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ABSTRACT

In this paper, a successive heating and cooling protocol was designed to

investigate the self-nucleation behavior of poly(lactic acid), PLA. The main

objective of this investigation was to study the efficiency of the a and a0 crys-
talline modifications of PLA. This was carried out by comparing crystallization

temperatures upon cooling after self-nucleation of samples previously crystal-

lized at various isothermal temperatures ranging from 80 to 130 �C. During

heating to the partial melting range, three different mechanisms were observed

for crystallized samples. For samples crystallized below 100 �C, an exothermic

peak was detected prior the main melting peak which is ascribed to the a0–a
solid-state transition. For samples crystallized between 100 and 120 �C, a melt

recrystallization mechanism was observed. Finally, for samples crystallized

above 120 �C, only melting of the a phase was detected. Upon cooling after

partial melting, it was found that samples comprising a mixture of a and a0

exhibited the highest crystallization temperature, the highest nuclei density, and

the smallest spherulite size. Moreover, it was observed that samples that were

isothermally crystallized between 100 and 120 �C, heated up to partial melting,

and then cooled back to room temperature exhibited two peculiar crystallization

peaks at 100 and 120� C. This phenomenon was ascribed to the formation of a
and a0 crystalline phases as revealed by X-ray diffraction. In addition, by slightly

changing the temperature within the self-nucleation temperature range, a

change of the proportion of each peak was observed.

Introduction

Poly(lactic acid) or PLA, is a biodegradable and bio-

compatible polymer that can be produced from

renewable resources. It has raised particular attention

as a potential replacement for petroleum-based poly-

mers. Commercially available biobased PLA grades

are generally made from a monomer mix containing

mainly the L-enantiomer with small concentrations of

D-LA impurities that can act as crystal defects. PLA
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exhibits high tensile modulus and strength, along with

high transparency. Accordingly, this biobased poly-

mer is a promising material for various applications

such as textiles, bottles, thermoformed containers,

paper, and cardboard coating. Due to its low glass

transition temperature (Tg * 60–65 �C), PLA has a

low heat resistance unless it can be fully crystallized,

and therefore, PLA crystallization has been a subject of

great interest in the past decade [1]. Crystallization of

this polymer is strongly dependent on D-content and

is hindered asD-concentration increases. Furthermore,

it suffers from low crystallization kinetics unless it is

subjected to high orientations. Hence, increasing the

crystallization rate in processing techniques, such as

injection molding where orientation levels are rela-

tively low, is required to improve its thermal resis-

tance [2–9].

It is well understood that PLA is a polymorphous

polymer. During the last decade, the crystal structure

of PLA has attracted particular attention of

researchers. It has been shown that PLA exhibits two

different crystalline phases termed a and a0. By means

of FTIR and WAXD analysis, a0 was described as a

disordered form of the stable a phase [10–15]. Dif-

ferences between the crystalline structures were

associated to chain conformation and chain packing

mode between the disordered and ordered forms. It

was found that crystallization at temperatures below

100 �C lead predominately to the a0 crystalline form

whereas at temperatures above 120 �C, the a phase

was the main form [15, 16]. Within the 100–120 �C
crystallization temperature range, a mixture of these

crystalline phases was present. Different thermal

properties for a0 and a phases stem from the struc-

tural difference and interchain interactions. Equilib-

rium melting enthalpy, DH
�
m, of a

0 crystals is 57 J/g

which is 40 J/g lower than that of a, 96 J/g [17, 18].

The crystallization of PLA can be enhanced by the

addition of nucleating agents and plasticizers or

combination of both to increase nucleation density

and chain mobility [1, 19]. From a crystallographic

and chemical point of view, the self-seeded nuclei can

be regarded as ideal nucleating agents for improving

the crystallization of semi-crystalline polymers.

