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Abstract

The crystallization behavior of poly(L-lactic acid) was studied in the range of 80—160 °C. The peak crystallization time (7,) was defined and
obtained from the crystallization isotherm measured with a differential scanning calorimeter (DSC). Isothermal crystallization temperature (7.)
dependence of log(7,,) discretely changed at 113 °C (= Ty,). The linear growth rate of spherulite, G, was measured with a polarizing microscope.
The T. dependence of G and the size of the spherulite also discretely changed at T}, Crystal structures for samples isothermally crystallized at
temperatures which were higher and lower than T}, were orthorhombic (a-form) and trigonal (B-form), respectively. The discrete change of
the crystallization behavior was explained by the formation of different crystal.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(r-lactic acid) (PLLA; (—CHCH3;—CO—0-),) is cur-
rently investigated for a great number of commodity applica-
tions from a view point of an environmentally degradable
polymer and sustainable biomass resources [1,2]. The thermal
behavior, especially melting and crystallization behavior, is an
important aspect for characterizing the physical properties of
PLLA. Accordingly, the characterization of its melting and
crystallization behavior has been performed with various
experimental techniques [3].

Many researchers have studied the crystallization behavior
of PLLA under an isothermal crystallization condition.
Vasanthakumari and Pennings [4], and Miyata and Masuko [5],
measured the radius growth rate of spherulites (G) of PLLA
film samples as a function of isothermal crystallization temper-
ature (T,) with optical microscopy. Their T, dependence of G
showed a bell-shaped curve. Iannace and Nicolais [6] studied
isothermal crystallization behavior by thermal analysis and
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the T, dependence of the crystallization half-time (¢;/,), which
corresponds to an overall rate of crystallization, was reported.
They presented two ranges with different slopes of the T, de-
pendence of 103/t1 12 and interpreted this result as an indication
from regime II to regime III transition around 115 °C. Some
other researchers also studied the 7. dependence of G with
optical microscopy and reported the two bell-shaped curves
which are continuously connected [7—9]. There is obvious
discrepancy among these results: the 7. dependence of G
expressed by the single bell-shaped curve contradicts that ex-
pressed by the two bell-shaped curves and the regime transi-
tion. It is considered for the reason of this discrepancy that
the number of their data points in these studies is too small
to definitely determine the curve profile. Although the change
of morphology of the PLLA film samples has been studied, dis-
tinct change of spherulite morphology which corresponds to
the two bell-shaped curves has not been reported [4,5,7—12].

The crystal structure of PLLA has been analyzed, and three
crystal modifications, a-, B-, and y-forms, have been found
depending on the formation conditions: the a-form (pseudo-
orthorhombic [13,14], pseudo-hexagonal [15], or orthorhombic
[16—19]), the B-form (orthorhombic [14] or trigonal [20]), and
the y-form [22]. The most common polymorph is the a-form,
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which is generally formed on crystallization from the melt or
from dilute solutions. The B-form is observed at a high draw
ratio and a high drawing temperature. Its packing has been in-
terpreted as a frustrated structure [20,22]. The y-form has
been obtained by epitaxial crystallizations on hexamethyl-
benzene [21]. Hoogsten et al. explained that the helical confor-
mations of the chains in the a- and [-structures have
approximately the same energy, and that the packing must
therefore be the main reason for the existence of two different
crystal modifications [14]. According to this explanation, there
is enough possibility of the formation of B-form through the
crystallization from the melt, however, B crystal structure of
the melt-crystallized sample has scarcely been investigated.

The present study deals with the crystallization behavior
from the melt of PLLA in the isothermal crystallization condi-
tion. Since there is a difference in the reported results with re-
spect to the growth rate of spherulite and the crystallization
half-time, the measurements of them are made in detail.
Then discrete change of crystallization is presented. In addi-
tion, the mechanism of the discrete change is investigated on
the basis of the structural analysis.

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 chromatog-
raphy (GPC) by Taki Chemical Co., Ltd. (Japan). Solution for
the GPC measurement was prepared by dissolving the PLLA
sample in tetrahydrofuran (THF). Number-average molecular
weight (M,,) and weight-average molecular weight (M) were
4.8 x 10% and 9.1 x 10 respectively. These values were cali-
brated by polystyrene standards. Optical rotatory power,
[oc]zDS, 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 and sample preparation for the X-ray
measurements were carried out with a differential scanning
calorimeter (Perkin—Elmer Pyris 1). The temperature of the
DSC apparatus was calibrated with indium. The heat of fusion
was also calibrated with indium. A PLLA sample of about
5 £0.1 mg was sealed in an aluminum sample pan for DSC.
Samples were used for DSC and were always kept under a
nitrogen atmosphere.

