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Abstract In this work, carbon nanotubes (CNTs) were introduced into miscible
poly(r-lactide)/poly(vinyl acetate) (PLLA/PVAc) blend and the crystallization
behaviors of PLLA with the presence of PVAc and CNTs are systematically dis-
cussed. The dispersion state of CNTs was characterized using scanning electron
microscope, and the crystallization behaviors of PLLA in different conditions
including melt crystallization and cold crystallization were comparatively investi-
gated using polarized optical microscope, differential scanning calorimetry and
wide angle X-ray diffraction. The results showed that the crystallization of PLLA
was greatly restricted by PVAc. CNTs exhibit apparent nucleation effect, promoting
the occurrence of both melt crystallization and cold crystallization. However, the
nucleation effect of CNTs in the ternary composites is weakened as compared with
that in the binary PLLA/CNTs composites. It was suggested that the relatively
higher interfacial affinity between PVAc and CNTs, which possibly resulted in more
PV Ac molecule rather than PLLA molecule around the surface of CNTs, was the
main reason for the reduced nucleation efficiency.
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Introduction

Poly(r-lactide) (PLLA) has already attracted much attention of researchers in the
last decades due to its intriguing characteristics. On the one hand, it exhibits
excellent comprehensive mechanical properties (tensile strength and tensile
modulus) which are comparable to those of other polyester, such as poly (ethylene
terephthalate) (PET) [1]. On the other hand, it can be produced from completely
renewable resources ranging from corn, starch, and sucrose. After being used, the
PLLA articles can be hydrolyzed completely in the environmental condition, which
reduces the negative effect of PLLA waste on the environment. Therefore, PLLA is
also called “green plastic” and has been a promising alternative to petroleum-based
plastics.

Blending with other polymer is thought to be an efficient way to enlarge the
application field of PLLA. So far, different kinds of PLLA-based blends have been
developed through blending with other biodegradable polymers such as polyhy-
droxybutyrate (PHB) [2], poly(e-caprolactone) (PCL) [3, 4] and poly(ethylene
oxide) (PEO) [5], ductile polymers such as polyethylene (PE) [6] and poly(butylene
succinate) (PBS) [7], elastomers and/or rubbers [8—13], other polyesters such as
PET [14] and polycarbonate (PC) [15] et al. As it is well known, PLLA is a typical
semi-crystalline polymer; however, its crystallization ability is relatively weak and
usually it exhibits the completely amorphous state through common processing
procedures such as extrusion, injection-molding, compression-molding, etc.
Although most of the PLLA-based blends are immiscible with poor interfacial
interaction, the presence of the second component influences the crystallization
behavior of PLLA to a certain degree, attributing to the nucleation-assisting effect
from the second component and/or the spherulites growth-accelerating effect [16].
This is very significant since the improved crystallization ability of PLLA endows
the PLLA articles with improved promising physical properties.

It has also been reported that PLLA is miscible with several polymers, such as
poly (vinyl acetate) (PVAc) [17, 18], poly (methyl methacrylate) (PMMA) [19, 20]
and poly (p-vinyl phenol) (PVPh) [21]. In these blends, only one glass transition
temperature (7 ) is found, indicating the miscibility between the two components in
the amorphous region. Due to the strong interaction at the molecular chain level, the
crystallization of PLLA in the miscible blends is greatly restricted by the second
component, which is also the typical phenomenon about the crystallization of
semicrystalline component in the miscible blends in which the amorphous
component has a T higher than that of the semicrystalline component.

In this work, we attempted to introduce carbon nanotubes (CNTSs) into miscible
PLLA/PVACc blend to investigate the combined effects of both CNTs and PVAc on
crystallization of PLLA. It has been proved previously that CNTs exhibit excellent
heterogeneous nucleation effect for the crystallization of PLLA [22-24]. Different
from the selective localization of CNTs in an immiscible polymer blend, in which
CNTs have a tendency to selective distribute in the phase which exhibits higher
affinity to them [25], CNTs possibly exhibit homogeneous distribution in the
miscible polymer blends due to the fact that the blends usually exhibit only one
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phase in the melt state. Therefore, this work is mainly focused on whether CNTs
still exhibit the nucleation effect and promote the crystallization of PLLA phase on
one hand; on the other hand, it is expected to know whether CNTs or PVAc mainly
determines the crystallization behavior of PLLA in the miscible blends.

