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ABSTRACT: Isothermal and non-isothermal crystallization kinetics of poly(L-lactic acid)/poly(butylene terephthalate) (PLLA/PBT)

blends containing PLLA as major component is detailed in this contribution. PLLA and PBT are not miscible, but compatibility of

the polymer pair is ensured by interactions between the functional groups of the two polyesters, established upon melt mixing. Crys-

tal polymorphism of the two polyesters is not influenced by blending, as probed by wide-angle X-ray analysis. The addition of PLLA

does not affect the temperature range of crystallization kinetics of PBT, nor the crystallinity level attained when the blends are cooled

from the melt at constant rate. Conversely, PBT favors crystallization of the biodegradable polyester. The addition of PBT results in

an anticipated onset of crystallization of PLLA during cooling at a fixed rate, with a sizeable enhancement of the crystal fraction.

Isothermal crystallization analysis confirmed the faster crystallization rate of PLLA in the presence of PBT. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Poly(L-lactic acid) (PLLA) is a biodegradable and biocompatible

thermoplastic polyester produced from renewable sources.1–4 It

is widely used for biomedical and packaging applications

because of its excellent optical properties and very low

toxicity.5,6

PLLA can be degraded in natural environments by enzymatic or

non-enzymatic hydrolysis.7–9 In both cases, biodegradation rate

strongly depends on molecular weight and on crystal structure

and morphology,10 which in turn are function of the thermal

and mechanical history imparted during processing. As draw-

back, PLLA displays a low crystallization rate, which negatively

affects its processability and properties. This led to throughout

analysis of the crystallization kinetics of PLLA along the years,

as efforts to improve its crystallization rate.7

Literature data indicate that three major strategies have been

mostly followed to raise the crystallization kinetics of PLLA. A

first possibility is to add a plasticizer which increases the poly-

mer chain mobility and enhances the crystallization rate by

reducing the energy required for the chain folding process.11–13

The molding conditions can also be tailored to tune crystalliza-

tion rate and crystallinity, by varying molding temperature and

time until the most favorable conditions are achieved.12,14 The

most common method, however, consists in the addition of a

nucleating agent that lowers the surface free energy barrier

toward nucleation and thus initiates crystallization at higher

temperature upon cooling.15

One of the most effective nucleating agents for PLLA is the ster-

eocomplex formed upon mixing poly(L-lactic acid) and poly(D-

lactic acid) (PDLA).16 Most successful is the stereocomplex

formed at a PLLA/PDLA 50/50 blend ratio, which has a melting

temperature of 230�C, 50�C higher than that of the plain PLLA

or PDLA. The overall crystallization rate of the stereocomplex is

higher than that of pure PLLA or PDLA, due to faster nuclea-

tion and higher growth rate of stereocomplex spherulites, which

sizably fastens the phase transition of PLLA.17

Talc appears at moment the most effective and cost-efficient

nucleating agent. In the presence of 1% talc, the crystallization

half-time of PLLA can be reduced by more than one order of

magnitude.18 Biobased nucleants, like vegetable-based ethylene

bis-stearamide, thermoplastic starch, and cellulose nanocrystals

were also found to enhance the crystallization rate of PLLA, but

with a lower efficiency compared to talc.19–21 Other compounds

successfully used to increase crystallinity of PLLA include

organically-modified montmorillonite clay,22 polyhedral oligo-

meric silsesquioxane,23 and layered metal phosphonates.24 How-

ever, the increase in crystallization rate attained with these
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additives is relatively modest when compared to that observed

with talc.12

Semicrystalline polymers were also successfully tested as

nucleating agents for PLLA. It was reported that blending with

poly(ethylene glycol) (PEG) can accelerate crystallization of

PLLA.25–27 Similarly, poly(e-caprolactone) (PCL) was found to

enhance nucleation rate of PLLA.28

As an attempt to improve the crystallization rate of poly(L-lactic

acid), we propose to blend it with another polyester, namely pol-

y(butylene terephthalate) (PBT). Poly(butylene terephthalate) is a

widely used polyester with a very high crystallization rate, and it

crystallizes at temperatures higher than the melting point of

PLLA.29–31 Therefore crystallization of PLLA occurs in the pres-

ence of already grown PBT crystals, which may in principle pro-

mote nucleation of PLLA, enhancing its crystallization kinetics.

