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Abstract
To clarify the melting behavior of poly(L-lactic acid) (PLLA), the wide-angle X-ray diffraction patterns of the isothermally crystallized PLLA
samples (ICSs) were successively obtained during heating. We have already suggested the discrete change in the crystallization behavior of
PLLA at a crystallization temperature (Tc) of 113 �C (¼ Tb) and formation of two crystal modifications for the ICSs obtained in the
temperature range Tc� Tb and Tc� Tb. It was elucidated from the change in the X-ray diffraction pattern that the phase transition from the
low-temperature crystal modification (a0-form) to the high-temperature one (a-form) occurred in a range 155e165 �C for the ICSs(Tc� Tb),
and that the crystal structure for the ICSs(Tc� Tb) did not change. Recrystallization during heating, which is the origin of the multiple melting
behavior, was proved by the increase in the diffraction intensity before steep decrease due to the final melting. A temperature derivative curve of
the X-ray diffraction intensity almost coincided with the DSC melting curve.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Melting behavior of a semi-crystalline polymer is one of
the most important characteristics of its physical properties,
therefore much effort has been continuously paid to clarify
it. As well known, the melting behavior largely depends on
the preceding crystallization conditions of a sample and the
heating conditions [1]. Since poly(L-lactic acid) (PLLA) is
a typical semi-crystalline polymer, melting behavior of it has
also been investigated in connection with the crystallization
conditions [2e16]. The double melting behavior of a non-
isothermally melt-crystallized PLLA sample has been reported
and explained its origin by the melt-recrystallization model
[7]. The double melting behavior of an isothermally melt-crys-
tallized PLLA sample was studied by several authors
[10,11,13,14,16]. Recently, Zhang and coworkers studied the
heating process of PLLA by infrared spectroscopy [17].
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They suggested the recrystallization and the change in the
crystal structure during heating from the change in the charac-
teristic crystalline and amorphous bands in the FTIR spectra.

Yasuniwa and coworkers carried out the isothermal crystal-
lization of PLLA at various crystallization temperatures (Tcs)
and elucidated that the crystallization behavior discretely
changes at the crystallization temperature Tb (¼ 113 �C)
[18]. They also found that the crystal structure of the isother-
mally crystallized sample (ICS) discretely changes at Tb: The
crystal structure of an ICS obtained at Tc� Tb was obviously
different from that of the ICS obtained at Tb� Tc. Based on
these new facts on the crystallization behavior, we planned
to clarify the melting behavior of PLLA, especially the effect
of the discrete change in the preceding crystallization process
on the melting behavior, in a series of articles.

In the first article of this series, the effects of crystallization
temperature and crystallization time on the melting behavior
of PLLA were studied with differential scanning calorimeter
(DSC) using the ICS, and following points were elucidated
[16]. (1) The Tc dependence of the melting temperature (Tm)
discretely changed at Tb in accordance with the change in
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Fig. 1. DSC curves for the ICSs obtained at the indicated Tcs. The crystalliza-

tion time for the ICSs of 80, 90, 100, 110, 120, 130, and 140 �C were 400, 120,

50, 30, 60, 190, and 540 min, respectively. Heating rate of the DSC scans was

1.0 K min�1.
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the crystal structure at Tb. (2) When Tc was lower than Td

(Tc� Td¼ 135 �C), the double melting peaks appeared. In
contrast, when Tc was higher than Td, a single melting peak
appeared. (3) Tc dependence of Tm discretely changed at Tb,
and Tc dependence of dTm/dTc discretely changed at Td. (4)
The melting behavior, especially Tm and dTm/dTc, are different
in three temperature regions of Tc divided by Tb and Td:
Regions I (Tc� Tb), II (Tb� Tc� Td), and III (Td� Tc).

