
Polymer 48 (2007) 5398e5407
www.elsevier.com/locate/polymer
Melting behavior of poly(L-lactic acid): Effects of
crystallization temperature and time

Munehisa Yasuniwa*, Koji Iura, Yusuke Dan

Department of Applied Physics, Faculty of Science, Fukuoka University, 8-19-1 Nanakuma,
Jonan-ku, Fukuoka 814-0180, Japan

Received 17 May 2007; received in revised form 5 July 2007; accepted 8 July 2007

Available online 14 July 2007

Abstract

Effects of crystallization temperature and time on the melting behavior of poly(L-lactic acid) were studied with differential scanning
calorimetry (DSC). The isothermal crystallization was performed at various temperatures (Tcs), and DSC melting curves for the isothermally
crystallized samples were obtained at 10 K min�1. When Tc was lower than Td (w135 �C), the double melting peaks appeared. The melting
behavior, especially Tc dependence of the melting temperature (Tm), discretely changed at Tb (¼113 �C), in accordance with the discrete change
of the crystallization behavior at Tb, which was previously reported. When Tc was higher than Td, a single melting peak appeared. In addition,
Tc dependence of dTm/dTc discretely changed at Td. That is, the melting behavior, especially Tc dependence of 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). The effect of crystallization time
on the melting behavior, melting temperature and heat of fusion in each temperature region of Tc is also discussed.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(L-lactic acid) (PLLA), an environmentally degradable
polymer, has an ideal combination of attractive properties,
such as high melting points, good mechanical properties,
barrier to flavor and aroma. Accordingly, PLLA is currently
investigated for a large number of commodity applications
[1,2], and its melting and crystallization behaviors have been
characterized with various experimental techniques [3]. How-
ever, the melting behavior of PLLA has been reported by
a small number of researchers [4e23].

In 2006, Yasuniwa and coworkers elucidated the discrete
change of the crystallization behavior of PLLA: Tc depen-
dence of peak crystallization time (tp) and linear growth rate
of spherulite (G) of the isothermally crystallized sample dis-
cretely change at 113 �C (¼Tb) [24]. In addition, they found
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that the crystal structure of the isothermally crystallized sam-
ple also discretely changes at Tb. The crystal structure for
Tc< Tb was obviously different from that for Tb< Tc. They
suggested that the origin of the discrete change in the Tc de-
pendence of tp and G is attributed to the discrete change of
the crystal structure. Since the melting behavior of a
semicrystalline polymer largely depends on the preceding
crystallization process, it is reasonable to deduce that Tc

dependence of the melting behavior of an isothermally crystal-
lized PLLA sample also discretely changes at Tb. However, the
discrete change in the melting behavior of PLLA has not
yet been reported except for our preliminary report of this
article [18].

Yasuniwa and coworkers [17] studied the melting process
of non-isothermally melt-crystallized PLLA samples by dif-
ferential scanning calorimetry (DSC) and reported the double
melting behavior of PLLA. They illustrated the appearance
region of the double melting in a cooling rateeheating rate
map (CReHR map). Then the double melting behavior of
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an isothermally melt-crystallized PLLA sample was studied by
several authors [18e20,22,23], and they reported crystalliza-
tion temperature dependence of the melting temperature and
crystallinity with no discrete change [19,20].

The double melting behavior has been reported for many
semicrystalline polymers: poly(ethylene terephthalate) [25e
27], poly(butylene terephthalate) (PBT) [28e30], poly(butyl-
ene naphthalate) (PBN) [31e33], poly(ether ether ketone)
[34e36], poly(butylene succinate) (PBSu) [37e39], and so
on. Many authors have explained the origin of the double
melting behavior by the melt-recrystallization model: The
melting of semicrystalline polymers proceeds through
the melting of original crystals, recrystallization, and the
melting of recrystallized crystals. The recrystallization in the
melting process was proved for PBT and PBN by an increase
of crystallinity with X-ray analysis [29,32,33]. The double
melting behavior of PLLA has also been explained by the
melt-recrystallization mechanism [17e23], although solid
proof of the recrystallization in PLLA has not been
presented.

An isothermally crystallized sample (ICS), which is pre-
pared by the crystallization at a constant temperature (Tc) after
rapid cooling from the melt, and a non-isothermally crystal-
lized sample (NCS), which is prepared by the cooling at a con-
stant cooling rate (CR) from the melt, are usually used for the
analysis of the melting behavior. Because the crystallization
for the NCS occurs in a certain temperature range, a distribu-
tion of the thermal stability of the crystallites in the ICS is
narrower than that in the NCS. Therefore, the effect of crystal-
lization condition on the melting behavior should be accu-
rately analyzed by the use of the ICS.

