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Abstract

A low-temperature melt blending method was adopted to prepare ternary blends of poly(L-lactide) (PLLA), poly(butylene
carbonate) (PBC), and poly(D-lactide) (PDLA), aiming to obtain fully biodegradable blends with well-balanced properties.
The in situ formation of stereocomplex polylactide (SC-PLA) crystals was confirmed by torque changes, differential scan-
ning calorimetry results, and wide-angle X-ray diffraction measurements. At a PDLA concentration of 5 mass%, SC-PLA
crystals formed a percolating network structure, and the rheological behavior of the blend melts transformed from liquid-like
to solid-like. The viscosity ratio between PLLA and PBC melts increased due to the presence of SC-PLA crystals, resulting
in an enlargement of the PBC domain size. SC-PLA crystals exhibited an excellent nucleation effect, significantly accelerat-
ing the crystallization rate of PLLA. Compared to neat PLLA with elongation at break of 5.2%, PLLA/PBC/PDLA ternary
blends containing 2 mass% PDLA with elongation at break of 247.2% presented excellent toughness. This work provided a
facile method to prepare PLLA-based material with outstanding crystallization ability and tailored rheological behavior as

well as mechanical properties, which had the potential to replace conventional plastic products.
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Introduction

Petroleum-based plastics have been used extensively in vari-
ous fields because of their low cost and excellent proper-
ties. However, the environmental persistence of these plas-
tics poses a huge challenge to society [1]. Poly(L-lactide)
(PLLA) is recognized as a highly promising substitute for
petroleum-based plastics since it can be derived from biore-
newable resources and exhibits high strength, excellent
transparency, and biodegradability [2, 3]. Thus, PLLA has
been extensively applied in many fields, such as biomedicine
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[4], fibers [5], foams [6], agricultural film [7], disposable
packaging [8, 9], and 3D printing [10]. Despite displaying
many outstanding advantages, PLLA also suffers from seri-
ous shortcomings, including high brittleness, slow crystal-
lization rate, and low melt strength, all of which restrict its
usage in various applications [11-14]. Many methods, such
as plasticization, co-polymerization, and melt blending, have
been utilized to toughen PLLA.

Among these methods, melt blending has been confirmed
as one of the most efficient approaches to toughen PLLA. In
particular, blending PLLA with other biodegradable poly-
mers can enhance the toughness of PLLA while preserv-
ing its biodegradability. Currently, various biodegradable
polymers, such as poly(butylene adipate-co-terephthalate)
(PBAT) [15, 16], poly(e-caprolactone) (PCL) [17, 18],
poly(butylene succinate) (PBS) [19, 20], polyhydroxyal-
kanoate (PHA) [21], and poly(butylene carbonate) (PBC)
[22], have been used as toughening agents of PLLA, with
some of them used in conjunction with compatibilizers.
However, enhancing the toughness of PLLA and simulta-
neously increasing its crystallization rate and melt strength
remains a challenge for expanding PLLA applications. PBC
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is an aliphatic polycarbonate with biodegradability. This
polymer can be prepared by transesterification between
dimethyl carbonate and 1,4-butanediol in the existence of
a heterogeneous catalyst or by polycondensation of PBC
oligomer, and 1,4-butanediol, di(4-hydroxybutyl) carbon-
ate, and CO, are its final degradation products [23]. Wang
et al. [22] prepared PLLA/PBC blends by melt blending
method. Their findings indicated that flexible PBC signifi-
cantly improved the toughness of PLLA, as evidenced by
the impact strength and elongation at break of PLLA/PBC
blends containing 30 mass% PBC being 25.1 kJ m~? and
299.3%, respectively. Ge et al. [24] investigated the impact
of annealing on the mechanical properties of PLLA/PBC
blends. They found that prolonged annealing time decreased
the toughness of PLLA/PBC blends and enhanced the degree
of phase separation.

Adding nucleating agents is considered an effective and
reliable approach for enhancing the crystallization ability of
PLLA. The use of many inorganic and organic compounds,
such as talc [25], layered silicate [26], basalt fibers [27, 28],
succinate diphenyl dihydrazide [29], phthalimide [30], and
poly(D-lactide) (PDLA) [31], could provide nuclei for PLLA
and accelerate the crystallization rate of PLLA. In particu-
lar, PLLA and PDLA co-crystallized to form stereocomplex
polylactide (SC-PLA) crystals that allow PLLA to crystal-
lize at higher temperatures in non-isothermal crystalliza-
tion and exhibit fast crystallization kinetics in isothermal
crystallization [32]. PDLA also acted as a rheology modifier
to enhance the melt strength of the PLLA [33]. Yan et al.
[34] investigated the influences of the molecular weight of
PDLA (1.5x10°-18.7x 10* g mol™!) on the crystallization
and rheological behavior of PLLA/PDLA (95/5) blends.
Their observations showed that PDLA with too high or too
low molecular weight was adverse to form SC-PLA crystals,
and PLLA/PDLA blends containing PDLA with a molecular
weight of 5.4 x 10> g mol ™! exhibited the strongest solid-like
viscoelastic behavior and fastest crystallization rate among
all prepared samples. Furthermore, formed SC-PLA crys-
tals can impact the mechanical properties of PLLA. Park
et al. [35] observed that the formation of SC-PLA crystals
increased the mechanical strength of PLLA/PDLA blends.
Su et al. [36] found that the elastic modulus and tensile
strength of PLLA/PDLA blends increased from 1.13 GPa
and 52.98 MPa to 2.04 GPa and 83.70 MPa, respectively,
when PDLA content was increased from 0 to 50 mass%.

