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Abstract

The orientation of poly(e-caprolactone) crystals in miscible poly(e-caprolactone)/poly(vinyl chloride) (PCL/PVC) blends, melt
crystallized under strain, has been studied by wide angle X-ray diffraction (WAXD). At low draw ratios or low PVC contents, all the
observable (hk0) crystal reflections orient towards the meridional direction in WAXD patterns, indicating the presence of ring-fibre
orientation. With the increase of draw ratio or PVC content, additional crystal orientation with the crystal a-axis parallel to the stretching
direction is found to superimpose on the WAXD pattern of ring-fibre orientation. Both the ring-fibre orientation, which dominates the
WAXD pattern, and the a-axis orientation are characterized by the perpendicular orientation of the crystal c-axis to the stretching direction.
The unusual PCL orientation is a consequence of the combined effects of both the stretching and the presence of PVC in the PCL/PVC

blends.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Several industrial techniques for polymer processing,
such as fibre spinning and film extrusion, involve the
crystallization from a pre-oriented melt [1-3]. It is known
that the orientation of polymer chains in the melt speeds up
the rate of crystallization, and results in morphologies
substantially different from those of the corresponding
quiescent melt, for example in shish-kebab morphologies
[1-7]. Generally, the orientation of polymer chains in a melt
is expected to induce the formation of primary nuclei, and
the polymer chain axis (or the crystal c-axis for most
systems) to orient parallel to the direction of deformation by
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epitaxial growth of polymer crystals from the oriented
nuclei.

In a recent publication, the orientation of poly(e-capro-
lactone) in a model miscible blend of poly(e-caprolactone)/
poly(vinyl chloride) (PCL/PVC), melt crystallized under
strain, has been investigated [8]. In contrast with the con-
ventional crystal orientation in uniaxially stretched poly-
mers, where the polymer chain axis is usually parallel to the
stretching direction, crystal orientation with chain axis per-
pendicular to the stretching direction has been observed.
The extent of orientation and its variation with draw ratio
and composition have been characterized by Herman’s
orientation function ({P,)) through infrared (IR) dichroism
measurements. The (P,) of the PCL crystal phase was in
many cases close to —0.5, indicating the perpendicular
orientation of the polymer chain axis with respect to the
stretching direction. The amorphous PCL chains, however,
were found only slightly oriented to the stretching direction.
While IR dichroism analysis has the advantage of measuring
the segmental orientation of PCL chains in both crystal and
amorphous phases, it provides only the average degree of
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orientation of polymer chains in crystals. Information about
the orientation of individual crystal axes as well as their
distributions are missing from the IR dichroism analysis.

In the present work, we employed wide angle X-ray
diffraction (WAXD) to determine the crystal orientation of
PCL/PVC blend films melt crystallized under strain. Two
kinds of crystal orientations, i.e. ring-fibre orientation and
a-axis orientation, were found to coexist in the PCL/PVC
blends. Both of them are characterized by the perpendicular
orientation of the crystal c-axis to the stretching direction,
with the ring-fibre orientation dominating the WAXD
patterns. Orientation information of individual crystal axes
has been obtained from the analysis of two-dimensional
WAXD patterns. Furthermore, the increase of draw ratio
and PVC content in PCL/PVC blends leads to the prefe-
rential orientation of the crystal a-axis to the stretching
direction.

