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Abstract: The blends of high and low molecular weights poly(ε-caprolactone) (PCL) with poly(vinyl
chloride (PVC) were prepared. The samples before and after the crystallization of PCL were uniaxially
stretched to different draw ratios. The orientation features of PCL in a stretched crystalline PCL/PVC
blend and crystallized from the amorphous PCL/PVC blends under varied strains were studied by
wide-angle X-ray diffraction (WAXD). It was found that a uniaxial stretching of crystalline PCL/PVC
blend with high molecular weight PCL results in the c-axis orientation along the stretching direction,
as is usually done for the PCL bulk sample. For the stretched amorphous PCL/PVC blend samples,
the crystallization of high molecular weight PCL in the blends under a draw ratio of λ = 3 with a
strain rate of 6 mm/min leads to a ring-fiber orientation. In the samples with draw ratios of λ = 4 and
5, the uniaxial orientation of a-, b-, and c-axes along the strain direction coexist after crystallization of
high molecular weight PCL. With a draw ratio of λ = 6, mainly the b-axis orientation of high molecular
weight PCL is identified. For the low molecular weight PCL, on the contrary, the ring-fiber and a-axis
orientations coexist under a draw ratio of λ = 3. The a-axis orientation decreases with the increase
of draw ratio. When the λ reaches 5, only a poorly oriented ring-fiber pattern has been recognized.
These results are different from the similar samples stretched at a higher strain rate as reported in the
literatures and demonstrate the important role of strain rate on the crystallization behavior of PCL in
its blend with PVC under strain.

Keywords: poly(ε-caprolactone); poly(vinyl chloride); blend; strain-induced crystallization;
crystal orientation

1. Introduction

The multiscale structure control of crystalline polymers is of great importance for regulating their
macroscale properties and developing high-performance polymeric materials. It was found that melt
crystallization from oriented chains exhibited a great effect on the crystal structure and crystalline
morphology and therefore, it has been investigated extensively. For example, the crystallization
of isotactic polypropylene (iPP) after pulling the fiber embedded in its melt can induce oriented
β crystallization [1–5]. Similar results have also been obtained through the melt recrystallization
of highly oriented iPP fibers by controlled melting status, reflecting the different chain orientation
in the melt caused by varied chain relaxation [6–10]. This stimulates the extensive studies of
crystallization from oriented (amorphous) chains for different polymeric materials, including individual
polymers and polymer blends. The studies on the crystallization from elongated chains of individual
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polymers demonstrated the formation of a uniaxial (or fiber) orientation of them with the c-axis
aligned in the stretching direction, while the a- and b-axes were arranged randomly about the
c-axis [11–18]. However, the orientation of miscible crystalline/crystalline polymer blends crystallized
under strain can be quite different from the uniaxial fiber orientation. For instance, the crystallization
of poly(1,4-butylene succinate) (PBS) in its miscible blends with poly(vinylidene fluoride) (PVDF,
a polymorphic polymer [19]) under strain results in a biaxial orientation of PBS with b- and c-axes in
the film plane and the b-axis along the stretching direction [20]. On the other hand, the crystallization
of poly[(R)-3-hydroxybutyrate] (PHB) in its miscible blends with PVDF under strain causes an a-axis
orientation of PHB along the stretching direction [21]. For the crystalline/crystalline polymer blends,
the crystal structure and orientation of later crystallized components can be controlled by epitaxy or
transcrystallization at the surface of early formed crystals [22–37], which may not reflect the effect
of strain and the blending component on the later crystallized component correctly. It should be
pointed out that soft epitaxy can hardly take place in crystalline/amorphous polymer blends, since it is
not a common phenomenon [38,39]. It has been confirmed that a soft epitaxy of crystalline polymer
does not happen even on oriented films of amorphous materials [40]. In this sense, the miscible
crystalline/amorphous binary polymer blends can rule out the epitaxial effect. Thereby, the different
structures of this kind of polymer blend produced under strain can illustrate the real influence of strain
and other components on the crystallization behavior and result in a unique supermolecular structure
of the crystalline component. Therefore, the crystallization and orientation features of the crystalline
component in the miscible crystalline/amorphous polymer blends under strain have attracted much
attention, and studies show that the crystallization of miscible crystalline/amorphous binary polymer
blends under strain can generate quite complicated orientation, crystalline texture, and morphology of
the crystalline component [41–45].

