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Lamellar crystallization of pendant chains 
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Ultra-high molecular weight polyethylene fibres of the gel-spun/hot-drawn type were 
crosslinked by means of 3,-radiation and several techniques were applied for the charac- 
terization of the molecular network. The crosslinked fibres showed a nonperiodic 
morphology both in scanning EM and in SAXS. After a heat treatment above 150 ~ C, the 
temperature at which the chain-extended crystals melt or transform into the hexagonal 
phase, a well-defined lamellar morphology was observed. This is ascribed to fast relax- 
ation of pendant chains from the chain-extended crystals into a more kinked state, and 
subsequent lamellar crystallization of these chains upon cooling. From a determination 
of the amount of lamellar crystals it is estimated that about 90% of the network consisted 
of pendant chains, as a result of chain-scission during irradiation. 

1. Introduction 
Ultra-high strength polyethylene fibres, produced 
by the gel-spinning/hot-drawing technique [1, 2], 
contain a minimum amount of topological defects 
such as entanglements and loops. Accordingly, 
crosslinking of this material will result in networks 
with a reduced number of so-called network 
defects. These networks, therefore, should be 
especially suitable for experimental studies which 
are intended to verify recent developments of 
rubber-like elasticity theories [3-8] and of 
oriented crystallization [9-11 ]. 

Crosslinking ultra-high strength polyethylene 
filaments, without destroying the specific fibre 
structure, can only be performed using high-energy 
radiation, such as 6~ "),-radiation. Unfortunately, 
apart from crosslinking, high-energy radiation 
causes main-chain scission [12, 13]. This implies 
that such networks can have a large number of 
dangling-chain irregularities, arising from chain 
scissions occurring in the course of crosslinking 
[14]. These dangling-chain irregularities are elasti- 
cally inactive and do not contribute to the cycle 
rank [15] of the network. Furthermore, because of 
the randomness of the crosslinking process, these 
pendant chains are very likely to be branched. 

In spite of the obvious importance of these 

dangling or pendant chains, relatively little has 
been done to characterize their effect on elasto- 
meric properties. Part of the problem is to obtain 
information on the number and size of such 
irregularities in the network under consideration. 
In the present paper we demonstrate the presence 
of pendant chains in networks obtained by means 
of 6~ 7-irradiation of ultra-high strength poly- 
ethylene fibres. Measurements on the melting 
behaviour of constrained crosslinked filaments 
indicate that about 90% of the network consists 
of pendant chains. It is shown by small angle 
X-ray scattering (SAXS) and by scanning electron 
microscopy (SEM) that upon constrained melting 
of the networks, the pendant chains can reorganize 
in such a way that during subsequent crystalliz- 
ation lamella-like crystals with a long period of 
40 nm are obtained. 

2. Experimental details 
The polyethylene fibres used in this study were 
prepared from linear, ultra-high molecular weight 
polyethylene Hifax 1900 (from Hercules, 
M w ~ 4 x 106 kg kmo1-1). A filament was produced 
by extruding a 5 wt % solution of the polymer in 
paraffin oil at 170 ~ C. After extraction of paraffin 
oil, the filament was drawn to a ratio of 24 at 
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150 ~ C. Experimental details have been reported 
previously [1,2]. 

The drawn fibre was wound and fLxed on a 
glass cylinder and contained in an evacuated glass 
cell. In this cell it was annealed for 64h at 140~ 
in order to eliminate stress concentrations. Subse- 
quently, the cell was irradiated by 6~ "r-radiation 
at room temperature up to an effective dose of 
86kGy. Annealing at 140~ for 2h  was carried 
out afterwards in order to eliminate trapped free 
radicals. A more detailed description of the 
procedure was recently published [13, 16]. No 
extraction of sol fraction was made prior to the 
experiments described in this paper. The gel 
content was determined later and was found to 
be 84%. 

In this paper, the thermal properties of 
radiation-crosslinked fibres will be compared with 
those of fibres, obtained by crosslinking ultra-high 
molecular weight polyethylene in the oriented 
state with dicumylperoxide. Details of this latter 
procedure will be described in a forthcoming 
paper [17]. 

