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ABSTRACT: This paper describes the morphological properties of gel films of ultrahigh 
molecular weight (6 x 106) polyethylene by small angle X-ray scattering (SAXS), wide angle X-ray 
diffraction (WAXD), and scanning electron microscopy. The gel films were prepared by crystalli­
zation from solution with critical concentration associated with the maximum drawability of the 
dry gel films. Through a series of experimental results, it turns out that the number of 
entanglements causes significant changes in the profile of SAXS intensity distribution and in the 
orientation of crystallites estimated by W AXD patterns. Furthermore, stress-strain curves were 
dependent upon an increase of the entanglements. Based on the above results, it may be concluded 
that a suitable level of entanglements between crystal lamellae plays an important role for 
transmitting drawing force as intermolecular crosslinks in an ultradrawing process. 

KEY WORDS Ultra High Molecular Polyethylene I Dry Gel Films 
Critical Concentration I Entanglements I Intermolecular Crosslinks I 

Ultradrawing of high molecular weight 
polyethylene was first carried out by Smith and 
Lemstra 1 - 3 through gelation/crystallization 
from dilute solution on the assumption that 
the maximum achievable draw ratio depends 
principally on the concentration of the so­
lution from which the gel was made. This 
concept was attributed to a reduced-number of 
entanglements per molecule in solution 
cast/spun polymers in comparison with those 
obtained from the melt. Actually, Smith et al? 
succeeded in producing fibers with a draw 
ratio of 130 and the consequent Young's 
modulus of 150 GPa. 

Based on the above concept, Matsuo et a/.4 

proposed one approach to determine optimum 
entanglements which can be realized by a 
proper choice of the solution concentration 

through measurement of solution viscosity for 
the purpose of preparing gel films with high 
drawability. The experimental results, proved 
that there exists an apparent critical con­
centration associated with an empirical cor­
relation between the mechanical properties of 
the optimum gel and the characteristics of the 
dilute polymer solution. The plot of the re­
duced viscosity '1sp/c against the concentration 
c could be classified into two reduced viscosity 
regimes, one of weak concentration depen­
dence and the other of strong concentration 
dependence. The intersection between two 
concentration regimes was found to corre­
spond to the concentration with the maximum 
drawability of the dry gel films experimentally. 
Accordingly, the intersection of the concen­
tration was defined as the critical concen-
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tration to prepare dry gel films with high 
drawability. According to our previous exper­
imental results4 for polyethylene with a high 

weight of 6 x 106 , the critical con­
centration was almost 0.4 g/100 ml. The dry gel 
films prepared from a solution at the critical 
concentration (0.4 g/100 ml) could be readily 
elongated up to a draw ratio of A.= 300 at 
135°C. For such ultradrawn films, the 
Young's modulus and tensile strength attain­
ed maximum values of 202 and 6.2 GPa, 
respectively. These are among the highest 
values ever reported. Accordingly, it is thought 
that this critical concentration is appropriate 
to ensure the existence of a suitable level of the 
entanglements that act as intermolecular 
crosslinks and effectively transmit the drawing 
force of dry gel films. 

The importance of a suitable level of en­
tanglements was discussed in terms of mor­
phological aspect using wide angle X-ray dif­
fraction (WAXD) and small angle X-ray scat­
tering (SAXS) patterns. 5 - 7 The two X-ray 
patterns indicated that the dried gel film was 
composed of crystal lamellae that were highly 
oriented with their large flat faces parallel to 
the film surface, and that the crystal c-axes 
were oriented perpendicular to the large flat 
faces within the lamellar crystals. The gel films 
are therefore similar to mats of single crystals. 
Judging from the two X-ray patterns, it is 
noted that as the lamellae with a folded struc­
ture are not interconnected by the chain 
molecules in the lower concentration regime, 
chain slippage must occur in the transfor­
mation process to a fibrous texture, while as 
small lamellar crystals crystallized from the 
higher concentration regime are interconnect­
ed strongly by the chain molecules, the high 
entanglement density hampers the achieve­
ment of high draw ratio. This indicates that the 
critical concentration is probably expected to 
be somewhere between these two regimes. 
However, there have been no reports about the 
dependence of the morphological properties of 
crystal lamellae on the concentration of so-
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lution to prepare gel films. Accordingly, it is 
important to clarify that the crystal lamellae 
prepared from a solution with the critical 
concentration c* show the intermediate mor­
phological properties between characteristics 
of crystal lamellae associated with the con­
centration above c* and those associated with 
that below c*. 

