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ABSTRACT: The focus of this research is the study of the microstructures and miscibility at the interface between semi-crystalline and
amorphous PLAs [poly (r-lactic acid)(PLLA) with poly (1,b-lactic acid)(PDLLA), respectively]. The blends are prepared through ther-
mal processing (extrusion and hot-pressing). To increase the area of interface between PDLLA and PLLA, the fibers from PLLA and
PDLLA are used. Thermal and microstructures of the blends were studied by differential scanning calorimetry (DSC), polarized opti-
cal microscopy (POM), dynamic thermogravimetric analysis(DMA), small-angle X-ray diffraction(SAXS) and wide-angle X-ray dif-
fraction (WAXD). The two PLAs are miscible in molten state. However, phase separation is detected after various thermal treatments,
with PDLLA being excluded from the regions of interlamellar PLLA regions when PDLLA content is low, as determined from X-ray
diffraction studies. The compatibility between the two PLAs is not perfect in the molten state, since enthalpies of the various blends
at T, are lower than any pure PLA material. The semi-crystalline PLLA fiber can recrystallize alone in the molten amorphous PDLLA,

and a higher nuclei density is observed at the interface. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 41205.
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INTRODUCTION

Miscibility of components in polymer blends has attracted great
attention because it is usually a key factor in determining the
performance of blends."” Because miscibility is a thermody-
namic concept, it is meaningful only under equilibrium condi-
tions, and thus the study of miscibility in the liquid state is
thermodyanmically more valid than that its study in the solid
state where kinetics also plays a role. A special group of poly-
mer blends which have various levels of miscibility are those
when the constituent polymers are from same chemical compo-
nent, such as the blends of isotactic polypropylene (iPP) with
amorphous polypropylene (aPP), the blends of high density
polyethylene (HDPE) with low density polyethylene (LDPE),’
the blends of isotactic polystyrenes (iPS) with syndiotactic poly-
styrenes (sPS)* and the blends of PLLA with poly (p-lactic acid)
(PDLA). The miscibility of this kind of polymer blends has
attracted much attention, since the similarity of chemical com-
ponents could increase polymeric knowledge to understand the
miscibility of polymer blends more broadly. The study of misci-
bility of this kind of polymer blends is not only of scientific
interest, but also has industrial importance, an example being
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the development of self-reinforced composites (SRCs), or
single-polymer composites in which a polymer matrix is rein-
forced by the reinforcing agents, such as particles or fibers from
same polymer.”™ This is particularly of interest where both
components are biodegradable (such as in this work), because
the final composite may show the kinds of benefits of incorpo-
ration of composite fibers, whilst the blend also remains
biodegradable.

For this kind of polymer blend, the most extensively investi-
gated system involves blends of HDPE/LDPE, which have previ-
ously been reviewed.'® Generally, they are considered as
miscible in the molten state, with phase separation observed
during solidification. It is believed that the subsequent immisci-
bility is attributed to the differences in the interaction energies
of CH,, CHj3, and CH groups, which result in different crystalli-
zation rates. Another popular polyolefinic blend that of iPP
combined with amorphous components aPP has also received
much attention because aPP is a noncrystallizable component
that cannot exist in the crystalline lattice of iPP. The location of
the amorphous aPP chains can be divided into three size scales:
interspherulitic (where the aPP phase is located at the
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spherulitic boundaries, and is completely excluded from the
growing spherulites), interfibrillar, and interlamellar segregation.