Experimental part
Materials

PLLA (2002D) with p-isomer content of 4.3%, M,, of 2.53 x 105 g/mol, melt flow
rate (MFR) of 6 g/10 min (190 °C/2.16 kg), and density of 1.24 g/cm® was
purchased from NatureWorks®, USA. PVAc (LPS-40Ac), M, of 9.0 x 104 g/mol,
was obtained from Ashland Chemical Company, USA. Pristine CNTs were obtained
from Chengdu Institute of Organic Chemistry, Chinese Academy of Science
(Chengdu, China). The outer and inner diameters of CNTs are 20-30 nm and
5-10 nm, respectively. The length of a single CNT is about 10-50 pm. CNTs were
washed and purified with concentrated hydrochloride acid, and the purity is above
95%.

Sample preparation

Modified CNTs were firstly prepared in our laboratory according to the method-
ology developed in our previous work [26]. After being functionalized by strong
acid, some polar groups including carboxyl and hydroxyl were introduced onto the
surface of CNTs, which was favorable for the good dispersion of CNTs in the
polymer matrix. Prior to melt blending, both PLLA and PVAc were dried in a
vacuum oven at 40 °C for 24 h to eliminate the possible effect of moisture.
Subsequently, they were melt-compounded with CNTs using an internal mixer at
the melt temperature of 190 °C and rotate speed of 60 rpm, and the mixing duration
was 8 min. In this work, the weight ratio between PLLA/PVAc was maintained at
80/20 wt/wt, and the content of CNTs was varied from 0.5 to 5 wt%. The sample
notation was defined as PLLA/PVAc/CNTs-x, where x indicated the content (wt%)
of CNTs. For example, PLLA/PVAc/CNTs-0.5 indicated that the content of CNTs
in the material was 0.5 wt%. And then, the material was compression-molded to
prepare the final samples at melt temperature of 190 °C and molding pressure of
5 MPa. Some compression-molded samples were directly characterized, and others
were firstly annealed at 80 °C for 30 min and then were further investigated to
understand the heterogeneous nucleation effect of CNTs during the cold crystal-
lization process of PLLA.

Scanning electron microscopy (SEM)

The dispersion of CNTs in the composites was characterized using scanning
electron microscope (SEM, FEI Inspect, The Netherlands) at an accelerating voltage
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of 5.0 kV. The sample was firstly cryogenically fractured in liquid nitrogen and then
the fractured surface was sputter-coated with a thin layer of gold.

Polarized optical microscopy (POM)

The isothermal crystallization morphologies of different samples were characterized
using polarized optical microscopy (POM, XPN203E, China) with a hot stage.
Firstly, a sample of about 5 mg was heated to 190 °C and pressed to obtain a slice
with a thickness of about 20 pm. The slice was then maintained at 190 °C for 3 min
to erase the thermal and mechanical history. Secondly, the slice was transferred to
the hot stage with a setting temperature of 120 °C and maintained at this
temperature for 2 h. The crystalline morphologies of samples were taken images
using a digital camera.

