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ABSTRACT: The melting and relaxation behaviour of chain-extended polyethylene/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 fairly 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 

preservation 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 orthorhombic to 

hexagonal transition point at 155°C. This solid-solid phase transition within the PE fibres is detri

mental for the mechanical properties and consequently for the composite structure as a whole and 

sets an upper limit to the maximum use temperature. 
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The development of processes for the pro

duction of polyethylene (PE) fibres via melt 

spinning and subsequent drawing1 - 3 as well 

as the introduction of the so-called gel spin

ning process, developed in the late seventies 

at DSM Research,4 - 6 made it possible to pro

duce PE-fibres with excellent mechanical 

properties. Presently, the intrinsic possibilities 

of these fibres in textile and composite appli

cations are explored in depth. 7 - 12 

Ultra-high molecular weight polyethylene 

(UHMW-PE) fibres, produced via gel spinning, 

exhibit favourable properties such as tough

ness, fatigue, chemical resistance and light 

resistance.6 A disadvantage of these PE-fibres 

is their low equilibrium melting point, which is 

reported to lie between 141.6 and 146°C. 13 - 15 

However, it is well known that via effective 

constraining the melting point can be raised. 

In this case the common orthorhombic crystal 

structure transforms into a hexagonal phase 

before final melting occurs. The occurrence of 

a hexagonal structure in PE and similar par

affinoids with much lower molecular weight is 

known for a long time. 16 The existence of the 

hexagonal structure as an intermediate be

tween the common orthorhombic phase and 

the melt in PE was originally found by 

Clough. 17 By using oriented cross-linked PE, 

constrained at constant length, an orthorhom

bic to hexagonal (o->h) phase transition could 

be observed at about 150°C. Since 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 melt

ing.1 8 - 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 hydrostatic 

pressures (>4 kbar). 24 - 31 In all cases the ap

pearance of the hexagonal phase can be at-
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tributed to strong restrictions, experienced by 

the molecules towards the adaption of a ran

dom coil conformation. These restrictions can 

be chemical cross-links, effective "entangle

ments" in very high molecular weight material, 

reduction of free volume under very high 

pressures or a combination of those factors. 

The prime goal of the study presented here 

was to investigate whether the melting beha

viour of chain-extended PE can be influenc

ed by embedding 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 mechanical 

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 resulting hexagonal crystal structure will 

be compared with structures, induced via very 

high hydrostatic 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 tran

sition are presented. This effect will be dis

cussed in relation to the influence on mech

anical properties of PE fibre reinforced com

posites. 

EXPERIMENT AL 

Materials 

High-modulus tapes were prepared by draw

ing solution cast PE-films, obtained by dissolv

ing 2 wt% UHMW-PE (Hostalen GUR-412, 

Hoechst/Ruhrchemie, M"' - I 700 kg mol 1) in 

xylene at l 30°C as described in literature be

fore. 32 The dried film was drawn manually at 

l20°C to a draw ratio of about 90 (the result

ing Young's modulus was appr. 100 GPa). 

Ultra-drawn gel spun PE fibres were used, with 

a tensile strength and Young's modulus of 
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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, Europox 

730/XE 278 in a w/w ratio of 100/15. The 

curing of the resin was performed in 3 stages, 

i.e., 30 min at room temperature, followed by 1 

and 2 h at 80 and l20°C, respectively. No 

specific surface treatments were applied to 

improve the fibre-matrix adhesion. 

Techniques 

The wide angle X-ray scattering (WAXS) 

studies were performed using a Statton cam

era, equipped with a temperature controlled 

cell. The accuracy of the temperature ranged 

within 1 to 2°C. This was checked using adipic 

acid (Tm= 153°C) for temperature calibration. 

Ni-filtered Cu-K,-radiation was generated at 

50kV and 35mA and the X-ray exposure time 

was usually chosen to be 30 min. The sample to 

film distance amounted 50 mm, in some cases 

30mm. 

Melting endotherms were determined using 

a Perkin-Elmer DSC-2 calorimeter. A stan

dard heating and cooling rate of l0°C/min was 

adopted. Indium was used for temperature 

calibration (Tm= 156.6°C). The temperatures 

at the maximum of the endotherms were taken 

as the transition temperatures. 

High temperature birefringence measure

ments were performed, using a Zeiss polarizing 

microscope fitted with a Mettler FP-2 tem

perature regulated hot-stage. The birefrin

gence 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 improve thermal 

contact. Before each measurement the sample 

was kept at least 5 min at the required tem

perature. The birefringence was calculated 

from: 

where 11n is the birefringence, ¢ the measured 

optical retardation at the centre of the fibre 
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and dr the fibre diameter. 