Compared with polyolefins, there is much less reports relating
to polyester blends in which the polymers contain the same
chemical component. PLA is one of the few kinds of polyester
that has been studied in such a way. The blends of enantiomeric
PLAs, PLLA and PDLA, can result in a higher melt temperature
because a stereocomplex is formed due to the strong interac-
tions between PLLA and PDLA chains.!'™'® Moreover, PLLA/
PDLA blends have a higher hydrolysis resistance compared with
that of pure PLLA and PDLA, even when it is amorphous, again
due to the strong interaction between PLLA and PDLA
chains."'"® On the other hand, PLLA comprises isotactic
sequences which are crystallizable, whereas PDLLA is composed
of a racemic mixture of 1- and p-lactides and is thus amor-
phous.'® PLLA is usually hard and brittle which hinders its
usage in many applications. Blending PLLA with amorphous
PDLLA can improve the toughness of PLLA.'” Furthermore;
PDLLA can degrade quickly due to its amorphous structure.
Thus, the degradation time of PLLA/PDLLA blends can be con-
trolled through various blending ratios. The miscibility of
PLLA/PDLLA blends has been extensively studied.'®' As for
most polyesters, the thermal behaviors of PLA are much more
complex than that of polyolefins. A number of key thermal
events such as glass transition T, cold crystallization T. and
melting T, as well as crystallization T, during cooling have all
been reported.”

Tsuji et al.'® have discussed the effects of mixing ratio on crys-
tallization. The crystallization of PLLA takes place in the PLLA/
PDLLA blends from the melt when the PLLA content is high.
The morphology of spherulites becomes increasingly disordered
with a decrease in PLLA content, explained by the fact PDLLA
chains must be trapped between the lamellae in spherulites but
not in the boundaries of the spherulites when the PLLA content
is higher. Bouapao et al.>> have found that the quenched blends
exhibit two glass transitions, which demonstrate that PLLA and
PDLLA are immiscible and phase-separated in their blend films.
Long periods associated with the lamellae stacks measured by
SAXS and T, shows that PDLLA chains are excluded from the
PLLA lamellae and the interlamellar amorphous region during
the crystallization process. The excluded PDLLA chains should
have yielded amorphous domains as dark spots in spherulite.
The large amount of PDLLA surrounding PLLA could disturb
the formation of PLLA crystallite nuclei or the growth of PLLA
crystallites in the limited crystallization period. Chen et al.**
also reported that the PLLA/PDLLA blends have two T, meas-
ured by both DSC and DMA.

The ultimate aim of this work is to develop PLA-based self-rein-
forced composites in which using PLA fiber to reinforce PLA
matrix. To this end, we have studied here the microstructures
and miscibility focusing on the interface between semi-
crystalline PLLA fiber and amorphous PDLLA matrix. Morphol-
ogies, thermal properties, and interface between semi-crystalline
and amorphous PLA blends were all investigated through both
melt blending and hot compression implementing at a tempera-
ture that is higher than the glass transition temperature but less
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than the melt temperature of the two components. To increase
the interface area between each component, the fibers from
semicrystalline and amorphous PLAs were used.

EXPERIMENTAL

Materials and Specimen Preparation

Commercially available PLLA and PDLLA were supplied in pel-
let form by NatureWorks, their trade names are PLA 4302 and
PLA 6302, respectively. They were dried at 65°C for 24 h in a
vacuum oven before processing.

Melt spinning of the fiber was carried out on a Busschaert
bicomponent system that contains a single screw extruder con-
nected by a spin block.”> The multifilament bundle was pro-
duced by melt extrusion and passed through a vertical air-
quenching system. The cooling of the filaments was optimized
by passing the multi filament bundle through a distance of 5—
6 m at a take-up speed of 500 m min~' whilst being coated
with finish oil to decrease friction on the godets station during
the cold drawing process. Both PLLA and PDLLA fibers were
produced under the same conditions.

The specimens from melt blending were prepared by first com-
pounded using a Haake co-rotating twin-screw extruder (Rheo-
mex PTW 24/40p, @ = 30) in different PLLA/PDLLA ratios (w/
w): 100/0, 80/20, 60/40,40/60, 20/80, 0/100 with highest barrel
temperature 190°C, from zone 1 to 9: 60, 120, 170, 190, 190,
190, 190, 180, and 180°C (die). The compounded pellets were
extruded using a Haake single-screw extruder (@ = 30) with a
sheet die (60 mm width) at highest barrel temperature 180°C to
prepare film with 0.1 mm thickness. The PDLLA films used for
polarized light microscopy analysis were extruded using same
extruder under same conditions. The specimens from hot com-
pression were prepared by mixing short PLLA and PDLLA
fibers (50/50, w/w) manually at room temperature, and then
pressed at 80°C under 2 tons for 5 min in a plate hot-presser.