Differential scanning calorimetry (DSC)

A differential scanning calorimetry (DSC, Netzsch STA 449C Jupiter, Germany)
was used to investigate the crystallization and melting behaviors of samples. For the
sample as obtained from compression-molding processing, it was firstly heated from
0 to 190 °C at a heating rate of 5 °C/min, maintained at 190 °C for 3 min to erase
any thermal history, then the sample was cooled to 0 °C at a cooling rate of 5 °C/
min, subsequently, it was heated again to 200 °C at the heating rate of 5 °C/min.
The second heating curve was analyzed. For the annealed sample, it was directly
heated from 0 to 200 °C at the heating rate of 5 °C/min. The degree of crystallinity
(X.—psc) was calculated according to the following relation:

AH,, — AH

“ x 100%, (1)

Hepse = TRHT g

where AH,, is the DSC measured value of fusion enthalpy, AH,. is the cold crys-
tallization enthalpy obtained during the DSC heating process, AH?, is the fusion
enthalpy of the completely crystalline PLLA, and ¢ is the weight fraction of PLLA
in the sample. Here, the value of AH? of PLLA was selected as 93 J/g [27].

Wide angle X-ray diffraction (WAXD)

The crystalline structures of PLLA in different samples were further investigated
using a wide angle X-ray diffraction (WAXD, DX-1000 with Ni-filtered Cu Ko
radiation, China). The continuous scanning angle range used in this study was from
5° to 30° at 40 kV and 25 mA. The X._waxp Was calculated according to the
following relation:

E Acrystalline
Z Acrystalline + Z Aamorphous

where Acrystalline and Aamorphous are the fitted areas of the diffraction peaks of crys-
talline and amorphous, respectively.

Xe-waxp = x 100%, (2)
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Contact angle measurement

The surface tensions of all the components were deduced by the contact angle
measurement which was carried out on the surface of compression-molded films of
pure PLLA and PVAc. The pellets were compression-molded at 190 °C to obtain
films for testing. Contact angle was measured at 20 °C with a drop shape analysis
system (KRUSS, DSA 100). Measurement of a given contact angle was carried out
for at least 5 times. Double distilled water (H>O) and methylene iodide (CH,I,)
were used as probe liquids.

Results and discussion
Dispersion of CNTs in the composites

Figure 1 shows the morphology of the blank PLLA/PVAc blend and PLLA/PVAc/
CNTs composites. As expected, the blank PLLA/PVAc blend shows single-phase
morphology feature and it is very difficult to differentiate both PLLA and PVAc
from the blend. This is mainly because that the melt was cooled in air condition and
the relatively large cooling rate endows the sample with less time to crystallization.
Consequently, phase separation induced by crystallization of PLLA is prevented as
reported by Li and You [18]. In the PLLA/PVAc/CNTs-1 composite (seen in
Fig. Ib), CNTs are homogeneously dispersed in the blend and no CNTs
agglomerate can be observed. Furthermore, the presence of CNTs does not induce
the phase separation of the composite. Even if the content of CNTs is increased up
to 5 wt%, the composite still show the homogeneous distribution of CNTs.

Crystallization and melting behaviors of the composites

The isothermal crystallization behavior of PLLA in different samples was first
investigated and the crystallization morphologies are shown in Fig. 2. For making a
comparison, the crystallization morphology of pure PLLA is also shown. Pure
PLLA exhibits the typical spherulites with average diameter of about 100 pm. In the
blank PLLA/PVAc sample, the number of spherulites is reduced and the average
diameter of spherulites is also decreased, indicating that both the nucleation density
and the spherulites growth rate of PLLA are smaller than those of pure PLLA. This
phenomenon can be attributed to the strong interaction at the molecular level
between PLLA and PVAc. Since the chain segments of PVAc can not enter into the
crystalline cell of PLLA, the presence of PVAc chain segments and the
entanglement between PLLA and PVAc hinder the ordering of PLLA chain
segments, retarding the nucleation and spherulites growth of PLLA accordingly.
However, the addition of a few amounts of CNTs greatly influences the
crystallization behavior of PLLA. For example, the sample PLLA/PVAc/CNTs-
0.5 exhibits much more spherulites with largely decreased spherulites diameters,
apparently different from the sporadic spherulites as observed in the pure PLLA and
the blank PLLA/PV Ac blend. Increasing the content of CNTs in the composites, the
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Fig. 1 SEM images showing
the morphologies of a PLLA/
PVAc blend, b PLLA/PVAc/
CNTs-1 and ¢ PLLA/PVAc/
CNTs-5
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Fig. 2 POM images showing the crystallization morphologies of a PLLA, b PLLA/PVAc, ¢ PLLA/
PVAC/CNTs-0.5, d PLLA/PVAC/CNTs-1

