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Abstract
It has been found that a special type of diluent can act as an agent to improve the crystallizability of poly(L-lactide) (PLLA).
To present clear experimental results to support such an ability, we used time-resolved small and wide-angle X-ray scattering
(SWAXS) to follow the isothermal crystallization of PLLA. The WAXS results show the enhancing effects of the diluent on
the crystallization of PLLA, such as the reduction of the induction period and the acceleration of crystallization.
Furthermore, the transformation from the δ phase to the α phase was also detected in the presence of the diluent. The growth
of the crystalline lamellae in their thickness direction was accelerated in the presence of the diluent. It was further found that
the diluent can accelerate the space filling of the stacks of crystalline lamellae in the specimen.

Introduction

In the past several tens of years, the environmental pro-
blems and depletion of fuel resources have strongly influ-
enced science and technology, especially materials science.
Scientists deeply consider materials that are independent
from petroleum and are less harmful to the environment.
Therefore, biobased materials are the most promising can-
didates as new materials for the future. Several biodegrad-
able polyesters have been developed, such as poly(lactic
acid) (PLA), polyhydroxyalkanoate, poly(caprolactone),
poly(butylene succinate), and so on [1–3]. Among them,
PLA has received much attention because PLA is a polymer
that is biodegradable and made of biobased materials. PLA
has asymmetric carbons and contains the two enantiomers

poly (L-lactic acid) (PLLA) and poly (D-lactic acid)
(PDLA), which are both crystalline. There are three crys-
talline forms of PLLA (α, β, and γ forms) due to the pre-
paration method. The most common polymorph is the α
form, which can be formed through melt crystallization or
by crystallization from solution. X-ray diffraction has
revealed that the α form is a pseudo-orthorhombic system,
composed of two chains with a 10/3 helical conformation.
Its lattice parameters are a= 1.07 nm, b= 0.645 nm, and c
= 2.78 nm [4, 5]. The β form is obtained under high
drawing and high temperature conditions, forming an
orthorhombic crystal that consists of chains with a 3/1
helical conformation. The lattice parameters are a= 1.031
nm, b= 1.821 nm, and c= 0.90 nm [6]. For the third form
(the γ form), Cartier et al. [7] reported that it grew epi-
taxially on hexamethylbenzene. Two antiparallel helices are
packed in one-orthorhombic unit cell with lattice parameters
a= 0.995 nm, b= 0.625 nm, and c= 0.88 nm. Subse-
quently, Zhang et al. [8, 9] also reported a disordered α’
form (δ form) that is lower density and can transform to the
α form by heating [10].

Although PLLA is an ecofriendly material, the application
of PLLA has been rather limited until now due to its relatively
poor thermal stability, poor long-term durability, lower impact
strength, and poor crystallization abilities. Several approaches
have been made to improve the poor properties of PLLA.
Blending PLLA and PDLA or constructing a block copoly-
mer comprising PLLA and PDLA block components are
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popular methods to utilize the stereocomplexation [11–17].
During polymer processing, the polymer will be melted at
high temperature and then quickly cooled to the desired
temperature with as rapid a cooling rate as possible (a cooling
rate of approximately (approx.) 1000 °C/min). However, due
to the very fast cooling rate, PLLA has many drawbacks in
terms of its crystallization. These are due to the low crystal-
lization rate and the long induction period. Namely, PLLA
requires a longer time to complete its crystallization process.
According to the time limitation of polymer processing, the
products continue the slow crystallization process, even at
room temperature, after polymer processing. This means that
the product structure gradually changes and that the final
product is shrunken. To overcome this drawback, many
researchers have aimed to improve the crystallizability
(acceleration of crystallization and shortening of the induction
period) of PLLA [18, 19]. As a matter of fact, by adding a
nucleation agent, the requirements will be met. In principle,
nucleation agents work in the solid state. Although the liquid-
type additive that plays the role of a diluent (plasticizer) is
considered to decrease polymer crystallizabilities, it has been
found that a special diluent can enhance the crystallizability of
PLLA [20]. Therefore, the purpose of this work is to present
clear experimental results to support the positive effects of the
diluent (organic acid mono glyceride (OMG)) on the crys-
tallization of PLLA. For this purpose, simultaneous small and
wide-angle X-ray scattering (SWAXS) were used to follow
the isothermal crystallization of PLLA. Differential scanning
calorimetry (DSC) was also used for the same purpose.