Wide-angle X-ray diffraction (WAXD) measurement gives
direct information on the crystal structure and crystallinity.
The change in the crystal structure and the melt recrystalliza-
tion in the heating process can be easily analyzed from the
change in the WAXD pattern. According to this point of
view, X-ray analysis on the melting process was performed
to clarify the melting behavior of PLLA in this article. Espe-
cially, the analysis focused on the change in the crystal struc-
ture of the low-temperature crystal formed in Region I, which
corresponds to the a0-form suggested by Zhang and coworkers
[17,19], and the melting and recrystallization in the heating
process in Regions I and II. Other background of this investi-
gation was mentioned in the first article of this series [16], and
relevant references on the melting behavior of PLLA were
listed in it. Researches on the crystal structures and formation
conditions of various crystal modifications of PLLA are in
progress and are summarized elsewhere [17e21].

2. Experimental section

An additive free PLLA experimental resin (Mw: 105) in a pel-
let form was purchased from Polyscience Co. The pellets were
heated and kept in a vacuum oven at 100 �C for 24 h for the
removal of any residual moisture before they were measured.

A PLLA sample was sealed in a copper cylinder of 2.5 mm
in inner diameter and 1 mm in height. Then the copper cylin-
der with the sample was capsulated in a DSC aluminum pan,
and isothermal crystallization of the sample was carried out
with DSC at a predetermined crystallization temperature
(Tc). We could successfully obtain the samples with same
thickness, 1 mm, by the use of the copper cylinder. The cylin-
drical sample, whose both ends were coated by epoxy resin to
prevent moisture, was capsulated again in a DSC aluminum
pan with a small hole at its center for the path of X-ray beam.

Wide-angle X-ray diffraction (WAXD) patterns were
obtained during heating with a WAXD measurement system
reported elsewhere [22]. Monochromatized Cu Ka radiation
(¼ 1.542 Å) was used as an incident X-ray beam. The DSC
pan, in which the cylindrical sample was capsulated, was set in
a heating cell for the WAXD measurements. The diffracted
X-ray was detected with a position-sensitive proportional
counter (PSPC) system. The X-ray diffraction patterns in the
heating process of ICSs were obtained at a heating rate of
1 K min�1. To obtain an analyzable diffraction pattern in the
heating process, the accumulation time of the PSPC for obtaining
one pattern was set to 30 s, i.e. two patterns per minute and two
patterns per Kelvin. The diffraction angles reported for a-alumi-
num oxide (a-Al2O3) were used as a standard: The angles of the
diffraction patterns were corrected with three diffraction angles
of a-Al2O3 for the Cu Ka radiation: 25.296�, 35.152�, and
37.801�, corresponding to the reflection lines of (012), (104),
and (110), respectively [23]. Although correction of the diffrac-
tion angle was performed with this procedure, the absolute value
of the diffraction angle has a slight experimental error ascribed to
our homemade heating cell for the WAXD measurements [22].

Thermal analysis was carried out with a differential scan-
ning calorimeter (PerkineElmer Pyris 1). The temperature
of the DSC apparatus was calibrated with indium and tin. A
PLLA sample of 5.0� 0.1 mg was sealed in an aluminum
sample pan for DSC. Samples were always kept under a nitro-
gen atmosphere. Isothermal crystallization of the sample for
the X-ray measurement and the DSC was carried out with
DSC instrument by the same procedure described in the previ-
ous articles [16,18]. Temperature of a sample in the heating
cell for the WAXD measurements was calibrated by its melt-
ing temperature obtained by DSC.
3. Results and discussion
3.1. Thermal analysis on the melting process
The melting behavior of PLLA largely changes by a heating
rate [16]. Accordingly, at first, the melting process at a heating
rate of 1 K min�1, which was the same rate as for the X-ray
measurement, was analyzed with DSC. Fig. 1 shows the