Based on this assumption, Fillon et al. [20–24]

developed a nucleation efficiency scale to measure

the efficiency of heterogeneous nucleating agents for

polypropylene. In this technique, the crystallization

temperature of the investigated polymer formulation

was compared to those obtained with the pure

polymer and to the pure polymer subjected to a

procedure known as self-nucleation. Self-nucleation

was produced by first heating to the partial melting

region, where the temperature is in the vicinity of the

melting peak temperature. Then, by cooling down

with a controlled cooling rate, the exothermal crys-

tallization peak can be recorded. The highest crys-

tallization temperature Tmax
C found is taken as the

upper limit for the nucleation efficiency scale.

Self-nucleation can also be employed as a conve-

nient procedure to establish a relationship between

crystallization and the microstructure of polymers.

Nucleation behavior of poly(vinylidene fluoride),

PVDF, in its a phase has been studied by Schneider

et al. [25]. It was observed that the sample containing

the highest number of defects after the self-nucleation

exhibited the lowest crystallization temperature on

subsequent cooling.

The successive and self-nucleation and annealing,

(SSA), thermal fractionation has also been introduced

by Müller et al. [26–28]. This technique involved

successive self-nucleation and annealing steps and

was used to characterize copolymers. SSA gives

information on the distribution of short chain

branching and lamellar thickness. In random

copolymers, the second component disturbs the

crystallization of the major element, and materials are

sensitive to thermal fractionation.

A nucleation efficiency scale for PLA has been

developed in the solution state by Schmidt and

Hillmyer [29]. Upon cooling at 2 �C/min, Tmin
C and

Tmax
C were 106 and 157 �C, respectively. In another

study, Anderson and Hillmyer used the same pro-

cedure for the melt processed PLA [30]. By using a

cooling rate of 5 �C/min, Tmin
C and Tmax

C were 104.3

and 142.9 �C, respectively. However, by changing the

cooling rate to 2 �C/min, Tmax
C shifted to 149 �C.

Isothermal and non-isothermal crystallizations of

PLA were examined from the molten and glassy state

by De Santis et al. [31]. Nucleation and growth rate of

the formed crystals were calculated. Crystallization

kinetics from the glassy state exhibited a faster rate

than from the molten state. The kinetics of crystal

formation of PLA at non-isothermal condition was

examined at different cooling rates [32]. Although the

crystallization of PLA took place on cooling the melt

at rates lower than 0.5 Ks-1, crystal nuclei shaped

even at cooling rates up to 50 Ks-1. Additionally,
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decreasing the cooling rate led to increase the nuclei

density.

In this contribution, a thermal protocol was

designed to characterize and understand the self-

nucleation mechanism of PLA. The work first aimed

at better understanding the crystallization tempera-

ture on the formation of a and a0 crystals. Secondly,
the a0 to a transition upon heating to self-nucleation

range was investigated. Finally, the effect of these

induced crystalline phases on self-nucleation was

assessed. For this purpose, calorimetric, X-ray

diffraction as well as optical microscopy was

employed to investigate the crystallization behavior

of PLA.

Experimental

Materials

A commercial PLA, grade 4032D supplied by Nat-

ureWorks, was used. This PLA is a semi-crystalline

grade that contains 2 % D-LA. The measured weight-

averaged molecular weight (Mw) and polydispersity

index (Mw/Mn) of PLA were 109 kg/mol and 1.57,

respectively [33].

Sample preparation

The main reason of this study was to find out the

optimum crystallization kinetics for the crystalliza-

tion of PLA in realistic condition in which PLA is

processed in molten state. For this reason, the sam-

ples were extruded. Samples were prepared using a

HAAKE Minilab conical twin screw micro com-

pounder (Thermo Scientific). PLA was vacuum dried

at 50 �C for 2 days prior to melt mixing. Mixing was

carried out at 180 �C for 5 min at a rotation speed of

100 rpm. The extruded samples were also dried in

the same conditions and prepared in a twin screw

extruder at 180 �C at a mass flow rate of 20 kg/h.