In this study, we fabricated fully biodegradable PLLA/PBC/
PDLA blends with the intention of promoting the crystalliza-
tion rate, rheological behavior, and mechanical properties of
PLLA. The preparation of the blends used a low-temperature
melt blending method, i.e., the mixing temperature was lower
than the melting temperatures of SC-PLA crystals and higher
than that of PLLA, PBC, and PDLA. The changes in torque
during melt mixing, along with the results of differential
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scanning calorimetry (DSC) and wide-angle X-ray diffrac-
tion (WAXD), demonstrated the in situ formation of SC-PLA
crystals. The study systematically investigated the effect of
the formation of SC-PLA crystals on the rheological behav-
ior, morphology development, compatibility, crystallization
behavior and kinetics, spherulite morphology, and mechani-
cal properties of the PLLA/PBC blends. It is hoped that fully
biodegradable PLLA/PBC/PDLA ternary blends with well-
balanced properties can have potential application prospects
in various fields.

Experimental
Materials

PLLA (4032D) containing a D-isomer content of 2% was
purchased from Nature Works LLC (Nebraska, USA). Its
weight average molecular weight (M) and polydispersity
(M /M,) were 2.07x 10> g mol~! and 1.73, respectively.
PBC, whose M, and M, /M, were 1.23 x 10° g mol~! and
1.81, respectively, was supplied by our collaborator (Insti-
tute of Chemistry, Chinese Academy of Science). PDLA
containing M, of 1.25x 10°> g mol™! and M /M, of 1.68 was
purchased from Total Corbion Company.

Sample preparation

Before melt mixing, PLLA, PDLA, and PBC were vacuum-
dried at 80, 80, and 50 °C for 24 h, respectively. PLLA,
PBC, and PDLA were melt mixed by a torque rheometer
(XSS-300, Shanghai Kechuang Co., Ltd., China). The mix-
ing screw speed and temperature were set as 60 rpm and
180 °C, respectively. After that, the resultant blends were
hot-pressed at 180 °C and 10 MPa for 3 min, followed by
cold pressing and quenching at room temperature to obtain
the sheet specimens of various thicknesses. For comparison,
neat PLLA and binary blend comprising PLLA and PBC
were carried out in the same treatment to ensure a consistent
thermal history with the ternary blends. For all blends, the
mass fraction of PBC was fixed at 20 mass% based on the
total mass of blends, and the PDLA concentration varied
in a range of 0—10 mass% based on the total mass of PLLA
and PDLA components. The PLLA/PBC/PDLA blends were
designated as PLLA/PBC-X, in which X denoted the mass
fraction of the PDLA component in the blends.

Characterization
Rheological measurements

Rheological measurements were taken using a rotating
rheometer (TA Series AR2000ex, TA Instrument, USA)
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that processed two parallel plates with a diameter of 25 mm
to investigate the rheological behavior of the sample melts.
Frequency sweeps ranging from 0.05 to 100 rad s~! at 1.25
strain were performed on the disk samples at 175 °C.

Wide-angle X-ray diffraction (WAXD)

The WAXD measurements were taken on a D8 advance
X-ray diffractometer (Bruker, Germany) equipped with a
Cu Ka radiation source (A=0.154 nm) at 40 mA and 40 kV.
The range of diffraction angle (26) covered was 5-40°, with

a scanning speed of 3° min~'.

Scanning electron microscopy (SEM)

Cryo-fractured surfaces and impact-fractured surfaces of
samples were characterized by SEM (FEI Co., Eindhoven,
Netherlands) at acceleration voltages of 5 and 15 kV, respec-
tively. Before observation, the specimens were first crystal-
lized at 100 °C for 1 h, then fractured cryogenically, and
finally, surfaces of cryo-fractured specimens were etched
using tetrahydrofuran for 40 min at 25 °C. To avoid sample
damage, a gold layer was sputtered on the cryo-fractured
and impact-fractured surfaces of the samples. The Nano
Measurer 1.2 software was used to analyze the distribution
and average diameter of the dispersed phase based on SEM
images obtained from cryo-fractured surfaces.

Differential scanning calorimetry (DSC)

Thermal analyses were performed using TA Q20 Instru-
ments (USA) under a nitrogen flow of 50 mL min~!. The
samples weighing 5-8 mg were placed in aluminum pans.
Aiming to evaluate the formation of SC-PLA crystals and
matrix crystallinity of mechanical properties testing sam-
ples, melt-quenched samples were heated from O to 250 °C
at 10 °C min~!. For non-isothermal crystallization, each
sample was heated from 40 to 190 °C at 100 °C min~", main-
tained at 190 °C for 2 min to erase the thermal history, and
then cooled to 40 °C at 10 °C min~! (the first cooling) to
determine values of the crystallization temperature (7,) and
crystallization enthalpy (AH,). Finally, these samples were
reheated to 190 °C at the same rate (the second heating),
from which the cold crystallization temperature (7.), melt-
ing temperature (7,,), cold crystallization enthalpy (AH,.),
and melting enthalpy (AH,,) were determined. The crystal-
linity (X,) of PLLA in the blends is determined according
to Eq. (1).

AH,, — AH,

where AH,  is the enthalpy of fusion for 100% crystalline
PLLA, taken as 93 J g_1 [37], and a represents the mass
fraction of PLLA.

For isothermal crystallization, samples were heated to
190 °C and equilibrated for 2 min. After that, the molten sam-
ples were quenched to crystallization temperature (130 °C or
135 °C) at a cooling rate of 45 °C min~! and held at the crys-
tallization temperature until crystallization was complete.