Experimental section

Specimens

We used two types of PLLA samples that were purchased
from NatureWorks LLC with 1.4% D-content (PLLA4032D)
and 0.5% D-content (PLLA2500HP). The information for
these samples and code names of the specimens are listed in
Table 1.

The MFR test was conducted at 210 °C with the standard
weight of 2.16 kg. The diluent that was used was a type of
OMG which contains an organic acid as a succinic acid and
a saturated fatty acid as a stearic acid. OMG is a product of
Taiyo Kagaku Co., Ltd. The commercial name of OMG is
Chirabazol D, which is a biobased material. The OMG has a
molecular weight of 500 and a melting temperature of Tm=
67 °C.

Polarizing optical microscope (POM)

The sheet specimen (thickness of approx. 250 µm) was cut
into a small piece with a size of 2 mm × 2mm. Then, it was

placed between two pieces of cover glass (thickness of 0.12
mm). The specimen was heated from room temperature
(RT) to 200 °C, isothermally maintained at 200 °C for 5
min, and cooled to the crystallization temperature of 110 °C
at a cooling rate of 20 °C/min under a liquid nitrogen
flow.

Kinetics of crystallization as analyzed by DSC

The sheet specimen was cut into small pieces with weights
of approximately 4–6 mg. The Al pan (Standard Pan; serial
number: 900786.901) and the lid (Standard Lid; serial
number: 900779.901) used in this measurement were pur-
chased from TA Instrument, Inc. (New Castle, Delaware,
USA) or TA Instruments Japan K.K. (Tokyo, Japan). The
specimen was placed in the pan, covered with the lid, and
then sealed with a crimper. The sealed Al pan was set in the
DSC furnace, and the measurements were performed using
the DSC Universal V3.9 A (TA Instruments). The detailed
measurement conditions are given in the Results and dis-
cussion section.

Crystallization kinetics as analyzed by SWAXS

Figure 1 shows the experimental setup of the SWAXS
measurements for isothermal crystallization. The sheet
specimen was cut into a small piece with a circular shape
with a diameter of 4 mm. Then, 3–4 layers of the specimens
were stacked in the Al sample cell, which had a thickness of
1 mm and a diameter of 4 mm. Thus, we attempted to
completely fill the space of the sample cell with the stacked
specimens, with the total thickness being nearly 1 mm. The
stacked specimens were sandwiched between 2 pieces of
the Kapton film (thickness: 25 µm, DuPont–Toray Co., Ltd.
Japan), and the sample cell was sealed. A thermosensor (K
type) was inserted directly into the specimen to measure the
exact specimen temperature.

Table 1 Sample name

Sample D-content MFR (melt flow rate) (g/10
min at the load of 2.16 kgf,
210 °C)

PLLA4032D 1.4% 7.0

PLLA2500HP 0.5% 8.0

Code Name Description Concentration of OMG

D1.4 PLLA4032D –

D1.4/OMG PLLA4032D/
OMG

1wt%

D0.5 PLLA2500HP –

D0.5/OMG PLLA2500HP/
OMG

1wt%
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First, the specimen was heated to 200 °C from RT. When
the temperature of the specimen reached 200 °C, the spe-
cimen was isothermally maintained at that temperature for
approximately 10 min to allow the specimen to melt com-
pletely. Afterward, the sample cell was quickly moved to
another heater block where the temperature was maintained
at 110 °C, and then time-resolved measurements of
SWAXS were initiated. The SWAXS measurements were
conducted for the specimen during isothermal crystal-
lization with an exposure time of 5 s using PILATUS 100 K
for WAXS and PILATUS 1M for SAXS (DECTRIS Ltd.,
Baden, Switzerland) as a two-dimensional detector at BL-
6A of the Photon Factory in High Energy Accelerator
Research Organization, Tsukuba, Japan. The sample-to-
WAXS and -SAXS detector distances were 40 mm and 2
m, respectively, and the X-ray wavelength was 0.150 nm.
The details of the SAXS beamline of BL-6A are reported
elsewhere [21].