This paper persues the above conceptual 
correlation on the basis of SAXS intensity 
distribution characterizing the morphological 
properties of crystal lamellae. The actual ex­
periments were carried out from two view­
points: the dependence of the lamellar mor­
phology on the concentration and the de­
pendence of mechanical properties on an in­
crease in entanglements due to the annealing 
effect of the original dry gel films. The dry gel 
films were elongated at room temperature to 
prevent an increase in entanglements arising in 
the preheated process prior to drawing for the 
purpose of discussing mechanical properties, 
crystal orientation, and drawability with re­
spect to the number of entanglements of orig­
inal undeformed gel films. 

EXPERIMENTAL 

A linear polyethylene with a molecular wei­
ght of 6 x 106 (Hercules 1900/90189) was used 
as a specimen. The solvent was decalin. The 
solution containing 0.4 g/100 ml of poly­
ethylene and 0.1% w jw of the anti-oxidant 
di-t-butyl-p-cresol was prepared by heating the 
well-blended polymer/solvent mixture at 
135°C for 40 min under nitrogen. The above 
concentration of 0.4 g/1 00 ml was the critical 
one obtained by the measurement of solution 
viscosity.4 The homogenized solution was pour­
ed into an aluminum tray that was sur­
rounded by ice water to form a gel. The decalin 
was allowed to evaporate from the gels under 
ambient condition for 30 days. The nearly 
dried film, which had a thickness of about 
300 .urn, was immersed in an excess of ethanol 
for 30 days to remove the anti-oxidant and 

Polymer]., Vol. 17, No. II, 1985 



Ultradrawing of High Molecular Weight PE Films 

subsequently vacuum-dried for 1 day to remove 
residual trace of the decalin-ethanol mixture. 
The specimens were annealed in a silicone oil 
bath in the temperature range from 20 to 
130°C and subsequently quenched at room 
temperature. The specimens were elongated 
at 20°C with an lnstron tester at the same cross 
head speed (5 mmjmin). The initial dimensions 
of the sample were: length 20 mm; width 4 mm. 
These conditions were the same as previous­
ly.6 

The meridional SAXS intensity distribution 
was detected with a position sensitive propor­
tional counter (PSPC) and a 12 kW rotating 
anode X-ray generator (Rigaku RAD-rA 
operated at 200 rnA at 40 kV). The measure­
ment was carried out by point forcus with a 
three-slit system. The CuKa X-ray source was 
monochromatized with a plate-like graphite 
monochrometer. The X-ray exposure times 
were 4 x 105 s for each specimen. 

Density of films was measured by a pyc­
nometer with chlorobenzene-toluene as a me­
dium instead of xylene-carbon tetrachloride in 
the previous work.4 When xylene-carbon tet­
rachloride was used, the density for the drawn 
specimen above A= 200 was equal to unity 
corresponding to the theoretical density of 
polyethylene crystal within the experimental 
error. We doubt whether xylene-carbon tetra­
chloride is suitable as a medium to measure the 
density of polyethylene, because of preferential 
absorption by polyethylene of one liquid. 
According to Blackadder et a/. 8 and Bhateja,9 

the mixture of chlorobenzene and toluene was 
used as a good medium to avoid a density 
differential between the imbibed and the am­
bient liquids around the specimen. Therefore 
chlorobenzene-toluene was used as the me­
dium in this experiment to prevent the pref­
erential absorption. Incidentally, great care 
was taken to remove the anti-oxidant, since the 
residual anti-oxidant is very dependent on the 
density. Then the drawn specimens were cut 
into fragments and they were immersed in an 
excess of ethanol for 10 days prior to measur-
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ing the density and subsequently vacuum-dried 
for 1 day. The crystallinity for specimens 
'!hove ..1.=200 was 97-98% and that for un­
drawn specimens was 81 %. 