Polarizing optical microscopy (POM)

The spherulite morphology of PLLA in all samples was
observed using POM (Leica DM2500P) equipped with a hot
stage (Linkam LTS 350). Before observation, each sample was
annealed at 190 °C for 3 min. The molten sample was then
annealed at 130 °C for 30 min.

Dynamic mechanical analysis (DMA)

The thermomechanical properties of each sample were evalu-
ated using DMA Q800 (TA Instruments, USA) in tensile mode
at a frequency of 1 Hz. The sample with the dimensions of
14 mm x4 mm X 1 mm (length X width X thickness) was swept
from — 60 to 140 °C with a heating rate of 3 °C min~".

Mechanical properties testing

According to the standard GB/T 1040.1-2006, tensile
measurements were taken on a tensile tester (WSM-2KN,
Changchun Intelligent Instrument and Equipment Co.,
Ltd., China) at ambient temperature with a crosshead speed
of 5 mm min~'. The dumbbell-shaped specimens, pre-
pared from melt-quenched test sheets, had dimensions of
20 mm X4 mm X I mm (length X width X thickness). A mini-
mum of five specimens were measured for each component.
The average value of each tensile property was taken and
expressed with standard deviation.

According to the ASTM D256, the notched Izod impact
strength of neat PLLA and its blends was determined at
ambient temperature using an impact tester (XJUD-5.5,
Chengde Jinjian Testing Instrument Co., Ltd., China).
Melt-quenched sheets were prepared into standard impact
test bars with a v-shaped notch. The average result of five
tests for each sample was taken and expressed with standard
deviation.

Results and discussion
Stereocomplex formation

Figure 1a shows the torque versus time curves for neat
PLLA and its blends during melt mixing. The loading
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peaks with various heights were observed at the initial
stage, ascribed to the feeding and melting of PLLA, PBC,
and PDLA pellets. The blends displayed lower loading
peaks than neat PLLA owing to the elasticity of PBC at
room temperature. A relatively stable plateau was observed
with the increase in time, indicating that the torque value
reached an equilibrium (balance torque). Incorporating
PBC reduced the balance torque of PLLA, which might
be because the presence of PBC decreased the interaction
between the PLLA chains. The PLLA/PBC/PDLA ternary
blends containing 5 and 10 mass% exhibited higher bal-
ance torque than the PLLA/PBC binary blend, and the
balance torque of PLLA/PBC-10 was higher than that of
PLLA/PBC-5. The observed phenomena might be attrib-
uted to the co-crystallization of PLLA and PDLA, which
formed SC-PLA crystals. These crystals with high modu-
lus as solid particles reinforced the blend melts. Moreo-
ver, during melt processing, the co-crystallization of
PLLA and PDLA restrained the mobility of PLLA chains,
which increased the melt viscosity of blends and resulted
in a higher balance torque. If SC-PLA crystals were not

formed, the balance torque of ternary blends should
decrease with increasing PDLA concentration due to its
lower molecular weight than PLLA. However, instead of
a decrease, the addition of PDLA significantly increased
balance torque. Therefore, it could be verified that adding
PDLA in the binary blend formed the SC-PLA crystals.
It was noted that the torque curves of the PLLA/PBC-2
sample did not significantly change compared to that of the
PLLA/PBC binary blend. This phenomenon might be due
to less formation of SC-PLA crystals in blends containing
2 mass% PDLA.

DSC tests of melt-quenched samples further confirmed
the in situ formation of SC-PLA crystals. DSC curves of neat
PLLA and its blends are shown in Fig. 1b. The samples with-
out PDLA showed only one melting peak at around 170 °C.
Ternary blends with various PDLA concentrations displayed
two distinct melting peaks, approximately 169 and 221 °C,
representing the melting characteristics of homocrystallites
and stereocomplex crystals of PLA, consistent with previous
reports [38]. Furthermore, ternary blends with higher PDLA
concentrations showed a larger exothermic area at around
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Fig. 1 a Torque versus time curves; b DSC curves at a heating rate of 10 °C min~'; ¢ WAXD patterns of neat PLLA and its blends
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221 °C, indicating that more SC-PLA crystals were formed
with the increasing PDLA concentration.

WAXD is a direct and effective way to confirm the in situ
formation of SC-PLA crystals. Figure 1¢ shows the WAXD
patterns of neat PLLA and its blends. It is clear that no dif-
fraction peaks of PLLA and PDLA homocrystallites at 26
of 16°, 18.4°, and 21.8° were detected [39]. However, after
adding PDLA into PLLA/PBC binary blend, three typical
diffraction peaks were observed at 11.9°, 20.7°, and 24°,
corresponding to (110), (300)/(030), and (220) planes of
SC crystal structure [40]. Furthermore, when PDLA con-
tent increased from 2 to 10 mass%, the intensity of these
peaks gradually increased, indicating an increase in the for-
mation of SC-PLA crystals, consistent with the DSC results
in Fig. 1b.

Rheological behavior

In order to study the influence of SC-PLA crystals on the
rheological behavior of PLLA/PBC blend melts, the oscilla-
tory shear rheological test was conducted at 175 °C. Figure 2
illustrates storage modulus (G"), loss modulus (G"), complex
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viscosity (In*1), and damping factor (tan 6=G"/G") as a func-
tion of angular frequency for neat PLLA, PLLA/PBC binary,
and PLLA/PBC/PDLA ternary blends, respectively.