Characterization

Thermal behavior: differential scanning calorimetry (DSC)

The thermal behavior of PLA samples was studied

using a DSC Q2000 from TA Instruments. Tempera-

ture was calibrated before measurements using

Indium as a standard material. Samples weight was

kept constant in the range of 10–15 mg. The typical

variation on crystallization and melting temperatures

were assessed at ±0.2 �C, while the accuracy of

crystallization and melting enthalpies were estimated

at ±1.5 J/g.

Microstructural analysis: wide-angle X-ray diffraction

analysis (WAXD)

Wide-angle X-ray diffraction (WAXD) patterns were

obtained by means of an X-ray diffractometer (D-8,

Bruker) to detect the crystalline phases at different

crystallization temperatures. The samples were

exposed to an X-ray beam with the X-ray generators

running at 40 kV and 40 mA. The copper Ka radiation

(k = 1.542 Å) was selected, and the scanning was

carried out at 0.03�/s in the angular region (2h) of

5–40�.

Isothermal crystallization: hot-stage and optical

microscopy

Isothermal crystallization experiments were per-

formed by means of optical microscopy, Leica MDRX

polarized, to observe the effect of isothermal crys-

tallization on PLA crystalline morphology, and to

measure nuclei density and growth rate. The samples

were melted between two glass slides at 200 �C, and
then the glasses were gently pressed to squeeze the

melt into a very thin film. The prepared slides were

moved onto a Mettler Toledo FP82HT hot-stage

(UNITRON Bi-9691), kept at 200 �C for 3 min, then

quenched to 130 �C, and finally held at that temper-

ature to monitor the spherulite growth rate in

isothermal condition.

Results and discussion

PLA self-nucleation: cooling rate
and thermal protocol effect

For most semi-crystalline polymers, the heating and

cooling rates in calorimetric experiments is around

10 �C/min. Due to slow crystallization kinetics of

PLA, a cooling rate of 10 �C/min is too high to detect

any crystallization peak. Hence, selecting the appro-

priate scanning rate for PLA is a crucial parameter in a

study on the self-nucleation behavior of PLA. Figure 1

presents the cooling curves after maintaining PLA
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sample at 200 �C for 5 min and subsequently cooling

down at 20, 10, 5, and 2 �C/min, respectively. Upon

cooling at 20 and 10 �C/min, no peak can be

observed. At the cooling rate of 5 �C/min, a broad

and weak crystallization peak was detected around

91 �C but the crystallization enthalpy is only 2.3 J/g.

However, by decreasing the cooling rate to 2 �C/min,

a clear and well-defined crystallization peak at

approximately 98 �C was observed with a crystal-

lization enthalpy of 25 J/g. Based on these results, a

cooling rate of 2 �C/min was selected for the study of

self-nucleation of PLA and, accordingly, to detect

crystallization upon cooling within a reasonable time

frame.

Figure 2 presents the protocol used to investigate

the self-seeding of PLA. The sample was first heated

up to 200 �C and held for 5 min to erase thermal

history. This is referred to as Segment A in Fig. 2. The

sample was then quenched to a determined anneal-

ing temperature, TiC, and held for a period, ranging

from 1 to 4 h, until completion of crystallization. This

is referred to as Segment B in Fig. 2. Afterward, the

sample was heated up to the self-seeding range

under the heating rate of 2 �C/min. Once at the self-

nucleation or self-seeding, the temperature was held

constant for 5 min. This is referred to as Segment C in

Fig. 2 and has been used to assess the partial melting

endotherm. To measure the crystallization tempera-

ture of the self-nucleated sample, the sample was

cooled down to room temperature at 2 �C/min to

detect the crystallization exotherm, which is referred

to as Segment D in Fig. 2. Finally, to assess the

melting behavior and type of the crystal modification,

the sample was reheated again in Segment E at 2 �C/
min up to complete melting.