For crystalline/amorphous blends, poly(ε-caprolactone) (PCL) has been mostly chosen as the
crystalline component, since it exhibits only one crystalline modification with rather simple crystal
structure and good miscibility with many amorphous polymers [46–52]. Taking the blend of PCL
with amorphous poly(vinyl chloride) (PVC) as an example, systematic studies show that the PCL
crystals in the blends can exhibit uniaxial orientations with a-, b-, or c-axis in the stretching direction,
as well as a so-called ring-fiber orientation with the c-axis oriented perpendicular to the drawing
direction, while the a-axis and b-axis are randomly distributed in the plane perpendicular to the
c-axis [50–52]. Prud’homme et al. [50] found that the crystallization of PCL in PCL/PVC blends under
strain leads to the orientation of the c-axis perpendicular to the strain direction in most conditions.
When stretching the blend films at a strain rate of 20 mm/min immediately after cooling down to room
temperature, the ring-fiber orientation is obtained at low draw ratios and/or low PVC contents, while an
a-axis orientation along the stretching direction together with the dominated ring-fiber orientation are
observed with the increasing draw ratio and PVC content [51]. In both cases, the c-axis of PCL crystals
is characterized by a perpendicular alignment with respect to the stretching direction. A parallel
alignment of the PCL chains along the stretching direction is also observed under a high draw ratio,
e.g., λ > 7, at a high strain rate of 80 mm/min [50]. Moreover, the molecular weight of the PCL shows an
also apparent effect on the crystal orientation of PCL in the blends [52]. It was found that under a draw
ratio of λ = 4 at a strain rate of 20 mm/min, PCL with a number average weight (Mn) of 125k exhibits a
regular fiber orientation with the c-axis aligned along the stretching direction. However, while the
PCL with Mn = 13k shows dominantly a ring-fiber orientation, the PCL with Mn = 21k achieves a
b-axis orientation.

From the above description, it is clear that the orientation of PCL in its blends with PVC depends
remarkably on the orientation status of molecular chains in the amorphous state. It is generally
accepted that a high strain rate and low temperature means less chain relaxation during the stretching
and, thereby, a greater chain orientation. Taking this into account, a lower strain rate and higher
temperature will reduce the chain orientation and change the orientation status of the PCL and PVC
chains in the amorphous blends. Consequently, different structures of PCL crystallized in the blends
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under strain are expected. Therefore, the orientation structure of PCL with different molecular weights
in the PCL/PVC (70/30) blend crystallized under varied strains at a much slow strain rate of only
6 mm/min and higher temperature of 40 ◦C was studied in this work. The obtained results are helpful
for a further understanding of the underlying mechanism of the different orientation of PCL in its
blends with PVC crystallized under strain.

2. Experimental

2.1. Materials

Two kinds of PCL with low (Mn = 1.75 × 104 g/moL, Ð = 1.44) and high (Mn = 9.29 × 104 g/moL,
Ð = 1.73) molecular weight, denoted as L-PCL and H-PCL, respectively, were supplied by Aldrich
Chemical Co., Saint Luis, MO, USA. The PVC with Mn = 9.90 × 104 g/moL and Ð = 1.35 was
also purchased from Aldrich Chemical Co., Saint Luis, MO, USA. The tetrahydrofuran (THF)
solvent was purchased from Tongguang Fine Chemical Co. Ltd., Beijing, China and used without
further purification.