As seen in Fig. 2a and b, the blends exhibited higher
G' and G" than neat PLLA. The G'and G" of neat PLLA
revealed a good linear relationship with the angular fre-
quency at low frequencies, representing typical liquid-like
behavior. The addition of PDLA increased the G’ and G
of the binary blend, and the G' and G" of ternary blends
increased with increasing PDLA concentration. Moreo-
ver, the slopes of G’ for ternary blends at low frequencies
decreased as the PDLA concentration increased. In particu-
lar, for the PLLA/PBC-10 sample, the dependence of the
slope of G’ on angular frequency almost disappeared at low
frequencies, implying the pseudo-solid-like behavior of the
blend melts. This finding might be due to the formation of
a percolating network structure composed of SC-PLA crys-
tals with high modulus, which significantly strengthened the
blend melts.

From Fig. 2c, it was distinct that the blends showed higher
I#*] than neat PLLA at all frequencies. Neat PLLA exhibited
a long Newtonian plateau. However, ternary blends showed
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Fig.2 a Storage modulus (G’), b loss modulus (G"), ¢ complex viscosity (I7*l), and d damping factor (tan &) of neat PLLA and its blends as a

function of angular frequency at 175 °C

@ Springer



8046

H. Cheng et al.

typical non-Newtonian shear-thinning behavior, implying
that SC-PLA crystals could form a percolating network
structure. Moreover, lp*| of ternary blends increased as the
PDLA concentration increased, suggesting that the existence
of SC-PLA crystals improved the melt viscosity of blends.

It could be observed in Fig. 2d that the tan é of neat PLLA
decreased with the increase in angular frequency, suggesting
its viscoelastic liquid behavior. The blends presented lower
tan 6 than neat PLLA at given frequencies. Furthermore, the
addition of PDLA reduced tan ¢ of the binary blend, and tan
o of the ternary blends decreased as the PDLA concentration
increased. These phenomena implied that the introduction
of SC-PLA crystals promoted the melt elastic response of
ternary blends.

Since the modulus is sensitive to SC-PLA crystal network
structure, Fig. 3 illustrates the variations of G and G" at
0.05 rad s~! with PDLA concentration for all blends. The
turning point of plots can serve as a percolation threshold to
confirm the formation of the SC-PLA crystal network [41].
It could be observed that the percolation threshold of the
SC-PLA crystal network structure formed in blends was a
PDLA concentration of 5 mass%. Another piece of evidence
is provided in Fig. 4, which compares G' and G" of blends
at all frequencies. For the PLLA/PBC and PLLA/PBC-2,
G' was lower than G" at all frequency ranges, implying that
deformation was predominantly viscous. For PLLA/PBC-
5, the curves of G’ and G" showed a crossing point at low
frequencies, indicating that deformation was predominantly
viscoelastic due to the buildup of the SC-PLA crystal net-
work [42]. As the PDLA concentration increased, the cross-
ing point moved to high angular frequencies, such as PLLA/
PBC-10, implying a more prominent elastic response.

In general, the investigation of rheological behavior dem-
onstrated that formed SC-PLA crystals with high modulus
significantly strengthened the blend melts and increased
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G'and G'/Pa

2 %108 4
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Fig.3 The relationship between G’ and G" of blends at a frequency
of 0.05 rad s™" and the concentration of PDLA
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its elastic response. After adding 5 mass% PDLA into the
binary blend, the SC-PLA crystal network structure was
formed, causing the rheological behavior of the blend melts
to change from liquid-like to solid-like. In addition, attrib-
uting strong intermolecular hydrogen bonding interaction,
PLLA and PDLA chains were co-crystallized within the ste-
reocomplex, which might markedly restrain the chain motion
of the PLLA. The relaxation of chain segments for the PLLA
matrix was also restricted.

Phase morphology

In order to reveal the impact of SC-PLA crystals on PBC
distribution in the PLLA matrix, the phase morphologies
of blends were characterized using SEM. Figure 5 pre-
sents the cryo-fractured surfaces of blends after removing
the PBC phase. The blends presented typical “sea—island”
microphase separation morphology, illustrating that the PBC
phase and the PLL A matrix were immiscible. This result was
consistent with previous reports [22, 24]. Unexpectedly, the
addition of PDLA increased the PBC domain size. The PBC
domain size distribution obtained by the Nano Measurer 1.2
software analysis is plotted in Fig. 6. It was found that the
average diameter (D) of PBC domains in the PLLA/PBC
binary blend was around 1.62 pm. However, with increas-
ing the PDLA concentration, the D value of PBC domains
increased to 3.15, 4.29, and 5.21 pm for PLLA/PBC-2,
PLLA/PBC-5, and PLLA/PBC-10, respectively. In addition,
the structure and shape of the dispersed PBC phase became
very complex. Some dispersed PBC domains transformed
from spheres to ellipsoids with increasing PDLA concentra-
tion. When the PDLA concentration reached 10 mass%, the
dispersed PBC phases exhibited irregular shape.
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Fig.5 SEM images of etched
PBC phase for blends: a PLLA/
PBC; b PLLA/PBC-2; ¢ PLLA/
PBC-5; and d PLLA/PBC-10

