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ABSTRACT: Understanding the interfacial crystallization is
crucial for semi-crystalline polymer/natural fiber composites
because it links to the final properties. This work reports, for the
first time, the interfacial crystallization of a miscible blend between
polycaprolactone (PCL) and polyvinylchloride (PVC) with
milkweed fibers. We have first described the morphology of the
fibers and the chemical composition of waxes covered on its
surface. Our findings show that the transcrystallization (TC) layer
of PCL/PVC could appear at the interface by simply coating with a
layer of graphene oxide (GO) on the milkweed fiber. In our study, atomic force microscopy−infrared spectroscopy analysis shows
that the crystallinity of the blends is higher at the vicinity of the interface compared to that in the bulk. The kinetic of the interfacial
crystallization in terms of spherulite morphology and crystal growth rates at the nanoscale is examined. X-ray photoelectron
spectroscopy and high-resolution transmission electron microscopy were used to analyze the prepared GO and evaluate its
relationship with the interfacial crystallization behavior of the blends.

1. INTRODUCTION

The investigation of the crystallization phenomena is crucial to
better understand the morphology and final properties of a
polymeric blend. In recent decades, the crystallization of
thermoplastic polymeric blends has been extensively stud-
ied1−3 and it still constitutes a fascinating and fruitful field of
research.2−6 Recent progress in the nanoscale characterization
methods, such as atomic force microscopy (AFM)7 and small-
angle X-ray scattering, have helped to highlight various
scientific questions related to molecular architectures, lamella
assembly, distribution, and phase separation in a polymeric
spherulite structure.8 However, a deep understanding of these
phenomena becomes more complicated for miscible blends in
which the phase separation cannot be distinguished using
morphological analysis tools. Moreover, the miscible crystaliz-
able/amorphous blends can display various morphologies and
crystallization mechanisms depending upon blend ratios and
crystallization processes. The amorphous component can be
rejected inside or outside of the spherulite growth as described
in our previous publications.9−11 Atomic force microscopy
infrared-spectroscopy (AFM-IR) has recently been reported as
a useful tool that can provide both nanoscale morphology and
chemical information of the polymeric materials12−18 including
biopolymers.19

Polycaprolactone (PCL) is widely used in various
biomedical applications, including artificial skin,20 resorbable
prostheses,10,21 fast drug delivery,22 tissue engineering,23 and
pharmaceutical formulations,22 because of its biocompatibility,
biodegradability, and nontoxicity (i.e., FDA-approved).24 The

addition of polyvinyl chloride (PVC) into the PCL matrix is
reported to enhance its flexibility, mechanical strength, and
stability under high-energy irradiation, making it more suitable
for flexible medical products.25 They form miscible blends in
whole blend contents26,27 because of the dipole−dipole
interactions between carbonyl and C−Cl groups.4 However,
the presence of the PVC may disturb the crystallization of the
PCL in terms of the spherulitic growth rate and morphology. It
has been reported that regular or inverted S- or C-shaped
crystals are observed in the miscible PCL/PVC blends instead
of the truncated lozenge-shape morphology as is usually
observed in the case of pure poly (ε-caprolactone) (PCL), and
the crystal curvature is controllable by the nature of the second
polymer and blend composition.28 The growth rate of PCL
crystals was strongly depressed with the addition of PVC in the
blend because of a significant difference in terms of polarity
between these two polymers.26,29 During the crystallization of
PCL/PVC blends, the segregation of the polymer can occur,
which leads to a concentration gradient of two components.
The PCL-rich areas are found close to the air-polymer
interface while the PVC-rich areas are found in deeper areas.26
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The examination of the distribution and segregation
mechanism of the components in the PCL/PVC blends at
the sub-micrometer scale remains an open question, despite
the progress made in spectroscopic and morphological analyses
for polymeric blends. This issue becomes more complicated
when a long fiber is added in the blends, especially at the
interface because of chemical interactions. The crystals,
appearing at the interface, are often different from those in
the bulk. They form a highly ordered structure, grown
perpendicularly to the fiber surface, which is called the
transcrystallization layer.30−33 Some recent publications have
mostly concentrated on the formation mechanisms and
morphology of the transcrystallization layers.31−34 However,
the detailed analysis of transcrystallization in terms of growth
rate and chemical composition of the blends at the polymer/
fiber interface, especially at the nanoscale level is lacking. The
effect of the PVC on the crystallization of the PCL at the
interface and in the bulk is crucial because it will directly relate
to the properties and the durability of the service of final
products. Moreover, the transcrystallization of PCL/PVC
blends on the surface of the natural fiber is not yet reported
in the literature.
The exploitation of novel, abundant, and renewable

