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ABSTRACT

A series of asymmetric PLLA/PDLA blends based on linear PLLA and PDLA (linear PDLA and star-shaped
PDLA) were prepared by solution blending, and stereocomplex crystallites (sc-crystallites) were formed
between PLLA and various PDLA due to strong hydrogen bonding. Rheological results indicated that the
melt strength of PLLA was improved due to the network structure of sc-crystallites in the PLLA melt. The
effect of PDLA on rheological behavior of the melt decreased in the following order: 6PDLA > L-PDLA >
3PDLA > 4PDLA. Dissolution experiment revealed that the formed network structure could be formed by
interparticle polymer chains or branched points. Nonisothermal and isothermal crystallization showed
that the promoting crystallization of sc-crystallites for PLLA was closely related to thermal treatment
temperature, crystallization temperature and the structure of PDLA, and the PDLA structure could change
the pattern of crystal growth during isothermal crystallization. Nucleation efficiency of sc-crystallites
during non-isothermal crystallization decreased with increasing of arm numbers of PDLA. POM results
also demonstrated that the nucleation and spherulite growth during isothermal crystallization were
affected by the PDLA structure. This study has systemically investigated the effects of the PDLA structure
on rheology and crystallization capacity of asymmetric PLLA/PDLA blends, which would provide po-

tential approaches to control the microstructure and physical performances of PLLA/PDLA blends.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Poly(lactide) (PLA), which can be derived from nature resources
(such as corn starch, sugar beets), is a green and sustainable
development plastic with the good biocompatibility and biode-
gradability [1,2]. Most importantly, the thermal processing per-
formance and mechanical properties of PLA are similar with
polypropylene (PP), polyethylene (PE) and other common plastics
[3]. Now it has attracted much attention from researchers due to
its broad application prospects and huge market potential. How-
ever, PLA also has significant drawbacks, such as brittleness
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(fracture elongation rate), poor thermal stability, slow crystalliza-
tion rate and low melt strength, which have greatly limited the
application of PLLA as an engineering plastic [4—8]. The slow
crystallization rate and poor melt strength of PLA are major in-
dustrial problems. Nowadays many efforts [9—13] have been done
to improve the performance of PLA. The nucleation and crystalli-
zation rates of PLA could be improved easily by adding a nucle-
ating agent. The incorporation of heterogeneous nucleation sites
into the polymer matrix could obviously decrease the energy
barrier for polymer crystallization, which would promote the
crystallization kinetics substantially [5]. High melt strength of
polymer can be acquired by introducing branch structure or pre-
paring polymer with high molecular weight [8]. Therefore, it is a
great challenge to found a new method that it could prepare PLA
with fast crystallization rate and high melt strength at the same
time.

Poly(lactide) stereocomplex (sc-PLA) have been widely investi-
gated due to its excellent performance since it was firstly reported


Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:shixuetao@nwpu.edu.cn
mailto:zhangguc@nwpu.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymer.2016.04.001&domain=pdf
www.sciencedirect.com/science/journal/00323861
http://www.elsevier.com/locate/polymer
http://dx.doi.org/10.1016/j.polymer.2016.04.001
http://dx.doi.org/10.1016/j.polymer.2016.04.001
http://dx.doi.org/10.1016/j.polymer.2016.04.001

Z. Jing et al. / Polymer 92 (2016) 210—221 211

by Ikada in 1987 [14]. The previous literatures have shown that sc-
PLA can be formed by the strong hydrogen bonding between PLLA
and its enantiomer PDLA, and its physical properties are different
from either PLLA or PDLA [15,16]. The melting point of sc-
crystallites is about 50 °C higher than that of homocrystallites
[17,18]. And stereocomplex formation between PLLA and poly(p-
lactide) can enhance the mechanical properties and hydrolytic/
thermal degradation resistance of PLA-based materials [16,19]. This
is because that the crystallite of sc-PLA is B crystal with 37 helical
conformation in a trigonal cell, which is different from o crystal of
homopolymer with 103 helical conformation [20]. Now sc-PLA has
been used in many applications, such as nucleating agent and
rheological modifier. Yamane et al. [21] and Tsuji et al. [24] have
reported that the addition of small amounts of PDLA is effective to
accelerate PLLA crystallization. Ma and Wei [22,23] found that sc-
crystallites reserved at the melt of PLLA could form network
structure, resulting in a transition from the liquid-like to solid-like
viscoelastic behavior. Many factors, such as the concentration of
PDLA, molecular weight, optical purity, fine structures of sc-
crystallites, initial melt states, preparation method and crystalli-
zation conditions, have been analyzed to discuss the effects of sc-
crystallites on the properties of PLLA [21—-31].

For asymmetric PLLA/PDLA blends, the common investigation
focuses on the system of linear PLLA and linear PDLA. And the
compared study of asymmetric linear-/star-shaped poly(lactide)
blends is rarely reported. Especially, the structure of sc-crystallites
in the asymmetric linear-/star-shaped poly(lactide) blends and its
effect on the polymer melt and crystallization capacity have not
been reported by any researcher. Therefore, the investigation of
asymmetric PLLA/PDLA blends with different molecular structures
of PDLA in the field has a certain theoretical significance and
guiding significance for engineering application. In this study, a
simple method was used to improve melt strength and crystalli-
zation capacity of PLLA through solution blending with 5.0 wt% of
linear or star-shaped (different arm numbers) PDLA. PDLA con-
centration was so low that stereocomplex could not either be a
continuous phase or connect all PLLA chains as cross-linking points.
The existence of this structure was investigated by a rheological
approach and dissolution experiment. The effect of this structure
on PLLA crystallization was in-depth discussed.