Fig. 2. X-ray diffraction patterns for the ICSs. Crystallization temperatures of

the samples are shown. Dotted lines show diffraction angles of 12.5�, 14.8�,
16.8�, 19.2�, and 22.5� at which diffraction peaks for the ICS(140 �C) appear.
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DSC curves of the ICSs(80e140 �C) during heating. Tc depen-
dence of the DSC melting curves shown in the figure is almost
coincides with that reported in the previous article of this
series. Tb and Td determined from the Tc dependence of Tm

were approximately 113 and 135 �C, respectively. There are
small differences in the values of Tb and Td from those re-
ported in the previous one. The small differences are deduced
to be caused from the differences of the heating rate and the
sample used as an original resin [16]. By the use of Tb and
Td, according to the interpretations reported in the previous
article, Tc dependence of the melting behavior is also divided
into three temperature regions: Regions I (Tc� Tb), II
(Tb� Tc� Td), and III (Td� Tc). That is, the ICSs(80e
110 �C), ICSs(120, 130 �C), and ICS(140 �C) are in Regions
I, II, and III, respectively.

In the previous article, three types of peaks, L (LI, LII,
LIII), R and H, appeared in the DSC melting curve. The peaks
L, R, and H originate from the melting of original crystals,
recrystallization, and the melting of recrystallized crystals,
respectively. Outline of the mechanism for the appearance of
these peaks has been explained elsewhere [7,16,22,24]. DSC
peaks shown in Fig. 1 in this investigation were assigned
according to the assignment of the previous article. A high-
temperature endothermic peak (H) and a broad exothermic
peak (R) appeared for the ICSs(Region I: 80e110 �C),
whereas a low-temperature endothermic peak (LI) could not
be observed except for the ICS(110 �C). In contrast, double
endothermic peaks, LII and H, evidently appear for the ICS-
(Region II: 120, 130 �C). The exothermic dip, which is located
between LII and H, can be observed for the ICS(120, 130 �C).
The Tc dependence of the increase and decrease in the double
melting peaks in the DSC curves coincides with the interpre-
tation of the melt-recrystallization model: as Tc increased, the
peak L increased, whereas the peak H decreased. The DSC
curve for the ICS(Region III: 140 �C) shows a single peak
of LIII.

The crystal structures of the ICS(Tc� Tb) and the
ICS(Tb� Tc) were assigned to trigonal (b-form) [25,26] and
orthorhombic (a-form) [27e29], respectively. However, that
of the ICS(Tc� Tb) was not definitely determined because
of a small number of the X-ray diffraction peaks. Recently,
Zhang and coworkers showed that the crystal structure of
the ICS(Tc� Tb) is disordered phase of the a-form (ortho-
rhombic), and they named it as ‘‘a0-form’’ [17,19]. Hereafter
a0-form and a-form are used for the names of crystals in the
ICS(Tc� Tb) and the ICS(Tb� Tc), respectively, according
to their interpretation of the crystal structures of the
ICS(Tc� Tb) and notation. The names LTC and HTC used
in the previous article correspond to a0-form and a-form,
respectively [16].

DSC curve for the ICS(Region I: 80e110 �C) shows the
melting process of the a0-form. According to the interpretation
of the melt-recrystallization model, disappearance of LI in the
DSC curve indicates that the melt recrystallization succes-
sively occurs in the heating process from a low temperature.
The DSC melting curves for the ICS(Region II: 120,
130 �C) and ICS(Region III: 140 �C) represent the melting
processes of the a-form with low and high thermal stabilities,
respectively. The structural analysis on the melting process of
the ICS will be shown in the subsequent sections.
3.2. X-ray diffraction patterns of ICSs at room
temperature
Fig. 2 shows the X-ray diffraction patterns at room tempera-
ture of ICSs. Isothermal crystallization temperatures, Tcs, are
indicated in the figure. As reported in Ref. [18], peak crystalli-
zation time largely changes with Tc, therefore different crystal-
lization time is required to obtain the ICS for each Tc. According
to the Ref. [18], the ICSs(80, 100, 120, and 140 �C) were
obtained with the crystallization times of 400, 50, 60, and
540 min, respectively. The accumulation time of the PSPC of
these patterns was 30 min, which was longer than that of the
measurement (0.5 min) performed in the heating process, to
obtain refined diffraction patterns of the present PLLA sample.
Because there is scattering X-ray from the amorphous part on
the diffraction intensity from the crystalline part, these diffrac-
tion patterns were obtained after the subtraction of an X-ray
scattering pattern of the molten state of PLLA. The X-ray
diffraction patterns shown in the subsequent sections were
also processed ones by the subtraction procedure.

