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ABSTRACT: The poly(L-lactide) (PLLA) samples were prepared by the annealing under 100 MPa at 75–145
�
C and 200 MPa at 105–

145
�
C for 6 h, respectively. The crystalline structures, thermal properties and morphology were investigated using differential scanning

calorimetry (DSC), wide-angle X-ray diffraction (WAXD), and scanning electron microscopy (SEM). On the basis of the DSC and

WAXD results, it can be seen that the a0 form was formed by the annealing under 100 MPa at 85–95�C but not found under 200

MPa at 105–145�C. A phase diagram of PLLA crystal form under high pressure was constructed under the given experimental condi-

tions, which displayed the a0 form was formed at limited temperature and pressure range. Besides, SEM suggested that the PLLA sam-

ples annealed under 100 MPa crystallize to form lamellar-like crystals due to the low growth rate and the confined crystallization

behavior under high pressure. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40637.
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INTRODUCTION

Poly(L-lactide) (PLLA) as a biodegradable polymer, has attracted

considerable interest from both fundamental and practical per-

spectives because it is producible from renewable sources, and is

thus environmentally and economically appropriate.1–3 Since it

degrades to nontoxic lactic acid, which is naturally present in

the human body, poly(lactic acid) can be used in biomedical

fields, such as implant materials, surgical suture, and controlled

drug delivery systems.4,5 Furthermore, the attribute of biode-

gradability, producibility from renewable products, and good

mechanical properties makes it a promising material for many

disposable products, such as baby diapers, cups, plastic bags,

and films.

Depending on the crystallization condition, PLLA forms several

types of crystalline modification, the a,6 b,7 and c8 forms. Fur-

thermore, another crystalline modification, the a0 (disorder a)

form, was studied by many researchers recently.9–13 The a0 crys-

tals are formed by the crystallization below 100�C, while the a
ones are developed by the crystallization above 120�C.9,11,12

And the a0-form is considered as a conformationally disordered

a-crystal with slightly increased lattice spacings and transforms

upon heating into the stable a form.14 Nevertheless, there are

few publications relevant to the high pressure behavior of

PLLA. Ahmed et al. reported that the degree of crystallinity of

PLLA remarkable decreases when the treated pressure increases

to about 650 MPa.15 Asai et al. revealed that the crystal modifi-

cation changes continuously from the disorder a to a forms not

through the a0 one with increasing temperature under high-

pressure CO2.
16 Huang et al. reported that the a0 is formed

under pressure of 100 MPa and above, and a0 crystal structure

transformed to a one is observed by time-resolved synchrotron

SAXS.17 In fact, investigation on the high pressure behavior of

PLLA has important significance regardless of its microstructure

or understanding of the potential application.

In this article, we report the crystallization behavior and mor-

phology of PLLA by annealing under high pressure. The crystal-

line structure, melting behavior and morphology are

investigated employing differential scanning calorimetry (DSC),

wide-angle X-ray diffraction (WAXD), and scanning Electron

Microscope (SEM) methods, respectively. Furthermore, the

phase diagram of PLLA crystal form under pressures up to 200

MPa is constructed from the DSC and WAXD results.

EXPERIMENTAL

Materials

In this study, PLLA was purchased from Sigma-Aldrich. The

average molecular weight (Mw) of 67,000 and a polydispersity

index (Mw/Mn) of 1.4 was determined by gel permeation chro-

matograph (GPC).
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Sample Preparation and High Pressure Equipment

To prepare samples annealed at different temperature and high

pressure conditions, the PLLA pellets were quickly quenched in

ice water after melting at 200�C for 1 min to obtain the amor-

phous samples first. The resultant film was dried under vacuum

at room temperature for ca. 1 day to remove water. High-

pressure experiments were carried out by using high-pressure

apparatus. A set of piston-cylinder made of tungsten carbide

with a resistance coil heater was used to produce high pressure

and temperature. The diameter of the cylinder was 20 mm.

Each of the obtained amorphous PLLA was filled in an alumi-

num container with an inner diameter of 18 mm and depth of

1 mm. The details of the sample assembly and the pressure and

temperature calibrations were the same as those described in

previous article.18 After loading the amorphous sample, the

pressure was raised to the predetermined level, and then the

temperature was raised to the predetermined level. The samples

were annealed under the constant temperature-pressure condi-

tions for 6 h, and then cooled naturally by turning off the

power to room temperature and finally decompressed slowly. As

a comparative investigation, another PLLA sample was prepared

under ambient pressure (around 0.1 MPa) by annealing at

130�C for 6 h. These annealing conditions are listed in Table I.