2. Experimental
2.1. Materials and reagents

PLLA (M,, = 2.0 x 10° g/moL) was purchased from American
Nature Works Company. The catalyst Sn(Oct), and initiators (1-
Dodecanol, 1,1,1-Trimethylolpropane Pentaerythrotol and Inositol)
were obtained from J&K Chemicals Co. Ltd. Other reagents were
analytical grade without further purification.

2.2. Synthesis and characterization of PDLA with different
structures

Poly(p-lactide) with different structures were synthesized by
ring-opening polymerization in the presence of different initiator.
Firstly, p-lactide, initiator and catalyst Sn(Oct); (0.1 wt%, related to
the weight of p-lactide) were added to a tube. The tube was
purged with nitrogen to eliminate air, and pumped vacuum until
the degree of vacuum below 30 Pa. Then the tube was sealed and
placed in an oil bath of 140 °C for 72 h. After the reaction, the
obtained substance was dissolved in chloroform, and precipitated
using an excess of methanol. The obtained precipitate was filtered
under decompression. The purification process was repeated three
times to remove completely the catalyst Sn(Oct), and the

unreacted monomer p-lactide. Finally, the obtained substance was
dried at a vacuum oven for 48 h at 60 °C. The obtained linear PDLA
was marked as L-PDLA. The prepared star-shaped PDLA (S-PDLA)
was marked as X PDLA, where X represents arm number of star-
shaped polymer. The synthetic PDLA with different structures
were characterized by NMR (300 MHz, Brucker AM300 FT, CDCl;
solvent), GPC (Waters 1515, tetrahydrofuran eluent) and DSC
(Mettler DSC1), and the results are shown in Figs. S1 and S2 and
Table 1.

2.3. Preparation of PLLA/PDLA blends

PLLA and PDLA were dissolved into dichloromethane solution,
respectively. Then two solutions were fully mixed by a magnetic
stirrer. The obtained solution was poured into the polytetrafluor-
ethylene mold for two days under room temperature for evapora-
tion of the solvent dichloromethane. Afterwards, the obtained
blend films were dried in a vacuum oven for 24 h at 50 °C to
eliminate the residual solvent. The D/L weight ratio of the prepared
blend films were fixed at 5:95.

2.4. Characterization of blends

Fourier transform infrared spectra of blends were measured
with FT-IR instrument using KBr disc as background in the range of
4000 to 500 cm™! at the resolution of 4 cm™'.

XRD curves of blend films were obtained by a Brucker X-ray
diffractometer, using Cu Ka radiation source in the scanning angle
range of 20 = 5°-35° at the scanning rate of 4°/min.

Rheological behavior of PLLA/PDLA blends was investigated
using a DHR-2 rheometer (TA instruments, USA) with a parallel
plate of 25 mm in diameter. Samples were first melted and pre-
pared to be films of 1.0 mm x 25 mm (thickness x diameter). The
obtained films were placed to the rheometer and then kept for
4 min at 190 °C. Afterwards samples were measured from 0.1 to
500 rad/s with a strain of 1.0%.

Dynamic light scattering measurements were performed onto a
particle analyzer to analyze particle sizes of stereocomplex in the
PLLA/PDLA suspensions. The suspensions were prepared by dis-
solving of PLLA/PDLA film into dichloromethane, and the suspen-
sion concentration was about 0.1 mg/mL.

Melting and crystallization behavior Thermal analysis was
measured by a METLLER differential scanning calorimetry (DSC)
under nitrogen protection. Melting behavior of blends was per-
formed by DSC from 20 °C to 240 °C at 10 °C/min. For the non-
isotherm crystallization behavior, samples were first heated to
190 °C at 50 °C/min, and held at this temperature for 4 min to erase
thermal history. Then samples were cooled to 20 °C at 2 °C/min,
and reheated to 190 °C at 10 °C/min. The effect of thermal treat-
ment temperature on crystallization behavior of the blends was
examined by the following method: sample was cooled to 80 °C at
2 °C/min after melting at the certain temperature (180 °C, 190 °C,
200 °C, 210 °C, 220 °C and 230 °C) for 4 min, and reheated to
190 °C at 10 °C/min. For investigating isothermal crystallization, the
sample was fast cooled from 190 °C to the desired temperatures
(110 °C, 120 °C, 125 °C, 130 °C, 135 °C and 140 °C) at 50 °C/min and
then held for enough time at this temperature for crystallization,
and followed by reheated to 190 °C at 10 °C/min to examine the
melting behavior.

Nucleation efficiency evaluation of sc-crystallites In order to
investigate the nucleation efficiency of sc-crystallites in the asym-
metric PLLA/PDLA blends, the self-nucleation procedure of the neat
PLLA was measured by DSC. The special procedures were as follows
[23,32]: Firstly, the neat PLLA was heated to 190 °C to erase the heat
history and kept for 4 min at the temperature. Then sample was
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Table 1

Synthesis and characterization of PDLA with different structures.
Samples [p-lactide]/[initiator] (mol/mol) M," (x10* g/mol) M,y (x10* g/mol) PDI® T.” (°C) T (°C) Yield (%)
L-PDLA 150 2.76 475 1.72 139.2 170.6 88.1
3PDLA 150 2.65 5.08 1.91 129.7 164.2 74.2
4PDLA 150 3.47 6.46 1.86 103.1 164.9 90.2
6PDLA 150 3.51 6.68 1.90 100.2 163.7/151.9 80.9

¢ Determined by GPC.
b Determined by DSC.

cooled to 80 °C at the rate of 2.0 °C/min, which is similar with the
cooling rate in the non-isothermal crystallization. This offers a
standard heat history; Secondly, the neat PLLA was heated to the
certain temperature (self-nucleation temperature) in the partial
melting zone and held at the temperature for 4 min to produce self-
nucleated seeds, and then sample was cooled to 80 °C at 2 °C/min.
The crystallization temperatures (T¢) of self-nucleated PLLA were
obtained from the cooling curves. Thirdly, DSC heating curves of
samples after melted at self-nucleation temperature for 4 min were
also measured. Samples were heated to 190 °C at 10 °C/min to
observe whether the crystallites were completely melted at self-
nucleation temperature.