RESULTS AND DISCUSSION 

Melting Behaviour 

Oriented UHMW-PE Tapes. A drawn PE 

tape with a final width and thickness of about 

2 mm and 15 µm, respectively, and a Young's 

modulus of appr. 100 GPa at room tempera

ture was embedded in an epoxy resin. The 

W AXS patterns presented in Figure I 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 

WAXS pattern. 

At room temperature, the WAXS patterns 

of the tape exhibit characteristics pointing to 

the presence of biaxial orientation, i.e., intense 

Temp.l'Cl 

23 

' . ; 

• • 150 

' 152 

' 155 

Figure 1. Series of W AXS patterns as a function of 

temperature for an epoxy embedded PE-tape (Jc=90). 

The tape was mounted with the drawing direction 

vertical and the tape surface perpendicular to the in

cident beam. * indicates the PE (110)0 and (200)0 

reflections due to Fe-K,-radiation, arising from Fe im

purity in the Cu-tube. 
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(110), very weak (200), and relatively intense 

(020) equatorial reflection spots.32 •33 

Upon heating a weak signal, attributed to 

the presence of a small fraction PE in the 

hexagonal phase, can be detected at l 52°C 

superimposed on the common orthorhombic 

phase. Further heating leads to the complete 

disappearance of the orthorhombic character

istics at l 55°C. The 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 

about 155°C. By varying the X-ray exposure 

time a lifetime of the hexagonal structure in 

these uncrosslinked tapes of about 30 min at 

l 55"C was deduced. The thermal stability of 

the system studied is rather poor compared to 

constrained cross/inked PE tapes described in 

literature, 1 7 ·19•22 •23 indicating that cross linking 

increases the stability in constrained oriented 

PE samples. In order to compare the con

straining efficiency of epoxy for PE-tapes and 

fibres, the melting behaviour of embedded fi

bres will be discussed in detail in the follow

ing sections. 

Oriented UHMW-PE Fibres. Figure 2 shows 

a temperature series of WAXS patterns of 

embedded PE fibres. The detected circular 

reflections arise from the aluminum 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 observ

ed 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 observe changes in amor

phous material (molten PE fraction) during 

heating cycles. 

Upon heating a weak reflection, assigned to 

the (lO0)h (hexagonal (100)) reflection of PE, 

appears very close to the ( 110)0 ( orthorhombic 

( 110)) reflection at a temperature of l 50°C. 

This ( I 00)h reflection becomes increasingly in

tense at the expense of the (110)0 and (200)0 

reflections, within a temperature range of 

about 3°C. Although there is a small increase 
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Figure 2. Series ofWAXS patterns of epoxy embedded 

PE-fibres as a function of temperature. The outer re

flection ring and streaks originate from the used 

Aluminum coating. * indicate PE-reflections caused by 

Fe-K,-radiation. 

134 

in the hexagonal reflection arc, the (l00)h 

reflection shows the same orientation charac

teristics as the (l !0)0 and (200)0 , implying that 

no drastic orientational changes occur during 

the o->h transition. The simultaneous exis

tence of both phases at temperatures between 

150 and 153°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 h. 

At 153°C all orthorhombic characteristics 

have disappeared. Further temperature in

crease leads to the disappearance of the hex

agonal crystal phase at temperatures above 

l 75°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 ob

tained by studying the changes in tlie lattice 

spacings. In Figure 3 the results are presented 

for the equatorial (l !0)0 , (200)0 , (020)0 , (310)0 , 

and (l00)h reflections. Starting at room tem

perature a gradual increase in spacing is found 

for all reflections with increasing temperature. 

Upon heating the spacing of the (110)0 , (200)0 , 

and (310)0 increases by 1.6, 4.8, and 3.9%, 

respectively whereas the spacing of the (020)0 

reflection increases by less than 0.4 %. Similar 

results were reported in the past. 34 - 38 They 

indicate an anisotropic thermal expansion in 

the orthorhombic plane normal to the polymer 

chains, in which nearly all the expansion oc

curs 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 the distance be

tween two parallel chain segments is smaller 

along the b-axis, the binding forces along the 

b-axis will be higher. This results in an en

ergetically favourable a-axis expansion. 

Despite the gradual change, the o->h tran

sition is still discontinuous. From Figure 3 it 

can be inferred that the increase in lattice 

spacing is highest for the equatorial ( 1 00)h 
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Figure 3. Influence of temperature on several PE lattice spacings of epoxy embedded PE-fibres. 

reflection. As was pointed out in the past for 

oriented PE materials, 18 •21 •22 this implies the 

presence of an increased molecular chain mo

bility in the hexagonal phase. 

