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Chapter

Recent Developments in the
Crystallization of PLLA-Based
Blends, Block Copolymers, and
Nanocomposites
Amit Kumar Pandey and Shinichi Sakurai

Abstract

Despite the extensive studies of poly(L-lactic acid)(PLLA), the crystallization of
PLLA-based materials is still not completely understood. This chapter presents
recent developments of crystallization of PLLA-based blends, block copolymers and
nanocomposites. The first section of the chapter discusses the acceleration of PLLA
crystallization by the inclusion of biobased (solid and liquid state) additives. It was
found that the solid state additives work as a nucleating agent while the liquid-state
additive works as a plasticizer. Both type of the additives can significantly enhance
the crystallization of PLLA, as indicated by crystallization half-time (t0.5) values.
Such composites are of great interest as they are 100% based on renewable
resources. The second section talks about the enhanced formation of stereocomplex
(SC) crystals in the PLLA/PDLA (50/50) blends by adding 1% SFN. It was found
that the loading of SFN enhances the formation of SC crystals and it suppresses the
formation of HC (homocrystal). The third section deals with confined crystalliza-
tion of poly(ethylene glycol) (PEG) in a PLLA/PEG blend. The PLLA/PEG (50/50)
blend specimen was heated up to 180.0°C and kept at this temperature for 5 min.
Then, a two-step temperature-jump was conducted as 180.0°C ! 127.0°C ! 45.0°
C. For this particular condition, it was found that PEG can crystallize only in the
preformed spherulites of PLLA, as no crystallization of PEG was found in the
matrix of the mixed PLLA/PEG amorphous phase. The last section describes the
confined crystallization of PCL in the diblock and triblock copolymers of PLA-PCL.
Furthermore, enantiomeric blends of PLLA-PCL and PDLA-PCL or PLLA-PCL-
PLLA and PDLA-PCL-PDLA have been examined for the purpose of the improve-
ment of the poor mechanical property of PLLA to which the SC formation of PLLA
with PDLA components are relevant.

Keywords: Crystallization, poly(lactic acid), stereocomplex crystallization, poly
(ethylene glycol), poly(caprolactone), biobased additives, improvement of
crystallizability, X-ray scattering, crystalline block copolymer, crystalline polymer
blend, confined crystallization

1. Introduction

Biobased polymers are gaining great popularity recently due to the increasing
environmental concerns associated with conventional polymers. One such polymer
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is poly(lactic acid)(PLA), which is obtained from 100% natural resources such as
corn starch and sugar cane. PLA has a good advantage of mechanical strength and
modulus (comparable to PET), however, it has slow crystallization rate, low elonga-
tion at break, and processing difficulties due to the low thermal stability which
significantly restricts its practical applications. PLA exists in three optical isomeric
forms poly(L-lactic acid) (PLLA), poly(D-lactic acid)(PDLA), and poly(D, L-lactic
acid) (PDLLA). The PLLA and PDLA both can be partially crystallized with a melting
temperature of 170–180 °C. However, a racemic blend (50% L and 50% D) gives an
amorphous polymer. Generally, commercial PLA grades are comprised of L-lactic
acid in majority with small amount of D moiety. The thermal and mechanical prop-
erties of PLLA are significantly affected by the presence of D units in PLLA [1].

The study of crystallization behavior of PLLA is very important to control its
thermal, mechanical, and gas-barrier properties. The crystalline structure of PLLA
has been studied by many researchers [2–5]. It has been reported that the crystalli-
zation of PLLA leads to several crystal forms (α, α’, β, and γ). The α form is the most
stable polymorph which is developed from the melt or solution. The crystalline
structure of PLLA α form is pseudo-orthorhombic with dimensions of
a = 1.0683 nm, b = 0.617 nm, c (chain axis) = 2.78 nm, where the molecules adopt a
103 helical conformation. Aleman et al. [6] proposed the space group of P212121 as
the most plausible packing mode of 103 helices.

In this chapter,we review the recent developments [7–15] of crystallization of PLLA-
based blends, block copolymers and nanocomposites. This chapter contains four sec-
tions. The first section deals with the enhancement in the crystallization of PLLA by
adding biobased additives. Over the years, there have been several strategies employed
by researchers to improve the crystallizability of PLLA [1, 16–19]. One of themost
common and effective method is the addition of a nucleating agent. The nucleating
agents are known to provide the sites for nucleation in polymers which results in the
enhancement of overall crystallization process. Most of the nucleating agents reported
for PLLA (talc, carbon nanotubes, graphene, clay) are inorganic materials that are non-
biodegradable in nature [1, 20]. Recently, it is an emerging trend to utilize renewable
resources for the improvement of crystallizability of PLLA. In this regard, we used solid-
state biobased additives like silk fibroin nanodisc (SFN) and cellulose nanocrystal
(CNC)with the aim of improving the crystallization of PLLA. The SFN is a biobased and
environmentally benignmaterial which was extracted from the waste of muga silk
cocoons, which is composed of 83.8% poly(L-alanine) [21]. The CNC is also a biobased
material which was extracted from the waste of marine green algae biomass residue
(ABR). Further, we used liquid-state biobased additive, i.e., organic acidmonoglyceride
(OMG) for the sake of improvement of crystallizability of PLLA. The differential scan-
ning calorimetry (DSC), polarizing optical microscopy (POM), synchrotron small-angle
X-ray scattering (SAXS), andwide-angle X-ray scattering (WAXS)measurementswere
used for the study of crystallization of PLLA. It is worthy to mention here that the time-
resolved SWAXS (simultaneousmeasurements of SAXS andWAXS) technique is one of
themost promising technique to detect the initiation of nucleation and follow the change
in the structure of growing crystals during the crystallization from themelt.

The second section talks about the stereocomplex crystallization of PLA. When
PLLA (left-handed helix) and PDLA (right-handed helix) are mixed, the resultant
mixture is known to form a complex so-called “stereocomplex (SC)”. The SC is
known to improve the thermal stability of PLA [22, 23]. This is due to the approx-
imately 50°C higher melting temperature of the SC crystals compared to the PLLA
or PDLA homopolymer crystal (HC). While pure PLLA and PDLA crystallize in
pseudo-orthorhombic form with a 103 helix conformation, the SC has a 31 helix
form [24]. The crystalline structure of PLA stereocomplex is triclinic with dimen-
sion of a = b = 0.916 nm, c (chain axis) = 0.87 nm, α = β = 109.2°, and γ = 109.8°, in
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which PLLA and PDLA chains are packed parallel taking 31 helical conformation
[25]. The formation of SC is influenced by the molecular weights of PLLA and
PDLA. It is very challenging to get SC crystals exclusively in the high molecular
weight PLLA/PDLA blend due to the competing formation of SC and HC during the
crystallization [26]. In view of this, we added 1% SFN in PLLA/PDLA (50/50)
blend, aiming to enhance the SC crystallization.

The third section deals with the blend of PLLA and poly(ethylene glycol), PEG. PEG
is a biocompatible polymer which is known for improving the toughness of PLLA
[20, 27, 28]. The crystallization study of the PLLA/PEG blend is important from the
aspect of the structural development, due to the fact that both the component (PLLA
and PEG) are crystallizable having differentTg andTm. Since PLLA and PEG are known
to bemiscible with each other, PLLA/PEG blend has attractedmany researchers for the
studies of structure control. Although there have been extensive research on the crystal-
lization of PLLApart in the dual crystalline PLLA/PEGblend [28–32], the effect of PLLA
spherulites on the PEG crystallization is not well-known. In this regard, we studied the
effects of space confinement when the PEG crystallizes from themoltenmixed amor-
phous phase sandwiched by the crystalline lamellae of the PLLA.

The final section of this chapter deals with the block copolymers of PLA (PLLA or
PDLA) and poly (ε-caprolactone), PCL. PCL is a biodegradable polymer which is also
known for improving the toughness of PLLA [28, 33]. Since it is known that PLA and
PCL are immiscible, copolymerization is a better route in comparison with the blending
to avoid the macro-phase separation. In view of this, we studied the crystallization
behavior of dual crystalline PLLA-b-PCL, PDLA-b-PCLdiblock copolymers by changing
the block length of PLLA or PDLA, however, the block length of PCLwas fixed.
Furthermore, the blend of PLLA-b-PCL and PDLA-b-PCL is also studied for the study of
formation of SC crystal by changing the block length of PLLA and PDLA components.