Phase transition temperatures and associated 
heat effects were measured by means of a Perkin 
Elmer DSC-2 equipped with a Scanning Autozero 
Unit. Indium was used for the calibration of both 
the temperature scale and the heats of fusion at the 
scan speed used, which amounted to 10Kmin -1. 
The heats of fusion are expressed in kJ per kg of 
total polymer sample. In order to keep the net- 
works extended while in the melt, the fibre was 
wound on a square 4mm •  aluminium 
frame and knotted at the ends. The free ends of 
the fibre were cut off. Cooling between scans 
was carried out at --40 K min -1. 

Small-angle X-ray scattering curves were 
recorded by means of a Kratky camera with 
stepscanning device. CuKa radiation was produced 
by a Phllips PW 1130 generator operated at 45 kV 
and 45mA. A nickel-filter and pulse-height 
discrimination were employed for monochromatiz- 
ation. Meridional slit-smeared scattering curves 
were recorded from a fibre which was uniformly 
wound on a rectangular sample flame in such a 
way that the fibre axis was perpendicular to the 
plane of the X-ray beam, The latter has a line- 
shaped cross-section. The sample frame was 
contained in an evacuated heating cell which 
allows measurements at high temperatures. The 
temperature was continuously monitored by 
means of a thermocouple near the sample, and 

it was kept constant to within I~ by an elec- 
tronic device (Knauer, Berlin) coupled with a 
Pt-100 resistor in the cell. The recording of one 
SAXS curve required about 1 h, in which 31 points 
were measured (up to 0.12 nm-1). No corrections 
for parasitic and air scattering were made. 

Scanning electron micrographs (SEM) were 
taken in an ISI DS-130 microscope operated at 
40 kV, from gold-covered samples. 

3. Results and discussion 
3.1. F ibre-network formation 
A fibre was produced by gel spinning of ultra-high 
molecular weight polyethylene followed by hot- 
drawing of the spun filament to a ratio of 24 at 
150 ~ C. The tensile strength of the drawn fibre 
amounted to 1.6 GPa. The fibre was subsequently 
crosslinked by 7-irradiation (86 kGy dose). 

In order to clarify our interpretation of exper- 
imental results, we will first give a description of 
the mechanism of fibre and network formation. 
During the spinning process the gel of entangled 
molecules becomes inhomogeneous and breaks 
up into flow units as a result of elastic forces [18, 
19]. Such a flow unit is a long bundle of partly 
extended molecules, in which regions of close- 
packed parallel arrangement alternate with 
droplet-like disordered domains containing the 
entanglements as well as loops and cilia. From 
the regions of extended and parallel chains, fibril 
backbones are formed upon crystallization. Loops 
and cilia will give rise to the growth of lamellar 
crystals epitaxially deposited on the backbone 
("shish-kebabs"). 

Fibres with a tensile strength up to 4.1 GPa 
can be obtained from gel-spun filaments by means 
of hot-drawing in the temperature range 135 to 
150 ~ C. This process of further chain extension 
relies on the presence of chain loops and cilia 
emerging from entanglement sites. Although the 
chain mobility in the disordered regions is high 
and the lamellar crystals are molten above 135 ~ C, 
the life-time of entanglements is very long at 
temperatures below 150 ~ C since they are trapped 
between the adjacent chain-extended crystals. 
Conversely, these orthorhombic crystal blocks are 
stress-stabilized and prevented from "peeling off" 
by the entanglements at the end surfaces [20]. 
At 150 ~ C, however, orthorhombic crystals are no 
longer stable and transform into the hexagonal 
phase [21], in which the chains can easily slide 
past each other. Above this temperature entangle- 
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Figure I DSC thermograms o f  
the radiation~rosslinked poly- 
ethylene fibre, recorded during 
constrained heating at a rate 
of  1 0 K m i n  -1. (a) first scan, 
directly after cro sslinking; 
Co) second scan of  the same 
sample; (c) third scan. The 
cooling rate between scans was 
40 K rain -t .  

ment life-times are too short for drawing to be 
effective. During hot-drawing the chain loops 
and cilia are converted into straight stems which 
add to the length of the chain-extended blocks. 
A further accumulation of entanglements in 
disordered zones occurs, while some entangle- 
ments slip off. Previous results have already shown 
that in a fibre drawn to a ratio of 24 the chains 
are 1iot yet fully extended [2], and longer chains 
will still be involved in several entanglements. 