All microscopic observations were made with a polarizing
microscope (Nikon Eclipse E600-POL, Japan) between
crossed polars. The temperature control of a sample was per-
formed using a hot stage (Linkam TH-600PM, Linkam Scien-
tific Instruments, UK). The temperature of the apparatus was

calibrated with tin, indium, potassium nitrate, biphenyl, and
water at a HR of 0.1 Kmin~". Liquid nitrogen was used for
the rapid cooling. PLLA resin sandwiched between micro-
scope glass slides was heated to 220 °C on a hot plate and
was pressed with small stress to prepare thin film samples
with desired thickness. The morphology of the thin film
samples between the glass slides was observed on a hot stage
and recorded on a hard disk.

Wide-angle X-ray diffraction (WAXD) patterns were ob-
tained at room temperature (ca. 20 °C) with a WAXD measure-
ment system reported elsewhere [23]. Monochromatized Cu
K, radiation (=1.542 A) was used as an incident X-ray beam.
The diffracted X-ray intensity was detected with a position-
sensitive proportional counter (PSPC) system. The diffraction
angles reported for a-aluminum oxide (a-Al,O3) were used
as a standard: the angles of the diffraction patterns were
corrected with three diffraction angles of a-Al,Oj for the Cu
K, radiation: 25.296, 35.152, and 37.801°, corresponding to
the reflection lines of (012), (104), and (110), respectively [24].

2.3. Heating and cooling conditions

Vasanthakumari and Pennings [4], Tsuji and Ikada [11],
and Kalb and Pennings [15], reported equilibrium melting
temperatures (T, ’s) for PLLA at 207, 205, and 215 °C, respec-
tively. In our experiment, samples were held in a molten state
(210 °C) for 10 min for the removal of any crystal nuclei in the
samples. The melted samples were cooled to a predetermined
crystallization temperature (T,) at a rate of 70 Kmin ', and
the isothermal crystallization was performed. At various 7.’s
ranging from 80 to 140 °C, crystallization isotherms were ob-
tained with DSC, and the growth of spherulites was observed
with a polarizing microscope. Hereafter, isothermally crystal-
lized sample obtained at T is abbreviated as ICS(T,). To pre-
vent additional crystallization during cooling from T to 30 °C,
the ICS was cooled rapidly at a rate of 70 Kmin~'. The ICSs
of 4.0 mm in diameter and 1.0 mm in thickness were prepared
for the X-ray measurements.

3. Results
3.1. Peak crystallization time

Fig. 1 shows crystallization isotherms at the indicated T¢’s.
The scale of the heat flow rate of every crystallization isotherm
is normalized, so that their peak heights can be compared with
each other. DSC curves are not presented in a temperature
range higher than 140 °C and lower than 80 °C, because the
exothermic heat flow in a crystallization process is too small
to detect by a present thermal analyzer.

Crystallization half-time (#,,,), which is defined as a time
spent from the onset of the crystallization to the point where
the crystallization is 50% completed, has been normally
used in the analysis of crystallization kinetics and is taken
as a measure of the overall rate of crystallization [25]. It is
easily deduced that the completion of the crystallization, i.e.,
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Fig. 1. Crystallization isotherms of PLLA samples at various 7..’s. The T.’s are
indicated in the figure.

final value of the crystallinity, is not easy to determine in semi-
crystalline polymers. That is, the crystallization half-time is
not easy to accurately determine. To avoid this problem,
peak crystallization time (7,,) is defined as the time spent
from the onset to the point where the exothermic peak appears
in the crystallization isotherm. Since 7, is determined from the
exothermic heat flow of a whole sample, 7, can be considered
to express the overall rate of crystallization like the crystalli-
zation half-time. If peak profile of the crystallization isotherm
is symmetric, then the peak crystallization time is the same as
the crystallization half-time, i.e., 7p = 5.

