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Abstract

The effects of incorporated poly(D-lactic acid) (PDLA) as poly(lactic acid) (PLA) stereocomplex crystallites on the isothermal and non-

isothermal crystallization behavior of poly(L-lactic acid) (PLLA) from the melt were investigated for a wide PDLA contents from 0.1 to

10 wt%. In isothermal crystallization from the melt, the radius growth rate of PLLA spherulites (crystallization temperature (Tc)R125 8C),

the induction period for PLLA spherulite formation (ti) (TcR125 8C), the growth mechanism of PLLA crystallites (90 8C%Tc%150 8C),

and the mechanical properties of the PLLA films were not affected by the incorporation of PDLA or the presence of stereocomplex

crystallites as a nucleating agent. In contrast, the presence of stereocomplex crystallites significantly increased the number of PLLA

spherulites per unit area or volume. In isothermal crystallization from the melt, at PDLA content of 10 wt%, the starting, half, and ending

times for overall PLLA crystallization (tc(S), tc(1/2), and tc(E), respectively) were much shorter than those at PDLA content of 0 wt%, due

to the increased number of PLLA spherulites. Reversely, at PDLA content of 0.1 wt%, the tc(S), tc(1/2), and tc(E) were longer than or

similar to those at PDLA content of 0 wt%, probably due to the long ti and the decreased number of spherulites. This seems to have been

caused by free PDLA chains, which did not form stereocomplex crystallites. On the other hand, at PDLA contents of 0.3–3 wt%, the tc(S),

tc(1/2), and tc(E) were shorter than or similar to those at PDLA content of 0 wt% for the Tc range below 95 8C and above 125 8C, whereas

this inclination was reversed for the Tc range of 100–120 8C. In the non-isothermal crystallization of as-cast or amorphous-made PLLA

films during cooling from the melt, the addition of PDLA above 1 wt% was effective to accelerate overall PLLA crystallization. The X-ray

diffractometry could trace the formation of stereocomplex crystallites in the melt-quenched PLLA films at PDLA contents above 1 wt%.

This study revealed that the addition of small amounts of PDLA is effective to accelerate overall PLLA crystallization when the PDLA

content and crystallization conditions are scrupulously selected.

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

Enhancement of heat-resistance or thermal stability of

poly(L-lactic acid) (PLLA) is a matter of concern when

PLLA is utilized for various applications including

industrial applications [1–12]. Numerous studies have been

carried out for improving the thermal stability of PLLA.

Stereocomplexation between PLLA and poly(D-lactic acid)

(PDLA) is one of the most effective and promising methods

for increasing the thermal stability of poly(lactic acid)

(PLA)-based materials [13–16]. Recently, we found that the

overall crystallization rate of PLA stereocomplex is much
0032-3861/$ - see front matter q 2006 Elsevier Ltd. All rights reserved.

doi:10.1016/j.polymer.2006.03.074

* Corresponding author.

E-mail address: tsuji@eco.tut.ac.jp (H. Tsuji).
higher than that of pure PLLA or PDLA, due to extremely

high radius growth rate and density (number per unit area

or volume) of stereocomplex spherulites and a very short

induction period for the formation of stereocomplex

spherulites compared to those of PLLA or PDLA spherulites

[17]. However, a high production cost of PDLA is the

bottleneck of the stereocomplexed PLA materials.

On the other hand, increasing the crystallinity by the

addition of nucleators to PLLA is effective for the

production of low-cost PLA-based materials with high

thermal stability. Brochu et al. found that PLLA crystal-

lization or growth of PLLA crystallites [melting temperature

(Tm)Z170–180 8C] takes place epitaxially on the PLA

stereocomplex crystallites (TmZ220–230 8C) when the

content of PDLA was as low as 10 wt% [18]. In other

words, the stereocomplex crystallites can act as nucleation

sites for PLLA. Schmidt and Hillmyer [19] and Yamane
Polymer 47 (2006) 3826–3837
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Table 1

