.6b represents the equatorial SAXS intensity versus s plots, 

camparabie to a horizontal densitometer scan of patterns in Figure 4.5. 
These curves do not show any long range ordering. The low intensities of 
the SAXS signals exclude the possibility of a high concentratien of voids. 

4.3.3 Differential scanning calorimetry (DSC) 

4.3.3.1 Solution-crystallized UHMW-PE 

Additional proof for the co-existence of two textures, fibrillar (type I) 
and lamellar (type 11), was obtained via DSC. Figure 4.7 shows the melting 
endotherms for PE tapes drawn at 150 o C up to various draw ratios. 

The undrawn tape shows a single melting peak, characteristic for the 
melting of lamellar crystals. With increasing draw ratio an additional 
melting endotherm is observable with a conesponding melting temperature 
of 140±1 oe. Similar melting endotherms have been described befare for 
PE [ 18,21-25]. Ho wever, in the present case the endotherms are much better 
resolved. 

The assignment of the two observed melting endotherms at 131 ° C and 
141 oe respectively, can be obtained unambiguously via X-ray studies at 
elevated temperatures. In Figure 4.8 two sets of WAXS and SAXS patterns 
are presented, monitored at room temperature and at 137 o C for samples 
with drawratiosof 17 and 29. At 137oC the non-equatorial (110) and (200) 
reflection arcs as well as the meridional SAXS intensity, both characteristics 
ascribed to the Iamelia like type 11-crystallites, have disappeared . 
Consequently the melting point at 140±1 oe can be related to the type 1-
crystallites. Th is is consistent with W AXS results of crosslinked lower 
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Figure 4.5 
SAXS patterns at room tempera/ure, obtained for the same samples as 
shown in Figure 4.2. The drawing direction is vertical. The corresponding 
draw ratios are indicated below each pattern. 

1 
b 

0 10 

Figure 4.6 
Meridional (a) and equatorial (b) SAXS intensity curves as a function 
of s, recorded with a Kratky camera at room tempera/ure for solution
crystallized UHMW-PE. drawnat 150"C to various draw ratios indicated. 

s = 2 · sin9 ltlx, ~ is the wavelength of the X -ray source. 
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Figure 4.7 
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DSC melting endotherms recorded for solution-crystallized UHMW-
PE, drawn at 150 o C to the various draw ratios indicated. 

molecular weight PE, deformed in the melt [12,13,26]. 
The peak melting temperatures of both endotherms exhibit only a 

small increase (at most 1-2 o C) as the draw ratio increases from 10 to 35. 
This effect is quite different for PE, drawn below the melting point. In the 
latter case a strong melting point dependenee on the draw ratio is observed 
[27-31]. Yet, despite the small changes in melting temperature, drastic 
changes in the contribution of both endotherms can be seen, as the draw 
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Figure 4.8 
lnfluence of monitoring temperature on the W AXS and SAXS patterns 
of solution-crystal/ized UHMW-PE. drawnat Jso·c toa draw ratio of JO 
(a) and 29 (b), respectively. The patterns on the /eft are monitored at 
room temperature, whereas the patterns on the right are monitored at 137 • C. 

ratio increases (see Figure 4.7). The constancy of the melting point of the 
type 11-crystallites is not surprising, since they are created by chain-folded 
crystallization of the motten, low molecular weight part material and 
dangling ends of the high molecular weight materiaL On the other hand, 
the very small increase of the melting point of the type 1-crystallites is 
less obvious and will be commented upon in a following section. 

4.3.3.2 Melt-crystallized UHMW-PE 

Similar DSC results are found for melt-crystallized UHMW-PE (Figure 
4.9), drawn under identical conditions. However, the melt-crystallized and 
drawn UHMW-PE samples do notshow distinct resolved endotherms. 
Furthermore, the formation of the fibrous type 1-crystallite fraction is 
found to be more efficient in case of originally melt-crystallized materiaL 
This can be deduced from a stronger increase of the fibrous fraction as a 
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Figure 4.9 
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DSC melting endotherms recorded for melt-crystallized UHMW
PE, drawnat Jso·c to the various draw ratios indicated. 

function of the draw ratio compared to initially solution-crystallized 
UHMW-PE (cf. Figures 4.7 and 4.9), and is consistent with the X-ray 
results presented. 
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4.3.4 Mechanica) properties related to structure 

During draw, chain-extension of the high-molecular weight part of the 
sample occurs, giving rise to fibrous sub-units. The resulting composite
like structure of partly chain-extended fibrillar crystals embedded in 
molten material, possesses sufficient strength to prevent premature failure 
during drawing in the melt. Standard linear PE grades can not be drawn 
isothermally in the melt due to the absence of strain-induced crystallization 
as a consequence of the overall lower molecular weight and hence relatively 
fast relaxation processes. The upper temperature limit for drawing in the 
melt is approximately 155 o C, the orthorhombic-hexagonal phase transition 
temperature of PE (see Chapter 5). In the hexagonal phase the fibrillar 
crystals cannot withstand any load, due to a high degree of chain mobility 
along the c-axis [7]. 

During the actual drawing process the melting point of the type I 
material can be as high as 155 • C as a consequence of the applied stress 
(constrained melting of PE). In the absence of stress or imposed 
constraints, the melting point of chain-extended UHMW-PE is 145 • C [7]. 
In the case of drawing in region 2 however, the somewhat lower melting 
point of 141 • C is probably related to relaxation during the time required 
for coolingjcrystallization. 
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Figure 4.10 
Draw Ratio 

lnfluence of drawing on R, defined as the fraction of type 1-crystallites 
observed as the contribut ion of the melting endotherm at approx. 140 o C. 
for solution-crystallized UHMW-PE drawnat Iso·c. 
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Consequently drawing in region 2 is inherently less efficient compared 
to the ultra-drawing of solution-cast UHMW-PE in region I due to 
relaxation. Nevertheless drawing in region 2 results in chain-extension and 
with increasing draw ratio the fraction of fibrous type I crystals increases 
linearly as shown in Figure 4.10. Combining this result with the observed 
linear dependenee of the Young's modulus vs. draw ratio, shown in Figure 
4.1 [4,5], strongly suggests that the melt-strength and modulus of the 
drawn specimen are directly related to the fraction of type I crystals. 

It is of interest to note the difference in drawability and draw 
efficiency in region 2 between melt-crystallized and initially solution
crystallized UHMW-PE. A crystallization memory effect cao be observed 
in the melt related to a difference in topological constraints during the 
deformation step. Solution-crystallized samples are ultra-drawable in 
contrast to melt-crystallized UHMW -PE if drawing is performed in 
region l, i.e. the solid state. These differences with respect to drawability 
remaio to some extent if the samples are heated above the melting point and 
subjected to large deformations. However, if measured in shear at 
small deformations, no noticeable difference in rheological properties is 
observed in the melt between melt-crystallized and initia! solution
crystallized samples. These crystallization memory effects will be 
discussed in detail elsewhere [32]. 

4.4 CONCLUDING REMARKS 

Strain-induced crystallization occurs if UHMW-PE is drawn in the 
melt in a Iimited temperature range between the melting point of lamellar 
crystals and the orthorhombic-hexagonal transition temperature of approx. 
155 • C. As a consequence of strain-induced crystallization fibrillar crystals 
are formed which provide sufficient melt-strength by acting as Ioad 
hearing parts during deformation. 

A significant difference with respect to draw efficiency and maximum 
achievable draw ratio exists between initially solution-crystallized 
samples and UHMW-PE samples which were obtained via direct 
compression-moulding of as- received reactor powder. These differences 
could be explained in terros of a reduced intermolecular connectivity and 
hence less topological constraints during drawing of solution-crystallized 
samples. Compared to drawing in the solid-state, melt-drawing in the so
called region 2 is rather inefficient with respect to the formation of 
high-strength/high-modulus structures. 
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Finally the results explain the reported "processing-gap" of UHMW -PE 
in region 2 [33]. UHMW-PE is well-known as a rather intraetabie material 
for processing due to the high viscosity in the melt. At processing 
temperatures of 160-250 oe, the high viscosity is prohibitive for 
conventional processing of UHMW-PE and usually compression moulding is 
employed, af ter which finished products are made by machining. Ho wever, 
in region 2 UHMW-PE is remarkable ductile and can be processed and 
shaped at low stresses rather easily [33]. This phenomenon is clearly related 
to the formation of the composite structure discussed above during 
deformation in the limited temperature range referred to as region 2 in 
this chapter. 
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CHAPTER 5* 

CHAIN-EXTENDED UHMW-POL YETHYLENE IN COMPOSITES 
-MELTING AND RELAXATION BEHAVIOUR-

Abstract 
The melting and relaxation behaviour of chain-extended polyethylenej epoxy 
composites was studied. Using X-ray, DSC and birefringence techniques. it 
was shown that chain-extended ultra-high molecular weight polyethylene can 
be constrained fair/y effectively by embedding in an epoxy resin to prevent 
complete melting of the polyethylene far above the equilibrium melting 
point. Although the X -ray results look quite promising with respect to 
preservalion of chain orientation in the fibres, both DSC and birefringence 
measurements indicate the presence of some relaxation/ melting if the 
sample is heated above the ort horhombic to hexagonal transit ion, at 155 • C. 
This solid-solid phase transition within the PE fibres is detrimental for 
the mechanica! properties and consequently for the composite structure as 
a whole and sets an upper limit to the maximum use temperaiure. 

*) Reproduced in part from N.A.J.M. van Aerle & P.J. Lemstra, Polym. J. 
20, 131 ( 1988) by permission of The Society of Polymer Science, Japan. 
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5.1 INTRODUCTION 

The development of processes for the production of polyethylene 
(PE) fibres via melt spinning and subsequent drawing [1-3] as wellas the 
introduetion of the so-called gel-spinning process, developed in the late 
seventies at DSM Research [4-6], made it possib1e to produce PE-fibres 
with excellent mechanical properties. Presently, the intrinsic possibilities 
of these fibres in textile and composite applications are explored in depth 
[7-12]. 

Ultra-high molecular weight polyethylene (UHMW-PE) fibres, 
produced via gel-spinning, exhibit favourable properties such as toughness, 
fatigue, chemica! resistance and light resistance [6]. A disadvantage of 
these PE-fibres is their low equilibrium melting point, which is reported to 
!ie between 141.6 o C and 146 o C [ 13-15]. Ho wever, it is well known that 
via effective constraining the melting point can be raised. In this case the 
common orthorhombic crystal structure transfarms into a hexagonal phase 
befare final melting occurs. The occurrence of a hexagonal structure in PE 
and similar paraffinoids with much lower molecular weight is known for a 
long time [ 16]. The existence of the hexagonal structure as an intermedia te 
between the common orthorhombic phase and the melt in PE was originally 
found by Clough [17]. By using oriented crosslinked PE, constrained at 
constant length, an orthorhombic to hexagonal (o-h) phase transition could 
be observed at a bout 150 o C. Si nee then more circumstances were noticed 
at which the o-h transition takes place in PE [18-31]. 

By constraining oriented PE to a constant length, i.e. via clamping the 
fibre/tape ends, the solid-solid o-h transition can be observed during 
temperature increase prior to melting [18-23]. Furthermore, it is well 
known that PE can exhibit an o-h transition prior to melting via another 
kind of constraining, i.e. by heating the material under high hydrastatic 
pressures (>4 kbar) [24-31]. 

The prime goal of the study presented in this chapter was to investigate 
the melting behaviour of chain-extended PE in a matrix. An interesting 
question is, whether the composite matrix can prevent relaxation/ melting of 
the PE fibres and/or tapes to such an extent as to preserve chain-extension, 
and hence the mechanica! properties, by heating the composite above the 
equilibrium melting temperature of PE, which may occur for example in 
curing processes. 

Using wide angle X-ray scattering, it will be shown that PE-fibres 
embedded in epoxy, exhibit an o- h transition prior to melting. The 
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resulting hexagonal crystal structure will be compared with those structures, 
induced via very high hydrastatic pressures. Additional results concerning 
the o-h transition obtained via differential scanning calorimetry and bire
fringence are discussed. Finally some results concerning the reversibility 
of the o-h transition are presented. This effect will be discussed in 
relation to the influence on mechanical properties of PE fibre reinforeed 
composites. 

5.2 EXPERIMENTAL 

5.2.1 Materials 

High-modulus tapes were prepared by drawing salution-cast PE-films, 
obtained by dissolving 2 wt.% UHMW-PE (Hostalen GUR-412, Hoechst I 
Ruhrchemie, Mw = 1500 kglmole) in xylene at 130 oe as described in 
Chapter 2 or reference [32]. The dried film was drawn manually at 120 o C 
to a draw ratio of about 90 (the resulting Young's modulus was approx. 
120 GPa). Ultra-drawn gel-spun PE fibres were used, with a tensite 
strengthand Young's modulus of about 2.5 GPa and 115 GPa, respectively. 

For all studies the fibres and tapes were subsequently washed with 
acetone and hexane, before embedding in an epoxy resin, Europax 730 I 
XE 278 in a wlw ratio of 100115. The curing of the resin was performed 
in 3 stages, i.e. 30 minutes at room temperature, foliowed by 1 h and 2 h 
at 80 ° C and 120 o C respectively. No specific surface treatments were 
applied to imprave the fibre-matrix adhesion. 