Differential Scanning Calorimetry

DSC measurements were carried out using a TA Q-100 instrument at

a heating rate of 10�C/min in the temperature range from 25 to 190�C
under a nitrogen gas atmosphere. The degree of crystallinity xc_DSC for

each PLLA sample was calculated from the following equation:

xc DSC5
DHm2DHc

DH0
m

3100

where DH0
m is the heat of fusion for the perfectly crystalline

PLLA, which was assumed to be 142 J/g according to

Hoffman,19 DHm is the heat of fusion for PLLA during a DSC

heating run, and DHc is the heat of crystallization for PLLA

during a DSC heating run.

Wide-Angle X-ray Diffraction Measurement

WAXD investigations of the samples annealed at different con-

ditions were performed using a Bruker Nanostar System, with

incident X-ray radiation source which is Ni-filtered Cu Ka radi-

ation at a wavelength k 5 0.1542nm. All the measurements were

operated at 30 kV and 20 mA from 10� to 35� at a 2h scan rate

of 3�/min.

Scanning Electron Microscope

SEM investigations were performed using a Hitachi

S34001EDX SEM instrument with an acceleration voltage of 10

kV to examine the microscopic morphology of the impact frac-

tured surfaces of the specimens. They were cryo-fractured in

liquid nitrogen and coated with a thin layer of gold to improve

their conductivity prior to SEM observation.

RESULTS AND DISCUSSION

DSC Measurements

Figure 1 show the DSC curves of the PLLA samples annealed

under ambient pressure, 100 MPa, and 200 MPa, different tem-

peratures for 6 h, and the melting temperature (Tm), melting

enthalpy (DHm) and crystallinity (xc_DSC) for different samples

are listed in Table I. To compare easily, the DSC results of initial

amorphous PLLA is also shown here. It is confirmed that no

crystallization occurs after the sample is annealed under 100

MPa at 75�C for 6 h, because the DSC curve of the correspond-

ing sample shows the obvious exothermic and endothermic

behavior, which corresponds to the glass transition, crystalliza-

tion and melting of PLLA during the thermal scan. The similar

results are also observed for the initial amorphous sample.

Table I. The Annealed Conditions and the Thermodynamic Parameters Obtained from DSC Measurements

Sample

Annealing
temperature
Ta (

�
C)

Annealing
pressure Pa

(MPa)

Melting point
Tm (

�
C)

Crystallization
enthalpy
�Hc (J/g)

Melting enthalpy
�Hm (J/g)

Crystallinity
Xc (%)Tm-low Tm-high

PLLA-amorphous – – 168.8 175.3 41.9 66.6 16

PLLA-0.1–130 130 0.1 163.2 175.3 – 63.8 45

PLLA-100-75 75 100 169.6 176.2 38.17 64.7 18

PLLA-100-85 85 100 171.6 174.5 7.014 66.2 41

PLLA-100-95 95 100 171.5 175.5 – 65.9 46

PLLA-100-105 105 100 173.4 175.7 – 67.6 47

PLLA-100-115 115 100 171.9 176.7 – 71.4 50

PLLA-100-130 130 100 162.6 169.6 – 82.1 58

PLLA-100-145 145 100 162.0 164.4 – 73.4 52

PLLA-200-105 105 200 167.8 177.5 42.70 68.8 18

PLLA-200-110 110 200 169.1 174.4 36.91 64.6 19

PLLA-200-115 115 200 171.1 174.9 – 65.4 46

PLLA-200-130 130 200 163.2 167.3 – 78.9 56

PLLA-200-145 145 200 162.3 166.9 – 76.0 53

The samples were named as PLLA-Pa-Ta.
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However, the crystallization temperature (Tc is about 95�C) for

the sample annealed under the pressure of 100 MPa at 75�C is

less than that of the initial amorphous sample (Tc is about

101�C), it indicates that the high pressure annealing makes the

crystallization temperature of PLLA reduced. For the sample

annealed under 100 MPa at 85�C for 6 h, the weak exothermic

peak is observed at around 95�C, suggesting the crystallization

of PLLA is not complete under the conditions. In contrast, the

exothermic peak around 95�C disappears for the samples

annealed at 95–145�C for 6 h, showing that the crystallization

of PLLA is very sufficient. In addition, the small exothermic

peak around 156
�
C just before the melting peak is observed for

samples annealed at 85–95�C for 6 h, which is attributed to the

crystalline transition from the a0 to a forms, as reported previ-

ously.9–12 These results imply that the a0 form could be formed

for the samples annealed under 100 MPa at 85–95�C, as further

confirmed later using WAXD data.