Microstructure Characterization

A microscope with polarization capabilities (Nikon Eclipse 80i)
equipped with a hot stage (Linkam CSS 450) was used to study
the crystallization behavior of the blends. Samples were heated
from room temperature to 200°C at a speed of 30°C min~' and
held for 5 min, then cooled to 120°C at a speed of 30°C min ™"
to allow isothermal crystallization. The interval for taking opti-
cal micrographs was set at 20 s to capture images during the
isothermal crystallization process. In this work the magnifica-
tion 50 X 10 was used. The measurement of diameter variations
of spherulite was conducted using a NIS-Elements BR 2.20
system.

A SAXSess (Anton-Paar, Graz, Austria) was used as both wide
angle X-ray scatter (WAXS) and small angle X-ray scatter
(SAXS) facility. A PW3830 X-ray generator with a long fine
focus sealed glass X-ray tube (PANalytical) was operated at 40
kV and 50 mA. A focusing multilayer optics and a block colli-
mator provide an intense monochromatic primary beam (Cu
Ko, 4 =0.1542 nm). The 2D data were integrated into the one-
dimensional scattering function I(q) as a function of the magni-
tude of the scattering vector q defined as: g = 4nsin0/A, where 4
is the wavelength and 20 is the scattering angle.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.41205
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Figure 1. DSC heating curves (20°C min~') of quenched PLLA/PDLLA

blends. The inset shows their magnified glass transition temperature.

Thermal Properties

A Perkin-Elmer DSC 8500 with a liquid cooling system and
nitrogen purge gas was used in the experimental work to study
the thermal properties of PLLA and PDLLA blends. The samples
(~5 mg) were weighed and sealed in an aluminum pan. To
study cold-crystallization, the samples were cooled to 0°C with
a cooling rate of 100°C min~" after melting at 200°C for 3 min.
They were then heated to 200°C at a speed of 20°C min ™ '. In
the case of melt-crystallization, after melting at 200°C for 3
min, the samples were then cooled to 25°C at 2°C min~ . Triple
measurements were carried for each samples, and the average
result was reported, along with the standard deviation.

A Perkin-Elmer Pyris Diamond DMA was used to study the
dynamitic mechanical properties of the blends. Specimens of
dimension 8 mm (wide) X 20 mm (long) X 0.15 mm (thick)
were used in the experimental. The system was run in the rec-
tangular tension mode at 1 Hz, with a temperature range of

between 25 and 170°C at a heating rate of 2°C min™".

RESULTS AND DISCUSSION

Miscibility of PLLA/PDLLA Blends Prepared by Melting
Blending

Figure 1 shows the DSC heating curves of quenched PLLA/
PDLLA blends with different ratios. The blends show typical
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Figure 2. DSC thermograms of quenched PLLA/PDLLA blends after ther-
mal treatment at 45°C for 17 h.

semicrystalline thermal behaviors of PLLA: glass transition, cold
crystallization and two melting peaks for o« and f-types crys-
tals,”> while only one glass transition temperature was detected
relating to amorphous PDLLA. Table I lists these key tempera-
tures determined by DSC. All the blends with different compo-
sitions exhibited a single T, that shifted to a lower temperature
with an increase in the PDLLA content, which could indicate
that PLLA and PDLLA are miscible in molten state. The cold
crystallization temperature, T,, increased as the PDLLA content
increased. That may because of PDLLA chains presenting in
PLLA-rich phase retarding the crystallization of PLLA, which
also indicates that the two PLAs are miscible in molten state.
The enthalpies of both cold crystallization and melting of PLLA
decreased with increasing amount of PDLLA, likely due to the
fact that PDLLA decreased the number of nuclei and diluted
PLLA in molten state.”® This means extra energy is required for
PLLA chains separating from PDLLA chains and transporting to
the growth front of PLLA crystal lamella.*' The double melting
peaks in such systems are not indicative of multiple crystallis-
able phases but have been explained by a melting, recrystalliza-
tion, and remelting mechanism of the PLLA.?”*® The Peak-1 at
lower temperature is the melting peak of crystal exciting in the
solid PLLA, while the Peak-2 represents the melting peak of
crystal forming during heating (in particular at the melting