The X-ray diffraction patterns shown in this figure are
almost the same as those shown in Fig. 8 in Ref. [18] in spite
of the difference in the original resins. The diffraction angles



Fig. 3. X-ray diffraction patterns in the heating process: (a) ICS(80 �C), (b) ICS(100 �C), (c) ICS(120 �C), and (d) ICS(140 �C). Heating rate was 1.0 K min�1.
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of five peaks appeared in the diffraction patterns for
ICSs(Tb� Tc) are marked by dotted lines in the figure. There
is clear difference between the diffraction patterns of
ICSs(Tc� Tb: 80, 100 �C) and ICSs(Tb� Tc: 120, 140 �C):
The most intense diffraction peak and the next one for
ICSs(Tb� Tc) shift to the lower diffraction angle in the diffrac-
tion patterns for ICSs(Tc� Tb), and small diffraction peaks at
12.5�, 14.8� and 22.5� for ICSs(Tb� Tc) disappear in the
diffraction patterns for ICSs(Tc� Tb). Accordingly, the differ-
ence in the crystal structure can be easily identified by the
diffraction pattern with these characteristic diffraction peaks,
especially the main peak and the next one.
3.3. X-ray diffraction patterns in the heating process
The X-ray diffraction patterns in the heating process for the
ICSs(80, 100, 120, 140 �C) were obtained at a heating rate of
1 K min�1 and are shown in Fig. 3(a)e(d). The diffraction
patterns were obtained at a rate of two patterns per Kelvin.
The diffraction patterns more than 300 were obtained for
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each ICS. The samples were covered by epoxy resin to prevent
hydrolysis in the heating process so that the diffraction pat-
terns shown in the figure result in somewhat diffuse one in
comparison with those shown in Fig. 2. The diffraction angles
of the main and sub peaks in the diffraction patterns of the
starting temperature for each ICS are marked by dotted lines
to distinguish the shift in the diffraction angle of the diffrac-
tion peaks.

The diffraction patterns shown in Fig. 3(a)e(d) almost
coincide with corresponding diffraction patterns shown in
Fig. 2, except for the slight shift in the diffraction angle due
to the thermal expansion. Diffraction patterns shown in (a)
and (b) were clearly different from those shown in (c) and
(d). As described in the previous subsection, the a0-form and
the a-form can be recognized by the two characteristic diffrac-
tion peaks and the five characteristic peaks, respectively.

The further analysis on the temperature dependence of the
peak position and peak intensity of the X-ray diffraction peak
and the correspondence between the X-ray analysis and DSC
of the ICSs will be shown in subsequent subsections. Charac-
teristics of the X-ray diffraction patterns in the three tempera-
ture regions, Regions I, II, and III, are as follows.

Region I. The diffraction peaks for the ICS(80 �C) shifted
to a larger diffraction angle after the shift to a smaller angle
in the heating process. The initial shift to the smaller angle
in a low-temperature region corresponds to the thermal expan-
sion, and the next shift to the larger angle in a high-tempera-
ture region corresponds to the transformation of crystal
structure due to the transition from the a0-form to the
a-form. To distinguish the appearance of the a-form in the
heating process for the ICSs(80, 100 �C), the diffraction
patterns enlarged in diffraction intensity are shown in Fig. 4.
The dotted lines in Fig. 4 show the characteristic diffraction
angle of the a-form at room temperature. Although there is
Fig. 4. Change in the X-ray diffraction pattern from the a0-form to the a-form

for the ICSs(Tc� Tb): (a) ICS(80 �C) and (b) ICS(100 �C).
a shift in each diffraction peak from the characteristic angle
due to the thermal expansion, the five peaks corresponding
to the formation of the a-form can be observed. That is, the
transformation of crystal structure in the heating process
from the a0-form to the a-form can be concluded from the
appearance of the five characteristic peaks of the a-form.
Temperature region where the diffraction peak shifts to the
larger diffraction angle is between about 150 and 170 �C
and agrees to that where the exothermic peak appears in the
DSC curve shown in Fig. 1.