2. Experimental section
2.1. Samples

The polymer samples used to prepare PCL/PVC blends
are commercially available PCL (Aldrich, M, =18,
000 g/mol) and PVC (Shawinigan Chemicals, M, =160,
000 g/mol). Thin films of PCL/PVC blends for stretching
and X-ray analysis were prepared by casting 5% THF
solutions onto the surface of a petri dish and then dried
under vacuum at 40 °C for 1 week to eliminate the residual
solvent. Three PCL/PVC blends containing 59.3, 71.1 and
80.3 wt% of PCL were used in this study and are identified
as PCL/PVC-60/40, PCL/PVC-70/30 and PCL/PVC-80/20,
respectively. The film thickness is around 200 pm, and films
with size ~5X50 mm? were used for stretching experi-
ments. In a typical experiment, a solution cast film was
heated to 90 °C for 30 min in order to remove its thermal
history and, then, rapidly cooled down to room temperature.
The blend films were stretched at a strain rate of 20 mm/min
immediately after cooling. The stretched samples were then
crystallized at room temperature under strain. Usually,
stretched samples were kept on the stretcher for at least 4 h
for the completion of crystallization, and X-ray measure-
ments were performed within 1 week after sample
preparation.

2.2. X-ray diffraction measurements

WAXD measurements were carried out with a Bruker
diffractometer (Siemens Kristalloflex 780 generator),
operated at 40 kV and 40 mA, using sealed tube Cu Ka
(1.542 A) radiation collimated by a graphite monochroma-
tor and 0.5 mm pinhole; the diffraction pattern was captured
by an AXS two-dimensional wire-grid detector (HI-STAR).
Fig. 1 shows the stretching geometry of PCL/PVC blend
samples, where DD is the deformation (stretching)

DD

TD

Stretching
Direction

Fig. 1. Stretching geometry of PCL/PVC samples, where DD is the
deformation (stretching) direction, ND is the normal direction, and TD the
transverse direction.

direction, ND is the normal direction, and TD is the trans-
verse direction. For WAXD measurements, the incident
X-ray beam is in the ND direction, unless otherwise
indicated.

PCL was known to have a polyethylene-like crystal
structure with the orthorhombic unit cell parameters
a=0.748 nm, »=0.498 nm and ¢=1.729nm [9]. In a
typical powder X-ray diffraction pattern of PCL/PVC
blends, two strong reflection rings at Bragg angles 2=
21.4° and 20 =23.7° are clearly observed. These reflections
have been attributed to the (110) and (200) reflections,
respectively [10], although the (200) reflection is actually
the overlap of the strong (200) reflection and the much
weaker reflections of (201), (112), (013) and (104) [9].

The orientation of PCL orthorhombic crystals was
investigated using mainly the two strongest reflections at
Bragg angles 260=21.4° and 26=23.7°. The azimuthal
distribution, i.e. the variation of diffracted intensity I(x)
with azimuthal angle x was obtained by integration over
20+ A6 degree around the peak position. In order to
determine a proper Af, a series of azimuthal scans of
various Af were made; Herman’s orientation function {(P,)
were calculated and found to slightly decrease with
decreasing Af# for A#<1.0°, and to level off after
A0 ~0.3°. Therefore, AG@=0.2° was used for the calculation
of azimuthal scans. The corrected intensity I*(y) was
obtained by subtracting the background values, estimated
from the WAXD profile of I~ 260 by curve fitting, at 20=
21.4 and 23.7°, respectively. Here we assume that the
amorphous orientation, if any, has little influence on the
azimuthal background profile.

Before calculating the orientation function, the azimuthal
angles x on the two-dimensional detector were corrected to
@, the angle between the DD direction and the normal of
individual crystal planes, using the following equation [11]:

cos ¢ = cos 6 cos x (D

The orientation distribution function, N(¢), of a given
reflection may be reconstructed by [12]:
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N(p) =Y (n+ 1/2XP,)P,(cos ¢) )
n=0

where the (P,) coefficients are calculated according to the
equation [13]:

90
J I*(@)P,(cos @) sin ¢ de
L 3)

J I* () sin ¢ do
0

(P,) =

(P, values calculated from the (h00), (0k0) and (00/) planes
characterize the degree of orientation of crystal a-, b- and
c-axes, respectively, and (P,)oo; provides a measure of
molecular chain orientation since the crystal c-axis is
parallel to the chains. For PCL, the intensity of the (00I)
reflection is weak, the c-axis orientation (P,). can be
calculated from the (110) reflection by [14]:

(P = P“D& )

1(COS ¢110)

where ¢;1o is the angle between the normal to the (110)
plane and the c-axis. This equation holds if the orientation
distribution possesses cylindrical symmetry around the
deformation direction [13,14].