2.2. Sample Preparation

PCL/PVC (70/30, weight ratio) blends were prepared by dissolving them together in THF. Films of
PCL/PVC blends were prepared by casting their 5 wt % THF solutions at room temperature and dried
for 48 h to eliminate the residual solvent. The thickness of the obtained films is ca. 100 µm as measured
by a Dektak Profilometer (Bruker Co. Ltd., Karlsruhe, Germany). As schematically presented in
Figure 1, the PCL/PVC thin films were first heat-treated at 100 ◦C for 20 min to erase the previous
thermal history; then, they were cooled rapidly down to 40 ◦C and stretched uniaxially to a certain
draw ratio of λ. The PCL in the blends was finally allowed to crystallize under strain isothermally
at 40 ◦C. The draw ratio λ is defined as λ = l/l0, where l and l0 are the film lengths after and before
stretching, respectively. The stretching of the sample was performed by using a micro tensile machine
(Linkam TST350, Linkam Scientific Instruments Ltd., Tadworth, UK) at a speed of 6 mm/min, which is
much slower than the used strain rate in other literature [50–52].
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Figure 1. Schematic illustration of the experimental procedure.

2.3. Wide-Angle X-ray Diffraction (WAXD)

Wide-angle X-ray diffraction (WAXD) measurements were used to monitor the crystal orientation
of PCL in miscible PCL/PVC blends under the different draw ratio at 1W2A beam line in Beijing
Synchrotron Radiation Facility with wavelength of 0.154 nm. Two-dimension (2D) WAXD patterns are
collected with a Mar165 CCD detector (2048 × 2048 pixels with pixel size of 79 µm) and analyzed with
Fit 2D software (European Synchrotron Radiation Facility, Grenoble, France). The exposure time for
each pattern is 20 s.
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3. Results

3.1. Structure Evolution of Crystalline PCL in Its Blends with PVC under Strain

Figure 2a shows the WAXD pattern of an H-PCL/PVC blend film recorded immediately after
the sample cooled from 100 down to 40 ◦C. The WAXD pattern shows only an amorphous halo,
demonstrating the suppression of H-PCL crystallization by PVC in the cooling process from 100
to 40 ◦C. This is in good accordance with the literature reports and has even been observed in the
PCL/PVC blend on the oriented polyethylene substrate, which is confirmed to exhibit high nucleation
ability toward PCL [29,37,53]. Actually, the crystallization of H-PCL in the H-PCL/PVC can take place
at 40 ◦C with prolonged time. As presented in Figure 2b, two diffraction rings appear in the WAXD
pattern after keeping the sample at 40 ◦C for 40 h. These two diffraction rings can be accounted for by
the orthorhombic unit cell of PCL with dimensions a = 0.748 nm, b = 0.498 nm, and c = 1.729 nm as
the (110) and (200) reflections [51]. It is well documented that strain can tremendously enhance the
crystallization rate of polymers. To check whether the strain can promote the crystallization of H-PCL
in the H-PCL/PVC blend, a blend film cooled first quickly from 100 down to 40 ◦C and subsequently
stretched with a draw ratio of λ = 6 at a strain rate of 6 mm/min was studied by WAXD. To our surprise,
as shown in Figure 2c, the WAXD pattern shows still only the amorphous halo, implying that the
crystallization of H-PCL in the H-PCL/PVC blend does not take place during stretching immediately
after cooling the thin film down to 40 ◦C as well. Similar results have also been obtained for the
L-PCL/PVC system as presented in the Figure S1 in the electronic Supplementary Information (ESI).
The delayed crystallization of PCL in its blends with PVC provides the opportunity for comparing
the orientation of PCL in its amorphous blends with PVC crystallized under strain and the structure
evolution of crystalline PCL in the PCL/PVC blends during deformation.
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Figure 2. Wide-angle X-ray diffraction (WAXD) patterns of the high molecular weight
poly(ε-caprolactone) H-PCL/poly(vinyl chloride) (PVC) blends cooled from 100 ◦C down to and
kept at 40 ◦C for (a) 0 h and (b) 40 h. Part (c) was recorded after cooling from 100 ◦C down to 40 ◦C and
then stretched immediately with a draw ratio of λ = 6 at a strain rate of 6 mm/min. The draw direction
is horizontal.