Results and discussion

POM results

Figure 2 shows the POM images of two representative
specimens obtained at 110 °C. Figure 2a, b shows D0.5 at
1000 s and Fig. 2c, d shows D0.5/OMG at 200 s. The
images in Fig. 2a, c are expanded views of the regions
specified with yellow rectangles in Fig. 2b, d, respectively.
Figure 2b shows an almost full view of the POM field, and
it is apparent that almost 100% of the specimen space was
filled with the spherulites. This is reasonable compared to
the other results of DSC, WAXS, and SAXS that show the
final stage of the crystallization at 1000 s. In Fig. 2d, it is
apparent that there is still open space even at 200 s, for
which the other results ensure the final stage. However, Fig.

2d does not show the full field. In the supporting informa-
tion, the full-field POM image is shown in Figure S1, which
clearly shows nearly 100% coverage of the specimen space
by spherulites.

The POM image of specimen D0.5 shows a regular
spherulite. The spherulite seemed to be regularly formed
from the onset of its formation, as the clear Maltese cross
can be seen. On the other hand, the spherulite of specimen
D0.5/OMG shows an irregular feature near its center. This
phenomenon may be related to the accelerated crystal-
lization due to OMG. Namely, some of the crystallites grow
quickly by forming a needle-like shape instead of a two-
dimensional disk-like (ribbon) shape. Although it is difficult
to clearly observe such small needle-like crystallites in the
early stage by POM, the irregular feature near the center of
the spherulite for the specimens with OMG implies that
some of the crystallites form needle-like shapes and, in turn,
that the regular growth of ribbons (i.e., lamellar crystallites)
may be disturbed.

Kinetics of crystallization as analyzed by DSC

DSC curves measured in the heating process

DSC measurements were performed for 4 specimens with 2
heating runs and 1 cooling run at the rate of 10 °C/min. The
DSC curve of the second heating run was used to clarify the
glass transition (Tg), cold crystallization (Tcc) and melting
(Tm) temperatures. Here, the first heating run was performed
up to 200 °C, and then the specimen was cooled to RT.
Figure 3a, b shows the DSC curves (second heating run)
with the values of Tg, Tc, and Tm.

From both figures, the results clearly show that the
specimens with OMG have a lower Tg than the neat PLLA
specimens. This supports the effect of OMG as a diluent.
Additionally, the Tg values for D0.5 and D0.5/OMG are
slightly lower than those for D1.4 and D1.4/OMG. This is
due to the slight difference in molecular weights of the
PLLA samples (D0.5 and D1.4).

On the other hand, the Tcc values for D0.5 and D0.5/
OMG are much lower than those for D1.4 and D1.4/OMG.
This clearly indicates the higher crystallization ability of the
specimens with the lower D-content. Furthermore, Tm
values are higher for D0.5 and D0.5/OMG specimens than
for D1.4 and D1.4/OMG. This implies that the crystallites
were thicker in the D0.5 and D0.5/OMG specimens, again
indicating the superiority of crystallization of the specimens
with the lower D-content. For the effects of adding OMG,
there was a trivial difference between the D1.4 and D1.4/
OMG specimens in Tcc and Tm. In contrast, Tcc was much
lower for the D0.5/OMG specimens compared to the neat
D0.5 specimen. This suggests the improved crystallization
ability through the addition of OMG, although the OMG
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Fig. 1 Schematic representation of the experimental setup for iso-
thermal crystallization by SWAXS
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amount was as low as 1%. Finally, it is notable to observe
the exothermic peaks around 160 to 165 °C in Fig. 3b. This
result indicates the crystal transition (from the δ form to the
α form). In contrast, no such peak was observed in Fig. 3a.