RESULTS AND DISCUSSION 

Figure 1 shows SAXS intensity distribution 
in the meridional direction for the specimens 
crystallized for solutions with 0.1, 0.4, 
and 0.6 g/100 ml concentrations, in which 
0.4 g/100 ml corresponds to the apparent criti­
cal concentration of the solution discussed 
already.4 In this system, an incident beam was 
directed parallel to the film surface. As can be 
seen in Figure 1, the scattered intensity for all 
the specimens shows up to the fourth order 
maxima whose magnitude decreases with in­
creasing scattering angle but the scattered 
maxima become indistinct with increasing the 
concentration of solution. This means that 
with increasing the concentration, there is an 
increase in the orientational disorder and/or 
thickness fluctuations of the crystal lamellae 
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Figure 1. Three SAXS intensity distributions as a 
function of twice the Bragg angle (20) in the merid­
ional direction for the specimens crystallized from so­
lutions with 0.1, 0.4, and 0.6g/100ml concentrations. 
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Table I. Long periods as a function 
of concentration 

Concentration Long period 

g/100 ml A 

0.1 122 
0.4 119 
0.6 106 

that were oriented with their flat faces parallel 
to the film surface. Moreover, the scattering 
maxima move close to the center of the scatter­
ing angle as the concentration decreases. This 
indicates an increase in the fold period (long 
spacing), which is listed in Table I. 

In the previous work, we proposed one 
concept for drawability of dry gel films. That 
is, in the regime of low concentration such as 
0.1 g/1 00 ml, most of chain molecules are ran­
dom coils having coupling entanglements 
which will be predominantly intramolecular in 
nature. Therefore, it would be expected that 
when each chain molecule is completely in­
corpolated into lamellar crystals, the lamellae 
are not interconnected by the chain molecules. 
In such a case, the dry gel films are similar to 
mats of single crystals. This is in good agree­
ment with the profile of the SAXS intensity 
distribution whose maxima are the clearest 
and the long period is the longest among the 
three SAXS intensity profiles. On the other 
hand, solutions corresponding to the regime of 
high concentration such as 0.6g/100ml are 
thought to consist of interpenetrating random 
coils which form a large number of coupling 
entanglements that are both intra- and in­
termolecular. Accordingly, the molecular 
chains cannot form large lamellae because of 
the large number of entanglements; the result" 
ing small lamellar crystals are interconnected 
by the chain molecules. The profile of the 
SAXS intensity distribution satisfies this con­
cept; the long period is the shortest and each 
height is least among the three intensity 
profiles in Figure 1. 

At the critical concentration around 
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Figure 2. Three SAXS intensity distributions as a 
function of twice the Bragg angle (28) in the merid­
ional direction for the specimens annealed at 110°C for 
0, 15, and 30 min. 

0.4g/100ml, it would be expected that there 
exists a suitable level of the entanglements that 
act as interlamellar crosslinks and effectively 
transmit the drawing force and then the possi­
bility that polymer chains wiggle through each 
other without interconnection is very few. This 
is obviously different from the deformation 
mode of single crystal mats. Here the crystal 
lamellae in dry gel films produced from the 
critical concentration have the intermediate 
properties between characteristics of crystal 
lamellae prepared from 0.1 g/100 ml and those 
prepared from 0.6 g/1 00 ml solutions. The 
SAXS profile is in good agreement with the 
above expectation. Namely, as shown in 
Figure 1 and Table I, peak height and long 
period of the specimen concerning 0.4 g/100 ml 
show each middle value between the results 
concerning 0.1 and 0.6g/100ml, which sup­
ports the maximum drawability of the films 
prepared from the critical concentration 
(0.4 g/1 00 ml). 