average diameter of PLLA spherulites is further decreased. This indicates that CNTs
accelerate the crystallization of PLLA from the miscible PLLA/PVAc blend.
However, it should be stressed that the spherulites morphology of PLLA in the
PLLA/PVACc/CNTs-1 sample is still observed, although the interface between
spherulites is not clear and the spherulites do not show the integrated spherical
shape. This is apparently different from the observations obtained in our previous
work, in which only addition of 0.5 wt% CNTs into PLLA matrix accelerated the
crystallization of PLLA dramatically and very small spherulites with homogeneous
distribution were achieved [22]. Obviously, the presence of PVAc still prevents the
nucleation and growth of PLLA spherulites from the miscible PLLA/PVAc blend
even if the content of CNTs is increased up to 1 wt%.

To further investigate the different effects of CNTs and PVAc for the
crystallization of PLLA, the non-isothermal crystallization behavior of PLLA in
different samples was investigated using DSC and the results are shown in Fig. 3.
From Fig. 3a, one can see that at cooling rate of 5 °C/min, all the samples show the
smooth curves without any exothermic phenomenon induced by the occurrence of
crystallization. In other words, PLLA can not crystallize in this condition due to that
the relatively high cooling rate which endows the sample less time to crystallize.
Figure 3b shows the DSC heating curves of PLLA in different samples and the
corresponding thermal parameters are shown in Table 1. For the pure PLLA, one
can observe three transitions in the DSC heating curve, attributing to the glass
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Fig. 3 DSC cooling (a) and corresponding heating (b) curves showing the crystallization and melting
behaviors of representative samples as shown in the graphs

Table 1 Thermal properties of different samples obtained from DSC heating scan

Sample T, (°C)  Te Ty (°C) AHy, (/g)  AHe (J/g) X (%)
PLLA 59.8 1114 149.8/157.1  28.22 32.56 0
PLLA/PVAc 56.2 119.6  151.9/1559  21.36 23.80 0
PLLA/PVAC/CNTs-0.5 562 1053 148.2/155.1  20.77 17.47 4.46
PLLA/PVAC/CNTSs-1 56.2 1054  1483/155.7  19.78 15.85 5.34
PLLA/PVAC/CNTSs-2 56.5 107.8  148.9/1556  19.83 15.89 5.40
PLLA/PVAC/CNTSs-5 57.1 1123 149.0/1549  25.11 23.53 2.23