Since crystallization kinetics in polymer blends is strictly related

to miscibility of the components and to the phase structure, a

detailed preliminary investigation on PLLA/PBT blends contain-

ing PLLA as major component was conducted, and results

detailed in a companion publication.32 Briefly, PLLA and PBT are

not miscible, but display compatibility due to the establishment

of interactions between the functional groups of the two polyest-

ers upon melt mixing. Electron miscroscopy analysis revealed

that in the blends containing up to 20% of poly(butylene tereph-

thalate), PBT particles are finely dispersed within the PLLA

matrix, with a good adhesion between the phases. The PLLA/

PBT 60/40 blend presents a co-continuous multi-level morphol-

ogy, where PLLA particles, containing dispersed PBT units, are

embedded in a PBT matrix. The varied morphology affects the

mechanical properties of the material, as the 60/40 blend displays

a largely enhanced resistance to elongation, compared to the

blends containing lower amounts of PBT.32

The influence of PBT on crystallization kinetics of PLLA is dis-

cussed in this contribution. It is shown that the addition of pol-

y(butylene terephthalate) results in an anticipated onset of

crystallization of PLLA upon cooling and a faster isothermal

crystallization kinetics. Moreover, at parity of thermal history,

in the presence of PBT, poly(L-lactic acid) has a much higher

degree of crystallinity than the plain polymer, as detailed below.

EXPERIMENTAL PART

Materials

Poly(butylene terephthalate) (PBT) with melt flow index 20 g/min

was purchased from Sigma-Aldrich Corp. Poly(L-lactic acid)

(PLLA), grade name 4032D containing 1.5% D-lactic acid, was

provided by NatureWorks LLC.

Before melt mixing, PBT was dried in a vacuum oven at 120�C
for 16 h, and PLLA in vacuum oven at 80�C for 4 h.

Blend Preparation

PLLA/PBT blends were prepared by melt mixing in a

Brabender-like apparatus (Rheocord EC of Haake Inc.) at 250�C
and 64 rpm for 6 min. Binary blends with PLLA/PBT 100/0,

90/10, 80/20, 60/40 wt/wt were prepared.

The influence of processing conditions on thermal degradation

of PLLA is detailed in Ref. 32.

Preparation of Compression-molded Sheets

The PLLA/PBT blends prepared in the Brabender-like apparatus

were compression-molded with a Collin Hydraulic Laboratory

Forming Press P 200 E at a temperature of 250�C for 2 min,

without any applied pressure, to allow complete melting. After

this period, a load of about 0.5 ton was applied for 2 min, then

the sample was cooled to room temperature by means of cold

water circulating in the plates of the press.

Calorimetry

Isothermal and non-isothermal crystallization kinetics of PLLA/

PBT blends was investigated using a Mettler DSC 822e calorime-

ter, Mettler-Toledo, equipped with a liquid-nitrogen accessory

for fast cooling. The calorimeter was calibrated in temperature

and energy using indium. Dry nitrogen was used as purge gas

at a rate of 30 mL/min. A fresh sample was used for each

analysis.

In order to set the structure for the analysis of crystallization

kinetics, each sample was heated from 25 to 250�C at a rate of

30�C/min, then melted at 250�C for 2 min to erase previous

thermal history. Isothermal crystallization experiment was per-

formed after cooling the blends from 250�C at 30�C/min to the

selected temperature (Tc). For the non-isothermal crystallization

analyses, the samples were quickly cooled from 250 to 220�C at

30�C/min, to limit as much as possible the exposure to high

temperatures, then cooled to 25�C at various rates, ranging

from 0.5 to 4�C/min. After completion of crystallization, the

blends were heated again at 20�C/min until complete melting.