More information about the hexagonal 

crystal structure was obtained via WAXS ex

periments, varying the sample to film distance 

(in order to increase the detectable 20-region) 

and the exposure time. To avoid disturbing 

aluminum reflections, the epoxy embedded 

PE-fibres were not wrapped in aluminum foil 

this time. In Figure 4 two characteristic 

W AXS patterns are shown, recorded at appr. 
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155°C, together 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, 

2.50, and 2.18A agree very well with the 

( IOO)h, ( 11 O)h, and (200)h reflections respec

tively, as reported in literature. There is no 

detectable reflection 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 

135 



N. A. J.M. VAN AERLE and P. J. LEMSTRA 

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 

I. b 

( > 8 kbar, > 260°C). 29 •39 •40 The results imply 

that the hexagonal phases, either induced via 

heating constrained fibres at atmospheric pres

sures or at very high hydrostatic pressures, 

show similar X-ray characteristics and hence 

110 
t • • • • t 

100 200 

C 

Figure 4. WAXS-patterns of epoxy embedded PE-fibres at 155°C: (a) exposure time of 30min; (b) 

exposure time of 5 h; (c) schematic picture obtained from (a) and (b). 
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Figure 5. Comparison of DSC melting endotherms of (a) unconstrained and (b) epoxy embedded PE

fibres, heating rate l0°C min - 1 . 
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similar crystal structures. 

Compared to the results for embedded 

tapes, see former section, the obvious conclu

sion 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 h before the sample is complete

ly molten whereas tapes melt at 155°C with

in less than 1 h. 

Differential Scanning Calorimetry (DSC) 

To investigate the o--+h transition in more 

detail, additional experiments by means of 

DSC were performed. In Figure 5 the DSC 

curves of unconstrained (Sa) and constrained 

(Sb) fibres are compared. 

The former DSC curves was obtained by 

heating chopped fibres (appr. 2 mm in length) 

in a droplet of silicon oil to obtain optimum 

heat conduction and avoid constraining ef

fects. These unconstrained fibres exhibit an 

endothermic maximum at 145°C which is com

mon for highly chain-extended PE.6 .41 The 

constrained fibres on the other hand, show two 

endothermics with corresponding transition 

temperatures of 153°C and 176°C, respec

tively. Compared to the W AXS data described 

earlier, we may ascribe the first endotherm to 

the o--+ h transition. The second endotherm 

however, reflects a more or less abrupt re

laxation of the chain-extended molecules, re

sulting in melting of the hexagonal phase. This 

relaxation effect may be caused by a sudden 

loss of constraining properties of the embed

ding material, as can be inferred from the 

anomalous shape of the melting curve and 

from optical microscopy. 

Birefringence 

The temperature dependence of the bire

fringence of PE-fibres embedded in an epoxy 

resin was studied. As can be observed in 

Figure 6 the small initial increase in bire

fringence up to about 140°C is followed by a 

small decrease. At 151 ± 1 °C a drastic decrease 

can be noticed whilst the fibres exhibit com

plete loss of fibrillar inhomogeneities, present 

in the original fibres. This latter effect is clearly 

observable via a polarizing microscope. 

Further heating results in a continuous de

crease in birefringence and at about 172 ± 5°C 

stress regions become visible in the epoxy 

material surrounding the fibres. 

Coinparing the DSC and X-ray results, the 
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Figure 6. Influence of temperature on the birefringence of an epoxy embedded PE-fibre. 
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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 cross-linked PE 

+ 
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i 
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+ 
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Figure 7. W AXS patterns of epoxy embedded PE

fibres at various temperatures. 

a 

tapes, drawn 40 times.42 

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 com

posite matrix. Especially for the use of PE 

fibres in fibre-reinforced composites, it is im

portant to know the effect of heating above 

this o-h transition upon the properties of the 

composite in view of curing cycles and max

imum use temperatures. To get a better in

sight in possible structural changes occurring 

during and above the o-h transition, reversi

bility studies were performed. 

X-Ray Studies 

Figure 7 shows some W AXS patterns, re

corded for epoxy embedded PE-fibres during a 

heating and subsequent cooling series. At 

140°C the common orthorhombic structure is 

present. Heating to l 50°C indicates the trans

formation of some orthorhombic PE into 

hexagonal material. The transition is com

pleted at l 53°C. To study the reversibility of 

the o-h transition, the sample was subse

quently cooled. At l 50°C some hexagonal 

PE has re-transformed into orthorhombic 

PE. Close quantitative inspection of the re

corded patterns reveals some super-cooling 

during the h-o transition. Analogous results 

b 
Figure 8. W AXS patterns of epoxy embedded PE-fibres at room temperature, after keeping the 

composite at 170cc (a) or 180"C (b) for I h. 
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were observed using constrained, oriented, 

cross-linked PE. 21 •43 Comparing the W AXS 

pattern of the composite at 140°C (before 

further heating) and 145°C (after cooling 

down from 155°C) reveals no detectable de

crease in orientation, despite the fact that the 

embedded fibres were kept in the rather mo

bile hexagonal phase for at least 2 h. Unfor

tunately, due to the epoxy scattering halo, it 

was impossible to observe possible changes 

in amorphous PE material via X-ray. How

ever, if the composite is heated up to tem

peratures above l 70°C for more than 2 h, 

much orientation appears to be lost after 

cooling down as can be seen in Figure 8a. 