Spherulite morphology The nucleation and crystalline
morphology of samples at the isothermal crystallization tempera-
ture of 130 °C were observed using a polarizing optical microscopy
(POM, Olympus CO., Tokyo, Japan) equipped with a hot-stage
(LINKAM THMS600). Samples were first placed at the glass slide,
and kept at 190 °C for 4 min. Then sample was quickly cooled to
130 °C at the rate of 50 °C/min to observe the nucleation and
spherulite morphology.

3. Results and discussion
3.1. Stereocomplex formation

Fig. 1(a) shows the finger-print region of 1000—850 cm~! at FT-
IR spectra of PLLA and PLLA/PDLA blends. The neat PLLA shows an
obvious peak at 921 cm ™, assigned to the homocrystallites of PLLA.
With addition of PDLA into the PLLA matrix, a novel peak at FT-IR
spectra of asymmetric PLLA/PDLA blends is observed at 908 cm™,
assigned to sc-crystallites in the asymmetric PLLA/PDLA blends
[15,33]. DSC curves of PLLA and PLLA/PDLA blends are displayed in
Fig. 1(b). For the neat PLLA, there is only one melting peak at about
168 °C. However, PLLA/PDLA blends show two melting peaks at
about 168 °C and 217 °C, which are attributed to homocrystallites
and stereocomplex crystallites, respectively [35]. Fig. 1(c) displays
XRD patterns of PLLA and PLLA/PDLA blends. The neat PLLA shows
several diffraction peaks at 14.8°, 16.6°, and 19°, assigned to «
crystal of homocrystallites [34,35]. For XRD curves of blends, there
are the new diffraction peaks at 11.9° and 20.6°, assigned to the
characteristic peaks of sc-crystallites [36]. These results indicate
that stereocomplex crystallites are formed in the blends based
linear PLLA and PDLA with different structures.

3.2. Rheological behaviors of PLLA/PDLA blends

The rheological behavior of the neat PLLA and PLLA/PDLA blends
at the temperature of 190 °C were explored by an oscillatory shear
rheometer. And the obtained storage modulus (G’), loss modulus
(G”), loss tangent (tand), and complex viscosity (n*) of the neat
PLLA and PLLA/PDLA blends as function of frequency are displayed
in Fig. 2. Fig. 2(a) and (b) show the storage modulus (G’) and loss
modulus (G”) of the neat PLLA and PLLA/PDLA blends as function of
frequency, respectively. It is obvious that the storage modulus and

loss modulus increase as the frequency increases from 0.1 to
500 rad/s, and the change of storage modulus is more significant
than that of loss modulus. For the neat PLLA, it shows the typical
terminal behavior with the scaling law of approximate G’ « »? and
G «w. When PDLA is incorporated into PLLA matrix, the storage
modulus and loss modulus rapidly increases with respect to that of
the neat PLLA. The PLLA/PDLA blends display an obvious solid-like
behavior at the low frequency zone. This reveals that a slow
relaxation process and an increased elasticity of the blend melt
[37,38]. This may be attributed to the sc-crystallites reserved in the
melt of PLLA/PDLA blends, which could play a role of cross-linking
agents. Similar results have been reported by Ma and Wei [22,23].
And the change of the storage modulus and loss modulus of the
PLLA/PDLA blends is closely related to the structure of PDLA in the
asymmetric PLLA/PDLA blends. At low frequency zone, the storage
modulus of the blends decreases in the following order: PLLA/
6PDLA > PLLA/L-PDLA > PLLA/3PDLA > PLLA/4PDLA, while the loss
modulus of the blends follows the order: PLLA/6PDLA > PLLA/L-
PDLA > PLLA/4PDLA > PLLA/3PDLA.

Loss tangent (tand), which is the ratio of loss modulus and
storage modulus, is a critical parameter characterizing the relaxa-
tion behavior of the viscoelastic materials. It is more sensitive to the
relaxation changes than G’ and G” [39]. To further investigate the
effect of the structure of PDLA in the PLLA/PDLA blends on rheo-
logical behavior of the blends, loss tangent of the neat PLLA and
PLLA/PDLA were discussed, as shown in Fig. 2(c). The neat PLLA
rapidly decreases with increasing of the frequency, which is a
typical behavior of viscoelastic liquid. Loss tangent decreases
obviously compared to that of neat PLLA when PDLA is added into
PLLA matrix. And a broad peak is observed for PLLA/PDLA blends.
This indicates that there exists an elastic response, which may be
attributed to the network structure in the melt of PLLA/PDLA blends
due to the cross-linking effect of sc-crystallites [33]. It is also clear
that the values of tand decreases in the following order:
PLLA > PLLA/4PDLA > PLLA/3PDLA > PLLA/L-PDLA > PLLA/6PDLA,
revealing that the cross-linking density of the blends increases in
this order [8,40]. This indicates that the structure of PDLA affected
directly the elastic response of PLLA/PDLA blends. This may be
attributed to the difference of network structure formed PLLA and
PDLA with different structures.