On the other hand, the samples annealed under 200 MPa at

105–110�C for 6 h also show endothermic and exothermic

behavior which is similar to the initial amorphous sample, and

it suggests that no crystallization occurs after the samples are

annealed. The crystallization temperature Tc of the samples

annealed under 200 MPa at 105�C and 110�C are 98�C and

93�C, respectively, and less than that of initial amorphous sam-

ple (about 101�C). These results imply that the crystallization

temperature of PLLA decreases with the annealing temperature

increasing under the pressure. The reason for the phenomenon

is not known, anyway, one explanation could be the synergic

effect attributed by pressure and temperature. In addition, only

the endothermic peak around 175�C is observed for the samples

annealed under 200 MPa at 115–145�C for 6 h, implying that

the crystallization of PLLA is complete by annealing at the con-

ditions. Peculiarly, no exothermic peak prior to the melting

peak can be found on the DSC curves of all PLLA samples

annealed under 200 MPa, which is very different from the

results under 100 MPa. It means that no a0 form is formed

under the temperature–pressure condition. Furthermore, the

sample annealed under ambient pressure at 130�C for 6 h

exhibits a single melting peak, suggesting the formation of nor-

mal a crystals, similar to Zhang’s report.12

The degree of crystallinity (xc_DSC) and the melting points (Tm) of

the samples annealed under different pressure–temperature con-

ditions determined from DSC curves are shown in Figure 2(a,b).

The annealed PLLA shows the double melting behavior according

to the curves of DSC, the high Tm is chose for compare. As shown

in Figure 2(a), the xc_DSC of the samples annealed under 100 MPa

and 200 MPa increases with increasing temperature. The samples

annealed under high pressure show a maximum value of xc_DSC at

130�C, suggesting that the annealing temperature Ta 5 130�C is

Figure 1. DSC curves of the PLLA films annealed under different pres-

sure–temperature conditions and initial amorphous one.

Figure 2. (a) Degree of crystallinity and (b) melting temperature for the

samples annealed under ambient pressure, 100 and 200 MPa at different

temperature for 6 h.
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probably the suitable temperature for crystallinity of amorphous

PLLA under 100 and 200 MPa. In addition, a dramatic increase in

xc_DSC is observed at the range of 75–85�C and 110–115�C for the

samples annealed under 100 and 200 MPa respectively, which

imply the crystalline temperature for the two samples are around

85�C and 115�C. Obviously, the pressure elevates the crystalline

temperature. It can be explained by the increase of under-cooling

(DT 5 Tm2Tc) with pressure.17 From Figure 2(b), the Tm of the

samples annealed under 100 MPa is almost a constant at

Ta 5 752115�C, but decreases with increasing temperature at

Ta 5 1152145�C. As represented by the Thomson-Gibbs equa-

tion, Tm increases with increasing lamellar thickness.20 Based on

it, we speculate that lamellar thickness of PLLA annealed under

100 MPa become thinner at above Ta 5 115oC. The similar results

are also observed within the samples annealed under 200 MPa at

Ta 5 105–145�C. The DSC results may indicate that the two dif-

ferent crystallization mechanisms occur during the annealing pro-

cess at high and low temperature under high pressure. In

addition, it is found that the xc_DSC of samples annealed under

pressure is higher than that under ambient pressure, but the Tm

of the former is lower than the latter. These results can be attrib-

uted to the mobility of chain segment confined by high pressure.

Kovarski had reported that the free volume of sample increases as

temperature is increased however an increase in pressure

decreases the free volume.21 Therefore, the temperature could

improve the mobility of molecular chains, leading to the increase

of crystallinity. In addition, the pressure could restrict the diffu-

sion of molecular chains, and lead to the decrease of lamellar

thickness.

WAXD Measurements

Figure 3 shows WAXD profiles of the PLLA samples annealed

under various temperature–pressure conditions for 6 h. As

shown in Figure 3, an amorphous halo is observed for the sam-

ple annealed under 100 MPa at 75�C, and the crystallinity of

the sample (about 18% as shown in Table I) is slightly larger

than that of the initial sample (about 16%), which suggest that

no crystallization occurs in the annealing process. However, two

obvious sharp diffraction peaks are observed at 2h 5 16.5 and

18.9� for the samples annealed under 100 MPa at 85–95�C,

while 2h 5 16.7 and 19.1� for the ones annealed at 115–145�C.

It has been reported that the diffraction peaks at 2h 5 16.7 and

19.1� are observed only in the a form, whereas the diffraction

peaks 2h 5 16.5 and 18.9� appear only in the a0 form.6,7,9–12 In

addition, a relatively small diffraction peak 2h 5 24.5� according

to the a0 form,9–12 is observed for the PLLA samples annealed

under 100 MPa at 85–95�C. A relatively weak diffraction peak

at 2h 5 22.4� according to the a form,6,7,9–12 also presents for

annealed at 115–145�C. From above, we can conclude that the

crystal formed at 85–95�C is a0-crystal, and the one formed at

115–145�C is a-crystal during annealing under 100 MPa for 6

h. For the sample annealed under 100 MPa at 105�C; however,

four diffraction peaks appear at 2h 5 16.6�, 19.0�, 22.4�, and

24.5�, respectively. It means that the sample annealed under 100

MPa at 105�C is a mixture, in which a0 and a crystal coexist.