Isothermal crystallization by DSC

The specimens were heated from RT to 200 °C at a heating
rate of 10 °C/min and were then isothermally maintained at
200 °C for 2 min to erase the thermal history of the speci-
men. Subsequently, the specimen was quickly cooled to the
crystallization temperature (110 °C) at a cooling rate in the
range of 15–40 °C/min.

When the temperature reached 110 °C, an isothermal
crystallization measurement was performed. Upon iso-
thermal crystallization, the evolution of the exotherm (ΔHc

(t)) was measured as a function of time. By integration of
the exotherm, the temporal evolution of the crystallinity, ϕ
(t), was evaluated by

ϕ tð Þ ¼
R t
t¼0 ΔHc tð Þdt

ΔH0
m

; ð1Þ

where ΔHo
m is the enthalpy of fusion of the 100% crystal

of PLLA. Righetti et al. [22] reported that the ΔHo
m values

of the δ and α forms are 107 and 143 J/g, respectively.
PLLA crystals exist mostly in the δ form at a low
temperature of 110 °C. Figure 10 shows that our speci-
mens have the α form, of which the amount is quite small
(less than 3%). Thus, the value of ΔHo

m is 107 J/g. The
plots of the crystallinity ϕ (t) as a function of time are
shown in Fig. 4. The initial slope of the plot is in the
following order:

slope D1:4ð Þ < slope D1:4=OMGð Þ < slope D0:5ð Þ
< slope D0:5=OMGð Þ

Fig. 2 POM images of
specimens obtained at 110 °C. a,
b D0.5 at 1000 s, and c, d D0.5/
OMG at 200 s. The images in (a)
and (c) are expanded views of
the regions specified with yellow
rectangles in (b) and (d),
respectively
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It is suggested that the crystallization rate increases as the
D-content decreases, as well as with the addition of OMG.
From the crystallinity results, not only the slope (the crys-
tallization rate) but also the final values of the crystallinity
indicate the significance of the addition of OMG, since the
final crystallinity increased from 0.292 to 0.411 for the
D1.4 specimen and from 0.347 to 0.417 for the
D0.5 specimen after the addition of OMG.

Crystallization kinetics as analyzed by SWAXS
measurements

Temperature changes upon T-jump from 200 °C to 110 °C

The specimen was heated to its melt state (200 °C) and
cooled to its crystallization temperature (110 °C) at a very
high cooling rate. An approximately 1000 °C/min rate is
requested from the perspective of the polymer processing
condition.

Our experimental condition enabled a cooling rate as
high as 385 °C/min, as shown in Fig. 5. Although this is still
lower than the rate required for industrial processing, this
condition was our best attempt. From the plot in Fig. 5, the
zero crystallization time was determined as the crossing
point of an approximated line of the cooling process and a
horizontal line of a stabilized temperature at 110.2 °C. The
temperature was equilibrated at a time of 13 s.

WAXS results from the SWAXS measurements

Figure 6 shows the changes in the one-dimensional WAXS
(1d-WAXS) profiles for D1.4 and D1.4/OMG. These pro-
files were obtained by conducting a sector average. Here, q
denotes the magnitude of the scattering vector as defined by
q= (4π / λ) sin (θ/2) with λ and θ being the wavelength of
the X-ray and the scattering angle, respectively. In the early

stage, the 1d-WAXS profile shows a 100% amorphous halo.
As time progresses, a small crystalline peak appeared and
grew. The number of crystalline peaks also increased. A
peak decomposition was conducted to separate the crystal-
line peaks from the amorphous halo peak. From the values
of the decomposed peak area, the apparent degree of crys-
tallinity was evaluated using

ϕ tð Þ ¼
P

AcP
Ac þ Aa

; ð2Þ

where ∑Ac is the summation of the peak area of the
crystalline peaks and Aa is the peak area for the amorphous
halo. The apparent crystallinity is plotted as a function of
the crystallization time in Fig. 7a for all specimens. Note
here that the data points with an interval of 5 s are connected
with lines. The same approach for displaying the data is
used for SWAXS data in the following figures. By
comparing the results shown in Figs. 4 and 7a, similar
values can be recognized except for the D0.5/OMG
specimen. In general, the crystallinity based on the WAXS
results is not identical to that based on the DSC results. The
latter is closer to the real value of the crystallinity. On the
other hand, the former, based on the WAXS results, is
apparent because the WAXS profile only cover a limited q
range.