Molecular characteristics PLLA and PDLA

Code ½a�25589
a (8 dmK1 gK1 cm3) Mn (g molK1) Mw/Mn

PLLA K154 1.2!105 1.8

PDLA 155 5.2!104 1.5

a Specific optical rotation ð½a�25589Þ was measured in chloroform at 1 g dLK1,

25 8C, and a wave length of 589 nm.
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and Sasai [20] confirmed that the addition of PDLA or the

presence of stereocomplex crystallites is effective to

increase the number of PLLA spherulites, and therefore,

the overall crystallization rate. Schmidt and Hillmyer

studied the concentration effects of added PDLA [number-

average molecular weight (Mn)Z1.5!104 g molK1, 0.25–

15 wt%] on non-isothermal PLLA crystallization using

multi-step process: the specimens were heated up to

240 8C and held for 5 min, quenched to 160 8C and then

cooled slowly to 100 8C (formation of stereocomplex

crystallites and PLLA crystallites), heated rapidly to

188 8C (partial melting: melting of PLLA crystallites and

leaving the stereocomplex crystallites) and held for 5 min,

and cooled slowly (crystallization behavior was observed

here), and discussed the effectiveness of self nucleation by

the partial melting. They indicated that addition of PDLA

above 0.25 wt% is effective to enhance the overall PLLA

crystallization in cooling after the aforementioned multiple

process and in direct cooling from the melt, and that the

crystallization temperature during cooling became higher

with increasing the PDLA content. Yamane and Sasai

investigated the effects of content (1–5 wt%) and molecular

weight [weight-average molecular weight (Mw)Z4.5!104K
2.6!105 g molK1] of PDLA on the isothermal and non-

isothermal PLLA crystallization at a fixed temperature and

during cooling from the melt, respectively. They revealed

that high molecular weight PDLA is effective to enhance

the overall PLLA crystallization even at a low PDLA

content such as 1 wt%, and that the enhancement of overall

PLLA crystallization was not observed when the stereo-

complex crystallites in the films formed during solvent-

casting were melted at 240 8C.

In our previous study [21], the isothermal crystallization

of PLLA was investigated by three procedures, i.e. direct

crystallization of as-cast specimens, crystallization from the

melt of as-cast specimens, and direct crystallization of melt-

quenched (amorphous-made) specimens. It was indicated

that although melt-quenching before crystallization increases

the number per unit area or volume of PLLA spherulites

and elevates overall crystallization rate compared to those

for direct crystallization from the melt, melt-quenching does

not vary final crystalline thickness and crystallinity. The

purpose of this study was to investigate in detail and

comprehensively the effects of content of added PDLA and

type of thermal procedures on the enhancement of overall

crystallization of PLLA films containing different amounts

of PDLA. For this purpose, the PLLA specimens containing

0.1–10 wt% of PDLA were prepared by solution-casting and

two types of procedures were utilized for crystallization

experiments; (1) crystallization at a fixed temperature

directly from the melt (isothermal crystallization), (2)

crystallization on cooling directly from the melt of as-cast

or melt-quenched specimens (non-isothermal). The crystal-

lization of PLLA was monitored by polarization optical

microscopy, light transmittance measurements, and differen-

tial scanning calorimetry (DSC).
2. Experimental section

2.1. Materials

PLLA was kindly supplied by Unitika Co. (Kyoto, Japan),

while PDLA was prepared by ring-opening polymerization of

D-lactide in bulk at 140 8C initiated with stannous octoate

(stannous 2-ethylhexanoate) (0.03 wt%) in the presence of

lauryl alcohol as a coinitiator (0.5 wt%). Synthesized and

supplied polymers were purified by precipitation using

methylene chloride and methanol as solvent and non-solvent,

respectively. The purified polymers were dried in vacuo for at

least 7 days. The molecular characteristics of the polymers

after purification are listed in Table 1. The films of 10 and

100 mm thickness used for crystallization experiments and

physical measurements, respectively, were prepared by the

following procedure. The solutions of PLLA and PDLA (0.3 g

dLK1) were separately prepared using methylene chloride as a

solvent, the prepared solutions were mixed together with

vigorous stirring, the solutions were cast onto petri dishes

placed horizontally, and then the solvent was allowed to

evaporate at 25 8C for approximately 1 day. Here, the polymer

weights required for preparing the fixed thickness were

calculated using a density of 1.3 g cmK3 [11]. The obtained

films were dried in vacuo for at least 7 days. The melt-

quenched films were prepared by the following procedure.

Each of the as-cast films were sealed under a reduced pressure,

melted at 200 8C for 3 min, and then quenched at 0 8C. In this

study, codes PLLA-0, PLLA-0.1, PLLA-0.3, PLLA-1, PLLA-

3, and PLLA-10 stand for the PLLA films containing 0, 0.1,

0.3, 1, 3, and 10 wt% of PDLA, respectively.
2.2. Crystallization

The crystallization of PLLA films containing different

contents of PDLA was carried out two different procedures. For

isothermal crystallization, the as-cast films were heated to

200 8C at a rate of 100 8C minK1 and held at the same

temperature for 3 min, rapidly cooled to a desired crystal-

lization temperature (Tc) at a rate ofK100 8C minK1, and then

crystallized at Tc (crystallization was observed here, process

A). For non-isothermal crystallization, the as-cast and melt-

quenched films were heated to 200 8C at a rate of 10 8C minK1

and held at the same temperature for 3 min, then cooled at a

rate of K1 8C minK1 (crystallization was observed here,

process B). Here, a holding temperature of 200 8C was selected

to melt the PLLA crystallites but not to melt the stereocomplex
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crystallites. For isothermal crystallization in process A