The PLLA samples were obtained from NatureWorks and the PDLA was
obtained from Purac. The sample characteristics are summarized in Table 1. The
specimens preparation method is mentioned in the respective section.

The DSC measurements for the isothermal crystallization were performed by
DSC214 Polyma (NETZSCH, Germany). The specimens were first melted at 200°C (or
260°C) for 5 min and immediately cooled to Tiso with the cooling rate of 300°C/min,
and kept isothermally until the completion of the crystallization process. POM obser-
vations were conducted by using a Nikon Eclipse Ci-POL polarizing optical micro-
scope equipped with the Linkam THMS600 hot stage (Linkam Scientific, UK). The
specimens were sandwiched between two coverslips. Next, the specimens were melted
on the hot stage, then quickly cooled (cooling rate = 150°C/min) to the isothermal
crystallization temperature, and then kept isothermally until the completion of the
crystallization process. The POM images were taken under crossed polarizers with a
530 nm optical retardation plate inserted in the optical path. The time-resolved
SWAXS measurements were carried out at the beamline BL-6A of Photon Factory at
the KEK (High-Energy Accelerator Research Organization) in Tsukuba, Japan. The
wavelength of the incident X-ray beam was 0.150 nm. The T-jump experiments were

Sample code Optical purity Number-average molecular weight (Mn) Mw/Mn

PLLA 4032D (D1.4) 98.6% 1.66 � 105 2.05

PLLA 2500HP (D0.5) 99.5% 1.74 � 105 2.22

PDLA D130 > 99.5% 1.41 � 105 2.03

Table 1.
Sample characterization.
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conducted using a sample holder designed to allow for a quick T-jump (385°C/min).
The details of the experimental set-up are reported elsewhere [7].

2. Improvement of PLLA crystallizability by biobased additives

2.1 Solid state additives (nucleation agents)

In this section, we report the effect of solid-state additives (SFN and CNC) on
the isothermal crystallization of PLLA from the melt (200°C).

2.1.1 Silk fibroin nanodisc (SFN)

The SFN used in this study was extracted from wastes of the muga silk
(Antheraea assama) cocoon [21]. The crystalline portion (the β sheets) of the silk
fibroin was isolated by using the acid-hydrolysis method. The obtained extract
comprises 83.8% L-alanine, and the well-defined disc-like nano particles were
obtained (see Figure 1 for the chemical structure of poly(L-alanine)). Such mor-
phology and dimensions have been reported as the average diameter and thickness
of �45 nm and � 3 nm, respectively [21]. The detailed information about the
preparation of SFN can be found in Ref. [21]. PLLA/ SFN specimens were prepared
by the solution-casting method, using dichloromethane (DCM) as a solvent [8].
The specimens are labeled as D1.4/SFN(x) or D0.5/SFN(x), where the numbers
after D denote the % of D moiety in PLLA, and x stands for % of SFN inclusion.

POM observations were conducted to observe spherulites and to evaluate the
growth rate of spherulites and the nucleation density as a function of time. The
specimens were melted on the hot stage at 200°C for 3 min, then quickly cooled
(cooling rate = 150°C/min) to the isothermal crystallization temperature (Tiso) of
120°C, and then kept isothermally until the completion of the crystallization
process. The representative images of the evolution of spherulites for the D1.4
neat and D1.4/SFN(1.0) specimens at 120°C as a function of time are shown in
Figure 2(a) and (b). First, negative spherulites were observed for both of the D1.4
neat and D1.4/SFN(1.0) specimens. As shown in Figure 2(d) the total number of
spherulites increased �4.7 times (from 9 to 42). In addition, the induction period
was shortened from 101 to 39 s. However, the growth rate of the spherulites was
unchanged (5 μm/min) by the addition of SFN. These results clearly show that
SFN can enhance nucleation of PLLA. SFN is considered to provide sites for easy
formation of PLLA nuclei.

Figure 1.
Chemical structures of poly(L-lactic acid) and poly(L-alanine). L-alanine is the main component (83.8%) of
the silk fibroin nanodisc.
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Figure 3 shows the DSC results of the isothermal crystallization of neat and 1%
SFN included specimens at 110°C. the degree of PLLA crystallinity (ϕDSC) as
evaluated based on the heat flow results using the following equation.

ϕDSC tð Þ ¼

Ð

t

0
H tð Þdt

ΔHo
m

(1)

where t denotes time and ΔHo
m is the enthalpy of fusion for the 100% crystal of

PLLA. The value of ΔHo
m is taken as 93 J/g, following reference [34]. Figure 3(b)

clearly indicates that the induction period was reduced and the final degree of
crystallinity was increased by the presence of SFN. Maximum achievable
crystallinity was found in the case of D0.5/SFN(1.0).

The inverse of crystallization half-time (t0.5) can be used for the discussion of
the crystallization rate, which is plotted as a function of the crystallization temper-
ature in Figure 4. The graph shows a parabolic curve thereby producing maximum
crystallization rate (1/t0.5,max). As shown in Figure 4, the overall crystallization
growth rate was significantly increased by the inclusion of SFN, the maximum
crystallization rate, 1/t0.5,max, was observed at 107.2°C. It should be noted that for
both specimens D1.4 and D0.5, the crystallization rate showed the same tendency,
as the most effective temperature is �107°C, although the TO

m differs (The TO
m

Figure 2.
POM images as a function of time for isothermal crystallization at 120°C (a) D1.4 neat (b) D1.4/SFN(1.0)
specimens. (c) Spherulite diameter and (d) the number of spherulites formed during the isothermal
crystallization at 120°C (adapted from reference [8] with a permission).
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values for the D1.4 neat and D0.5 neat specimens were 180.7°C and 193.3°C,
respectively [8]). These results indicate that the PLLA crystallization is predomi-
nantly governed by the kinetic driving force (T � Tg) rather than the thermody-
namic driving force (TO

m � T). It is important to note here that the spherulite
growth rate does not change in the presence of SFN (Figure 2), while 1/t0.5 is
increased. The reason for the enhancement of 1/t0.5 can be attributed to the
increased number of nuclei due to the addition of SFN (Figure 2). The enhanced
nucleation of PLLA by SFN may be ascribed to the plausible formation of hydrogen
bonding between the C=O group in PLLA and the N–H group of poly(L-alanine)
(see the chemical structure in Figure 1).

Figure 5(a) and (b) show the time-resolved WAXS profiles for the D1.4 neat
and D1.4/SFN(1.0) specimens as a function of time for isothermal crystallization at
110°C. Here, the magnitude of the scattering vector q

~

is defined as, | q
~

| = q = (4π/λ)

sin(θ/2) with λ and θ being the wavelength of X-ray and the scattering angle,
respectively. As shown in Figure 5(a) and (b), there is no crystalline peak initially,
which shows the presence of 100% amorphous phase in the early stage. As time

Figure 4.
Inverse of crystallization half time as a function of crystallization temperature, calculated from DSC results
(adapted from reference [8] with a permission).

Figure 3.
(a) Heat flow as a function of time during isothermal crystallization at 110°C and (b) degree of crystallinity
(ϕDSC) as a function of time, which was evaluated based on the heat flow result (adapted from reference [8]
with a permission).
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proceeds, a crystalline peak appears at q = 11.96 nm�1 (which has been shown by
the red arrow). The induction period (t0) of the crystallization is evaluated from the
first detection of the crystalline peak. It was found that loading of 1% SFN
decreased the t0 from 90 s to 40 s, which shows that SFN enhanced the nucleation
of PLLA.

The time evolution of the degree of crystallinity was calculated from the WAXS
profiles by using the following equation

ϕWAXS ¼
ΣAc

ΣAc þ Aa
(2)

Here, ΣAc is the summation of the peak area of the crystalline peaks, and Aa is
the peak area of the amorphous halo. The peak decomposition was conducted, and

Figure 5.
Time-resolved (a)-(b) WAXS and (c)-(d) Lorentz-corrected SAXS profiles of D1.4 neat and D1.4/SFN(1.0)
specimens. The red arrow indicates the first detection of the peak (adapted from reference [9] with a
permission).
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the degree of crystallinity ϕWAXS was calculated, which is plotted as a function of
crystallization time in Figure 6.

