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X-ray diffraction (XRD) studies on the orientation distributions of the 1 1 0 and 1 00 planes in 
gel-drawn samples of ultra-high-molecular-weight polyethylene (UHMWPE reveal the complex 
character of the crystal-orientation distribution in the samples. The orientation distribution is 
composed of two contributions differing in width. The dependence of the contents of both 
components on the draw ratio, as well as their behaviour during melting of the sample, are 
studied. The character of the dependencies observed indicate that each component of the 
orientation distribution can be associated with a separate assembly of crystals occurring in the 
sample, both having the same orthorhombic crystal structure. The broad component corresponds 
to only slightly oriented folded-chain crystals, while the narrow component corresponds to almost 
perfectly oriented extended-chain crystals being composed of stretched macromolecules. The 
content of the folded-chain crystals decreases with an increase in the draw ratio, whereas the 
content of the extended-chain crystals increases. During melting, folded-chain crystals melt 
directly to an amorphous phase, while the extended-chain crystals undergo crystal-crystal 
transition forming a hexagonal phase. 

1. I n t r o d u c t i o n  
The structure of oriented polymers, especially those of 
very high molecular weight, seems to be composed of 
several mutually connected elements. 

Some features of the structure of such materials 
seem to be generally accepted, such as the coexistence 
of structural elements like extended-chain and folded- 
chain crystals, fibrils, free chains in an amorphous 
phase, and bounded chains (e.g. tie molecules). The 
properties of these elements and the interactions be- 
tween them determine the behaviour of the polymer 
during such processes as deformation or phase 
transitions. 

Recently Van Aerle and Braam [1], proposed 
a model describing the structure of oriented polymers. 
This model is based on an analysis of the structural 
processes occurring during deformation of the poly- 
mer and yielding with the set of elements constituting 
the structure of the oriented material formed during 
deformation. The possibility of predicting the depend- 
ence of the lateral dimensions of crystals on the draw 
ratio applied to the sample is one of the consequences 
of this model. Measurements [1] performed on Ultra- 
high-molecular-weight polyethylene (UHMWPE) 
have shown a decrease of the lateral dimensions of 
crystals at draw ratios below 30, and a slight increase 
at higher draw ratios. According to [1] these results 
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are consistent with the predictions of the model. It 
should be mentioned, however, that this result is for 
data wlaich is an average of the lateral dimensions of 
all of the types of Crystal existing in the system. Con- 
sequently, it does not provide separate information on 
the behaviour of various types of crystals. 

Another consequence of this model [1] is the exist- 
ence of stretched macromolecules, with their ends en- 
trapped in different structural elements (crystals or 
fibrils). These stretched molecules differ from the other 
molecules in their crystallization behaviour, being 
able to form extended-chain crystals. 

The presence of extended-chain crystals, composed 
of stretched molecules, can be associated, in turn, with 
some peculiarities observed during melting. Several 
authors [2-9] report the occurrence of a pseudo- 
hexagonal phase appearing as an intermediate state 
during the melting of polyethylene under stress or 
elevated pressure. 

As already reported [10, 11] our recent studies on 
gel-drawn UHMWPE have shown that the crystal- 
orientation distribution appears to be a superposition 
of two functions representing broad and narrow con- 
tributions. A method of analysing X-ray diffraction 
(XRD) patterns, permitting the separation of both 
contributions, was also elaborated [12]. The existence 
of stronger oriented zones close to zones which were 
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only weakly oriented or which were unoriented was 
revealed in drawn U H M W P E  by Michler [13] and 
Matsuo et al. [14]. 

The aim of the present work was to investigate 
whether or not the existence of the two components of 
the orientation-distribution function can be asso- 
ciated with the presence of different physical entities in 
the structure of the material. 

The research was carried out by: 
(i) studies on lateral crystal sizes separately in each 

component of the orientation distribution; 
(ii) determination of the fractions of both compon- 

ents as functions of the draw ratio applied during 
preparation of the material, and during stepwise in- 
creases of temperature of the sample under constant 
length; and 

(iii) studies on the phase transitions occurring dur- 
ing melting of each component of the orientation 
distribution. 

kept under constant-length or constant-load condi- 
tions [10]. The texture axis was perpendicular to the 
primary beam, which in.turn was perpendicular to the 
surface of the photographic film. Nickel-filtered CuK~ 
radiation was used. Diffraction patterns were regis - 
tered on Gevaert D7 and D10 films. The sample- 
to-film distance was chosen as 50 mm, so the 1 1 0 and 
2 00 reflections of the orthorhombic phase could be 
simultaneously recorded. Exposure times between 
2 and 32 h were chosen to ensure that a large portion 
of the intensity distribution was located in the linear 
region of the characteristic curve of the photographic 
emulsion. 