Crystallization is an exothermic process, and the heat evolved

during the phase transition may cause some local heating and

thermal gradients within the sample. As a consequence, transi-

tions can occur at temperatures that do not correspond to those

detected by the instrumentation.33,34 The thicker the sample,

the more critical this problem is. In order to reduce these prob-

lems, a sample mass of 3.0 6 0.2 mg was used. Moreover, cool-

ing rates not exceeding 4�C/min were used, as higher cooling

rates imply a faster development of latent heat that may cause

higher thermal lag during the transition with the used sample

mass.

Optical Microscopy

Morphology of PLLA/PBT blends was investigated by optical

microscopy, using a Zeiss polarizing microscope equipped with

a Linkam TMHS 600 hot stage and a Scion Corporation CFW-

1312C Digital Camera. A small piece of each blend was

squeezed between two microscope slides, then inserted in the

hot stage. The thickness of the squeezed sample was lower than

10 lm.

The thermal treatments were identical to those used in calorim-

etry. Each sample was heated from 25 to 250�C at a rate of

30�C/min, melted at 250�C for 2 min to erase previous thermal

history, cooled to 220� at 30�C/min to limit as much as possible

the exposure to high temperatures, then cooled to 25�C at 4�C/

min. A fresh sample was used for each analysis.

Wide Angle X-ray Analysis

The crystalline structure of PLLA/PBT blends was investigated

by wide-angle X-ray diffraction analysis (WAXD). WAXD
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investigation was carried on compression-molded films by

means of a Philips (PW 1050 model) powder diffractometer

(Ni-filtered CuKa radiation) equipped with a rotative sample

holder. The high voltage was 40 kV and the tube current was 30

mA.

Before WAXD analysis, the compression-molded film was non-

isothermally crystallized upon cooling from the melt at 4�C/

min, following the same thermal history detailed above. Non-

isothermal crystallization of the films was carried out using a

Mettler Toledo FP82HT Hot Stage coupled with a Mettler Tol-

edo FP90 Central Processor.

RESULTS AND DISCUSSION

The DSC thermograms of the PLLA/PBT blends gained during

cooling from the melt at 4�C/min are presented in Figure 1.

Similar trends were obtained for the other cooling rates. Crys-

tallization of PBT occurs at high temperatures, it starts around

208�C, and is completed at circa 197�C. The presence of PLLA

seems not to affect crystallization of PBT, which takes place

in the same temperature range, independently of blend

composition.

The crystallization exotherm of PBT is barely visible in the 90/

10 blend, and becomes progressively more intense with increas-

ing PBT content. The onset of crystallization of PBT seems

independent of PLLA content, indicating that nucleation

kinetics of PBT is not affected by the presence of PLLA in the

analyzed composition range, probably due to the very high

nucleation density of PBT.29 Normalization of the heat evolved

during the phase transition with respect to PBT content indi-

cates no variation of crystallization enthalpy with blend compo-

sition, as the heat of crystallization remains 41 6 2 J/g for

PLLA content ranging from 90 to 60%.

Since PLLA/PBT blends have phase-separation in the melt,32

crystallization of PBT occurs in the presence of non-

crystallizable (at PBT crystallization temperature) PLLA segre-

gated domains. Energy needs to be dissipated to perform rejec-

tion, engulfing or deformation of the biodegradable polyester.

The overall effect depends on the values of the energy barriers

that need to be overcome to reject, occlude and/or deform the

non-crystallizable domains.35 It is likely that the hindrance

introduced by the presence of dispersed domains is much

smaller than the energy barriers for nucleation and growth of

plain PBT crystals, and the overall effect of PLLA on crystalliza-

tion of PBT is negligible.36

Figure 1 also illustrates the effect of PBT on non-isothermal

crystallization of PLLA. At the cooling rate of 4�C/min, the ana-

lyzed PLLA grade displays a weak and broad crystallization exo-

therm. In the presence of 10% of PBT, a much larger amount

of PLLA chains organize into crystals, as revealed by the sizeable

exothermic peak, centered at 112�C, in the DSC curve of the

PLLA/PBT 90/10 blend. Similar exotherms are evident also in

the DSC plots of the 80/20 and 60/40 blends, their reduced size

is due to the decreasing amount of PLLA in the blends.

