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Abstract The effects of L-lactide dimer as additives on the crystallization

behavior of poly(L-lactide) (PLLA) films were studied. Hence, neat PLLA films and

PLLA containing L-lactide (5 % w/w) (PLLA/La) were prepared in dichlorometh-

ane at room temperature via solution casting. The non-isothermal cold crystalliza-

tion of PLLA films were studied using differential scanning calorimetry at various

heating rates including 2.5, 5, 7.5, 10 and 15 �C/min. However, the XC% was

increased for PLLA/La films in comparison with neat PLLA films. The crystalli-

zation kinetics was then analyzed by the Avrami, Jeziorny, Ozawa and Mo kinetic

models. It is found that all the kinetic models were established to describe the

experimental data fairly well except the Ozawa model. The values of t1/2, ZC and

F(T) indicated that the crystallization rate increased with increase in heating rates

for PLLA and PLLA/La films. However, L-lactide dimer incorporated in PLLA

films accelerates the crystallization process of PLLA at the high heating rate. The

nucleation constant (Kg) and the surface free energy (re) based on Lauritzen–

Hoffman theory indicated that these parameters for PLLA/La films is lower than

neat PLLA.
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Introduction

Poly(L-lactide) (PLLA) as a linear aliphatic thermoplastic polyester is the most

favorable green polymer in various applications such as wound closure, prosthetic

implants, controlled drug delivery systems and tissue engineering scaffolds due to

its biodegradability and biocompatibility [1, 2]. The biodegradation characteristic of

poly(L-lactide) is subject to both its crystalline morphology and crystallinity [3–5].

Therefore, it is necessary to investigate the crystallization kinetics for optimizing

the process conditions and to improve the structure–property correlation. The

crystallization kinetics of PLLA has been extensively studied [1, 6–10]. The melt

and/or cold crystallization behavior of pure PLLA and its blends with other

polymers have been studied by both isothermal and non-isothermal methods [11,

12]. Different mathematical models such as Avrami, Jeziorny, Ozawa and Mo were

used to explain the crystallization process. Liu et al. [1] had compared the

crystallization kinetics of pure PLLA with poly(L-lactide) stereocopolymer (PL98)

containing 98 % L-lactyl and 2 % D-lactyl units using differential scanning

calorimetry (DSC). Ohtani et al. [13] had studied a mechanism of phase

transformation for the cold crystallization of PLLA. They showed that the

crystallinity of PLLA is controlled by its composition. Schmidt et al. [14] indicated

that the overall crystallization extent of PLLA was reduced in the presence of

poly(D-lactide) (PDLA). Baratian et al. [15] found that the crystallinity and

spherulite growth decreased with increase in the content of D-lactide in PLLA.

PLLA has a crystallization rate slower than commercial thermoplastics. Using of

nucleating agent is the most practicable method to enhance the overall crystalli-

zation rate. Hydroxyapatite [16], montmorillonite [17], silicon dioxide [18], starch

and its derivatives [19], aliphatic amide [20], and carbon nanotubes [21, 22] were

added into the PLLA matrix as nucleating agent. However, some of these materials

improve mechanical properties of the polymer matrix [23].

Recently we reported on the degradation and crystallization behavior of PLLA in

the presence of L-lactide dimer candidate for medical, pharmaceutical and

packaging applications [24, 25]. Since the degradation rate of PLLA was influenced

by polymer crystallinity, the objective of the study reported in the present paper was

to investigate the non-isothermal crystallization kinetics of PLLA containing

L-lactide dimer. Various mathematical models, i.e., Avrami, Jeziorny, Ozawa and

Mo models are applied to deal with the experimental data obtained using the DSC

technique. Also, the crystallization kinetics of polymeric films has been analyzed

using the Lauritzen–Hoffman equation.

Experimental

Materials

PLLA (RESOMER L 210) with an inherent viscosity of 3.3–4.3 dL/g (0.1 % in

chloroform) and L-lactide were purchased from Boehringer Ingelheim Pharma

GmbH & Co. (KG, Germany). L-Lactide was recrystallized from ethyl acetate and
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dried at room temperature for 48 h. Dichloromethane, ethyl acetate and methanol

were provided by Merck (Germany).