Figure 3 presents the structure evolution of H-PCL crystals in the H-PCL/PVC blends during
deformation. As seen from Figure 3a, the original sample exhibits non-oriented PCL crystals, which
produce strong (110) and weak (200) diffraction rings with even intensity. Stretching the sample results
in a gradually orientation of the PCL crystals. With a draw ratio of λ = 2, the strong (110) and weak
(200) diffractions exhibit already reflection intensity maximum on the meridian direction. The intensity
of these diffractions on the meridian direction get stronger with further increase of the draw ratio. At a
draw ratio of λ = 6, sharp and well-defined (110) and (200) diffraction spots can be observed on the
meridian direction (see Figure 3f), indicating a high orientation of the H-PCL crystals. The arrangement
of these diffractions in the direction vertical to the stretching direction demonstrates a c-axis orientation
of the H-PCL crystals along the drawing direction, while the a- and b-axes are oriented randomly in
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the plane perpendicular to the strain. This is similar to the orientation achieved by stretching the
crystalline PCL in the solid state through transition from spherulites into the microfibrils [54].Materials 2020, 12, x FOR PEER REVIEW 5 of 13 
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6 mm/min at room temperature to various draw ratios. (a) λ = 1, (b) λ = 2, (c) λ = 3, (d) λ = 4, (e) λ = 5,
and (f) λ = 6. The draw direction is horizontal.

3.2. Crystallization of H-PCL in H-PCL/PVC Blend under Strain

Figure 4a shows the WAXD pattern with main reflections being indexed of an H-PCL/PVC blend
film cooled from 100 ◦C down to 40 ◦C, immediately stretched to a draw ratio of λ = 3, and then
crystallized at 40 ◦C under strain for 12 h. Its corresponding azimuthal profiles can be found in Figure S2
in ESI. Strong (200) and (110) diffractions with maximum intensity in the stretching direction can be
clearly seen. With close inspection, very weak (102) diffractions, which are inclined ca. ±41◦with respect
of the (200) diffractions, can be identified. According to this X-ray diffraction result, it is concluded
that by crystallizing the H-PCL in its blend with PVC under a strain of λ = 3 at 40 ◦C, a c-axis uniaxial
orientation is produced, i.e., a unique c-axis orientation but a random orientation of a- and b-axes in
the plane perpendicular to the c-axis. However, the thus produced c-axis orientation is different from
the one shown in Figure 3, where the c-axis is aligned along the stretching direction. Now, the c-axis of
H-PCL is aligned perpendicular to the drawing direction. This kind of orientation has been referred
to as ring-fiber orientation, as schematically presented in Figure 4b, by Kakudo and Kasai [55] and
also observed for a PCL/PVC (80/20) blend crystallized at room temperature under a draw ratio of
λ = 3.6 at a strain rate of 20 mm/min [51]. For the stretched blends, the vertical c-axis orientation with
respect to the strain direction is unusual, since the crystallization of stretched PCL is expected to start
from the chains oriented by stretching, similar to the structure of melt-draw induced crystallization of
polymers, where the c-axis is always aligned along the stretching direction [11–16]. This demonstrates
the influence of PVC on the crystal orientation of the PCL.
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Figure 5 shows the WAXD patterns of H-PCL/PVC blend films crystallized at 40 ◦C under different
draw ratios for varied times (tc). Figure S3 in the ESI shows their corresponding azimuthal profiles.
From Figure 5a, it can be seen that the crystal orientation of H-PCL in the H-PCL/PVC blend crystallized
under a strain of λ = 4 for tc = 10 h is very complicated. As indexed in the picture by the subscript of I,
II, and III, there are totally three different orientations of the H-PCL. The first one shows the strong
(110) diffractions (described as (110)I in Figure 5a) at the positions ca. ±33◦ inclined from the stretching
direction. This implies an ab plane with the b-axis aligned in the stretching direction, whereas the
a-axis is oriented perpendicular to the stretching direction. In this case, these crystals contribute
also the (200) diffractions in the positions vertical to the stretching direction. Moreover, weak (102)
diffractions in the equator direction can also be recognized with close inspection. This suggests a
random rotation of a- and c-axes about the b-axis. In other words, a b-axis orientation of this part of
the H-PCL crystals has been achieved. The second one exhibits strong (200) diffractions, i.e., (200)II