Figure 2 shows SAXS intensity distribution 
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from dry gel films crystallized from the so­
lution with 0.4 g/1 00 ml concentration as a 
function of annealing time. The annealing 
temperature was llOoC. This experiment was 
carried out to obtain more quantitative infor­
mation in comparison with the photographic 
experiments in the previous works. 5 -? As illus­
trated in Figure 2, the scattering maxima of the 
intensity distribution become indistinct with 
increasing the annealing time. On annealing 
for 30 min, the profile exhibited a monotoni­
cally decreasing curve and similar profiles were 
observed for all the specimens annealed be­
yond 1 h. The long periods for various times 
are listed in Table II. The increase in the fold 
period and orientational disorder and/or 
thickness fluctuations of crystal lamellae facil­
itate the drawability. It would be expected 
that such morphological change due to the 
annealing plays an important role to increase 
the number of entanglements and tie mol­
ecules. Accordingly, it causes significant in­
crease in stress under elongation with increas­
ing the annealing time, as will be discussed later. 

Figure 3 shows the annealing time depen-

Table II. Long periods as a function 
of annealing time 

Annealing time 

min 

0 
15 
30 

Long period 

A 

119 
220 

dence of the nominal stress-strain curves, in 
which the values of the tensile force were 
divided by the cross sectional area of the 
original specimens in determining the stress 
corresponding to each strain. The drawability 
was promoted by the annealing time. The 
probability of successfully drawing up to 
A.= 20 was highest when the sample annealed 
for 8 h was stretched. The stress increased with 
increasing the annealing time. Such a mechani­
cal property supports the increase in entangle­
ments postulated from the profile of the SAXS 
intensity distribution in Figure 2. As illus­
trated in Figure 3, the stress of all specimens 
decreased slightly with increasing elongation 
at initial strain and increased again with the 
elongation. Interestingly, the stress for all the 
specimens is lower than that measured for the 
specimens crystallized from the solution with 
0.5 g/100 ml concentration discussed in the 
previous paper6 (see Figure 1 in ref 6). This is 
probably due to the difference of the number 
of entanglements depending upon the con­
centration of solution to prepare the gel. 
Considering the reduced viscosity Yfspfc plotted 
against the concentration c, 0.5 g/100 ml is 
apart from the regime which is defined as the 
critical concentration. The value of 1'/sp/c is 
much higher than that at 0.4 g/100 ml because 
of the interpenetrating random coils which 
form a large number of coupling entangle­
ments. 

In order to obtain more conclusive evidence 
for the effect of entanglements on the mor-

Strain % 

Figure 3. Annealing-time dependence of stress-strain curves recorded at 20oc for dry gel films annealed 
at nooc. 
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Figure 4. Three SAXS intensity distributions as a 
function of twice the Bragg angle (28) in the merid­
ional direction for the specimens annealed at 50, 70, 
and 90°C for I h. 

phological property of crystal lamellae, the 
SAXS intensity distribution was measured as a 
function of the annealing temperature and its 
correlation is discussed in relation to the 
mechanical properties. Figure 4 shows a SAXS 
intensity distribution for the specimens pre­
pared as a function of the annealing tempera­
ture. The annealing time was fixed to be 1 h. As 
illustrated in Figure 4, the profile is hardly 
affected by the annealing temperature below 
70oC. That is, the two curves at 50 and 70oC 
show similar profiles and the long periods 
estimated from the scattering maxima are 
about 120 A. In contrast, the profile at 90°C 
shows indistinct scattering maxima and the 
long period is 150 A. Incidentally, when the 
dry gel films were annealed for 1 hat 110 and 
130°C, the curves monotonically decrease with 
increasing scattering angle. In this case, it was 
impossible to estimate the long period. 