/ tMagn Det WD Exp

0 2000x SE2 1001

It is well established that the equilibrium between the
breakup and coalescence of dispersed droplets is a primary
mechanism that governs the morphology evolution for a
mount of immiscible polymer pairs. Furthermore, some
factors, such as interfacial tension, processing parameters,
blend composition, and viscosity ratio, also influenced
the final morphology of blends [43]. All blends had the
same interfacial tension, processing parameters, and blend
composition in this work. Hence, viscosity changes of the
PLLA matrix arising from the co-crystallization of PLLA
and PDLA might play a critical role in the morphological
evolution. For immiscible polymer pairs, there was a mix-
ing degree. When polymer pairs had similar melt viscosi-
ties, i.e., viscosity ratio = 1, the finest dispersion could be
achieved, where the mixing degree approached molecular
mixing [44]. As seen in Fig. 2c, the in situ formation of
SC-PLA crystals increased the melt viscosity of the PLLA
matrix, which could reduce the mixing degree and thus
result in phase coarsening. In particular, when the PDLA
concentration reached 5 mass% or more, the blend melts
showed solid-like viscoelastic characteristics, which might
adversely impact the equilibrium between the breakup and
coalescence of the dispersed droplets. In addition, when con-
sidering the impact of component elasticity, the dynamic
balance between deformation and deformation-resisting
forces was an additional critical factor in controlling defor-
mation and the final morphology [45]. The SC-PLA crys-
tal network imposed an impediment effect on the flow of
PLLA melt, reducing the transfer of shear stress from the
PLLA matrix to the PBC phase, ultimately resulting in

detrimental effects on the deformation and breakup of the
PBC phase [46]. It has been reported that the high energy
input would increase the collision forces of dispersed drop-
lets in the blend melts, causing more coalescence [47]. It
can be observed from Fig. 1a, as the increase in PDLA con-
centration, the balance torque of PLLA/PBC/PDLA ternary
blends showed a sharp increase compared to PLLA/PBC
binary blend, which inevitably caused high energy input,
consequently increasing the number of dispersed droplets
collision. Therefore, the introduction of SC-PLA crystals
led to larger PBC domain sizes and aspect ratios.

Thermal and crystallization behaviors

The non-isothermal crystallization behavior of each sample
was analyzed using DSC curves to investigate the effect of
the formation of SC-PLA crystals on the thermal properties
of PLLA/PBC/PDLA ternary blends. Figure 7 shows the
DSC curves of all samples, and the key thermal parameters
are listed in Table 1.

From the first cooling curves shown in Fig. 7a, no exo-
thermic peak was observed for neat PLLA owing to its
poor crystallization ability. In contrast, a broad crystalliza-
tion peak of PLLA appeared at around 109.2 °C for PLLA/
PBC-2. This phenomenon also confirmed the formation of
SC-PLA crystals, which promoted PLLA crystallization.
As the amount of SC-PLA crystals formed increased, the
crystallization peak became sharper and shifted to higher
temperatures, especially for the PLLA/PBC-10. These find-
ings indicated that the excellent nucleation effect of SC-PLA
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crystals significantly enhanced the melt crystallization abil-
ity of PLLA in ternary blends.

In the second heating scans, neat PLLA exhibited cold
crystallization and melting behavior at around 103.0 and
169.5 °C, respectively, as shown in Fig. 7b. For the binary
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blend, adding PBC increased the cold crystallization tem-
perature (T,.) of PLLA, indicating that PBC reduced the
cold crystallization ability of PLLA. It is worth noting
that the DSC curve of the binary blend presented dou-
ble melting peaks of PLLA. The low melting peak (7,,;)
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Table 1 Thermal parameters

; Sample First cooling Second heating

obtained from DSC curves for

all samples T/°C AHJg' T./°C AHJg' T,/°C T,/°C AH/Jg' XJ%
Neat PLLA - - 103.0 374 - 169.5 43.7 6.8
PLLA/PBC - - 1119 373 162.9 169.8 44.1 7.1
PLLA/PBC-2 109.2  34.6 - - 164.5 169.4 41.7 44.8
PLLA/PBC-5 114.6 393 - - 166.0 - 43.7 47.0
PLLA/PBC-10 1165 355 - - 166.2 - 355 38.2

corresponded to the melting of unstable defective crys-
tals, and the high melting peak (7,,,) corresponded to the
melting of perfect crystals produced by melting—recrystal-
lization. For PLLA/PBC/PDLA ternary blends, the cold
crystallization peak of PLLA disappeared, suggesting that
PLLA crystallized completely during the cooling process
due to the excellent nucleation effect of SC-PLA crystals.
Furthermore, ternary blends also displayed double melt-
ing peaks, and the peak of T,,; became more intense than
that of T, with increasing PDLA concentration. When
the PDLA concentration reached or exceeded 5 mass%,
the peak of T, vanished. These phenomena indicated that
the introduction of SC-PLA crystals accelerated the PLLA
crystallization rate in ternary blends, thus forming more
unstable defective crystals.

From Table 1, the crystallinity (X,) of neat PLLA was
approximately 6.8% and that of the PLLA/PBC binary
blend was approximately 7.1%. For PLLA/PBC/PDLA
ternary blends, the incorporation of PDLA dramatically
increased X, of PLLA because of the formation of SC-PLA
crystals promoting PLLA crystallization by acting as het-
erogeneous nucleating agents. Moreover, the X, of PLLA
in ternary blends initially increased and then decreased
with increasing PDLA concentration. When PDLA con-
centration reached 5 mass%, the X, was highest with a
value of 47.0%. Therefore, it was essential to discuss how
the introduction of PDLA and its concentration variations
in the ternary blends impact the crystallization behavior
of PLLA. The polymer crystallization is controlled by two
independent processes: the initial formation of crystal
nuclei and the subsequent growth of the crystals [14]. Ini-
tially, as shown in Fig. 7a, SC-PLA crystals significantly
enhanced the crystallization ability of PLLA in ternary
blends as an effective nucleating agent. Furthermore, dur-
ing the crystal growth process, PLLA chain segments must
overcome the energy barrier to diffuse and adhere to the
growing front of the crystals. Apart from acting as nucleat-
ing agents, SC-PLA crystals acted as physical crosslinks
dispersed in the PLLA matrix, restricting the motion of
PLLA chain segments and inhibiting their transport to
the growing front of the crystals. Therefore, when PDLA
concentration increased to 10 mass%, the positive effects
of nucleating agents were overwhelmed by the negative

effects of physical crosslinks, ultimately leading to the
decrease in X..