It is worth noting that in the PLLA/PBT 60/40 blend, the onset

of crystallization is slightly delayed, compared to the 90/10 and

80/20 blends. The small shift of onset of crystallization is within

the experimental uncertainty associated to DSC analysis, but the

shape of phase transition exotherm varies with blend composi-

tion. In the 90/10 and 80/20 blends, the exotherms have sharp

onset and termination, whereas in the 60/40 blend the begin-

ning of the phase transition is gradual, with a fast termination.

The shape of the DSC peak of the 90/10 and 80/20 blends is

typical of crystallization occurring in the presence of a large

number of preformed nuclei and fast termination due to crys-

tallite impingement, whereas a gradual onset, as seen in the 60/

40 blend, is expected in case of a broad distribution of nuclea-

tion times.37 The varied nucleation efficiency of PBT is probably

to be linked to the co-continuous morphology of this blend,

shown below, since in the 60/40 blend the PLLA areas are dis-

persed within the PBT network, whereas in the 90/10 and 80/20

blends PLLA is the matrix that embeds the PBT particles.32

From the solidification exotherms, the onset temperatures (Tons)

and the crystallization enthalpy (DH), normalized to PLLA con-

tent, were derived and results are illustrated in Figures 2 and 3,

respectively. For every sample, with increasing the cooling rate

Figure 1. Heat flow rate plots of PLLA/PBT blends during non-isothermal

crystallization from the melt at 4�C/min. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. Onset temperature of crystallization of PLLA in PLLA/PBT

blends as a function of cooling rate. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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(v) the crystallization curves shift to lower temperatures. At

lower v there is more time to overcome the nucleation barrier,

so crystallization starts at higher temperatures, whereas at

higher v nuclei become active at lower temperatures.38

For all the analyzed cooling rates, crystallization of plain PLLA

initiates at temperatures well below those of the blends. The

crystallization enthalpy of PLLA is also affected by the presence

of PBT. For plain PLLA the heat evolved during the phase tran-

sition decreases from 22 J/g, measured upon cooling at 0.5�C,

to 4 J/g determined at the cooling rate of 4�C/min. The

decreased crystallinity of PLLA with cooling rate has been

widely reported in the literature, being caused by its low crystal-

lization rate.5,15 When PBT is added to PLLA, the enthalpy of

crystallization, normalized to PLLA content, results much

higher (43 6 2 J/g) and independent of both composition and

cooling rate. These data reveal the role of PBT on crystallization

kinetics of PLLA. In the blends, crystallization of PBT upon

cooling is completed at temperatures where the PLLA chains are

in the melt state. The presence of PBT crystals can facilitate

nucleation of PLLA spherulites, so that crystallization during

cooling has an anticipated onset and starts at higher tempera-

tures, as shown in Figure 2. The faster nucleation rate favors

growth of a higher number of PLLA spherulites during cooling,

which results in a largely enhanced crystal fraction of PLLA in

the blends, as probed in Figure 3.

Morphology of PLLA/PBT blends after non-isothermal

crystallization upon cooling at 4�C/min is presented in Figure 4.

Figure 4. Optical micrographs (crossed polarizers) of PLLA/PBT blends after non-isothermal crystallization from the melt at 4�C/min: (a) 100/0; (b) 90/

10; (c) 80/20; and (d) 60/40.

Figure 3. Enthalpy of crystallization of PLLA in PLLA/PBT blends as a

function of cooling rate. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Figure 4(a) illustrates plain PLLA crystallized according to a

spherulitic morphology. Large and small spherulites are present.