Region II. As shown in Fig. 3 (c), the diffraction pattern for
the ICS(Region III: 120 �C), which corresponds to the ortho-
rhombic, did not change over the whole temperature range,
except for a change in the peak height due to the melting
and a shift in the peak position due to the thermal expansion.
This result gives a conclusion that the crystal structure does
not change during the melting process in Region II. Although
the double endothermic peaks in the DSC curve for the
ICS(120 �C) have a possibility of the interpretation that the
double melting is assigned to two different crystal structures,
the X-ray result shown in (b) obviously denies this possibility.

Region III. The profile of the diffraction pattern shown in
Fig. 3(d) for the ICS(Region III: 140 �C) is similar to that
for the ICSs(120 �C), although there was small difference in
the peak height between these samples. The diffraction pattern
for the ICS(140 �C) also did not change over the whole tem-
perature range, therefore the X-ray analysis also gives conclu-
sion that the crystal structure of the a-form does not change
during the melting process in Region III. Since the
ICS(140 �C) shows a single DSC melting peak as shown in
Fig. 1, the melting process suggested by X-ray analysis corre-
sponds well with that suggested by DSC.
3.4. Lattice spacing in the heating process
Lattice spacing was calculated from the diffraction angle of
the X-ray diffraction peak by the use of Bragg’s equation, d ¼
nl=2 sin q; where d lattice spacing, n number of the order of
reflection, l wave length, q diffraction angle. Although several
diffraction peaks appear in the diffraction pattern, the lattice
spacing in this study was calculated from the main peak at
around 16.5� for ICSs(80, 100 �C) and 16.7� for ICSs(120,
140 �C). Because other diffraction peaks are small and broad
compared with the main peak, the values of the diffraction
angles could not be accurately determined. Therefore, the
other peaks were not used for the calculation of the lattice
spacing.

Fig. 5 shows temperature dependence of the lattice spacing
d of ICSs(80, 100, 120, 140 �C). The values of d were calcu-
lated from the main peaks in the WAXD patterns of the ICSs.
The lattice spacing for the ICSs increased almost linearly with
temperature up to the melting temperature because of the
thermal expansion of the crystal lattice, except for the temper-
ature region around 155 �C for ICSs(80, 100 �C). According to
the interpretation suggested by Zhang and coworkers [17,19],
the a0-form is assigned to the disordered phase of the a-form
(orthorhombic). Consequently, the main peak corresponds to



Fig. 5. Temperature dependence of the lattice spacing, d(Tc), calculated from

the angles of the main peak in the WAXD patterns of each ICS(Tc). Tcs are

indicated. Heating rate was 1.0 K min�1.
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the combined peak of (110) and (200) reflections of the ortho-
rhombic one. The next intense peak at around 18.8� for
ICSs(80, 100 �C) and 19.1� for ICSs(120, 140 �C) corresponds
to the (203) reflection.

It is easily recognized from the figure that the lattice
spacing increases with increasing Tc. Especially, the lattice
spacing for the ICSs(80, 100 �C) in a low-temperature region
is evidently larger than that for the ICSs(120, 140 �C). That is,
the lattice spacing of the a0-form (Region I) is larger than that
of the a-form (Regions II and III) as suggested in Ref. [18].

As shown in the figure, the lattice spacing for the ICS(80,
100 �C) obviously decreased in the temperature region around
155 �C, and the values of the lattice spacing for the ICS(80,
100 �C) fall to those of the ICS(120, 140 �C) at about
165 �C. As mentioned in previous subsection, it was con-
cluded from the appearance of the five diffraction peaks of
a-form that the transformation of crystal structure from the
a0-form to the a-form occurs in the same temperature region.