Intensity distributions were measured on X-ray 
photographs by means of a digital area densitometer 
[22]. A number of radial intensity distributions, 16(0), 
for different azimuthal angles, 13, were obtained. Each 
intensity distribution was further approximated by the 
sum of three Pearson VII functions of the form 

2. Exper imenta l  p r o c e d u r e  
2.1. Mater ia ls  
Drawn foils of UHMWPE Hercules 1900 (Mw = 
3.7 x l03 kg mol-  1) were investigated. Samples were 
formed using the method described by Smith and 
Lemstra 1-15-20]. 

Four stages in the preparation can be distinguished. 

1. A 0.5 wt % solution of Polyethylene (PE) was 
prepared in decaline (which slightly exceeded the crit- 
ical concentration [21] required for the formation of 
a coherent network) by stirring at 150 ~ in an atmo- 
sphere of nitrogen. Then 0.5 wt % of an antioxidant 
(N-phenyl-13-naphtylamine) was added to the poly- 
mer. 

2. The solution was cast to a metal form at 20 ~ in 
order to form a sheet of gel. 

3. Polymer foil was precipitated from the gel with 
methanole; this was followed by drying at room tem- 
perature. 

4. The foil was drawn at 130~ in a manually 
operated stretching device; this was followed by cool- 
ing in air to room temperature. 

The draw ratio R = L/Lo was determined by 
measuring the displacement of ink marks, placed 
1 mm apart on the specimen surfaces prior to drawing. 
Up to draw ratios of R < 2, the samples showed 
uniform deformation along their lengths. Further 
drawing was accompanied by necking resulting in the 
appearance of highly deformed zones (R > 2) in addi- 
tion to less deformed (R < 2) zones. Microscopic ob- 
servations revealed a fibrillar structure in the highly 
deformed regions. The structure of highly (R > 2) and 
less deformed parts (usually R < 2) of the specimens 
was further individually characterized. 

I0 
I(0) = {1 + 4[(0 - 00)///]2(2 TM - 1)}" (1) 

where Io is the intensity at maximum, and 0o is the 
position of the maximum of a particular peak, H is its 
half-width, m is a shape parameter representing the 
1 1 0 and 2 00 peaks and amorphous halo. The ap- 
proximation was performed by means of a non-linear 
optimization program based on a Hook-Jeeves algo- 
rithm (cf. [12]). This approach is similar to that pres- 
ented in [23-26]. 

The shape of the amorphous halo was assumed not 
to depend on the deformation and crystallinity nor on 
the azimuthal angle, 13. Consequently, the following 
parameters of the Pearson VII function were accepted 
as constants: 0o,,m=9.219442 ~ Ham=2.582902 ~ 
m,m = 1.176454; only the intensity of the halo at its 
maximum, lo . . . .  was allowed to vary, and it was used 
as a fitting parameter in the procedure of separating 
the crystalline peaks. All parameters describing crys- 
talline peaks were, in turn, allowed to vary during 
optimization. The orientation distributions of the 
crystallographic-plane normals 1 10 and 200 were 
determined from the dependence of Io for the 1 10 and 
2 0 0 peaks upon the azimuthal angle, 13, further ex- 
pressed as a function of the orientation angle ~, deter- 
mined by means of the Polany'i equation: 

cos ~ = cos 0o cos 13 (2) 

For each reflection, h k l, the function I0 was approx- 
imated by the following sum of exponential functions 
(cf. [12]) describing the narrow and broad compon- 
ents of the orientation distribution: 

Io(CZ) = Ii(00exp(-- AZcos2=) 

+ Iz (0Qexp(-  A2ZcosZcQ (3) 

2.2. Methods of measurement and data 
evaluation 

Wide-angle XRD studies were carried out by means of 
a fiat camera equipped with a temperature chamber 
and a sample holder permitting the sample to be to 

The parameters I ,  and A, resulting from the approx- 
imation were further used to evaluate the fractions of 
both contributions, u,, expressed as 

ul = C1/(C1 + Cz), uz = 1 - ul (4) 
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where 

f 
~/2 

C, = I ,  e x p ( -  A2cos2ot)sin~dot (5) 
jo 

where n -- 1, 2. 
Further, for each crystallographic plane, the ori- 

entation factor, f , ,  was determined for both Compon- 
ents (n) from the equation 

f ,  = �89 - 1) (6) 

where 

fO ~/2 I .  exp ( -- A ] cos 2 ot) cos 2 ot sin ot dot 

( cOS2 ot) = g/2 

f I ,  e x p ( -  A,2cos20t)sinotdot 
,Jo 

(7) 

The lateral dimensions of the crystals were determined 
from the half-widths of the 1 10 and 2 0 0 lines meas- 
ured from azimuthal scans at various [~-angles. 
Broadening of the diffraction lines was assumed to be 
only dependent on the crystal size, while the effects of 
distortions were neglected. 