The overall shapes of the apparent crystallinity are
similar to those shown in Fig. 4, but the details are some-
what different. Figure 7b shows the apparent crystallinity
plots in the early stage. Line fitting was conducted to
approximate the tendency in the very early stage of the
crystallization process. Then, the effect of the OMG is very
clear for the acceleration of crystallization. The slope of
specimen D1.4/OMG is 1.6 times higher than that of the
neat D1.4. In addition, the slope of specimen D0.5/OMG is
3.5 times higher than that of the neat D0.5. This clearly
indicates the higher crystallization rate of the specimens in
the presence of OMG. Furthermore, the slopes of the
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apparent crystallinity plots are higher for specimens D0.5
and D0.5/OMG than those for specimens D1.4 and D1.4/
OMG. This clearly indicates that the lower D-content spe-
cimens have higher crystallization abilities.

Furthermore, the induction period was evaluated from
the plots in Fig. 7b, and the evaluated induction period is
summarized in Table 2. From the results of the induction
period, the effect of OMG is again confirmed as the
reduction of the induction period. Additionally, the speci-
mens with a lower D-content have an obviously shorter
induction period than the specimens with a higher D-
content.

Avrami analyses were performed to distinguish the
crystallization kinetics for all specimens and clarify the
effects of adding OMG. It is well known that the evolution
of the crystallinity is proceeded by the Avrami function [23,
24] as:

ϕ tð Þ ¼ 1� exp � ktð Þn½ �f g � ϕ1; ð3Þ
where k is the rate coefficient and n is the Avrami exponent
relevant to the dimensionality of the crystallite growth. The
Avrami plots for the WAXS results are shown in Fig. 8,
where t0 denotes the induction period. Overall, the cross-
over of the crystallization kinetics is discernible for all
specimens. However, the crossover time is very different
depending on the specimen. In the early stage, a smaller
slope of 1.05 to 2.10 was observed, whereas a larger slope
of 1.79 to 2.92 was observed in the later stage. It was found
that the early-stage slope was sensitively changed by the
value of t0 (the induction period). Therefore, we do not
discuss the effects of OMG in the early stage. On the other

Fig. 6 The 1d-WAXS profiles
for samples D1.4 and D1.4/
OMG
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hand, in the later stage beyond the crossover time, the slope
hardly changed with the values of t0. It is clear that the slope
decreased dramatically with the addition of OMG for D0.5.
This indicates that the growth dimensionality of the
crystallites decreased. Since it is possible to detect the
wide distribution of the spherulite size in Fig. 2b, d,
homogeneous nucleation [23] can be assumed. Therefore,
the dimensionality of crystallite growth can be evaluated as
(n−1) (about one-dimensional growth) from the value of the
Avrami exponent n. Unfortunately, it was not possible to
detect the formation of needle-like crystallites by POM in
the later stage of crystallization for the D0.5/OMG speci-
men. The POM always indicated spherulite formation. The
reason for the discrepancy between the WAXS Avrami
analyses and the POM observation is not clear at present. In
contrast, there is no apparent effect of the addition of OMG
on the slope in the later stage for D1.4. It is also notable that
the addition of OMG is more effective for D0.5 than D1.4,
as detected in the effects on Tcc (Fig. 3) and on the
crystallization rate (Fig. 7b). Another notable effect is
observed in the crossover time. Namely, through the
addition of OMG, the crossover time decreases signifi-
cantly. Once again, the extent of the reduction is much
larger for D0.5 than D1.4.