7-Irradiation of such a drawn fibre will lead 
to crosslink formation and chain fracture both 
occurring primarily in the disordered regions. 
Whereas radical recombination may follow chain 
fracture in the crystal lattice, fractured taut tie- 
molecules in the disordered zones will inunediately 
contract. In this way chain ends and considerable 
branching will be introduced. A reduction in ten- 
sile modulus and strength upon 7-irradiation is 
consistent with this picture and was experimen- 
tally found [13]. 

3.2. Differential scanning calorimetry 
(DSC) and scanning electron 
microscopy 

In order to characterize the complex molecular 
topology of the crosslinked fibre, it was examined 
by means of DSC. The fibre was wound on an 
aluminium frame so as to achieve constrained 
melting. 

Three successive heating scans conducted on 
the same sample are presented by the thermograms 
of Fig. 1. The peak temperatures and the heats 
of fusion measured at a heating rate of 10 K min -1 
are summarized in Table I. Curve a in Fig, 1 
represents the behaviour of the fibre directly 
after the crosslinking procedure. The first endo- 
thermic effect appears as a very weak shoulder 
around 140 ~ C. It can be ascribed to the melting 
of a lamellar chain-folded phase. The temperature 
is relatively high, but this can be accounted for 
by the presence of severe constraints on the chains 
in the lamellae. A broad range of melting tempera- 

T A B L E I Peak temperatures and heats o f  fusion of  a constrained mol ten crosslinked fibre. The fibre was -},-irradiated 
with a dose of  86 kGy. It was scanned in DSC (see Fig. 1) prior to extraction o f  the sol fraction 

(oTm~) ~m~) ~m~) AH~ AH 2 AH~ 
(kJ kg -~ ) (kJ kg -~ ) (kJ kg -1 ) 

First scan, a (139.5) 149.8 177.9 - 192.4 1.4 
Second scan, b 132.8 146.3 - 99.5 13.1 - 
Third scan, c 133.0 147.0 - 100.8 11.4 - 
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tures for the lamellar phase was also found in 
surface-growth fibres [22, 23]. The second, main 
peak is found at 149.8~ This endotherm is 
attributed to the solid-solid phase transition 
taking place in the chain-extended crystals. The 
orthorhombic crystal structure transforms into 
the hexagonal crystal modification. Those crystals 
in which the chains cannot relax because they are 
constrained by crosslinks or long-lived entangle- 
ments, remain in the hexagonal phase, while 
unconstrained crystals melt completely. This 
orthorhombic-hexagonal transition was found 
in various surface-growth and gel-spun fibres 
[22, 24]. The final, small effect at 178 ~ C in the 
first DSC scan might be due to retarded melting 
of some of the hexagonal crystals [22, 25]. 

After cooling down to room temperature at 
a rate of 40Kmin -1, a second heating scan was 
carried out. This second scan, curve b in Fig. 1, is 
completely different from the first scan. A similar 
phenomenon was observed during constrained 
melting of 74rradiated surface-growth fibres [24]. 
The first and strongest endothermic peak appears 
at I32.8 ~ C. This corresponds to the melting of 
Iamellar crystals composed of chains with few 
conformational constraints. At 146.3~ the 
transition of the chain-extended crystals is found, 
but the endothermic effect is much weaker than 
in the first scan. The changes in the DSC pattern 
indicate a drastic decrease in the amount of 
chain-extended crystals as a result of heating 
above the transition temperature of 150 ~ C during 
the first scan. As a consequence of the relaxation 
of many extended chains, a much larger amount 
of lamellar crystals than originally present, has 
been formed upon cooling. The third DSC scan, 
curve c, is equal to the second one, which means 
that no further reorganization has taken place 
during the second heating cycle. The reproducibil- 
ity of the endotherm at 146 to 147~ suggests 
that it pertains to the reversible orthorhombic- 
hexagonal transition of persistent chain-extended 
crystals. 