Since changes of crystal size were of interest rather 
than their absolute values, only the relative dimen- 
sions were computed, as follows 

D Href 
Drcl - = (8) 

Dre f H 

An undrawn PE sample, annealed under vacuum for 
100 h at 130 ~ was used as a reference. The following 
values were obtained for Hrof:0.28 ~ for the line 1 10, 
and 0.34 ~ for the line 2 0 0. 

At azimuthal angles where broad and narrow com- 
ponents of the orientation distribution overlapped, the 
corresponding profiles were separated by subtraction 
of the profile corresponding to the broad component 
from the measured profile. The profile to be sub- 
tracted was determined in such a way that the para- 
meters m, H and ot of the Pearson VII function at the 
desired angle were accepted as being equal to those 
determined at an azimuthal angle where only the 
broad component existed; so they are assumed to be 
independent of the orientation angle. The intensity at 
maximum for the broad component at the desired 
orientation angle, at, was determined from the corres- 
ponding part of Equation 3. 

The studies at elevated temperatures concerned 
identification of the phases occurring during the 
melting of each component of the orientation distribu- 
tion. Three types of samples were used. The first 
(R = 1.5) contained only the broad component of the 
orientation distribution, the second (R = 30) con- 
tained only the narrow component, while the third 
(R = 6) contained contributions of both components 
(broad and narrow). 

Melting experiments were performed by a stepwise 
increase of the temperature of the sample at a constant 
length. At each step, the temperature was held con- 
stant for the time required for an XRD photograph. 
Some time (approximately 15 min) was allowed for 

stabilization of the structure at a given temperature 
prior to X-ray exposure. 

The following relative measures of the contents of 
the amorphous and hexagonal phases were defined 
and experimentally evaluated: 

f~/2 Io(ot) sin ~ dot 
~: = ./o (9) 

0 ~/2 I0 (max) (ot) sin = dot 

where Io(Qt) denotes the intensities scattered in 
amorphous regions or on the 1 0 0 plane of the hexa- 
gonal phase, measured at a given temperature, while 
Io . . . .  (ot) denotes the corresponding intensities at the 
temperature at which the intensity of a particular form 
(amorphous or hexagonal) reached a maximum. 

3 .  R e s u l t s  
3.1. S tud ie s  at  room t empera tu r e  
Fig. 1 shows XRD photographs illustrating the struc- 
ture of UHMWPE samples drawn at various draw 
ratios, R. As can be seen, at small deformations 
(R ~ 1.5) only broad distributions of orientations can 
be distinguished. Indeed, in those cases, the azimuthal 
intensity distribution is approximated by only one 
term from Equation 3. At higher draw ratios, where 
the fibrillar structure of the material can be recog- 
nized, another component having a narrow distribu- 
tion is visible in addition to the broad distribution of 
orientations. The approximation, shown in Fig. 2, of 
the intensity distribution evidently yields with Equa- 
tion 4 two non-zero values of the fractions of both 
components. An increase in the deformation leads to 
a decrease in the fraction of the broad component. 
Consequently, above some value of the draw ratio, 
only the narrow component is visible (cf. Fig. le). The 
dependencies of the fractions, u,, and of the orienta- 
tion factors, f., upon the draw ratio, R, for bo th  
components (broad and narrow) of the orientation 
distribution are shown in Fig. 3. 

The fraction, ul, of the broad component, initially 
equal to unity at very low draw ratios, further de- 
creases with an increase of the draw ratio, R. The 
decrease of the content of the broad component is 
accompanied by an increase of the fraction of the 
narrow component, appearing above draw ratios of 
R = 2, At a draw ratio of R = 30, the fraction, u2, of 
the narrow component practically reaches unity. 