The d spacing for the main reflection peak (200/110) is
shown in Fig. 9. As time proceeds, the d spacing decreased,
especially for the specimens of D0.5 and D0.5/OMG, which
implies increasing density as a function of crystallization
time. Moreover, on the 1d-WAXS profile, there is a small
shoulder adjacent to the main reflection peak (200/110) in
Fig. 10. This suggests the appearance of another peak in this
q range. The computational peak decomposition was con-
ducted in this q range as shown in Fig. 10 to separate the
shoulder. Since the q position of the shoulder is higher than
the main peak, the d spacing of the plane that produces the
shoulder reflection is shorter, which in turn indicates a
higher density. Therefore, the main peak can be ascribed to
the lower density phase, which is the δ phase (α’ phase),
whereas the shoulder reflection is ascribed to the higher
density phase, which is the α phase. According to Zhang
et al. [9], the contribution from the α phase should be
observed around the 203 reflection (q= 13.3 nm−1) and 210
reflection (q= 15.6 nm−1). However, no such side peak
appeared. This implies that the appearance of the side peak
near the 200/110 reflection (Fig. 10) may be a false peak.

However, we can see a clear difference in the appearance
(the peak area) of the side peak as a function of time for
three different specimens, as shown in Fig. 11. Therefore,
we are confident that the side peak is real.

Figure 11 shows the α phase peak area as a function of
time. The appearance of the α phase was not detected for the
D1.4 specimen. By adding OMG, the area of the peak for the
α phase increased from 700 s for the D1.4/OMG specimen.
On the other hand, in the case of specimen D0.5, the α phase
peak appeared from 500 s but then leveled off. For specimen
D0.5/OMG, the appearance of the α phase occurred in an
earlier stage, approximately 300 s. However, the α phase is
detected but with the small amount (α phase fraction is less
than 3%). When the α phase increased very much, this may
degrade the impact strength [25]. Fortunately, the δ phase in
case of OMG addition is still large enough to maintain the
better mechanical properties of the PLLA.

SAXS results from the SWAXS measurements

SAXS profiles for the D1.4 and D1.4/OMG specimens are
shown in Fig. 12. Figure 12c, d shows the corresponding
Lorentz-corrected profiles (q2 I(q) vs. q). As clearly shown
in Fig. 12a, b, the scattering contains strong contributions
from foreign particles. Therefore, the scattering intensity of
the molten state including the contribution of the foreign
particles should be subtracted from all of the other SAXS
profiles [26, 27]. However, without subtraction, the
Lorentz-corrected profiles appear to have an almost negli-
gible contribution from the scattering intensity at the molten
state. Therefore, we did not conduct subtraction of the
molten state scattering profile for further analyses.

The evolution of a peak is clearly observed. To evaluate
the crystalline lamellar thickness L and the long period D,
the correlation function γ(r) was calculated from the 1d-
SAXS profile through the following equation (inverse
Fourier transform method).

γ rð Þ ¼
R1
0 I qð Þq2 cos qrð Þdq
R1
0 I qð Þq2dq : ð4Þ

Extrapolation of the scattering intensity I(q) in small-q
and large-q regions [28] is required to calculate the corre-
lation function. In general, the extrapolation of the scatter-
ing intensity I(q) in a small-q region is based on the
Guinier’s law, I(q) ~ [exp(-kq2)]. In a large-q region, the
extrapolation is based on the Porod's law, I(q) ~ q4, which is
shown in Fig. 13a. Here, the black curve is an experimen-
tally obtained profile combined with the Guinier and Porod
extrapolations.

By conducting Guinier and Porod extrapolations for the
scattering profile in both small-q and large-q regions, we
obtain a smooth and continuous 1d-SAXS profile over the

Table 2 Induction period

Samples without OMG with OMG (1 wt%)

D1.4 89.5 s 64.5 s

D0.5 14.5 s 9.5 s
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full range of q. However, such extrapolations for every
SAXS profile over the course of isothermal crystallization
consume a lot of time. For the sake of reducing the analyses
for a large amount of data, we prefer to omit this extra-
polation procedure. To do so, we compared the correlation
function derived from the SAXS profile itself and that from
the extrapolated combination profile. Figure 14b compares
the correlation functions obtained with the two different
types of data analyses. The curves are very similar and give
similar values of D and L. Thus, we ensured the validity of
the correlation function that was directly calculated from the
SAXS profile with no extrapolation in small-q and large-q
regions.