biomaterials with special properties from natural products
acquires great attention for both manufacturers and researchers
beause of their lower carbon footprints. Milkweed fibers
(Asclepiad fiber) are considered as perennial plants with umbel-
like flowers, which are abundant in North America. Milkweed
fibers have recently been used for many domestic and
industrial purposes such as isolating fabrics, water/oil
separation membranes, ecological, and nonfur/nonleather
winter garments.35,36 These fibers are special because they
have low densities (4−5 times lighter than jute fiber),
represented by microscale hollow tubes (Figure 1b) and
exhibit a rough surface naturally covered by superhydrophobic
waxes (Figure 1c,d). These properties make materials suitable
for low-density composite materials for various applications,
especially in the automobile industry. However, there is limited
information in the literature about the structure and
morphology of composites reinforced by these fibers, especially
at the nanoscale level.
Recently, we have successfully used AFM-IR to shed light on

some scientific questions related to: (i) the aging mechanism at
the surface of organic coatings;37 (ii) the complementary

understanding of the aging mechanism of a polyester fiber;38

(iii) the grafting of the polyvinyl pyridine-like polymeric film
on a titanium nitride wafer;39 and (iv) the crystallization
behavior of immiscible10 and miscible blends.11 In this article,
AFM-IR in combination with polarized optical microscopy
(POM) are mainly used to investigate the transcrystallization
phenomena of a PCL/PVC blend with the presence of a single
milkweed fiber in terms of the crystal growth mechanism,
spherulite morphology, and polymer diffusion. The findings
from this study attempts to fill the gaps in the literature.
Graphene oxide (GO) was also synthesized and characterized
by X-ray photoelectron spectroscopy (XPS) and high-
resolution transmission electron microscopy (HR-TEM).
They are then coated on the fiber surface to promote the
transcrystallization at the fiber interface.

2. RESULTS AND DISCUSSIONS
2.1. Fiber Characterization. Milkweed fibers are consid-

ered as a perennial plant with umbel-like flowers, which are
abundant in Quebec and most of North America (Figure 1a).
However, the inside and outside morphologies of these fibers,
especially at the nanoscale level, are not yet reported in the
literature. SEM observations of these fibers show that they are
hollowed (Figure 1b) and the average dimension of the fiber is
found to be 18 ± 7 μm with a cell wall thickness of 900 ± 120
nm including the wax layer thickness (Figure 1b). Higher
magnification of SEM images allows observing the outside
(Figure 1c) and inside surfaces (Figure 1d). The original fiber
shows a rough surface naturally covered by waxes on both faces
including inside and outside of the fiber. High-resolution three-
dimensional AFM image on the outer fiber surface (Figure 1e)
shows that the wax crystals exhibit a dimension of 80−150 nm
in height and 400−700 nm in width.
From these images, the rugosity index is calculated to be

1.25 ± 0.3. The removal of these waxes by chloroform leads to
the development of a smooth fiber surface, as determined by
AFM profile measurements, thus allowing direct contact
between the polymer matrix and the fiber surface. The
chemical analysis of the waxes extracted by GC−MS (data not
shown) indicates that they contain mainly aromatic phenols
(C16−20), which are different from aliphatic alcohols (C16−
C20), mainly found in another superhydrophobic material such
as lotus leaves.41,42 The detailed composition of the milkweed
can be found in some recent publications.43,44