Isothermal crystallization at 80 �C

At first, self-nucleation of samples crystallized at

80 �C was examined. In these conditions, it took 4 h

to complete the crystallization, and only the forma-

tion of a0 phase was expected. Figure 3 displays the

DSC thermographs under cooling at 2 �C/min after

self-nucleation at different temperatures, Ts. This

corresponds to segment D in the thermal protocol

presented previously (Fig. 2). Table 1 summarizes

the transition temperatures and enthalpies obtained

T (°C)
40 60 80 100 120 140 160 180

H
ea

t f
lo

w
 (W

/g
) 

20 °C /min

10 °C / min

5 °C /min

2 °C /min

Endo up

Figure 1 DSC curves for PLA at different cooling rates after

holding at 200 �C for 5 min.

Figure 2 Schematic representation of temperature protocol for

the self-nucleation of PLA. A Erasing thermal history, B Isother-

mal crystallization, C Partial melting, D Cooling down, E Final

heating, TiC Isothermal crystallization temperature, TS Self-

nucleation temperature.
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Figure 3 DSC cooling scans at 2 �C/min for sample previously

crystallized at TiC = 80 �C then self-nucleated for 5 min at the

indicated self-nucleation temperature, Ts (Segment D in Fig. 2).
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for Ts between 167 and 174 �C. For the samples

molten at Ts equal to 174� C or higher, the obtained

crystallization temperature after cooling remained

constant at approximately 100 �C. The above 174 �C
is called Domain I. In this region, nearly all crystal

fragments were molten down, and since there was no

self-nucleation, crystallization temperature was

independent of Ts. In the 170 �C B TS B 174 �C
region, the self-nucleation occurred, and the crystal-

lization temperature increased as Ts decreased. This

domain, known as Domain II, is characterized by the

presence of very small crystal fragments whose con-

centrations vary with Ts. The presence of these very

small crystals largely favors self-nucleation over

annealing. This noticeable increase in crystallization

temperature with the decreasing Ts can be ascribed to

a significant increase in nucleation density associated

with the higher concentration of residual crystal

fragments. In addition, the enthalpy of crystalliza-

tion, DHC, increased as Ts decreased from 174 to

170 �C. A similar increase in DHC upon decreasing Ts

was reported for PET and poly(p-dioxanone),

(PPDX), within Domain II [20, 34, 35]. The range of

self-nucleation temperatures below 170 �C is called

Domain III. In this region, although self-nucleation

takes place, the annealing effect of existing crystals is

the predominant mechanism.

Figure 4 depicts the larger scale of DSC cooling

curves for Ts in Domain II. After self-nucleation at

170 �C, two crystallization peaks can be observed

upon cooling. The first one is at 153.9 �C and the next

small one is around 148.1 �C. Moreover, when tem-

perature increased within this domain, a double

exothermic crystallization peak was detected again

after cooling from Ts = 173 �C. The first crystalliza-

tion peak was observed at around 120 �C, and the

second one was around 100 �C. The double

crystallization peak can be ascribed to crystalline

phases of PLA. This will be discussed in next sections.

In order to determine the frontiers of each domain,

a subsequent heating scan after self-nucleation is

required. Hence, a final heating at the rate of 2 �C/
min was also carried out to further probe the struc-

ture developed upon cooling after self-seeding. This

corresponds to segment E of the thermal protocol

(Fig. 2). Figure 5 illustrates these heating scans. For

most samples in Domain II, there were two melting

peaks. The lower melting peak, changed with Ts,

whereas the higher one was independent of Ts. The

lower melting peak could be associated to the melting

of crystals formed upon cooling from Ts, while the

second endothermic peak could be ascribed to melt

recrystallization of crystals taking place upon the

heating process. For Ts in Domain III (i.e.,

Table 1 Crystallization

temperature, enthalpies of

crystallization and melting as a

function of self-nucleation

temperatures

Ts (�C) TC1 (�C) TC2 (�C) DHC (J/g) Tm1 (�C) Tm2 (�C) DHm (J/g)

167 163.5 – –* – 169 42

168 161.8 – –* 167 170.3 44

169 159.4 – 37.3 168 170.5 45.2

170 153.9 148 48.7 – 169 47.8

171 140 – 42.7 – 170.6 53.5

172 129.2 – 39.7 173 175 52.6

173 122 101 34.2 173.3 175.2 59.5

174 99.9 – 24.2 – 175 58.4

* Not measurable

170

171

170

171

Endo up

T (°C)
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Endo up

Figure 4 DSC enlarged cooling scans at 2 �C/min for sample

previously crystallized at TiC = 80 �C and then self-nucleated for

5 min at the indicated self-nucleation temperature, Ts (Segment D

in Fig. 2).
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Ts\ 170 �C), two melting peaks were also observed.