Table I. Thermal Parameters of Various PLLA/PDLLA Blends Prepared by Quenched from Melting

PLLA/PDLLA T4 (°C) AH U g™ Tee? (°C) AHS g™ Tmi® (°C) Tm2” (°C) AHn® (U g™
100/0 611+07 1.35+031 1070+08 3183+x371 1630+04 1686+08 3612+162
80/20 608+0.6 1.37+027 1163+15 2393+113 1631+07 1678+03 2553+1.13
60/40 598+03 1.30+014 1261+17 0902+082 1631+03 167.7+02 1261+062
40/60 59.7+0.5 1.33+0.21 - - 162.5+0.6 167.0+0.6 1.84+0.71
20/80 592+07 1.39+013 - - - - -

0/100 588+05 1.38+024 - - - - -

2T.c is onset temperature of cold crystallization.

T and Tz is the melt temperature of the peak at low temperature and high temperature, respectively.

¢Both AH. and AH,, were calculated based on pure PLLA.

Mnh\"‘lfi‘.'} WWW.MATERIALSVIEWS.COM
1

41205 (3 of 7)

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.41205

Applied Polymer L


http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

Table II. Thermal Parameters of PLLA/PDLLA Blends at T, in Which
Samples were Annealed at 45°C for 17 h

WILEYONLINELIBRARY.COM/APP

PLLA/PDLLA ACy AH,

ratio T4 0 JgteC) Vg™
100/0 64.2+0.21 0.58 £0.07 5.3+0.27
80/20 63.9+0.17 0.46 £0.02 52+0.32
60/40 63.6 £0.24 0.40+0.08 47+0.42
40/60 63.5+0.34 0.37+x0.12 4.4+0.37
0/100 62.9+0.18 0.48+0.08 5.4+042

point of the PLLA). Compared with the pure PLLA, the area
ratio of Peak-1/Peak-2 increased, which indicates that crystals
with higher stability (f crystal) formed during the recrystalliza-
tion (during heating) was decreased in the presence of PDLLA
acting as diluents.”'

An endothermic peak at T, (representing excess enthalpy relaxa-
tion) was detected for both the semi-crystalline and amorphous
PLAs. The enthalpy represents the degree of packing of the
amorphous chains and has been widely used to study ageing,
density and distance of polymers from equilibrium.>'®*¢ By
looking at aspects of enthalpy of relaxations of polymer mix-
tures, it is expected that aspects of miscibility can be deter-
mined, particularly if their glass transition temperature is close.
To enlarge the relaxation peak at glass transition, samples were
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o
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Figure 3. Storage modulus (EC) and tan 0 of various PLLA/PDLLA
blends: (a) pure PLLA, (b) 80/20, (c) 60/40, (d) 40/60, (e) 20/80, and (f)
pure PDLLA measured by DMA scanned at 2°C min ™.
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Figure 4. WAXS and SAXS of PLLA/PDLLA blend with different ratios.

annealed at 45°C for 17 h. Figure 2 shows the DSC thermo-
grams of different PLLA/PDLLA blends after the thermal treat-
ment. A mixed sample after hot-pressed at the temperature
lower than their melting temperatures, PLLA +PDLLA(50/50
w/w), was also studied as a comparison. Samples quenched
from the molten to the solid state have been used to study the
phase behaviors representing melting state.”’ For all the melt-
blending samples, DSC scans shows only one enthalpy peak,
and the relatively sharp endothermic peak indicates that PLLA
and PDLLA may be miscible. It was found that the PLLA
shows higher temperatures for both T, and the relaxation
peak, compared with the PDLLA. Both the T, of the aged
materials and the peak temperature increased with increasing
PLLA content. The PLLA+PDLLA blend shows two corre-
sponding enthalpy relaxation peaks in Figure 2. Table II gives
the detailed results of the thermal parameters of different
blends at T,. It was found that both the glass transition tem-
perature and relaxation peak were slightly increased after
annealing (compared with quenched data), which is expected,
since the annealing treatment increased density as the chains
became more tightly packing and thus there is greater enthalpy
relaxation on rescanning. It is interesting to notice that the
enthalpies (AH) of the various blends are lower than any pure
PLA material. That means that the compatibility between the
two PLAs is not perfect, or at least the crystals from the blends
are not as good as individual polymer itself, even if they are
miscible in melting state.
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Figure 5. WAXS and SAXS of PLLA/PDLLA blends after thermal treat-
ment at 120°C for 20 min.