Figure 1. Morphology of milkweed fibers: (a) naturally occurring in the wild; (b) SEM image of a fiber surface at low magnification showing its
hollow structure; (c) SEM image of the outer surface; (d) inter surface of the fiber showing a rough surface which is naturally covered by waxes;
and (e) high-resolution AFM images of the original milkweed fiber surface showing the morphology of the waxes on the fiber surface. From this
image, the three-dimensional rugosity index is calculated using AFM-IR software. The arrows in (c,d) show the presence of wax inside and outside
the fiber surface.
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2.2. Crystallization Behavior of Neat PCL/PVC Blends.
The crystallization of neat PCL and PCL/PVC (80/20) blends
was investigated in terms of spherulitic morphology and
growth rate at different crystallization temperatures and times.
Figure 2 shows the POM images of neat PCL (Figure 2a) and
PCL/PVC (80/20) blends (Figure 2b). In the case of neat
PCL, the spherulite exhibits a well-defined spherical shape with
a Maltese cross. The alternation of dark and light colors in the
spherulitic structure, observed under polarized microscopy
(POM), is due to the birefringence of PCL with anisotropy of
crystalline lamellae.45 For the PCL/PVC (80/20) blend, the
spherulite morphology is different from that observed in neat
PCL. Although the Maltese cross is observed, the spherulites
are banded and smaller compared to those observed for neat
PCL. Under certain conditions, the spherulites of certain semi-
crystalline polymers exhibit concentric bands or rings (banded
spherulites).46 Several reasons give rise to these banded

structures. First, they could be because of a twist of the
lamellar chains around their growth axis. This lamellar twist
leads to a modification of the refractive index according to the
orientation of the crystalline planes.47 Second, this could be
because of a rhythmic variation in the thickness of the
spherulites during growth, causing bands of regular extinctions
to appear.46 This phenomenon could be explained by
competition between the diffusion and the consumption of
polymer chains during the crystallization, as described in our
previous publications.10,11

The evolution of the spherulite radius as a function of time
for neat PCL and PCL/PVC (80/20) blends was studied by
measuring the spherulite radius with crystallization time. For
neat PCL (Figure 2c), the spherulite radius linearly increases
with crystallization time. Similarly, at a given blend
composition and crystallization temperature, the radius of
spherulites of the PCL/PVC (80/20) blend evolves linearly

Figure 2. POM images showing the spherulite morphology of (a) neat PCL and (b) PCL/PVC (80/20), isothermally crystallized at 45 °C, for 3
min and 22 min, respectively; (c) spherulite growth rate of neat PCL, and (d) growth rate of the PCL/PVC (80/20) blend at different
temperatures. Scale bars in (a,b) are of 100 μm.

Figure 3. POM images showing spherulite evolution as a function of isothermal crystallization times (35 °C) for: neat PCL: (a) 1 min, (b) 2 min,
and (c) 3 min and for the PCL/PVC (80/20) blend: (d) 1 min, (e) 2 min, and (f) 3 min.
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with crystalization time (Figure 2d). Thanks to these linear
relations, the growth rates of spherulites of neat PCL and
PCL/PVC (80/20) blends were calculated by extrapolating the
linear curves. For the hereby studied crystallization temper-
atures ranging from 30 to 45 °C, a decrease in the
crystallization temperature leads to an increase of the
spherulitic growth rate for both neat PCL and PCL/PVC
blends.
The growth rate was significantly dependent upon the

increasing crystallization temperature. This is because the PCL
has a relatively low melting temperature (about 60 °C) and the
crystallization of PCL was not thermodynamically favored at
high temperatures. The addition of PVC significantly slows
down the growth rate of the PCL spherulite. Isothermal
crystallization of the neat PCL at 35 °C exhibits a spherulitic
growth rate of 202 μm/min, while this value was decreased to
46 μm/min for the PCL/PVC (80/20) blend at the same
crystallization conditions.
2.3. Interfacial Crystallization of Composites. Figure 3