However, in this domain, crystal fragments are larger

and annealing competes with self-nucleation and is

more likely to happen as Ts decreases. Accordingly,

the higher melting peak is ascribed to the annealing

process during heating and the lower endothermic

peak corresponds to melting of crystals that formed

during cooling and recrystallizing upon heating.

Effect of crystalline phase on self-nucleation

Crystalline structure

Figure 6 presents the XRD patterns of PLA isother-

mally crystallized at 80, 115, and 130 �C, respectively.
The XRD patterns of PLA crystallized at these tem-

peratures were rather similar. For sample crystallized

at 80 �C, where only the a0 phase was expected, two

strong diffraction peaks were observed at 16.6� and

18.9�, corresponding to (110)/(200) and (203) planes

[36]. These peaks shifted slightly to higher 2h with

crystallization temperature, TiC, due to a decrease in

lattice spacing. Additionally, for samples crystallized

at 115 �C, where a mixture of a and a0 phases is

expected, and at 130 �C, where only the a phase

should be present, three small diffraction peaks at

12.5�, 15�, and 22� associated to the a phase appeared.

Thus, these XRD patterns confirmed the gradual shift

from the a0 to the a form with increasing isothermal

crystallization temperature.

Self-nucleation of (a0 ? a) and a phases

In order to investigate the effect of the crystalline

phases developed upon the isothermal crystallization

step on the subsequent self-nucleation experiments

were repeated following isothermal crystallization at

different temperatures, Tic. As explained in the

experimental section, the samples were quenched

from the melt state to the desired isothermal crys-

tallization temperature, held for sufficient time to

complete the crystallization and subsequently rehe-

ated to the self-seeding range.

The DSC heating scans from the isothermal crys-

tallization temperature to the self-seeding tempera-

ture were carried out and are shown in Fig. 7. This

corresponds to segment C in Fig. 2. For TiC = 80 and

100 �C, a small exotherm appeared prior to the main

melting peak. However, for temperature inclusively

between 105 and 120 �C, this exotherm was replaced

by an endothermic peak. For PLA crystallized at

130 �C, no peak can be seen before the main melting

peak. Three different mechanisms may be invoked.

Indeed for samples crystallized at 100 �C or below,

the observed exothermic peak is associated to a solid-

state transition where disordered a0 phase transforms

into the ordered a-phase [15]. For samples crystal-

lized between 100 and 120 �C, a0-a transformation

takes place through a melt recrystallization mecha-

nism. Finally, for sample crystallized above 120 �C,
no phase transition occurs [16].

T (°C)
80 100 120 140 160 180 200

H
ea

t f
lo

w
 (W

/g
) 

167°C

168°C

169°C

170°C

171°C

172°C

173°C

174°C

200°C
Endo up

Figure 5 DSC heating scans at 2 �C/min after the cooling shown

in Fig. 3. Ts values are indicated above each curve. (Segment E in

Fig. 2).

θDiffraction angle 2
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In
te

ns
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Figure 6 XRD patterns of PLA at indicated isothermal crystal-

lization temperatures.
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For all the investigated isothermal crystallization

temperatures, Domain II was found to be located in

the 170 �C B Ts B 174 �C temperatures range. More-

over, a significant effect of the initial crystallization

temperature was obtained. Figure 8 exemplifies these

effects by depicting Tmax
C as a function of annealing

temperature, Tic for samples that were self-seeded at

170 �C. It was found that Tmax
C displayed a clear

maximum at Tic = 110 �C. It is of immense surprise

that Tic revealed a large effect on the crystallization

process since all crystals present at the end of self-

seeding step are supposedly of a modification. One

potential reason explaining this result might come

from the nuclei density, N, and/or spherulite size, D,

prior to self-nucleation. Isothermal crystallization

experiments were, therefore, performed by optical

microscopy and DSC to assess N and D.