As can be seen in Figure 6, the final degree of the crystallinity has been
increased and t0.5 is decreased by the inclusion of 1% SFN, indicating the accelera-
tion of the crystallization rate.

Figure 5(c) and (d) show the changes in the Lorentz-corrected SAXS profiles as
a function of time during the isothermal crystallization at 110°C for the D1.4 neat
and D1.4/SFN(1.0) specimens. Here, the scattering intensity, I(q), is corrected as
q2I(q) by multiplying q2. There was no SAXS peak observed in the early stage of
crystallization. As time goes on, a clear scattering peak was observed at t = 180 s for
the D1.4 neat or t = 90 s for the D1.4/SFN(1.0) specimen, which indicates the
development of the lamellar stacking with sandwiching the amorphous layers. It is
significant to observe that the SAXS peak appears later than the WAXS peak
(Figure 5) which indicates that single lamellae (without stacking) are generated in
the initial state of the PLLA crystallization from the melt.

As seen in Figure 5(c) and (d), the SAXS peak moves towards the higher q as
the crystallization proceeds. The long period (D) of the lamellar stacks was evalu-
ated from the peak position (q*) as D = 2π/q*. As shown in Figure 7(a), the D
decreases as a function of the crystallization time which seemed to be conflicting to

Figure 6.
Degree of crystallinity as a function of time for the isothermal crystallization at 110°C (adapted from reference
[9] with a permission).

Figure 7.
SAXS results for isothermal crystallization at 110°C (a) long period (D), (b) average lamellar thickness (L) as
a function of (t-t0), where t0 is the induction period (adapted from reference [9] with a permission).
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the process of crystallization. To understand this behavior, the average thickness of
the crystalline lamella (L) was calculated from the SAXS profile through the corre-
lation function [35]. The correlation function is expressed as:

γ rð Þ ¼

Ð

∞

0
I qð Þq2 cos qrð Þdq

Ð

∞

0
I qð Þq2dq

(3)

Here, γ(r) is the correlation function and r is the distance in the real space. γ(r)
function was obtained from the comprehensive I(q) from q = 0 to q =∞ by
conducting the extrapolation of SAXS data for q !∞ according to Porod’s law and
for q ! 0, Guinier’s law is used. The detailed procedure is reported in Ref. [7].
Figure 7(b) shows thus-evaluated L as a function of time. As a result, the average
lamellar thickness, L increases with time, which is reasonable as a crystallization
behavior. Therefore, the decreasing behavior of D (as shown in in Figure 7(a)) is
also reasonable, as schematically shown in Figure 8. Upon crystallization, shrinkage
takes place. Since the lamella thickens with time, this results in the decrease of D
(Figure 8(b) and (c)), as the amorphous layer thickness is decreased to a greater
extent as compared to the increasing extent of L (lamellar thickness).

2.1.2 Cellulose nanocrystal (CNC)

In this section, we discuss the enhancement in PLLA crystallizability by the inclu-
sion of marine green algae biomass residue (ABR) based additives, i.e., washed ABR
(WABR) and the ABR extracted cellulose nanocrystal (CNC). The CNCwas extracted
from the waste of ABR by using acid hydrolysis method. The complete extraction and
characterization process is reported in Ref. [14]. Apart from effect of CNC on the
crystallization behavior of PLLA, we also compare the utility of waste ABR after
washing, i.e., WABR (washed algae biomass residue) as a filler for PLLA. As reported

Figure 8.
Schematic illustrations showing the change in the nanostructure upon crystallization of PLLA. (a) At the
amorphous state before crystallization of the polymer melt, (b) in an early stage of crystallization, (c) lamellar
thickening in the subsequent stage of the crystallization (adapted from reference [9] with a permission).
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in Ref. [14] it was found that WABR had irregular morphology (micron size), while
the CNC had needle-like morphology with an average diameter of 30–35 nm, and
average length of 520–700 nm. [14]. PLLA/WABR and PLLA/CNC composites were
prepared by solution casting method using chloroform as a solvent. The loading
amount of the additives were 0.5%, 1%, and 2% by weight. The effects of WABR and
CNC on isothermal crystallization of PLLA are discussed by DSC and POM.

Figure 9 shows the degree of crystallinity as a function of time based on DSC
results for the isothermal crystallization of neat PLA, PLA/WABR and PLA/CNC
nanocomposites at 110°C. The degree of crystallinity (ϕ) was calculated by using
Eq. (1). As shown in Figure 9, the addition of WABR, and CNC can improve the
crystallizability of PLLA by reducing induction period, crystallization half-time,
and by increasing the ultimate degree of crystallinity. It was observed that the CNCs
were more effective as a crystallizing agent in comparison to WABR. Based on the
DSC measurement in heating scan, it was found that WABR and CNC does not
change the Tg and Tm of PLLA [14]. These results are similar to the case of loading
SFN which is also a solid state additive [8].

Figure 10 shows the representative POM images for the isothermal crystalliza-
tion at 125 °C for the neat PLA, PLA/WABR(1.0), and PLA/CNC(1.0) specimens at
t = 12 min. First, negative spherulites were observed for all the specimens which
shows that WABR and CNC had no effect on the structure of the PLA spherulites.

Figure 9.
Degree of crystallinity as a function of time based on DSC results for the isothermal crystallization of neat PLA,
PLA/WABR and PLA/CNC nanocomposites at 110°C. the degree of crystallinity (ϕ) was calculated by using
Eq.(1) (adapted from reference [14] with a permission).

Figure 10.
The representative POM images for the (a) neat PLA, (b) PLA/WABR(1.0), and (c) PLA/CNC(1.0)
specimens for the isothermal crystallization at 125°C for t = 12 min (adapted from reference [14] with a
permission). The figure has been slightly modified.
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Furthermore, Figure 11 shows the spherulite diameter, and number of spherulites
as a function of time, which were calculated from the POM images. It was observed
that the incorporation of WABR, and CNC into the PLA matrix accelerated the rate
of nucleation, however, the growth rate of the PLA spherulite was almost
unchanged. CNC was found to be more effective than the WABR. The needle-like
morphology and high aspect ratio of CNC were mainly accountable for the better
effectiveness on improvement in the crystallization of PLA. On the contrary, the
larger particle size of WABR might be the possible reason for its less effectiveness.

The results shown in this section suggest that even the low loading amount of
solid state additives can enhance the crystallization of PLLA by providing more sites
for nucleation without altering Tg,Tm, and spherulite growth during the isothermal
crystallization from the melt.

2.2 Liquid state additive (plasticizer)

In this section, we will focus on the enhancement in crystallizability of PLLA by
using a special plasticizer (organic acid monoglyceride; OMG). The chemical struc-
ture of OMG is shown in Figure 12. OMG is a product of Taiyo Kagaku Co., Ltd.
The commercial name of OMG is Chirabazol D, which is a biobased plasticizer. The
OMG has a molecular weight of 500 and a melting temperature of Tm = 67°C. PLLA/
OMG specimens were prepared by the solution casting method, using chloroform as
a solvent. The specimens are labeled as D1.4/OMG(x) or D0.5/OMG(x), where the
numbers after D denote the % of D moiety in PLLA, and x stands for % of OMG
inclusion.

Figure 13 shows the effect of OMG on the glass transition temperature (Tg) of
PLLA. It is noticeably observed that Tg of PLLA decreases with the OMG content.
More rigorously, we compare the result with the estimation by the plasticizing
effect. The Tg can be simply estimated as.

Figure 11.
(a) Spherulite diameter, (b) number of spherulites in the PLA/CNC bio-nanocomposites, and (c) spherulite
diameter, (d) number of spherulites in the PLA/WABR bio-composites as a function of time at an isothermally
crystallized temperature of 125°C (adapted from reference [14] with a permission).
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Tg PLLA=plasticizerð Þ Kð Þ ¼ 1�
wt%of plasticizer

100

� �

� Tg neatð Þ Kð Þ (4)

Figure 13 shows the experimental Tg and the estimated Tg (with two straight
lines) as a function of OMG content. The data points are almost in accord with the
lines up to 1.0%, and then deviated from the lines above the OMG content of 1.0%.
These results suggest that the OMG acts as a plasticizer for PLLA when the OMG
loading is <1.0%. Figure 14(a) shows the DSC results of the isothermal crystalli-
zation of neat and 1% OMG loaded specimens at 110°C. The reduction in t0.5 in
Figure 14(b) confirmed the enhancement in crystallization rate. Figure 14(c)

Figure 12.
Chemical structure of OMG.