in the direction of stretching. The weak (110)II diffractions located at the positions ca. ±57◦ away
from the stretching direction are associated to this part of oriented crystals. Considering that the
scattering factor of the (110) lattice plane is much higher than the (200) one, the reduced intensity of the
(110)II diffractions suggests an a-axis orientation in the direction of stretching and a random rotation
of b- and c-axes about the a-axis. In addition, the appearance of weak (102)II inclined ca. ±41◦ away
from the a-axis direction supports an a-axis orientation of these crystals. The third one contributes
weak (110)III diffractions in the direction perpendicular to the stretching direction. This may suggest
a c-axis orientation along the stretching direction. In this way, these crystals should also contribute
(200) reflections in the equator direction, which overlap with the (200) diffractions contributed by
the uniaxially b-axis oriented crystals. Therefore, the (200) diffractions in the vertical direction with
respect to strain have indexed as (200)I&III in Figure 5a. When crystallizing the H-PCL/PVC under a
strain of λ = 5 for 8 h, as shown in Figure 5b, essentially the same diffraction pattern as that shown
in Figure 5a was obtained. However, the orientation extent of the H-PCL crystals increased to some
extent. Moreover, the a-axis orientation along the stretching direction reduced very much (compare the
intensity of (200)II diffractions on the strain direction shown in Figure 5a,b). This also results in the
disappearance of the (102)II diffraction ±41◦ away from the stretching direction in Figure 5b. At the
same time, weak (102)I diffractions in the equator direction can be more clearly seen, demonstrating
an increased b-axis orientation along stretching direction. With further increase of the draw ratio to
λ = 6, except for the increased orientation of H-PCL crystals as reflected by the sharp diffraction spots,
mainly the b-axis orientation remains.
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3.3. Crystallization of L-PCL in L-PCL/PVC Blend under Strain

The above experimental results reveal the draw-ratio-dependent orientation of H-PCL crystals
in the H-PCL/PVC blends grown under strain. To check the influence of molecular weight on the
orientation behavior of PCL in its blends with PVC during crystallization under strain, the structure of
low molecular weight PCL in the L-PCL/PVC blends produced under different strains was studied.
It was found that the stretching ability of crystalline L-PCL/PVC is much poorer than the H-PCL/PVC.
As presented in Figure S4, a maximum strain of only about λ = 1.7 can be achieved. The limited
deformation of the sample does not produce obvious orientation of the sample as judged from the
WAXD patterns, and therefore, we will not discuss it anymore here. The stretchability of the amorphous
L-PCL/PVC is much better than its crystalline counterpart, even though it is poorer than the H-PCL/PVC
one. It can reach a maximum draw ratio of λ = 5.