Isothermal melt crystallization behavior
and kinetics

The isothermal melt crystallization behavior of neat PLLA
and its blends was also studied by DSC, aiming to reveal fur-
ther the impact of SC-PLA crystals on the thermal properties
of PLLA/PBC/PDLA ternary blends. The testing results are
shown in Fig. 8. For PLLA/PBC binary blend, PBC short-
ened the crystallization time of PLLA to some degree at the
same crystallization temperature (7). For the immiscible
blend system, the acceleration of the crystallization rate
might be ascribed to the increased chain segment mobil-
ity at the phase interface, which facilitated the formation of
nucleation sites [48]. However, the crystallization time of
PLLA was significantly reduced after the addition of PDLA.

The equation for determining relative crystallinity (X)) at
time (7) is as follows:

X = Xc(t) — t%dt /°° w(ﬂ (2)
Y X () Sy dt o dt

where X (¢) and X_(c0) denote the crystallinity at time ¢ and
the end of time, respectively; dH(¢)/dt denotes the heat flow
rate [49]. Figure 9 shows the plots of X, versus ¢ for neat
PLLA and its blends at different T_s. It was evident that rais-
ing T, from 130 to 135 °C extended the crystallization time
of PLLA in each sample. This phenomenon was due to the
crystallization process needing supercooling. The decrease
in supercooling reduced the driving force of crystallization,
which made nucleation difficult and resulted in an extension
of the crystallization time [50].

The isothermal melt crystallization kinetics of the PLLA
component in each sample were analyzed using the Avrami
model, expressed by the following Eq. (3) [51, 52]:

X, =1 —exp(—kt") 3)

where k and n represent crystallization rate constant and
Avrami exponent, respectively [53]. Based on the fitted
straight lines shown in Fig. 10, the k and n values could be
determined from the intercept and slope, respectively. The
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Table 2. Isqthermal melt Sample T.=130°C T,=135°C

crystallization kinetic

parameters for neat PLLA and tip/min - n k/min™" R? t,p/min - n k/min™" R?

its blends based on the Avrami

model Neat PLLA 438 25 6.11x107°  0.9986  66.0 25  1.80x107°  0.9917
PLLA/PBC 20.9 25 371x10™* 09972 302 26  113x10™*  0.9975
PLLA/PBC-2 2.31 2.5 0.0843 0.9980 2.6 2.7 0.0519 0.9990
PLLA/PBC-5 1.4 2.5 03112 0.9989 1.8 2.5 0.1515 0.9995
PLLA/PBC-10 1.2 26 04172 0.9996 1.6 2.6 0.1842 0.9995

corresponding kinetics parameters are given in Table 2. The
Avrami model was suitable for describing the isothermal
melt crystallization kinetics of these blend systems due to
the R? values of approximately 1. The n values of neat PLLA
at different 7,_s were close to 2.5, implying that the crystal-
lization mode was homogeneous nucleation with two-dimen-
sional growth [54]. The n values of blends ranged from 2.5
to 2.7, implying that the crystallization mode was instanta-
neous nucleation with three-dimensional growth [55]. The
k values of each sample are also provided in Table 2. Since
the unit of £ was min™™, in which the n value varied with
PDLA concentration, it is hard to accurately compare and
evaluate the isothermal melt crystallization rate using the k
value. Therefore, the crystallization half-time (¢,,), the time
taken from the onset of crystallization to the point at which
X, reaches 50%, is an essential parameter for evaluating the
isothermal melt crystallization rate. It can be calculated
using the following Eq. (4):

In2 1/n
t = (n_) 4
/2 k

The obtained results are shown in Table 2. The PLLA/
PBC binary blend exhibited a smaller ¢#,,, value at the same
T, than neat PLLA. The introduction of PDLA sharply
reduced the #,,, of PLLA in blends. For instance, at a T of
135 °C, the ¢, of neat PLLA was approximately 66.0 min,
but the t,,, of PLLA/PBC-2 decreased to approximately
2.6 min, a decrease of approximately 24 times. In addi-
tion, the reducing trend of #,,, became slower with increas-
ing PDLA concentration. All of these observations again
indicated that SC-PLA crystals were an effective nucleating
agent that significantly accelerated the crystallization rate
of PLLA.

Spherulite morphology

To explore the impact of SC-PLA crystals on the spherulite
morphology of PLLA in PLLA/PBC/PDLA ternary blends,
PLLA spherulites grown at 130 °C for 30 min after cooling
from 190 °C were observed utilizing POM. Figure 11 pre-
sents the images of PLLA spherulites in each sample. Neat

PLLA exhibited some large-sized spherulites with a diame-
ter of about 100 pm, as seen in Fig. 11 (a). Compared to neat
PLLA, incorporating PBC increased nucleation density and
decreased PLLA spherulite size, as evidenced by Fig. 11b.
POM images of ternary blends with PDLA concentration
increased from 2 to 10 mass% are presented in Fig. 11c—e.
It was not easy to distinguish individual spherulites upon
incorporating PDLA. This finding was attributed to the fact
that SC-PLA crystals acted as a heterogeneous nucleating
agent, which significantly increased the density of crystal
nuclei, resulting in spherulites impinging with surrounding
spherulites during the growth process, thereby inhibiting
their further growth.