polarization optical microscopy, light transmittance measure-

ments, and DSC were utilized to trace PLLA crystallization,

while non-isothermal crystallization in process B solely DSC

was used to monitor PLLA crystallization.
2.3. Measurements and observation

The weight- and number-average molecular weights (Mw

and Mn, respectively) of polymers were evaluated in chloro-

form at 40 8C using a Tosoh (Tokyo, Japan) GPC system with

two TSK gel columns (GMHXL) using polystyrene standards.

The specific optical rotation of polymers ð½a�25589Þwas measured

in chloroform at a concentration of 1 g dLK1 and 25 8C using a
Fig. 1. Polarized optical photomicrographs of PLLA films containing different con

(Process A).
JASCO (Tokyo, Japan) DIP-140 polarimeter at a wave length

of 589 nm.

The over all crystallization behavior of PLLA was

monitored by a Shimadzu (Kyoto, Japan) DSC-50 differen-

tial scanning calorimeter. The specimens (sample weight ca.

3 mg) were heated or cooled according to the aforemen-

tioned requirements under a nitrogen gas flow of

50 mL minK1. The cold crystallization and melting tem-

peratures (Tcc and Tm, respectively) and the enthalpy of cold

crystallization and melting (DHcc and DHm, respectively)

were calibrated using benzophenone, indium, and tin as

standards. In the present study, we use Tcc and DHcc only

for process B. The spherulite growth in the films was

observed using an Olympus (Tokyo, Japan) polarization
tents of PDLA crystallized at 135 8C after saturation of spherulite formation
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optical microscope (BX50) equipped with a heating-cooling

stage and a temperature controller (Linkam LK-600PM)

under a constant nitrogen gas flow. Overall crystallization

behavior of PLLA was also monitored by light intensity

transmitted through the specimens using the polarization

optical microscope (BX-50) equipped with an As One

(Osaka, Japan) LM-332 photometer.

X-ray diffractometry was performed at 25 8C using a

Rigaku (Tokyo, Japan) RINT-2500 equipped with a Cu Ka
source. The tensile properties of films (3 mm!30 mm!
100 mm) were measured at 25 8C and 50% relative

humidity using a tensile tester (EZ Test, Shimadzu Co.)

at a cross-head speed of 100% minK1 (20 mm minK1). The

initial length between the two gauges was always kept at

20 mm.

3. Results and discussion

3.1. Isothermal crystallization

3.1.1. Spherulite growth behavior

First of all, we have investigated the spherulite growth

behavior with process A by the use of polarization optical

microscopy. Fig. 1 shows the polarized optical photomicro-

graphs of PLLA films having different contents of PDLA

taken at 135 8C after the saturation of spherulite formation.

In Fig. 2, the PLLA spherulite density (number per unit

area) estimated from the polarized optical photomicrographs

is plotted as a function of Tc. As an approximate

inclination, the number per unit area of PLLA spherulites

increased with PDLA content, reflecting the fact that the

stereocomplex crystallites formed in the films by the
Fig. 3. Radius growth rate of PLLA spherulites (G) (a) and induction period for

PLLA spherulite formation (ti) (b) are plotted as a function of Tc (process A).

Fig. 2. Spherulite density (number per unit area) of PLLA films with different

contents of PDLA as a function of Tc (process A).
addition of PDLA acted effectively as a nucleating agent

for PLLA spherulites or crystallites. Fig. 3 shows the radius

growth rate (G) of PLLA spherulites and the induction

period for PLLA spherulite formation (ti) as a function of

Tc. Here, G was estimated from the slope of spherulite radii

plotted as a function of crystallization time (tc), while ti was

evaluated from extrapolation of the spherulite radius lines

plotted as a function of tc to a radius of 0 mm [17,22,23].