The purpose of this series of articles is to clarify the multi-
ple melting behavior of PLLA and the origin of the complex
melting behavior. Especially, it is an important purpose to elu-
cidate how the discrete change in the preceding crystallization
process affects the melting behavior. We performed thermal
and X-ray analyses to clarify fundamental aspects of the melt-
ing process using the ICS. As the first step of this investiga-
tion, the melting behavior of the ICSs, particularly the effect
of the crystallization condition, crystallization temperature
and crystallization time, on the multiple melting behavior, is
studied in this article.

2. Experimental

2.1. Sample preparation

An additive free PLLA experimental resin in a pellet form
was purchased from General Science Co. Molecular weight of
the sample was measured with a gel permeation chromatogra-
phy (GPC) by Taki Chemical Co., Ltd. Number-averaged
molecular weight (Mn) and weight-averaged molecular weight
(Mw) of the former sample were 4.8� 104 and 9.1� 104, re-
spectively. These values were calibrated by polystyrene stan-
dards. Optical rotatory power, ½a�25

D , of the sample, which
was also measured by them at a wavelength of 589 nm using
0.1% chloroform solution at 25 �C, was �156. The pellets
were heated and kept in a vacuum oven at 120 �C for 24 h
for the removal of any residual moisture before they were
measured.

2.2. Apparatus

A thermal analysis was carried out with a differential scan-
ning calorimeter (PerkineElmer Pyris 1). The temperature of
the DSC apparatus was calibrated with biphenyl, indium, and
zinc. The heat of fusion was also calibrated with indium. A
PLLA sample of 5.0� 0.1 mg was sealed in an aluminum
sample pan for DSC. Samples were used for DSC and were
always kept under a dry nitrogen atmosphere.

Wide-angle X-ray diffraction (WAXD) patterns were ob-
tained at room temperature (ca. 20 �C) with a WAXD mea-
surement system reported elsewhere [29]. Monochromatized
Cu Ka radiation (¼1.542 Å) was used as an incident X-ray
beam. The diffracted X-ray intensity was detected with a posi-
tion-sensitive proportional counter (PSPC) system. The dif-
fraction angles reported for a-aluminum oxide (a-Al2O3)
were used as 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�, cor-
responding to the reflection lines of (012), (104), and (110),
respectively [40].

2.3. Heating and cooling conditions

Vasanthakumari and Pennings [41] and Tsuji and Ikada
[42] reported equilibrium melting temperatures Tm

o s for
PLLA as 207 and 205 �C, respectively. In our experiment,
samples were held in a molten state (210 �C) for 10 min to re-
move any crystal nuclei in the samples. The melted samples
were cooled to a predetermined crystallization temperature
(Tc) at a rate of 70 K min�1, and the isothermal crystallization
was performed at various Tcs ranging from 80 to 140 �C dur-
ing various crystallization times. The crystallization times
were determined from Tc dependence of the peak crystalliza-
tion time (Fig. 2) reported in the previous article: The ICS
was prepared at the crystallization time of approximately
four times of the peak crystallization time (tp) at each Tc.
After the isothermal crystallization, the sample was rapidly
cooled to 30 �C at a rate of 70 K min�1 to prevent additional
crystallization during cooling from Tc and held for 10 min at
30 �C. DSC curves for the ICSs were obtained at a heating
rate (HR) of 10 K min�1. Because melting and recrystalliza-
tion occurs competitively during heating, melting process
largely depends on a starting temperature of the heating. Start-
ing temperature of all DSC measurements was fixed to 30 �C
which is lower than the glass transition temperature. Heat of
fusion was obtained from DSC curves by the following proce-
dure. After the subtraction of a contribution of the heat capac-
ity of a sample pan, the baseline of the DSC curve was drawn
between 100 and 200 �C. Then, the total contribution of the
endothermic (positive) and exothermic (negative) peaks in
the DSC curve was calculated.
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3. Results

3.1. Discrete change of the melting behavior and double
melting

Fig. 1a and b shows the DSC curves of ICSs obtained at the
indicated Tcs. Crystallization times are indicated in the figure.
Double endothermic peaks, low- and high-temperature peaks
denoted by L (LI, LII, LIII) and H, evidently appear in the
DSC curves of the ICSs. The reason for the notation of LI,
LII, and LIII will be shown in the next paragraph. Furthermore,
an exothermic peak between L and H is assigned as R. The
appearance of L, R and H originates from the melting of
original crystals, recrystallization, and the melting of recrys-
tallized crystals, respectively. Outline of the mechanism for
the appearance of these peaks has been explained elsewhere
[17,29,32,38,39]. The scale of the heat flow rate of the every
DSC curve is normalized so that peak heights of the DSC
curves can be compared with one another. For ease of compar-
ison between DSC peaks shown in Fig. 1a and b, the same DSC
curve for the ICS(115 �C) is shown in Fig. 1a and b.