The orientation factor of the broad component var- 
ies from 0 to almost perfection (f t  ~ - 0.5), indicat- 
ing a gradual increase of orientation with increasing 
draw ratio. In the case of the narrow component of the 
orientation distribution, its orientation is nearly per- 
fect (f2 ~ - 0.5) even at relatively small draw ratios. 
An increase of the draw ratio leads to only a slight 
further increase of the orientation factor (asymp- 
totically approaching - 0.5). 

Broadening of the 110 and the 2 00 diffraction 
lines, when determined separately for each component 
of the orientation distribution, clearly indicates that 
the sizes of the crystals constituting each component 
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Figure 1 X R D  pat te rns  ob ta ined  from samples  d rawn to var ious  d raw ratios: (a) R = i ,  (b) R = 1.5, (c) R = 6, (d) R = 14, and  (e) R = 30. 
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Figure 2 Separation of the broad (curve 2) and narrow (curve 3) 
components of the azimuthal intensity distributions Io(~) (curve 1) 
for the line 1 10 in the sample drawn to R = 6. 
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Figure 4 Comparison of the orientation dependencies of ( ) the 
intensity, I0, and ( -  ~ - )  the half-width, H, for the 1 l 0 line of the 
sample drawn to R ~ 6. 
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Figure 5 Comparison of the orientation dependencies of ( - - - - )  the 
intensity, I0, and ( -  - - )  the half-width, H, for the 110 line of the 
sample drawn to R = 1.5. 
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Figure 3 (a) Changes of the fractions, u,, and (b) the orientation 
factors, f, ,  of the broad and narrow components of the orientation 
distribution. The dependencies are characteristic of both the 110 
and 200 planes. 

are different. Fig. 4 shows the dependencies upon the 
orientation angle, ~, of the intensity at maximum, 
Io, t z 0, and half-width, H1 t o, determined for a draw 
ratio of R = 6, that is, for the sample containing both 
components. As can be seen, the line width (crystal 
size) is practically independent of the orientation angle 
within each component of the orientation distribution. 
Only at very low d raw ratios, when only the broad 
component existed, was a small dependence of H upon 
the orientation angle detected. This dependence is 
shown in Fig. 5. It can be seen in Fig. 5 that the better 
oriented the crystal is, the larger is its size. It might 
indicate, that low deformation, which does not lead to 
the appearance of crystals constituting the narrow 
component, more effectively orients bigger crystals 
than small ones, or that crystals with their 1 10 or 2 0 0 
directions perfectly oriented with respect to the direc- 
tion of drawing might undergo some scission pro- 
cesses, while the size of those crystals perpendicular to 
the direction of drawing remains unchanged. 

At a draw ratio of R = 14, the width of the 1 10 line 
corresponding to the narrow component is smaller (a 
bigger crystal size) than that of the broad component. 
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Figure 6 Relative lateral sizes of the crystals in the narrow and 
broad components measured from 110 line broadening as a func- 
tion of the draw ratio, R. (O) The points at R = 1.5 were calculated 
from the highest and lowest value of the dependence of the half- 
width upon the orientation angle shown in Fig. 5. 
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Figure 7 The relative lateral sizes of the crystals in the narrow and 
broad components measured from 200 line broadening as a func- 
tion of the draw ratio, R. (O) The points at R = 1.5 were calculated 
from the highest and lowest value of the dependence of the half- 
width upon the orientation angle. 

An inverse relation between the lateral sizes of the 
crystals constituting both components of the orienta- 
tion distributions can be observed for the 1 1 0 line at 
draw ratios lower than R ~ 8 (Fig. 6). 

The dependence of the lateral crystal sizes in the 
direction perpendicular to the 20 0 planes upon the 
draw ratio, R, for both the components of the orienta- 
tion distributions is shown in Fig. 7. 

Figs 6 and 7 demonstrate that, in the case of the 
broad component of the orientation distribution, an 
increase of the draw ratio leads to a decrease of the 
lateral crystal sizes. On the contrary, the lateral sizes 
of the crystals constituting the narrow component do 
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not change substantially with the draw ratio. The 
dependencies of the crystal size upon the draw ratio 
are, however, somewhat different for the narrow and 
broad components, as well as for the 1 1 0 and 2 0 0 
planes. The dependence of the lateral crystal sizes 
upon the draw ratio for the broad component re- 
sembles, in a qualitative way, the initial part of the 
dependence observed by van Aerle and Braam [1] for 
U H M W P E  samples formed from a 2% solution. In 
this case, however, only one component of the orienta- 
tion distribution was detected. 