5.2.2 X-ray diffraction 

The wide angle X-ray scattering (WAXS) studies were performed using 
a Statton camera equipped with a temperature controlled cell. The accuracy 
of the temperature ranged within I to 2 o C. This was checked using adipic 
acid (T = 153 o C) for temperature calibration. Ni-filtered Cu Káradiation 
was gerillrated at 50 kV and 35 mA and the X-ray exposure time was usually 
chosen to be 30 minutes. The sample to film distance amounted 50 mm, in 
some cases 30 mm. 

5.2.3 Differential Scanning Calorimetry (DSC) 

Melting endotherms were determined using a Perkin-E1mer DSC-2 
calorimeter. A standard heating and cooling rate of 10°C/min was adopted. 
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Indium was used for temperature calibration (T = 156.6 o C). The 
temperatures at the maximum of the endothermTwere taken as the 
transition temperatures. 

5.2.4. Birefringeoce 

High temperature birefringence measurements were performed, using 
a Zeiss polarizing microscope fitted with a Mettier FP-2 temperature 
regulated hot-stage. The birefringence was measured using a quartz rotary 
Berek compensator. For these studies the epoxy embedded PE fibres were 
kept between two glass slides in order to imprave thermal contact. Befare 
each measurement the sample was kept at least 5 minutes at the required 
temperature. The birefringence was calculated from: 

where L1n is the birefringence, tiJ the measured optical retardation at the 
centre of the fibre and df the fibre diameter. 

5.3 RESUL TS & DISCUSSION 

5.3.1 Meltiog behaviour 

5.3.1.1 Oriented UHMW-PE tapes 

A drawn PE tape with a final width and thickness of about 2 mm and 
15 J.1.m respectively, and a Youngs modulus of approx. 120 GPa at room 
temperature was embedded in an epoxy resin. The W AXS patterns presented 
in Figure 5.1 were recorded as a function of temperature, with the primary 
beam directed perpendicular to the tape surface. The presence of the epoxy 
matrix gives rise to a strong amorphous halo in the W AXS pattern. 

At room temperature, the W AXS patterns of the tapes exhibit 
characteristics pointing to the presence of biaxial orientation, i.e. intense 
(11 0), very weak (200) and relatively intense (020) equator ia! reflection 
spots (see Chapter 3 or references [32,33]). 

Upon heating a weak signal, attributed to the presence of a small 
fraction PE in the hexagonal phase, can be detected at 152 o C superimposed 
on the common orthorhombic phase. Further heating leads to the complete 
disappearance of the orthorhom bic characteristics at 155 o C. The 

-74-



Temp.(1CI 

23 

150 

152 

155 

Figure 5.1 
Series of W AXS patterns as a lunetion at temperature for an epoxy 
embedded PE-tape ( drawn 90 times). The tape was mounted with the 
drawing direction vertical and the tape surface perpendicular to the 
incident beam. * indicates the PE ( 110) and ( 200) reflections due 
to Fe Ka.-radiation, arising from Fe imp~rity in the lf:u-tube. 

constraining effect, caused by the embedding epoxy system is effective 
enough to prevent relaxation and subsequent melting of the PE tape up to 
temperatures of a bout I 55 o C. By varying the X-ray exposure time a 
lifetime of the hexagonal structure in these uncrosslinked tapes of about 30 
minutes at 155 o C was deduced. The thermal stability of the system studied 
is rather poor compared to constrained crosslinked PE tapes described in 
literature [ 17,19,22,23 ], indicating that crosslinking increases the 
stability in constrained oriented PE samples. In order to campare the 
constraining efficiency of epoxy for PE-tapes and fibres, the melting 
behaviour of embedded fibres will be discussed in detail in the following 
sections. 
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5.3.1.2 Oriented UHMW-PE fibres 

Wide ang/e X -ray diffraction 

Figure 5.2 shows a temperature series of WAXS patterns of embedded 
PE fibres. The detected circular reflections arise from the aJuminurn foil in 
which the sample was wrapped to ensure good heat conduction. Just as in 
the case of the PE tape, the presence of the epoxy can be observed from 
the amorphous halo in the W AXS patterns. Unfortunately this halo coincides 
with the amorphous halo of PE. It is therefore quite difficult to abserve 
changes in amorphous material (molten PE fraction) during heating cycles. 

U pon heating a weak reflection assigned to the ( 100) h (hexagonal ( 100)) 
reflection of PE, appears very close to the (I 10) (orthorhombic (110)) 
reflection at a temperature of 150 o C. Th is ( 1 00)~ reflection becomes 
increasingly intense at the expense of the (110) and (200) reflections, 
within a temperature range of about 3 o C. Alth8ugh there fs a small 
increase in the hexagonal reflection are, the ( 100) reflection shows the 
same orientational characteristics as the (11 0) anb (200) , implying that 
no drastic orientational changes occur during '1he o-h tralftsition. The 
simultaneous existence of both phases at temperatures between 150 and 
153 o C seems to present an equilibrium situation, since there is no 
detectable intensity change of any reflection if the samples are kept within 
this temperature range for at least 2 hours. At 153 oe all orthorhombic 
characteristics have disappeared. Further temperature increase leads to the 
disappearance of the hexagonal crystal phase at temperatures above 175 o C. 
The absence of any PE-reflection above this temperature points to the 
presence of completely molten PE. 

Additional information about temperature effects on the crystal structure 
of both the orthorhombic and hexagonal phase was obtained by studying 
the changes in the lattice spacings. In Figure 5.3 the results are presented 
for the equatorial (110) , (200) , (020) , (310) and (IOO)h reflections. 
Starting at room tempe?ature a 0graduafincreas~ in spacing is found for all 
reflections with increasing temperature. U pon heating the (11 0) , (200) 
and (310) increase by 1.6%, 4.8% and 3.9%, respectively, whergas the 0 

spacing of the (020) reflections increases by less than 0.4%. Similar 
results have been re8orted in the literature [34-38]. They indicate an 
anisotropic thermal expansion in the orthorhombic plane normal to the 
polymer chains, in which nearly all the expansion occurs in the a-axis 
direction. This anisotropy can be understood in terms of differences 
in binding forces between the PE-chains along the a-axis and b-axis. Since 
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Figure 5.2 
Series of W AXS patterns of epoxy embedded PE-/i bres as a lunetion of 
temperature. The outer reflection ring and streaks originate from the used 
aluminum coating. * indicate PE-reflections caused by Fe Krfradiation. 
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Figure 5.3 
lnfluence of temperaJure on several PE /attice 
spacings of epoxy embedded PE- fibres. 

the distance between two parallel chain segments is smaller along the b
axis, the binding forces along the b-axis will be higher. This results in 
an energetically favourable a-axis expansion. 

Despite the gradual change, the o-h transition is still discontinuous. 
From Figure 5.3 it can be inferred that the increase in lattice spacing is 
highest for the equatorial ( 100) reflection. As was pointed out in the 
past for oriented PE materials n 8,21 ,22], this implies the presence of an 
enhanced molecular chain mobility in the hexagonal phase. 

More information about the hexagonal crystal structure was obtained 
via W AXS experiments, varying the sample to film distance (in order to 
increase the detectable region) and the exposure time. To avoid disturbing 
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aluminum reflections, the epoxy embedded PE-fibres were not wrapped in 
aluminum foil this time. In Figure 5.4 two characteristic WAXS patterns are 
shown, recorded at approx. 155 ·c, tagether with a schematical drawing. As 
can be seen, one strong and two rather weak equatorial reflections can be 
discerned. The corresponding lattice spacings of 4.34 A, 2.50 A and 2.18 A 
agree very welt with the (IOO)h, (llO)h and (200)h reflections, respectively, 
as reported in literature. There are no detectable reflections except on the 
equator, even after a very long exposure time only diffuse scattering with 
some orientation at the meridian can be detected, indicating relatively 
large conformational disorder of the molecules along the c-axis direction. 
The distance from the equator of 0.43 ± 0.01 A-1 corresponds to a fibre 
period of 2.31 ± 0.05 A. Similar results were obtained for oriented PE
fibres in which the hexagonal phase was induced and kept under high 
pressures and temperatures (>8 kbar, >260 • C) [29,39,40]. The results imply 
that the hexagonal phases, either induced via heating constrained fibres at 
atmospheric pressures or at very high hydrastatic pressures, show similar 
X-ray characteristics and hence similar crystal structures. 

Figure 5.4 
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WAXS-patterns of epoxy embedded PE-fibres at 155"C, (a) exposure 
time of 30 minutes; (b) exposure time of 5 hours; (c) schematic picture 
obtained from (a) and (b). 

Compared to the results for embedded tapes, see farmer section, the 
obvious conclusion is that fibres can be constrained more effectively than 
tapes, e.g. epoxy embedded fibres can be kept at temperatures up to 170 ·c 
for at least 5 hours before the sample is completely molten whereas epoxy 
embedded tapes melt at 155 • C within less than an hour. 
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Di/ferential Scanning Calorimetry ( DSC) 

To investigate the o-h transition in more detail, additional experiments 
by means of DSC were performed. In Figure 5.5 the DSC thermograms of 
unconstrained (5.5a) and constrained (5.5b) fibres are compared. 

0 
"0 
c: 
w 

Figure 5.5 
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Comparison of DSC melting endotherms of (a) unconstrained 
and (b) epoxy embedded PE-fibres, heating rate JO ·c; min. 

The former thermogram was obtained by heating chopped fibres 
(approx. 2 mm in length) in a droplet of silicone oil to obtain optimal heat 
conduction and avoid constraining effects. These unconstrained fibres 
exhibit an endothermic maximum at 145 • C which is common for highly 
chain-extended polyethylene [6,41 ]. The constrained fibres on the other 
hand, show two endothermics with corresponding transition temperatures 
of 153 • C and 176 • C respectively. Compared to the WAXS data described 
earlier, we may ascribe the first endotherm to the o-h transition. The second 
endotherm however, reflects a more or less abrupt relaxation of the chain
extended molecules, resulting in melting of the hexagonal phase. This 
relaxation effect may be caused by a sudden toss of constraining properties 
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of the embedding material, as can be inferred from the anomalous shape 
of the melting curve. 

Birefrirrgence 

The temperature dependenee of the birefringence of fibres embedded 
in an epoxy resin was studied. As can be observed in Figure 5.6 the small 
initia[ increase in birefringence up to about 140 • C is followed by a smal! 
decrease. At I 5 I ± I • C a drastic decrease can be noticed whilst the 
fibres exhibit complete loss of fibrillar inhomogenieties, present in the 
original fibres. This latter effect is clearly observable via a polarizing 
microscope. Further heating results in a continuous decrease in 
birefringence and at a bout 172 ± 5 • C stress regions become visible in the 
epoxy material surrounding the fibres. 
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Figure 5.6 
lnf/uence of temperature on the birefringence 
of epoxy embedded PE-fibres. 

Comparing the DSC and X-ray results, the first drastic decrease in 
birefringence at about 151 ·c can be ascribed to the o-h transition, 
suggesting that the hexagonal structure of oriented PE is less birefringent. 
Similar results were found for constrained crosslinked PE tapes, drawn 
40 times [42]. 
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5.3.2 Relaxation and Reversibility 

. All results discussed up to now definitely prove the existence of an 
o-h transition in oriented PE materials, constrained in a composite matrix . 
Especially for the use of PE fibres in fibre-reinforced composites, it is 
important to know the effect of heating above this o-h transition upon 
the properties of the composite in view of curing cycles and maximum 
use temperatures. To get a better insight in possible structural changes 
occurring during and above the o-h transition, reversibility studies were 
performed. 

Wide angle X -ray di/fraction 
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Figure 5.7 
W AXS patterns of epoxy embedded PE-/i bres at various temperatures. 
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Figure 5.7 shows some W AXS patterns, recorded for epoxy embedded 
PE-fibres during a heating and subsequent cooling series. At 140 o C the 
common orthorhom bic structure is present. Heating to 150 o C results in the 
transformation of some orthorhombic PE into hexagonal materiaL The 
transition is completedat 153 oe. To study the reversibility of the o-h 
transition, the sample was subsequently cooled. At 150 o C some hexagonal 
PE has re-transformed into orthorhombic PE. Close quantitative inspeetion 
of the recorded patterns reveals some supercooling during the h-o transition. 
Analogous results were observed using constrained, oriented, crosslinked PE 
[21 ,43]. Comparing the W AXS pattern of the composite at 140 ° C (before 
further heating) and 145 o C (after cooling down from 155 o C) reveals no 
detectable decrease in orientation, despite the fact that the embedded 
fibres were kept in the rather mobile hexagonal phase for at least 2 hours. 
Unfortunately due to the epoxy scattering halo, it was impossible to 
observe possible changes in amorphous PE material via X-ray. However, if 
the composite is heated up to temperatures above 170 o C for more than 2 
hours, much orientation appears to be lost after cooling down as can be 
seen in Figure 5 .Ba. Surprisingly, ho wever, if the PE fibres are kept in 
the molten state (at 180 o C) for a bout an hour, the WAXS pattern still 
reveals some preferenrial orientation after cooling down to room 
temperature (Figure 5.8b). This suggests that it takes more than an hour 
before molten, epoxy embedded, UHMW-PE fibres become completely 
isotropic. The combination of the high viscosity of molten UHMW-PE 
and and the constraining properties of the resin reduces the rate of the 
process, responsible for relaxing oriented material into the isotropie state. 
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Figure 5.8 
W AXS patterns of epoxy embedded PE-/i bres at room tempera/ure, 
a/ter keeping the composite at nooc (a) or lBO oe (b) for 1 hour. 
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Si nee the W AXS technique is not adequate to differentiate between 
chain-orientation and chain-extension, additional DSC and birefringence 
measurements were performed in order to elucidate possible relaxation 
effects. 