The estimation of G and ti was carried out for Tc above

125 8C, because too high density of PLLA spherulites at Tc



Fig. 4. ln GC1500/R(TcKTN) of the films as a function of 1/(TcDTf) (process A).
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lower than 125 8C disturbed the estimation. Evidently, the G

was approximately constant irrespective of PDLA content

when compared at the same Tc. This reveals that the

spherulites contained solely PLLA crystallites but not the

stereocomplex crystallites, except for those as nucleation

sites locating at the centers of PLLA spherulties. If a

significant amount of stereocomplex crystallites were

contained in the spherulites other than their centers,

enormously high G values observed for sterteocomplex

spherulites should have increased the observed G values in

the present study [17]. On the other hand, although ti
increased with Tc, which is general inclination for PLLA

spherulite formation [17,22,23], the ti showed no explicit

dependence on PDLA content. This means that the presence

of stereocomplex crystallites does not affect the ti.

We have estimated the nucleation constant (Kg) and the

front constant (G0) for the films by the use of nucleation

theory established by Hoffman et al. [24,25], in which G

can be expressed by the following equation
Table 2

Estimated front constants [G0 and tc(1/2)] and nucleation constant (Kg) estimated f

Estimated from G values Estimated from t1/2 v

PDLA content

(wt%)

G0(II)
a

(mm minK1)

Kg (II)
a (K2) Tc(II–III)

a (8C) [

(

0 5.94!107 3.01!105 110 3

0.1 3.98!107 2.90!105 110 5

0.3 2.42!107 2.76!105 110 1

1 4.86!107 2.94!105 110 2

3 2.67!107 2.79!105 110 1

10 –b –b 110 4

a (II) and (III) mean regimes II and III, respectively.
b Spherulite density (number per unit area) was too high to estimate G values.
GZG0exp
KU�

RðTcKTNÞ

� �
exp

KKg

ðTcDTf Þ

� �
(1)

where DT is undercooling T0
mKTc where T0

m is equilibrium

Tm, f is the factor expressed by 2Tc=ðT
0
mCTcÞ that accounts

for the change in heat of function as the Tc is decreased

below T0
m, U

* is the activation energy for transportation of

segments to the crystallization site, R is the gas constant,

and TN is the hypothetical temperature where all motion

associated with viscous flow ceases. Fig. 4 shows the

ln GC1500/R(TcKTN) of the films as a function of

1/(TcDTf) under the assumption that T0
m is 212 8C [21].

Here, we used the universal values of U*Z1500 cal molK1

and TNZTgK30 K for comparison between the reported

values and ours [22,23,26–30]. The plot in Fig. 4 gives Kg

as a slope and the intercept ln G0. Thus obtained Kg and G0

values are summarized in Table 2. The transition

temperature from regime II kinetics to regime III kinetics

[Tc(II–III)] was ca. 120 8C [22,23,26,27,31,32] for PLLA

having Mn above 3.1!104 g molK1. Therefore, in the Tc
range studied here (125–150 8C), PLLA should have

crystallized according to Regime II kinetics. The Kg values

for regime II [Kg(II)] 2.76–3.01!105 K2 obtained in the

present study are in agreement with reported Kg(II) values,

2.29–2.44!105 K2 (MvZ1.5!105–6.9!105 g molK1,

Vasanthakumari and Pennings) [26], 1.92!105 K2 (MnZ
6.6!104 g molK1, Baratian et al.) [30], 2.4!105 K2 (MnZ
6.6!104 g molK1, Huang et al.) [29], 1.85!105 K2 (MwZ
1.0!105 g molK1, Di Lorenzo) [31], 2.27–2.52!105 K2

(MnZ3.1!104–5.6!105 g molK1, Tsuji et al.) [22,23].

The G0 values for regime II [G0(II)] of the films are

2.42–5.94!107 mm minK1, also in agreement with 1.56–

3.38!107 mm minK1 reported by Vasanthakumari and

Pennings [26] and 1.79–3.98!107 mm minK1 reported by

Tsuji et al. [22,23]. The Kg(II) and G0(II) values did not

have explicit dependence on the PDLA content, reflecting

the fact that the addition of PDLA or the presence of PLA

stereocomplex did not vary the growth mechanism of PLLA

crystallites.
3.1.2. Overall crystallization behavior

To investigate overall crystallization behavior, we

estimated the time change of the light intensity transmitted
rom G and tc(1/2) values using Eqs. (1) and (5), respectively (process A)

alues

1/tc(1/2)]0 (II)
a

minK1)

[1/tc(1/2)]0 (III)
a

(minK1)

Kg (II)
a(K2) Kg(III)

a (K2)

.27!106 7.16!1012 3.95!105 9.00!105

.39!106 2.63!1013 4.15!105 9.48!105

.98!107 7.98!109 4.60!105 6.60!105

.19!107 1.45!1010 4.60!105 6.87!105

.09!107 1.60!1012 4.37!105 8.53!105

.88!106 1.18!1012 4.04!105 8.38!105
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through the specimens (I) in polarization optical

microscopy. The transmitted light intensity increases with

the increase in crystallinity and finally levels off when

crystallization completes. We used the relative light

intensity (Ir) defined by the following equation as an

index of crystallinity

Irð%ÞZ 100!
ðItKI0Þ

ðINKI0Þ
(2)

where It and I0 are the I values at tcZt and 0, respectively,

IN is the I value when it leveled off. Fig. 5 shows the

typical It change with tc for PLLA-0.1 film, where the

starting, half, and ending times for overall PLLA crystal-

lization [tc(S), tc(1/2), and tc(E), respectively] are defined.