Figure 13.
Glass transition temperature (Tg) as evaluated from DSC curves. The lines show estimated Tg (adapted from
reference [10] with a permission).
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shows the apparent degree of crystallinity which was evaluated using Eq. (2), based
on the WAXS results as a function of the crystallization time for all specimens. The
effect of the OMG is very clear for the acceleration of crystallization.

Figure 15(a) shows the change in long period, D as a function of time during the
isothermal crystallization at 110°C for neat and 1% OMG loaded specimens. The
long period decreases as the crystallization proceeds which can be explained by
Figure 8. Furthermore, Figure 15(b) shows changes in the lamellar thickness (cal-
culated from SAXS profile through the correlation function, γ(r)) as a function of

Figure 14.
(a) DSC results for isothermal crystallization at 110°C (b) crystallization half-time as a function of OMG
loading (c) apparent crystallinity based on WAXS results, and (d) d spacing as a function of time (adapted
from reference [7] with a permission).

Figure 15.
SAXS results for isothermal crystallization at 110°C (a) long period (D), (b) lamellar thickness (L) as a
function of time (adapted from reference [7] with a permission).
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time. As time proceeded, the lamellar thickness increased in the early stage and then
leveled off in the later stage. These results suggest that the lamellar thickness
increased quickly in the early stage of crystallization due to a decrease in the D-
content and the addition of OMG. The ultimate lamellar thicknesses (at 3000 s) for
all specimens are relatively similar, although the value for the D0.5/OMG is 0.94
times those of the others.

The time-resolved Lorentz-corrected SAXS profiles during isothermal crystalli-
zation at 100°C form the melt (200°C) for D1.4/OMG and D0.5/OMG specimens
are shown in Figure 16. There was no SAXS peak observed in the early stage. As the
crystallization proceeds, the SAXS peak appears which gradually shifts towards the
higher q range. As can be seen in Figure 16(b), there was observed a clear second
peak in the higher q range for the D0.5/OMG(1.0) specimen. However, the position
of the new peak is not twice of the position of the first-order peak which means that
the new peak is independent of the first-order peak. This result correspond to the
newly formed lamellar stacking. There are three possible models to account for the
appearance of a new peak in the higher q range. One is the formation of new
lamellar stacks in the amorphous region with much shorter long period, as sche-
matically shown in Figure 17(a). The second one is the new lamellar stacks formed
perpendicular to the original lamellar stacks, as schematically shown in the
Figure 17(b). This model is referred to as the cross-hatched lamellae [36–38]. The
third one is the insertion of a new lamella into the amorphous phase, which is
sandwiched by the neighboring two preceding lamellae, as schematically shown in
the Figure 17(c). This kind of insertion of a new lamella has been considered by

Figure 16.
Temporal changes in the Lorentz-corrected SAXS profiles upon T-jump from 200 °C to 100 °C for the specimen
(a) D0.5 neat, (b) D0.5/OMG(1.0), (c) D0.5/OMG(2.0), (d) D1.4 neat, (e) D1.4/OMG(1.0), and (f)
D1.4/OMG(2.0) specimens (adapted from reference [10] with a permission).
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Hama et al. [39]. At present, it is difficult to specify which model is appropriate.
Although there was no such peak observed for the D0.5/OMG(2.0) specimen, the
shoulders are clearly observed for this specimen (Figure 16(c)). Therefore, even
for this specimen the effect of OMG to induce such a new lamellar stack can be
recognized.

The POM observations were conducted to count the number of the spherulites as a
function of time during the isothermal crystallization at 130 °C. Figure 18(a) and (b)
show the representative POM images for the isothermal crystallization at 130 °C for
the D1.4 neat and D1.4/OMG(1.0) specimens at t = 29 min. Since, the negative
spherulites were observed which indicates that there is no effect of OMG on the
structure of the spherulites. Figure 18(b) shows enhanced number of spherulites by
loading of OMG which indicates that OMG can enhance the nucleation process of
PLLA. From Figure 18(c), it can be seen that the OMG enhances the spherulite
growth of PLLA which clearly shows the effect of OMG to improve the
crystallizability of PLLA. We speculate that the lowering of the activation energy for
the PLLA crystallization may be the main effect of the OMG [10].

3. Enhancement in stereocomplex crystallization of PLLA/PDLA blend

In this section, the PLLA/PDLA (50/50) blends were prepared by solution cast-
ing method. Firstly, the PLLA and PDLA solutions were separately prepared with a
concentration of 5% (w/v), using dichloromethane (DCM) as a solvent. The SFN
was dispersed in DCM by using the ultrasonication method as discussed in the
reference [8]. The PLLA, PDLA solutions, and the SFN dispersion, all together were
mixed in one glass vessel and stirred for 12 h. The loading of SFN was 1% with the
weight ratio of PLLA, PDLA, and SFN as 49.5/49.5/1.0. After the mixing, the
solution was poured into a Petri dish for solvent evaporation at RT. After complete
evaporation of the solvent, the as-cast films were obtained which were further dried
in a vacuum oven at 50°C for 24 h. The specimens are labeled as LD neat and

Figure 17.
Schematic representation for the formation of a new lamellar stack. (a) Independent stacking, (b) formation of
a new stack in the amorphous phase in between the original lamellae with the stacking direction perpendicular
to each other (cross-hatched lamellae) and (c) insertion of a new lamella in between the original lamellae
(adapted from reference [10] with a permission).
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LD/SFN(x), where LD denotes the blend of PLLA/PDLA(50/50), and x denotes the
% loading of SFN.

Prior to the study of the effect of SFN on the crystallization of PLLA/PDLA
(50/50) blend, we checked the effect of SFN on PDLA crystallization as SFN was
known to improve the crystallization of PLLA (see Section 2.1.1). Figure 19 shows
the comparison of degree of crystallinity during isothermal crystallization of PLLA
neat, PLLA/SFN(1.0), PDLA neat, and PDLA/SFN(1.0) specimens at 110°C. It can
be seen from this figure that the ultimate degree of crystallinity (ϕ∞) at the iso-
thermal crystallization temperature of 110°C is increased by adding 1% SFN in
PLLA or PDLA specimen. As shown in Figure 19 the induction period, t0 and the
crystallization half-time, t0.5 of the PDLA neat specimen are shorter than those of the
PLLA neat specimen. This may be because the optical purity of the PDLA sample
(D-content >99.5%) is higher than that of PLLA sample (L-content = 99.5%), as we
know that the nucleation and crystallization of PLA (PLLA or PDLA) becomes
quicker with the increasing optical purity. By adding SFN, the t0 was almost
unchanged for the case of the PDLA/SFN(1.0) specimen, while it was significantly
decreased for the case of PLLA/SFN(1.0), furthermore, the t0.5 is decreased for both
cases. It was much decreased for the case of PLLA than that of PDLA, ensuring the

Figure 18.
(a), (b) POM images for the D1.4 neat and D1.4/OMG(1.0) specimens for the isothermal crystallization at
130°C for t = 29 min. (c) Plots of the radius of spherulite vs. time evaluated from the results of POM (adapted
from reference [10] with a permission). The figure has been slightly modified.
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superior SFN effect due to its similarity of the chemical structure to PLLA. These
results indicate the enhancement in the crystallizability of PDLA by adding 1% SFN,
although SFN is much effective for the improvement of crystallizability of PLLA.

For the isothermal crystallization from melt, we set the melt temperature at 260°
C for 5 min and then immediately quench to 110°C or 170°C and hold it isother-
mally until the crystallization completes. The reason why we selected 110°C is that
it was found in Figure 4 that the rate of crystallization of PLLA HC crystal is
maximum at �110°C. This is the best temperature to achieve the maximum amount
of crystallinity of PLLA which is desirable for industrial purposes.