Fig. 2(d) displays frequency dependence of complex viscosity
(m*) of the neat PLLA and PLLA/PDLA blends at the temperature of
190 °C. The neat PLLA showed the Newtonian plateau at low fre-
quency (v < 10 rad/s). At high frequency (v > 10 rad/s), complex
viscosity decreases with increasing frequency, which is attributed
to shear thinning. In contrast, the complex viscosity of PLLA/PDLA
blends has steep slopes. No-Newtonian plateau is observed at all
the range of frequency. This indicates that sc-crystallites obviously
reinforce the PLLA melt. It can be found that the complex viscosity
of the melt of blends at lower frequency becomes lower in the
following order: PLLA/6PDLA > PLLA/L-PDLA > PLLA/3PDLA > PLLA/
4PDLA. This reveals that the formed sc-crystallites have the obvious
difference for reinforcing the melt due to the different of the
structure of PDLA.
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Fig. 1. (a) the finger print region of 1000—850 cm~' at FT-IR spectra of PLLA/PDLA

blends; (b) DSC curves of PLLA/PDLA blends at the first heating scan; (c) XRD curves of
PLLA/PDLA blends.

The above results have revealed that the incorporation of PDLA
into the PLLA matrix obviously reinforces the melt of PLLA due to

the formed network structure by the cross-linking effect of sc-
crystallite. Usually, crystallites possess a high modulus, so the
dispersed crystallites in the melt could reinforce the melt [41,42].
But the part of PLLA chains is incorporated into sc-crystallites,
which act as the core surrounded by PLLA chains. Therefore, sc-
crystallites not only increase the molecular weight, but also play
arole of cross-linking point. So this structure could greatly improve
the melt strength of polymer. The above findings also demonstrate
that the difference of rheological behavior of the blend melt is
closely related to the structure of PDLA and the formation mecha-
nism of sc-crystallite. For linear PLLA and linear PDLA, sc-
crystallites would be formed by layer by layer arrangement of L-
segment and D-segment [43,44]. In the asymmetric PLLA/PDLA
blends, the larger the sc-crystallites formed, the more the incor-
poration of PLLA chains in sc-crystallites. For linear PLLA and star-
shaped PDLA, linear L-segment would form sc-crystallites with
each arm of S-PDLA by strong hydrogen bonding [3]. So the for-
mation of sc-crystallites in the asymmetric PLLA/S-PDLA blends is
very complicated. Compared to the blend PLLA/L-PDLA, the blends
PLLA/S-PDLA contains the branch points due to the branch struc-
ture of S-PDLA. While the arm length of PDLA with similar mo-
lecular weight decreases with increasing of arm number, resulting
in small sc-crystallites. This would decrease the effect of crystallite
for reinforcing polymer melt, but the reserved sc-crystallites in the
PLLA/S-PDLA blends may form more cross-linking points. There-
fore, the structure of formed network in the asymmetric PLLA/S-
PDLA is very complicated with respect to that of PLLA/L-PDLA.

3.3. Structure of the formed stereocomplex network

Rheological experiments have demonstrated that there exhibits
a network structure at the melt of asymmetric PLLA/PDLA blends
due to the special structure of sc-crystallite related to the branched
structure of star-shaped PDLA. However, the investigation on the
structure of formed network is not reported. Horst et al. [45] and
Coppola et al. [46] found that there formed analogous cross-linking
structure during crystallization process. For linear polymer, there
exist three possible structures: (i) impingement of amorphous
chains, immobilized by their segment attachment within a crys-
talline structure, with similarly immobilized chains from adjacent
structures; (ii) a network of bridging molecules which have seg-
ments in neighboring sc-crystallites; (iii) immediate contact be-
tween sc-crystallites. As shown in Fig. 3(a), the structures of A—C, D,
and E stand for the probabilities of (i), (ii) and (iii), respectively.
With the structure evolution from A to E, the distance between
neighboring sc-crystallites should decrease. It is known that the
formation mechanism of stereocomplex between linear PLLA and
star-shaped PDLA is different from linear PLLA and linear PDLA.
Shao et al. [3] have reported that the branch of 3PDLA and PLLA
chain in the PLLA/3PDLA were packed side by side orderly to sc-
crystallites. So the branched structure is retained completely in
the blends. As shown in Fig. 3(b), there exists several possible when
linear PLLA and star-shaped PDLA forms sc-crystallites: (i) a branch
of S-PDLA only participates into the formation of sc-crystallites; (ii)
all braches joins into sc-crystallite formation; (iii) the part of the
branches (>2) is embedded into sc-crystallites. Therefore, for
asymmetric PLLA/S-PDLA blends, it could contain the structure
described in Fig. 3(b), which would enable the formed network
structure more complicated. Especially for the structure of b, c,
d and e in Fig. 3(b), the cross-linking points of sc-crystallites is
obviously improved due to the branched structure of S-PDLA.
Therefore, the network structure in asymmetric PLLA/S-PDLA
blends could be formed by cross-linking effect of sc-crystallites
and the branched structure of S-PDLA. However, S-PDLA pos-
sesses larger steric hindrance, which may decreases the arm
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numbers of S-PDLA embedding into sc-crystallites.