As can be seen in the figure, Tc dependence of the peak pro-
files of the DSC curves discretely changes at Tb (¼113 �C):
peak L (LII) predominantly appears in the high-temperature
region (Tb< Tc), whereas peak H predominantly appears in
the low temperature region (Tc< Tb). In addition, Tc
dependence on the peak profiles changes at Td (w135 �C): L
(LIII) appears as a single peak in the temperature region
Td< Tc, whereas L (LII) appears with H as double peaks in
the temperature region Tb< Tc< Td. Consequently, Tc can
be divided in three temperature regions, Regions I (Tc� Tb),
II (Tb� Tc� Td), and III (Td� Tc). Peaks L in Regions I, II,
and III are denoted by LI, LII, and LIII, respectively.

As shown in our previous article [24], discrete change of
the crystallization behavior occurs at Tb (¼113 �C). In accor-
dance with the crystallization behavior, melting behavior also
changes at Tb as shown in the figure. That is, the value of
113 �C for the discrete change of the melting behavior shown
in the figure originates from the discrete change of the crys-
tallization behavior. In contrast, the value of Td cannot be
accurately determined, because disappearance of H is not
discernible in the DSC peak in which H is incorporated
in L. Besides, peak profiles change with crystallization time
of the ICS. Therefore, it is better to consider that melting be-
havior changes around 135 �C, that is, Td.

The peak melting temperatures of L (LI, LII, LIII) and H
were obtained from the DSC curves and are expressed by
Tm(L) and Tm(H), respectively. Tc dependence of these tem-
peratures is shown in Fig. 2. The solid and dashed lines in
the figure show the fitting curves of these temperatures. The
characteristic temperatures, Tb and Td, are shown by dashe
dotted lines.
Fig. 1. DSC curves of the ICSs obtained at the indicated Tcs and crystallization times: (a) for ICS(Tc� 115 �C) and (b) for ICS(Tc� 115 �C). The HR of the DSC

scans was 10 K min�1.
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Tc dependence of Tm(L) discretely changes at Tb in accor-
dance with the change of the crystallization behavior: Tm(LI)
discontinuously increases to Tm(LII) by 4.5 K at Tb. Besides,
profiles of the fitting curves in Regions I and II are completely
different with each other. Since Tm(L) corresponds to the melt-
ing temperature of the crystals in the ICS, the change in the Tc

dependence of Tm(L) and the difference of fitting curve pro-
files can be interpreted by the difference of the crystal struc-
tures in Regions I and II [24]. In contrast, Tm(L) almost
continuously changes around Td at which there is no change
of the crystal structure, but Tc dependence of Tm(L), dTm(L)/
dTc, discretely changes between Regions II and III. The value
of 135 �C for Td was determined from the temperature of an
intersection of fitting curves for Tm(LII) and Tm(LIII). There
is enough possibility that this value changes with crystalliza-
tion conditions from the melt and heating conditions of an
ICS. Therefore, Td could not be definitely concluded and is
expressed as around 135 �C or Td (w135 �C).

In our previous article [24], the crystal structures of the
ICSs for Tc< Tb (Region I) and Tb< Tc (Regions II and III)
were assigned to trigonal one (b-form) [43] and orthorhombic
one (a-form) [44e46], respectively. However, crystal structure
for Tc< Tb could not be definitely determined from the X-ray
diffraction pattern because of a small number of diffraction
peaks as mentioned in Ref. [24]. On the other hand, the inves-
tigation on the crystal structure for Tc< Tb is now in progress.
Recently, Zhang and coworkers suggested a0-form (pseudo-
orthorhombic) which is assigned to the disordered phase of
the a-form [47,48]. It seems that there is no general consensus
about crystal structure in Region I [43,47e49]. Taking account
of these circumstances, hereafter LTC and HTC are used for

Fig. 2. Tc dependence of (C) Tm(L) and (B)Tm(H) obtained from the DSC

curves. The HR of the DSC scans was 10 K min�1. The solid and broken lines

show the fitting curves of these temperatures. The dash-dotted lines show Tb

and Td.
the names of crystals of the low- and high- temperature
modifications.

We performed wide-angle X-ray analysis on the heating
process of ICSs and confirmed the transition from the LTC
to the orthorhombic crystal before final melting in Region I.
In contrast, crystal structure did not change up to final melting
in Regions II and III. That is, H corresponds to the melting of
the orthorhombic crystal over the whole temperature region,
and L corresponds to that of the LTC in Region I and the
orthorhombic crystal in Regions II and III. Tc dependence of
melting temperatures is complex in comparing with other
semicrystalline polymers as shown in Fig. 2. The complexity
originates from the combination of the double melting
behavior and crystal polymorphism.