Furthermore, since at 110°C the formation of HC and SC occurs simultaneously
so to see the effect of SFN on the formation of SC crystals solely, we conducted the
isothermal crystallization at 170°C because at this temperature HC crystals cannot
form (Tm,HC = 170 � 180°C) due to the shallow quench depth (ΔT = TO

m – Tc).
The effect of SFN on the isothermal crystallization behavior of the PLLA/PDLA

blend specimen was investigated at Tiso = 110°C. Figure 20 shows the DSC results of
the isothermal crystallization of LD neat and LD/SFN(1.0) specimens at 110°C from
the melt (260°C). In Figure 20(a), the heat flow as a function of time at the
isothermal crystallization temperature is plotted. Adding 1% SFN, the crystalliza-
tion exothermic peak shifts to the shorter time, showing an enhancement in the
crystallization speed. However, it was not possible to distinguish the evolution of
HC and SC phases from the plots of Figure 20(a). To see the crystallites formed in
the isothermal crystallization, the subsequent heating is conducted after the com-
plete crystallization at 110°C. Figure 20(b) shows the results of the DSC heating
scan. It is seen that by adding 1% SFN the ΔHm,HC and Tm,HC decreased and the
ΔHm,SC and Tm,SC increased. These results indicate that the SFN can enhance the
formation of SC and can suppress the formation of HC. The change in the melting
temperature indicates that the presence of SFN may increase the lamellar thickness
of the SC crystals while the lamellar thickness of HC crystals may be decreased due
to the suppression of the HC crystallization. The increase in the melting point of SC
is helpful to increase the thermal stability of PLA.

The effect of SFN on the isothermal crystallization behavior of the PLLA/PDLA
blend specimen at 170°C was studied by the DSC measurement as shown in
Figure 20(c). Since the temperature 170°C is too high for the formation of HC
(Tm,HC = 170 � 180°C), only the formation of SC can be considered at this

Figure 19.
Degree of crystallinity (ϕDSC) as a function of time, which was evaluated based on the heat flow results
(adapted from reference [15] with a permission).
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temperature (see later WAXS results in Figure 21(c) and (d)). From Figure 20(c)
and (d), it is clearly seen that the ultimate degree of crystallinity at the isothermal
crystallization temperature of 170°C is increased by the presence of SFN. The t0 was
decreased from 13 min to 7.4 min and the t0.5 was also decreased from 32.3 min to
19.1 min. These results indicate the enhancement in the stereocomplex crystallization
of PLLA/PDLA (50/50) blend specimens by adding 1% SFN.

To clearly distinguish the evolution of HC and SC during the isothermal crystal-
lization, we conducted the time-resolved WAXS measurements at 110°C upon T-
jump from 260°C. Figure 21(a) and (b) show the change in WAXS profiles for the
LD neat and LD/SFN(1.0) specimens as a function of time at 110°C. The peaks
located at q = 8.75, 14.6, and 16.6 nm�1 belong to the SC crystals while the other
reflection peaks belong to the HC. As shown in Figure 21(a), even at the very early
stage the SC(110) refection peak was observed for both the specimens, while the
peak area of SC(110) was much larger for the case of LD/SFN(1.0) specimen. The
shorter induction period of SC than HC is due to the fact that the nucleation of SC is
faster than that of HC in PLLA/PDLA (50/50) blend by the difference in the
thermodynamic driving force of the crystallization. (ΔTSC > ΔTHC where
ΔTSC = Tm, SC– T and ΔTHC = Tm, HC– T). As time goes on, the HC peak appears at
125 s. It is noteworthy to observe here that the induction period of HC is unchanged
by adding SFN. The time evolution of the degree of crystallinity was calculated
from the WAXS profiles which is plotted as a function of time in Figure 22. As can
be seen from Figure 22 for the case of LD neat specimen, the HC peak appears later
than the SC peak while it keeps on increasing and finally, ϕHC overcomes ϕSC. For
the case of LD/SFN(1.0) specimen, the SC crystallization is much accelerated

Figure 20.
(a) Heat flow as a function of time during the isothermal crystallization at 110°C from the melt (260°C), and
(b) the subsequent heating scan from 110–260°C with the rate of 20°C/min. (c) Heat flow curves as a function
of time during the isothermal crystallization at 170°C from the melt (260°C), and (d) changes in the degree of
crystallinity (ϕDSC) as a function of time at 170°C, (adapted from reference [15] with a permission).
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in the very early stage with the almost zero induction period and in the final stage
ϕHC < < ϕSC. The fraction of SC (fSC) is increased after loading of 1% SFN while the
total degree of crystallinity (ϕHC + ϕSC) is unchanged at 30 min.

The average crystallite size (Dhkl) in the direction normal to the (hkl) plane was
evaluated by Scherrer’s Equation [40].

Dhkl ¼
Kλ

βhkl cos
θ
2

� � (5)

where K is a constant (0.9) and λ is the wavelength of the incident X-ray. βhkl is a
full-width at half maximum (FWHM) in the unit of radian, and θ is the scattering

Figure 21.
Time-resolved WAXS profiles after the T-jump from 260–110°C for (a) LD neat (b) LD/SFN(1.0)
specimens. (the red arrow indicates the first detection of the peak for the HC). (c) Time-resolved WAXS profiles
after the T-jump from 260–170°C for (c) LD neat (d) LD/SFN(1.0) specimens. (the red arrow indicates the
first detection of the SC peak) (adapted from reference [15] with a permission).
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angle. Note here that the raw data were used as the βhkl values without correction
for the peak broadening due to the collimation error of the WAXS setup, if any.

As seen in Figure 22(e) and (f), the crystallite size is initially increasing as a
function of time and it levels off after 5 min elapsed from the onset of crystalliza-
tion. The slope of the plots in Figure 22(e) and (f) can be considered as the
crystallite growth rate. Then, it can be stated that the growth rate of the HC
crystallites is unchanged by the addition of SFN. The final value of the size of the
HC crystallite for LD/SFN(1.0) specimens is slightly smaller than that in the LD neat
specimen due to the effect of the SFN loading. As can be seen from Figure 22(f), the
size of the SC crystallite in the LD/SFN(1.0) specimen is much smaller than those of
the LD neat specimen. Furthermore, it is interesting to notice that the initial size of
the SC crystallite is the same for both the LD neat and the LD/SFN(1.0) specimens
(Figure 22(f)).

To check the effect of SFN loading on the formation of SC crystals solely, we
conducted the time-resolved WAXS measurements at 170°C. The changes in the
WAXS profile were measured in the isothermal crystallization process at 170°C
from the melt (260°C). Figure 21(c) and (d) show the WAXS profile for the LD

Figure 22.
Degree of crystallinity calculated from the results of Figure 21 for (a) LD neat and (b) LD/SFN(1.0)
specimens. (c) Total (HC + SC) degree of crystallinity and (d) fraction of SC as a function of time. Plots of
average crystallite size as a function of time evaluated by Scherrer’s equation for (e) HC and (f) SC (adapted
from reference [15] with a permission).
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neat and LD/SFN(1.0) specimens as a function of time. It is also clearly shown that
there is no peak for HC crystals which is due to such a high temperature, i.e. 170°C.
It can be said that at 170°C only SC crystal formation takes place.