In this study, we focused on the second moment of the
orientation function, or Herman’s orientation function, for
the a-, b-, and c-axes, i.e. (Po),, (P2} and {P,).. Among
these, (P,), was obtained directly from Eq. (3), while {P,).
was calculated from (P,); 9 by using Eq. (4). The (P,), was
then estimated from:

<P2>a + (Pz)b + (Pz)c =0 )

In the calculation of {P,),, since the (200) reflection is
interfered by contributions from (013), (112) and (104)
reflections, the azimuthal profile at 26=23.71+0.2° was
fitted by Pearson VII functions. The decomposed azimuthal
profile of the (200) reflection was employed to calculate
(P»), using Eq. (3), in which the contribution of the
azimuthal peak at y ~65° was excluded.

3. Results

3.1. The development of PCL crystallization under strain

Fig. 2 shows a set of typical WAXD patterns recorded at
various times of a PCL/PVC-80/20 blend film stretched to
A=3.6 and crystallized at room temperature (~22°) under
strain. The initial pattern [=50 s, Fig. 2(a)], shows a typical
amorphous halo, indicating that there is no residual crystal
in the stretched polymer melt. After an induction period of
about 250 s, sharp (110) and (200) crystal reflections start to
emerge [Fig. 2(b)]. The existence of orientation is imme-
diately apparent from the arced nature of the reflections. The
characteristics of the WAXD patterns do not change during

crystallization [Fig. 2(b)—(f)], implying that the subsequent
crystallization process contributes merely to increase the
PCL crystallinity. The corresponding azimuthally averaged
WAXD profiles are shown in Fig. 3. The intensity of crystal
reflections increases with the crystallization time. After
about ~ 1150 s, no significant intensity change is observed
for all the crystal reflections in the diffraction pattern,
indicative of the completion of crystallization. These
observations of PCL crystal development in stretched
PCL/PVC-80/20 blend film are in agreement with previous
IR dichroism and DSC results [8].

3.2. Characteristic features of the orientation of PCL/PVC
blends melt crystallized under strain

Figs. 4(a)—(c) show typical WAXD patterns along ND,
TD and DD directions, respectively, for a PCL/PVC-80/20
blend crystallized from a pre-oriented melt (hereafter called
melt-drawn sample); the WAXD pattern (ND direction) of a
PCL/PVC blend crystallized from quiescent melt, and then
stretched at room temperature (~22 °C) to a similar draw
ratio (hereafter called cold-drawn sample), is also shown for
comparison [Fig. 4(d)]. The WAXD patterns along ND and
TD directions are essentially identical and exhibit clear
orientation for both (110) and (200) reflections. The WAXD
pattern along DD direction, however, shows two strong
(110) and (200) reflections with no orientation. These
patterns indicate that PCL crystals are randomly distributed
in the ND-TD plane with the symmetric axis parallel to the
DD direction. This behavior is one of the characteristics of
an uniaxially stretched polymer sample and was observed in
PCL/PVC blends crystallized from pre-oriented melts of
various draw ratios and compositions. Therefore, only the
diffraction patterns along the ND direction are displayed and
analyzed in the following paragraph.