Surprisingly, however, if the PE fibres are kept 

in the molten state (at 180°C) for about 1 h, the 

W AXS pattern still reveals some preferential 

orientation after cooling down to room tem

perature (Figure 8b). This suggests that it 

takes more than 1 h before molten, epoxy 

embedded, UHMW-PE fibres become com-

a 

01-"0 "O 
b 

C 

60 80 100 

pletely isotropic. The combination of the high 

viscosity of molten UHMW-PE and the con

straining properties of the resin reduces the 

rate of the process, responsible for relaxing 

oriented material into the isotropic state. 

Since the W AXS technique is not adequate 

to differentiate between chain-orientation and 

chain-extension, additional DSC and bire

fringence measurements were performed in 

order to elucidate possible relaxation effects. 

Differential Scanning Calorimetry 

Some results obtained from reversibility 

studies by means of a DSC are shown in Fig

ure 9. The first heating scan (curve a) shows 

one distinct endotherm with a corresponding 

transition maximum at 154°C, assigned to 

the o-+h transition. Cooling the sample re

sults in the detection of two exotherms at 

121 and 146°C respectively (curve b). As is 

known from literature the exotherm at 

121 °C is caused by crystallization of relaxed, 

120 140 160 

Tern perature ("C) 

Figure 9. Series of DSC curves of epoxy embedded PE-fibres: (a) first heating scan; (b) cooling scan; 

(c) second heating scan. 
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molten material whereas the latter exotherm 

(146°C) arises from the h-o transition. 

These assignments are supported by the 

DSC curves, observed during a second heat

ing scan (curve c), which reveals two endo

therms. The temperatures of 131 and 154°C 

correspond to the melting of isotropic PE 

and the o-h transition of chain-extended 

material, respectively. 

The DSC curves can be explained straight

forwardly. During the first heating scan the 

orthorhombic chain-extended PE trans

forms into the hexagonal structure at l54°C. 

Since the molecular mobility in this latter 

phase is relatively high, stress relaxation takes 

place, resulting in partial melting of relaxed PE 

chains, whilst unrelaxed chains remain in the 

hexagonal crystal structure. The combined 

presence of molten and chain extended crystal

line material explains the observed cooling and 

second heating DSC curves. 

Birefringence 

Finally the reversibility of the o-h transi

tion was investigated via birefringence studies. 

The results, observed via heating epoxy em

bedded PE fibres are already discussed in a 

former section. A drastic decrease in bire

fringence during the o-h transition was ex

plained in terms of differences in birefringent 

properties between the orthorhombic and hex

agonal structure. Surprisingly, however, 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 re

sults imply that the initial drop in birefrin

gence at 151 °C (Figure 6) is mainly caused 

by stress relaxation and partial melting of 

chain-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 birefrin

gence. Similar irreversible results were ob-

140 

served for oriented, cross-linked 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

C32H66, West44 observed a constancy in bire

fringence during a temperature induced solid

solid phase transition into a hexagonal 

structure. 

CONCLUDING REMARKS 

The 0-4 h transition is a reversible process in 

case of PE fibres embedded in a matrix. 

However, due to the increased mobility jn the 

hexagonal phase, partial relaxation/melting 

occurs. Although improved fibre surface 

adhesion, optimization of surface/volume 

ratios and other external variables might in

crease the constraining efficiency to some ex

tent, the o-h transition occurs within the PE 

fibres and is consequently difficult to sup

press.45 In this respect it is of interest to note 

that constrained chain-extended polypro

pylene fibres, where a similar solid-solid tran

sition is absent, can be heated for prolonged 

times at for example 200°C (appr. 40°C above 

the melting point) without a noticeable loss in 

fibre properties.46 

Since the 0-4 h solid-solid state transition, 

is an intrinsic property of PE, the only 

way to obtain PE fibres which can survive a 

heat treatment above l 55°C is modifying the 

chemical structure to prevent relaxation. 

Crosslinking of the fibres is in principle a 

possibility although the results up to now are 

not satisfactory.23 Improvements can be ex

pected in the near future via optimization of 

crosslinking procedures of the PE fibres, ad

hesion and development of suitable matrices. 
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