shows an example of the evolution of the spherulitic growth
rate as a function of crystallization time for neat PCL (Figure
3a−c) and PCL/PVC (80/20) blends (Figure 3d−f) in the
presence of a single milkweed fiber. For the neat PCL matrix,
the presence of the fiber has no significant effect on the
appearance of the spherulite morphology. Initially, some
germinations/crystals nonhomogeneously distributed along
with the fiber were observed (Figure 3a). These crystals
were then developed to form a semicircular spherulitic layer
whose thickness increased with the crystallization time (Figure
3b,c). Because of the lack of abondant germinations on the
fiber surface, the spherulites in this interface have a similar
morphology to those observed in the bulk.
For the PCL/PVC (80/20) blend, the formation of various

germinations was initially observed on the fiber surface (Figure
3d). However, these germinations did not homogenously
appear on the whole fiber surface. Moreover, they were not
symmetrically developed on both sides of the fiber. They grow

slowly in a direction perpendicular to the axis of the fiber to
form the transcrystallization layers (Figure 3e,f). Compared to
neat PCL, the addition of amorphous PVC shows a notable
effect on the crystallization of the PCL. Banded spherulites,
which are observed for the PCL/PVC blend, are different from
those previously observed for neat PCL. Under special
crystallization conditions, several spherulites of semi-crystallin
polymers such as polyethylene (PE), poly lactic acid (PLA),
polycaprolactone (PC), and polyethylene terephthalate (PET)
can exhibit various morphologies, the most common are
banded or concentric ring ones.48 There are several reasons
that give birth to these rings. First, they could be because of a
twisting of the lamellar chains around their axis of growth. This
torsion leads to a modification of the refractive index following
the orientation of the crystalline planes.49 Second, it would be
because of a rhythmic variation in the thickness of the
spherulites during growth, showing regular extinctions
bands48,50 due to competition between broadcasting and
channel consumption during crystallization.51 In this case, the
addition may perturb the crystallization of PCL and lead to the
twisting of the lamellar chains of PCL. The latter is favored to
the banded spherulites.
The thickness of the transcrystallization layer was measured

as a function of time by analyzing POM images to evaluate the
effect of the fiber on the growth rate of spherulites at the
interface. The obtained results (data not shown) indicated that
for a given blend composition, the presence of the fiber did not
significantly change the crystallization growth rate of spherulite
developed at the fiber interface or in the bulk. In other words,
the crystallization rate was similar in the entire sample. The
influence of crystallization temperature on the transcrystalliza-
tion layer was also examined during the crystallization and
obtained results are similar to those presented in Figure 2,
meaning that the increase of the isothermal crystallization
temperature leads to a significant reduction in the thickness of
transcrystallization layers. This effect is particularly true at
higher crystallization temperatures (45 °C). At 35 °C, the

Figure 4. POM images showing the development of the transition layer at the composite interface with different treatment methods as a function of
the isothermal crystallization times: (i) first row: fiber treated with only distilled water: (a) 1 min; (b) 2 min; and (c) 3 min; (ii) second row: fiber
treated with a solution of 0.15 mg/mL of GO in distilled water: (d) 1 min; (e) 2 min; and (f) 3 min, (iii) third row: fiber treated with a solution of
0.35 mg/mL of GO in distilled water: (g) 1 min; (h) 2 min; and (i) 3 min. Scale bars are of 150 μm. The chemical composition of PCL/PVC =
80/20. Treatment time of the fiber with the GO solution is of 5 min. Isothermal crystallization at 45 °C.
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thickness of the transcrystallization layer of PCL/PVC was
measured to be about 400 μm while it has reduced to 120 μm
when the crystallization temperature increased to 45 °C under
the same crystallization conditions. It is worth mentioning that
the development of transcrystallization layers is not continuous
and that the measurement of transcrystallization layer should
be stopped when a spherulitic boundary between trans-
crystallization and spherulites in the bulk was achieved.
It has been previously seen that the transcrystallization layer

is not always symmetrical with respect to the fiber despite the
high density of crystal germs on the fiber surface. In fact, the
milkweed fibers are of natural origin, and hence, they do not
have a homogeneous distribution of germination to create a
transcrystallization layer (Figure 1c). The transcrystallization
layer was only induced by a large number of germinations
present on the surface of natural fibers, which forces PCL
crystals to develop in a single direction, perpendicular to the
axis of the fiber.
2.4. Effect of Fiber Treatment on Crystallization