The tc(S) and tc(E) were estimated from extrapolation of a

contacting line of Ir to 0 and 100%, respectively. The

evaluated tc(S), tc(1/2), and tc(E) are plotted in Fig. 6 as a

function of Tc. As shown in Fig. 6, the tc(S) of the PLLA

films with 0.1–3% of PDLA was longer than or similar to

that of pure PLLA film (PLLA-0 film), whereas the tc(S) of

the PLLA film with 10 wt% of PDLA (PLLA-10 film) was

shorter than that of PLLA-0 film. The PLLA-0.1 and PLLA-

10 films, respectively, had the longest and shortest tc(S),

tc(1/2), and tc(E) among the films. The short tc(1/2) and

tc(E) as observed for PLLA-10 film must be ascribed to the

increased number of PLLA spherulites formed in the

presence of sterecomplex crystallites, as shown in Fig. 2.

In contrast, the long tc(S), tc(1/2) and tc(E) as observed for

PLLA-0.1 films can be attributed to the long ti and the

decreased number of spherulites. This seems to have been

caused by free PDLA chains, which did not form

stereocomplex crystallites. At Tc below 95 8C and above

125 8C, tc(1/2) and tc(E) were shorter for the PLLA films
Fig. 5. Typical Ir change with crystallization time (tc) obtained for PLLA-0.1

film at 125 8C (process A).
containing 0.3–3 wt% of PDLA than for PLLA-0 film,

whereas this inclination was reversed at Tc of 100–115 8C.

Isothermal crystallization kinetics traced by light intensity

were analyzed with the Avrami theory [33–35], which is

expressed in the following equation

1K
xt
100

Z expðKktnc Þ (3)

where xt is percentage of relative crystallization, k is the

crystallization rate constant. Equation (3) can be transformed

to equation (4).

ln Kln 1K
xt
100

� �h i
Z ln kCn ln tc (4)

In this study, we used Ir as xt in equation (4). To avoid

the deviation from the theoretical curves, as stated by

Mandelkern [36] at Ir exceeding 25%, we used Ir lower than

25% for estimating n and ln k. A typical plot is given for

PLLA-0 film in Fig. 7, and such plots give n as a slope and

the intercept ln k. Obtained n and ln k values are listed in

Table 3. The estimated n values were ca. 3 for the films,

except for those at TcZ90 8C, irrespective of the content of

PDLA. This is an indication that the growing of crystallites

is three-dimensional and athermal [32]. The obtained n

values were similar to those reported for pure PLLA (2.5–

3.3 at TcZ90–130 8C by Kolstad [37] and 2.8–3.2 at TcZ
90–130 8C by Iannace and Nicolais [38]), but slightly

smaller than ca. 4 at TcZ110–132.5 8C reported by Miyata

and Masuko [28]. The value difference is attributable to the

differences in the method for monitoring crystallinity, in the

Tc range for the crystallization experiments, and in

the relative crystallinity range used for the calculation.

Using the theoretical approach that G is considered to be

proportional to 1/tc(1/2) and based on the Hoffman–Lauritzen

theory [39–41] the temperature variation of 1/tc(1/2) is written

as:

1

tcð1=2Þ

� �
Z

1

tcð1=2Þ

� �
0

exp K
U�

RðTcKTNÞ

� �
exp K

Kg

TcDTf

� �
(5)

Fig. 8 shows the ln[1/tc(1/2)]C1500/R(TcKTN) of the

films as a function of 1/(TcDTf) under the assumption that

Tm
0 is 212 8C [21]. Again, we used the universal values of

U*Z1500 cal molK1 and TNZTg–30 K for comparison

between the reported values and ours [22,23,26–30].

Fig. 8 gives Kg as a slope and the intercept ln[1/tc(1/2)]0.