Di/ferential Scanning Calorimelry 

Some results obtained from reversibility studies by means of a DSC are 
shown in Figure 5.9. The first heating scan (curve a) shows one distinct 
endotherm with a corresponding transition maximum at 154 o C, assigned to 
the o-h transition. Cooling the sample results in the detection of two 
exotherms at 121 oe and 146oC respectively (curve b). As is known from 
literature the exotherm at 121 o C is caused by crystallization of relaxed, 
molten material whereas the latter exotherm (146 o C) arises from the h-o 
transition. These assignments are supported by the thermogram, observed 
during a second heating scan (curve c), which reveals two endotherms. The 
temperatures of 131 o C and 154 o C correspond to the melting of isotropie 
PE and the o-h transition of ebain-extended material respectively. 
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Figure 5.9 
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Series of DSC-thermograms of epoxy embedded PE-fibres. 
(a) firsl healing scan; (b) cooling scan; ( c) second healing scan. 

-84-



The DSC curves can be explained straightforwardly. During the first 
heating scan the orthorhombic ebain-extended PE transfarms into the 
hexagonal structure at 154 • C. Si nee the molecular mobility in this latter 
phase is relatively high, stress relaxation takes place, resulting in partial 
melting of relaxed PE chains, whilst unrelaxed ebains remain in the 
hexagonal crystal structure. The combined presence of molten and chain 
extended crystalline material explains the observed cooling and second 
heating thermogram. 

Birefringence 

Finally the reversibility of the o-h transition was investigated via 
birefringence studies. The results, observed via heating epoxy embedded 
PE fibres are already discussed in a former section. A drastic decrease 
in birefringence during the o-h transition was explained in terms of 
differences in birefringent properties between the orthorhombic and 
hexagonal structure. Surprisingly, ho wever, the birefringence does not 
increase very much during cooling (at most 15%), although both X-ray 
and DSC studies undoubtedly prove the reversibility of the o-h transition. 
These results imply that the initial drop in birefringence at 151 • C (Figure 
5.6) is mainly caused by stress relaxation and partial melting of ebain
extended molecules in the rather mobile hexagonal state, giving rise to a 
decrease in birefringence, rather than by the change in crystal structure 
itself. Since stress relaxation is an irreversible process, cooling such a 
sample will not lead to a drastic increase in birefringence. Stress 
relaxation results in a decrease in chain-extension rather than in a 
decrease in chain-orientation. Similar irreversible results were observed 
for oriented, crosslinked PE tapes, constrained to constant length [ 42]. 
The above results therefore imply small differences in birefringent 
properties between orthorhombic and hexagonal PE. In literature very 
little is known about changes in birefringence during similar solid-solid 
transitions of paraffinoids into the hexagonal phase. Using the paraffin 
n-C H , West [44] observed a constancy in birefringence during a 

32 64 • d d l'd l'd h . . . h l temperature m uce so 1 -so 1 p ase transitton mto a exagona 
structure. 
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5.4 CONCLUDING REMARKS 

The o-h transition is a reversible process in case of PE fibres embedded 
in a matrix. However, due to t7 increased mobility in the hexagonal phase, 
partial relaxation/melting occurs. Although improved fibre-matrix adhesion, 
optimization of surface/volume ratios and other external variables might 
increase the constraining efficiency to some extent, the o-h transition 

. occurs within the PE fibres and is consequently difficult to suppress. 
In this respect it is of interest to note that constrained chain-extended 
polypropylene fibres, where a similar solid-solid transition is absent, can 
be heated for prolonged times at for example 200 • C (approx. 40 o C above 
the melting point) without a noticable loss in fibre properties [45]. 

Since the o-h solid-solid phase transition, is an intrinsic property of 
polyethylene, the only way to obtain PE fibres which can survive a heat 
treatment above 155 o C is modifying the chemica! structure to prevent 
relaxation. Crosslinking of the fibres is in principle a possibility although 
the results up to now are not satisfactory [23]. lmprovements can be 
expected in the near future via optimization of crosslinking procedures of 
the PE fibres (see next chapter), acthesion and development of suitable 
matrices. 
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CHAPTER 6* 

CROSSLINKING OF UHMW-POLYETHYLENE BY IRRADIATION 
-INFLUENCE OF MORPHOLOGY INDUCED BY DRAWING-

Abstract 
The influence of drawing on the crosslinking efficiency for electron beam 
radialion has been studied for highly drawable solution-crystalliz ed 
ultra-high molecular weight polyethylene. Observations via swe!ling and 
determinations of maximum drawability after irradiation-crosslinking 
suggest the presence of an optimum morphology for inducing crosslinks 
at a draw ratio of about 5. For studying mechanica[ properties , samples 
were drawn after irradiation to a Jota! draw ratio of 40. Both tensile 
strength and creep do nol indicate the presence of an optimum morphology 
for enhancement of these properties by electron beam irradiation at a draw 
ratio of 5. ft is shown, however, that a reduction of the creep rate can 
be obtained quite easily by irradiation-crosslinking at an initia/ stage 
of the drawing process. Tentative structural explanations of the results 
are given. 

*) Reproduced in part from N.A.J.M. van Aerle, G. Crevecoeur & 
P.J. Lemstra, Polym. Comm. 29, 128 ( 1988) by permission of 
Butterworth & Co ( Publishers) Ltd. 
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6.1 INTRODUCTION 

Ultra-high modulus polyethylene (PE) fibres and tapes, obtained via 
melt-spinning/drawing [I ,2] as well as via the so-called gel-spinningj 
drawing process [3,4], exhibit favourable properties such as high 
modulus as well as toughness, chemical and light resistance [5]. This 
raised the possibility to use such materials in ropes or as reinforcement 
for brittie matrices such as polymerie resins or cement. For such 
applications creep and recovery properties can be of primary importance if 
prolonged static toading rather than impact toading is being considered. 
Unfortunately, however, oriented PE fibresjtapes are inherently less stabie 
with respect to prolonged static loading. 

Many attemps have been made to improve the long-term properties of 
oriented PE structures, i.e. to reduce the level of creep. Ward and 
coworkers have shown that the level of creep can be substantially reduced 
by increasing the polymer molecular weight, by using copolymers with a 
small degree of branching or by irradiation-crosslinking prior to drawing 
[6-l 0]. Furthermore, Woods et al. [11, 12] have found that a reduction of 
the creep rate can also be achieved for meltspun HOPE fibres (Mw=60 
kg/mole) by crosslinking after drawing, using electron beam (EB) radiation. 

In the case of gel-spun (solution-spun) fibres, based on ultra-high 
molecular weight PE (UHMW-PE), no successes have been reported till 
now with respect to radiation-crosslinking of oriented structures. Very 
recently it was noted by several authors that upon irradiation of gel-spun/ 
drawn UHMW-PE fibres the creep rate increases with increasing irradiation 
dose [13,14]. Furthermore, irradiation of such UHMW-PE fibres was found 
to lead to considerable decreases in tensite strength [ 14-17]. The fa ct tha t 
gel-spun/drawn UHMW-PE fibres are much more sensitive to the 
detrimental effects of irradiation, compared to meltspun/drawn HOPE 
fibres, is due to the morphology. Since both high energy gamma and EB 
radiation not only result in the formation of crosslinks but also in chain 
scission [18,19], the increase in creep rate and the reduction in tensite 
strength is to be attributed to main-chain scission rather than crosslinking. 

To overcome the intrinsic problem of extensive chain scission in 
oriented, highly crystalline gel-spun/drawn UHMW-PE fibres, Hikmet et 
al. [20] used EB radiation to induce crosslinks prior to the drawing process. 
In this way oriented crosslinked PE structures could be obtained with a 
1 0-fold decrease in creep ra te compared with uncrosslinked counterparts 
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at identical values for the Young's modulus [20]. Although crosslinking 
prior to drawing clearly leads to a markedly improved creep behaviour 
in the drawn structures, this is always achieved at the expense of the 
ease of drawing (20]. 

It is well known that the efficiency of the radiation in forming 
mechanically effective crosslinks depends strongly on the polymer 
morphology [21]. Up to now very little attention has been devoted to 
the study of the influence of drawing on the crosslinking efficiency. 
Since during the drawing process of a polymer like PE rather drastic 
morphological changes occur (see Chapter 2 & 3 or [22,23]), crosslinking 
during an intermediale stage of drawing may lead to a better understanding 
about the effect of irradiation on crosslinking. Furthermore, it could be 
of industrial importance to know at what stage of the drawing process the 
crosslinking is most efficient, in order to optimize the possible use of 
irradiation facilities within a continuous fibre or tape production process. 
Moreover, effective crosslinking not only improves the creep resistance 
but also the high temperature stability of the material [20,24-27]. 

This chapter is concerned with the effect of drawing on the 
crosslinking efficiency via electron-irradiation of solution-crystallized 
UHMW-PE. The influence of EB crosslinking on the degree of swelling 
and the maximum achievable draw ratio will be reported as a function of 
the initia! draw ratio. Furthermore, samples crosslinked at an initia! draw 
ratio d.1 wiJl be drawn in a second stage to a final total draw ratio of 40. 
These latter samples will be investigated on resulting mechanica! 
properties such as tensile modulus, strength and creep. 

6.2 EXPERIMENT AL 

6.2.1 Sample preparation 

As starting material 1.5wt.% solution-crystallized UHMW-PE (Hostalen 
GUR-412, Hoechst/Ruhrchemie, Mw=l500 kg/mole, Mn=200 kg/mole) films 
were used, prepared as described in detail in Chapter 2 or reference [22]. 
The dried films were extracted in n-hexane at room temperature to remove 
the last traces of solvent (xylene) and stabilizer. In order to obtain flat 
and void-free homogeneaus samples, the extracted films were subsequently 
pressed at room temperature. The use of cast films instead of as-spun 
fibres was simply related to the fact that drawn tapes prepared from cast 
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films are easier to handle in Iabaratory investigations such as swelling 
measurements (see below). Strips cut from the films were drawn manually 
at 120 oe and the draw ratio was determined from the displacement of ink 
marks originally placed 1 mm apart. Due to necking of the sample, it was 
impossible to obtain drawn tapes with a homogeneaus draw ratio between 
1 and 5. In order to have a similar temperature history for both undrawn 
and drawn samples, the undrawn samples were also kept at the drawing 
temperature for a short time. Samples used for mechanica) testing were 
drawn manually at 120 o C to an initial draw ratio of A1 , irradiated and 
subsequently drawn again at 120 o C to a total draw ratio of 40. 

6.2.2 Differential Scanning Calorimetry (DSC) 

All DSC experiments were performed on a Perk in-Elmer DSC-7. A 
standard heating ra te of I 0 o C/min was chosen. To eliminate constraining 
effects during melting, the samples were chopped to pieces of approx. 
2 mm length. A droplet of silicone oil was added to eosure a good thermal 
conduction. Indium was used for calibration (Tm= 156.6 o C, L1Hf=28.4 J/g). 

6.2.3 lrradiation process 

Irradiation was carried out at room temperature, using the electron 
beam from a Van de Graaff generator at the Interuniversitair Reactor 
Instituut, Delft. The samples were irradiated with 3 MeV electroos with a 
beam current of 150 JJ.A, delivering a dose of 0.855 kGy (i.e. 0.0855 Mrad) 
per passage through the beam. Both undrawn and drawn samples were 
mounted on aJuminurn plates and covered with thin aJuminurn foil. During 
irradiation the covered samples were placed on a water cooled moving 
table, to avoid temperature increases of the sample. 

Since mechanica) properties such as tensile strength and creep are 
sensitive to oxidative degradation (chain scission), the samples used for 
mechanica! testing were transferred into stoppered glass tubes immediately 
after irradiation. These tubes were filled either with xylene containing 
2wt.% anti-oxidant di-t-butyl-p-cresol or with N -gas. They were kept at 

2 
approx. 60 o C for 6-8 hours and subsequently stored at room temperature 
for more than l week, to eosure the decay of any trapped radicals which 
could cause oxidative degradation. Finally the irradiated samples were 
drawn at 120 o C to a total draw ratio of 40. 
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6.2.4 Swelling measurements 

'· Swelling measurements on the irradiated materials were carried out 
after remaval of the sol-fraction by Soxhlet extraction for about 60 hours, 
using xylene as refluxing agent. The crosslinked gel was equilibrated in 
xylene at 120 o C for 5 hours, transferred quickly into a stoppered flask and 
weighed (W ). Subsequently the swollen material was dried under vacuum 
at 50 o C and~eighed (W d ). Finally the volume degree of swelling or 
swelling ratio (SR) was cafculated assuming addivity of volume in the 
swollen gel, according to: 

SR = 1 + 
w sw - w dr 

wdr Ps 
(I) 

where P. and P. are the densities of the polymer and the solvent at 120 ° C, 
0.908 g~m 3 and 0. 768 g/cm 3, respectively. The swelling ratio given for 
each sample was averaged over 5-7 measurements. 