Figure 6 and Figure S5 show the WAXD patterns and corresponding azimuthal profiles of
L-PCL/PVC blend films crystallized at 40 ◦C under different draw ratios for varied times, respectively.
The diffraction pattern shown in Figure 6a with a draw ratio of λ = 3 is composed of two sets of oriented
crystals. The strong (200) diffractions located in the stretching direction are contributed by both sets of
the oriented crystals and consequently indicated as (200)I&II. These (200) diffractions together with
the (110)I diffractions have a moderate intensity, and the very weak (102)I diffractions are contributed
by crystals exhibiting an a-axis orientation along the stretching direction, while the b- and c-axes are
randomly oriented in the plane perpendicular to the a-axis. The other set oriented L-PCL crystals
contribute both the strong (110)II and (200)I&II reflections in the drawing direction, demonstrating a
ring-fiber orientation with the c-axis orientation in the direction perpendicular to the strain. This is
different from the H-PCL/PVC with λ = 3, where only the ring-fiber orientation as illustrated in Figure 4
is identified. With increase of draw ratio, the a-axis orientation reduces gradually and disappears
completely at a draw ratio of λ = 5, leading to a solely ring-fiber orientation (Figure 6c). Moreover,
the crystallinity and orientation extent of the sample crystallized under λ = 5 is obviously decreased as
judged from the broader (110) diffraction arcs with reduced intensity. These results reveal clearly the
influence of molecular weight on the PCL orientation in its blends with PVC in the following aspects.
First, the toughness of the sample decreases tremendously, especially for the crystalline one, reflecting
the reduced entanglement due to the shortened chain length. Second, the orientated structure of the
L-PCL crystals in the L-PCL/PVC blends grown under various draw ratios is different from its high
molecular counterpart.
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4. Discussion

According to the obtained results, several aspects can be discussed here. First, it is now clear that
the orientation of H-PCL in the crystalline H-PCL/PVC sample during deformation differs remarkably
from the H-PCL crystals grown from amorphous H-PCL/PVC samples under strain. While the deformed
crystalline sample exhibits only a c-axis orientation along the stretching direction, the crystallization
from amorphous samples under strain produces complicated orientations depending on the draw ratio
and molecular weight. This can be explained in the following way. Even though the PCL exhibits
excellent miscibility with PVC over the whole range of composition, the crystallization of PCL results
unambiguously in the phase segregation, since the amorphous PVC cannot pack into the crystal lattice
of the PCL. This will lead to the non-crystallizable PVC dispersing in the amorphous regions of PCL.
In this case, the orientation of crystalline PCL in the blends during deformation will be less affected by
the PVC in the amorphous regions. Therefore, the c-axis orientation, or a fiber orientation frequently
used in the literature, is always produced during deformation of the samples. On the other hand,
blending PCL with PVC hinders the crystallization of PCL remarkably. As a result, the PCL does
not crystallize directly after cooling from 100 ◦C down to 40 ◦C as well as immediately stretched to
different draw ratios (see Figure 2 and Figure S1 in the ESI). This produces a homogeneously distributed
amorphous PCL/PVC blend at a molecular scale. Consequently, the PCL and PVC chains or chain
segments will be simultaneously and synergistically deformed during stretching. This results in an
enhanced influence of PVC on the crystallization of PCL and leads to the complicated orientation
behavior of PCL crystals, which will be discussed in the following section.