Effect of Tic on the nuclei density

To compare nuclei density of PLA crystallized at

different isothermal crystallization temperatures

(Tic), the self-nucleated PLA specimens were quen-

ched from Ts to 130 �C. Under isothermal conditions,

nuclei density, N, can be derived by the well-known

Avrami equation [37] which assumes that the relative

crystallinity, X tð Þ, changes with the time t, according

to the following equation:

1� X tð Þ ¼ expð�ktnÞ ð1Þ

where n is the Avrami exponent and k is the crystal-

lization rate constant. X(t) can be calculated according

to Eq. 2:

X tð Þ ¼ DHt

DH1
¼

r
t
0
dH
dt dt

r
1
0

dH
dt dt

; ð2Þ

where DHt and DH1 are the amounts of enthalpy

generated at time t and infinite time, respectively,

and dH
dt is the enthalpy evolution rate. In order to

graphically determine n and K, the Avrami equation

is often written in the following form:

ln½� ln 1� X tð Þð � ¼ n ln tþ ln k: ð3Þ

The crystalline fraction X(t) is plotted in the form of

ln[-ln (1 - X(t)] versus ln t to yield the characteristic

Avrami plot. The slope of this plot gives the Avrami

constant n. The value of k is obtained by using the

value of X(t) at t = t1/2, crystallization half-time. The

crystallization half-time is defined as the time spent

from the onset of the crystallization to the point

where the crystallization is 50 % complete. The bulk

crystallization rate can be deduced through the fol-

lowing equation:

k ¼ ln2

tn1=2
: ð4Þ

In the case of predetermined nucleation and three

dimensional growth, the crystallization rate k is

directly proportional to the total concentration of the

number of nuclei, N, through Eq. 5:

N � 3K

4pG3
; ð5Þ

where G is the spherulite growth rate measured by

optical microscopy.

T (°C)
60 80 100 120 140 160 180

H
ea

t f
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w
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/g
) 

80 °C
100 °C
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110 °C

115 °C

120 °C

130 °C

Endo up
TS=170 °C

TiC = 

TiC = 

Figure 7 Heating scans obtained from various isothermal crys-

tallization temperatures ranging from 80–140 �C to Ts = 170 �C
at 2 �C/min. (Segment C in Fig. 2).
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Figure 8 Maximum non-isothermal crystallization temperature,

TC
max, obtained after self-nucleation at Ts = 170 �C as a function

of the crystallization temperatures, TiC.
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As the value of N is obtained, the average spher-

ulite size can also be determined according to the

following equation [38]:

D ¼ 6

pN

� �1=3
: ð6Þ

At first, an attempt was made to measure the

Avrami parameters of the samples self-nucleated

from Ts = 170 �C. The Avrami parameters for the

sample self-nucleated at 170 and 171 �C could not be

determined, because crystallization took place too

fast and occurred during quenching. As a result, a

value of Ts = 172 �C was selected. Figure 9 depicts

the plot of ln[-ln (1 - X(t)] versus ln t for some

samples self-nucleated at 172 �C. In all cases, the

Avrami plots were linear confirming the applicability

of the Avrami equation. Table 2 summarizes the

effect of crystallization temperature TiC on crystal-

lization half-time, t1=2 and Avrami parameters, (n and

k). For all Tic, the Avrami constant was very close to 2.

The literature on PLA isothermal crystallization

generally reports indexes between 2.5 and 4 [1].

Unfortunately, the morphology of the self-nucleated

samples after cooling down to 130 �C could not be

observed by optical microscopy due to small crystals

size and high nucleation density. The different

Avrami exponent may be due to the different nature

of the crystal nuclei (i.e., Self-nucleation vs homoge-

neous and heterogeneous) and deserves further

investigation. As TiC increased from 80 to 105 �C, t1/2
decreased from 8.8 to 4.4 min. These values then

remained relatively constant up to 115 �C indicating

that TiC of 105–115 �C is optimal in terms of crystal-

lization. The half-time increased again and K de-

creased for higher TiC showing slower crystallization.