The corresponding average molecular weight between the crosslinks, 
defined as Me, was estimated from the equilibrium swelling ratio using 
the Flory-Rehner equation [28]: 

P, ·V p s 

Me 

1/3 2 
· (v/2 - v ) = ln(l-v) + v + ~·v (2) 

where P. is the density of the dry polymer (0.908 g/cm 3 at 120 • C), V the 
n s s 

rnalar vötume of the solvent (138 cm /male for xylene), v the polymer 
volume fraction which corresponds to SR -l and ~ the Flory-Huggins 
polymer/solvent interaction parameter given by 0.33+0.55 ·vat 120 ·c [29]. 
However, since this Flory-Rehner equation was developed from statistica) 
mechanics, in which network imperfections such as chain end segments 
were not taken into account, equation (3) was used. This modified equation 
proposed by Flory [30] makes allowance for such imperfections: 

Mn · Me 
Me' = (3) 

(Mn + 2·Me) 

where Me' is the true average molecular weight of effective chains, Mn 
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the number average molecular weight of the uncrosslinked polymer (200 
kgjmole) and Me the average molecular weight between crosslinks calculated 
via equation (2). 

6.2.5 Modulus and strength measurements 

The Young's modulus and tensile strength we re measured at 30 • C using 
a Frank 81565 tensile tester equipped with a thermostatically controlled 
oven. For the tests a constant crosshead speed of 100 mm/min was chosen. 
The initia! sample length was 150 mm and to avoid fracture at the clamps, 
the sample ends were glued between cardboard strips. The cross-sectional 
area of the drawn tapes, used for calculating the stress was determined 
from sample weight and length using a density of 0.98 gjcm 8 for a draw 
ratio of 40 [31]. The Young's modulus was determined from the steepest 
slope of the stress-strain curve. 

6.2.6 Creep measurements 

Experiments on creep were performed using a simple dead-loading 
creep apparatus, employing a linear displacement transducer (see Figure 
6.1). All experiments were performed in a thermostatically controlled room 

---

-F 

Figure 6.1 
Schematic drawing of apparatus used for dead-loading 
creep measurements. (A) clamps; (B) sample; {C) linear 
displacement transducer; ( D) amplifier; ( E) X -t chart 
recorder; (F) probe; (G) load. 
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with a temperature of 20.0±0.2 • C. In order to eliminate end effects at the 
grips, the sample length was chosen between 20 and 50 cm (sample width 
ranged between 1.5 and 3 mm) and the tape ends were glued between card
board strips. The upper grip was fixed in position. Weights were hung from 
the lower grip to obtain the desired stress. In all cases a constant load of 
0.40 GPa was applied. By determining the displacement of the bottorn grip, 
using a linear displacement transducer connected via an amplifier to an X-t 
chart recorder, the sample extension could he foliowed as a function of 
time. The measurements were performed over a timescale of 0.5 to 3 days. 

6.3 RESULTS & DISCUSSION 

6.3.1 Swelling and crosslinking efficiency 

Swelling ratios (SR) and the corresponding derived Me' values can he 
used as a measure of the efficiency of the crosslinking process. In Figure 6.2 
the relation between the initia! draw ratio d1 and both the experimental SR 
and the derived Me' values (using equations (I )-(3)) is given for 3 different 
radiation doses. A pronounced minimum occurs at a draw ratio close to 5. 
A minimum in SR and Me' indicate a maximum in the number of induced 
crosslinks. The results suggest the presence of an optimum morphology at 
this stage of drawing for crosslinking via electron-beam radiation. It should 
be noted, ho wever, that swelling does not give any in formation a bout the 
homogeneity of the crosslinking within the sample. 

Another measure of crosslinking efficiency can he defined as follows. 
The maximum isothermal draw ratiod.max for a two-stage drawing 
process, using the same drawing velocity, can be defined as: 

(4) 

in which d1 is the initia! draw ratio and d.2 corresponds to the second draw 
ratio up to break. In case of a 1.5wt.o/o salution crystallized PE sample dmax 

is found to be approx. 110 at a drawing temperature of 12o•c. If. 
however, the sample is irradiated after being drawn toa draw ratio d1 . 

the second draw ratio d2 will be influenced. The crosslinking effect will 
lead to a decrease in d2 . This decrease will be higher as the sample is 
crosslinked more. Therefore, a crosslinking efficiency, Xeff , can be 
defined by: 
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Figure 6.2 
Jnfluenee of EB-radiation on drawn 1.5wt.% UHMW-PE 
tapes determined via the swelling ratio, SR (right-hand 
axis). and the eorresponding Me' (left-hand axis) as a 
funetion of draw ratio for different radialion doses. 

xe{f = (5) 

in which A2* is the second draw ratio up to break after irradiation. Jf 
irradiation does not influence the second draw ratio up to break, X · is I. 
In Figure 6.3 Xeff is plotted against the initial draw ratio for three eff 

different radiation doses. All data presenled in Figure 6.3 are the average 
values of at least 6 determinations. The results are completely consistent 
with the results from Figure 6.2 and thus underline the presence of an 
effective crosslinking morphology at a draw ratio close to 5. 
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lnfluence of EB-irradiation of drawn l.Swt.% UHMW
PE tapes on the crosslinking efficiency Xeff. defined 
by equation (5) for different radialion doses. 

6.3.2 Morphology of the drawn samples 

One of the techniques to characterize the morphology of oriented PE is 
DSC. In Figure 6.4 the observed heat of fusion is plotted as a function of 
draw ratio for tapes similar to those used for the irradiation experiments. 
As can be seen, the heat of fusion decreases during the initia! stages of 
drawing. The observed minimum at a draw ratio of about 5 suggests the 
presence of a minimum in crystallinity. Similar decreases in crystallinity 
during the initia! stages of drawing have been reported repeatedly in 
literature (e.g., see [32,33]). 

Additional morphological studies on drawn solution-crystallized 
UHMW-PE, using X-ray techniques, have shown that the lamella-fibril 
transformation is completed at a draw ratio of 5-6 (see Chapter 3). At this 
stage of drawing the tautening of tie-molecules (i.e. molecules bridging 
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crystalline blocks of microfibrils) just starts and the fraction of less 
ordered molecules is at a maximum. 

It was established by Keiler et al. [34,35], that crosslinks are only 
formed in the non-crystalline regions of PE. The main reason for this is 
that the carbon atoms are too far apart within the crystal lattice to allow 
the formation of primary honds between adjacent chains. The ciosest 
distance between carbons of adjacent chains in the crystal lattice is 4.1 A 
whereas the length of a primary carbon-carbon bond is 1.54 A. Since the 
crosslinks are confined to the non-crystalline regions, radiation will more 
effectively induce crosslinks in samples of low crystallinity than in 
samples of high crystallinity. 

~ 200 ~ 
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Figure 6.4 
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Heat of fusion versus draw ratio for 
1.5wt.% UHMW-PE tapesdrawnat J20"C. 

6.3.3 Mechanica! properties 

In Table 6.1 the Young's modulus and the tensite strength are given for 
tapes irradiated at an initia! draw ratio ti1 and subsequently drawn up to 
a total draw ratio of 40. An irradiation dose of 60 kGy (i.e. 6 Mrad) was 
applied, since in this case all irradiated samples could easily be drawn to 
a total draw ratio of 40. All values are averaged over 4-6 measurements. 
For comparison the properties of an unirradiated sample are also given. 
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Table 6.1 
lnfluence of irradiation-draw ratiu d 1 m the tensile 
strength (er) and modulus (E) at 30 • C. An irradiation 
dose of 60 kGy was applied. Total draw ratio is 40. 

reference irradiation-draw ratio 

sample* 1 5 20 40 

(GPa) 65 64 63 65 62 

c:r (GPa) 1.9 1.6 1.3 1.2 1.1 

•) unirradtated sample 

From Table 6.1 it can be seen that under the applied drawing conditions 
the modulus is approx. 64 GPa, irrespective of the initia! draw ratio d 1 

However, irradiation clearly results in a detectable reduction in tensite 
strength. The decrease in tensite strength is most pronounced for samples 
irradiated during an initia! stage of drawing and levels off for samples 
irradiated at draw ratios ~10. 

Finally, creep measurements were performed on samples obtained under 
the same conditions as those used for modulus and strength measurements 
(see EXPERIMENT AL part). In all cases the samples were loaded with 
weights to apply a constant stress of 0.40 GPa. 

By recording the strain as a function of time it was found that in 
all cases, after some initia! time, the samples elongated at constant rates 
conesponding to a constant creep rate (see Figure 6.5). Another way of 
dealing with creep data is by plotting creep strain rate on a logarithmic 
scale as a function of total creep strain, as was first suggested by Sherby 
and Dorn [36]. In Figure 6.6 the Sherby-Dorn plots are given for several 
typical samples. As can be seen, the creep rates fall with increasing 
strain (i.e. increasing time) until a constant creep rate is reached, which 
is termed the plateau creep rate. All creep rates discussed in this paper 
refer to plateau creep rates obtained via a Sherby-Dorn plot. 

In Table 6.11 the plateau creep rates are given for tapes irradiated 
with a dose of 60 kGy at an initia! draw ratio d1 and subsequently drawn 
to a total draw ratio of 40. The initia! draw ratiO was varied from I to 
40. As a reference, the creep rate observed for an unirradiated sample is 
also given. All values are averaged over 5-7 measurements. 

As can be seen, the creep rate increases steadily as the initia! draw 
ratio d1 of irradiation increases. Despite this, the samples irradiated at 
draw ratios I and 5 show a lower creep rate than the unirradiated sample. 
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Creep strain versus time for Jour different tapes drawn to a total draw 
ratio of 40. A constant laad of 0.40 GPa was applied. An irradiation 
dose of 60 kGy was used. ( 1) unirradiated; ( 2) irradiated at draw ratio 
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Sherby-Dorn plots obtained from Figure 6.5. 
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Irradiation at a draw ratio of 10 and higher, however, results in creep 
rates substantially higher than for the unirradiated sample. Furthermore, no 
minimum in creep rate is observed for irradiation at a draw ratio of 5. 

Table 6./1 

lnfluence of irradiation draw ratio ci1 on the plateau creep 
rate (i ). The draw ratio is 40 and the applied stress is 
0.40 CPB. An irradiation dose of 60 kGy was ~iven . 

reference irradiation draw ratio 

sample* 1 5 10 20 40 

i.p (*10-7s- 1) 3.4 1.3 1.5 6.5 17 58 

*) unirradiated sample 

Probably, the continuous decrease in tensile strength and the increase 
in creep rate with increasing irradiation draw ratio d1 are related. It is a 
well-known fact that the tensile strength of PE is dependent on the 
molecular weight (see [37-39] and the references therein). Increasing the 
molecular weight not only resu1ts in an increase in tensile strength at a 
given draw ratio but also in a decrease in creep rate [6-9]. 

High energy radiation leads to formation of crosslinks as well as rnain
chaio scission, the re1ative ratio depending on chemica! structure and 
morphology [18,19]. From Table 6.1 it was seen that the decrease in tensite 
strength is most pronounced for samples irradiated at an initia! stage of 
drawing. For samples irradiated at draw ratios ~I 0 the decrease in strength 
levels off, suggesting that irradiation induced main-chain scission has 
almost reached a maximum. Furthermore, it was concluded from Figures 6.1 
and 6.2 that the crosslinking efficiency is at a maximum for samples 
irradiated at a draw ratio of 5. Irradiation at higher draw ratios led to less 
effective crosslinking. Taking these findings into consideration, one is 
tempted to conclude that the observed increase in creep rate for samples, 
irradiated at draw ratios above 5 is mainly caused by a reduction in 
crosslinking efficiency rather than by an increase in main-chain scission. 