According to Strobl [24], based on the two-phase model
with crystalline and amorphous phases, the thickness of the
thinner phase can be evaluated from the plot of γ(r) in
Fig. 13b at the crossing point of the horizontal line, which
passes through the minimum point of γ(r), and the
approximated line of γ(r) in the small r range. In the case of
an early stage of isothermal crystallization, the obtained
value can be considered as the lamellar thickness (L)
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Fig. 9 The d spacing for the main reflection peak (200/110) as a
function of time

Fig. 10 WAXS profile of D0.5/OMG at t= 2237 s in the q range of
10–13 nm−1 to highlight the existence of the shoulder peak around q
≈11.85 nm−1 and the decomposed peaks for the main peak (the δ
phase) and the shoulder peak (the α phase)
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because the lamellar phase is thinner than the amorphous
phase.

Figure 14 shows changes in the lamellar thickness as a
function of time. As time proceeded, the lamellar thickness
increased in the early stage and then leveled off in the later
stage. The rate of increase of the lamellar thickness in the

early stage is in the following order:

slope D1:4ð Þ < slope D1:4=OMGð Þ < slope D0:5ð Þ
< slope D0:5=OMGð Þ�

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.
Specimen D0.5/OMG experienced a termination of lamellar
growth very early (at 300 s) instead of continuous growth,
as experienced by the other specimens (D1.4, D1.4/OMG,
and D0.5). 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.

It is interesting to note that the overshoot phenomena of
the growth in lamellar thicknesses are discernible for all
specimens in Fig. 14 (it is also more or less even for the
D1.4 neat specimen). Namely, the lamellar thickness
reached a maximum and then decreased due to further
annealing. The overshoot may be explained as follows. Less
dense crystallites may be formed in the early stage, as

Fig. 11 Peak area for the α phase as a function of time

Fig. 13 a Guinier and Porod extrapolations for the experimentally
obtained scattering profile. b Correlation functions obtained with two
different types of data analyses
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Fig. 12 The 1d-SAXS profiles for a D1.4 and b D1.4/OMG upon
isothermal crystallization at 110 °C from 12 to 1987 s. The (c) and (d)
are the corresponding Lorentz-corrected profiles
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shown in Fig. 9. Although L increased due to forwarded
crystallization, densification of the less dense crystallites
occurred. This process results in a decrease in L. Thus,
counter effects occur concurrently, and therefore the over-
shoot can be explained. Due to the quick crystallization of
the D0.5 and D0.5/OMG specimens, the overshooting of L
is pronounced.

From the correlation function, the long period D was also
evaluated and is shown in Fig. 15. The long period
decreases mainly due to the decrease in the amorphous
layer; a part of the amorphous layer is reordered in a higher-
order structure and contributes to the development of
thicker lamellae. Therefore, it is more important to check
the ratio of the lamellar thickness and the long period,
which can be considered as the degree of crystallinity by
assuming that the specimen is completely filled with stacks
of lamellae with intervening amorphous layers.

ϕ tð Þ ¼ L

D
: ð5Þ

The ratio L/D was calculated and is plotted in Fig. 16.
Specimen D0.5/OMG shows the highest rate of increasing
L/D in the early stage and earliest termination of growth of
L/D. This behavior is similar to that of the crystallinity
evaluation based on the WAXS results. Therefore, the
reason for the earliest termination of the WAXS crystallinity
for the D0.5/OMG specimen may be explained by the
earliest termination of L/D behavior. Close examination of
the behaviors of L and D gives the clue that L is lowest and
D is largest at 3000 s for specimen D0.5/OMG. A com-
parison of Figs. 7a and 16 reveals that L/D is larger than the
WAXS apparent crystallinity (ϕ) for all specimens in the
early stage. This fact indicates that the lamellar stacks are
sparsely distributed in the matrix of the amorphous phase in
the early stage of crystallization.