Fig. 2 shows the T, dependence of the peak crystallization
time (7,) obtained from the crystallization isotherm. The ver-
tical axis is expressed by a logarithmic scale. As can be seen
in the figure, 7, exponentially increases with increasing T,
from 113 °C or with decreasing T, from about 110 °C, and
T, dependence of log(7,) discretely changes at 113 °C. The
discrete change of 7, indicates that the crystallization behavior
is distinctly different between the low- and the high-tempera-
ture ranges, and that change of the crystallization behavior is
sensitive to T.. Hereafter, the boundary temperature between
the low- and high-temperature ranges is denoted as T}, and is
shown by a dash-dotted line in the figure. As mentioned in
the subsequent section, T}, was also determined as 113 °C
by the measurement of a linear growth rate of spherulite.

T, dependence of log(7,,) was fitted by quadratic equations
in both temperature ranges, and the fitting curves are shown by
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Fig. 2. T, dependence of the peak crystallization time (7).

the dashed lines. Although the bowl-shaped curves have been
reported for the T, dependence of log(¢,,) for usual crystalline
polymers [25], the T, dependence of log(r,) shown in the
figure is obviously different from them. Characteristics as to
the T, dependence of log(7p) is as follows. (1) log(7,) in the
T, dependence of log(7,,) discretely changes at Ty, (=113 °C)
where is close to the minimum point of log(7,,). That is, there
are two temperature ranges in T.: a high-temperature range
(T, <T.) and a low-temperature range (T.<Ty). (2) The
high-temperature curve shifted to upper direction of 7, against
the low-temperature curve. The crystallization rate close to Ty,
in the high-temperature range (7, <7T.) is distinctly slower
than that of the low-temperature range (T, < T}). (3) The curve
of T. dependence of log(7;,) in the low-temperature range
(T. < Ty) is obviously steeper than that in the high-temperature
range (T, < T,).

Crystallization isotherm presented in Fig. 1 shows heat flow
during the isothermal crystallization. Heats of crystallization
from the start of crystallization to a time of an end of the crys-
tallization and to the peak crystallization time (0 ~ 7,) were
obtained from crystallization isotherms and are denoted by
Q. and Q,, respectively. That is, Q. and Q, were obtained
from the heat flow during the isothermal crystallization.
Fig. 3 shows T.. dependence of Q. and Q,, in the temperature
range between T, = 80 and 140 °C. The crystallization times
were 1h for T,=95—125°C, 2h for 85, 90, 130, and
135°C, 3 h for 140 °C, and 7 h for 80 °C. It was elucidated
that the peak crystallization time, 7,, exponentially changes
with T, as shown in Fig. 2. That is, the crystallization time
for obtaining the ICSs changes with T,. The ICS used in this
and X-ray experiments was prepared by the crystallization
time of approximately four times of 7, at each T..

The baseline for the crystallization isotherm could not be
accurately determined. Actually, each value of Q. for T,
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Fig. 3. T. dependence of Q. (open circle) and Q, (filled circle). The crystalli-
zation times were 1 h for T, = 95—125 °C, 2 h for 85, 90, 130, and 135 °C, 3 h
for 140 °C, and 7 h for 80 °C.

differed from the value of the heat of fusion, which was ob-
tained from the DSC melting curve for the same ICS(T.)
used in this experiment. However, each value for Q. or Q,
can be compared with each other, because it was obtained
by the same procedure. As shown in Fig. 3, T, dependence
of Q. and Q, discretely changes at Ty, This discrete change
corresponds well with that of 7, shown in Fig. 2. On the other
hand, O, does not largely change with T..

As shown in Fig. 3, the values for Q. and Q,, at 140 °C are
distinctly different from others. This temperature is high, so
that the baseline of the crystallization isotherm deflects as a
result of the heat of the additional crystallization due to the an-
nealing effect. It can be considered that Q. and O, were over-
estimated by the deflection of the baseline at this temperature.

3.2. Morphology

Morphology of the present PLLA samples during isothermal
crystallization was studied in a temperature range between 81
and 161 °C under the polarizing microscope: the growth of
spherulites was observed between crossed polars at T... Fig. 4
shows optical micrographs for the final morphologies at every
T.’s. The optical micrographs (a—c) and (d—f) show the
morphologies in the low-temperature (7. =81, 91, 111 °C:
T.<T,) and high-temperature (7T.=116, 121, 126 °C:
T, < T,) ranges, respectively.