One might calculate the weight fractions of 
polyethylene involved in the transition of the 
orthorhombic crystals into the hexagonal phase 
or the melt from the DSC scans and the values 
for the enthalpy change of these transitions. 
A first estimate may be found in the values known 
for similar transitions in the odd-numbered 
n-paraffins [26], which amount to approximately 
90 and 150kJkg -I for the orthorhombic- 

hexagonal and hexagonal-melt transition, 
respectively. Results obtained in our laboratory 
[27], however, have shown that  for constrained 
melting of polyethylene fibres, the heats of 
transition approach constant values at very high 
draw ratios, approximately 190 and 55kJkg -1 
for the orthorhombic-hexagonal and hexagonal- 
melt endotherm, respectively. If our data on 
polyethylene are assumed to be representative 
for chain.extended crystals in which the chains 
are constrained, they indicate that the hexagonal 
phase in polyethylene is closer to the melt state 
than expected from similar transitions in 
n-paraffins. For the odd-numbered paraffins, it 
should be noted indeed, the heat value for the 
orthorhombic-hexagonal transition increases 
with the chain length (and therefore with increas- 
ing transition temperature), while that of the 
hexagonal-melt transition decreases. This is in line 
with the difference between the values found for 
polyethylene and those for paraffins. When one 
applies our value of 190 kJkg -I to the reversible 
orthorhombic-hexagonai peak in the second DSC 
scan, it is calculated that 7 wt % of the crosslinked 
polyethylene is contained within those chain- 
extended crystals. After the first heating cycle, 
therefore, 93% of the fibre consists of larnellae or 
more disordered regions. If one assumes that the 
sol fraction of 16wt% is to be found exclusively 
in the lamellae, a correction for the sol fraction 
can be carried out and one finds that 92% of the 
network has recrystallized into a chain-folded 
phase. A discussion of these results will be given 
in Section 3.4. It should be mentioned that after 
this DSC experiment, the fibre was still taut 
around the sample frame. The implications of this 
finding will also be discussed later. 

Figs. 2 and 3 show SEM micrographs of the 
fibre before and after the DSC treatment. Whereas 
the initial morphology is irregular, a very distinct 
structure of well-aligned and intermeshed lameilae 
can be observed on the sample surface after the 
DSC experiment. The maximum lamellar thickness 
including one boundary layer is approximately 
46nm; the number average long period amounts 
to 39 nm. 

3.3. Small-angle X-ray scattering and 
X-ray diffraction 

Meridionat SAXS curves recorded in the course 
of various heat treatments are shown in Figs. 4 
and 5. The same fibre sample was used through- 
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Figure 2 Scanning electron micrograph of the radiation-crosslinked polyethylene fibre which was the starting material 
for the experiments described. The surface morphology is highly irregular. 

out. In Fig. 4, curve A represents the scattering 
from the intitial sample. There is no indication 
of a long period in the angular region covered, 
which ranges from (85 nm) -1 to (9 nm) -1, although 
the sample was annealed for 2h at 140~ after 
irradiation. 

The sample was heated in the SAXS set-up to 
a maximum temperature of 142~ and curve B 
was recorded. The intensity at 142 ~ C was some- 
what higher than at 25 ~ C. Since the presence of 
lamellar material would result in an intensity 
reduction due to melting around 140~ [23], 
SAXS indicates that the amount of distinctly 
lamellar phase must have been very small. This is 
in line with the DSC result, curve a in Fig. 1. The 
sample was left to cool down to room tempera- 
ture; the cooling rate amounted to approximately 
10Kmin -1 in the crystallization range. At room 
temperature curve C was found. The intensity is 
higher than before and shows a very faint shoulder 
at b ~ 0.02nm -1. (This shoulder was observed 
more clearly at higher temperatures, which is due 
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to reversible changes in the disordered regions with 
temperature.) 

The first heating and cooling cycle has obviously 
resulted in a limited formation of lamellar struc- 
tures. It may well be that only the surface of the 
elementary fibrils has been affected. A second 
heating cycle was undertaken and SAXS curves 
were recorded at various temperatures. After a 
strong initial rise, a decrease in intensity was 
already observed around 130 ~ C. At 142~ the 
SAXS was found to level off and to become 
almost equal to that in the first scan (curve B), 
but a substantial further decrease was observed 
upon heating to 150~ (curve D). After cooling 
to room temperature curve E was recorded. 
A broad peak appears, the maximum of which 
corresponds to a long period of 44nm. In agree- 
ment with the DSC results, the orthorhombic- 
hexagonal transition and the concomitant relax- 
ation of chain-extended material has taken place 
at 150 ~ C, and as a result a pronounced lamellar 
morphology has formed upon cooling. 