The appearance of spherulites of different sizes usually occurs

when the nucleation process is time and temperature depend-

ent.39,40 During cooling, at high temperatures the presence of few

nuclei induces the formation of early spherulites that can grow

to some extension, and these are the large spherulites present in

this figure. Then, at lower temperatures, many nuclei result in

simultaneous development of a huge number of spherulites that

cannot expand to large extension like the early ones, as they

impinge against each other.

Optical micrographs of the 90/10 and 80/20 blends after cooling

to room temperature are shown in Figure 4(b,c), respectively. A

very high number of small spherulites appear, which are almost

indistinguishable upon optical microscopy analysis, as typical

for PBT.29 Also PLLA crystallites do not grow to large extension

when they develop in the presence of already formed PBT crys-

tals, which results in the morphology illustrated in Figure

4(b,c). In the 60/40 blend, whose optical micrograph is exhib-

ited in Figure 4(d), the interconnected structure displays the

presence of two types of crystallites: very small and poorly bire-

fringent crystals in the co-continuous structure, made of PBT,

and somewhat larger and more birefringent crystals in the

embedded areas, where PLLA chains are present.

The increased nucleation density of PLLA upon addition of

PBT is confirmed by the optical micrographs of Figure 4(a–c),

where the size of the spherulites decreases with PBT content. In

phase-separated blends, increase of nucleation density can be

caused not only by the pre-existing crystals formed by the high-

temperature crystallizing polymer, but also by decrease of the

energy barrier for the formation of heterogeneous nuclei in con-

tact with the interface between the dispersed phase and the

matrix, also due to local orientation of the polymer chains.34,41

The influence of the interphase on the increased nucleation

density of PLLA spherulites was probed by analysis of the

spherulite development during cooling. Figure 5 displays the

polarized optical micrograph at 110�C of PLLA/PBT

60/40 blend, partially crystallized during cooling at 4�C/min.

The 60/40 blend displays an interconnected multi-level mor-

phology, where PLLA domains, containing dispersed PBT units,

are embedded in a PBT matrix. At 110�C crystallization of PBT

is complete, as evidenced by the bright birefringent co-

continuous areas, whereas the phase transition of PLLA is far

from completion. In the embedded areas, some increased den-

sity of growing PLLA spherulites occurs in correspondence of

the interface between the PBT and PLLA phases, as shown in

Figure 5. Previous analysis of the PLLA/PBT blends probed that

melt mixing of the two polyesters induces the establishment of

interactions between the functional groups of PLLA and PBT.

The interacting PLLA and PBT chains are located at the interfa-

cial regions of the blend, promoting compatibilization of the

components.32 This probably favors weak chain alignment in

correspondence of the interface, which facilitates growth of

PLLA crystal nuclei. The decrease of the energy barrier for the

formation of heterogeneous nuclei contacting with the interface,

can also favor the heterogeneous nucleation of PLLA

crystals.34,35 In the PLLA/PBT blends, these heterogeneous

nuclei favor crystallization of PLLA, which starts at higher

temperatures compared to plain PLLA.

Crystallization kinetics of PLLA/PBT blends was also investi-

gated in isothermal conditions. A temperature range where all

the analyzed compositions crystallize in a reasonable time was

selected, to better compare the crystallization behavior of the

various samples. Crystallization temperatures lower than 100�C
were not taken into account, since, in the presence of PBT, crys-

tallization of PLLA starts during cooling at 30�C/min before

reaching the selected Tc for Tc<100�C. At Tc�100�C, a cooling

rate of 30�C/min from 250�C to the desired Tc is sufficient to

prevent crystallization during cooling. At this cooling rate, crys-

tallization of PBT is completed at temperatures much higher

than the melting point of PLLA. In other words, crystallization

kinetics of PLLA occurs in the presence of already grown PBT

spherulites. Analyses were conducted by differential scanning

calorimetry to determine the overall crystallization rate of PLLA

Figure 5. Optical micrographs (crossed polarizers) of PLLA/PBT 60/40

blend at 110�C during non-isothermal crystallization from the melt at

4�C/min.