In the isothermal crystallization process at T, = 81 °C, a lot
of spherulites uniformly appeared in a whole view field of a
microscope. These spherulites grew with a slow growth rate.
The final morphology of this sample showed granular appear-
ance as observed in (a). In contrast, spherulites did not uni-
formly appear in the temperature range of 7. between 86

and 111 °C. Then, sparsely distributed spherulites grew. The
dimension of the spherulites at the final stage of the crystalliza-
tion is irregular as observed in (b) and (c). When T, increased
from 111 °C (T, < Tp) to 116 °C (T, < T.), the final dimension
of the resulting spherulites and the uniformity of the dimension
evidently increased as observed in (c) and (d). These increases
may correspond to the discrete change of the peak crystalliza-
tion time. With increasing 7. in the temperature range above
Ty, the number of spherulite in the view field largely decreased.
Consequently, the final dimension of spherulites drastically
changed from 121 to 126 °C as shown in (e) and (f).

The optical micrographs (a—d) in Fig. 5 show the morphol-
ogies for the samples isothermally crystallized at 126, 131,
141, and 151 °C, respectively. The size of the spherulites con-
siderably increased with increasing T.. Fig. 5(a) is the same
micrograph of Fig. 4(f) on reduced scale. The spherulites
evidently showed negative birefringence as reported by many
authors [4]. As mentioned in the previous paragraph, number
of spherulites in the view field and the growth rate of spheru-
lites drastically decreased with increasing 7. Roughly speak-
ing, T. dependence of the morphology corresponds to that
reported in literatures [4,10—12].

Periodic extinction band (banded structure), that is, circular
ring morphology in the spherulite, is clearly observed in Figs.
4(e) and 5(b). Then, Xu et al. reported that the banded spher-
ulites were observed via the direct isothermal crystallization
procedure, and that the banding morphology changed with
the melting condition [9]. Although there is an enough possi-
bility to observe the banded spherulites in the ICS obtained
in other T.’s, we did not perform further investigation on the
formation of the banded spherulites.

3.3. Number of spherulite

As mentioned above, morphology during isothermal crys-
tallization was studied with polarizing microscope. Number
of spherulite (V) in the view field was counted at each crystal-
lization temperature in the range from 96 to 141 °C. Sample
thickness for the observation was about 2 um. Fig. 6 shows
the crystallization temperature, T, dependence of the number
of spherulite N observed with a high magnification (x500). A
dashed line in the figure shows a fitting curve. When T is
above 136 °C, the spherulite could be scarcely found in the
view field of the high magnification. Accordingly, the number
of spherulite was counted with a low magnification (x100)
above 136 °C. Then N above 136 °C was obtained by the con-
version from the number of spherulite of the low magnification
into that of the high magnification.

Since the sample thickness could not be precisely con-
trolled, the accuracy of plotted data is considered not to be
high. When T is lower than 106 °C, number of the spherulite
was too many to accurately count it in spite of the use of pic-
ture recorded on a hard disk. That is, there are two problems
on the accuracy of the experiment: controlling of the sample
thickness and counting of the number of spherulites. However,
as shown in Fig. 6, deviation of the plotted data from the fitting
curve is small, except for the large change of the plotted data
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Fig. 4. Optical micrographs between crossed polars for samples isothermally crystallized at (a) 81 °C, (b) 91 °C, (c) 111 °C, (d) 116 °C, (e) 121 °C, and (f) 126 °C.

Scale bar shows 50 pm.

at about 122 °C. Since log(N) almost linearly decreases with
T. in the temperature range above 105 °C as can be seen in
the figure, it can be considered that the number of spherulite
N exponentially decreases with T, in this temperature range.

3.4. Radius growth rate of spherulite

The growth process of the spherulite during isothermal
crystallization was observed by a polarizing microscope.
Then, radius of the spherulite () was measured with crystalli-
zation time (), which is defined as the time spent from the on-
set of the isothermal crystallization of the hot stage. The radius
increased linearly with the crystallization time at all 7..’s, then
radius growth rates G (G = dr/df) were determined at each T,
ranging from 81 to 151 °C. Fig. 7 shows T, dependence of the
radius growth rate G. The vertical axes of (a) and (b) in Fig. 7
are expressed by decimal and logarithmic scales, respectively.
The dashed lines show fitting curves for the 7. dependence
of G. As shown in Fig. 7(a) and (b), the T, dependence of G
discretely changes at 113 °C. An experimental value for G
at 113 °C almost agreed with an average of the two values

extrapolated from the fitting curves. Accordingly, the boundary
temperature, Ty, was determined as 113 °C and is shown by
dash-dotted lines in the figure. This result is well agreed with
that determined from the 7. dependence of the peak crys-
tallization time (7).