On the other hand, an amorphous halo is observed for the

PLLA samples annealed under 200 MPa at 105–110�C, implying

no crystallization occurring in the annealing process. For the

samples annealed under 200 MPa at 115–145�C, strong diffrac-

tion peaks are located at 2h 5 16.7 and 19.1�, and a relatively

weak diffraction peak at 2h 5 22.4� were observed. It suggests

that only a form is formed during annealing under 200 MPa at

115–145�C. We speculate that a form may transform directly

from the amorphous phase rather than a0 form, different from

the results under 100 MPa.

Combining the DSC and WAXD results, it has been found

that crystal modifications of PLLA are related to not only tem-

perature but also pressure. A phase diagram of crystalline

structure of the annealed PLLA under high pressure is pre-

sented in Figure 4 according the experimental results. It needs

stating that the crystalline temperature Tc 5 80�C and transi-

tion temperature Ta02a 5 100�C of PLLA at ambient pressure

originate from the literature.12 From Figure 4, it can be seen

that both Tc and Ta02a increase with increasing pressure. Fur-

thermore, the temperature difference (DT 5 Ta02a2Tc) become

small gradually with increasing pressure, so the a0-crystal can

be formed under different temperature and pressure condition

(as shown in the dash area of Figure 4). Since the a0-crystal is

not observed during the heating under 200 MPa at 115–145�C
for 6 h, we deduce that there may exist a critical point C (as

shown in Figure 4) on the P-Tc curve at below 200 MPa. At

point C, PLLA may be glass, a0 and a form, or a mixture of

ones or twos.

The results presented above show clearly that the a0 form can

be formed during the annealing within the limited tempera-

ture–pressure range. It can be explained by the shrunken free

Figure 3. WAXD profiles of PLLA samples annealed under 100 and 200

MPa at different temperature and under ambient pressure at 130�C for

6 h.
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volume and the confined crystallization behavior under high

pressure. Under high pressure, the decrease of the free volume

as well as the increase of inter-molecular interaction induced by

pressure restricts chain movement of PLLA in the limited space,

so the phase transition temperature increases with the increase

of pressure. However, the compression rate of amorphous phase

is higher than that of the a0 crystal, so the increase of Tc is

faster than that of Ta02a with the increase of pressure. Conse-

quently, there exists an intersection of the P-Tc and the P- Ta02a,

at which the temperature and pressure is TC and PC, respec-

tively. It suggests that the a0 crystal can form below PC and can

not above PC by the high pressure annealing.

SEM Measurements

To study the morphology of PLLA, SEM micrographs of frac-

ture surfaces of PLLA annealed under 100 MPa at 95, 115,

130�C and under ambient pressure at 130�C for 6h are illus-

trated in Figure 5. A great difference between the PLLA

annealed under ambient pressure and 100 MPa is shown in Fig-

ure 5(a–d), respectively. The fracture surface of PLLA annealed

under ambient pressure shows a compact microstructure that is

comprised of many spherulites, as shown in Figure 5(a). By

contrast, the fracture surface of PLLA annealed under 100 MPa

at 95�C is covered by fibrillar crystalites with many sheaflike

structure, as same as a0-form formed under ambient pressure.22

The PLLA annealed under 100 MPa at 115�C reveals an orderly

lamellar crystalline structure with many thin films. Furthermore,

the PLLA annealed under 100 MPa at 130�C exhibits some dis-

ordered rock layer-shaped surface with the thick lamellar crys-

talline array. These results suggest that the morphology of PLLA

is significantly improved through the applied high-pressure

treatment. It can be explained by the low growth rate and the

diffusion of chain segment confined by high pressure.17

CONCLUSIONS

In summary, the crystalline structure and morphology of PLLA

formed under various pressure and temperature conditions have

been studied by differential scanning calorimetry (DSC), wide-

angle X-ray diffraction (WAXD), and scanning electron micros-

copy (SEM). The DSC and WAXD results indicate that the a0

crystal is formed under 100 MPa at 85–95�C and not formed

under 200 MPa by the annealing method. A phase diagram of

crystal form under high pressure is constructed under the given

experimental conditions. By SEM measurement, it is clarified

that the PLLA samples annealed under 100 MPa crystallize to

Figure 4. Phase diagram of crystalline structure of the annealed PLLA under

different pressure-temperature conditions. Black, gray, and white circles rep-

resent the amorphous phase, a0-crystal and a-crystal, respectively.

Figure 5. SEM micrographs of fracture surface of PLLA annealed (a) at 130�C under ambient pressure, and (b) at 95�C, (c) 115�C, and (d) 130�C under

100 MPa for 6 h.
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form lamellar-like crystals due to the low growth rate and the

confined crystallization behavior under high pressure.
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