Figure 5 shows the change in crystallinity 
with an increase of annealing temperature. The 
crystallinity tends to increase with increasing 
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Figure 5. Crystallinity vs. annealing temperature for 
dry gel films. 

the annealing temperature and there exists an 
intersection where there is an abrupt change in 
crystallinity around 70oc. Here it should be 
noted that the considerable change in the 
profile of the SAXS intensity distribution, 
associated with the increase in the fold period 
and orientational disorder and/or thickness 
fluctuation, was observed at temperatures be­
low and above 70°C corresponding to the ab­
rupt change in crystallinity as shown in Fig­
ure 5. Therefore, the increase in crystallinity 
is due to the decrease of fold loops belonging 
to amorphous regions when molecular chains 
are reformed as crystal lamellae having a 
longer folded period than the original ones 
through the annealing process. In this process, 
the disorder in size and orientational fluc­
tuation of crystal lamellae become consider­
able. 

Figure 6 shows stress-strain curves for the 
dry gel films annealed at various temperatures. 
The stress increases with increasing the tem­
perature and the number of entanglements is 
associated with the increase in stress. This 
indicates that the annealing temperature causes 
significant effect to increase the number of 
entanglements characterized by the disap­
pearance of the scattering maxima of SAXS 
intensity distribution. Particularly, the stress 
of the films annealed at 130°C showed con­
siderable large values and the profile of SAXS 
intensity distribution of original dry gel films 

Polymer J., Vol. 17, No. II, !985 



Ultradrawing of High Molecular Weight PE Films 

15 

60 min 

130 •c 
cf. 10 

1\"C 
so•c 

"' r-

"' 
5 \ u; 

50"C 

0o ' 10 !10 100 500 1000 1500 2000 

Strain % 

Figure 6. Annealing temperature dependence of stress-strain curves recorded at 20oc for dry gel films 
annealed for I h. 

A.= 10 

Figure 7. WAXD patterns from specimens drawn to Jc= 10 after annealing at temperature below 130°C. 
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annealed showed a further monotonically de­
creasing curve similar to the one for the films 
annealed for 30min at ll0°C shown in Figure 
2, although it is not shown in this paper. This 
is probably due to extreme increase in en­
tanglements and tie molecules in the refor­
mation from original crystal lamellae to ones 
with longer folded periods, when annealing 
above 130°C. If this is the case, it would be 
expected that the extreme increase in entangle­
ments and tie molecules hamper the crystal 
transformation from folded to fibrous crystals 
and therefore the orientational mode of crys­
tallites must be dependent upon the annealing 
temperature. In order to check this concept, 
W AXD experiments were carried out for the 
specimens drawn up to A= I 0 after annealing 
at different temperatures. 

Figure 7 shows W AXD patterns from speci­
mens drawn to A= 10 after annealing at tem­
peratures below 130°C when an incident beam 
was along the film normal direction (through 
view). When stretching below ll0°C, the pat­
terns at A= I 0, corresponding to the maximum 
elongation ratio of melt-crystallized speci­
mens, exhibited strong diffraction rings from 
the (11 0) and (200) crystal planes in addition 
to the equatorial reflection. This indicates the 
co-existence of two types of orientational 
modes of crystallites, i.e., random orientation 
around stretching direction and preferential 
orientation of the crystal c-axes in the stretch­
ing direction. This also indicates the co­
existence of oriented and unoriented zones 
within the drawn specimens. In contrast, the 
W AXD pattern for the specimen annealed at 
130oC showed strong equatorial reflections 
and very weak diffraction rings. This indicates 
that the preferential orientation of the crystal 
c-axes in the stretching direction becomes pre­
dominant when the annealing temperature is 
130°C. Based on a number of reports about 
crystal orientation within polyethylene spher­
ulites, it is concluded that such a preferen­
tially orientational mode of the crystal c-axes 
is due to the rotation of crystallites but not the 
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A.= I 
Figure 8. A scanning electron micrograph of an unde­
formed dry gel film. 