A bell-shaped curve for the T, dependence of G is a typical
profile of the crystalline polymers as reported by many authors
[26—29]. Besides, Umemoto and Okui proposed the master
curve which represents the T, dependence of G for the common
polymers including PLLA [30]. On the contrary, the T,. depen-
dence of G presented in this experiment can be divided into
two ranges, high- and low-temperature ranges, and is obviously
different from the common polymers as shown in Fig. 7.
Takayanagi and Yamashita reported discrete change of T,
dependence of G for poly(ethylene adipate) in the low- and
high-temperature ranges [31]. This feature on the 7. depen-
dence of G is similar to that obtained in this experiment, except
that G in the low-temperature range is smaller than that in the
high-temperature range. Additionally, they showed the change
of the crystal structure in these two ranges. T, dependence of
G composed of the two bell-shaped curves is similar to that
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Fig. 5. Optical micrographs between crossed polars for samples isothermally crystallized at (a) 126 °C, (b) 131 °C, (c) 141 °C, and (d) 151 °C. Scale bar shows

250 pm.
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Fig. 6. T, dependence of log(N ). Dashed line shows a fitting curve.

reported by Tsuji et al. [7,8]. However, the present one is
completely different from their one. Their bell-shaped curves
are continuously connected: they do not have a well defined
break at Ty,

As shown in Fig. 7, T. dependence of G in the high-
temperature range (T, < T..) shows a bell-shaped curve, which
is typical profile of the crystalline polymers as reported by
many authors [26—29]. The T, dependence of G in the low-
temperature range (7. < Ty) can be considered to show the

left half of a bell-shaped curve and is obviously steeper than
that in the high-temperature range. The maximum value of G
in the low-temperature range (7. < T,) is larger than that in
the high-temperature range. The G value for T close to Ty, in
the low-temperature range was about one and half times as
large as that in the high-temperature range: 8.0, 6.1, and
5.2 pum min~! at 111, 113, and 116 °C, respectively. That is,
T. dependence of G discretely changes at Ty,. The results on
the T, dependence of G and 7, clearly indicate that the crystal-
lization behavior is distinctly different between the low-
temperature (7. < T},) and high-temperature (T, < T.) ranges,
and that two crystallization mechanisms should be considered.

Several authors reported the T, dependence of G for PLLA
samples with different molecular weights [4,5,7,8]. They
showed that the G value increases with decreasing of molecu-
lar weight. The molecular weight of the PLLA sample used in
this experiment was M,, = 9.1 x 10*. The G values obtained in
this experiment approximately agree with those for the sample
of M, =5.0 x 10* presented by Miyata and Masuko [5].

3.5. X-ray analysis of crystal modifications

Fig. 8 shows X-ray diffraction patterns of ICSs. Isother-
mal crystallization temperatures were indicated in the figure.
The crystallization times were 1 h for 7. = 100—120 °C, 2 h
for 90 and 130 °C, 3 h for 140 °C, 4 h for 80 °C, and 24 h for
150 °C. Since scattering X-ray from the amorphous part
overlapped on the diffracted X-ray from the crystalline
part, X-ray diffraction patterns were obtained after the sub-
traction of an X-ray scattering pattern of the molten state
of PLLA.
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Fig. 7. Crystallization temperature, T,, dependence of radius growth rate of
spherulites, G. (a) G versus T, and (b) log(G) versus T..

The X-ray diffraction patterns in the temperature range
T. < T, =113 °C are almost same in spite of the small differ-
ence in diffraction intensity; similar is for those in the temper-
ature range Ty, < T.. In contrast, the X-ray diffraction patterns
for the ICSs(T,. < Ty,) are obviously different from those for the
ICSs(Ty, < T.). The diffraction angles of four intense peaks ap-
peared in the diffraction patterns for ICSs(T}, < T..) are marked
by dotted lines in the figure. The most intense diffraction peak
and the next one, appeared at 16.5 and 18.8° for ICSs(T}, < T.),
shift to lower diffraction angles in the diffraction patterns for
ICSs(T. < Ty). Small diffraction peaks appeared at 14.7 and
22.5° for ICSs(Ty, < T.) disappear in the diffraction patterns

150°C

140°C

130°C

120°C

X-ray Diffraction Intensity

18 20 22 24
26 (°)

Fig. 8. X-ray diffraction patterns for isothermally crystallized PLLA samples.
Crystallization temperatures are shown in the figure.

for ICSs(T. < Ty,). Accordingly, it can be concluded that the
crystal structure of the ICS discretely changes at Ty,