PLLA and PLLA/La film preparation

The PLLA films were prepared by a solvent casting method. Poly(L-lactide) powder

was dissolved in dichloromethane and L-lactide dimer (5 % w/w) was added. The

PLLA solution was poured into a flat dish to evaporate the solvent at room

temperature for 24 h. The samples were further dried at 50 �C for 3 days to remove

the solvent completely. The thicknesses of polymer films were about 100–150 lm.

The solubility of L-lactide in dichloromethane was supposed to be perfect within

L-lactide concentration studied since no phase separation was observed.

Measurements

The crystallization studies were carried out by DSC (Polylabe 625, instrument, UK).

The film samples were about 5 mg in weight throughout the experiments. The

samples were heated from room temperature to 230 �C at 10 �C/min and held for

5 min to eliminate the previous thermal history. Then, the samples were cooled to

20 �C at the rate of 10 �C/min and again heated to 230 �C at the predetermined rates

consequent. The non-isothermal process includes cold crystallization at different

heating rates: 2.5, 5, 7.5, 10 and 15 �C/min. The exothermal curves of heat flow

were recorded as a function of temperature. The experiments were carried out under

nitrogen.

The change in weight of the PLLA films due to possible decomposition was

determined using a thermogravimetric analyzer (DSC/TGA 1, Mettler Toledo).

Thermogravimetric analysis (TGA) data for PLLA films were taken at a rate of

20 �C/min in nitrogen atmosphere.

Results and discussion

DSC offers a fast method for studying polymer crystallinity upon the heat required

to melt the polymer. It is well known that the crystalline polymers such as

polylactide are able to crystallize between glass transition temperature, Tg, and

melting point temperature, Tm. The crystallization process can be classified into two

categories. If the initial state was the molten state, it is called melt crystallization. In

cold crystallization, the initial state is the amorphous state and the samples should

be kept at a temperature lower than its Tg [23]. In this paper, crystallization

behaviors of PLLA matrices from their amorphous state were studied.

Non-isothermal crystallization behavior

Thermal stability of PLLA film was investigated by a thermogravimetric analyzer

from room temperature to 700 �C with heating rates 20 �C/min under nitrogen

atmosphere. Weight loss/temperature curves were recorded (Fig. 1). The plot shows
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that PLLA film undergoes thermal degradation beginning at 300 �C. The results

confirm that PLLA is thermally stable under non-isothermal condition studied.

The information from the total DSC thermograms for neat PLLA and PLLA/La

films (Fig. 2) reflects no remarkable exothermic events during the cooling process

of melt samples at the cooling rate of 10 �C/min. These results indicate that the

PLLA samples almost have an amorphous structure at beginning of the second

heating process.

The thermograms of neat PLLA and PLLA containing L-lactide (5 % w/w)

(PLLA/La) for second heating scan at various heating rates are shown in Fig. 3. The

curves show an exothermic cold crystallization peak, at about 88–122 �C for neat

PLLA films and at 72–91 �C for PLLA/La samples, and also an endothermic peak

related to melting at about 172–179 �C for neat PLLA and at 162–165 �C for

PLLA/La films. Clearly, crystallization temperatures (TC) shift gradually to the

higher temperatures with increasing heat rates for both samples. It indicates that the

chains need more time for crystallization at higher heating rate. Also, it could be

related to lower heat transfer coefficient of the polymers which delay crystallization

with increasing heating rate. Another finding is that the L-lactide-filled PLLA films

show lower TC compared with neat PLLA samples. It suggests that the presence of

L-lactide can promote initial cold crystallization of PLLA films due to the

heterogeneous nucleation effect which offers more sites for nucleation and

accelerates the deposition of polymer molecules.