Finally, we provide a plausible explanation for the effect
of OMG in accelerating crystallization and reducing the
induction period. Since Tg is lowered by the addition of
OMG (in Fig. 3), it is considered that OMG is molecularly
dispersed in the polymer. However, the total viscosity is not
dramatically changed because only 1% is added. Even for
this case, it would be considered that the OMG molecule
can facilitate better folding of the polymer chains upon the
formation of lamellar crystallites, as schematically illu-
strated in Fig. 17. Then, it is possible to decrease the surface
free energy (σe) of the upper and lower planes of the crys-
tallites, which are composed of chain folding. Figure 17
compares the free energy change upon the formation of the
primary nucleus as a function of the thickness of the pri-
mary nucleus according to the Hoffman–Lauritzen theory
for cases of larger and smaller σe; these correspond to poor
regular folding and better regular folding with the aid of the
diluent, respectively. Note here that these two curves only
show a model case by changing the lamellar thickness by a
constant lateral size. It is clear that the critical thickness is
decreased (l2

* < l1
*), and therefore the induction period is

reduced. Furthermore, the decreased energy barrier (ΔE2
* <

ΔE1
*) and the higher curvature of the curve contribute to

accelerating the crystallization. This can explain our
experimental results. This further reminds us that a general
diluent (plasticizer) can play a similar role as OMG when it
is mixed in the polymer matrix as a very small aliquot (~1
wt%). We will report experimental results to confirm this
hypothesis in a future publication.

Conclusion

We present experimental results to highlight the effect of
OMG on the crystallization of PLLA by conducting DSC
and simultaneous time-resolved SWAXS measurements
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upon a T-jump from 200 to 110 °C. As a result of WAXS, it
was found that the induction period was decreased after the
addition of OMG. The crystallization rate in the early stage
was enhanced significantly. The dimensionality of the
crystallite growth, as revealed by the Avrami analyses, was
dramatically decreased through the addition of OMG for
sample D0.5, suggesting the formation of crystallites with
needle-like shapes instead of two-dimensional disk-like
shapes. The appearance of the denser α phase is noted. This
suggests that the OMG can promote the formation of a more
compact lattice structure.

The lamellar thickness and the long period were eval-
uated by SAXS analyses. By adding OMG, the growth rate
of the lamellar thickness L increased significantly in the
early stage of crystallization. The crystallinity results for
specimen D0.5/OMG show the highest rate of increase in
the early stage of the crystallization and the earliest termi-
nation of growth among the four specimens examined in
this work. The earliest termination of the increasing crys-
tallinity is characteristic of the D0.5/OMG specimen.
Although the reason for this remains unclear, it may be
considered that some of the crystallites of this specimen
grew quickly by forming needle-like shapes instead of two-
dimensional disk-like shapes. In fact, the irregular feature
around the center of the spherulite was clearly observed by
POM for the case of the D0.5/OMG specimen, which
supports the disturbance of typical growth of the ribbon (the
lamellar crystallite) in the early stage by the quick formation
of needle-like crystallites.

Finally, we provide a plausible explanation for the effect
of OMG on accelerating crystallization and reducing the
induction period by considering better polymer chain fold-
ing with the aid of OMG. The model further reminds us that
a general diluent (plasticizer) can play a similar role to
OMG when it is mixed in the polymer matrix as a very
small aliquot (~1 wt%). We will report experimental results
to confirm this hypothesis in a future publication.

The effect of OMG on the Avrami exponent and the
crystallization rate (Fig. 7) is much larger for sample D0.5
than sample D1.4. A plausible model for this effect of
OMG, as shown in Fig. 17, will be important. If the OMG
(diluent) can improve regular chain folding, this effect can
be more pronounced for the higher L-content PLLA than for
the lower L-content PLLA because the former is intrinsi-
cally capable of regular packing.
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