To investigate the structure of the formed network, the disso-
lution experiment of PLLA/PDLA blends were measured using
dichloromethane as the solvent. It is known that the dichloro-
methane is a good solvent for PLLA, but it could not dissolve sc-
crystallites. From the dissolution experiment, the sc-crystallites
were not connected together as a whole but were separated from
each other and suspended homogeneously in the dichoromethane
solution. Therefore, the structures of D and E in PLLA/L-PDLA blend
could be excluded. Because neighboring sc-crystallites are imme-
diately connected by each other and by the bridging molecules, sc-
crystallites are not dissolved and still connected by each other by
these bridging molecules which have segments in neighboring sc-
crystallites after the uncomplexed PLLA and PDLA chains are dis-
solved into dichoromethane [22,46]. For the cases of A—C, neigh-
boring sc-crystallites are connected by the amorphous PLLA chains,
which can be dissolved in dichoromethane. So the neighboring sc-
crystallites will be separated with each other in the solvent after
these amorphous chains dissolved in dichoromethane [22,46,47].
Therefore, the structures of A-C may be coexist in the asymmetric
PLLA/L-PDLA blends. For PLLA/S-PDLA blends, the network struc-
ture would be formed by the structures of A-C in Fig. 3(a) and the
branched structures described in Fig. 3(b). The obtained size dis-
tribution of sc-network structure is displayed in Fig. 4. It is clear
that there exist colloidal particles in the dichloromethane solution
of PLLA/PDLA, and the size distribution of colloidal particles

presents the multimodal distribution. Narital et al. [48] found that
the lamellar thickness of sc-crystallites in the asymmetric PLLA/
PDLA blends is about 20 nm. As shown in Fig. 3(b), the amorphous
segments and branched structure produces the network structure,
results in the agglomerate of sc-crystallites. In Fig. 4, there is a peak
at about 20 nm except for the blend PLLA/4PDLA, which may be
attributed to the lamellar of sc-crystallites that could not partici-
pate into the agglomerate. This may be attributed to the steric
hindrance of S-PDLA, which decreases the arm numbers of S-PDLA
embedding into sc-crystallites. With increasing of the arm numbers
of PDLA participated into sc-crystallites, the larger colloid presents
more distribution peaks of colloid, as shown in Fig. 4(d). The
increased arm numbers offers more chance for the formation of
colloid with different particle size.

3.4. Non-isothermal crystallization behaviors of PLLA/PDLA blends

Fig. 5(a) and (b) show the DSC cooling curves and heating curves
of PLLA and PLLA/PDLA blends cooling from 190 °C, and the ob-
tained thermal parameters are listed in Table 2. In Fig. 5(a), the
crystallization peak of the neat PLLA appears at 100.9 °C. For the
blends, their crystallization temperature decreases from 121.6 °C to
96.7 °C with increasing of the arm number of PDLA, indicating that
the reserved sc-crystallites in asymmetric PLLA/PDLA blends pre-
sents different promoting capacity of PLLA crystallization. This may
be attributed to the PDLA structure. The dissolution experiment has
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Fig. 3. Schematic diagrams for the probable structures of the formed network in the
blends PLLA/L-PDLA (a) and PLLA/4PDLA (b).

demonstrated that the PDLA structure impacts directly on the
structure of sc-crystallite network, and the rheology results indi-
cate that cross-linking density of sc-crystallite network in the PLLA/
PDLA blend is affected by the PDLA structure. Therefore, the PDLA
structure is critical factor affecting the crystallization of PLLA/PDLA
blends. Except the neat PLLA, the cold crystallization peak of the
blends decreases or disappears with respect to the neat PLLA in
Fig. 5(b). Furthermore, the blends show a sharp melting peak
instead of the typical double melting peaks. This indicates that
PDLA obviously accelerates the crystallization of PLLA. It is clear
from Table 2 that crystallinity of PLLA and the blends decreases in
the following order: PLLA/4PDLA > PLLA/L-PDLA > PLLA/
6PDLA > PLLA/3PDLA > PLLA. In this study, PLLA/PDLA blends are
prepared by solution blending, which would make the fully stretch
of polymer segment. So all PDLA in the blends participate into the
sc-crystallites formation. Thermal treatment temperature of 190 °C
is lower than the melting temperature of sc-crystallites (Tinsc),
which could act as nucleation sites and promote the PLLA crystal-
lization. For PLLA/L-PDLA blends, the concentration of PDLA in the

blends directly affects the PLLA crystallization. In our study, the
blends contain the similar concentration of S-PDLA, but they show
different crystallization behavior. This may be attributed to the
chemical structure of PDLA. The DLS results of Fig. 4 have demon-
strated that the PDLA structure affects the agglomerate of sc-
crystallites in the PLLA/PDLA blends. It is known that the particles
with either smaller or larger surface area could not play a role of
heterogeneous nucleation agent [21]. So the PDLA structure affects
directly the nucleation efficiency of sc-crystallites. The cross-
linking effect of sc-crystallites also limits the crystallization of
PLLA. Therefore, the crystallization capacity of the blends is a
complicated problem, which is closely related to the nucleation and
the cross-linking effect of sc-crystallites.