According to the above described experimental results, in total, four different uniaxial orientations
have been recognized for PCL crystals grown in the blends with PVC under strain. They are the
uniaxial orientation of a-, b-, and/or c-axis along the strain direction, as well as the so-called ring-fiber
orientation. The c-axis orientation along the stretching direction is most easily understood. It is caused
by highly oriented chains or chain segments, which serve as row nuclei for the subsequent growth
of PCL chain fold lamellar crystals and lead to the chain fold lamellae oriented perpendicular to the
stretching direction. The b-axis orientation along the strain direction under strain is best understood up
to date and has been attributed to the result of confined crystallization of PCL in the blends with PVC.
It was found that the orientation of amorphous PVC takes place rapidly during stretching [48]. In this
case, it makes sense that both PCL and PVC chains or chain segments in amorphous will be oriented
under strain. Considering that the PVC has a high glass transition temperature of around 89 ◦C,
which is much higher than the used stretching temperature of 40 ◦C, the oriented PVC will essentially
remain unchanged during the crystallization of PCL at 40 ◦C. On the other hand, the study on the
homogenously oriented poly(L-lactide) (PLLA)/poly(vinyl acetate) blends has found that the blend
undergoes first a microphase separation prior to the crystallization of PLLA [56]. This may happen
also for the PCL/PVC system. Consequently, it is conjectured that the phase separation under strain
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will lead to the formation of elongated microdomains of both PCL and PVC. Thus, the crystallization of
PCL will occur within the micro-gaps formed by elongated PVC domains, which provides a confined
environment for the molten PCL in the subsequent crystallization process. The dimensions of the
PVC micro-gaps should depend on the draw ratio. They will be elongated and narrowed with the
increasing draw ratio. Therefore, the confined crystallization of PCL in its blend with PVC under a
high draw ratio produces solely a b-axis orientation (Figure 5c), since the b-axis is the fastest growth
direction of the PCL crystal. This has also been found for the PCL crystallized in smaller nanocylinders
with a diameter of 13.0 nm [57]. The ring-fiber orientation has been attributed to the crystallization of
amorphous PCL chains in the oriented state caused by chain relaxation and longitudinal retraction
through intramolecular nucleation, which results in an alignment of the c-axis perpendicular to the
stretching direction. In this case, the random orientation of a- and b-axes in the plane perpendicular to
the c-axis suggests a comparable length scale of micro-gaps composed of PVC along and perpendicular
to the stretching direction and, thereby, the growth of the PCL crystals along its fastest b-axis direction
can propagate randomly in the plane perpendicular to c-axis, results in a ring-fiber orientation.
This is probably the reason for the crystallization of PCL with ring-fiber orientation under low strain,
since a larger length scale of micro-gaps along stretching than vertical to the stretching direction
is expected with an increased draw ratio. For the a-axis orientation, a rational explanation is still
lacking. Considering that the folding of PCL chain during crystallization is along its a-axis direction,
Prud’Homme et al. [51] suggest that the a-axis orientation is most likely related to the nucleation of
retracted chains and growth of crystals through folding along the original chain direction cause by
strain. Actually, there may be another possibility for the a-axis orientation. It has been confirmed that
cavitation can take place during the tensile deformation of polymers [58,59]. The cylinder-shaped
cavities could be oriented with a long axis perpendicular to the stretching direction under certain
strain. In the present case, taking the high Tg and low content of PVC into account, there may be
perpendicularly arranged cylinder-shaped cavities that are filled by high mobility PCL chains through
plastic flow. If this is true, the combination of intramolecular nucleation and crystal growth of PCL
along its fastest b-axis will produce the a-axis orientation.