Fig. 3 shows the Tc dependence of heat of fusion DQ ob-
tained from the DSC curves. Tc dependence of DQ was fitted
by linear equations in every temperature region, Region I, II,
or III. The characteristic temperatures, Tb and Td, are shown
by dashedotted lines in the figure.

As shown in Fig. 3, the slope of the fitting curve in Region I
is smaller than those of the other regions. Although there are
discontinuous changes of the melting behavior at Tb and Td,
roughly speaking, the value of DQ of the ICSs monotonously
increase from about 51.0 to 77.5 J g�1 with Tc. Because the
heat of fusion DQ is proportional to the crystallinity of the
ICSs, the crystallinity also increases with Tc. That is, Fig. 3
also shows the Tc dependence of the crystallinity. Fisher and
coworkers [50] and Pyda and coworkers [51] reported the
heat of fusion for a perfect crystal of PLLA to be 93 J g�1

and 91 J g�1, respectively. The crystallinity of the ICSs can
be estimated from these values. It changes from about 55 to
85% with Tc.

Fig. 3. Tc dependence of DQ calculated from the DSC curves. The solid lines

show the fitting curves of DQ values. The dash-dotted lines show Tb and Td.
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Since the melting and recrystallization occur competitively
in the heating process, the endothermic heat flow due to melt-
ing and the exothermic heat flow due to recrystallization can-
cel out each other. As shown in Fig. 1, the DSC curve shows
straight line in the temperature range lower than 140 �C in
spite of the progress of the melting. The melt-recrystallization
occurs from a low temperature in Region I because of the low
thermal stability of the crystals in the ICS. Consequently, the
base lines for the DSC curves for the ICSs(Region I) shown in
Fig. 1 could not be accurately determined. Therefore, it is con-
sidered that DQ was underestimated by the deflection of the
baseline in Region I. In addition, as shown in Fig. 3, deviation
of each datum from the fitting curve in Region I is large in
comparison with Region II. The deviation may originate
from the determination of the baseline.

The characteristics of the melting behavior in three temper-
ature regions, which were obtained from the present investiga-
tion shown in Figs. 1e3, are as follows.

Region I (Tc� Tb): Peaks H and R appear in the DSC curve
of the ICS(80 �C), whereas LI does not appear. The disappear-
ance of LI is due to the melt-recrystallization and it originates
from the low thermal stability of the crystals in the sample.
The thermal stability of the ICS increases with Tc. As a result,
LI increases with Tc as shown in the DSC curves of the
ICSs(100e110 �C), whereas R decreases. In addition, Tm(LI)
abruptly increases by the increase of Tc. This result indicates
the abrupt increase of crystals’ sizes in the ICSs(100e
110 �C) with Tc. DSC curve of the ICS(110 �C) shows three
endothermic peaks, LI, LII, and H. It corresponds to an inter-
mediate one of Regions I and II.

Peak H corresponds to the melting of the recrystallized
crystals. Although L and R changes with Tc, H does not
change as shown in Fig. 1. This result indicates that the forma-
tion of the recrystallized crystal through the heating process is
almost constant, although the crystallinity of the starting sam-
ple of DSC, that is, the ICS, changes with Tc as shown in
Fig. 3. In contrast, Tm(H) slightly increases with Tc at
Tc� 100 �C as shown in Fig. 2, whereas it is almost constant
at Tc� 100 �C. The temperature range where the slight in-
crease of Tm(H) is observed corresponds to the temperature
range where the increase of Tm(LI) is observed. Since the in-
crease of Tm(H) indicates the increase of the crystal size in the
heating process, it can be deduced that the increase of the crys-
tal size of the starting sample (ICS) results in the increase of
the crystal size of the recrystallized crystals. That is, the ther-
mal stability of the recrystallized crystal is increased by the
increase of the thermal stability of the ICS in this region.

Region II (Tb� Tc� Td): The typical double melting behav-
ior is observed in this region. Peak LII increases with increas-
ing Tc as shown in Fig. 1, whereas H decreases. On the other
hand, Tm(LII) increases with increasing Tc, whereas Tm(H) is
almost constant. Peak H does not appear evidently in the
DSC curves of the ICS(125, 130 �C), however, the peak width
of LII is slightly broad. The broad endothermic peak indicates
the overlapping of H on LII.

When the peak of LII overlaps on that of H, Tm(H) deter-
mined from the DSC peak decreases from the original peak
position of Tm(H). Conversely, Tm(LII) determined from the
DSC peak increases from the original position of Tm(LII).
The deviation from linear Tc dependence of Tm(H) and Tm(LII)
can be explained by the reason of the overlapping of these two
peaks. According to this consideration, a dashed line Tm(H) is
drawn in the figure.