Samples were first cooled from 200 to 0 °C at a cooling rate of 5 °C/min

transition (7)) at temperature of 59.8 °C, the cold crystallization (7) at
temperature of 111.4 °C, and the fusion (7};,) of crystalline structure at temperature
of 150-157 °C, respectively. Because the pure PLLA does not show apparent
crystallization phenomenon during the DSC cooling process, it is suggested that the
crystalline structure detected at 150-157 °C is mainly originated from the cold
crystallization process occurred at 111.4 °C during the DSC heating process. The
double endothermic peaks can be attributed to the melt-recrystallization—melt
behaviors of raw crystallites during the DSC heating process. For the blank PLLA/
PVAc sample, the T, of PLLA is decreased to 56.2 °C while the T is enhanced up
to 119.6 °C. The slight decrease of T, of PLLA is mainly attributed to the role of
PVAc chain segments with smaller T, (42.4 °C, the corresponding DSC curve is not
shown here) which promotes the mobility of PLLA. Generally, the enhanced chain
segments mobility of PLLA facilitates the occurrence of cold crystallization during
the DSC heating process, resulting in the decrease of T,. as reported in the
plasticized PLLA sample [28, 29]. Here, the T of the blank PLLA/PV Ac sample is
enhanced, which is mainly attributed to the molecular chain of PVAc with high
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molecular weight preventing the nucleation and growth of PLLA crystallites. Only
at relatively high temperature, the chain segments of PLLA have enough energy to
exclude the restriction effect of PVAc chain segments. The presence of CNTs does
not influence the chain segments of PLLA apparently; therefore, all the composites
exhibit the similar 7, to that of the blank PLLA/PVAc blend. However, CNTs
induce apparent change of cold crystallization of the PLLA/PVAc/CNTs compos-
ites and the crystallization behavior is dependent upon the content of CNTs in the
composites. At relatively low CNTs content (0.5 and 1.0 wt%), the T, of PLLA is
decreased to 105 °C, much smaller than that of the blank PLLA/PVAc blend and
even smaller than that of pure PLLA, indicating the great nucleation effect of CNTs
for the cold crystallization of PLLA during the DSC heating process. Further
increasing the content of CNTs induces the slight increase of 7. For example, the
T.. of PLLA/PVAC/CNTs-5 is 112.3 °C, about 7 °C higher than that of PLLA/
PVACc/CNTs-1. This can be attributed to the presence of large amounts of CNTs,
which preventing the growth of spherulites as reported in the literatures. Similarly,
double endothermic peaks are observed for all the composites, suggesting the
formation of a large number of crystallites with less perfect structure during the cold
crystallization process, which subsequently melt at relatively low temperature and
transform into perfect crystalline structure through recrystallization process, the
latter crystallites then melt at relatively high temperature. Furthermore, although the
previous DSC cooling curves do not show the apparent crystallization of PLLA,
from Table 1 one can see that the presence of high content of CNTs really facilitates
the crystallization of PLLA, leading to the increase of crystallinity. It should be
noted that with further increasing the loading of CNTs above 5 wt%, the network or
aggregates of CNTs may be formed [30]. On one hand, the nucleation effect of
CNTs may be suppressed due to the aggregation of CNTs; on the other hand, the
chain diffusion can be hindered by the CNTs network and crystallization becomes
more difficult. Therefore, the resultant crystallization and melting behaviors of
composites with high loading of CNTs depend on the competition of effects of
nucleation and chain diffusion suppression induced by CNTs.

Effect of annealing treatment on cold crystallization of PLLA

To further understand the crystallization behavior of PLLA in the ternary
composites, the amorphous sample was further annealed at 80 °C for 30 min.
Figure 4 shows the DSC heating curves of annealed samples and the corresponding
thermal properties are shown in Table 2. Pure PLLA still shows the three transitions
including glass transition (7y), cold crystallization (T.) and melting (Ty,) of
crystallites. Compared with the thermal properties of unannealed PLLA sample,
annealed PLLA exhibits smaller 7., which can be attributed to the crystallites
formed during the annealing process promoting the occurrence of cold crystalliza-
tion during the DSC heating process. Furthermore, annealed PLLA sample exhibits
a single endothermic peak, suggesting that the annealed sample has more perfect
crystallites. For the annealed PLLA/PV Ac sample, the T, and T are only 54.2 and
108.1 °C, respectively, smaller than the 56.2 and 119.6 °C of the unannealed
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Table 2 Thermal properties of annealed samples obtained from DSC heating scan
Sample T, °C)  Te Tn °C)  AHn (l9)  AHe Ul))  Xe (%)
PLLA 59.2 95.4 155.7 19.04 420 15.96
PLLA/PVAc 50.6 108.1 156.9 20.63 10.93 13.04
PLLA/PVACc/CNTs-0.5 50.8 98.7 156.5 21.05 0.71 27.48
PLLA/PVAc/CNTs-1 48.6 95.9 155.3 21.59 432 23.44
PLLA/PVAc/CNTs-2 48.1 95.5 155.2 17.82 2.36 21.20
PLLA/PVAC/CNTSs-5 48.1 - 156.0 18.74 - 26.45