Behavior. To promote the formation of the transcrystalliza-
tion layer on the fiber surface, graphene oxide (GO) was used
as a nucleating agent to enhance the transcrystallization on the
fiber surface. Graphene oxide (GO) was first synthesized and
then coated on to the fiber by dip-coating technique. The
fibers’ surface was dip-coated with a GO solution in distilled
water at different concentrations to control the GO layer
formation on the fiber surface.
The GO layer can promote the polymer crystalization by

creating homogeneous nucleation sites and the chemical

bonding such as hydrogen bonds and dipole−dipole
interactions between the functional groups (hydroxyl and
carbonyl) on the graphene oxide and the polymers.32 Figure 4
shows the POM images of the PCL/PVC (80/20) composite
near the fiber surface treated with different GO concentrations:
1.5 mg/mL (Figure 4d−f) and 0.35 mg/mL (Figure 4g−i). A
fiber treated by only distilled water (0 mg/mL GO
concentration) was also added as a control sample (Figure
4a−c).
In the first case, the presence of the fiber has an effect on the

spherulite development at the interface; some nucleating sites
appeared at the fiber surface to form semicircular spherulites
(Figure 4a−c). However, they are not homogeneous as some
spherulites are also observed in the bulk. It is interesting to
observe that the addition of graphene oxide leads to an
increase of the germination sites (Figure 4d−f) and a higher
density of spherulites at the interface was observed. The
morphology of these spherulites was very similar to that in the
bulk, meaning that the lamellar was freely developed in the
three-dimensional direction. Further addition of GO (0.35
mg/mL) leads to the formation of a transcrystallization layer in
which the spherulites were forced to develop perpendicularly
with the fiber surface under confined conditions (Figure 4g−i).
The transcrystallization phenomena are already observed in

various semicrystalline polymers, such as polypropylene
(PP),52,53 polyethylene terephthalate (PET),54 polylactide
acid (PLA),31 and poly(butylene succinate) (PBS).55 It was
probably first observed and described by Jenckel et al.56,57 in
1952 from which the transcrystallization was induced by a large

Figure 5. POM images showing the evolution of the transcrystallization layer at the polymer/fiber interface of PCL/PVC (80/20) blend, as a
function of crystallization times: (a) 15 s; (b) 30 s; (c) 60 s; (d) 90 s; (e) 120 s and (f) 180 s and (g) growth rates of spherulites at different PCL
contents and locations. Scale bars in (a−f) are 20 μm. The neat PCL and PCL/PVC blends were isothermally crystallized at 35 °C.
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number of germination sites on the surface of natural fibers
because of the high surface energy. The formation of these
germs reduces the energy of the system and they are very
abundant on the surface of the fibers. Germinations are,
therefore, heterogeneous. The high concentration of germina-
tions on the fiber surface conducts to a steric effect during the
growth of spherulites, which forces the polymer chains to grow
in a single direction, perpendicular to the axis of the fiber
where the chains were highly oriented (Figure 5a−f).
The growth rates of the PCL/PVC blends, isothermally

crystallized at 35 °C at different PCL contents, were calculated
by using the POM technique by measuring the radius change
of the spherulite as a function of time. Figure 5a−f shows the
development of the crystals on the fiber/polymer interface.
The thickness of this layer can be determined by measuring the
changes in its radius with crystallization time. The obtained
results show that the relationship between the radius of
spherulites and crystallization time was linear; thus, the
spherulitic growth rate can be extrapolated from these linear
curves. The growth rate values are plotted in Figure 5g for
various PCL/PVC blends. The addition of PVC leads to a
notable decrease in terms of crystallization rate of the blends.
However, the spherulitic growth rates at the interface and in
the bulk were not necessarily different and they are in the same
order of magnitude (Figure 5g).
The formation of the transcrystallization layer may involve