6.4 CONCLUDING REMARKS 

Determinations of crosslinking efficiency via swelling and investigations 
of the maximum attainable draw ratio after irradiation suggest the presence 
of an optimum morphology at a draw ratio of 5. The results clearly show a 
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substantial reduction in creep rate after irradiation at a draw ratio of 5, 
compared to uncrosslinked materiaL Irradiation-crosslinking of undrawn 
material appears to be a little more effective in reducing the creep rate 
than crosslinking of samples drawn to an initia! draw ratio of 5. However, 
since irradiation-crosslinking of undrawn material is rather complicated to 
perform in a continuous spinning/drawing process, it will be more 
advantageous to perform irradiation-crosslinking at an initia! stage of the 
drawing process than to crosslink the undrawn materiaL 
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CHAPTER 7* 

SOLID-STATE COEXTRUSION OF TRANS-1,4-POLYBUTADIENE 

Abstract 
The drawing behaviour of pure trans-1 .4-po/ybutadiene (t-1,4-PB) single 
crysta/ mats was investigated. t-1,4-PB shows a first order so/id-solid 
phase transition from a monoclinic to a pseudo-hexagonal crystal structure 
at approx. 70 • C and melts at approx. 140 • C. In the high tempera/ure 
crystal form, t-1,4-PB exhibits conformational disordering in the chain 
direction. a/lowing uni-directiona/ liquid-like motion. Single crystal mats 
of t-1,4-PB have been drawn in the high temperature form in three ways: 
solid-state coextrusion, tensile drawing and a combination of these two. 
ft was found that the increased molecular mobility in the high temperature 
form prevents tensite drawing and thus reduces the maximum achievable 
elangation to approx. 20%. However, by performing solid-state coextrusion. 
t-1,4-PB cou/d be deformed to extrusion drawratiosof 20-25 in the high 
temperature form. The resulting extrudates were characterized by mechanica/ 
testing, ! hermal analysis, el as tic recovery and X -ray measurements. 

*) From N.A.J.M. van Aerle, M.A.H.J. Savelsberg, P.J. Lemstra, 
C.W.M. Basliaansen & T. Kanamoto, submitted to Polymer. 
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7.1 INTRODUCTION 

A polymer whose molecular structure is similar to linear polyethylene 
(PE) is trans-I ,4-polybutadiene (t-1 ,4-PB). Th is polymer shows a first order 
solid-solid phase transition from a monoclinic low-temperature form into a 
pseudo-hexagonal crystal structure at approx. 70 • C. On this transition the 
relative chain position and orientation remains unchanged, whereas the 
chain separation increases by 7.5% and the chain length deercases by a bout 
4%, teading to an overall volume change of +9% [1-3]. t-1 ,4-PB is probably 
the best-known flexible linear polymer with a dynamic conformationally 
disordered (condis) pseudo-hexagonal crystal phase [4,5]. Jt is a phase of 
intermediale order and molecular mobility, as is also found for n-alkanes, 
cycloalkanes, polytetrafluoroethylene, polydiethylsiloxane, polyparaxylylene 
and polyphosphazenes [4,5]. The positional and orientational order of the 
molecular ebains is largely preserved, as in a crystal, but more than one 
conformation is available for each repeating unit. As a result the crystal 
is partially disordered in the chain direction and some uni-directional 
liquid-like motion is allowed. The high molecular mobility in the pseudo
hexagonal phase of t-1 ,4-PB was recognized early via nuclear magnetic 
resonance by lwayanagi & Miura [6] and recently reconfirmed by Möller 
[7 ,8]. For more detailed information a bout the condis phase in genera!, the 
reader is referred to a recent review paper [5]. 

Under special conditions PE also exhibits a conformationally disordered 
hexagonal crystal phase [4,5], which is very similar to the condis phase 
of the pseudo-hexagonal form of t-1 ,4-PB. As discussed in earlier papers 
[9-ll) the solid-solid phase transition in PE from an orthorhom bic into a 
hexagonal (condis) crystal structure reflects an upper temperature limit 
for the tensile drawing of ultra-high molecular weight PE (UHMW-PE). 
Due to an increased molecular mobility in the hexagonal phase, the system 
cannot sustain an applied stress (stretching force). As soon as tensite 
stress is applied to draw the sample, distinct necking occurs foliowed by 
sample fracture at low draw ratios. Therefore, tensite drawing of UHMW
PE can only be performed at temperatures below the phase transition point. 

It is known from literature that pure t-1 ,4-PB can be drawn below the 
solid-solid phase transition temperature by tensile drawing to draw ratios 
of approx. 5 [ 12]. To our knowledge draw ratios above 5 have never been 
reported up to now. Tensile drawing of t-1 ,4-PB in the disordered pseudo
hexagonal crystal phase results in maximum achievable draw ratios ~2 [ 13 ]. 
Th is suggests some similarity in deformation behaviour between t-1 ,4-PB 
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in the pseudo-hexagonal (condis) phase and UHMW-PE in the hexagonal 
(condis) phase. In both cases the low achievable draw ratio results from 
premature sample faiture caused by the absence of stress connecting units. 

Molecular orientation in flexible polymers can also be introduced via 
techniques other than tensite drawing, like melt-extrusion, solid-state 
extrusion, solict-state coextrusion and rolling. Among these techniques 
solid-state coextrusion, developed by Griswold, Zachariades and Porter 
[14], has been shown to result in successful drawing of polymers without 
neck formation. At temperatures well below the melting point of a polymer 
only low extrusion draw ratios (EDRs) can be obtained via a conventional 
solid-state extrusion technique, due to the very high pressures required. A 
solid-state coextrusion technique, however, enables the extrusion of more 
or less intraetabie polymers at higher EDRs by using billet material which 
is softer at the extrusion conditions [ 14, 15]. Furthermore, the coextrusion 
technique can be used successfully in drawing brittie polymers, like nylon-6 
gels [16]. A major difference between tensile drawing and extrusion is the 
direction of the stress fields in both cases. In the extrusion technique the 
exerted farces are directed more or less perpendicular to the drawing 
direction, whereas the exerted farces are applied parallel to the drawing 
direction in the case of tensi1e drawing [15]. 

The solid-state coextrusion technique has never been applied to linear 
flexible polymers in a molecular mobile condis crystal phase with some uni
directiona1 1iquid-like motion parallel to the chain-direction. Since a condis 
crystal phase is more easily accessible to t-1 ,4-PB than to PE [4,5], a 
solid-state coextrusion study was performed on t-1,4-PB. In this chapter 
the drawability and the resulting mechanica) properties and morphology 

wil! be described and discussed for t-1 ,4-PB single crystal mats. 

7.2 EXPERIMENT AL 

7 .2.1 Material 

t-1 ,4-PB was synthesized at room temperature by polymerisation of 
I ,3-butadiene using a VCl I Al(C H ) catalyst system [l} Yield of the 
reaction was about 60%. Ab intri~sit 3viscosity of 135 cm jg was measured 
in toluene at 30 • C, giving a viscosity average molecular weight of 75,000 
[18]. From infrared analysis [19] and 13C-NMR [20] a vinyl content of 0.9-
1.2% was estimated. No detectable amount of cis-isomer could be observed. 

Single crystal mats were prepared as follows. 0.2wt.% t-1 ,4-PB was 
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dissolved in toluene under N -atmosphere at 90 o C, containing approx. 
10wt.% stabilizer di-t-buty1-~-cresol (on polymer weight basis), subsequently 
caoled slowly to 10 o C and kept at this temperature for at least 12 hours. 
Finally single crystal mats were obtained by slowly filtering the suspension 
of crystals, foliowed by drying in vacuo at 30 o C. The resulting mats were 
used as precursor for the extrusion studies. 

7 .2.2 Extrusion 

Billets with a 1 cm diameter were prepared by compression moutding 
HOPE pellets at 160 o C. As starting billet material two HOPE materials we re 
used, Alathon 7050 (DuPont, Mw=58,000) and JX-20 (Mitsubishi Petrochem. 
Co., Mw=67 ,000). The hiliets were split longitudinally into two halves. The 
optimum billet material was dependent on the extrusion draw ratio (EDR) 
applied and the extrusion temperature used, 45-125 • C. 

1-2 mm wide strips cut from the t-1,4-PB mats were sandwiched in the 
center of a split billet The assembly was coextruded at various temperatures 
through conical brass dies, ha ving an entrance angle of 20 • and nomina! 
EDRs ranging from 2 to 36. The coextrusions were performed at constant 
pressures of 10-150 MPa. The extrudates could be split easily into the two 
billet halves again and the coextruded t-1,4-PB strip was obtained. The 
EDR of the extruded tapes was determined from the displacement of ink 
marks on the samples as the result of coextrusion. 

7 .2.3 Teosile drawing aod testiog 

Tensile drawing was performed on a Frank 81565 tensile tester 
equipped with an air oven operating at temperatures ranging from 45 o C 
to 125 • C. Samples with an initia! length of 50 mm we re drawn with a 
constant crosshead speed of 5 mmjmin. 

The Young's modulus and tensile strength of the tapes were measured 
at room temperature using a RTM 100 Tensilon tensile tester, at strain rates 

-3 -2 -1 
of 10 and 10 s , respectively. The Young's modulus was determined 
from the slope of the stress-strain curve at low strain. The cross-sectional 
area of a sample was calculated from the sample length and weight, using a 
density of 0.97 gjcm3 [21]. To avoid sample fracture at the clamps, tapes 
were glued between fine grained sandpaper strips befare mounting in the 
tensile tester. 
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7.2.4 Differential Scanning Calorimetry (DSC) 

The OSC characteristics of the precursor and the extruded samples were 
determined using a Seiko-Oenshi OSC-1 0 differential scanning calorimeter 
at a constant heating ra te of 5 o C/min. Indium was used for calibration 
(Tm=l56.6"C, L1Hf=28.4 Jjg). 

7 .2.5 Elastic recovery 

To obtain information about the drawing efficiency, thermally induced 
shrinkage measurements were performed [22-24] by quickly immersing a 
sample of 5-20 mm long in a silicone oil bath at 180 o C. In all cases the 
sample thickness was less than 0.2 mm. An immersion time of a few seconds 
appeared to be sufficient for completion of the shrinkage. Therefore, in 
all cases an immersion time of 10 sec was applied. Prolonged heating 
sametimes caused additional shrinkage due to surface tension of the molten 
sample [23]. 

The resulting molecular draw ratio (MOR) was defined as [22-24]: 

MDR 
Lt - Ls 

= ------- + 1 (I) 

Lo 

where L is the initia! sample length prior to extrusion, L the sample 
length after extrusion and L the shrunken length. All val~es reported were 
averaged over 4 measuremerfts. The efficiency of draw (EO) can be 
determined subsequently via: 

MDR 
ED = (2) 

EDR 

7 .2.6 X-ray diffraction 

Wide angle X-ray scattering (WAXS) and smal! angle X-ray (SAXS) 
patterns were recorded with a simpte flat plate camera. W AXS patterns 
at elevated temperature were recorded using a Statton camera equipped 
with an oven. In both cases Ni-filtered Cu Käradiation was used. 
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7.3 RESULTS & DISCUSSION 

7.3.1 Initia! single crystal mat 

Figure 7.1 shows a DSC thermogram of a single crystal mat used as 
precursor for the coextrusions reported below. As can be seen the first 
order solid-solid phase transition initially occurs at 53.6 o C and the sample 
melts at 139.7 oe. The melting entha1py was 66.4 Jjg, corresponding to a 
sample crystallinity of 96% [25]. When the initia! sample is annealed for 
20 min at 110 oe, a distinct shift can be observed for the solid-solid 
transition to 70.7 o C, whereas the melting point is not inf1uenced. 

1 
0 
"'0 
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20 50 80 110 140 

Figure 7.1 
Temperature ("C) 

DSC thermogram of a single crystal mat of t-1 ,4-PB, 
used as precursor for the so/id-state coextrusions. 

SAXS analysis of the used single crystal mats revealed lamellae with 
an overall thickness of approx. 87 A. These lamellae are preferentially 
oriented with the fold surface parallel to the mat surface. SAXS 
measurements on a sample annealed at 110 o C for 20 min showed a strong 
increase in long period beyond the detection limits of the camera used, 
i.e. approx. 300 A. All findings agree very well with data reported in 
literature [25- 27]. 

t-1 ,4-PB can be coextruded below as welt as above the first order 
solid-solid phase transition. Since the main purpose of this paper is to 
report on the solid-state coextrusion of t-1 ,4-PB in the fairly mobile 
pseudo-hexagona1 phase, coextrusion in the 1ow temperature monoclinic 
phase will be discussed only briefly. 
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7 .3.2 Coextrusion of t-1 ,4-PB in the low temperature phase 

t-1 ,4-PB strips of 0.2x2x25 mm 3 were sandwiched between Alathon 
7050 HOPE split billet halves and coextruded at 45 oe. The use of dies of 
different EDRs revealed a maximum achievable EDR of 6. Samples with 
higher EDRs exhibited flaw formation and sample fracture. 

The drawing efficiency was investigated by determining the Young's 
modulus. Each value was averaged over 3 to 5 measurements. In Figure 7.2 
the resulting moduli are presented as a function of the EDR. The results 
suggest a linear relationship between the EDR and the modulus for t-1,4-PB 
coextruded at 45 o C. 
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Figure 7.2 

3 5 7 
EDR 

lnfluence of extrusion draw ratio ( EDR) on the Young 's modulus. 
for a t-1 ,4-PB single crystal mat coextruded at 45 o C. 