Region III (Td� Tc): The melting behavior is simple. Peak
LIII shown in Fig. 1 corresponds to the melting of the crystals
which were formed in the isothermal crystallization process.
Tm(LIII) and DQ increase almost linearly with Tc as shown
in Figs. 2 and 3. This result indicates that the crystal size
and crystallinity of the ICS increase almost linearly with Tc.
That is, the thermal stability of the ICS effectively increases
by the isothermal crystallization. On the other hand, as will
be shown in Sections 3.2 and 3.3, Tm(LIII) and DQ also in-
crease with crystallization time of the ICS by the reason of
the slow crystallization. That is, Tc dependence of Tm(LIII)
and DQ shown in Figs. 2 and 3 changes with the crystallization
time. However, Tm(LIII) did not largely change by the change
of tc than by the change of Tc in the present experimental con-
ditions. The values of Tm(LIII) and DQ for the ICS(135 �C:
2 h), ICS (140 �C: 3 h), ICS (145 �C: 6 h), and ICS (150 �C:
12 h) are selected and plotted in Figs. 2 and 3. The effect of
the crystallization time, including the reason for the selection
of these data, will be discussed in the subsequent sections.

As shown in a CReHR map in Ref. [17], the double melt-
ing behavior appears under a limited experimental condition.
Accordingly, the detailed analysis on the double melting
behavior has been scarcely reported. In addition, the interpre-
tation of the experimental result on the melting process has not
been taken account for the discrete change in the crystalliza-
tion behavior until now. The account of the discrete changes
at Tb and Td for solving complex melting behavior suggested
in this article is a fundamental difference from the others.

Recently, Di Lorenzo reported the double melting behavior
of the ICS and Tc dependence of Tm and the crystallinity
[19,20], which resemble to those obtained in this study. How-
ever, there are small differences in the values of Tm(H), Tm(L),
and crystallinity. The discrete changes of Tm around Tb and
dTm/dTc around Td cannot be observed in the Tc dependence
of Tm. The origin of the small differences can be interpreted
by the difference of experimental conditions, HR and the start-
ing temperature of DSC scan and temperature program of the
isothermal crystallization. These small differences in the
values of Tm(H), Tm(L), and crystallinity have large differ-
ences in the physical meaning on the melting behavior. That
is, the discrete change of the melting behavior at Tb¼ 113 �C,
which originates from the discrete change of the crystal struc-
ture, and the discrete change of dTm/dTc around Td (w135 �C)
cannot be presented from the Tc dependence of Tm by Di
Lorenzo.

3.2. The effect of crystallization time on the melting
behavior in Regions I and II

The isothermal crystallization at the crystallization time of
12 h was performed at various crystallization temperatures to
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study the effect of crystallization time on the melting behavior.
Fig. 4 shows DSC curves of the ICSs(12 h) obtained at the
indicated crystallization temperature.

Although the DSC curves shown in Fig. 4 are apparently
similar to those shown in Fig. 1 at each crystallization temper-
ature, a small difference can be observed between these DSC
curves for the ICSs(110 �C, 115 �C, 120 �C). Namely, LI and
LII shown in Fig. 4 are larger than those shown in Fig. 1,
whereas H shown in Fig. 4 is smaller than that shown in
Fig. 1. These results indicate that the thermal stability of the
ICS increased by the long time isothermal crystallization,
and that the reorganization in the heating process of the ICS
is suppressed by the high thermal stability.

Tc dependence of the peak melting temperatures, Tm(LI),
Tm(LII), Tm(LIII), and Tm(H), was obtained from the DSC
curves for the ICSs(12 h) and is shown in Fig. 5. The dashed
lines in the figure show the fitting curves shown in Fig. 2. Tc

dependence of DQ was also obtained from the DSC curves
for the ICSs(12 h) and is shown in Fig. 6. The dashed lines
in the figure show the fitting curves shown in Fig. 3.

As shown in Fig. 5, the data points of Tm(H) almost overlap
on the fitting curve. Since melting temperature corresponds to
the crystal size, this result means that the size of recrystallized
crystals formed in the heating process does not depend on the
crystallization time of the ICS. Accordingly, it is reasonable to

Fig. 4. DSC curves of the ICSs(12 h) obtained at the indicated Tcs. The HR of

the DSC scans was 10 K min�1.
consider that the prolonged crystallization scarcely affects the
melting of the recrystallized crystals. In contrast, Tm(L) and
DQ depend on the crystal size and the crystallinity which
were formed during the isothermal crystallization. The effect
of the prolonged crystallization on Tm(L) and DQ and the
interpretation of the crystallization at each temperature region
are as follows.