Fig. 9 shows X-ray diffraction patterns between 11 and 36°
in 26 of the ICS(80 °C) and ICS(140 °C). The diffraction pat-
tern for ICS(140 °C) shows many diffraction peaks and agrees
well with the orthorhombic crystal structure, which has been
assigned as o-form modification [13,14,16]. Cell dimension
of an orthorhombic unit cell, ¢ =1.06 nm, b= 0.60 nm,
¢=0.94 nm, may be concluded. The Miller index of five
intense diffraction peaks appeared at 12.5, 14.7, 16.7, 19.1,
and 22.5° is (101), (010), (110) and (200), (111) and (201),
and (102) and (210), respectively. In contrast, the diffraction
pattern for ICS(80 °C) shows only four diffraction peaks.
This result indicates high symmetry of the crystal lattice. On
the other hand, it is difficult from these diffraction peaks to
conclusively determine the crystal structure. The diffraction
pattern for ICS(80 °C) agreed with the trigonal crystal struc-
ture reported as B-form modification. The cell dimension of a
trigonal unit cell, a = 1.07 nm, » = 1.07 nm, ¢ = 0.99 nm, may
be concluded. The Miller index of the four intense diffraction
peaks appeared at 16.5, 18.8, 24.5, and 28.8° is (110), (111),
(112), and (300), respectively. The area perpendicular to
the c-axis of the unit cell is 0.992 nm?. Since there are three
chains in a trigonal unit cell, the cross-sectional area occupied
by a single chain is 0.331 nm? which is larger than that of the
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Fig. 9. X-ray diffraction patterns for ICS(80 °C, 2 h) and ICS(140 °C, 24 h).

X-ray Diffraction Intensity

orthorhombic one (0.321 nm?) of a-form modification. Conse-
quently, packing of the trigonal modification is interpreted as
a frustrated structure as suggested by Puiggali et al. [20] and
Okihara et al. [22]. It can be presumably concluded from these
analyses that the crystal structure of the ICS discretely changes
at Ty, between orthorhombic crystal modification (a-form) and
trigonal one (B-form).

The samples, whose thickness was almost constant, were
used for the X-ray measurement, and peak height of the dif-
fraction peaks in Figs. 8 and 9 was not corrected. These are
the following characteristics which can be interpreted from
these figures. At first, the X-ray diffraction intensity, which
can be estimated from the peak heights of the diffraction peaks,
increases with increasing T,, except for the case of the
ICS(150 °C). This result indicates the increase of crystallinity
of the ICS with increasing T.. The decrease of the X-ray
diffraction intensity for the ICS(150 °C) may mean that the
crystallization time of 24 h was not enough for obtaining the
ICS which can be compared with the other ICSs. Second, dif-
fraction intensities of the (010) reflection (14.7°) and (111) and
(201) reflections (19.1°) in the high-temperature range increase
with increasing T, in comparison with the main peak of (110)
and (200) reflections (16.7°). Especially, the increase of the
long range ordering of crystal packing can be deduced from
the increase of the diffraction intensity of (010) reflection
which appears at an angle smaller than that of the main peak
of (110) and (200) reflections. The increase of ordering of crys-
tal packing with 7. corresponds to the increase of the regularity
of the spherulite morphology with T, which is observed by
optical microscopy.

The diffraction pattern of ICS(70 °C, 5 h) and ICS(60 °C,
6 h) was also obtained. The diffraction intensity of ICS(70 °C,
5h) was very small, and that of ICS(60 °C, 6 h) did not
appear. These facts indicate that the crystallization scarcely
proceeds at a temperature lower than 70 °C.

3.6. Relationship between 7, and G

As shown in Fig. 2, a trough in a bowl-shaped curve for T,
dependence of 7, appears below Ty, and there is no trough
above Ty, In contrast, a peak in a bell-shaped curve for T, de-
pendence of G appears above Ty, and there is no peak below
Ty, as shown in Fig. 7. That is, the trough position of 7, is
different from the peak position of G. Roughly speaking, 7,
is proportional to 1/G, therefore there is apparent discrepancy
between these experimental results. As mentioned in the pre-
ceding sections, G represents a growth rate of spherulite, and
Tp corresponds to an overall rate of crystallization. Taking
this difference in definition into consideration, following rough
estimation is examined to explain the relationship between
7p and G.