Some data in Fig. 8 are composed of two lines having

different slopes. In these cases, we assumed the lines having

high and low slopes were for regime III and regime II

kinetics, respectively, and estimated Kg and [1/tc(1/2)]0
values for these two lines. This assumption is validated

because in the case of pure PLLA the Kg values for regime

III [Kg(III)] were twice those for regime II [Kg(II)]

(Table 2). The transition temperature from regime II

kinetics to regime III obtained here is constant (110 8C)

and slightly lower than 120 8C reported in previous articles



Fig. 6. Starting, half, and ending times for overall PLLA crystallization [tc(S) (a), tc(1/2) (b), and tc(E) (c), respectively] of films with different contents of PDLA as a

function of Tc (process A).
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estimated using G values [22,23,26,27,31,32]. This indicates

that incorporation of PDLA does not alter the temperature

dependence on the growth mechanism of PLLA crystallites

and that Tc(II–III) can vary depending on the estimating

method.

As shown in Table 2, for PLLA-0 film the Kg(II) value

estimated using 1/tc(1/2) (3.95!105 K2) are slightly higher

than that evaluated using G (3.01!105 K2). Similar to

Kg(II) values, the Kg(III) value estimated using 1/tc(1/2)

(9.00!105 K2) (Table 2) is larger than those evaluated

using G in the previous studies (4.38!105 K2 [31], 4.60–

5.51 K2 [22,23]). However, both Kg and [1/tc(1/2)]0 values

did not show explicit dependence on PDLA content,
confirming the fact that the presence of stereocomplex

crystallites as a nucleating agent does not affect the growth

mechanism of the PLLA crystallites.
3.1.3. Physical properties after the completion

of crystallization

The non-normalized and normalized DHm and Tm values of

the PLLA films with different contents of PDLA after

crystallization at 135 8C for 10 h are given in Table 4. Here,

DHm was normalized by the fraction of crystallizable PLLA

from non-normalized DHm according to the following

equation, which assumes that added PDLA chains and the

same amount of PLLA chains form stereocomplex crystallites



Fig. 7. 1KIr/100 of PLLA-0 film as a function of crystallization time (tc)

(process A).

Table 3

The Avrami exponent (n) and the crystallization rate constant (k) of PLLA films

with different contents of PDLA (process A)

PDLA content

(wt%)

Tc (8C) n Kln k (minKn)

0 90 2.94 8.65

95 3.17 7.17

100 2.87 5.24

105 2.91 4.41

110 2.44 5.94

115 2.93 5.79

120 2.99 6.68

125 2.28 7.28

0.1 90 3.05 11.24

95 3.01 7.00

100 3.01 5.53

105 2.85 4.40

110 2.89 6.50

115 3.30 7.89

120 3.14 8.75

125 2.93 9.72

0.3 90 7.18 17.24

95 3.84 8.46

100 2.91 5.32

105 2.84 5.89

110 2.86 6.42

115 2.96 6.16

120 3.23 6.95

125 3.20 9.54

1 90 5.27 13.19

95 4.49 8.68

100 4.05 7.15

105 2.80 4.53

110 2.60 5.08

115 2.88 5.74

120 3.38 8.03

125 2.87 7.77

3 90 4.66 11.02

95 3.12 6.02

100 2.86 5.01

105 4.05 7.36

110 2.72 4.72

115 2.99 5.94

120 3.05 7.24

125 2.89 7.73

10 90 3.58 6.67

95 3.05 4.25

100 2.75 5.01
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and such PLLA chains were no more crystallizable:

Normalized DHmðJ g
K1ÞZNon-normalized DHmðJ g

K1Þ=

½1K2!PDLA content ðwt%Þ=100�

(6)

Thenon-normalized and normalizedDHmandTmdecreased at

PDLA content above 3 wt%. Although the presence of

stereocomplex crystallites accelerates overall PLLA crystal-

lization at the PDLA content of 10 wt%, the finial growth of

PLLA crysatllites is significantly disturbed by the presence of

stereocomplex crystallites, resulting in the decreased DHm and

Tm values. Despite the significant dependence of non-normalized

and normalized DHm and Tm on PDLA content, the tensile

properties of the PLLA films were practically constant,

irrespective of PDLA content. This revels that the presence of

PDLA or stereocomplex crystallites as the nucleating agent does

not affect the mechanical properties of PLLA films.