3.2 .  M e l t i n g  
A peculiar melting behaviour was observed when 
drawn samples of U H M W P E  were heated at constant 
length. In some cases orthorhombic crystals melted, 
yielding an amorphous melt directly, while in other 
cases an intermediate hexagonal phase was formed at 
some temperature. The presence of this phase is in- 
dicated by an additional diffraction line appearing at 
elevated temperatures at 20 = 20.46 ~ XRD photo- 
graphs showing the subsequent stages of melting in 
the situation when the hexagonal phase had formed 
are presented in Fig. 8. It is evident that the melting 
behaviour of the sample is determined by the draw 
ratio, and also by the presence of the broad and 
narrow components of the orientation distribution. 

Samples drawn to small draw ratios, in which only 
the broad component was present, melted directly to 
an amorphous phase. 

In contrast, highly drawn samples, containing only 
the narrow component, transformed completely into 
a hexagonal phase, which melted to an amorphous 
one phase: upon further heating. In such samples, 
a constant fraction of the amorphous phases was 
observed until transformation of the orthorhombic 
phase into the hexagonal phase was complete. 

The most complicated situation was observed in 
samples ~ drawn to  intermediate draw ratios, contain- 
ing both the narrow and broad components. In such 
cases two processes occur simultaneously: direct 
melting Of orthorhombic crystals into an amorphous 
melt, and crystal-crystal transition from orthorhom- 
bic to hexagonal crystals. As shown in Fig. 9, the 
amorphous intensity is observed to increase with in- 
creases in the temperature, for temperatures lower 
than 145 ~  the hexagonal phase appeared. It 
has to be pointed out that the increase in the amorph- 
ous intensity stopped at the same temperature at 
which the broad component completely disappeared. 
Above this temperature the content of the narrow 
component decreased and was accompanied by an 
increase in the content of the hexagonal phase, while 
the content of the amorphous phase remained con- 
stant. The maximum content of the hexagonal form 
coincided with complete disappearance of the ortho- 
rhombic crystals. A further increase in the temper- 
ature caused a decrease in the content of the hexag- 
onal crystals, and again an increase in the content of 
the amorphous phase. 

This pattern of changes clearly indicated that or- 
thorhombic crystals constituting the narrow compon- 
ent of the orientation distribution transfomed upon 



Figure 8 XRD photographs taken on the subsequent stages of melting of the sample kept under constant length. (a) T = 20 ~ the 110 and 
200 lines of the orthorhombic phase are visible. (b) T= 147.4~ the 110 and 200 lines of the orthorhombic phase and a line of the 
hexagonal phase are visible. (c) T = 149.5 ~ only the line of the hexagonal phase remains. 

heating into a hexagonal form, while the orthorhom- 
bic crystals remaining in the broad component  melted 
directly to an amorphous phase. 

Hexagonal crystals also directly formed an amorph- 
ous melt during their fusion. The final temperature, at 
which the hexagonal phase disappeared was not been 
reached in the present work. At 155,3 ~ the highest 
temperature at which the system was investigated, the 
difraction line of the hexagonal phase was still present. 
This is consistent with some literature data [27] indic- 
ating that  the melting temperature of this phase might 
be as high as 180 ~ 

The azimuthal intensity distribution of the amorph-  
ous halo showed no angular dependence. The line 10 0 
of the hexagonal phase showed, in turn, well pro- 
nounced azimuthal dependence. In contrast to the 
or thorhombic crystals, the orientation distribution of 
the hexagonal crystals was composed of only one 

component. It was slightly broader than the distribu- 
tion of the orthorhombic crystals observed at the same 
temperature. The maximum of the intensity distribu- 
tion of the hexagonal line was located on the equator 
of the X-ray diagram, which indicated that macro- 
molecules were parallel to the direction of drawing. 

3.3. Discussion 
The differences observed in the melting behaviours of 
both the broad and narrow components of the ori- 
entation distribution allow the conclusion that the 
crystals constituting the narrow component  of the 
orientation distribution are formed from constrained 
molecules. Since melting of those crystals leads to 
a well-oriented hexagonal phase it seems that they are 
formed from extended chains under tension, which 
prevents them from assuming, during melting, the 
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Figure 9 Fractions of the amorphous, Ka, and hexagonal, •h, phase 
as functions of temperature. The vanishing temperatures, TB and 
TN, of the orthorhombic crystals constituting the broad and narrow 
component of the orientation distribution are indicated.- 

coiled conformation typical of the amorphous phase. 
This also suggested that the narrow component 
should be constituted by extended-chain crystals 
(ECCs) well oriented in the direction of drawing. 