crystal transformation from folded to fibrous 
types. This is based on the fact that when the 
preferential orientation of the crystal c-axes is 
due to the transformation from folded to 
fibrous crystals, considerable preferential 
orientation cannot be realized at such a low 
elongation ratio as A= 10. On the other hand, 
when the preferential orientation of the crystal 
c-axes is due to the rotation of crystallites, high 
orientation can be realized even at a low 
elongation ratio, as observed for melt­
crystallized specimens. 10 - 12 

Figure 8 shows scanning electron micro­
graphs of dry gel films prior to stretching and 
Figure 9 shows the change in the appearance 
of annealed specimens with stretching at 20oC. 
As illustrated in Figure 8, fibrillar texture 
shows sponge-like tissue. When the annealed 
specimens were elongated, the deformation 
behavior of the specimens annealed at 20 and 
ll0°C was similar as shown in Figure 9. 
Namely, the observation revealed that the 
drawn films consist of two zones unoriented 
areas with structure corresponding to spongy 
tissue of the original undrawn specimens and 
high draw regions oriented parallel to the 
drawing direction. In highly drawn regions, the 
width of fibrillar textures decreases with in­
creasing draw ratio and finally the fibrillar 
textures seem to be disruptively deformed into 

PolymerJ., Vol. 17, No. II, 1985 



Ultradrawing of High Molecular Weight PE Films 

130°C 
Figure 9. Scanning electron micrographs of dry gel films stretched up to the indicated draw ratio after 
annealing at 20, 110, and 130°C. 

fine filaments. The filaments are also highly 
oriented parallel to the drawing direction. As 
the draw ratio increases, the oriented regions 
elongate at the expense of the unoriented 
zones. As f<;>r the specimens annealed at 130°C, 
the unoriented zone almost disappeared on 
stretching up to A= 10. Therefore it may be 
expected that the crystallites within an un­
oriented area show random orientation, while 
those within oriented area show preferential 
orientation in the stretching direction. 
Accordingly, in Figure 7, the WAXD patterns 
exhibit the distinct diffraction rings and spots 
for the specimens annealed at 20, 50, and 
II ooc, while the pattern for the specimen an­
nealed at 130oC shows strong spots and very 
weak diffraction rings. 

Polymer]., Vol. 17, No. 11,1985 

Figure I 0 shows W AXD patterns and the 
corresponding scanning electron micrographs, 
in which the pattern and the photograph in the 
(a) part correspond to the specimen drawn up 
to A= 15 at 20°C after annealing at l30oC for 
I h and those in the (b) part to the specimen 
drawn to A= 15 at l30°C after annealing for 
15 min. The W AXD patterns exhibited equa­
torial reflections and diffraction rings. The 
diffraction rings in the (b) part is more distinct 
than those in the (a) part and the correspond­
ing photograph shows the existence of un­
oriented regions surrounded by fine filaments 
oriented parallel in the stretching direction. 
As shown in the photograph in the (a) part, 
unoriented regions almost disappeared and 
fine filaments are highly oriented parallel to 
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Figure 10. WAXD patterns and the corresponding scanning electron micrographs for the specimens 
drawn to .l.= 15. (a) cold drawing at 20oc (b) hot drawing at 130°C. 

the drawing direction. The experimental re­
sults in Figure 10 indicate that the degree of 
crystal orientation for cold drawing is higher 
than that for hot drawing. However, on cold 
drawing, the maximum drawabiltiy is only 
A= 20. On the other hand, the drawability for 
hot drawing attained up to A= 300. 
Accordingly, it may be expected that the pref­
erential orientation of crystal c-axes within 
fine filaments, on cold drawing, is mainly due 
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to the rotation of the crystallites but not to the 
transformation from folded to fibrous crystals 
because entanglements and tie chain molecules 
are strained and the crystal c-axes orient par­
allel in the drawing direction even at low elon­
gation ratio. In contrast, on hot drawing, the 
crystallites orient gradually in the drawing 
direction on the transformation process from 
folded to fibrous crystals, so that a drawability 
up to A= 300 can be realized. 
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(a)A=50 (b) A= 300 

Figure 11. WAXD patterns of dry gel films drawn to (a) A= 50 and (b)A= 300 at 135°C and piled up four 
times. 