7 .3.3 Coextrusion of t-1 ,4- PB in the condis phase 

7 .3.3.1 Drawability 

In order to find an optimum extrusion temperature for solid-state 
coextrusion, samples were coextruded to an EDR of 6 as a function of 
temperature. Subsequently, the efficiency of extrusion was evaluated by 
determining the resulting tensite modulus and strength. Some results are 
summarized in Tab/e 7.1. All values were averaged over 3-5 measurements. 
Coextrusions between 50 o and 70 o C did not yield homogeneaus extrudates. 
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The results in Table 7.1 demonstrate that t-1,4-PB can be coextruded most 
efficiently in the fairly mobile pseudo-hexagonal crystal phase, 110 o C 
being the optimum coextrusion temperature. 

Table 7./ 
lnfluence of coextrusion temperaJure on the Young's modulus (E) 
and tensile strength (er) of t-1 ,4-PB coextruded Jo an EDR of 6. 

T 
extr. 

( 'C) 45 70 95 110 125 

E (GPa) 3.3 10.5 11.5 11.6 8.0 

er (GPa) 0.12 0.14 0.16 0.17 0.16 

The drawability of t-I ,4-PB samples was studied in more detail by 
single-stage coextrusion in the mobile pseudo-hexagonal phase at 
temperatures ranging from 70 o C to 125 o C. The maximum achievable EDR 
values were found to be 6, 16 and 20, using coextrusion temperatures of 
70°C, 95oc and ~ttooc, respectively. At 110°C and 125°C t-1,4-PB 
could even be coextruded to more or 1ess coherent extrudates of EDR 25. 

Two-stage coextrusions gave similar results. Neither optimization of the 
coextrusion conditions nor performance of two-stage coextrusions under 
different conditions resulted in EDR values exceeding 25 without sample 
damage I fracture. Thus the results suggest that an EDR of 25 is the 
maximum achievable value under optimum conditions for the (rather low 
molecular weight) t-1 ,4-PB used. 

Direct tensite drawing of strips cut from a t-1 ,4-PB single crystal mat 
always led to distinct necking and premature sample breakage, if drawing 
takes p1ace in the mobile high-temperature pseudo-hexagonal phase. As 
was shown in the past some polymer systems are drawn most efficiently by 
a two-stage drawing technique, i.e., solid-state coextrusion to an EDR of 
about 6 foliowed by controlled tensite drawing [28-32]. A similar metbod 
bas also been applied to t-1 ,4-PB. Strips of a single crystal mat were 
coextruded at 100 o C to an EDR of 6. Subsequently, tbe resulting extrudates 
we re tensile drawn at temperatures ranging from 80 o C to 125 ° C. In all 
cases necking and sample fracture occurred during the initia! stages of 
drawing. The maximum achievable elongation of the sample by tensile 
drawing was never higher than 20%. 
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7 .3.3.2 X-ray diffraction 

Figure 7.3 shows some W AXS patterns of t-1 ,4-PB extrudates, 
coextruded to an EDR of 6 at different temperatures. In all cases the 
incident X- ray beam was perpendicular to the tape surface. As can be 
seen immediately, the molecular orientation is rather low for the extrudate 
obtained at 45 • C, and increases distinctly if the polymer is coextruded in 
the mobile pseudo-hexagonal state. The extrudate obtained at 110 • C shows 
the strongest contraction of the reflection arcs, indicating the highest 
orientation. These results are in Iine with the mechanical properties shown 
in Table 7.1. 

45 70 

110 125 

Figure 7.3 
WAXS patterns of t-1,4-PB coextruded to an EDR of 6 at extrusion 
temperatures indicated. The patterns were monitored at room 
tempera/ure. The extrusion direction of the samples is vertica/. 
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Figure 7.4 shows some typical WAXS patterns of extrudates, obtained 
by solid-state coextrusion to different EORs at 110 o C. They clearly show 
an increase in molecular chain orientation parallel to the extrusion direction 
as the EOR increases, as can be deduced from the gradual contraction 
of all reflection arcs. 

In addition, the patterns, monitored at room temperature, show that the 
t-1 ,4-PB tapes are transformed back into the low-temperature monoclinic 
crystal phase after coextrusion in the high-temperature form. The major 
characteristic of this crystal modification is the presence of one very 
intense reflection (29=22.4 o) assigned to the (120) and (200) reflections 
[ 1 2]. Close inspeetion of the W AXS patterns reveals a weak reflection, 
corresponding to a 29 of 20.8 o, which probably arises from the presence of 
a small fraction of the high-temperature pseudo-hexagonal crystal form [3]. 

7 .3.3.3 Tensile properties 

The efficiency of the extrusion technique can be evaluated by measuring 
the resulting tensile properties. In Figures 7.5 and 7.6 the influence of the 
coextrusion temperature and the EOR on the Young's modulus and the tensile 
strength are shown. In all cases the extrudates were obtained by a single 
stage coextrusion. The mechanica! properties increase as the EOR increases 
up to a value of 20. The extrudates of EOR 25, however, exhibit reduced 
mechanica! properties, indicating mechanica! damage of the extrudate. 
This could be confirmed by close inspeetion with an optical microscope, 
showing the formation of flaws. Similar decreases in tensile strength upon 
deformation were also found for HOPE samples, tensite drawn to values 
close to the maximum achievable draw ratio [33]. 

Figures 7.5 and 7.6 show that a maximum modulus of 18 GPa can be 
obtained by coextrusion of t- 1,4-PB at 110 • C to an EOR of 20. The 
highest tensile strength of 0.4 GPa, however, was obtained by coextrusion 
to an EOR of 20 at higher temperature (i.e., 125 o C). 

Comparison of the resulting mechanica! properties of t-1 ,4-PB with 
those obtained for solict-state coextruded HOPE of similar molecular weight 
(Mw=58,000) reveals lower mechanica! properties for t-1 ,4-PB [34,35]. The 
lower Young's moduli for t-1 ,4-PB are probably caused by the molecular 
conformation of t-1 ,4-PB in the crysta11ine state. PE crysta11izes in a 
planar zig-zag conformation, whereas t-1,4-PB does not. In t-1,4-PB the 
bonds adjacent to the double bonds are rotated out of the trans 
conformation by + 71 o and -71 o, teaving the central CH -CH group in 
the low-energy trans conformation [12]. Also the presenJe of ~inyl groups, 
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Figure 7.4 
WAXS patterns of t-1,4-PB, coextruded at no·c to the EDR 
values indicated. The patterns were monitored at room temperature. 
The extrusion direction of the samples is vertica/. 
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acting as crystal defects, will reduce the mechanica! properties to a 
eertaio extent. 

7 .3.3.4 Elastic recovery 

As well as from the tensile properties, the drawing efficiency can be 
estimated from thermatly induced elastic shrinkage measurements [22-24]. 
When an oriented sample is heated above the melting point at a high rate, 
the molecular extension produced by drawingjextrusion can be elastically 
recovered. The amount of recovery as compared to the initial sample length 
gives the molecular draw ratio, MOR, see equation ( 1 ). In Figure 7.7 the 
calculated MOR values are compared with the macroscopie sample EOR. 
The braken line represents 1 OOo/o efficiency of draw, i.e., the situation 
where the molecular chains are extended to the same extent as the 
macroscopie sample EOR. The results clearly show that the molecular 
chains are extended to almast the same extent as the macroscopie EOR. 

Calculation of the efficiency of draw (EO) via equation (2) reveals 
values from 90% for extrudates of EOR 6 to 95% for extrudates of EOR 
20. Extrusion to an EOR of 25 exhibits a decrease in EO to about 93.5%, 
indicating less efficient drawing. 

a: 
c 
:i! 

Figure 7.7 
EDR 

Molecular draw ratio ( MDR) as a lunetion of the extrusion 
draw ratio (EDR) jor t-1 ,4-PB. coextruded at no·c. 
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7 .3.3.5 Thermal behaviour 

Additional information about the resulting structure of the extrudates 
was öbtained via DSC, X-ray scattering at different temperatures and 
shrinkage measurements below the melting point. 

Di/ I erential scanning calorimetry ( DSC) 

In Table 7./l the influence of the EDR on the solid-solid phase 
transition temperature, T , and the melting temperature, T , are presented 

t m 
for t-1,4-PB coextruded at IIO"C. 

Table 7./l 
lnfluence of extrusion draw ratio (EDR) of t-1,4-PB coextruded at JJO"C, 
on the the solid-solid transition temperature. T, and melting point T 

t m 

EDR 

T c ·c) 
t 

T c ·c) 
m 

1* 3 6 9 12 16 25 

70.7 69.8 68.9 67.3 66.4 65.2 63.2 

140.2 139.5 139.2 140.0 140.5 141.5 143.2 

*) Sample was kept at the extrusion temperature for 20 min to 
gel a temperature history simi/ar to that of the coextruded samples 

All extrudates exhibited sharp and single melting peaks. However, the 
solid-solid transition of the extrudates showed multiple endothermic maxima 
in the DSC thermogram. In Table 7./l the peak temperature of the major 
solid-solid transition is given in each case. The origin of the multiple 
transition endotherms in the extrudates is not fully understood yet. Further 
research will be necessary for a better understanding of this phenomenon. 
Table 7./l shows a steady decrease in the solid-solid transition temperature 
as the EDR increases. An explanation may be that during the extrusion 
crystal defects/imperfections are built in, teading to a decrease in 
transition point [36-38] (especially since the material has a vinyl content 
of approx. 1 %). The higher the fraction of crystal defects, the lower the 
transition temperature. A similar decrease may also be expected for the 
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melting point. However, as soon as the sample is heated into the fairly 
mobile pseudo-hexagonal form, relaxation into a better packed structure 
may occur. 

X -ray diffraction 

In Figure 7.8 the influence of the solid-solid phase transition on 
WAXS patterns is shown for t-1,4-PB coextruded at ll0°C to an EDR of 
16. In the pattem of the low temperature monoclinic form more than 25 
distinct reflections could be observed and assigned. The high temperature 
form, on the other hand, exhibits only three discrete reflections on the 
equator, corresponding to a hexagonal crystal lattice in which the molecular 
packing perpendicular to the chain direction is nicely ordered [3]. Apart 
from the three sharp equatorial reflections only a diffuse scattering on 
the meridian is observed, indicating a rather large conformational disorder 
of the molecules in the chain axis direction. The diffuse spots give an 
approximate repeat distance of 2.33 Á at 100 o C, corresponding to a fibre 
period of 4.66 Á. The W AXS characteristics of the high temperature form 
of t-1 ,4-PB are very similar to those of PE in the hexagonal crystal form 
(see Chapter 5, Figure 5.4 or references [39-42]). 

20 
Figure 7.8 
WAXS patterns of t-1,4-PB, coextruded at 110 oe to 
an EDR of 16. The extrusion direction is vertical. 
The recording temperaJure is indicated in o C. 
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Thermal shrinkage 

Structural information can also be obtained via thermal shrinkage 
measurements. Coextruded tapes were suspended in silicone oil and heated 
on a temperature regulated hot stage of an optical microscope at a heating 
ra te of 2.5 o C/min. The sample length was recorded photographically as a 
function of temperature. The shrinkage was defined by the relative change 
in tape length, l(T)/1 x l 00%, l being the reference sample length at 25 o C. 
Some results are sho~n in Figur~ 7.9 for t-1,4-PB coextruded at 110 oe. 
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Figure 7.9 
Shrinkage as a function of temperaJure for t-1,4-PB 
coextruded at JJOoC to an EDR of 6 (o) and 16 (e). 

The results in Figure 7.9 demonstrate a distinct contraction of the 
extrudates upon heating into the high temperature crystal phase. Further 
heating leads to a gradual increase in sample contraction. Tapes of EDR 16 
contract at a lower temperature than tapes of EDR 6, indicating that the 
phase transition occurs at a lower temperature. This is in line with the 
DSC results shown in Table 7.11. The dimensional change in tape length, 
3.5-4.4%, is of the sa me order as the change in the c-axis dimeosion [1-3 ]. 
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7.4 CONCLUDING REMARKS 

All results presented show that single crystal mats of pure t-1 ,4-PB 
cannot be oriented effectively, if drawn in the high temperature pseudo
hexagonal crystal form via tensite drawing. However, draw ratios of 20-25 
can be achieved by solid-state coextrusion between a split billet of HOPE. 

This phenomenon can be explained in terms of an increased molecular 
mobility along the chain direction of the polymer in the pseudo-hexagonal 
form. The applied stress fields in the coextrusion technique are almast 
perpendicular to the extrusion direction. In the case of tensite drawing, 
ho wever, the stress field is parallel to the drawing direction. As soon as 
some crystallites are oriented parallel to the stress field, the polymer can 
no langer withstand any stress due to the high uni-directional molecular 
mobility along the chain direction, teading to premature faiture of the 
sample. 

If t-1,4-PB is drawn in the monoclinic low temperature form, the 
highest achievable draw ratio is 6. Inspeetion of the resulting morphology 
and mechanica! properties clearly demonstrates that the sample is oriented 
the most efficiently in the mobile high temperature form. 
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APPENDIX* 

A HEATABLE STRETCHING DEVICE FOR DYNAMIC X-RAY STUDIES 

Up to now only a few dynamic drawing studies performed on polymers 
during a deformation process have been published in literature. Most of 
these studies have been carried out whilst drawing a polymer at room 
temperature. E.g., Koch et al. [ l ], used a special piston driven stretching 
device. Holland-Moritz & Stach [2] also developed a stretching device 
working at room temperature. They first used it for real time Fourier
Transform Infrared studies [2-4]. Later, they modified it for dynamic 
X-ray experiments using a synchrotron radiation souree (DESY -Hamburg) 
[5,6]. The first results of dynamic studies during stretching at elevated 
temperature were recently published [7]. 