the possible interactions between the functional groups of GO
and the polymer matrix. The XPS was conducted to identify if
there are potential functional groups on the GO surface. Figure
6 shows an HR-TEM image of the prepared GO and a C 1s
narrow-XPS spectrum (Figure 6b). Figure 6a shows that the
GO was composed of mixed structures represented by the
presence of both multilayer stacks (blue arrows) and exfoliated
layers of graphite (red arrows) randomly distributed in the

carbonaceous matrix. The average interlayer distance between
these graphene layers was measured to be 3.5 Å which
becomes larger in the exfoliated regions. The high-resolution
spectrum of the C 1s region (Figure 6b) gives an asymmetric
and complex peak, which was fitted with five main components
centered at 284.2, 285.6, 286.7, 288.5, and 290.5 eV,
corresponding to sp2 carbon (CC), sp3 carbon (C−C/C−
H), C−O, CO, and π−π* shake-up satellites, respectively.
The high relative area of the sp2 carbon peak (compared to
that of sp3) and the presence of the shake-up, which is
characteristic of the aromatic compounds, clearly indicate the
formation of graphene sheets. However, the presence of epoxy
or alcohol groups (C−O−C and C−OH), carboxylic acid
functions (HO−CO), and sp3 hybridized carbon (C−C, C−
H) suggests the surface oxidation of a fraction of the graphene.
This helps to prove the existence of functional groups in the
GO surface that promote the transcrystallization layer.
The SEM images of the fibers before and after treatment

with graphene were also recorded to evaluate the distribution
of graphene on the fiber surface. Figure 7 shows that
nontreated fibers (dewaxed only) exhibit a smooth surface
while the GO-treated fibers exhibit the presence of a graphene
layer (white arrows) on the fiber surface. The presence of GO
on the surface of a fiber enhances the surface roughness and/or
alters the surface composition, both contributing to enhancing
the affinity of a polymer segment to absorb on the GO surface
and enhance nucleation through soft-epitaxy, as previously
observed.32

In some previous publications,26,27 it was reported that there
was a concentration gradient during the crystallization in the
PCL/PVC blend. The PCL is found to be more concentrated
on the air/polymer interface while the PVC is segregated in the
bulk. In other words, the chemical composition of the blend is
heterogeneous in the whole blend during crystallization. We

Figure 6. (a) HR-TEM of the prepared GO and (b) C 1s-XPS survey scan of GO layers showing the convolution of oxygen-attached carbon
functional groups.

Figure 7. SEM images of (a) dewaxed fibers and (b) GO-treated milkweed fibers. The arrows show the GO layer deposed on the fiber surface.
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believe that the gradient of the concentration is governed by
surface tension and the diffusion phenomena in these blends. It
is reported that the lower surface energy components in blend
systems normally enrich the surface of the blend. It is especially
true in the case of PCL/PVC blends in which PCL has a
surface tension at room temperature of about 33 dyn/cm58

while the PVC have solid surface tensions 42.023 dyn/cm,59

respectively. This phenomenon is also correlated with
observations made by Clark et al.60,61 who have been reported
a PCL surface enrichment at the air-polymer interface in PCL/
PVC blends because of the development of faster growing
spherulites at the surface than in the core, given that the
surface of the film is enriched in PCL, and therefore, the
dilution effect of the PVC component is less than it is in the
core.
In this work, the presence of a polar coated fiber (milkweed)