Figure 3 exhibits the temperature dependence of storage modu-
lus (E’) and tan & curves of various PLLA/PDLLA blends deter-
mined by DMA. It is seen that PLLA and PDLLA, as well as
various blends show a similar pattern. The E’ values of all the
specimens decreased sharply at around 60°C, and there is a tan
0 peak near 64°C, which is clearly the dynamic glass transition
temperature of PLAs. The peak temperature of tan ¢ is slightly
decreased with increasing PDLLA content, as with the results of
the DSC (see Table I).

* !
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Above the glass transition temperature, a significant increase of
storage modulus was observed during the continued heating at
above T, for all the specimens, except pure PDLLA. The onset
temperatures corresponding to the increase in E’ values shift to
higher temperatures with increasing PDLLA content in blends.
The increase in E’ values of PLA specimens at above T, was
attributed to the cold crystallization of the PLLA in the blends
during the increasing temperature scanning. Because PLLA
needs more energy to form an ordered structure when PDLLA
is present, the onset temperature thus increased,’® as was
observed for the exotherm onsets in Figure 1 DSC data. Obvi-
ously, the cold crystallization is much more readily observed in
the DMA data than that of DSC. It should also be noted that
the temperature region of crystallization at above T, becomes
narrower with increasing PDLLA content.

Following the glass transition, the value of tan d increased with
increasing temperature, although the increased trend varied
depending on the ratio of the two kinds of PLAs. For the pure
PDLLA, the tan ¢ increased rapidly since the specimen became
molten and thus viscous. In the PDLLA-rich blends, the tan ¢
increased first and subsequently decreased with increasing tem-
perature, the breadth of the peak also increased with increasing
PDLLA content. This was due to the fact that small amounts of
ordered structure formed during the heating, which hindered
tan 0 continuously increasing. In the PLLA-rich blends, the tan
0 remained constant until the specimens melted. This was due
to ordered structure limiting the mobility of the polymer chains
in amorphous phase and thus reducing its mechanically lossy
motions.

Figure 4 shows WAXS and SAXS of quenched PLLA/PDLLA
blends with different ratios. It can be observed that all samples
show a similar pattern. There was no difference observed for all
samples at different scattering angles, and no crystals and long-
range ordered structure were detected for all PLLA and PDLLA
blends, indicating that all of the specimens are amorphous. As
shown in Figure 4(b), the scatting intensity in small g regions
was very weak and showed no apparent difference for all sam-
ples, which indicates the distribution of electron density in vari-
ous PLLA/PDLLA blend was homogeneous. Figure 5 shows X-
ray diffraction patterns of various PLLA/PDLLA blends after
isothermal annealing at 120°C for 20 min. It is seen that a
strong peak and several weak peaks are observed for pure PLLA.

Figure 6. Semi-crystalline PLLA in the amorphous PDLLA matrix after heating to 140°C (left) and 120°C(right) cooling from 200°C.
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Figure 7. POM micrographs of the interface between the PLLA fiber and PDLLA matrix during isothermal crystallization at 120°C.