In this appendix a heatable stretching device is described, which was 
used for reai-time drawing studies on UHMW-PE presented in Chapter 2. 
This device could be used for both wide angle X-ray scattering (WAXS) 
and small angle X-ray scattering (SAXS) studies. Some technica! data wiJl 
be presented and possible limitations to the use of the apparatus for 
drawing studies of several polymer systems will be indicated. 

A.l DESCRIPTION OF THE APPARATUS 

In Figure A.1 an overview of the stretching device is given. It was 
especially built to study the drawing behaviour and orientational changes 
of polymer tapes and fibres during a drawing process at elevated 
temperature. 

A.l.l The moviog part. 

To avoid serious problems with sample fracture at the clamps (A in 
Figure A.l) the clamps were positioned outside the oven (B in Figure A.1). 

*) Reproduced in part from N.A.J.M. van Aerle & A.W.M. Braam, 
J. Appl. Cryst. 21. 106 ( 1988) by permission of the International 
Union of Crystallography. 
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Figure A.l 
Stretching apparatus. used for reai-time X-ray drawing studies at 
elevated temperatures. 
(A) sample clamps; (B) oven; (C) stress transducer; (D) motor+ 
gearbox; ( E) stretching control unit; ( F) temperature control unit. 

The device was constructed in such a way that the displacement of the 
clamps was always symmetrical with respect to the oven centre. Via this 
construction the centre of the sample remained stationary during the 
drawing process, enabling the study of samples with necking in a well 
defined manner. 

The clamp velocity could be varied stepwise from 0.09 to 86 mm/s 
and the clamp displacement could be monitored digitally as well as with 
a chart recorder. The minimum initia! sample length was 10 cm and the 
final length could range up to a maximum of 58 cm. 

The applied load during the stretching was measured by a Gould UC3 
stress transducer (C in Figure A.J), whose output voltage is proportional 
to the applied force and could be monitored. The stress transducer was 
mounted in series with one of the clamps in such a way that force 
measurements were not influenced by any friction of the apparatus itself. 
For exact engineering stress values the original cross section of the 
sample was determined. 

Figure A.2 shows an example of the load as a function of the total 
clamp displacement for melt-crystallized (a) and solution-crystallized (b) 
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UHMW-PE. It was possible to determine the exact relation between 
engineering stress and draw ratio by using calibration curves like those 
described in a following section (A.I.3). Stress-straio relations are 
frequently used to characterize the drawing behaviour of polymers. As can 
be seen from a distinct yield effect, neck formation occurs in the case of 
solution-crystallized UHMW-PE. 

Clamp Displacement lmml 

Figure A.2 
Stress versus clamp displacement curve for (a) melt-crystallized and 
(b) solution-crystallized UHMW-PE. The drawing temperature and 
clamp velocity we re chosen to be 100 • C and 0.435 mmj sec, respectively. 

A.l.2 The oven. 

Frequently, efficient drawing of polymer materials can only be 
performed at elevated temperatures. Therefore, the construction of a 
homogeneously heatable oven was a prerequisite. 

To enable deformation studies via WAXS and SAXS measurements of 
the central part of the sample, circular holes had been introduced whose 
eentres coincide with the symmetry centre of the clamp displacement To 
avoid disturbing scattering effects the holes were accommodated to the beam 
size of the X-ray souree used. The diameter of the cylindrical hole for the 
incoming beam could be adapted to values between 2 and 5 mm. For SAXS 
experiments (29 values ranging up to 2 •) the diameter of the hole for the 
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Figure A.3 
Schematic drawing of top view (left) and side view (right) 
of the oven used. The arrows indicate the direction of the 
primary beam. (G) aluminum; (H) brass; (I) fibrefrax; 
( J) fire rods; (K) thermocouple; (L) space for sample 

outcoming diffracted beam was 5 mm. For the W AXS studies a conical hole 
was required for the diffracted beam, to enable measurements of reflections 
with a 28 up to 30 o. All this led to an oven design as shown in Figure A3. 

The heating part of the oven consisted of 2 electrically heatable HPS
fire rods of 220V I I OOW each. They we re installed as close to the holes as 
possible (J in Figure A3). For temperature control a thermocouple was fixed 
in the oven as close as possible to the conical oven hole (K in Figure A3). 
The oven temperature could be varied from room temperature up to about 
250 o C and was controlled by a Eurotherm (F in Figure A. I). To secure 
good heat conduction between the different parts of the oven a special heat 
transfer agent (WA TLUBE) was used. 

The holes could cause a temperature drop of the sample close to the 
holes, thus teading to an inhomogeneity in drawing. The influence of the 
holes on the drawing behaviour was investigated by means of reference 
experiments with plugged holes. For test runs solution-crystallized PE 
tapes were used, because these show a distinct influence of the temperature 
on both the drawing and the homogeneity of drawing. Results as shown in 
Figure A.4 clearly demonstrate only a small effect on the drawing, indicating 
that the introduetion of the oven holes has almost no effect on the 
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in case the oven is closed (-) and with holes ( --- ). As test sample 
a solution-cast UHMW-PE wasdrawnat 120"C using a clamp velocity of 
OA35 mmjsec. 

temperature of the oven and the sample. The heat capacity of the oven is 
probably high enough to level off the toss of heat by the holes. Also the 
homogeneity of the drawing was only marginally affected. 

A.1.3 Relation between clamp displacement and draw ratio. 

One of the problems occurring with many polymer materials during 
drawing experiments is necking. If, for example, solution-crystallized 
UHMW-PE or low molecular weight PE is drawn at elevated temperatures, 
distinct neck formation occurs at the weakest spot of the sample. Since in 
this necking region -which has a length of less than 1.5 mm- the draw 
ratio changes from 1.2 to 5 or 6, the draw ratio of the X-ray exposed part 
of the sample is ill-defined. Such a phenomena can be recognized as region 
I in Figure AA. During further drawing the neck propagates along the tape 
inside the oven, teading to a constant draw ratio of the central part of 
the sample (region 11 in Figure AA). Only after the neck has moved 
completely outside the oven, homogeneaus drawing of the heated part of 
the sample can occur (region lil in Figure AA). From the oven geometry 
it can be derived easily that the draw ratio in the latter region increases 
exponentially with the clamp displacement 

-128-



The most reliable way of relating the draw ratio to the clamp 
displacement is by using an empirically determined calibration curve like 
shown in Figure A.4. Such a curve could be obtained easily by drawing the 
sample stepwise and measuring the desired relation using ink marks. Only 
the elastic deformation region is rather difficult to describe by this 
method. 

Finally, to be sure that neck formation starts in the symmetry centre 
of the oven, the weakest spot in the sample (the origin of the neck) must 
be located at this point. This could be achieved by carefully cutting a 
small V -shaped mark in the sample at the desired place. 

The presented stretching apparatus could also be used for reai-time 
drawing studies of polymer systems other than PE. The main possibilities 
and limitations for deformation studies are summarized in Table A.l. 

Table A.l 
Tech11ical data of the stretching device presented. 

clamp displacement (mm) 

drawing temperature ('C) 

drawing velocity (mmjs) 

sample length (mm) 

sample thickness (mm) 

detectable 20-region 
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86 
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0.5 
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SUMMARY 

The main purpose of this thesis is to investigate the deformation of 
ultra-high molecular weight polyethylene (UHMW-PE) under various 
conditions, in order to gain a better understanding of the deformation 
processes and the resulting structures and properties. Jt is shown that 
with respect to isothermal drawing of (solution-crystallized) UHMW-
PE three clearly distinct temperature regions exist, corresponding to 
three different types of drawing behaviour. In region I, between 70 o C 
and 135 o C, solution-crystallized material can be drawn in the solid state 
to very high draw ratios, teading to excellent mechanica! properties. In 
region 2, from 135 o C to 155 o C, the drawing starts from the me lt. In 
this case strain-induced crystallization can occur, leading to structures 
with relatively low draw ratios and moderate mechanica! properties. In 
temperature region 3, above 155°C, UHMW-PE cannot be drawn toa 
draw ratio of more than 2. Strain-induced crysta,))ization occurs into a 
hexagonal crystal structure. In this crystal structure there is enhanced 
molecular mobility along the chain direction of the polymer, due to 
which the sample cannot sustain the applied tensile stretching force and 
fractures at low draw ratios. 

An important characterization technique used throughout this thesis 
is X-ray diffraction. However, as with most deformation studies described 
in literature, the analytical conditions applied are usually quite different 
from the actual deformation conditions. Cooling a deformed sample to 
room temperature as well as relieving the deformation force may lead to 
the introduetion of artefacts, causing misinterpretation of the results. To 
investigate the extent to which artefacts are introduced, if at all, the thesis 
starts with some comparative studies. In these studies, presented in Chapter 
2., results obtained via conventional X-ray studies are compared for the 
solid-state drawing of UHMW-PE with the results of a reai-time methad 
in which X-ray diffraction is performed during the deformation process. 
It is shown that the conventional method can be used without any problem 
for qualitative interpretations of the solid-state drawing of UHMW-PE. 

Subsequently, the solid-state drawing of solution-crystallized UHMW
PE was studied via the conventional X-ray method, i.e. samples were drawn 
at elevated temperature and studied at room temperature (Chaoter 3). On 
the basis of the results a three-stage deformation model is proposed. The 
first stage camprises the transformation of lamellae into microfibrils. 
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Further drawing leads to tautening of the inter- and intra-microfibrillar tie
molecules. During the third stage the microfibrils (partly) unfold and the 
unfolded segments are added to the more or less ebain-extended fractions 
originating from the inter-microfibrillar tie-molecules. The proposed model 
not only satisfactorily explains the results presented here, but also various 
results described in the literature. Additionally, the fact that the maximum 
achievable draw ratios for solution-crystallized UHMW-PE are higher 
than for melt-crystallized material can be explained fairly easily via this 
model, in terros of more or less adjacent stem arrangement within the PE 
crystals. 

The deformation behaviour as well as the resulting properties of 
UHMW-PE, drawn in the melt, are quite different from those of solid-state 
drawn materiaL Chaoter 4 camprises a structural study on melt-drawing of 
UHMW-PE. Jt is found that the deformation mechanism for melt-drawing 
differs completely from that of solict-state drawing. Melt-drawing starts 
from a melt and results in strain-induced crystallization of the high 
molecular weight part into fibrous units. The lower molecular weight part 
and chain ends relax within the time scale of the drawing process and 
crystallize during the cooling step as smalt crystals along the fibrous 
units. The major load-bearing part of the resulting drawn structures is 
formed by the fibrous units. 

The mechanica! properties and the low density renders solution
crystallized/drawn UHMW-PE fibres and tapes interesting candidates for 
fibre-reinforced composites. An important limitation for such composites 
may be the maximum use temperature. Therefore, Chapter 5 is concerned 
with the thermal stability of such high-strength/high-modulus structures, 
embedded in an epoxy matrix. It is shown that the melting point of epoxy 
embedded PE fibres can be raised approx. 30 • C above the common 
equilibrium melting point for a short time. However, due to the presence 
of an intrinsic solid-solid phase transition into a crystal phase with 
increased molecular mobility, ebain-extended molecules relax to some 
extent, which unavoidably leads to a decrease in mechanica! properties of 
the composite as a whole. 

A less favourable property of solution-crystallized/drawn UHMW-PE 
structures is the low stability with respect to prolonged static loading, 
i.e. creep. Reduction of creep may be obtained by introducing a 
homogeneously crosslinked network obtained via electron beam irradiation. 
In Chapter 6 the influence of the drawing induced morphology on the 
crosslinking process and on resulting mechanica! properties is studied. lt 
is found that the structure of a solution-crystallized UHMW-PE sample 
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is crosslinked most effectively if electron beam irradiation is performed 
at a draw ratio of approx. 5. To evaluate resulting mechanica! properties 
samples were subsequently drawn to a total draw ratio of 40. However, 
an optimum irradiation draw ratio of 5 is not found for creep rate 
reduction. This can be understood in terms of a competition between 
irradiation induced crosslinking and main-chain scission. 

The last chapter (Chaoter 7) is concerned with the deformation of 
trans-I ,4-polybutadiene (t-I ,4-PB). Within a temperature region of approx. 
70 to approx. 140 • C this polymer crystallizes in a pseudo-hexagonal crystal 
structure in which there is a high molecular mobility parallel to the chain 
axis of the molecules, very similar to the hexagonal crystal phase in which 
PE can transform under eertaio conditions (Chapter 5). Si nee the (pseudo)
hexagonal structure is more easily obtained for t-1 ,4-PB, this polymer was 
used as a model system for a better understanding of the deformation 
behaviour of UHMW-PE in the hexagonal phase. It is shown that t-1,4-PB 
cannot be drawn beyond 20% via tensile drawing in the pseudo-hexagonal 
phase. However, if deformation is performed via solid- state coextrusion, 
relatively high draw ratios with correspondingly high draw efficiencies 
can be o btained. 