Figure 23(a) and (b) show the changes in Lorentz corrected SAXS profiles as a
function of time during isothermal crystallization at 110°C for the LD neat and LD/
SFN(1.0) specimens. The SAXS profiles in Figure 23(a) and (b) show the scatter-
ing from both the HC and SC crystal (as evidenced by WAXS results in Figure 21).
To distinguish the contribution of HC and SC crystal, we conducted the peak
decomposition of the SAXS profiles. The detailed procedure about the peak

Figure 23.
Changes in the Lorentz-corrected SAXS profiles as a function of time for LD neat and LD/SFN(1.0) specimens
during the isothermal crystallization at (a)-(b) 110° C and (c)-(d) 170°C from the melt (260°C) (adapted
from reference [15] with a permission).
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decomposition is mentioned in Ref. [15]. For t < 6 min, the SAXS profiles are
symmetric which belong to SC crystals. As time goes on, after t = 6 min, the second
peak appears which shows the scattering from HC crystals. From the peak position
(q*), the long period (D) of the lamellar stacks was evaluated as D = 2π/q*.
Figure 24(a) shows the plot of D as a function of time for the LD neat and LD/SFN
(1.0) specimens which show the contribution of HC and SC separately. As seen in
Figure 24(a), D decreases as a function of time for HC crystals in the LD neat
specimen. After loading 1% SFN, a similar trend was observed while the value of D
of the HC lamellar stack was smaller than that of the LD neat specimen. The D of
the SC lamellar stack in the LD neat specimen first increases up to t = 6 min and
then decreases after t > 6 min. Considering Figure 22(a), t = 6 min can be taken
as t0.5 (crystallization half-time). Then, the crystallization was quick in the stage
t < t0.5. Namely, D increased with time during the rapid crystallization while D
decreased with time during the subsequent slow crystallization. Figure 22(f), also
suggests that the lateral size of SC lamellae was very rapidly increased for t < 6 min.
Therefore, it can be considered that the SC lamellae grow in their lateral direction
by folding the polymer chains in the amorphous region outside of the lamellar
stacks. In the meantime, thickening of the lamellae can be considered during this
stage (t < t0.5). Namely, the lamellar thickening may be considered to take place by
including the amorphous chains from outside of the lamellar stack. This situation
quite differs from Figure 8, for which D is explained to be decreasing with time
because of shrinkage in volume upon crystallization. As for the current case, no
change in the amorphous layer with increasing of the thickness of the crystalline
lamellae result in increasing the long period, D. For the LD/SFN(1.0) specimen D of
the SC lamellar stack decreases from the beginning however the decreasing ten-
dency became more evident for t > 6 min.

Figure 23(c) and (d) show the changes in Lorentz corrected SAXS profiles as a
function of time during isothermal crystallization at 170°C for the LD neat and LD/
SFN(1.0) specimens. The intensity of the peak observed at q = 0.29 nm�1 increases
as a function of time. As seen in Figure 23(c) and (d), the SAXS peak moves
towards the higher q as the crystallization proceeds. Increase in q suggests the
decrease in D as shown in Figure 24(b). It can be seen that the long period, D
decreases by the loading of SFN.

POM observations were conducted to evaluate the spherulite growth rate and
the nucleation density as a function of time. The POM images of the evolution of
spherulites for the LD neat and LD/SFN(1.0) specimens at 170°C as a function of

Figure 24.
Plots of long period (D) as a function of time during the isothermal crystallization at (a) 110°C and (b) 170°C
from the melt (260°C) (adapted from reference [15] with a permission).
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time are shown in Figure 25(a) and (b). First, negative spherulites were observed
with the typical Maltese-cross patterns for both of the LD neat and LD/SFN(1.0)
specimens. The number of spherulites and the spherulite diameter as a function of
time are plotted in Figure 25(c) and (d). As shown in Figure 25(c) the number of
spherulites increases as a function of time for the LD neat specimen below 4 min,
suggesting homogeneous nucleation. In contrast, for the case of LD/SFN(1.0), the
number of spherulites significantly increases and kept constant as a function of time
(Figure 25(d)), suggesting heterogeneous nucleation due to the nucleation effect of
SFN. The final number of spherulites increased approximately 3.6 times (from 21 to
73) upon the addition of SFN. Based on these results, SFN is considered as a
nucleation agent for SC nuclei. The induction period calculated from Figure 25(c)
looks unchanged. Furthermore, as seen in Figure 25(d) the growth rate (8.6 μm/
min) of the spherulites in the LD/SFN(1.0) specimen is smaller than that of the
spherulites in the LD neat specimen (10.7 μm/min). Although the growth rate of the
SC crystals is decreased by the loading of SFN, the ultimate degree of crystallinity at
170°C (see Figure 20(d)) is increased by the loading of SFN. The slower growth of
SC spherulites by adding SFN seems conflicting with the larger nucleation effects of
SFN. These two conflicting results (as shown in Figure 25(c) and (d)) induced by
the SFN loading are worthy of future research.

Figure 25.
POM images as a function of time for the isothermal crystallization at 170°C for (a) LD neat (b) LD/SFN
(1.0) specimens. (c) Changes in the number of spherulites as a function of time, (d) the plots of spherulite
diameter as a function of time during isothermal crystallization at 170°C, evaluated from the POM images
(adapted from reference [15] with a permission).
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4. Confined crystallization of PEG inside the preformed PLLA
spherulite

In this section, we focus on the confined crystallization of PEG inside the
preformed PLLA spherulite. The PLLA sample used in this study is the product of
NatureWorks (code 4032D, D-content = 1.4%). The PEG sample was purchased
from Wako Pure Chemical Industries, Ltd., of which Mw is 20,000. The PLLA/PEG
(50/50) blend specimen was prepared by the solution casting method, using DCM
as a solvent to obtain a solution with ca. 5 wt% of the total polymer concentration.
The polymer solution was then poured into a Petri dish for complete evaporation
of DCM.

The PLLA/PEG (50/50) blend specimen was heated up to 180.0°C and kept at
this temperature for 5 min to obtain complete melt without liquid–liquid phase
separation. Then, a two-step temperature-jump was conducted as 180.0°C! 127.0°
C ! 45.0°C. The isothermal crystallization time at 127.0 °C was controlled as 0, 5,
10, and 15 min where the PLLA spherulite grew. After that, the specimen was
quenched to 45.0 °C and kept at this temperature for 40 min to induce the
crystallization of PEG, as shown in Figure 26.

As can be seen from the POM micrographs in Figure 27(a), PEG does not
crystallize at 45.0 °C upon the direct quench from melt at 180.0 °C, however at 41°C
PEG crystallization was clearly observed. This is due to the freezing temperature (Tf)
depression of PEG in the mixture of the PLLA/PEG (50/50) blend specimen by
noting that Tf for the neat PEG specimen is 52.0 °C. It should be noted that here we
prefer to use the terminology “freezing temperature” instead of “crystallization tem-
perature” to avoid any confusion with the “isothermal crystallization temperature” at
which the isothermal crystallization experiment was conducted. Furthermore, the Tg

of the PLLA/PEG (50/50) blend is approximately estimated as �8.2 °C by using the
Fox equation with Tg,PEG = � 53.0 °C [41] and Tg,PLLA = 59.6 °C [8]. Therefore, the
homogeneous mixture of PLLA and PEG is in the rubbery state at 41°C. However,
PLLA crystallization was not observed at 41°C which may be due to the worse
crystallizability of PLLA as compared to that of PEG.

The direct evidence of the confined crystallization of PEG inside the preformed
PLLA spherulite was observed by the bright-field optical microscopic observation

Figure 26.
Temperature protocol for the POM observations and the DSC measurements for the PLLA/PEG (50/50) blend
specimens isothermally crystallized by the two-step T-jump (adapted from reference [13] with a permission).
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which is shown in Figure 28. Actually, polarizer and analyzer plates were removed
after first-step of T-jump at 127.0°C for 600 s. Afterwards, the specimen was
quenched to 45.0°C. Around 484–486 s elapsed at 45.0°C, the dark spokes were
observed inside the PLLA spherulite which were disappeared when temperature
was increased up to 67.0°C. Thus, the confined crystallization of PEG in the
preformed PLLA spherulite was evident. Upon further quenching from 67.0°C to
45.0°C, the confined crystallization of PEG again occured inside the PLLA spheru-
lite, as shown in the bottom row of Figure 28. It is interesting to observe that the
crystallization of PEG did not start from the center of the preformed PLLA spheru-
lite. It rather seems that the initiation of the PEG crystallization was at random.
Also, interesting to note no memory effect, i.e., the trajectories of the second-time
PEG crystallization were completely different from the first-time ones. Further-
more, there observed a bridging PEG crystalline region which continuously strides
over two-neighboring PLLA spherulites being contacted to each other with a
straight boundary.