The data obtained from Fig. 3 are listed in Table 1. TC is the temperature of cold

crystallization peak and DHC is the enthalpy of cold crystallization normalized to

unit mass of PLLA matrix. The degree of crystallinity of the samples, XC% obtained

from the melting enthalpy of the polymers was compared to that of perfect PLLA

crystals (95 J g-1) [26]. Wp is introduced as the weight fraction of the polymer

matrix.

The results show that XC% was increased for PLLA/La films in comparison with

neat PLLA films.

The relative degree of crystallinity, X(t) as a function of the crystallization

temperature or time is determined from the crystallization exotherms of polymers by

Fig. 1 TGA thermogram of PLLA
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partial integration of the crystallization exotherms. X(t) as a function of the

temperature can be defined by Eq. (1):

XðtÞ ¼
R T

T0

dHC

dT

� �
dT

R T1
T0

dHC

dT

� �
dT

ð1Þ

where T0 and T? are the onset and end of crystallization temperatures, respectively.

For the non-isothermal cold crystallization process, the relationship between

crystallization time, t and the corresponding temperature, T can be signified as

follows:

t ¼ T � T0

/
ð2Þ

where / is the heating rate [27]. Figure 4 shows the variation of relative crystal-

linity with crystallization time for neat PLLA and PLLA/La. All these curves at

various heating rates have the same characteristic of sigmoidal shape due to the

spherulite impingement in the later stage of crystallization. This would indicate that

only the lag effects of heating rates on crystallization were observed for these

curves. The figures also show that at higher heating rates, PLLA matrices have

shorter time of crystallization which meant that the crystallization rates were

increased. Similar results have also been reported by Wu et al. [28] for non-iso-

thermal cold crystallization of PLLA.

From Fig. 4, it is clear that the relative degree of crystallinity for PLLA matrix

containing L-lactide occurs at lower times in comparison with neat PLLA films.

The half-time of crystallization (t1/2) is an important parameter for investigation

of crystallization kinetics. The time required to reach 50 % crystallization is called

Fig. 2 DSC thermograms of PLLA/La (a) and neat PLLA (b) films
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half-time of crystallization. The t1/2 of non-isothermal crystallization can be

obtained from Fig. 4 and can be used to discuss the non-isothermal crystallization

rates. The data are shown in Table 2. Generally, if t1/2 is short, then the

crystallization is fast. The t1/2 values indicate that the higher heating rates have

shorter crystallization completion times for both neat PLLA and PLLA/La.

Moreover, the values of t1/2 for PLLA/La films are lower in comparison to those of

neat PLLA films at higher heating rates. It can be suggested that in comparison with

neat PLLA, the incorporation of L-lactide dimer accelerates the overall cold

crystallization process. However, higher t1/2 values for these films at lower heating

rates (B5 �C/min) may be attributed to second crystallization process.

Fig. 3 The thermograms of neat PLLA (a) and PLLA/La (b) during non-isothermal crystallization at
various heating rates
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Non-isothermal crystallization kinetic analysis

Analysis based on the Avrami theory

Several methods have been developed to consider the kinetic parameters of non-

isothermal crystallization. The Avrami equation has been adapted to describe the

crystallization process in polymers [29]. It is used to analyze the increase of relative

crystallinity with time:

XðtÞ ¼ 1� expð� ktnÞ ð3Þ
log ½� lnð1� XðtÞÞ � ¼ log k þ n log t ð4Þ

where k and n are the crystallization rate constant and Avrami exponent, respec-

tively. These kinetic parameters denote that crystallization mechanism constants

depend on the type of nucleation (homogeneous or heterogeneous) and the growth

dimension [1].

The Avrami exponent (n) and crystallization rate constant (k) can be obtained by

plotting log½� ln ð1� XðtÞÞ� as a function of log t, as shown in Fig. 5.