The effect of thermal treatment temperature on crystallization
behavior of the blends PLLA/L-PDLA and PLLA/6PDLA was also
investigated, and the obtained results are shown in Fig. 6. Fig. 6(a)
shows DSC cooling curves of PLLA/L-PDLA after melting at different
temperatures. The PLLA crystallization temperatures of the blends
melted at 180—200 °C are higher than those of the blends melted at
210—230 °C. Fig. 6(b) displays DSC heating curves of PLLA/L-PDLA.
The melting peak of PLLA/L-PDLA treated at the range of
180—200 °C doesn't have the obvious change, while melting peak
becomes width and the melting temperature shifts to lower tem-
perature when thermal treatment temperature exceeds 210 °C. And
DSC curves present the obvious exothermic peak when the treating
temperature is 220 or 230 °C, revealing the decreasing of pro-
moting crystallization capacity of sc-crystallites. This is attributed
to thermal stability of sc-crystallites. The melting temperature of
sc-crystallites in the blends is about 210—220 °C as shown in
Fig. 1(b). At lower thermal treatment temperature (<Tpmsc), SC-
crystallites reserved in the blends play a role of heterogeneous
nucleation sites, accelerating the crystallization of PLLA. At higher
treatment temperature (>Tpns), Sc-crystallites are completely
destroyed. Although sc-crystallites could be formed again during
the cooling process, its number and size is obviously different. As
shown in Fig. 6(a) and (b), the promoting crystallization capacity of
re-formed sc-crystallites is lower than the reserved sc-crystallites
in the PLLA/L-PDLA blends. Fig. 6(c) and (d) displays DSC cooling
curves of PLLA/6PDLA after treated at different temperatures and
the subsequent heating curves. In Fig. 6(c), the crystallization
temperature of the blends first decreases and then increases with
increasing of thermal treatment temperature, which is different
with the PLLA/L-PDLA blends. It is clear that cold crystallization
peak appears when thermal treatment temperature is 230 °C. This
is related closely to the PDLA structure. Sc-crystallites based on
PLLA and 6PDLA exist more defect compared to PLLA and L-PDLA
because of branched structure and steric hindrance. With
increasing of thermal treatment temperature, the imperfect sc-
crystallites are first melted and the size of perfect sc-crystallites
becomes smaller. When the surface of sc-crystallites is lower than
the certain value, it couldn't act as heterogeneous nucleation sites.
This could lead to the decreases of the nucleation efficiency of sc-
crystallites. When thermal treatment temperature exceeds Ty,
sc-crystallites are completely destroyed, which would release all
PDLA chains. During cooling process, the free PLLA and PDLA chains
could form sc-crystallites again. The branched structure of PDLA is
beneficial to the alternated arrangement of polymer chains during
the formation sc-crystallites. As shown in Fig. 6(c), crystallization
peaks assigned to sc-crystallites is observed when thermal treat-
ment temperature is higher than Tps.. So the re-formed sc-
crystallites possess the large surface, which meet the requirement
of sc-crystallites as heterogeneous nucleation sites [21]. These re-
sults reveal that the reserved sc-crystallites in the PLLA/L-PDLA
blend shows stronger promoting crystallization capacity than the
PLLA/6PDLA blend at lower thermal treatment temperature
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(<Tmsc)- While the re-formed sc-crystallites in the PLLA/6PDLA PLLA at higher thermal treatment temperature (>Tp,sc) with respect
blends presents the obvious promoting crystallization capacity for to that of PLLA/L-PDLA. These findings reveal that the promoting
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Table 2
Thermal parameters of PLLA and PLLA/PDLA blends obtained from DSC.

Samples T. Tec T, AH,¢ AH,, Xc

m
Q) Q) 0 (/g J/g) (%)
PLLA 1009 1141 1629/ 19.0 334 155
167.4
PLLA/L- 1216 — 165.4 - 289 32.7
PDLA
PLLA/3PDLA 1181 1054  166.1 48 24.4 222
PLLA/4PDLA 1154  — 164.7 - 303 343

PLLA/6PDLA 96.7 98.4 116.1 22 25.5 26.4

—Not detected.
DSC programs: cooling from 190 °C by 2 °C/min and then heating to 190 °Cby 10 °C/
min.

crystallization capacity of sc-crystallites for PLLA is controlled by
thermal treatment temperature and the PDLA structure.

3.5. Isothermal crystallization behaviors of PLLA/PDLA blends

[sothermal crystallization kinetics of PLLA/PDLA blends with
different structures of PDLA were further studied by DSC at the
temperature range (T, = 110—140 °C). Based on the obtained curves
of heat flow versus crystallization time (as shown in Fig. S3),
crystallization Kkinetics were analyzed by the Avrami equation
[49,50].

log[ — In(1 — X;)] = nlogt + logk

—
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where X; is the relative degree of crystallinity; t is crystallization
time; k represents the crystallization rate constant; n is the
Avrami exponent, which is related to the type of nucleation and
the geometry of crystal growth [48,49]. As show in Table S1, the n
values of the neat PLLA are around 2.46—3.01, revealing a three-
dimensional crystallization and homogeneous mechanism.
Similar result has been reported by Krikorian et al. [51]. For the
blends PLLA/L-PDLA and PLLA/4PDLA, the values of n are in the
range of 3.39—3.87 (except for 130 °C) and 3.26—3.98, suggesting a
three-dimensional crystallization growth and heterogeneous
nucleation mechanism. For PLLA/3-PDLA, the values of n are in the
range of 1.84—1.99 at above 125 °C, while the n values are in
the 2.73—3.03 at low 120 °C. This reveals that there are two
different crystallization mechanisms in the asymmetric PLLA/
3PDLA blend, strongly related to the isothermal temperature. At
high T, the PLLA of the blend could form the fibrillar crystal, while
the flake crystallites could be observed at low T, as reported by
Nouri et al. [50] For PLLA/6PDLA, the n values is at the range of
2.45-3.03 except for T, = 110 °C, suggesting a two-dimensional
crystallization growth (discoid, flake) and heterogeneous nucle-
ation mechanism. This is attributed to the high cross-linking
density of PLLA/6PDLA, limiting the mobility of PLLA chains. The
n value of PLLA/6PDLA is 4.11 at 110 °C, indicating a three-
dimensional crystallization growth and homogeneous nucle-
ation mechanism as the dominated crystallization mechanism.
This is because the lower T, is beneficial to the formation of ho-
mogeneous nucleation sites. These results indicate that PLLA/
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heat flow(W/g)

"

T T T
80 100 120 140 160 180

temperature(°C)
@ PLLA/6PDLA

heat flow(W/g)

T T T T T
80 100 120 140 160 180
temperature(°C)

Fig. 6. DSC cooling curves by 2 °C/min(a, c) and heating curves by 10 °C/min (b, d) of PLLA/L-PDLA and PLLA/6PDLA after melting for 4 min at different temperatures.
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Fig. 7. Crystallization half-time (a) and crystallinity (b) of PLLA/PDLA blends isotherm-crystallized at different temperatures.