Figure 11 shows W AXD patterns for the 
specimens drawn up to A= 50 and 300 at 
135oC. In this case, the elongation was car­
ried out immediately when the temperature 
in a hot oven became 135°C. On annealing 
beyond 15 min, the drawability decreased con­
siderably because of an extreme increase of the 
number of entanglements. The strong air scat­
tering appeared for a long exposure time (2 h), 
since there are very few crystallites within the 
films with a thickness of 8-lOpm (at A= 50) 
and 3--4 pm (at A= 300). The air scattering 
was unavoidable, although four films were 
piled up to increase the number of crystallites 
within the irradiated volume of X-ray beam. 
As illustrated in Figure 11, it is obvious that 
the crystal c-axes are oriented almost perfectly 
in the drawing direction, because there exist 
no diffraction rings which appeared in the pat­
tern shown in Figures 9 and 10. Therefore it 
may be expected that most of the crystals 
transform from folded to fibrous types and 
orient in the stretching direction when the 
specimens were elongated up to A= 50. 

Considering the whole data in this paper, 
the question is arisen why ultradrawing up to 
), = 300 can be achieved at 135°C associated 
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with an extreme increase of entanglements. 
This is due to the fact that drawability is 
dependent upon the softening of specimens as 
well as the suitable level of entanglements and 
135oC is the temperature associated with 
rupt softening as indicated from DSC heating 
curves. 13 Actually, the achievement of high 
draw ratio could be realized under the con­
dition that elongation was carried out imme­
diately when the temperature in a hot oven 
became 135°C. In contrast, the draw ratio 
decreased with increasing annealing time and 
this tendency became considerable when the 
annealing time was beyond 15 min. 

CONCLUSION 

From the above consideration, two main 
conclusions can be derived. 

First, the crystal lamellae of dry gel films 
prepared from solution with the critical con­
centration c* (0.4 g/1 00 ml) were confirmed to 
show the intermediate morphological proper­
ties between crystal lamellae prepared from a 
solution above c* and those prepared from 
that below c* on the basis of SAXS intensity 
distribution. That is, the scattered maxima 
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from the specimens crystallized from the so­
lution with the critical concentration bacame 
indistinct in comparison with the maxima of 
the specimens crystallized from the solution 
above the critical concentration. In compar­
ison with the specimens crystallized from the 
solution below the critical concentration, 
however, the inverse relationship was found 
for the profile of the scattering maxima. 
Furthermore, the long period is the middle 
value when the specimens were prepared at the 
critical concentration. This indicates that as 
for the specimens crystallized from the so­
lution with the critical concentration, the num­
ber of entanglements is the middle value in 
comparison with the number for the specimens 
crystallized with the solutions above and be­
low the critical concentrations. This was the 
suitable number of entanglements which gave 
the best condition for facile drawability. 

Secondly, the profile of the SAXS intensity 
distribution was measured for the annealed 
specimens on the basis of the two parameters, 
annealing time and annealing temperature, in 
order to study the long period and the orien­
tational disorder or/and thickness fluctuation 
of crystal lamellae more quantitatively than in 
the previous works. 5 - 7 With increase of an­
nealing time (or annealing temperature), the 
3AXS intensity distribution becomes indistinct 
and the long period increases. This is due to an 
increase in entanglements. This increase causes 
a significant effect to promote the degree of 
preferential orientation of crystallites and the 
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mechanical properties, especially when the an­
nealing temperature is above 130°C. 
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