Figure 29(a) shows the change in the WAXS profiles during the isothermal
crystallization at 45.0°C after the PLLA crystallization for 15 min at 127.0°C. Ini-
tially at t = 315 s, only the PLLA crystalline reflection peaks at q = 11.95, 13.43, and
15.45 nm�1 were observed. As time goes on, the PEG crystalline reflection peaks
also appear at q = 13.56, 15.94, 16.12, 16.30 nm�1 with increasing their intensity.
Figure 29(b). shows the plots of peak area as a function of time. The peak area for

Figure 27.
POM micrographs showing the crystallization processes of PLLA/PEG (50/50) blend specimens at 45.0 °C
(40 min) after the temperature jump from 127.0 °C, where PLLA was allowed to crystallize for (a) 0, (b) 5,
(c) 10, and (d) 15 min. Subsequently, the specimens were subjected to reheating with 50°C min�1 up to
67.0°C. POM images shown in the right column were taken after 10 s of the temperature equilibration at
67.0°C (adapted from reference [13] with a permission).
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the PLLA crystalline peak was unchanged with the time however, that of PEG peaks
showed the increasing tendency and then leveled off. The onset time of the peak
evolution can be considered as the induction period which was about 5 min for this
particular case. Although the peak positions of the PEG reflections in the second-
step of T-jump of the blend specimen are the same as those for the neat PEG, it is
specific to recognize the tremendous suppression of the (124)/(124) reflection peak
for the blend specimen as compared to that for the neat PEG [13]. This may indicate
the effect of the space confinement that the direction of the PEG crystal growth was
suppressed, which is the [124]/[124] direction almost parallel to the c-axis, in turn,
the polymer chain direction. On the other hand, the (120) reflection peak was not
suppressed, indicating that the PEG crystal growth in the direction perpendicular to
the polymer chains was not affected. Assuming the folded-chain crystal of the PEG
crystalline lamella, these results suggest the suppression of the lamellar thickening
due to the space confinement in the amorphous phase sandwiched by the
preformed PLLA crystalline lamellae. This further suggests the orientation of the
PEG lamellae parallel to those of PLLA. The parallel orientation of the PEG lamellae
(parallel to the preformed PLLA crystalline lamellae) as a consequence of the space
confinement can be explained by the previous work of Huang et al. [42].

Such a space confinement effect results in the formation of extraordinarily thin
PEG lamellae, in turn the lowering of the melting temperature according to the
Gibbs–Thomson equation. To check this speculation, the DSC measurements were
conducted. The specimens were first quenched from 180.0°C to 127.0°C to allow
isothermal crystallization of PLLA for X min (X = 5, 10, 15, and 20) in prior to the
second-step T-jump to 45.0°C to allow isothermal PEG crystallization at 45.0°C for
30 min. After the isothermal PEG crystallization at 45.0°C for 30 min, the specimen
was then heated with the rate of 10°C/min where the DSC measurement was
conducted. Figure 30 shows the change in Tm of PEG as a function of the PLLA
crystallization time at 127.0°C. It is clear that the Tm

0s of PEG in PLLA/PEG(50/50)
blend are much lower than that for the neat PEG crystallized, suggesting the

Figure 28.
POM image obtained at 127.0°C (600 s isothermal crystallization; shown at the top-left corner) and bright-
field micrographs showing the confined crystallization of PEG in the PLLA spherulites for the PLLA/PEG (50/
50) blend specimen. The specimen was quickly cooled from the melt state (180.0°C) to the crystallization state
of PLLA at 127.0°C. after 600 s elapsed (isothermal crystallization for 600 s at 127.0°C), the specimen was
again quenched to 45.0°C for the isothermal crystallization of PEG. Then, the specimen was subjected to
reheating up to 67.0°C to melt the PEG crystalline phase. Subsequently (after 6 s elapsed), the specimen was
quenched to 45.0°C for the isothermal crystallization at 45.0°C for the second time by keeping the same PLLA
spherulites in which the confined crystallization of PEG took place again (adapted from reference [13] with a
permission).
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formation of thinner PEG lamellae in case of the confined crystallization. It is
noteworthy to observe that Tm of PEG is monotonically increased with an increase
of the PLLA crystallization time, which might imply that the space confinement
effect becomes lesser with the growth of the PLLA spherulite and eventually
reaching no space confinement effect for the PLLA crystallization time larger than
20 min. Although this tendency seems to be reasonable, it should be noted that
thickening of the PLLA lamellae with an increase in the PLLA crystallization time
results in more significant confinement to the PEG crystallization taking place in
the amorphous region sandwiched by two PLLA crystalline lamellae. Therefore, the
result shown in Figure 30 rather implies the effect of the increase in the weight
fraction of PEG (wPEG) in the amorphous region comprising the homogeneous
mixture of PEG and PLLA. Furthermore, there might be still a weaker confinement,
as the density of crystalline PLLA (1.29 g/cm3) [43] is higher compared to that of
amorphous PLLA (1.25 g/cm3) [43]. Consequently, at the same time as PLLA

Figure 29.
(a) Time-resolved 1 d-WAXS profiles along the PEG crystallization at 45.0°C in the PLLA/PEG (50/50)
blend specimen after PLLA crystallized at 127.0°C for 15 min. (b) Plots of the area of crystallization peaks as a
function of time, which was evaluated fromWAXS results shown in Figure 29(a) after the peak decomposition
(adapted from reference [13] with a permission).
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lamellae grow in size, the amorphous phase will deplete in PLLA and due to the
difference in densities there might be an overall gain in space, which enhances the
growth of the PEG lamellae. As this effect becomes larger with the progress in the
PLLA crystallization, the PEG lamellae can grow more so that the Tm of PEG
increases with an increase in the PLLA crystallization time at 127°C, as shown in
Figure 30. Thus, the DSC confirmation of the above-mentioned speculation of the
formation of the PEG lamellae oriented parallel to the preformed PLLA lamellae is
not satisfactory. We will report results of detailed DSC experiments using several
PEG/PLLA blend specimens with different wPEG in our future publication.

Furthermore, the Tf of PEG in the melt mixture of PEG and PLLA amorphous
phase were determined by conducting the DSC measurements. Here, it is important
to avoid crystallization of PLLA. Therefore, the specimens were quickly cooled
from 180°C to 80.0°C and then cooled to 10°C with cooling rate 1,2 5 and 10°C/min.
We conducted cooling-rate dependencies to correct for the cooling-rate effect on
this temperature and to evaluate Tf of PEG by the extrapolation of the onset
temperature of the exothermic peak to the zero-cooling rate [13]. Thus-evaluated Tf

of PEG is plotted as a function of wPEG for the PLLA/PEG blend specimens in
Figure 31(a). It can be seen that Tf is increased when wPEG is increased. Based on
this plot, the mechanism of the confined crystallization in the preformed PLLA
spherulites is considered. Upon the crystallization of PLLA from the melt of the
PLLA/PEG amorphous phase, the PEG content in the amorphous region inside
the PLLA spherulite is increased so that Tf is increased from its original one
(Tf = 45.3°C) at wPEG = 0.5. The fact that no PEG crystallization at 45.0°C
(Figure 27(a)) was observed for this blend specimen with wPEG = 0.5 seems to
conflict with the fact of Tf = 45.3°C. Since this value (Tf = 45.3°C) was estimated by
the extrapolation of the onset temperature of the PEG crystallization to the zero-
cooling rate, the PEG crystallization at 45.0°C would take infinitely long time for
this blend specimen (PLLA/PEG (50/50)). Figure 27(a) showing no PEG crystalli-
zation at 45.0°C implies that the PEG crystallization would take place more than
40 min. Consequently, it can be considered that when the PLLA crystallization time
at 127.0°C is longer, the PEG content in the amorphous region becomes higher so
that the PEG crystallizability becomes more sufficient. The experimental results
definitely supported this speculation.

Next, the PEG fraction in the amorphous phase in the preformed PLLA spheru-
lite was estimated by DSC measurements. The PLLA/PEG (50/50) blend specimens

Figure 30.
Tm of PEG as a function of the PLLA crystallization time at 127.0°C (adapted from reference [13] with a
permission).
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were annealed at 180.0°C for 5 min, and then quenched first to 127.0°C for 10 min
to form the PLLA spherulites. Afterward, the specimens were quenched to 60.0°C
and then cooled gradually down to room temperature and DSC scans were observed
[13]. Thus-evaluated Tf of PEG are plotted as a function of the crystallization time
of PLLA at 127.0°C in Figure 31(b). Based on the result shown in Figure 31(b)
combined with Figure 31(a) it was possible to estimate wPEG, which is increased
from wPEG = 0.5 with increasing of PLLA crystallization time at 127.0°C. Figure 32
shows the ∆wPEG (= wPEG – 0.5) behavior as a function of the PLLA crystallization
time. It is clearly observed that wPEG is increased with increasing of PLLA crystalli-
zation time at 127.0°C, which supports the above-mentioned discussion thatwPEG in
the amorphous region inside the larger PLLA spherulite is larger than that inside the

Figure 31.
(a) Dependence of the freezing temperature of PEG (Tf) on the weight fraction of PEG (wPEG) in the PLLA/
PEG blend specimens. (b) Dependence of Tf of PEG on the PLLA crystallization time at 127.0°C (adapted
from reference [13] with a permission).