may cause a change in the chemical composition of the blends
at the interface because of the difference in the polarity of PCL
and PVC. To verify this hypothesis, AFM-IR measurements
were made to evaluate the chemical composition in the matrix,
especially near the vicinity of fiber/polymer interface. Figure 8
shows AFM-IR spectra pointed on the IR fingerprint region
(900−1800 cm−1). Various characteristic peaks linked to the
PCL/PVC blend were observed. The bands at 1715 and 1732
cm−1 were attributed to the axial deformation of the carbonyl
group in the crystalline and amorphous states, respectively.
This is because the AFM-IR is more resolved than the
traditional FT-IR and thus the crystallinity of the polymer can
be calculated at the nanoscale.10,11,19 The bands at 1395 and
1329 cm−1 were assigned to the symmetric angular
deformation of CH and axial deformation of C−O,
respectively. The band at 1463 cm−1 was attributed to the
angular deformation of C−H while the bands at 1068 and
1045 cm−1 were attributed to the axial deformation of O−C−
C.62 However, because of the limit of the AFM-IR laser
resource, the band at 746 cm−1, assigned to the axial
deformation of C−Cl is lacking.
The relationship between the intensity of the crystalline

(I1715) and amorphous (I1732) bands, assigned to carbonyl
groups, was also calculated. The values are found to be 0.97,
1.01, and 1.09 for the locations 1, 2, and 3 on the AFM image,
respectively (Figure 8a). It is interesting to see that the I1715/
I1732 ratios decrease when the AFM tip moves away from the
interface, meaning that there is an increase of the crystallinity
degree from the transcrystallization layer to the matrix. This

may involve the rejection of PCL amorphous during
crystallization. More specifically, a fraction of the PCL
component can be rejected from the vicinity of the interface
into the bulk under confinement conditions and be subjected
to local interactions leading to PCL chains in different
conformations. This suggestion is supported by a recent
publication by Liang et al. by using scanning nanoscale
microbeam dimensional wide-angle X-ray diffraction (2D-
WAXD) measurement for which they have found that the
crystallinity of PLA is notably higher in the transcrystallization
layer compared to that observed in the matrix.31

3. CONCLUSIONS
We demonstrated that the transcrystallization of the PCL/PVC
on the milkweed fiber is significantly enhanced by simply
coating the fiber with a layer of graphene oxide. The presence
of the GO layer on the fiber surface promotes the nucleation
sites and improves the chemical interactions between the fiber
surface and the polymer blends. By using AFM-IR, we
demonstrated, for the first time, that there is a segregation of
polymers during the crystallization at the vicinity of the
interface for which the crystallinity of PCL/PVC is higher in
the transcrystallization layer compared to that in the bulk.
The kinetics of the interfacial crystallization, as well as the

nanoscale characterization of the synthesized GO are also
reported. The addition of PVC slows down the crystal growth
rate of the PCL. The results of this work provide useful
information to similar studies on the interfacial crystallization
of natural fiber and miscible PCL/PVC blends. Future works
will be focused to provide a better understanding of the
lamellar assembly in the transcrystallization layer and to
quantitatively determine the segregation phenomena of the
blends during the isothermal crystallization.

4. MATERIALS AND METHODS
4.1. Materials. Common milkweed fibers (Asclepias

syriaca) were harvested from a local farm in Granby (Quebec,
Canada). Upon measurement, the average cell wall thickness
and fiber diameter were found to be 900 ± 120 and 20 ± 3
μm, respectively (Figure 1). They were treated with chloro-
form for 10 min to remove any waxes from their surfaces. In
some cases, these fibers were pretreated with graphene oxide
solutions for 5 min at different concentrations (0, 0.15 and
0.35 mg/mL) to promote the development of the trans-
crystallization layer. PCL, with an average molecular weight

Figure 8. (a) AFM image of the PCV/PVC (80/20) blend showing the analyzed positions and (b) AFM-IR spectra of the PCL/PVC (80/20) near
the interface. The distance between the analyzed points (1,2 and 3) is about 5 μm. The colored marker locations on the AFM image correspond to
the spectrum of the same color.
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(Mw) of 10,000 g/mol, melting point (Tm) of 60 °C, and glass
transition temperature (Tg) of −59 °C (measured by
differential scanning calorimetry, DSC), was supplied by
Sigma-Aldrich Canada. Polyvinyl chloride (PVC), with an
average Mw of 67,000 g/mol and Tg of 80 °C (measured by
DSC); was supplied by Sigma-Aldrich Canada. Tetrahydrofur-
an (THF) and chloroform (CHCl3) used in this study were of
analytical grade.
4.2. Synthesis of Graphene Oxide. Graphene oxide was