In the present work, greater emphasis was laid on the influence of strain rate toward the orientation
of PCL crystals grown in its blends with PVC under different strains. To this end, an extremely low
strain rate was used with respect to those used in the literature. Indeed, our results show some
differences compared to the literature reports. First, it is reported by Hubbell and Cooper. [49] that by
stretching the PCL/PVC (70/30) blend films at a strain rate of 20 mm/min immediately after cooling
down to room temperature, ring-fiber orientation is always observed under draw ratios from 2 to 7.
The a-axis orientation is obtained only when the draw ratio is larger than 2.7 with content remains
almost unchanged in the draw ratio range from 2.7 to 7. We found on the contrary that the ring-fiber
and a-axis orientations for the L-PCL/PVC blend coexist only at draw ratios less than λ = 5 and the
a-axis orientation decreases with the increasing draw ratio (see Figure 6a,b). This is not influenced
by molecular weight, since the molecular weights of PCL used in this work and the literature are
similar (17.5k and 18.0k, respectively). It should actually be related to the different orientation status
and phase structure caused by stretching at different strain rates and the temperatures used for the
subsequent crystallization of PCL. In our case, stretching at a high temperature of 40 ◦C with a very
low strain rate of only 6 mm/min means an easier and faster chain relaxation during the stretching and,
thereby, a less chain orientation. Taking this into account, our results may suggest that a higher chain
orientation does not favor the crystallization of PCL in an a-axis orientation. This is of course only a
hypothesis, since the slow deformation will certainly also influence the orientation status of PVC and
the microphase structure of the blends as well. In essence, the different crystallization behavior should
be associated to the combined and synergistic effects of the microphase structure, chain orientation of
both polymers, crystallization kinetics, etc. Second, it has been reported by Coleman et al. [48] that
c-axis orientation can be achieved with a high strain rate of 230 mm/min at a draw ratio of λ = 4.5,
while no c-axis orientation has been observed with a strain rate of 35 mm/min even at a high draw
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ratio above 5. This is also different from our results on the H-PCL/PVC. We found that all orientations
of a-, b-, as well as the c-axis along the strain direction appear at a low strain of λ = 4. However, at a
high draw ratio of λ = 6, only the b-axis orientation remains. This may imply that deformation at a low
rate enhances the relaxation of PCL and at the same time facilities the formation of narrow PVC gaps.
In this way, the c-axis orientation does not take place, while the crystallization of relaxed PCL chains in
the narrow gaps of PVC produces predominantly a b-axis orientation. In summary, there are many
factors that influence the crystallization behavior of PCL in its PVC blends under strain. It is still far
from a full understanding of the sophisticated orientation behavior of PCL in its PVC blends grown
under strain. Therefore, further detailed studies are clearly warranted.

5. Conclusions

The blends of high and low molecular weights of PCL with PVC were prepared. It was found that
blending PVC with PCL deceased the crystallization ability of PCL. Therefore, the orientation features
of PCL in a stretched crystalline PCL/PVC blend and crystallized from the stretched amorphous
PCL/PVC blends under varied strains were compared. The results show that stretching the crystalline
H-PCL/PVC blends results in a c-axis orientation along the stretching direction of the high molecular
weight PCL. Due to the limited stretchability, the low molecular weight PCL in the L-PCL/PVC
blends does not orient obviously. On the contrary, the orientation of the PCL crystals grown in the
stretched amorphous PCL/PVC blends under strain is quite complicated, depending on the molecular
weight of PCL, the draw ratio, and the strain rate. In total, four different orientations of PCL grown
under different draw ratios at a strain rate of 6 mm/min have been identified. They are the uniaxial
orientations of the a-, b-, or/and c-axis along the strain direction as well as the so-called ring-fiber
orientation. The acquirement condition of each orientation is different from the reported results.
For example, it has been reported that ring-fiber and a-axis orientations for the PCL/PVC (70/30) blend
are obtained at a strain rate of 20 mm/min with draw ratios from 2 and 2.7 to 7, respectively. In the
present work, the ring-fiber and a-axis orientations of PCL having a similar molecular weight in the
L-PCL/PVC (70/30) coexist only with a draw ratio less than 5. Moreover, it has been claimed that the
c-axis orientation along the stretching direction can be achieved under a high draw ratio of λ = 4.5 at a
high strain rate of 230 mm/min. In the H-PCL/PVC case, all uniaxial orientations of the a-, b-, as well as
c-axis along the strain direction appear at a strain of λ = 4, while only the b-axis orientation along the
strain direction remains with a draw ratio of λ = 6.

These results suggest the existence of many factors that influence the crystallization behavior
of PCL in its PVC blends under strain. For a better understanding of the sophisticated orientation
behavior of PCL in its PVC blends grown under strain, further detailed studies are warranted.
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profiles of the WAXD pattern shown in Figure 5. Figure S4: The WAXD patterns of the crystalline L-PCL/PVC
blends taken during deformation at different draw ratios. Figure S5: Azimuthal profiles of the WAXD patterns
shown in Figure 6.
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