A comparison between the melt-drawn and the cold-
drawn samples reveals that, although both samples show the
presence of orientation, the crystal c-axis in the cold-drawn
sample is oriented along the stretching direction as is
evidenced by the higher intensity of both (110) and (200)
reflections on the equator. In contrast, the melt-drawn
sample shows a different orientation, since both the (110)
and (200) reflections are concentrated on the meridian
instead of the equator. PCL is known to have a
polyethylene-like crystal structure with orthorhombic unit
cell. Both (110) and (200) reflections are perpendicular to
the crystal c-axis [9]. Therefore, the preferential distribution
of (110) and (200) reflections along the meridian indicates
perpendicular orientation of the crystal c-axis to the
stretching direction. These WAXD measurements thus
confirm the previous conclusion from IR dichroism
analysis, i.e. the PCL chain axis is perpendicular to the
stretching direction in PCL/PVC blends melt crystallized
under strain [8]. This kind of orientation is different from the
conventional WAXD patterns observed experimentally for
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(d)t=1150s

(b)t=250s

(e)t=2870s

() t=5230s

Fig. 2. Typical WAXD patterns recorded at various times after a PCL/PVC-80/20 blend film was stretched to A=3.6 and cooled to room temperature under
strain. (a) t=50s, (b) r=250s, (¢) t=350s, (d) t=1150s, (e) t=2870 s and (f) r=5230s.

uniaxially stretched polymer samples in which the crystal
c-axis is more or less oriented to the stretching direction.
However, this raises the question about how the (110) and
(200) reflections and the crystal c-axis are distributed in the
three-dimensional space. It is difficult to visualize how both
(110) and (200) reflections, which are at an angle of 56.4° to
each other, orient to the same direction of stretching and, at the
same time, how the crystal c-axis is kept perpendicular to the

400 L] L] L] L] L] L] 1

300 .
Time

5230's
2870 s
1970 s
1150 s
450 s
100 350s
250s
150 s
50s

200

Intensity, a.u.

8§ 12 16 20 24 28 32
20, degree

Fig. 3. Azimuthally averaged WAXD intensity profiles at various times
after a PCL/PVC-80/20 blend film was stretched to A=3.6 and cooled to
room temperature under strain.

stretching direction. In fact, this kind of orientation can be
attributed to what Kakudo and Kasai called ring-fibre
orientation [15]. This is a case when the crystal c-axis is
perpendicular to the stretching direction but the crystal a- and

(b) TD

(¢) DD

(d) ND, cold-drawn

Fig. 4. Typical WAXD patterns along (a) ND, (b) TD and (c) DD-directions
for a PCL/PVC-80/20 blend sample crystallized from a pre-oriented melt
(A=3.6). The WAXD pattern along the ND-direction of a PCL/PVC blend
sample crystallized from quiescent melt and, then, stretched at room
temperature (~22 °C) to a similar draw ratio is also shown for comparison

(d).
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b-axes are randomly oriented. A similar unusual orientation
has been observed in a recent publication about the effect of
magnetic field on the crystal orientation of polystyrene, in
which a detailed representation of the diffraction pattern from
a reciprocal lattice has been proposed [16].

A real space representation of the ring-fibre orientation is
shown in Fig. 5(a). On the one hand, the crystal c-axis keeps
perpendicular to the stretching direction (the vertical
direction); on the other hand, both the crystal a- and
b-axes randomly distribute in a plane perpendicular to the
crystal c-axis. As a result, the intensities of (hk0) reflections
are proportional to 1/sin x, where x is the azimuthal angle,
and peaks with a finite width are observed [Fig. 5(b)] in the
meridional direction [16]. This kind of orientation is very
similar to the case of row orientation, a special type of
uniaxial orientation frequently observed when polyethylene

DD
(110) or
(200)
1 >
(b)

8145

crystallizes from an oriented melt [17-20]. The difference
is, in the case of row orientation, it is the crystal b-axis,
instead of the crystal c-axis, keeps perpendicular to the
stretching direction, while the crystal a- and c-axes evenly
distribute in a plane perpendicular to the crystal b-axis.
For these (hkl) reflections with 10, i.e. at acute angles
to the crystal c-axis, the ring-fibre orientation gives rise to
two arcs or spots intersecting the equator and extending
systematically above and below the equator [Fig. 5(c)]
[15,16]. Unfortunately, in our experiments, the (hkl)
reflections with 10 are either too weak, or seriously
overlap with other reflections. Nevertheless, the weak (102)
reflection (20=16°) at y ~40° can be interpreted as the
consequence of ring-fibre orientation [Fig. 2(d)—(f), and
more clearly in Fig. 6 below], because the (102) reflection is
expected at an angle of 49.1° to the crystal c-axis.