Figure 3 Scanning electron micrograph of the radiation-crosslinked polyethylene fibre after having been subjected to 
the DSC experiment of Fig. 1. A well oriented and space-filling lamellar morphology is visible. 

A third cycle was carried out in the SAXS 

set-up in order to explore the influence of crystal- 
lization conditions (Fig. 5). Upon heating, the 

intensity of the 4 4 n m  maximum increased 
strongly and above IO0~ it shifted towards 
smaller angles. This was followed by a decrease 
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Figure4 Slit-smeared meridional SAXS curves of the 
radiation-crosslinked polyethylene fibre, recorded success- 
ively at various temperatures during constrained heating. 
First cycle: (A) 25~ (B) 142~ (C) 25~ Second 
cycle: (D) 150 ~ C; (E) 25 ~ C. The dashed line indicates the 
blank scattering at 25 ~ C. b is the reduced scattering angle 
2 sinO / X. 

in intensity over the whole angular range covered 
when the temperature was raised above 130 ~ C. 

This behaviour can be fully understood from the 

DSC curve b in Fig. 1, which indicates that the 
lamellar phase melts over a broad temperature 

range below 135 ~ C. At 142 ~ C curve A in Fig. 5 

was recorded (note that Figs. 4 and 5 have differ- 

ent scales). In this experiment, the fibre was 
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Figure5 Slit-smeared meridional SAXS curves of the 
radiation-crosslinked polyethylene fibre. This figure is 
the continuation of Fig. 4. Third cycle: (A) 142~ 
(B) 128~ after 22h of crystallization at this tempera- 
ture; (C) 100~ C; (D) 25~ b = 2 sin0/~,. 
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cooled at a rate of  1Kmin -1 from 142 to 128 ~ C, 
and kept at 128~ for crystallization. After 22h 
at 128 ~ C, curve B in Fig. 5 was recorded. After 
rapid further cooling to 100 ~ C curve C was found. 
The peak intensity decreased and its position 
shifted from 78 to 60 nm. This behaviour appeared 
to be reversible upon fast heating and cooling 
between 1-28 and 100 ~ C. It can be explained by 
the mechanism of lateral lamellar growth between 
splayed lamellae, as discribed by Strobl et al. [28]. 
The micrograph of Fig. 3 shows lameUar splaying, 
and such a mechanism might be well possible in 
an oriented system. 

The very high long period of 78 nm at 128 ~ C 
can be accounted for by a crystallization process 
which starts with the secondary nucleation of 
very long stems on chain-extended substrates. The 
nature of these nucleation sites will be discussed 
in the next section. Further growth is character- 
ized by a decrease ins t em length and, therefore, 
by tapered and intermeshed lamellae. The chain- 
extended fibrils are covered by an extensive over- 
growth of lameUar crystals and for this reason 
stem lengths as large as 78 nm are not observed on 
the surface micrograph of Fig. 3. Concomitantly, 
the SAXS long period will be systematically higher 
than the one calculated from SEM micrographs. 

Further cooling of the fibre from 100~ to 
room temperature did not change the long period 
but merely reduced the intensity. This shows that 
no substantial lateral growth occurs below 100 ~ C. 
The intensity decrease can be explained by an 
increase in the chain density in the defect regions 
between the lamellae, as well as to a reduction of 
the size of these regions [23]. The final long period 
is 60 nm instead of the 44 nm found upon rapid 
cooling. This crystallization experiment shows 
that the long period depends on the crystallization 
conditions. 