The crystalline peaks were less obvious in blends incorporating
PDLLA. It has been found that the maximum scatting vector
(gmax) appeared at about 0.3 for PLLA and only for the blend
of PLLA 80/PDLLA 20. The gn.x is usually used to calculate
long period, L(Gmax) = 27/qmax- For PLLA, the L value obtained
in the present study was about 209 A, similar to the value of
200-250 A reported by Baratian et al.>! The L value of PLLA
80/ PDLLA 20 blend is almost the same as that of pure PLLA,
which means that PDLLA chains are not included within the
PLLA interlamellar region, even for the blends containing low
PDLLA content. When the PDLLA content is high, the differ-
ence of electron density cannot generate a SAXS signal and the
L does not occur. The results indicate that phase separation
occurred during the thermal treatment, which corresponds to
the DSC results.

Crystallization Properties of PLLA at the Interface Between
PLLA and PDLLA

It is well known that in the most immiscible blends, the second
phase affects the overall crystallization rate through its influence
on nucleation rate, while the spherule growth rate is usually
independent of the presence of the second component.”® To
understand the effect of PDLLA on the crystallization of PLLA
in immiscible state, the effect of interface between PLLA and
PDLLA on the nucleation of PLLA was investigated by DSC and
polarize microscope.”” To investigate the immiscible system and
enlarge the interface between PDLLA and PLLA, PLAs fibers
(50/50 w/w) were used. The preparation method was described
in the preparation section. Figure 6 shows the semi-crystalline
PLLA fiber in the amorphous PDLLA matrix after heating to
140and 120°C cooling from 200°C, respectively. It can be seen
that the thermal treatment at 140°C did not change the mor-
phology and microstructure of the PLLA fiber. Birefringence,
diagonal line and thickness value of the diagonal line for the
fiber remained almost the same, which provides an operational
window for preparing PLA-based self-reinforced composites.
When the treatment is above the melting temperature, the
PLLA fiber can recrystallize separately in the molten PDLLA
and retain its fiber morphology. Figure 7 shows the isothermal
cold crystallization of PLLA in the PDLLA at 120°C. The PLLA
fiber and PDLLA film were heated to 200°C first, then cooled
to 120°C to let PLLA crystallize in the PDLLA. It can be seen
that the PLLA crystallized firstly at the interface between PLLA
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and PDLLA. This result indicates that the presence of the
PDLLA promoted the formation of heterogeneous nuclei.

To confirm the arguable heterogeneous nucleation for PLA sys-
tems since different phenomenon were observed in polypropyl-
ene systems,”>> we have carried out some DSC works. Figure 8
shows DSC heating and cooling curves of pure PLLA and
PLLA+PDLLA (50/50) blends, respectively. It can be seen from

PLLA+PDLLA

T PLLA
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Figure 8. DSC curves of the pure PLLA and PLLA/PDLLA (50/50) fiber
blend: (a) heating from the glass state (at 20°C min~"); (b) cooling from
the molten state (at 2°C min ).
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Figure 8(a) that the cold crystallization peak temperature of
PLLA decreased about 3°C after blending with PDLLA, while
Figure 8(b) shows that the melting crystallization peak tempera-
ture of PLLA increased about 1°C after contacting with PDLLA
when the sample cooling from molten state. That indicates the
interface between PLLA and PDLLA can provide nuclei centre.

CONCLUSIONS

Semicrystalline PLLA and amorphous PDLLA blends were pre-
pared through both melt blending and hot-pressing, and PLA
fibers were used to increase the area of interface. It was found
that the two PLAs are miscible in the molten state, which is
preserved when quenched. However, the compatibility between
the two PLAs is not perfect in the molten state. Phase separa-
tion could be detected after various thermal treatments in the
solid state. For example, the crystal peaks of PLLA were detected
by WAXS; and PDLLA chains were excluded from the PLLA
interlamellar region as measured by SAXS after blended samples
annealing at cold crystallization temperature (120°C).

The presence of PDLLA reduced PLLA crystallinity and retarded
reorganization of the more stable crystal (the second melting
peak). The PLLA fiber can recrystallize alone in the molten
amorphous PDLLA, and a higher density of nuclei was observed
on the interface. DSC results also support that the interface
between PLLA and PDLLA can provide nuclei centre.
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