(a)

A,
N

DD
I (102)

49.1°

(c)

Fig. 5. Schematic diagrams of crystal orientation in a ring-fibre orientation: (a) a real space representation of the ring-fibre orientation; (b) diffraction pattern
from (110) and (200) reflections perpendicular to the crystal c-axis; (c) diffraction pattern from the (120) reflection which is at an angle of 49.1° to the crystal

c-axis.
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Fig. 6. WAXD pattern of a PCL/PVC-80/20 blend for which the detector
was off-set in order to show the reflections at wider diffraction angles in the
meridional direction.

Fig. 6 shows the WAXD pattern of a PCL/PVC-80/20
blends melt crystallized under strain in which the detector
was off-set in order to show the crystal reflections at wider
diffraction angles (26 = ~5-60°) in the meridional direc-
tion. In addition to the strong (110) and (200) reflections,
some crystal reflections are clearly seen at 20=29.9, 36.1,
38.1, 40.4, and 43.7° in the meridional direction. These
weak reflections have been indexed (210), (020), (120),
(310) and (220), as indicated in Fig. 6. All these hk0O
reflections are perpendicular to the crystal c-axis, indicating
a perpendicular c-axis to the stretching direction. These
observations, together with the above-mentioned (102)
reflection at xy ~40°, strongly support the presence of ring-
fibre orientation.

3.3. Effect of PVC content on the crystal orientation of
PCL/PVC blends

Fig. 7 shows typical WAXD patterns for PCL/PVC

blends of 80/20, 70/30 and 60/40 compositions, respect-
ively, at a draw ratio of 4.0. The WAXD patterns for PCL/
PVC blends with higher PVC contents are very similar to
those shown in Figs. 2 and 4. The occurrence of the two
(110) and (200) reflections center at the meridian gives a
strong indication of the perpendicular orientation of the
crystal c-axis to the stretching direction. Additional peaks
emerge at y ~55° on the first quadrant of the (110) reflection
ring, and at y ~65° on the first quadrant of the (200)
reflection ring. These new peaks, whose intensity increases
with the increase of PVC content in the PCL/PVC blends,
can be seen more clearly in the azimuthal profiles shown in
Fig. 8. From the PCL crystal structure, the (110) reflection is
expected at an angle of 56.4° away from the crystal a-axis.
The newly emerging peak at x ~55° on the (110) reflection
ring can then be interpreted as a consequence of the crystal
a-axis orientation, i.e. the (200) reflection orients to the
stretching direction.

The strong reflection ring at 26=23.7° is generally attri-
buted to the (200) reflection of PCL [10]. A close exami-
nation of the PCL crystal structure, however, reveals that
this reflection ring is actually made of the overlapped (200),
(112), (013) and (104) reflections, with Bragg angles at 23.7,
23.8,23.6, and 23.7°, respectively, the (200) reflection being
much stronger than the others [9]. Apparently, these reflec-
tions are too close to be separated, and their intensities are
non-negligible as compared with that of the (200) reflection,
especially in an oriented sample, in which the overlapped
reflections could be well separated. For example, if the
crystal a-axis is oriented in the stretching direction, both
(112) and (104) reflections would be located at ¥ ~60°, and
their added intensity could be as high as 30% of the intensity
of the (200) reflection from structure factor calculation [9].
Therefore, we attribute the new peak around x ~65° on the
reflection ring at 20=23.7° to the overlapped intensity of
(112) and (104) reflections. In other words, the observed
new peak at x ~65° on the (200) reflection ring is in fact
accords with the emergence of the peak at x ~55° on the
(110) reflection ring, which is due to the orientation of the
crystal a-axis to the stretching direction. The WAXD pat-
terns observed are actually the superposition of the crystal
a-axis orientation and the ring-fibre orientation, but the later