Samples were first annealed at 80 °C for 30 min

sample, respectively. As is well known, the Ty is related to the relaxation of chain
segments in the amorphous region. During the annealing process, PLLA component
in the miscible PLLA/PVAc blend crystallizes, forming the crystalline region with
dense chain segments packing. Accordingly, the density of chain segments of PVAc
in the amorphous region is increased, leading to more apparent effect for the
relaxation of chain segments of PLLA in the amorphous region. Consequently, the
blend shows smaller T,. Similarly, the decrease of T of the annealed PLLA/PVAc
blend is mainly attributed to the crystallites formed during the annealing process
promoting the further cold crystallization of PLLA during the DSC heating scan.
For all the composites, the T, is further decreased due to the increased density of
PVAc in the amorphous region resulted by the increase of the crystallinity formed
during the annealing process. Specifically, one can see that the cold crystallization
during the DSC heating scan becomes inconspicuous and disappears completely at
relatively high content of CNTs. This means that the crystallization of PLLA is
nearly finished during the annealing process and only a few amounts of PLLA can
further crystallize during the DSC heating scan. The variation of the crystallinity
shown in Table 2 also shows the different crystallization behaviors during the
annealing process. Annealed PLLA sample exhibits the X._pgc of 16.1%, while for
the annealed PLLA/PV Ac, the X._pgsc is 13.7%, further indicating that the presence
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Fig. 5 WAXD spectra of (110)/(200)
annealed representative samples

as shown in the graph (203)
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of PVAc restricts the cold crystallization of PLLA. For all the composites, the
X._psc is largely enhanced, proving the nucleation effect of CNTs for the cold
crystallization of PLLA.

The crystalline structures of the annealed samples were further detected using
WAXD and the results are shown in Fig. 5. For the annealed PLLA, it exhibits the
characteristic diffraction peaks at 260 = 16.5° and 18.9°, attributing to the
diffractions of (110)/(200) and (203) crystal planes of a-form of PLLA, indicating
the occurrence of cold crystallization of PLLA during the annealing process. For the
annealed PLLA/PV Ac blend, the intensity of the characteristic diffraction peaks is
decreased. However, for all the composites, largely intensified characteristic
diffraction peaks are observed, indicating the presence of the improved crystalline
structure in the composites. Specifically, for the annealed PLLA/PVAc/CNTs
samples containing fewer CNTs, besides the characteristic diffraction peaks of
(110)/(200) and (203) crystal planes, one also can see the characteristic diffraction
peaks at 20 = 14.7° and 22.3°, attributing to the diffractions of (010) and (015)
crystal planes. The X._waxp was calculated and the results are also shown in Fig. 5.
The annealed PLLA sample exhibits X._waxp of 17.7%. Slightly decreased
X.—waxp (14.6%) is obtained for annealed PLLA/PVAc blend. However, largely
increased X._waxp is observed for all the composites and the X._waxp decreases
with increasing content of CNTs. This indicates that a few amounts of CNTs
promote the cold crystallization of PLLA from the miscible PLLA/PVAc blend,
while the growth of spherulites is restricted at high content of CNTs. Obviously; the
observations obtained from WAXD measurement are consistent with those obtained
from DSC measurement.

Further understanding about the nucleation of the CNTs in the ternary
composites

Different from the dispersion of CNTs in the PLLA matrix, in which the surface of

CNTs is completely coated by the chain segments of PLLA, when the CNTs are
dispersed in the miscible PLLA/PVAc blend, the molecular absorption on the
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surface of CNTs is dependent on the interfacial affinity between CNTs and the two
components of the blend. Generally, CNTs can be easily coated by the molecule
which has high interfacial affinity to them. The interfacial affinity between CNTs
and the polymer component can be evaluated by the calculation of the interfacial
tension according to the following equations [31].