Since the lattice spacing for the ICSs increased almost
linearly with temperature, temperature dependence of the
lattice spacing can be fitted by the linear equation. The thermal
expansion coefficients obtained from the fitting curve were
1.0� 10�4 K�1 for ICSs(80, 100 �C) in the temperature range
of 40e140 �C and 1.1� 10�4 K�1 for ICSs(120, 140 �C) in
the temperature range of 40e160 �C. This result suggests
that the thermal expansion of ICS(Region I) is almost the
same as that of ICS(Region II or III).
3.5. Melt recrystallization in the heating process
Fig. 6. Temperature dependence of the diffraction intensities in the heating

process of the ICSs at a heating rate of 1.0 K min�1. Tcs of the ICSs are

indicated.
The melt-recrystallization model suggests that the small
and/or imperfect crystals change successively to more stable
crystals through melt-recrystallization process. That is, the
melting and recrystallization are competitive in the heating
process. The low-temperature and high-temperature endother-
mic peaks in the DSC melting curve appear when the rate of
melting overwhelms that of the recrystallization, whereas the
exothermic peak appears when the rate of recrystallization
overwhelms that of the melting. Consequently, the recrystalli-
zation behavior, that is, the increase in crystallinity during the
melting process, has an important role on the appearance of
the double melting peaks.

Assuming that the width of a X-ray diffraction peak does
not change much in the heating process of the sample, we
use peak heights for the individual reflection lines instead of
the diffraction intensity to estimate the quantity of crystallites
in the sample, that is, crystallinity. Fig. 6 shows temperature
dependence of the X-ray diffraction intensities of the main
peak in the heating process of the ICSs at a heating rate of
1 K min�1. Tcs of the ICSs are indicated in the figure. The
diffraction intensities of the main peak in the X-ray diffraction
pattern were obtained as a function of temperature. Hereafter,
the X-ray diffraction intensity, endothermic heat flow, and lat-
tice spacing are denoted by symbols I, dQ/dt, and d,
respectively.

As shown in the figure, the diffraction intensities were
almost constant during heating in the low-temperature region
up to about 140 �C and decreased abruptly around 180 �C
by the final melting. A positive peak of the diffraction inten-
sity appeared in the temperature range between 160 and
180 �C whereas it is just before final melting for ICSs(Tc:
80, 100, 120 �C). The positive peak in Regions I(Tc: 80,



Fig. 7. Relations among DI, �DQ, dI/dT, and �dQ/dt obtained with DSC and

X-ray measurement.
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100 �C) is large and broad in comparison with that in Regions
II(Tc: 120 �C). The peak temperature increases with increasing
Tc. In contrast, ICS(Region III: 140 �C), the diffraction inten-
sity monotonously decreases with temperature without the
positive peak.

The appearance of the positive peak of the diffraction
intensity before final melting indicates an increase in crystal-
linity during the melting process. Accordingly this peak is
interpreted to be a solid proof of the recrystallization, and
the exothermic peak in the DSC curve can be conclusively
attributed to the recrystallization. In addition, the double melt-
ing behavior of PLLA is concluded to originate from the
increase in crystallinity through recrystallization.

We have studied the double melting behavior of poly(butyl-
ene terephthalate) (PBT) and poly(butylene naphthalate)
(PBN) with DSC and WAXD measurements [22,30,31]. The
diffraction patterns of PBT and PBN in the heating process
were obtained successively by the same X-ray measurement
system used in this study. Recrystallization during the melting
process of PBT and PBN was also confirmed by an increase in
the X-ray diffraction intensity before final melting.