Dynamic mechanical analysis

The effect of introducing SC-PLA crystals on the thermo-
mechanical properties of the PLLA/PBC binary blend was
investigated using DMA. Figure 12a and b presents DMA
traces of damping factor (tan §) and storage modulus (E")
versus temperature for neat components and their blends,
respectively.

The appearing peak on tan 6 curves represents the
glass transition temperature (7,) and the molecular chain
mobility transition. Neat PBC and PLLA exhibited a 7|, at
about—21.6 and 60.7 °C, respectively. PLLA/PBC binary
blend displayed two damping peaks at around —28.3 (T,
for PBC) and 60.2 °C (T, for PLLA), demonstrating that
PLLA and PBC were immiscible, consistent with the SEM
results and previous reports [22]. It is worth noting that the
T, of PBC blended with PLLA showed a decrease of around
7 °C compared to that of neat PBC, which could be due
to the existence of the phase interface between the PLLA
matrix and PBC phase. Enrichment of short chains, small
molecules, and chain end groups at the phase interface of
immiscible blends would increase chain mobility because
of excess free volume, which could result in a depression
of T, of the dispersed phase [48]. In addition, the T, values
of PLLA and PBC components in the PLLA/PBC/PDLA
ternary blends had almost no change as PDLA concentra-
tion increased, implying that the addition of PDLA had little
influence on the miscibility of PBC and PLLA.
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Fig. 11 Spherulite morphology: a neat PLLA; b PLLA/PBC; ¢ PLLA/PBC-2; d PLLA/PBC-5; and e PLLA/PBC-10
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Fig. 12 DMA traces of neat components and their blends: a damping factor (tan 6) versus temperature and b storage modulus (E’) versus tem-

perature

The E' curves of neat components and their blends are
shown in Fig. 12b. The E’ of neat PBC dropped pronounc-
edly at about —20 °C owing to the glass transition. The E’
of neat PLLA declined pronouncedly at around 60 °C and
rose markedly at approximately 90 °C due to its glass tran-
sition and cold crystallization behavior, respectively. For
blends, when the temperature exceeded 74 °C, an increase
in E' arising from the cold crystallization of PLLA could
be observed. Neat PLLA and its blends displayed similar
E" at temperatures below T, of PBC due to the glassy state

@ Springer

of PBC and PLLA. At temperatures between the 7, of PBC
and PLLA or exceeding the T, of PLLA, blends showed
lower E' than neat PLLA. This observation was due to PBC
being in a rubbery or fluid state (the melting temperature
of neat PBC was approximately 57.5 °C as determined by
DSC, shown in Fig. S1), which reduced the interaction
between segments and chains within the crystalline region
of the PLLA. When the temperature ranged from 7, to T
of PLLA, the lowest E' value of 4.45 MPa was observed in
neat PLLA. With PDLA concentration in blends changing
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from O to 10 mass%, the lowest E’ value in blends increased
from 4.3 MPa for PLLA/PBC binary blend to 5.1 MPa for
PLLA/PBC-2, 6.8 MPa for PLLA/PBC-5, and 10.4 MPa for
PLLA/PBC-10, respectively. The improvement of £’ might
be attributed to the strengthened effect of SC-PLA crystals
with high modulus on the PLLA matrix. In addition, the
role of SC-PLA crystals as physical crosslinks restricted the
motion of PLLA chains, consequently restraining the chain
relaxation of PLLA.

Mechanical properties

Matrix crystallinity (X,,) can significantly influence the
mechanical properties of PLLA-based blends. Therefore,
the X s of melt-quenched tensile test bars were determined
by analyzing the DSC curves shown in Fig. 1b. The results
of the analysis are summarized in Table S1. There was a
similar low homocrystallinity (X yc) for neat PLLA and its
blends. However, the stereocomplex crystallinity (X, g¢) of
PLLA/PBC/PDLA ternary blends increased as PDLA con-
centration increased, which led to an increase in X,,. From
Table S1, The X, of neat PLLA and PLLA/PBC binary
blend was 4.9 and 5.4%, respectively. As PDLA concentra-
tion increased, the X values of the ternary blends increased
t07.9,11.7, and 18.0% for PLLA/PBC-2, PLLA/PBC-5, and
PLLA/PBC-10, respectively.

(@) 80 neat PLLA
— PLLA/PBC
— PLLA/PBC-2
60+ — PLLA/PBC-5
— PLLA/PBC-10
©
o
= o)
@ 40+
[ ==
5]
20
0 T T T T T T
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Strain/%

The stress—strain curves of neat PLLA and its blends
are described in Fig. 13, and Table 3 presents the data on
tensile properties. Neat PLLA exhibited a brittle fracture
behavior, while the blends with or without PDLA exhibited
ductile characteristics with distinct yield and stable neck
growth. Rigid PLLA had Young’s modulus of 2056 MPa,
yield strength of 68.5 MPa, and elongation at break of 5.2%.
Incorporating PBC into PLLA significantly increased elon-
gation at break to 309.4% while decreasing yield strength,
Young’s modulus, and breaking strength to 49.8 MPa,
1483 MPa, and 39.9 MPa, respectively. Lower elongation
at break and breaking strength were observed in the ter-
nary blends, and compared to the binary blend, elongation
at break of ternary blends decreased with increasing PDLA
concentration. However, the elongation at break of PLLA/
PBC-10 remained above 90%.