Harmonic-mean equation:

%%_%ﬁ%)7 3)

T2 =1+ —4< ;
PR N A+

and geometric-mean equation:

V12:V1+V2_2<M+\/%>7 (4)

where ), is the surface energy of component i, y? , and ¥ are the dispersive and polar
parts of the surface energy of component i, respectively. For the functionalized
CNTs with relatively higher polarity, the y, ¥ and 7 are 45.3, 18.4 and 26.9 mJ/m?,
respectively, which can be cited from the literature [32]. For the corresponding data
of PLLA and PVAc, the surface energy was calculated according to the following
equations [33, 34]:

y ="+, (5)

pi(1+ cos 0) = 2(y9)' % + 2(90)' 2, (6)

where 0 is the contact angle; y, and y; are the surface energy of solid and liquid,
respectively; yf and y? are the dispersive and the polar components of solid, and y}j
and 9 are the dispersive and the polar components of liquid, respectively. To
calculate the surface tension, one must know the corresponding surface tension of
H,O and CH,l,. These data can be obtained from the literature [35] and the
parameters are (¥ = 50.8 mJ/m? and ¢ = 22.5 mJ/m? for H,0, and y* = 2.3 mJ/
m? and y? =485 mJ/m? for CH,L,. In this work, the contact angles of distilled H,O
on the surfaces of PLLA and PVAc films are 74.00 and 57.30, and 43.50 and 67.10
for the CH,I, on the corresponding PLLA and PVAc films, respectively.

As a consequence, the corresponding surface energy data of PLLA and PVAc are
shown in Table 3. Accordingly, the interfacial tensions between CNTs and PLLA
and between CNTs and PVAc are shown in Table 4. It can be seen that the
interfacial tension between PVAc and CNTs is much smaller than that between
PLLA and PVAc, indicating that the CNTs have better affinity to the PVAc in

Table 3 Surface energy data of

. 2 d 2 P 2

the components 7 (mJ/m®) 7" (mJ/m?) " (mJ/m”)
PLLA 40.3 323 8.0
PVAc 43.6 153 28.3
CNTsa 453 18.4 26.9

* Data were cited from Ref. [32]
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Table 4 Interfacial tension as calculated by harmonic-mean and geometric-mean equations

Based on harmonic-mean Based on geometric-mean
equation (mJ/m?) equation (mJ/m?)
YPLLA—CNTs 14.04 7.5
YPVAc—CNTs 0.32 0.16

comparison with the PLLA. This means that when CNTs are dispersed in the
miscible PLLA/PV Ac blend, the surface of CNTs is easily coated by PVAc rather
than by PLLA. Obviously, the nucleation efficiency of CNTs for the crystallization
of PLLA is decreased, leading to relatively smaller nucleation density of PLLA in
the PLLA/PVAc/CNTs composite as compared with the present of CNTs in PLLA/
CNTs composites [22]. However, it should be noticed that CNTs have large aspect
ratio and the large amounts of PLLA in the composites, partial chain segments of
CNTs, which is not coated by PVAc, still show the nucleation effect for the
crystallization of PLLA, but the growth of PLLA spherulites is restricted by the
adjacent chain segments of PVAc. Further work needs to be done to prove the
hierarchy distribution of PVAc or PLLA surrounding the CNTs.

Conclusions

In summary, the crystallization behavior of PLLA from the miscible PLLA/PVAc
blend induced by CNTs has been comparatively investigated. The results show that
PVAc restricts the crystallization of PLLA greatly. CNTs exhibit apparent
nucleation effect for the crystallization of PLLA in all conditions including melt
crystallization and cold crystallization, leading to the increase of the nucleation
density; however, the spherulites growth is still influenced by the PVAc. Further
results show that the decreased nucleation efficiency of CNTs in the PLLA/PVAc/
CNTs composites in comparison with that in the binary PLLA/CNTSs composites is
mainly attributed to the better interfacial affinity between CNTs and PVAc, which
possibly leads to more PVAc molecule rather than the PLLA molecule around the
surface of CNTs and prevents the nucleation and growth of PLLA crystallites on the
surface of CNTs.
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