Recently, Zhang and coworkers studied the heating process
of PLLA sample crystallized at 80 �C by infrared spectroscopy
and showed increase in the peak heights of the crystalline band
and decrease in amorphous band as a function of temperature
during the heating process. They suggested the occurrence of
the recrystallization or phase transition before final melting
[17]. Similar results obtained by the infrared spectroscopy
have been reported by other authors [20]. Their experimental
results agree well with those obtained in the present investiga-
tion. On the other hand, FTIR spectra in their measurement
were recorded at a rate of w1 spectrum per Kelvin. In con-
trast, the diffraction patterns in the present investigation
were obtained at a rate of two patterns per Kelvin. This differ-
ence means that the X-ray results give a detailed information
on the heating process compared with those obtained before.
3.6. Correspondence between X-ray analysis and DSC
A change in the X-ray diffraction intensity DI(T ) from T0

to T is approximately proportional to the crystallinity change
in the temperature range from T0 to T. Endothermic heat
flow dQ/dt of a sample can be obtained from a DSC curve
so that endothermic heat change DQ(T ) from T0 to T with
a constant heating rate R (¼ dT/dt) results in:

DQðTÞ ¼
Z t

t0

�
dQ

dt

�
dt ¼

ZT

T0

�
dQ

dt

�
dt

dT
dT ¼ 1

R

ZT

T0

�
dQ

dt

�
dT

where t0 and t correspond to the times at the sample tempera-
tures T0 and T, respectively. The endothermic heat change
DQ(T ) takes positive value for the melting and is proportional
to the decrease in crystallinity from T0 to T. Therefore, DI(T )
is approximately proportional to �DQ(T ). In addition, temper-
ature derivative curve of the diffraction intensity is also pro-
portional to the heat flow curve, i.e. dI/dT f�dQ/dt. This
relation means that the profile of a DSC curve can be obtained
from the temperature derivative curve of the diffraction inten-
sity. These relations among DI(T ), �DQ(T ), dI/dT, and �dQ/
dt are schematically illustrated in Fig. 7. As well known, the
heat flow signal of DSC includes two components, latent
heat and heat capacity. Therefore deviation from the above
proportional relations mainly occurs when contribution due
to the heat capacity largely increases.
For the comparison of the data obtained with WAXD
measurement and DSC, DI, �DQ, dI/dT, and �dQ/dt at a heat-
ing rate of 1 K min�1 are shown in the same figure (Fig. 8) on
the same temperature scale. The figures for the ICSs(80, 100,
120, 140 �C) are shown in (a)e(d), respectively. Temperature
dependence of the lattice spacing (d ), which was shown in
Fig. 5, is also shown in each figure. The endothermic heat
change (�DQ) and the endothermic heat flow (�dQ/dt) are
expressed as a negative direction of the ordinate axis in this
figure.

As shown in Fig. 8, the endothermic enthalpy change �DQ
and the temperature derivative curve dI/dT approximately
coincide with the diffraction intensity DI and the DSC curve
�dQ/dt, respectively. The small difference between the
temperature dependence of DI and �DQ (or dI/dT and �dQ/
dt) may be caused from the contribution due to the heat capac-
ity. It is noteworthy that DSC curve could be reproduced by
a temperature derivative curve of the diffraction intensity.
3.7. Melting process
Characteristics of the melting process of Regions I, II, and
III are summarized as follows.

Region I. As shown in Fig. 5, the lattice spacing d of the
a0-form is larger than that of the a-form and increases with
temperature by the thermal expansion. Thermal motion of
PLLA molecular chain in the frustrated lattice of the a0-form
increases with increasing temperature. As shown in Fig. 8(a),
the lattice spacing decreases in the transition region around
160 �C for ICS(80 �C). The X-ray analysis indicates that
the crystal to crystal phase transition from the a0-form to
the a-form occurred in this temperature region, and that the
crystallinity (DI, �DQ) also increases through the reorganiza-
tion of chain molecules. In case of the ICS(100 �C), the
decrease in the lattice spacing (Fig. 5), the transition from
the a0-form to the a-form (Fig. 8(b)), and the increase in the
crystallinity occur around 165 �C. The increase in the crystal-
linity before final melting results in the appearance of exother-
mic and endothermic peaks in the DSC melting curve as
shown in Fig. 8.