(a) 80/20

(b) 70/30

(c) 60/40

Fig. 7. WAXD patterns of PCL/PVC blends with PVC contents of (a) 20, (b) 30 and (c) 40 wt%; the draw ratios are A~4.0.
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Fig. 8. Azimuthal profiles of WAXD patterns of Fig. 7.

dominates the patterns. A real space representation of the
a-axis orientation are showed in Fig. 9, in which the crystal
a-axis is parallel to the stretching direction, while the crystal
b- and c-axes randomly distribute in a plane perpendicular
to the stretching direction.

3.4. Orientation as a function of draw ratio

Fig. 10 shows the WAXD patterns of PCL/PVC-70/30
blends melt crystallized under strain at different draw ratios.
The corresponding azimuthal profiles for both the (110) and
(200) reflections are displayed in Fig. 11. All the WAXD
patterns show strong (110) and (200) reflections around the
meridional direction, indicating the perpendicular orien-

Fig. 9. A real space representation of the g-axis orientation, in which the
crystal a-axis is parallel to the stretching direction, while the crystal b- and
c-axes randomly distribute in a plane perpendicular to the stretching
direction.

tation of the crystal c-axis for PCL/PVC-70/30 blends with
various draw ratios. With the increase of draw ratio,
additional peaks emerge at x ~55 and ~65° on the first
quadrants of the (110) and (200) reflection rings, respect-
ively. At the same time, the (110) and (200) reflections
centered in the meridional direction become slightly
sharper, indicating an increasing degree of crystal c-axis
orientation in the direction perpendicular to the stretching
direction. Interestingly, the peak areas of the (110) reflection
at x ~55° and the (200) reflection at y ~65° change little
with an increase of draw ratio after A=2.7. Actually, the
ring-fibre orientation dominates the WAXD patterns even at
high draw ratios and high PVC contents. These observations
demonstrate that the increase of draw ratio is qualitatively
equivalent to an increase of PVC content in the PCL/PVC
blends. Both of them facilitate the formation of the a-axis
orientation of PCL crystals in blends.

For a single parameter characterization of the influence
of draw ratio on the orientation of PCL crystals, Herman’s
orientation functions for individual crystal axes, {P»),, {P2),
and (P,)., have been calculated, and are shown in Fig. 12.
(P,). is close to —0.5 for the PCL/PVC-70/30 blend above
a draw ratio of ~3.0, which is the theoretical limit for a
perfect perpendicular orientation. The positive {P,), is a
consequence of the presence of the g-axis orientation, as
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(a)A=2.0

(b)A=2.7

(c)A=4.0

dAr=17.0

Fig. 10. WAXD patterns for PCL/PVC-70/30 blends melt crystallized at draw ratios of (a) 2.0, (b) 2.7, (c) 4.0, and (d) 7.0.

was observed in polyethylene crystallization under strain of
low elongation [21]. The nearly zero or small negative (P,),
indicates that the crystal b-axis slightly deviates from the
random distribution in a plane perpendicular to the crystal
c-axis (i.e. the case of the ring-fibre orientation). This is in
agreement with the low degree of crystal g-axis orientation
with respect to the stretching direction.

4. Discussion

Two kinds of crystal orientations, i.e. the ring-fibre
orientation and the a-axis orientation, are observed in
PCL/PVC blends crystallized under strain. Both of them are
characterized by a perpendicular orientation of the crystal
c-axis with respect to the stretching direction. In all cases,
the ring-fibre orientation dominates the WAXD patterns, but
it does more at low draw ratios and low PVC contents. With
the increase of draw ratio or PVC content, the crystal a-axis
changes its orientation and begins to orient preferentially to
the stretching direction. Therefore, the PCL crystal
orientation is a consequence of the combined effects of
stretching and the presence of PVC in the blends.