Fig. 6 shows the X-ray diffraction pattern of 
the starting fibre at room temperature. The 
diffraction pattern of a fibre at constant length 
at approximately 160~ is reproduced in Fig. 7. 
It shows a diffuse "halo" from the melt and on 
the equator a single reflection, which stems from 
the hexagonal phase (d = 0.44nm). The fibre 
which was heat treated in the SAXS set-up gave 
the diffraction pattern of Fig. 8, at room tempera- 
ture. A minor increase in the arcing of the whole 
pattern, as compared to Fig. 6, indicates that the 
constraints on the fibre have been effective in 
preserving the orientation in most of the fibre. 
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Figure 6 Wide-angle X-ray diffraction (WAXD) pattern of 
the radiation-crosslinked polyethylene fibre at room 
temperature. Fibre axis vertical. 

Like in the DSC experiments, the macro-fibre 
was found to have remained taut around the 
sample frame after the treatment in the SAXS 
set-up. A weak ring emerging from the strongest 
reflections on the equator represents a small 
amount of  material which has become disoriented. 

Figure 7 WAXD pattern of the radiation-crosslinked poly- 
ethylene fibre at approximately 160~ at fixed length. 
The discrete reflection stems from the hexagonal phase. 
Fibre axis vertical. 
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Figure 9 DSC thermograms of polyethylene fibres cross- 
linked in the oriented state with 8, 17 and 50wt% of 
dicumylperoxide, respectively. Each fibre had received 
a heat treatment at 180~ at constant length prior to 
the DSC experiment. 

Figure 8 WAXD pattern of the radiation-crosslinked poly- 
ethylene fibre after having been used for the SAXS 
experiments of Figs. 4 and 5, in which a maximum tem- 
perature of 150~ was attained. Fibre axis vertical. 

3.4. Discussion of molecular mechanisms 
An important observation is that the fibres 
remained taut on the sample frame during the 
heat treatment. This is in contrast to the behaviour 
of noncrosslinked fibres, which were found to 
have become longer upon heat treatments even 
when kept below the melting temperature. This 
elongation is due to chain slip occurring under 
the influence of strong retractive forces originating 
from the noncrystalline regions at high tempera- 
ture. In the 7-irradiated fibres no length increase 
is found, which implies that there are continuous 
chain paths, constituting the cycle rank of the 
network, along the macroscopic sample as a result 
of crosslinking. It is therefore very likely that the 
elastically effective chains remain extended at all 
temperatures, and that the chains, which reorgan- 
ize at 150 ~ C, are not elastically effective. We 
believe that we are dealing with the relaxation 
of polymer chains which are anchored in the 
network with one end only, the so-called pendant 
chains. These pendant chains correspond partly 
to the initial chain-ends, but a much larger amount 
is formed as a result of  main-chain scission during 
the irradiation procedure [13]. 

If  pendant chains are indeed the chains that will 

rearrange from chain-extended crystals to lamellae 
upon constrained heating and cooling, such a 
rearrangement should be absent in the case of  
densely crosslinked fibres. In the latter, the mass 
of pendant chains is relatively low, which implies 
that practically all chains should remain extended 
during constrained melting of such networks. 
Densely crosslinked fibre networks were produced 
by vulcanizing as-spun polyethylene fibres in the 
oriented state with dicumylperoxide [17], which 
is known to crosslink polyethylene without chain 
fracture [29]. Fig. 9 represents DSC thermograms 
of fibres crosslinked in this way with 8, 17 and 
50 wt % dicumylperoxide. The thermograms were 
obtained after the fibres had been heated to 
180~ and subsequently crystallized at constant 
length. Fig. 9 shows that the ratio of the surface 
area under the endotherm at 130 ~ C to the surface 
area of  the peak at 150 ~ C decreases with increas- 
ing dicumylperoxide content. Obviously, a higher 
degree of crosslinking is accompanied by a reduced 
extent of  rearrangement upon constrained melting. 
This observation supports the idea that the pendant 
chains in the network are responsible for the 
reorganization effect, since their mass diminishes 
with increasing crosslink density. 