Fig. 8. Comparison of the data obtained with WAXD measurement and DSC: (a) ICS(80 �C), (b) ICS(100 �C), (c) ICS(120 �C), and (d) ICS(140 �C). Heating rate

was 1.0 K min�1.
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The following points on the melting process of ICS(Region I)
are suggested. The melt recrystallization and the phase
transition from the a0-form to the a-form simultaneously occur
in the transition region through the reorganization of chain mol-
ecules. The final melting peak, peak H in the DSC curve, corre-
sponds to the melting of the a-form with high thermal stability
formed through this process. The origin of these changes origi-
nates from the thermal expansion due to the thermal motion of
the chain molecules in the frustrated crystal lattice.

Region II. With increasing temperature, as shown in Fig. 8,
the lattice spacing (d ) increases linearly up to 170 �C by the in-
crease in the molecular motion, and then it is almost constant
above this temperature. The melting and recrystallization com-
petitively proceed in the heating process. The crystallinity (DI,
�DQ) decreases gradually up to 170 �C by the overwhelming
of the melting by the increase in the molecular motion. Although
the decreasing rate of the crystallinity increases above this tem-
perature, the crystallinity abruptly increases by the recrystalliza-
tion at about 175 �C. It may be deduced from these results that
the large scale molecular motion in the molecular axis, which re-
sults in the recrystallization, occurs by the increase in the lattice
spacing above this temperature.

Region III. As shown in Fig. 8, the lattice spacing (d )
increases linearly up to the temperature of the final melting.



1951M. Yasuniwa et al. / Polymer 49 (2008) 1943e1951
Although the melting and recrystallization competitively
proceed in the heating process, the recrystallization does not
overwhelm the melting. This result suggests that the large
scale molecular motion in the molecular axis does not occur
until the final melting in spite of the increase in the lattice
spacing, because ordering of the crystalline lattice of the ICS-
(Region III) is high. Accordingly, it is deduced that the melt-
ing and recrystallization proceed largely at above a certain
lattice spacing which depends on the ordering of the crystal-
line lattice and degree of the perfection of the crystal.
4. Conclusions

Melting behavior of the ICS of PLLA was studied with
X-ray and thermal analyses. Especially, this study was focused
on the phase transition and the melt recrystallization during
the melting process.

The transition of the crystal structure from the a0-form to the
a-form of the ICSs(80, 100 �C) during the melting process was
concluded from the appearance of the X-ray diffraction patterns
of the a-form. The lattice spacing calculated from the main
diffraction peak for the ICSs(80, 100 �C) increased with increas-
ing temperature by thermal expansion. Then they obviously
decreased in the temperature region around 155 �C and fitted
to those of the ICSs(120, 140 �C) at about 165 �C. This result
supports the phase transition from the a0-form to the a-form
and suggests that there is a critical lattice spacing to start the
transition from the a0-form to the a-form.

The diffraction patterns for the ICSs(120, 140 �C) did not
change during the melting process, therefore X-ray analysis
also gives conclusion that crystal structure of the a-form does
not change during the melting process in Regions II and III.
The X-ray result obviously denies a possibility of the interpreta-
tion of the two different crystal structures corresponding to the
double endothermic peaks in the DSC curve in Region II.

The increase in the X-ray diffraction intensity before final
melting in Regions I and II, which corresponds to an increase
in crystallinity, gives a solid proof of the recrystallization during
the melting process. Accordingly, the double melting behavior
of PLLA can be concluded to originate from the increase in crys-
tallinity through the melt recrystallization. The exothermic peak
in the DSC curve can be conclusively attributed to the recrystal-
lization. As shown in Fig. 8, �DQ and dI/dT approximately
coincided with DI and �dQ/dt, respectively, and a DSC curve
could be reproduced by a temperature derivative curve of the
diffraction intensity.
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