In contrast, the crystals constituting the broad com- 
ponent, able to melt directly into a coiled amorphous 
phase, might be folded-chain crystals (FCCs). 

The lateral sizes of the crystals constituting both 
components of the orientation distribution allow dis- 
cussion of some aspects of the mechanism of 
UHMWPE deformation. It seems that our results are, 
in general, consistent with the deformation model 
proposed by van Aerie and Braam [1]. In their case, 
however, only one component of the orientation dis- 
tribution was detected, and therefore the measured 
crystal sizes were average values of the lateral dimen- 
sions of the FCCs and ECCs while in our case both 
types of crystals were distinguished and separately 
characterized. At low draw ratios, R < 2, the FCCs 
were slightly oriented with their c-axis in the drawing 
direction. The azimuthal distributions of the lateral 
crystal sizes indicated that either bigger crystals orient 
themselves more effectively than small ones, or that 
crystals which are perfectly oriented with respect to 
the direction of drawing prior to deformation do not 
undergo any scission. Consequently, the size of per- 
fectly oriented crystals remains unchanged while the 
other crystals Underwent fragmentation during draw- 
ing. At higher deformations, the chains (which effect- 
ively transmitted the drawing force) straightened 
forming ECCs with a narrow orientation distributioB. 
The process of formation of ECCs is accompanied by 
a decrease in the content and lateral sizes of FCCs. 
This observation is consistent with a deformation 
mechanism by fragmentation of FCCs, as proposed by 
van Aerle and Braam [1]. 
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An increase in the content of the narrow component 
with an increase in the draw ratio can also be ex- 
plained on the basis of this model [1]. The occurrence 
of the narrow component was, in the present work, 
observed at draw ratios as low as about R = 2. Since, 
in our opinion, the narrow component that always 
melts by transition to a hexagonal phase consists of 
ECCs which are almost perfectly oriented along the 
drawing direction. Existence of these crystals (ECCs), 
undoubtedly formed from constrained and elongated 
macromolecules, at such low draw ratios cannot 
therefore be explained on the basis of the above model 
[1]. Some other mechanism of structure formation 
should be adopted. Since the orientation of the hexa- 
gonal phase does not relax after orthorhombic crystals 
completely melt, it might be considered that lamellar 
crystals are not the only possible constraints that keep 
some of the chains extended. Chain entanglements 
that should exist after the crystals are molten might 
play a similar role. Since the number of entanglements 
occurring in the system is drastically reduced by the 
gel-drawing procedure, itis quite possible that ECCs 
constituting the narrow component of the orientation 
distribution are formed by macromolecules which sur- 
vived in an entangled form through the gel stage of 
preparation. An important role of the entanglements 
between crystal lamellae for transmitting the drawing 
force in an ultradrawing process may be concluded 
from the results obtained by Matsuo et al. [14]; they 
investigated UHMWPE samples with a molecular 
weight of 6 x 106, cast from solution with a critical 
concentration of 0.4 g per 100 ml. The results [14] 
reveal, in the drawn specimens, the coexistence of 
oriented and unoriented zones. They have shown that 
an increase in the number of entanglements causes 
a decrease in the content of the unoriented regions. 

4. Conclusions 
XRD studies performed on drawn samples of 
UHMWPE, both at room temperature and during 
a gradual increase in the temperature up to melting, 
revealed the following features of the investigated ma- 
terial. 

1. Only the samples drawn to draw ratios of R < 2 
were deformed uniformly along the sample length and 
they contained crystals with a relatively broad ori- 
entation distribution. Further drawing was accom- 
panied by necking resulting in relatively highly de- 
formed zones (R > 2) containing two types of crystals 
composing the broad and narrow components of the 
orientation distribution. 

2. The fraction of each component, and the degree 
of orientation of the broad component, depended 
upon the draw ratio, R, while the very high degree of 
orientation of the narrow component appeared to be 
almost independent of R. 

3. Crystals constituting the broad component, able 
to melt directly into a coiled amorphous phase, might 
be the folded-chain lamellar crystals. 

4. Crystals constituting the narrow component are 
formed from elongated and constrained macro- 
molecules. These crystals~ were probably extended- 



chain crystals which, prior to melting, underwent crystal 
-crystal transition into a well-oriented hexagonal 
phase that finally melted above 155 ~ The nature of 
the constraints holding the macromolecules in 
a stretched state is not completely understood. They 
might be mainly due to chain entanglements; but, 
especially in the early stages of melting, some role 
might also be played by entrapment of parts of the 
macromolecules into different crystals. 
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