From the similarity of  the second and third 
DSC scan of the 7-irradiated fibres (Fig. 1) it may 
be concluded that the relaxation at 150~ pr 0- 
ceeds very rapidly. This implies that no long-range 
reptational motion of the pendant chains is 
involved, since lateral reptation of a chain is the 
very viscous melt is an extremely slow process 
[30]. Moreover, pendant chains are likely to be 
branched, which further reduces their mobility. 
The only probable motion of a pendant chain 
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Figure 10 Schematic drawing of the molecular topology of the fibre-network in various stages. (A) After crosslinking 
in the solid state, crosslinks and chain-ends resulting from chain-scissions are to be found in the disordered regions 
between chain-extended crystaUites. (B) Above 15 0~ orthorhombic crystallites have transformed into the hexagonal 
phase and some contraction of extended pendant chains has taken place. A small fraction of chains is permanently 
under tension. Hexagonal crystaUites are preserved as a result of conformational constraints. (C) After the heat treat- 
ment lameUae have formed. The load-bearing chain has acted as a nucleus for long-stem crystallization. A decrease in 
stem length has resulted in tapered lamellae. 

upon melting of  the chain-extended crystals will 
be a longitudinal contraction as a result of  entropy 
forces. This contraction will be sufficient so as to 
introduce kinks in the chain and make it look  
like a succession of  blobs [30]. On the whole, 
the chain will be confined within its " tube"  of  
approximately 3 nm diameter [31], and its overall 
conformation along the fibre axis will be preserved. 
As a consequence of  the limited mobility of  pen- 
dant chains, due to entanglements and branches, 
their crystallization may proceed like in the 
"solidification" model [32], which corresponds 
to regime III crystallization [33]. 

According to the calculation presented in 
Section 3.2, the lamellar crystals formed after 
heat treatment at 150 ~ C constitute approximately 
90% of  the material, which suggests that the 
7-irradiated fibre contains a large amount o f  
pendant chains. In order to evaluate this result, 
it is pertinent to discuss the  molecular topology 
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of  the radiation-crosslinked fibre. In view of  the 
strong rearrangement effects observed we expect 
that the number density of  elastically effective 
network chains will be low. Since these chains 
will be under tension permanently, they are not 
likely to assemble and form a bundle-like nucleus 
upon crystallization. Instead, each of  these low- 
entropy chains may act as a substrata and induce 
oriented crystallization o f  surrounding chains at 
relatively high temperatures (Fig. 10). The initial 
sequences may crystallize with a very high stem 
length. On one hand, this picture implies that a 
number o f  elastically ineffective chains will partici- 
pate in the formation of  crystals o f  chain-extended 
character. The endotherm at 146 ~ C found in the 
second and further DSC scans, therefore, cannot 
be entirely attributed to constrained network 
chains. On the other hand, the dispersed state 
of  the elastically effective network chains will 
seriously restrict the diameter of  the chain- 



extended crystals that they induce. Since the 
reptation rate of branched pendant chains is low, 
further growth of chain-extended crystals is 
hampered. Consequently, crystallization will be 
characterized by a decreasing stem length and a 
decrease in temperature. The chain-extended core 
of the crystals thus formed will be very thin and 
it will have a high surface free energy. In view of  
this, the value o f  190kJ  kg -1, which was obtained 
from highly drawn fibres, will be too high for the 
o r thorhombic -hexagona l  transition of  these core 

crystals and will lead to an underest imation of  the 
amount of  crystal phase which melts at 146 ~ C. 

It is impossible at this moment  to quantify the 
influence o f  these opposing factors on the deter- 
mination of  the number of  elastically effective, 
permanently constrained chains. At  this stage we 
will neglect these factors and simply at tr ibute the 
endotherms at 146~ to a reversible orthor- 
hombic -hexagona l  transition of  permanent chain- 
extended crystals. This implies that  the lamellar 
phase roughly represents the amount of  pendant  
chains and loose chains. According to the previous 
calculations, therefore, 92 wt % of  the polyethylene 

network might be formed by pendant  chains. 
The process of  orientation-induced crystal- 

lization on constrained chains as described above, 
will explain the very long SAXS period measured 
at high temperatures.  In order to explain the tem- 
perature dependence of  the SAXS peak intensity,  
which is similar to that  found for the heat t reated 
shish-kebab type overgrowth [23], the occurrence 
of  density gaps at the lamellar surfaces must be 
considered. Chain ends will contribute,  but  chain 
backfolding will also play a role. It will be very 

interesting to study the chain conformation in more 
detail, since the abundance of  pendant  chains will 
have a strong influence on the elastic properties of  
the network in the rubbery state. This point  will 
be the subject of  future publications [34]. 
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