synthesized by the modified Hummer method from graphite.40

A resulting dark powder was obtained, which underwent an
ultrasonication process in water and was dried to remove
moisture. The HR-TEM shows a basal distance of about 0.3
nm. These materials contain various oxygen-containing
functional groups as described by using XPS (Figure 6,
Section 4.4).
The single composite was prepared as follows: a single fiber

was first deposited and fixed on an optical glass sheet. In the
next step, a solution of polymers (PCL or its blends), dissolved
in tetrahydrofuran (THF) at different concentrations, was
dropped on the fiber surface. The sample was dried at room
temperature in a vacuum oven for 24 h before analyzing by
POM (Section 4.3.3).
4.3. Characterization Methods. 4.3.1. Atomic Force

Microscope Infrared Spectroscopy. The AFM-IR measure-
ments were carried out using a Nano-IR2 system (Anasys
Instruments, CA, USA). The AFM images were recorded in
the contact mode with a rate line of 0.1−1 Hz using a gold-
plated silicon nitride probe (Anasys Instruments, CA, USA)
with an elastic constant of about 0.5 N.m−1 and a nominal
radius of 10 nm. The nanoscale IR spectra were collected
directly on a single fiber surface or polymeric film, within the
900−1800 cm−1 range at a spectral resolution of 4 cm−1, 256
co-averages, with at least 10 measurements. The single IR
radiation image was recorded with a scan rate of 0.1 Hz,
resolution of 512 × 512 pixels, and 16 co-averages at a power
limit within 0.3−10% at a frequency of 86 Hz. All the
measurements were carried out at room temperature in a
humidity-controlled room as described in our previous
publications.10,11,37−39

4.3.2. High-Resolution Transmission Electron Microscopy.
HR-TEM was performed using a JEOL 2170F (JEOL Inc.,
Tokyo, JAPAN) at a 200 kV acceleration voltage. EDS spectra
were acquired with an Oxford EDS detector and INCA
software. Images were acquired with Gatan’s Digital Micro-
graph software using a 4-megapixel CCD camera. The basal
distance is calculated by using Image J software and the
reported values are averaged.
4.3.3. Polarized Optical Microscopy. A Zeiss Axioskop

polarizing microscope equipped with a Linkman temperature
controller and cooling system with liquid nitrogen was used in
this study. The optical micrographs were recorded by a digital
camera (HV-D273CCD). For isothermal crystallization
investigation, samples were heated to 100 °C at a heating
rate of 10 °C/min and kept at this temperature for 3 min to a
full melting of all crystals. The system was then quickly cooled
to the desired temperature (35, 40 and 45 °C) to observe the
spherulite growth as a function of time. Image-Pro Plus
software was used to calculate the spherulite dimensions.
4.3.4. X-Ray Photoelectron Spectroscopy. XPS of the

prepared GO were performed using a Thermo Scientific K-
Alpha spectrometer equipped with a monochromatic Al Kα X-
ray source (hν = 1486 eV). The spot size was 400 μm, while

the pass energy of surveys and the high-energy resolution was
set to 200 and 50 eV, respectively. Deconvolution was
performed using Thermo-Advantage software.

4.3.5. Gas Chromatography−Mass Spectrometry (GC−
MS). The chemical composition of waxes, extracted from the
fiber surface by using chloroform was analyzed by gas
chromatography−mass spectrometry (GC−MS) (Agilent
Technologies, 7890A GC/MS) equipped with an HP-5MS
column (Agilent Technologies Inc., Santa Clara, CA, USA).
The temperature was regulated from 160 to 300 °C at 5 °C/
min. The carrier gas was helium at a flow rate of 1 mL/min
with a split ratio of 15:1. The injection and detection
temperatures were both set at 300 °C with an electronic
ionization voltage of 70 eV and an EM voltage of 1871 mV.
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