PDLA blends present the different ways of crystal growth due to
the different structures of PDLA. The overall crystallization rate
constant k is also shown in Table S1. For the neat PLLA, the k values
show the decrease trend with increasing of crystallization tem-
perature. This is because the crystallization of the neat PLLA is

controlled by homogeneous nucleation mechanism. The low T is
helpful for nucleation sites. However, the k values of the blends
don't present the order with increasing of T.. This is because the
asymmetric PLLA/PDLA blends have a similar branched structure.
And rheological results reveal that the cross-linking density of
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Fig. 8. DSC melting curves of blends isotherm-crystallized at different temperatures: (a) PLLA/L-PDLA, (b) PLLA/3PDLA, (c) PLLA/4PDLA, (d) PLLA/6PDLA.
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Fig. 10. Nucleation efficiency (NE) of sc-crystallites formed PLLA and PDLA with

different structures to PLLA.

PLLA/PDLA blends is related to the PDLA structure. This makes the
blend system more complicated. Meanwhile, the T, affects also
crystallization of PLLA. Therefore, this is a common result of the
above described factors.

The crystallization half-time (tp5), defined as the time when X;
arrives 50%, can obtained from the curves of relative crystallinity
versus crystallization time. The obtained tg 5 values are shown in
Fig. 7(a). As shown in Fig. 7(a), the value of tg 5 increases as the T,
increases. And the incorporation of PDLA in the PLLA matrix
obviously decreases the value of tg 5. At lower T, (<130 °C), the tg 5
of the blends decreases in the following order: PLLA/L-
PDLA = PLLA/4-PDLA > PLLA/3PDLA = PLLA/6PDLA, while it be-
comes lower in the following order: PLLA/L-PDLA > PLLA/4-
PDLA > PLLA/3PDLA > PLLA/6PDLA at higher T; (>130 °C). This is
closely related to the sc-crystallites reserved in the blends. There-
fore, sc-crystallites play two competitive roles: nucleation sites to
promote the crystallization rate and cross-linking points to confine
the chain mobility. Its nucleation role at low T is displayed due to
the slow mobility of polymer chain. At high T, the mobility of
polymer chains is accelerated, leading to the full display of the
formed network cross-linking effect. Consequently, this indicates
that the PDLA structure has the obvious effect on the PLLA crys-
tallization due to the difference of sc-crystallites formed by linear
PLLA and PDLA with different structures.

Fig. 7(b) shows the crystallinity of blends after isotherm-
crystalized at different temperature. For PLLA/L-PDLA, its crystal-
linity first increases and then decreases with increasing of T.. At
higher T, polymer chains show good movement capacity, which is
advantage for PLLA crystallization. With decreasing of T, the
movement capacity of polymer chains decreases, resulting in the
decreasing of crystallinity. When the T, further decreases, homo-
geneous nucleation is the dominated mechanism. This would
promote PLLA crystallization again. However, the crystallinity of
PLLA/S-PDLA is always increases with increasing of T.. In the
blends PLLA/S-PDLA, there have larger cross-linking points than
PLLA/L-PDLA. This is because the branched point of S-PDLA may
also play a role of cross-linking point. So the crystallization of PLLA/
S-PDLA is mainly controlled by the movement of polymer chain.
With increasing of T, the movement capacity of polymer chain
increases, which would promote crystallization. It can be found
that the crystallinity of PLLA/S-PDLA presents the trend: PLLA/
4PDLA > PLLA/3PDLA > PLLA/6PDLA. At present the interpretation
for this phenomenon subjects to further discussion. It may be
related to nucleation efficiency and cross-linking effect of sc-
crystallite, and the PDLA structure.

Melting temperature of polymer is closely related to crystal-
lite structure, so polymorphic structure of PLLA/PDLA blends
isotherm-crystallized at different temperatures can be evaluated
from the melting behavior. Fig. 8 shows the DSC melting curves
of PLLA/PDLA blends isotherm-crystallized at different tempera-
tures. It can be found that the blends isotherm-crystallized at
110 °C show double melting peaks, which may be attributed to
the melt recrystallization mechanism. With increasing of T,
the double melting peaks merge into one peak and the temper-
ature corresponded to the melting peak increases. At lower Tg,
PLLA could form homogeneous nucleation sites due to the
low mobility capacity of PLLA chain. Therefore, there are
both homogeneous- and heterogeneous nucleation, which leads
to different perfect degree of crystallites. At higher T, there has
only heterogeneous nucleation because the mobility of PLLA
chain accelerates, improving the perfect degree of the crystal-
lites. So there does not undergo recrystallization upon heating.
Similar results have been reported by Pan [52]. It is also clear that
the PDLA structure doesn't affect the crystal structure.
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Fig. 11. Spherulite morphologies of PLLA/PDLA blends during isothermal crystallization of 130 °C after cooling from 190 °C.

3.6. Nucleation and spherulite growth

To investigate the nucleation effect of sc-crystallites in the PLLA/
PDLA blends for PLLA, the nucleation efficiency of sc-crystallites
was employed. A nucleation efficiency scale for a given polymer
is determined by cooling a polymer sample from the melt. Upon
cooling, the sample will crystallize at a given temperature, and an
effective nucleating agent will cause the crystallization tempera-
ture (T¢) of the homopolymer to increase, with a higher tempera-
ture corresponding to an increased level of nucleation. The
nucleation efficiency (NE) can be calculated by the followed
equation [32].