It is important to mention here that these results do

not represent the crystallization rate as a function of

crystallization temperature as often found in the lit-

erature. Indeed, they present the effect of a prior

crystallization prior to self-nucleation and further

cooling. Nonetheless, the behavior is strikingly simi-

lar to that found when examining the effect of crys-

tallization temperature on crystallization kinetics

with an optimal crystallization temperature range in

the 105–115 �C.
Figure 10 illustrates the variation of the average

spherulite diameter, D, and nuclei density, N, versus

the isothermal crystallization temperatures, Tic, again

for PLA being crystallized at 130 �C. The nuclei

density exhibited a maximum at 110 �C that was

about one order of magnitude higher than the value

measured at 80 �C. The spherulite size was relatively

constant at almost 50 microns between 105 and

115 �C and then increased rapidly to 220 microns at

130 �C.
Moreover, another intriguing phenomenon was

found for samples that were initially crystallized at

Tic of 100–120 �C. When the samples were heated up

to 173 �C for self-nucleation and then cooled down to

check their crystallization (segment D in Fig. 2), two

crystallization peaks upon cooling were found. This

DSC cooling scan is shown in Fig. 11. Clear crystal-

lization peaks at around 100 and 120 �C were found.

So far, this peculiar behavior had not been reported

for pure PLA containing heterogeneous nucleating

agents. It might suggest that the crystallization

mechanism is affected by the nature of nuclei (i.e.,

self-nucleated vs heterogeneous nuclei). Addition-

ally, when the self-nucleation temperature was

Table 2 Effect of isothermal crystallization temperatures, Tic, on

crystallization half-time, t1=2, Avrami values, n and k, Nuclei

density N, and average spherulite diameter D

Tic (�C) n K (min-n) t1/2 (min)

80 2.15 0.00654 8.75

100 2.3 0.017 6.04

105 2 0.042 4.4

110 2.2 0.035 3.9

115 2.2 0.035 3.9

120 2.2 0.012 6.7

130 2.5 0.00045 17.7
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Figure 9 Plot of ln[-ln(1 - X)] versus ln t under crystallization

at 130 �C for PLA that was first crystallized at the indicated Tic,

next self-nucleated at Ts = 172 �C, and finally cooled to 130 �C.
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minutely changed, the increases inside the self-seed-

ing range from 173 to 173.8 �C: the 100 �C was

favored over the 120 �C. These crystallization peaks

could be associated to the formation of the a0 and a
crystalline phases and shows how a minute change

within self-nucleation temperature can result in sig-

nificant changes in the mix of the a and a0 phases.

Microstructure analysis by WAXD

In order to characterize the structure during cooling

when the double crystallization peaks were observed,

XRD experiments were carried out. During cooling in

the DSC chamber, samples were taken out of the

chamber and immediately quenched in cold water

right after the first and second crystallization peaks.

Figure 12 depicts the WAXD patterns of the samples

after self-nucleation at 173 and 173.8 �C after the first

(Fig. 12a) and second (Fig. 12b) crystallization peaks,

respectively. As shown in Fig. 12a, after the first

crystallization exotherm, both samples exhibited the

characteristic diffraction peaks of the a phase. For the

sample self-seeded at 173.8 �C, the level of crys-

tallinity was smaller in agreement with the DSC

results (c.f. Fig. 11). Figure 12b displays similar

results but for the samples quenched after the second

crystallization peak. The microstructures of all sam-

ples were rather similar, and differentiation between
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Figure 10 Variation of the nuclei density (black circle) and the

average spherulite size (black triangle) of self-nucleated samples

at Ts = 172 �C versus Tic.
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Figure 11 DSC cooling scans (Segment D in thermal protocol

(Fig. 2) after self-nucleation at the indicated temperatures, Ts, for

the samples were previously isothermally crystallized at 115 �C in

the isothermal crystallization step.
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Figure 12 XRD patterns of samples self-nucleated at indicated

Ts, cooled at 2 �C/min, and then quenched: a after the first

crystallization peak and b after the second crystallization peak.