Oriented crystallization in polymers has been widely
described by the row orientation model of Keller and
Machin [17-20]. According to this model, the ‘flow lines’
induced by deformation act as nucleation center for lamellae
growth as they do in a spherulite, i.e. with the crystal b-axis
parallel to the growth axis. At low stress, lamellae grow with

an uniform twist, which is equivalent to the random
distribution of both the crystal a- and c- axes in a plane
perpendicular to the crystal b-axis, and leads to the parallel
orientation of both a- and c-axes to the stress direction. At
high stress, the lamellae grow in regular flat ribbons without
twisting, which results in the crystal c-axis being oriented
preferentially along the stress direction. Intermediate
stresses lead to an incomplete twisting of the lamellae
ribbons. For example, the lamellae growth in a non-uniform
twist with ‘large flat-on-view portions’ according to Keller
and Machin’s jargon, can lead to crystal orientation with the
crystal a-axis parallel to the stress direction. Although the
a-axis orientation in PCL/PVC blends crystallized under
strain can be explained by the row orientation model with
lamellae having ‘large flat-on-view portions’, the majority
ring-fibre orientation that has been observed cannot be
explained by this model.

It is well-known that the two polymer components of
amorphous miscible polymer blends following cold drawing
can orient differently despite their miscibility. This behav-
iour has been interpreted in terms of the difference between
the flexibility of the two chains involved and the subsequent
differences in relaxation of the oriented chains. For
PCL/PVC blends, it has been found that the PCL chains
relax much faster than the PVC chains [8]. Highly aligned
lamellae with crystalline chains oriented perpendicular to
the stretching direction were observed in miscible PCL/
PVC blends with the PVC highly oriented and the PCL
component almost relaxed to an unoriented state [8]. It is
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Fig. 11. Azimuthal profiles of (110) and (200) reflections for PCL/PVC-
70/30 blends melt crystallized at draw ratios of 2.0, 2.7, 4.0 and 7.0.

unlikely that the ‘follow-lines’, which act as nuclei
according to Keller and Machin’s row orientation model,
would form in PCL/PVC blends with almost unoriented
PCL melt. If we assume the presence of row nucleation in
such a low oriented PCL melt, the lamellae are expected to
grow with an uniform twisting, leading to the row

1.00
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Fig. 12. Orientation functions of individual crystal axes as a function of
draw ratio for PCL/PVC-70/30 blends.

orientation, in which the crystal b-axis is perpendicular to
the stretching direction. This is not the case since the
WAXD analysis of PCL/PVC blends crystallized under
strain indicates that the crystal b-axis is oriented parallel to
the stretching direction in the ring-fibre orientation.
Similarly, in IR dichroism analysis [20], the row orientation
gives a net orientation of the crystal c-axis parallel to the
stretching direction, whereas in the ring-fibre orientation, IR
dichroism revealed the perpendicular orientation of the
crystal c-axis to the stretching direction [8].

Crystallization with the crystal c-axis perpendicular to
the deformation direction has also been found in the fibre
spinning of polypropylene fibre [22-25]. The occurrence of
perpendicular crystal c-axis orientation has been attributed
to homoepitaxy crystal growth on the lateral ac-faces of the
a-crystalline polypropylene, which resulted in lamellar
branching of crystals in the daughter lamellae with their
a*-axis in the flow direction. A bimodal crystalline orien-
tation is usually clearly distinguished from WAXD patterns
since the (110) reflection of the a-crystalline polypropylene
at 20=14.4° is made of two contributions: an equatorial
component and a component close to the meridian.
Apparently, this is not the case in PCL/PVC blends, as the
two (110) reflection populations (at x ~0 and ~55°) in the
WAXD patterns indicate the same phenomenon of per-
pendicular orientation of the crystal c-axis to the stretching
direction; however, one of them indicates the presence of a
ring-fibre orientation, while the second one is related to the
a-axis orientation.