As it is well-known, crystallization proceeds through nucle-
ation and crystal growth, and the number density of a spheru-
lite (nucleus) and growth rate G are significant factors for the
crystallization. When there are N spherulites in volume V/, the
number density of the spherulite is N/V,,. For the simplicity of
the estimation, it is assumed that N/V|, does not change during
isothermal crystallization, and that the growth of all spheru-
lites starts at the same time. According to this assumption,
radius (r) of all spherulites is Gt at time ¢, and volume of
a spherulite is 477°/3 = 41(G1)*/3. In addition, the total crys-
tallized volume (V) in the volume V; in case of no impinge-
ment of spherulites (free growth approximation) would be
47tN(Gt)*/3. Heat of crystallization from the start of crystalli-
zation to ¢ can be obtained from crystallization isotherm and is
denoted by Q. Here Q is defined as exothermic heat per unit
mass. Accordingly, Q is proportional to V/V, and can be
written as: Q = kN(Gt)®, where k is proportional coefficient.
The heat of crystallization from the start of crystallization
to 7, that is, O, is

3
0, =kN(Gr,)". (1)
Converting to logarithmic scale, this equation becomes
—log 7, = (1/3)log N +1log G + (1/3) (log k — log Q,,) (2)

Fitting curves for log N versus 7. and log G versus T,
are shown in Figs. 6 and 7, respectively. The values of Q,
are shown in Fig. 3 and were in the range of 17—36Jg '
That is, (1/3)log O, is almost constant with T in comparison
with the change of (1/3)log N and log G. Therefore, Eq. (2) ap-
proximately becomes —log 7, = (1/3)log N + log G + constant.
According to this approximation, (1/3)log/N, logG, and
(1/3)log N + log G are drawn in Fig. 10.

As shown in the figure, a peak of (1/3)log N 4+ 1log G ap-
pears at 107 °C which is below T, and there is no peak above
Ty It is easily understood from this figure that 7. dependence
curves of —((1/3)log N + log G) almost coincide with log(7},)
as shown in Fig. 2 in spite of the small difference of the
peak position. The curves for (1/3)log N 4+ log G shift along
y-axis due to an extra factor (1/3)(log Qp, — log k). This coinci-
dence suggests that the two experimental data obtained for
log(7,) and log G are in accord with each other.
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Fig. 10. T, dependence of (1/3)log N (dashed line: fitting curve N), logG
(dashed lines: fitting curves G), and (1/3)log N +log G (solid lines).

3.7. Crystallization behavior

Crystallization behavior of polymers has been experimen-
tally investigated, and theoretical analysis of the crystalliza-
tion kinetics has been performed [30—37]. It has been
clarified that T, dependence of G for various polymers, such
as nylon 6 [26], poly-(tetramethyl-p-silphenylene)-siloxane
[27], isotactic polystyrene [28], poly(ethylene terephthalate)
[29], shows a bell-shaped curve with a maximum growth
rate. This dependence may be described by the following
equation [35,37]

(3)

AE AF*
o-al 5]

RT. RT.

where G is a constant almost independent of temperature, AE
is the free energy of activation for a chain crossing the barrier
to the crystal, and AF* is the free energy of formation of a
surface nucleus of critical size.

Vasanthakumari and Pennings [4] and Miyata and Masuko
[5] reported a single bell-shaped curve for T.. dependence of G
of PLLA, which can be expressed by Eq. (3). On the other
hand, Iannace and Nicolais [6] reported that T, dependence
of 103/11,2 shows two bell-shaped curves, and that a transition
from regime II (high temperature) to regime III (low temper-
ature) occurs around 115 °C. However, they did not show
the discrete change of 103/11 2, because number of their data
point (10) is too small to determine the curve profile composed
of the two bell-shaped curves. Tsuji et al. studied the molecu-
lar weight effect on the T, dependence of G of PLLA and also
reported the two bell-shaped curves which are also continu-
ously connected [7,8]. They used small number of data points
(~8) and assigned the two bell-shaped curves to the crystalli-
zation of the regime II and regime III. In contrast, it has been
presented in this research on the basis of an enough number of

data that the crystallization behavior discretely changes at Ty,
and that this discrete change originates from the change of the
crystal structure. Consequently, the regime analysis was not
performed in this study.