Figure 32.
Plot of wPEG as a function of the PLLA crystallization time at 127.0°C (adapted from reference [13] with a
permission).
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smaller PLLA spherulite because of the progress in the PLLA crystallization. It is
noteworthy that it leveled off around 20 min, suggesting completeness of the PLLA
crystallization at 127.0°C around 20 min.

5. Confined crystallization of PCL in the block copolymer of PLA
and PCL

In this section, we focus on block copolymers of PLA with PCL, namely, PLLA-
PCL diblock copolymers and PLLA-PCL-PDLA triblock copolymers with respect to
the confined crystallization within the microphase-separated domain of PCL which
is sandwiched by the glassy PLLA microphase. In this study, PLLA, PDLA, PCL and
their block copolymers were synthesized. The polymer synthesis method is
described in Ref. [12]. The molecular weight information is reported in Table 2.
The diblock copolymers are represented by XCL-YL and XCL-YD where X and Y
denote the block length or the number-average molecular weights (Mn) in kDa of
the component PCL (CL), PLLA (L), and PDLA (D) blocks. Whereas, the tri-
stereoblock (trisb) copolymers are represented by XCL-YL-ZD where X, Y, and Z
denote the block lengths orMn values in kDa of its following block sequences shown
by the abbreviated symbols. Further, the synthesized diblock copolymers were
blended with their corresponding enantiomers, which are abbreviated as B_X-Y
where X and Y denote the block length. For example, B_10–10 shows the blend of
10CL-10 L and 10CL-10D. Furthermore, all the prepared specimens were hot-
pressed followed by quenching in ice-water, to obtain polymer films.

The DSC thermograms of the block copolymers compared with that of neat PCL
and neat PDLA are shown in Figure 33. The enthalpy of melting (ΔHm) of PCL
decreases from 42.4 to 20.2 J/g with increasing the block length of PDLA, whereas
the ΔHm of PDLA is increased from 36.8 to 43.4 J/g. These changes in enthalpy
correspond to the decreasing content of PCL and increasing content of PDLA in
the copolymer system. Furthermore, different melting peaks of PCL and PDLA
confirms separate crystallization of PCL and PDLA blocks of varying length.
Figure 33(b) shows the DSC results of the enantiomeric diblock copolymer blends
and the trisb copolymer in the heating scan (10°C/min). As can be seen in the
figure, the specimen B_10–10 form perfect SC crystal upon blending, without
generating the HC. This is because of the low molecular weight of the PDLA/PLLA
blocks. Furthermore, double melting peaks were observed for SC crystal at 221.8°C
and 235.4°C which may be due to the formation of relatively thinner and thicker
lamellae of SC crystal. It should be noted that more formation of HC in B_10–20 and
B_10_30 specimen is due to the increasing molecular weight of PLLA/PDLA blocks.
Therefore, it can be concluded that the higher molecular weight of the block
sequences increases the formation of HC instead of SC.

Specimen Mn Mw Mw / Mn

10CL-10D 48.6 71.8 1.47

10CL-10 L 45.5 69.8 1.53

10CL-10 L-10D 59.0 100.6 1.70

10CL-20D 64.0 107.2 1.67

10CL-30D 69.8 160.5 2.30

Table 2.
Molecular weight of the synthesized block copolymers (analyzed by GPC).
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The stress–strain (SS) curves of the polymer films of the block copolymers and
their enantiomeric blends as well as that of the trisb copolymer are shown in
Figure 34. As can be seen that the elongation of 30PCL specimen is higher than that
of 30D specimen. The higher elongation of PCL is due to its soft and flexible nature
as the stress–strain test is performed at 25°C (rubbery region of PCL) while PDLA is
in glassy state. The tensile strength, modulus, and the toughness of the diblock
copolymers are enhanced with increasing the block length of PDLA. The highest
elongation at break was found for the specimen 10CL-30D. To understand such an

Figure 33.
DSC thermograms of (a) neat PCL, neat PDLA, and PCL-PDLA diblock copolymers and (b) enantiomeric
diblock copolymer blends and trisb copolymer (adapted from reference [12] with a permission).
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unusual increase in elongation at break for 10CL-30D, it is important to consider
the structure at the amorphous state at higher temperature. Here, it is noted that
PCL/PLLA polymer blends exhibit LCST (lower critical solution temperature)
phase behavior [44] so that PCL-PLLA blends are subjected to microphase separa-
tion at higher temperature. As a matter of fact, the SAXS results (Figure 35) indi-
cated the microphase separation at higher temperature (210°C) for the PCL-PDLA
diblock copolymers. The judgment of morphology was uncertain due to the pres-
ence of only a first order peak. For the 10CL-30D specimen, there may be the

Figure 34.
Representative data for stress vs. (%) Strain of (a) homopolymers and diblock copolymers; (b) diblock blends
and trisb copolymer (adapted from reference [12] with a permission).
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possibility of the formation of PCL lamellar or cylindrical microdomains due to the
PCL fraction being 25%. It may be perceived that upon rapid quenching from 210 to
0°C, the PDLA matrix is vitrified due to which the PCL block chains would only
crystallize in the interior of the cylindrical microdomains surrounded by the glassy
matrix. Because of the confined crystallization, the crystallite may be considered as
tiny and dispersed in the interior of PCL microdomains. In such a situation, the
crack propagation of glassy PDLA matrix is terminated at the PCL microdomains
when the specimen is drawn which could be attributed to amorphous PCL phase
(rubbery domain) at room temperature. Also, the PCL block chains are much easier

Figure 35.
Lorentz-corrected scattering intensity vs. q of (a) homopolymers and diblock copolymers and (b) enantiomeric
diblock copolymer blends and trisb copolymer (adapted from reference [12] with a permission).
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to be unfolded from the tiny crystalline lamellae as compared to larger (thicker)
lamellae in other specimens. Therefore, the 10CL-30D specimen is found to exhibit
the most stretchable character which may be ascribed to its structural origin.

6. Conclusions

The crystallization of PLLA is one of the key factor for analyzing structure–
property relationships of PLLA-based blend, block copolymer and nanocomposites.
The presence of solid state additives (SFN and CNC) increased the nucleation of
PLLA, thus influences the whole crystallization process, however the spherulite
growth of PLLA was not significantly changed by loading SFN or CNC. For the case
of liquid-state additive i.e. OMG, nucleation and spherulite growth rate both were
found to be increased which improves the crystallizability of PLLA. The presence of
SFN enhanced the SC crystallization while it suppressed the HC crystallization. It is
noteworthy for this particular case that the spherulite growth rate was suppressed
by the addition of 1% SFN whereas the nucleation density was much increased by
SFN. For the case of PLLA/PEG(50/50) blend, a two-step temperature-jump was
conducted as 180.0°C ! 127.0°C ! 45.0°C. For this particular condition, it was
found that PEG can crystallize only in the preformed spherulites of PLLA. The
confined crystallization of PEG can be accounted for as follows. Upon the PLLA
crystallization at 127.0°C, the PEG content in the amorphous region inside the PLLA
spherulite is increased because of the formation of the pure solid phase of PLLA
(crystalline phase). Then,Tf of PEG increases so that PEG can crystallize but this
crystallization is only allowed inside the PLLA spherulite. The direct evidence of the
PEG crystallization was obtained by the bright-field optical microscopic observa-
tion and WAXS measurements. For the case of PLA and PCL block copolymers, the
poor mechanical property of PDLA (which is poor elongation at break) was
reported to be much improved by the presence of extensible PCL block component
even in case of a short PCL chain in the block copolymer, which may be ascribed to
the confined crystallization of PCL in the microdomain structure. Furthermore, the
formation of SC crystal in the enantiomeric blend of PLLA-b-PCL and PDLA-b-PCL
have been examined by changing the block length of PLLA and PDLA components.
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