Fig. 5. Tc dependence of (C) Tm(LI) and (:)Tm(LII), (B)Tm(LIII), and (6)

Tm(H) obtained from the DSC curves of the ICSs(tc¼ 12 h). The dashed lines

show the fitting curves shown in Fig. 2. The dash-dotted lines show Tb and Td.

Fig. 6. Tc dependence of DQ calculated from the DSC curves of the

ICSs(12 h). The dashed lines show the fitting curve of DQ values shown in

Fig. 3.
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Region I (Tc� 100 �C): As shown in Figs. 5 and 6, Tm(LI)
and DQ almost overlap on the fitting curves. These results in-
dicate that crystal size and crystallinity do not increase by the
long time crystallization. That is, crystallization, lamellar
thickening and perfection of the crystal scarcely proceed dur-
ing the prolonged isothermal crystallization at this temperature
region.

Region I (Tc� 100 �C): Tm(LI) and DQ increase to the re-
spective fitting curves, and their deviation from the respective
fitting curves increases with Tc. This result suggests that the
crystallization, which includes reorganization of molecular
chains, proceeds during prolonged isothermal crystallization,
and that the rate of this crystallization increases with Tc.

Region II (Tb � Tc � Td): Tm(LII) and DQ increase to the
respective fitting curves, and the increase does not depend
on Tc. This result suggests that the crystallization proceeds
during prolonged isothermal crystallization, and that the in-
crease of the rate of this crystallization does not depend on Tc.

Region III (Td � Tc): A rate of the crystallization decreases
with Tc as reported in the previous article [24]. The
ICS(135 �C: 2 h), ICS(140 �C: 3 h), ICS(145 �C: 6 h), and
ICS(150 �C: 12 h) were used for the DSC measurement, and
DSC curves of these samples were obtained as shown in
Fig. 1. Small increases of Tm(LIII) and DQ to the respective
fitting curves in this temperature region are attributed to the
effect of the prolonged isothermal crystallization. The effect
of the crystallization time on the melting behavior in this
temperature region is studied in detail in the Section 3.3.

3.3. The effect of crystallization time on the melting
behavior in Region III

The effect of crystallization time in Region III was studied
at 145 �C. Fig. 7 shows DSC curves of the ICSs(145 �C) ob-
tained at the indicated crystallization times. As shown in the
figure, an endothermic peak, an exothermic peak, and a small
bump appear around 180 �C, at 114 �C, and at about 60 �C,
respectively. In addition, a small endothermic peak appears
at 170 �C for the ICS(1.5 h), and a broad endothermic peak
appears around 165 �C for the ICSs(4.4e24 h).

The bump and the exothermic peak evidently appeared in
the DSC curve of the ICS(1.5 h) correspond to the cold crys-
tallization and the glass transition, respectively. The appear-
ance of the bump and the exothermic peak is typical
characteristics of an inclusion of the amorphous part in a start-
ing sample. According to this assignment, it can be deduced
that the crystallization scarcely proceeds in the crystallization
time lower than 1.5 h, and the endothermic peak around
180 �C appeared in the DSC curve of the ICS(1.5 h) is the
melting of the crystallites formed in the cold crystallization
process. This deduction was confirmed by the measurement
of heat of fusion. In contrast, the endothermic peaks appeared
in the DSC curves of the ICSs(6, 12, 24 h) corresponds to the
melting of the crystallites formed in the isothermal crystalliza-
tion. That is, these peaks correspond to LIII.

Peak melting temperatures, Tms, and the values of the heat
of fusion, DQ, were obtained from the DSC curves of the
ICSs. In this experiment, DQ values were calculated in the
temperature range between 50 and 200 �C in the DSC curve:
Total contribution of the heat due to the melting of the crystals
in a starting sample (ICS), recrystallization and the melting of
the crystals formed in the heating process (recrystallized
crystals) were calculated. Tms and DQ values are plotted
against the crystallization time, tc, in Fig. 8 with filled circles
and open circles, respectively. Tm and DQ value for the crys-
tallization time of 1.5 h were 177.2 �C and 7.6 J g�1 and are
not plotted in this figure.

The solid line in Fig. 8 shows the fitting curves of Tm which
is fitted by the quadratic equation of log(tc). In contrast, the fit-
ting curve for DQ was obtained for two tc regions, because the
tc dependence of DQ distinctly changes at 5 h. The broken
lines show the fitting curves of DQ (tc� 5 h) and DQ
(tc� 5 h) which are fitted by the linear and quadratic equations
of log(tc), respectively.