105 4.01 7.36

110 2.04 1.50

115 2.50 1.81

120 2.72 2.25

125 2.86 2.98

130 2.98 4.41

135 3.44 6.79
3.2. Non-isothermal crystallization

We have carried out further investigation to obtain the

information useful for industrial applications of the stereo-

complex crystallites as a nucleating agent. Fig. 9 shows DSC

thermograms (cooling at a rate ofK1 8C minK1 from the melt,

process B) of as-cast and melt-quenched PLLA films contain-

ing different amounts of PDLA from the melt. Starting, peak,

and ending temperatures [Tcc(S), Tcc(P), and Tcc(E), respect-

ively] for PLLA crystallization and normalized and non-

normalized KDHcc of the as-cast and melt-quenched films

during cooling from the melt were estimated from Fig. 9 and

given in Fig. 10 and Table 5. The Tcc(S), Tcc(P), and Tcc(E) for

PLLA crystallization in Fig. 10 were obtained as follows. The
Tcc(P) is the peak top temperature of crystallization peak, while

the Tcc(S) and Tcc(E) are the intersection temperatures of the

base line and the tangent lines for the crystallization curves

lower and higher than Tcc(P), respectively. In Table 5, KDHcc

was normalized by the fraction of crystallizable PLLA from

non-normalized KDHcc according to the following equation,

which assumes that added PDLA chains and the same amount



Fig. 8. ln[1/tc(1/2)]C1500/R(TcKTN) of the films as a function of 1/(TcDTf)

(process A).
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of PLLA chains form stereocomplex crystallites and these

PLLA chains were no more crystallizable:

NormalizedKDHccðJg
K1ÞZNon�normalizedKDHccðJg

K1Þ=

½1K2!PDLAcontent ðwt%Þ=100�

(7)

At the cooling rate of K1 8C minK1, the peak crystal-

lization temperatures of as-cast and melt-quenched PLLA-0

films, 113.2 and 121.7 8C are slightly higher and much

higher than 106.0 8C reported by Migliaresi et al. for pure

PLLA with viscosity-average molecular weight (Mv) of

4.25!105 g molK1 [42]. The KDHcc values of as-cast and

melt-quenched PLLA-0 films, 41.9 and 43.7 J gK1, are,

respectively, higher than 34.0 J gK1 reported by Migliaresi

et al. [42]. At the PDLA contents above 1 wt%, the Tcc(S),

Tcc(P), and Tcc(E) were higher for the PLLA films containing
Table 4

The final non-normalized and normalized DHm, Tm, and mechanical properties of PL

(process A)

PDLA content

(wt%)

Non-normalized

DHm (J gK1)

Normalized DHm

(J gK1)

Tm (8C)

0 55.4 55.4 171.3

0.1 58.9 59.0 170.8

0.3 54.9 55.2 171.1

1 54.9 56.0 171.2

3 46.8 49.8 170.1

10 39.9 49.9 169.7

a Tensile strength.
b Young’s modulus.
c Elongation-at-break.
PDLA than for PLLA-0 film, whereas this trend was reversed

for the Tcc(P) and Tcc(E) at the PDLA contents of 0.1 and

0.3 wt%. This finding indicates that the addition of PDLA at

the content above 1 wt% accelerates the overall PLLA

crystallization, probably due to the increased spherulite

density by the presence of stereocomplex crystallites, as

revealed from the experiments of isothermal crystallization

(Fig. 2). On the other hand, at PDLA contents of 0.1 and 0.3,

it seems that the PDLA chains, which did not form

stereocomplex crystallites, disturbed the formation and

growth of PLLA spherulites. When compared at the same

PDLA content, all the Tcc values were higher for the as-cast

PLLA films than for the melt-quenched films. This means

that repeated melting reduces the enhancement effects of the

stereocomplex crystallites. On the other hand, the normalized

KDHcc values were almost constant, excluding the as-cast

PLLA-0.1 film (Table 5). This indicates that the final

crystallinity of PLLA in the films is not influenced by the

presence of stereocomplex crystallites as a nucleating agent.

In addition to this inclination, the non-normalized KDHcc

values decreased for PDLA content exceeding 1 wt%

because at higher PDLA contents the stereocomplexed

PLLA and PDLA cannot take part in formation of PLLA

crystallites.
3.3. X-ray diffractometry

In order to investigate or confirm the formation of

stereocomplex crystallites, we have carried out the X-ray

diffractometry of the melt-quenched films with different

contents of PDLA prepared by melting at 200 8C for 3 min

and subsequent quenching at 0 8C (Fig. 11). The highly ordered

structures of the melt-quenched films are identical to those at

the initial stage before isothermal or non-isothermal crystal-

lization. At PDLA contents of 3 and 10 wt%, the typical

diffraction peaks (12, 21, and 248) [43] of stereocomplex

crystallites were observed, although at 3 wt% the diffraction

peak at 248 was not clearly noticed probably because the peak

intensity was comparable to the noise level. This confirms the

formation of stererocomplex crystallites at these PDLA

contents. At 1 wt%, only the diffraction peak at 128 was
LA films with different contents of PDLA after crystallization at 135 8C for 10 h

TSa (MPa) YMb (GPa) EBc (%)

50.7 1.29 6.3

41.6 0.99 5.1

53.4 0.96 7.6

45.3 1.18 6.1

54.1 1.32 7.3

53.6 1.10 8.7



Fig. 10. Starting, peak, and ending temperatures [Tcc(S), Tcc(P), and Tcc(E),

respectively] for PLLA crystallization of as-cast (a) and melt-quenched (b)

films during cooling from the melt as a function of PDLA content (process B).