Figure 6. Half time of crystallization (s1=2) as function of the isothermal

crystallization temperature (Tc). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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in the blends. Conversely, the growth rate of PLLA spherulites

could not be easily determined by conventional optical micros-

copy methods,36 due to the high density of nucleation of PBT

spherulites, exampled in Figures 4 and 5, which prevents reliable

analysis of PLLA crystal growth rates.

The heat evolved during crystallization of PLLA was recorded as

a function of time, and the fraction of material crystallized after

a period of time t (Xt) was calculated from the ratio of the heat

generated at time t and the total heat developed during the

phase transformation. Plotting Xt against time, the half-time of

crystallization (s1/2), defined as the time needed for 50 % the

final crystallinity to develop, was obtained. The s1/2 values of

the analyzed PLLA/PBT blends are reported in Figure 6 as a

function of temperature. As expected, in the analyzed range the

phase transition rate decreases with Tc. More importantly, Fig-

ure 6 reveals that much shorter crystallization times are attained

by PLLA in the blends, compared to the plain polymer,

confirming the results of non-isothermal crystallization analyses,

which revealed that the addition of PBT fastens crystallization

of PLLA.

The influence of PBT on crystallization kinetics of PLLA is con-

firmed by analysis of the melting behavior. The DSC heating

profiles of PLLA/PBT blends after non-isothermal crystallization

from the melt at 4�C/min are presented in Figure 7. The influ-

ence of blending on glass transition is discussed in Ref. 32,

hence is not repeated here. In plain PLLA a large cold crystalli-

zation exotherm occurs between about 96 and 140�C, followed

by a single melting peak with a weak shoulder in the high tem-

perature side. No cold crystallization exotherm can be detected

in the PLLA/PBT blends containing 10–40% PBT, which only

display two major endotherms, one at lower temperature, due

to fusion of PLLA chains, and one at higher temperature, due

to melting of PBT. The dual melting behavior of both polymers

are well detailed in the literature and are caused by crystal poly-

morphism for PLLA, as well as by partial melting and recrystal-

lization for both PBT and PLLA.42–45 The crystallinity values of

the two polymers in the blends well compare with the data

gained upon cooling at the same rate (shown in Figure 3), and

confirm the efficiency of PBT to enhance crystallization of

PLLA.

As known from the literature, both PLLA and PBT can display

crystal polymorphism. In PLLA four main different crystal

modifications can develop, named a, b, c, and e forms, depend-

ing on preparation conditions. The a form of PLLA grows upon

melt or cold crystallization, as well as from solution.46–48 Hot-

drawing melt-spun or solution-spun PLLA fibers to a high-draw

ratio leads to the b form,49–51 the c form is obtained via epitax-

ial crystallization on hexamethylbenzene substrate,51 whereas the

e modification is a crystalline complex formed below room tem-

perature in the presence of specific organic solvents such as tet-

rahydrofuran and N,N-dimethylformamide.52 Besides these

three main crystal polymorphs, two disordered modification of

the a form, named a0 and a00 forms, were recently proposed for

PLLA.48,53

The effects of blend composition on crystal polymorphism of

PLLA were investigated by WAXD analysis. Figure 8 exhibits the

WAXD profiles of plain PLLA and of the three analyzed PLLA/

PBT blends after non-isothermal crystallization from the melt at

4�C/min. For clarity, the profiles of the weak reflections are

enlarged in Figure 7(b). Plain PLLA presents two strongest

reflections at 2h 5 16.7� and 18.9�, corresponding to diffraction

planes (110)/(200) and (203), and small diffraction peaks at 2h
of 12.7�, 14.9�, 22.4�, 23.9�, and 24.9� which are assigned to the

reflections of (004)/(103), (010), (115), (016), and (206) planes

Figure 7. Heat flow rate plots of PLLA/PBT blends upon heating at 20�C/

min, after non-isothermal crystallization from the melt at 4�C/min.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 8. WAXD patterns of PLLA/PBT blends after non-isothermal crys-

tallization from the melt at 4�C/min. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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of a crystals, respectively.44,54 Besides the reflections ascribed to

the a-form, neat PLLA exhibits a small peak at 2h 5 24.4�,
indicated in Figure 7(b) by an arrow, due to the a’-form.44,54