-133-



-134-



SAMENVATTING 

Dit proefschrift beschrijft een studie naar het deformatie gedrag van 
hoogmolekulair polyetheen (UHMW-PE). De belangrijkste doelstelling 
is een beter beeld te krijgen van de optredende deformatie processen, de 
resulterende strukturen ~n eigenschappen van UHMW-PE. 

Vanuit de gesmolten toestand (smelt) gekristalliseerd UHMW-PE kan 
in de vaste fase maximaal 6 keer worden verstrekt. Wanneer het polymeer 
echter vanuit een verdunde oplossing wordt gekristalliseerd, ontstaat een 
morfologie die zeer goed verstrekbaar is tot vezels of tapes. Er kunnen 
drie temperatuur gebieden worden onderscheiden. In gebied l, tussen 70 o C 
en 135 o C, kan dit materiaal in de vaste toestand tot hoge verstrekgraden 
gedeformeerd worden. De resulterende mechanische eigenschappen, zoals 
elasticiteits-modulus en treksterkte, zijn hoog. In gebied 2, van 135 o C tot 
155 o C, start de deformatie van UHMW-PE vanuit de gesmolten toestand. 
Verstrekken is mogelijk doordat rek-geïnduceerde kristallisatie optreedt. 
Dit leidt tot vezels of tapes met wat lagere verstrekgraden dan in gebied 
en beperkte mechanische eigenschappen. In temperatuurgebied 3, boven 
155 o C, is de verstrekgraad maximaal 2. Tijdens de rek-geïnduceerde 
kristallisatie ontstaan kristallen met een hexagonale kristalstruktuur, waarin 
de molekulaire beweeglijkheid in de keten richting zo groot is dat vloei 
van het materiaal optreedt en resulteert in vroegtijdige breuk. 

De belangrijkste analyse techniek die gebruikt is voor de bestudering 
van het deformatie gedrag is röntgendiffractie. Met deze techniek kunnen 
we informatie verkrijgen omtrent de oriëntatie en ordening op een schaal 
van enkele Ángströms (grote hoek röntgendiffractie), tot enkele honderden 
Ángströms (kleine hoek diffractie). 

De omstandigheden waaronder de deformaties worden uitgevoerd wijken 
in vele gevallen af van de meetomstandigheden. Zo wordt het polymeer in 
vele gevallen gedeformeerd bij temperaturen van 70 o C of hoger en bestu
deerd bij kamertemperatuur. Door het afkoelen naar kamertemperatuur en 1 
of door het opheffen van de opgelegde deformatie kracht kunnen struktuur 
veranderingen in de gedeformeerde materialen optreden, die geenszins 
veroorzaakt worden door het deformatie proces zelf. Om foutieve 
interpretaties te voorkomen is een vergelijkende studie uitgevoerd aan de 
deformatie van UHMW-PE in gebied I. In deze studie, beschreven in 
Hoofdstuk 2, worden röntgendiffractie resultaten, verkregen via de normale 
methode (d.w.z. na afkoelen naar kamertemperatuur en opheffen van de 
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deformatie kracht) vergeleken met diffractie resultaten gemeten tijdens het 
deformatie proces. Hiervoor werden verstrek experimenten uitgevoerd in het 
synchrotronlaboratorium in Hamburg, waar snelle opnamen mogelijk zijn 
door de hoge intensiteit van de stralingsbron. De resultaten laten duidelijk 
zien dat de normale meetmethode zonder meer gebruikt kan worden voor de 
kwalitatieve interpretatie van de deformatie van UHMW-PE. Een kwantita
tieve interpretatie van de gegevens blijkt onder de verstrek-omstandigheden 
(d.w.z. minder dan 30 • C beneden het smeltpunt van het materiaal) minder 
betrouwbaar. 

Vervolgens is het deformatie proces in gebied 1 bestudeerd (Hoofdstuk 

J). De interpretatie van de meetgegevens resulteert in een deformatie 
proces dat in drie stappen opgedeeld kan worden. In de eerste stap 
transformeren de oorspronkelijk gevouwen ketenkristallen (lamellen) tot 
microfibrillen. Vervolgens worden ketensegmenten die kristallen binnen 
eenzelfde microfibril verbinden, de zogenaamde intra-microfibrillaire 
ketensegmenten, en segmenten die kristallen van verschillende 
microfibrillen verbinden, de inter-microfibrillaire ketensegmenten, strak 
getrokken. Tenslotte schuiven gedurende de derde deformatie stap de 
afzonderlijk microfibrillen langs elkaar en veroorzaken de verbindende 
inter-microfibrillaire ketensegmenten een (gedeeltelijk) ontvouwen van 
de kristallen der microfibrillen. Door dit proces worden de verbindende 
ketensegmenten langer en resulteren in strukturen opgebouwd uit gestrekte 
ketens. Het model verklaart niet alleen de in dit proefschrift beschreven 
resultaten maar ook vele resultaten welke in de literatuur worden be
schreven. Verder levert dit model een basis om het verschil in verstrek
baarheid tussen uit oplossing gekristalliseerd en uit de smelt gekristal
liseerd PE op een eenvoudige manier te beschrijven. 

Aangezien het deformatie gedrag en de resulterende eigenschappen 
van UHMW-PE, verstrekt in temperatuur gebied 1 en 2 significant 
verschillen, is vervolgens het deformatie proces van UHMW-PE in gebied 
2 onderzocht. De resultaten, beschreven in Hoofdstuk 4, laten zien dat 
het deformatie mechanisme in gebied 2 volledig afwijkt van het proces 
in temperatuur gebied 1. In gebied 2 start het verstrekproces vanuit de 
gesmolten toestand en resulteert in rek-geïnduceerde kristallisatie van het 
hoogmolekulaire gedeelte van het polymeer. Door dit proces ontstaan 
vezel-strukturen. Op de tijdschaal van het verstrekproces relaxeert het 
laagmolekulair deel en kristalliseert pas tijdens het afkoelen na het 
verstrekken als kleine eenheden langs de rek-geïnduceerde vezel-strukturen. 
De mechanische eigenschappen van de uiteindelijke vezels of tapes worden 
grotendeels bepaald door de aanwezige vezel-strukturen en in veel geringere 
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mate door de kristallen welke tijdens het afkoelproces ontstaan. 
De gunstige mechanische eigenschappen en de lage dichtheid maken 

sterke en hoog-modulus UHMW-PE vezels interessante kandidaten voor 
vezel-versterkte composieten. Een belangrijke beperking van deze vezels is 
echter de geringe hitte bestendigheid. De thermische stabiliteit van deze 
PE strukturen, ingebed in een composiet matrix is onderzocht (Hoofdstuk 5). 
Aangetoond kan worden dat in het optimale geval het smeltpunt van inge
bedde PE vezels ca. 30 • C boven het evenwichtssmeltpunt (142-146 • C) 
ligt. Echter door de aanwezigheid van een voor PE intrinsieke vaste-stof-> 
vaste-stof overgang transformeert het ingebedde PE tot een hexagonale 
kristalstruktuur, bij ca. 152 • C. In deze struktuur vertonen de afzonder-
lijke molekulen een grote beweeglijkheid langs de keten richting. Hierdoor 
zullen gestrekte ketensegmenten, welke uiteindelijk verantwoordelijk 
zijn voor de mechanische eigenschappen, relaxeren en resulteren in een 
drastische reduktie van de mechanische eigenschappen van de vezel en 
de composiet als geheel. 

De langeduur eigenschap van de sterke en hoog-modulus UHMW-PE 
vezels of tapes onder constante belasting, kruip, vormt een beperking voor 
toepassingen waarin langdurige belastingen een rol spelen. Een verlaging 
van de kruip kan verkregen worden door een homogeen netwerk binnen het 
PE aan te brengen. Dit kan o.a. door bestraling van het materiaal met hoog
energetische elektronen. Hoofdstuk 6 beschrijft de invloed van het vaste
stof deformatie proces op de gevoeligheid voor elektronen-bestraling. Het 
blijkt dat een struktuur, verkregen door UHMW-PE te verstrekken tot 
een verstrekgraad van 5, het meest effektief vernet kan worden. Echter, 
aangezien bestraling naast vernetting ook breuk van PE molekulen 
veroorzaakt, vinden we hier geen optimum voor kruip reduktie. 

Het laatste hoofstuk (Hoofdstuk 7) omvat een deformatie studie aan 
trans-I ,4-polybutadieen (t-I ,4-PB). Dit min of meer flexibele polymeer 
kristalliseert tussen 70"C en 140"C in een pseudo-hexagonale struktuur. De 
molekulaire beweeglijkheid in deze kristalstruktuur vertoont grote gelijkenis 
met die in de hexagonale struktuur van PE. Aangezien de pseudo
hexagonale struktuur gemakkelijker in t-1 ,4-PB geïnduceerd kan worden, 
wordt dit polymeer als modelstof gekozen om een beter begrip te krijgen 
omtrent het deformatie gedrag van UHMW-PE in de hexagonale fase. De 
resultaten laten zien dat t-1 ,4-PB in de pseudo-hexagonale struktuur niet 
meer dan 20% verstrekt kan worden. Door echter het materiaal in de vaste
fase tussen twee lagen laagmolekulair PE te co-extruderen, blijkt dat het 
polymeer in de pseudo-hexagonale fase tot relatief hoge deformatiegraden 
verwerkt kan worden. 
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STELLINGEN 

1. Tijdens de lamel-fibril transformatie van uit oplossing gekristallisserd 
ultra- hoog malekulair polyetheen bij temperaturen to ca. 130 • C treedt 
geen partieel smelten op, zoals gesuggereerd door Juska and Harrison. 

T. Juska & l.R. Harrison, Polym. Eng. Sci. 22. 766 ( 1982) 
Hoofdstuk 3 , dit proefschrift 

2. De smeltenthalpie, welke door Finter en Wegner wordt gegeven voor 
100% kristallijn trans-1,4-polybutadieen is waarschijnlijk te laag. 

J. Finter & G. Wegner, Makromol. Chem. 182, 1859 (1981) 

3. Het zou voor de hand liggend zijn om bij de modellering van thermisch 
geïnduceerde krimp in vezels van georiënteerde semi-kristallijne polymeren 
rekening te houden met het feit dat het in de structuur aanwezige amorfe 
materiaal ook enige mate van anisotropie vertoont. 

N.J. Capiati & R.S. Porter, J. Polym. Sci.: Phys. Ed. 15, 1427 ( 1977) 
C.L. Choy et al., Polymer 20, 1191 ( 1979) 

4. De kristal-brug rangschikking, als voorgesteld door Ward c.s. voor 
de beschrijving van de struktuur van verstrekte polyetheen vezels 
verklaart niet de wijze waarop deze structuur tot stand is gekomen. 

Vergelijk A.G. Gibson et al., Polymer 19, 683 ( 1978) 
met J. Clements & I.M. Ward, Polymer 24, 27 ( 1983) 

5. De aanname dat een opgelegde spanning homogeen over een verstrekte 
vezel of tape is verdeeld, voor de bepaling van de modulus van het 
kristallijne materiaal m.b.v. röntgendiffractie in zeer anisotrope systemen, 
is aan ernstige twijfel onderhevig. 

M. Matsuo & C. Sawatari, Macromolecules 19, 2036 ( 1986) 



6. De bepaling van de kristalliniteit van verstrekte een-kristal matjes 
van polyetheen met behulp van infra-rood spectroscopie als voorgesteld 
door Furuhata c.s. is onjuist. 

K. Furuhata et al., J. Polym. Sci.; Polym. Phys. Ed. 24, 59 ( 1986) 

7. De door Hikmet c.s. gegeven waarden voor het molekulair gewicht 
tussen knooppunten in bestraald polyetheen zijn te hoog. 

R. Hikmet et al., Colloid & Polym. Sci. 265, 185 ( 1987) 

8. Binnen de IC-technologie wordt veelvuldig gebruik gemaakt van 
hexamethyldisilazane om het oppervlak van de silicium plak te 
modificeren alvorens een fotogevoelige lak aan te brengen. De naam 
"adhesion promotor" die voor deze stof wordt gebruikt is misleidend. 

D.J. Elliott, "Integrated Circuit Fabrication Technology", 
McGraw-Hill, p. 117-120 (1982) 
K.E. Petrillo et al .. Proceedings of the SPIE, Advances in 
Resist Technology and Processing V 920, 82 ( 1988) 

9. Computer virussen kunnen op mensen in sommige gevallen ernstiger 
effekten hebben dan biologische virussen. 

K. Hafner, Business Week, August, 50 ( 1988) 

10. De aanschaf van dure hifi geluidsapparatuur voor auto's is in vele 
gevallen een zinloze investering. 

11. Hoe catastrofaal CFK's ook mogen zijn, 
de radiotherapeuten varen er in de toekomst wel bij. 

N.A.J.M. van Aerle, 
Eindhoven, 23 mei 1989 