As shown in Fig. 8, DQ for the ICSs(tc� 5 h) logarithmi-
cally increases with tc. That is, the crystallinity of the
ICS(tc� 5 h) logarithmically increases with tc. This result is
consistent with the low growth rate of spherulites observed un-
der polarizing microscope reported in the previous article [24].
The very low value of DQ for the ICS(1.5 h) suggests that in-
duction time of the crystallization is about 1.5 h, and that the
crystallization scarcely proceeds until 1.5 h at this temperature
Tc¼ 145 �C. In contrast, DQ value for the ICSs(tc� 5 h)

Fig. 7. DSC curves of the ICSs(145 �C) obtained at the indicated crystalliza-

tion times. The HR of the DSC scans was 10 K min�1.



5405M. Yasuniwa et al. / Polymer 48 (2007) 5398e5407
gradually increases with log(tc) and are in the range of 74e
83 J g�1. Fisher et al. reported the heat of fusion of the perfect
crystal to be 92 J g�1 [50]. If their values are correct, the
crystallinity of the ICSs(tc� 6 h) results in 80e90% by the
isothermal crystallization.

As shown in Fig. 7, peak LIII for the ICSs(tc� 5 h) is sharp
in comparison with that for the ICSs(tc� 3 h). On the other
hand, Tm(LIII)s for the ICS(5 h) and the ICS(24 h) are 180.5
and 181.4 �C, respectively. That is, the increase of Tm(LIII)
is about 0.9 K by the prolonged isothermal crystallization of
19 h. This result indicates that Tm(LIII) did not largely change
by the change of tc than by the change of Tc, and that the effect
of the prolonged crystallization on the Tm(LIII) is small. The
values of Tm(LIII) and DQ for the ICS(135 �C: 2 h),
ICS(140 �C: 3 h), ICS(145 �C: 6 h), and ICS(150 �C: 12 h),
whose crystallization times are the starting times of the pro-
longed isothermal crystallization at every crystallization
temperature, are plotted in Figs. 2 and 3.

Melting temperature Tm of lamellar thickness l is given in
the ThomsoneGibbs equation [52].

Tm ¼ T
�

m

�
1� 2se

lDh

�
ð1Þ

where Tm
� is the melting temperature of the infinitely large

crystal (equilibrium melting temperature), se the top- and
bottom-specific surface free energy, l the lamellar thickness,
Dh the bulk heat of fusion. The increase of the melting tem-
perature, DTm, by the increase of the lamellar thickness, Dl,
is derived from Eq. (1).

DTm ¼
2T

�
mse

l2Dh
Dlf

1

l2
Dl ð2Þ

As shown in Eq. (2), the increase of the lamellar thickness, Dl,
is proportional to the increase of the melting temperature,

Fig. 8. Crystallization time tc dependence of (C)Tm and (B) DQ obtained

from the DSC curves of the ICSs(145 �C). The solid and broken lines show

the fitting curves of Tm and DQ values, respectively.
DTm. Besides, melting temperature of thick lamellae does
not increase so much with the increase of the lamellar thick-
ness by the factor of 1/l2. The reason for the small effect of
the prolonged crystallization on the Tm(LIII) can be explained
by the formation of the thick lamellae in the ICS(Region III).

When a sample contains small crystallites with wide size
distribution, the Eqs. (1) and (2) indicate that the DSC melting
peak of the sample is broad. In contrast, the DSC melting peak
of a sample which contains large crystallites gives a sharp
DSC melting peak, even if the crystallites have wide size dis-
tribution. From these considerations, it can be interpreted that
the sharp melting peak of LIII is due to an increase of crystal-
lite size and/or perfection by isothermal crystallization.

Fig. 9 shows X-ray diffraction patterns for the
ICSs(150 �C) in the diffraction angle between 11 and 34�.
Crystallization times of the ICSs are indicated in the figure.
Since scattering X-ray from the amorphous part overlapped
on the diffracted X-ray from the crystalline part, the X-ray
diffraction patterns were obtained after the subtraction of an
X-ray scattering pattern of the molten state of PLLA. The
ICSs of 4.0 mm in diameter and 1.0 mm in thickness were
used for the X-ray measurements, so that crystallinity of
each ICS can be compared with another one by the compari-
son of the diffraction intensity. The diffraction pattern shows
many diffraction peaks and agrees well with the orthorhombic
crystal structure, which has been assigned as a HTC (a-form)
[13,14,16] as reported in the previous article [24].