A perpendicular orientation of chain axis to the defor-
mation direction has also been observed in block copoly-
mers, in which one or both components are crystallisable
[26-29]. This kind of orientation was believed to be
thermodynamically stable and has been employed to formu-
late different theoretical approaches [30,31]. In a recent
systematic study on the orientation of poly(ethylene oxide)
crystals in diblock copolymer of poly(ethylene oxide-b-
polystyrene) as a function of crystallization temperature, the
perpendicular orientation was believed to be determined by
the combined effect of nucleus density and nano-confine-
ment [32]. In the case of miscible A/B polymer blends, the
possibility of nano-scale confinement has been recently
explored, and the confined crystallization of blend com-
ponent A was shown to occur in between the B lamellae
[33]. Unusual crystal orientation with the fastest growth
axis, i.e. the crystal b-axis, oriented parallel to the stretching
direction, was also observed in the miscible blend of
poly(1,4-butylene succinate) and poly(vinylidene fluoride)
[33]. Therefore, nano-confined crystallization, if present in
PCL/PVC blends, would result in preferential orientation of
the crystal b-axis, or the (110) crystal plane, instead of the
crystal g-axis to the deformation direction as these direc-
tions are usually the fastest growth crystal plane. This is
contrary to the observations made in this study.

In a previous paper, following IR results, we proposed to
use Judge and Stein’s intramolecularly nucleation model to
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explain the unusual orientation in PCL/PVC blends crystal-
lized under strain [8]. According to this model, nuclei can be
formed by chain retracting and then folding along the chain
direction at low draw ratio [21]. A direct consequence of the
folding along the chain direction is the orientation of the
crystal a-axis to the stretching direction, as the crystal a-axis
is defined being parallel to the chain folding direction
(Fig. 9). Although this mechanism agrees well with the IR
results and the current WAXD observation about the a-axis
orientation, it cannot explain the ring-fibre orientation.
Judge and Stein’ model was proposed to explain the per-
pendicular chain orientation in a cross-linked polyethylene
crystallized at low draw ratios. It did not consider the role
of non-crystallisable PVC component on the PCL crystal
orientation. Further studies are in progress, which focus on
the role of PVC to develop a new model that can explain not
only the a-axis orientation but also the ring-fibre orientation
in the PCL/PVC blends crystallized under strain.

5. Conclusion

The wide angle X-ray diffraction analysis confirms that
the polymer chain direction of PCL crystals in miscible
PCL/PVC blends crystallized under strain is preferentially
oriented perpendicular to the stretching direction. However,
the orientation function is much more complex than it was
inferred previously from IR dichroism. Two kinds of crystal
orientations, i.e. the ring-fibre orientation and the a-axis
orientation, are observed. Both of them are characterized by
perpendicular orientation of the crystal c-axis to the stretch-
ing direction, with the former dominating the WAXD pat-
terns. The ring-fibre orientation is preferentially formed at
low draw ratios and low PVC contents, in which both the
crystal a- and b-axes are randomly distributed in a plane
perpendicular to the crystal c-axis, with the crystal c-axis
itself randomly distributed in a plane perpendicular to the
stretching direction. With the increase of draw ratio or PVC
content, the crystal a-axis is found to orient preferentially to
the stretching direction. A quantitative description of PCL
crystal orientation has been given in term of the orientation
functions ({P,)) of individual crystal axes. The PCL crystal
orientation in PCL/PVC blends melt crystallized under
strain differs from that found in cold-drawn semi-crystalline
polymers, or that found in the crystallization from con-
ventional pre-oriented polymer melts.
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