NE(%) = 1€~ Tmin_ 100%

Tmax — Tmin
where Trhax represents the maximum crystallization temperature of
polymer after self-nucleation; Ty, is the crystallization tempera-
ture of pure polymer; Tc, which can be acquired from Fig. 5(a), is the
crystallization temperature at cooling process. Self-nucleation is
considered to be the ideal case for pure polymer crystallization due
to an optimum dispersion of crystallites and the favorable inter-
action between polymer melt and polymer crystal fragment.
Fig. 9(a) shows DSC cooling curves of the neat PLLA after self-
nucleation at different temperature. It is obvious that crystalliza-
tion temperature at the self-nucleation temperature of 190 °C s the
minimum (T, = 100.9 °C). With decreasing of self-nucleation
temperature, crystallization temperature obviously increases. This
is because the decreased temperature would occur the partial
melting zone, where exists a large number of self-nucleation seeds.
Tmax Should appear at the lowest self-nucleation temperature of the
partial melting zone which is defined to the temperature at which
stable crystal fragments arrive at the saturated sate and insufficient
melting occurs at temperatures when self-nucleation temperature

is lower than it. As show in Fig. 9(b), the melting peak shifts to low
temperature as self-nucleation temperature increases, and the
melting peak disappears at self-nucleation temperature higher
than 168 °C. This indicates that 168 °C is the lowest self-nucleation
temperature of the partial melting zone. Therefore, Tpqx = 132.2 °C
could be acquired.

Fig. 10 shows nucleation efficiency of sc-crystallites in the PLLA/
PDLA blends to PLLA during non-isothermal crystallization. For the
blends PLLA/L-PDLA, its nucleation efficiency could arrive at 66.1%.
It is clear that the nucleation efficiency decreases with increasing of
arm number of PDLA added in the PLLA/PDLA blends. Even the
nucleation efficiency of sc-crystallites in the blends PLLA/6PDLA is
the negative value (—13.4%). This may be closely related to the
structure of PDLA. Sc-crystallites could be formed by the strong
hydrogen bonding between PLLA segment and PDLA segment. So in
the process of sc-crystallite formation, the number of PLLA segment
is incorporated into sc-crystallites. This may be form an analogous
star-sharp structure, where sc-crystallites acts as the nuclear and
the surplus PLLA segment acts as arm. While with increasing of arm
number of PDLA, the arm length of PDLA with similar molecular
weight becomes short. This may form smaller sc-crystallites that
haven't the enough surface area to act as nucleation sites.
Furthermore, sc-crystallites could confine the movement of PLLA
segment due to its cross-linking structure, decreasing its nucleation
efficiency. Fig. 11 show spherulite morphology of PLLA and PLLA/
PDLA blends during isothermal crystallization of 130 °C after
cooling 190 °C. For PLLA/PDLA blends, the density of spherulites
increases with the addition of PDLA with respect to the neat PLLA.
These may be attributed to heterogeneous nucleation of sc-
crystallites reserved in the PLLA melt. The spherulite density de-
creases in the following order: 4PDLA/PLLA>6PDLA/PLLA > L-PDLA/
PLLA>3PDLA/PLLA. This may be attributed to the stereocomplex
network structure formed at asymmetric PLLA/PDLA blends, which
results in the two roles of sc-crystallites: nucleation sites and cross-
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linking points, as proved by rheological results and DSC results.
4. Conclusions

This study has found that the asymmetric PLLA/PDLA blends
exists the complicated network structure, which is closely related
to sc-crystallites and the branched structure of PDLA. Rheology
indicated that sc-crystallite reserved in the melt is a good rheo-
logical modifier, and could achieve the transition from the liquid-
like to solid-like viscoelatic behavior. Effect of PDLA on rheolog-
ical behavior of the melt complies with the sequence: 6PDLA > L-
PDLA > 3PDLA > 4PDLA. Dissolution experiment revealed that the
sc-crystallites network in the melt of PLLA could be formed by
interparticle polymer chains which are restrained by the cross-
linking effect of sc-crystallites or branch points of PDLA. Crystalli-
zation and melting behaviors of the blends were deeply analyzed
by DSC, indicating that the crystallization capacity of the blends is
closely related to thermal treatment temperature and the structure
of PDLA. PDLA promotes obviously the PLLA crystallization when
cooled from 190 °C, and the promoting crystallinity capacity com-
plies with the sequence: 4PDLA > L-PDLA > 6PDLA > 3PDLA, which
is attributed to sc-crystallites in the PLLA/PDLA blends. The
reserved sc-crystallites in the PLLA/L-PDLA blend shows stronger
promoting crystallization capacity than the PLLA/6PDLA blend at
lower thermal treatment temperature (<Tms). While the re-
formed sc-crystallites in the PLLA/6PDLA blends presents the
obvious promoting crystallization capacity for PLLA at higher
thermal treatment temperature (>Tns) With respect to that of
PLLA/L-PDLA. Isothermal crystallization revealed that the reserved
sc-crystallites in the PLLA/PDLA blends presents different the pro-
moting crystallization capacity due to the different PDLA structure.
And the nucleation efficiency of sc-crystallites in the blends de-
creases with increasing of the arm numbers of PDLA. POM results
reveal that spherulite density decreases in the following order:
4PDLA/PLLA > 6PDLA/PLLA > L-PDLA/PLLA > 3PDLA/PLLA.
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