The ICSs(145 �C) presumably show similar tc dependence
of the X-ray diffraction pattern of the ICS(150 �C), because
the difference of Tc is small (5 K). The diffraction pattern
for the ICS(1.5 h) shows broad amorphous peak in the dif-
fraction angle between 11 and 25�, and diffraction intensity
of the ICS(1.5 h) is small in comparison with other diffraction
patterns. This result indicates the low crystallinity of the
ICS(150 �C: 1.5 h) and is consistent with the small DQ values
for the ICS(145 �C: 1.5 h) determined from DSC and the low
growth rate of spherulites observed under polarizing micro-
scope [24].

As can be seen in Fig. 9, the diffraction intensity increases
with tc. The increasing rate of the diffraction intensity is abrupt
up to 6 h and is gradual above that time. As the diffraction
intensity is proportional to the crystallinity, this tc dependence
of the diffraction intensity shown in Fig. 9 supports the tc de-
pendence of the DQ values for the ICS(145 �C) determined
from DSC shown in Fig. 8.

3.4. Melting temperature

Tm(H, LI, LII, LIII) changes by the crystallization condition
of the ICS as mentioned in the preceding sections, and Tm also
changes by the heating condition of the DSC scan, which will
be shown in an article of this series. The change of each Tm by
these conditions is as follows. First, Tm(H) does not largely
change, because Tm(H) is the melting temperature of the re-
crystallized crystals. Second, Tm(LI) and Tm(LII) largely
changes, because of the low thermal stability of the ICS
formed in Regions I and II. Third, Tm(LIII) for the ICS
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obtained under an enough crystallization time scarcely
changes by the change of the heating condition because of
the high thermal stability of the ICS. In addition, it can be de-
duced from the tc dependence of Tm shown in Fig. 8 that
Tm(LIII) does not approach to the limiting value by the iso-
thermal crystallization of several dozen hours. Although Tc de-
pendence of Tm is shown in Fig. 2, it should be noted that this
dependence changes by the crystallization and heating condi-
tions, especially in Regions I and II.

The equilibrium melting temperature (Tm
�) has been fre-

quently obtained from a relationship between Tm and Tc by
the HoffmaneWeeks plot method [53]. As mentioned in the
previous paragraph, Tm

� cannot be determined using the values
of Tm(LI) and Tm(LII) of PLLA. Even if Tm(LIII) is used for
the determination of Tm

�, it seems that the reliability of Tm
�

value is not high because of the change of Tm(LIII) by tc.

4. Conclusions

Melting behavior of PLLA was studied with DSC: DSC
curves of the ICSs were obtained, and the Tc dependence of
Tm and that of DQ were presented. Following points on the
melting behavior are elucidated.

1. The melting behavior of the ICS discretely changes at Tb

(¼113 �C), in accordance with the discrete change of the

Fig. 9. X-ray diffraction patterns of the ICSs(150 �C) obtained at the indicated

crystallization times.
crystallization behavior. In addition, the melting behavior
changes at Td (w135 �C) by the change of the melt-
recrystallization process. That is, the melting behavior is
characterized by the three temperature regions: Regions I
(Tc� Tb), II (Tb� Tc� Td), and III (Td� Tc).

2. Peaks LI, H, and R appear in the DSC curve in Region I.
Double melting peaks, LII and H, appear in Region II,
whereas single melting peak, LIII, appears in Region III.
The appearance and disappearance of the endothermic
and exothermic peaks largely depend on the melt-
recrystallization in the heating process. That is, they
largely depend on the thermal stability of the ICS and
heating conditions.

3. Tm(H) is almost constant in Regions I and II, whereas Tm(L)
increases with increasing Tc. It is suggested from this fact
that the crystal size of the recrystallized crystal does not
largely change in the heating process. In contrast, Tc depen-
dence of Tm(L) discretely changes at Tb: Tm(LI) discontin-
uously increases to Tm(LII) by 4.5 K at Tb. This discrete
change in Tm(L) is in accord with the discrete change of
the crystallization behavior at Tb. On the other hand,
Tm(L) almost continuously changes to Tm(LIII) with Tc.

4. DQ almost monotonously increases with Tc, although there
are small discontinuous changes of the melting behavior at
Tb and Td. The crystallinity estimated from the heat of
fusion of the ICSs changes from about 55 to 83%.

5. The prolonged crystallization scarcely affects the melting
of the recrystallized crystals in Region I (Tc� 100 �C). On
the other hand, Tm(L) and DQ increase by the prolonged
crystallization in Regions I (Tc � 100 �C), II, and III.

6. The effect of the prolonged crystallization on the Tm(LIII)
is small. This result can be explained by the formation of
the thick lamellae in the ICS(Region III). DQ for the
ICSs(145 �C: tc� 5 h) increases with log(tc), whereas
DQ values for the ICSs(145 �C: tc� 5 h) gradually in-
crease with log(tc). This tc dependence of the DQ values
for the ICS(145 �C) determined from DSC is supported
by the X-ray analysis.
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