Fig. 9. DSC thermograms (cooling) of as-cast (a) and melt-quenched (b) PLLA

films with different contents of PDLA from the melt (process B).
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observed. However, this also means the formation of

stereocomplex crystallites. As far as we are aware, this is the

first report that confirmed the formation of stereocomplex

crystallites at the PDLA content as low as 1 wt%. At PDLA

contents lower than 1 wt%, no sharp diffraction peak attributed
to crystalline structure could be noticed. This reflects that the

specimens were completely amorphous or the amounts of

stereocomplex crystallites were too low to be traced by X-ray

diffractometry. The formation of sterteocomplex crystallites at

the PDLA contents above 1 wt% coincides well with the fact

that the enhancement of overall isothermal and non-isothermal

crystallization of PLLA at relatively high PDLA contents.
4. Conclusions

From the aforementioned experimental results the following

conclusions can be derived for the effects of addition of PDLA



Fig. 11. X-ray diffraction profiles of melt-quenched PLLA films with different

contents of PDLA at 25 8C.

Table 5

The Tcc and KDHcc of as-cast films and melt-quenched films during cooling from the melt (process B)

PDLA content (wt%) Tcc(S) (8C) Tcc(P) (8C) Tcc(E) (8C) Non-normalized KDHcc (J g
K1) Normalized KDHcc (J g

K1)

(a) As-cast films

0 121.3 113.2 107.7 41.9 41.9

0.1 122.0 110.2 104.9 36.2 36.3

0.3 124.9 111.8 106.7 40.3 40.5

1 129.7 117.8 108.3 40.8 41.6

3 135.4 126.8 119.9 38.9 41.4

10 139.9 132.3 123.7 33.5 41.9

(b) Melt-quenched files

0 129.4 121.7 115.2 43.7 43.7

0.1 129.5 116.4 109.7 42.2 42.3

0.3 130.1 122.2 115.9 40.8 41.0

1 136.0 126.0 118.2 41.7 42.6

3 135.0 126.5 120.6 37.3 39.7

10 143.2 135.0 129.8 30.5 38.1
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on isothermal and non-isothermal crystallization behavior of

PLLA from the melt:

(1) In isothermal crystallization from the melt, the G

(TcR125 8C), the ti (TcR125 8C), the growth mechanism

of PLLA crystallites (90 8C%Tc%150 8C), and the

mechanical properties of the PLLA films were not affected

by the presence of stereocomplex crystallites as a

nucleating agent. In contrast, the presence of stereocom-

plex crystallites significantly increased the number of

PLLA spherulites per unit area or volume.

(2) In isothermal crystallization from the melt, at PDLA

content of 10 wt%, the tc(S), tc(1/2), and tc(E) were

much shorter than those at PDLA content of 0 wt%,

due to the increased number of PLLA spherulites.

Reversely, at PDLA content of 0.1 wt%, the tc(S),

tc(1/2), and tc(E) were longer than or similar to those

at PDLA content of 0 wt%, probably due to the long ti
and the decreased number of spherulites. This seems to

have been caused by free PDLA chains, which did not

form stereocomplex crystallites. On the other hand, at

PDLA contents of 0.3–3 wt%, the tc(S), tc(1/2), and

tc(E) were shorter than or similar to those at PDLA

content of 0 wt% for the Tc range below 95 8C and

above 125 8C, whereas this inclination was reversed for

the Tc range of 100–120 8C.

(3) In the case of non-isothermal crystallization during

cooling from the melt, the addition of PDLA above

1 wt% was effective to accelerate overall PLLA

crystallization. The enhancement was more dramatic

for the as-cast films than for melt-quenched films.

(4) X-ray diffractometry could trace the formation of

stereocomplex crystallites in the melt-quenched PLLA

films at PDLA contents above 1 wt%.

(5) This study revealed that the addition of small amounts

of PDLA is effective to accelerate overall PLLA

crystallization when the PDLA content and crystal-

lization conditions are scrupulously selected.
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