The WAXD profiles of PLLA/PBT blends are characterized, in

addition to the diffraction peaks typical of PLLA, also by the

presence of diffraction peaks of PBT at 2h Braggs angle of 17.5�,
20.8�, 23.3�, and 25.4�.55–58 The intensity of the diffraction

peaks of each component decreases with increasing the other

polymer content in the blends, as expected. As it is possible to

observe from Figure 7, the (110)/(200) and (203) reflections of

the PLLA/PBT 90/10, 80/20, and 60/40 blends are located at

higher 2h than those of neat PLLA; this shift is independent of

blend composition. These results suggest that the a-form crys-

tals of PLLA are mainly developed in the PLLA/PBT blends,

whereas in plain PLLA some sizeable fraction of a0 crystals is

present after crystallization at 4�C/min.48,51,54 Considering that

in the presence of PBT, crystallization of PLLA occurs at higher

temperatures, the results are in agreement with literature data,

which report the development of a larger fraction of a crystals

at higher crystallization temperature.44,54 This indicates that

under the chosen experimental conditions (crystallization upon

cooling from the melt at 4�C/min), the presence of PBT does

not affect the crystal polymorphism of PLLA, which is solely

determined by the temperature of phase transition, higher in

the PLLA/PBT blends than in plain PLLA.54,59,60

CONCLUSIONS

PBT crystallizes at temperatures much higher than PLLA, and

its crystallization kinetics seems not affected by the presence of

the biodegradable polyester, with reference to the investigated

composition range and thermal histories. On the other hand,

PBT remarkably affects the crystallization rate of PLLA, by pro-

moting the onset of crystal growth. Upon cooling from the

melt, crystallization of PLLA in PLLA/PBT blends is initiated at

higher temperatures compared to plain PLLA and the attained

crystal fraction is sizably higher than in plain PLLA.

The enhancement of PLLA crystallization rate is confirmed by

optical microscopy analysis, which reveals a much higher nucle-

ation density in the blends, as well by the shape of the DSC

exotherm associated to PLLA crystallization, which has a sharp

onset in the PLLA/PBT blends, due to simultaneous growth of a

large number of crystals. In plain PLLA, instead, only a weak

and broad exotherm can be obtained upon crystallization from

the melt at the same cooling rate, due to the slow and faint

release of heat upon formation of a low number of growing

crystals.

The faster crystallization rate of PLLA upon addition of PBT is

rationalized taking into account that upon cooling PBT crystal-

lizes at temperatures much higher than PLLA; in the blends

poly(L-lactic acid) crystals grow in the presence of already crys-

tallized PBT chains, which may act as nuclei for the growth of

PLLA spherulites. Moreover, as PLLA and PBT are non miscible,

local orientation of the polymer chains at the interface between

the PLLA and PBT phases may favor chain alignment to form

crystal nuclei, and may also lead to a decrease of the energy

barrier for the formation of heterogeneous nuclei in contact

with the interface between the dispersed phase and the matrix,

which may also contribute to fasten nucleation of PLLA

crystals.

The reported data indicate that addition of an immiscible semi-

crystalline polymer with a high crystallization rate and high

crystallization temperature is a successful novel strategy to

enhance crystallization kinetics of poly(L-lactic acid), as PLLA

based blends containing poly(butylene terephthalate) display

considerable improvements in both crystallization rate and crys-

tallinity, compared to plain PLLA.
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