The phase morphology, as well as the crystalline and
amorphous fractions, had a significant impact on the tensile
properties of immiscible polymer blends. The PLLA/PBC
binary blend with low X, exhibited excellent toughness on
account of the introduction of soft PBC, which is in line with
previous reports [22]. The soft PBC phase acted as a stress
concentrator when the PLLA/PBC blend was subjected to a
load. The stress concentration might cause debonding at the
interface between the matrix and the dispersed phase, result-
ing in the plastic deformation of the matrix. The reduction of
the elongation at break of the ternary blends was primarily
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Fig. 13 a Tensile stress—strain curves of neat PLLA and its blends; b details of stress—strain curves at low strain

Table 3 Tensile properties

Sample Young’s modu- Yield strength/MPa Breaking Elongation at break/%
parameters for neat PLLA and lus/MPa strength/MPa
its blends
Neat PLLA 2056 +29 68.5+0.3 68.5+0.3 52104
PLLA/PBC 1483 +23 49.8+0.8 399+23 309.4+16.8
PLLA/PBC-2 1521+28 48.8+£0.7 393+1.4 247.2+18.1
PLLA/PBC-5 1488 +28 50.2+1.0 3477+1.0 136.8 £9.1
PLLA/PBC-10 1512+56 47716 35.6+1.0 97.2+£9.7
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attributed to the increase in X, . From Table S1, the forma-
tion of SC-PLA crystals increased the X, of blends. The
crystalline fractions were dense structures, resulting in a
restrictive effect on polymer movement and thus reducing its
extensibility [56]. Small amounts of SC-PLA crystals were
formed after adding 2 mass% PDLA to the binary blend. At
this point, the PLLA matrix formed a continuous amorphous
phase with a discontinuous SC-PLA crystals region, result-
ing in a slight reduction in the elongation at break of the ter-
nary blends. However, when PDLA concentration reached 5
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mass% or higher, a continuous region composed of SC-PLA
crystals was dispersed in the PLLA matrix, as determined
by rheological results. The existence of the SC-PLA crystal
network could significantly restrict molecular motion, which
suppressed matrix plastic deformation caused by interfacial
debonding during the stretching process. Therefore, the for-
mation of the SC-PLA crystal network structure led to a
marked drop of elongation at break for ternary blends. Fur-
thermore, as determined by SEM results, the introduction
of SC-PLA crystals increased the PBC domain size. The
larger dispersed phase domain size could cause the blends
to debond easily at a lower load, thereby reducing elongation
at break and breaking strength of ternary blends. However,
the PLLA/PBC-10 sample still exhibited higher elongation
at break than the neat PLLA. This phenomenon suggested
that the toughening effect of PBC on PLLA was retained
after the addition of PDLA.

Figure 14 presents the notched Izod impact strength of
neat PLLA, PLLA/PBC binary, and PLLA/PBC/PDLA
ternary blends at room temperature. Since the impact test-
ing bars underwent the same thermal history as the tensile
testing bars, their X s were similar. The addition of PBC
significantly enhanced the impact toughness of PLLA. The
impact strength increased from 4.0 kJ m~2 for neat PLLA to
14.9 kJ m~ for the binary blend. After adding PDLA into
the binary blend, the impact strength decreased with increas-
ing PDLA concentration.

The SEM images of the impact-fractured surfaces for all
samples are shown in Fig. 15. Neat PLLA had a relatively
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Fig. 15 SEM micrographs of the impact-fractured surfaces of neat PLLA and its blends: a neat PLLA; b PLLA/PBC; ¢ PLLA/PBC-2; d PLLA/

PBC-5; and e PLLA/PBC-10
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smooth and flat surface, indicative of a classic brittle frac-
ture. Compared to neat PLLA, all blends exhibited more
rough and uneven fracture surfaces and evidence of ductile
fractures such as cavitation, stress-whitening zones, and
many long fibrils. When the toughed polymer was subjected
to a load, crazing, cavitation, shear yielding, crack bridg-
ing, and shear banding were crucial processes for energy
dissipation. Notably, as the PDLA concentration increased,
the length of the fibrils dispersed on the impact-fractured
surface of blends became shorter, and the number of fibrils
decreased, indicating that plastic deformation of the matrix
was suppressed due to the formation of SC-PLA crystals that
increased X, ;. As a result, the energy dissipation induced by
matrix plastic deformation was decreased, thus reducing the
impact strength of ternary blends.

Conclusions

In this study, fully biodegradable PLLA/PBC/PDLA ter-
nary blends were prepared by melt blending at a low tem-
perature of 180 °C. During the melt mixing process, PDLA
and PLLA co-crystallized to form SC-PLA crystals, which
exhibited high modulus and acted as physical crosslinks,
significantly improving the melt viscosity and strength of the
blends. When the concentration of PDLA reached 5 mass%,
SC-PLA crystals formed a percolating network structure,
resulting in a transition of the rheological behavior of the
blend melts from liquid-like to solid-like. All blends dis-
played a phase separation morphology, and PBC domain size
increased as the concentration of PDLA increased. SC-PLA
crystals exhibited an excellent nucleation effect, significantly
accelerating the crystallization process and increasing the X
of the PLLA in the ternary blends. The PLLA/PBC/PDLA
ternary blends with 5 mass% PDLA exhibited the highest X,
among all samples with a value of 47.0%. The introduction
of SC-PLA crystals increased the elastic storage modulus
of the PLLA/PBC blends while having little impact on the
miscibility between PLLA and PBC. The elongation at break
and impact strength of the blends decreased as PDLA con-
centration increased, but the blends retained high toughness.
Notably, with the addition of 2 mass% PDLA, the ternary
blends exhibited excellent balanced properties with an elon-
gation at break of 247%, impact strength of 12.2 kJ m~2,
accelerated crystallization rate, and improved rheological
behavior. These results demonstrate promising potential
for sustainable PLLA-based materials with well-balanced
properties.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10973-024-13245-x.
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