Note that the arrows indicate five characteristic peaks of the a
phase.
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the a and a0 phases was difficult. Therefore, thermal

behavior of these mixed a and a0 samples upon

heating was investigated.

DSC heating curves

In this section, we discuss about results obtained in

segment E of the thermal protocol (Fig. 2) for the

samples self-nucleated at 173 and 173.8 �C. It was

observed in Fig. 13, upon heating at 2 �C/min, that

the sample self-nucleated at 173.8 �C exhibited an

exothermic peak prior to the single melting peak. As

previously mentioned, this peak is associated to the

a0-a solid-state transition. It indicates that in this

sample, the fraction of the a0 phase was higher than

that of a phase. Conversely, for the self-seeded sam-

ple at 173 �C, no exothermic peak was observed

which implies that it possessed a higher a phase

content. The later sample also exhibited the double

melting peaks. The first melting peak, TmI, is ascribed

to melting of original a phase, whereas the second

melting peak TmII belongs to a0 crystals transformed

to a phase through melt recrystallization. It was also

observed that for the sample self-nucleated at 173 �C,
the height of TmI was higher than that of TmII. It

implies that more a phase was present. Structural

evolution of the melt and cold crystallization of PLA

has been investigated using FTIR, WAXD, and SAXS

patterns by Wasanasuk et al. [39]. According to these

authors, crystallization from the melt state does not

lead directly to the a or a0 phases but instead to the

formation of a mesomorphic phase prior to the

formation of a or a0 phases. Mesophase or meso-

morphic phase is regarded as an intermediate state

of matter between liquid and solid. In self-nucle-

ation experiments, a self-nucleated polymer can be

taken more or less as the mesophase. The conclusion

that can be drawn from the double crystallization

behavior is that the crystallization mechanism of

self-nucleated PLA might differ from melt crystal-

lized sample. It could also explain why PLA

exhibited two peculiar crystallization peaks upon

subsequent cooling, whereas this peculiarity has not

been observed for samples directly cooled from the

melt state.

Conclusions

A thermal procedure was designed to examine the

self-nucleation behavior of PLA. Fully crystallized

samples, previously isothermally crystallized

between 80 and 130 �C, were self-nucleated near the

melting temperature. Based on the non-isothermal

crystallization temperature obtained upon cooling,

three temperature domains were distinguished. In

Domain I, the crystalline structure is completely

destroyed. In Domain II, crystallization is nucleated

by remaining crystals, and finally, in Domain III,

crystallization proceeds by annealing of existing

crystals. Domains I, II, and III were found for PLA

as Ts [ 174 �C, 170 � Ts � 174; and Ts\174 �C,
respectively, where Ts is the self-nucleation temper-

ature. Effect of crystalline modification on the self-

nucleation of PLA was also investigated. It was

observed that samples where a mixture of a and a0

crystal phases were generated exhibited the highest

nucleation efficiency compared to samples isother-

mally crystallized at temperatures leading to a single

type of crystals. These samples also displayed the

highest nuclei density and the smallest spherulite

size. Furthermore, the samples, crystallized between

100 and 120 �C, exhibited two crystallization tem-

peratures, around 100 and 120 �C, upon cooling after

self-nucleation. In addition, by slightly changing the

temperature within the self-nucleation temperature

range, a change in the proportion of each peak was

observed. It is for the first time that two exothermic

peaks are reported for PLA upon cooling. These

peaks were ascribed to a and a0 crystalline phases

explaining the peculiar crystallization behavior of

PLA.
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Figure 13 DSC heating scans at 2 �C/min in Segment E of the

thermal protocol (Fig. 2) after cooling from the indicated self-

nucleated temperatures, Ts.
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