Eq. (3) allows T, dependence of G, which gives a bell-
shaped curve, to be explained in terms of two competing
processes. Opposing one another are the rate of molecular
transport in the melt, which increases with increasing temper-
ature, and the rate of nucleation, which decreases with increas-
ing temperature. Accordingly, diffusion is the controlling
factor at lower temperatures, whereas the rate of nucleation
dominates at higher temperatures. Between these two extremes
the growth rate passes through a maximum where the two fac-
tors are approximately equal in magnitude. The bell-shaped
curve, which expresses 7. dependence of G, in the high-
temperature range T}, < T, in Fig. 7 can be understood accord-
ing to this explanation. Besides, the T.. dependence of G in the
low-temperature range 7. < Ty, is considered as a half of left of
the usual bell-shaped curve.

It is shown in this study that G increased 1.6 times by the
decrease of T, across Ty, as shown in Fig. 7, and that the mo-
lecular chains in the low-temperature range are packed into the
disordered, frustrated, crystal lattice (B-form crystal). The for-
mation mechanism of the frustrated crystal has not been pro-
posed yet. Therefore, we examine the following deduction to
explain the reason for these results.

Because the crystal structure changes at T3, (trigonal for
T. < T, orthorhombic for Ty, < T.) (1) radial crystallographic
orientations, (2) growth planes, and (3) associated energies
of chain folding are probably different in the two crystal mod-
ifications. The growth rate of the spherulite depends on these
factors, so that its discrete change shown in Fig. 7 is deduced
to be caused from the difference of these factors in the two
crystal modifications. However, further investigation into these
factors was not performed in this study.

Since the discrete change of the growth rate originates from
the change of the crystal structure, the formation mechanisms
of the two crystal modifications are closely connected with the
growth rate of the spherulite. Crystallization from the melt
has been interpreted to proceed by the process of (i) transport
of chain molecules, (ii) their reeling in the crystal surface,
(iii) their adhesion on the crystal surface, and (iv) their sliding
diffusion on the crystal surface and in the crystal [38,39]. The
processes of (i)—(iii) occur in the amorphous phase, therefore
they are considered not to discretely change at T},. On the other
hand, the intermolecular distance decreases with decreasing
T. by the decrease of molecular motion. That is, the sliding
diffusion of chain molecules on the crystal surface and in the
crystal lattice is hindered in the low-temperature range by the
decrease of the intermolecular distance. Consequently, there is
a possibility that the process (iv) critically changes at T}, by the
change of the intermolecular distance. In addition, the helical
conformations of the chains in the o«- and B-structures have
approximately the same energy [14]. Presumably, the chain
molecules are packed in the disordered, frustrated, crystal
lattice in the low-temperature range by these reasons, and
crystal structure discretely changes at Ty,



M. Yasuniwa et al. | Polymer 47 (2006) 7554—7563 7563

Although a long time is required for the formation of the
ordered crystalline lattice from the melt in which chain mole-
cules are in the disordered state, the time for the formation of
the disordered crystalline lattice is shorter than that of the
ordered one because of lacking of a long time sliding diffusion
process (iv). Consequently, the growth rate of the spherulite G
by the decrease of T, across T, may be changed by the factor
(iv) as well as three factors (1)—(3) mentioned above.

4. Conclusions

Crystallization behavior of PLLA is studied by the thermal
analysis, optical microscopy, and X-ray analysis, and follow-
ing points are elucidated.

1. The curve of the T. dependence of log(7,) discretely
changes at T, (=113°C): its high-temperature region
shifted to a long time side of 7, against its low-temperature
region. The crystallization rate close to Ty in the low-
temperature range (T, < Ty) is distinctly faster than that
in the high-temperature range (T}, < T,).

2. When T, increased from 111°C (T.<T) to 116 °C
(Ty, < T.), the final dimension of the resulting spherulites
and the uniformity of the dimension evidently increased.
This increase may correspond to the discrete change of
the crystallization behavior.

3. The T. dependence of G discretely changes at T
(=113°C). The T, dependence of G and 7, clearly
indicates that the crystallization behavior is distinctly dif-
ferent between the low-temperature (7. <7T,) and high-
temperature (7. > T},) ranges.

4. The X-ray analysis proves that the crystal structure of the
ICS discretely changes at Ty,. The crystal structures of
ICSs(T, < T.) and ICSs(T.<Ty) are orthorhombic (-
form) and trigonal (B-form), respectively. The origin of
the discrete change in the T, dependence of 7, and the
T. dependence of G is attributed to the discrete change
of the crystal structure of the ICS at Ty,

5. The relation between the T, dependence of 7, and the T,
dependence of G can be explained by the rough estimation
in which the number density of spherulites is taken into
account.
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