All the related crystallization kinetic parameters from Avrami model are listed in

Table 2. The obtained Avrami exponents, n for neat PLLA and PLLA/La films were

in the range of 3.2–4.3. The values of n reported in literatures for PLLA were in the

range of 2–5.4. These values depend on the mechanism of nucleation, the form of

crystal growth and the detecting techniques used [30]. It is well known that the

parameter of Avrami exponent, n describes the growing mechanism and geometry

of crystallization. The calculated Avrami exponents for neat PLLA and PLLA/La

films are in accordance with that reported in the literatures [14, 28], suggesting a

spherulite growth and random nucleation.

In addition, slight difference in average values of n indicates that crystallization

mechanism of PLLA films may not alter during temperature variation of the

crystallization. Avrami plots generally deviate from the linear regression at a higher

Table 1 The data obtained from the DSC thermograms of neat PLLA and PLLA/La

Sample u (�C/min) TC DHC Tm -DHm XC (%)

PLLA 2.5 88.7 30.84 174.5 63.65 67

5 101.1 33.18 179.8 49.25 51.8

7.5 107.6 37.17 177.8 43.34 45.6

10 114.6 38.48 179.1 40.72 42.8

15 122.1 37.8 174.7 43.37 45.6

PLLA/La 2.5 72.4 23.16 163.5 55.39 61.3

5 80.4 29 165.4 52 57.6

7.5 84.3 22.84 163 50.6 56

10 87.1 34.22 162.2 57.1 63.2

15 91.2 35.36 163 53.5 59.2

XC% = (DHm/(95 9 Wp)) 9 100
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crystallization ratio mainly due to ignoring the considerable role of secondary

crystallization process [1].

The temperature changes constantly during non-isothermal crystallization, hence

the parameters n and k have different physical meanings. Therefore, Jeziorny

Fig. 4 Relative crystallinity versus time for neat PLLA (a) and PLLA/La (b) at various heating rates
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considered correcting the crystallization rate constants by introducing heating rate.

The modified equation is expressed by Eq. (5) [31]:

log ZC ¼
log Zt

/
ð5Þ

where ZC is the modified crystallization rate constant and Zt is the rate constant in

the non-isothermal crystallization process.

The values of ZC are shown in Table 2. The modified crystallization rate constant

of additive loaded PLLA films increases to some extent in contrast to that of neat

PLLA at the heating rate more than 5 �C/min. Since ZC parameter describes the

growth rates of the crystals under non-isothermal crystallization process, these

results show that L-lactide dimer can accelerate the cold crystallization process,

which was also reflected by the decrease in the half crystallization time (t1/2) at high

heating rate. However, at the low heating rates \5 �C/min, ZC value of L-lactide-

loaded PLLA are smaller than neat PLLA. It may be due to the slower growth rates

of the crystals.

Analysis based on the Ozawa method

The Ozawa model is one of the most used kinetic approaches for the crystallization

process in which the Avrami equation is extended [32]. It assumes that the non-

isothermal crystallization process is divided into small isothermal steps. The Ozawa

equation is expressed by Eq. (6):

XðtÞ ¼ 1� exp
�K ðTÞ

/m

� �

ð6Þ

ln½� lnð1� XðtÞÞ� ¼ ln KðTÞ � m ln / ð7Þ

where K(T) and m are the heating function and the Ozawa exponent, respec-

tively. Ozawa exponent depends on the dimension of crystal growth. Plots of

Table 2 The data from Avrami and Jeziorny models

Sample u (�C/min) t1/2 (min) Log k n ZC

PLLA 2.5 4.8 -2.82 3.8 0.07

5 4.6 -2.74 3.8 0.28

7.5 4.7 -2.669 3.7 0.44

10 4.0 -2.341 3.5 0.58

15 3.7 -2.034 3.2 0.73

3.6 (average)

PLLA/La 2.5 8.6 -3.64 3.7 0.03

5 5.2 -3.273 4.3 0.22

7.5 3.9 -2.437 3.8 0.47

10 2.9 -2.063 4 0.62

15 2.8 -1.615 3.2 0.78

3.8 (average)
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ln½� lnð1� XðtÞÞ� versus ln / are shown in Fig. 6 and are used for obtaining the

Ozawa kinetic parameters.

It can be seen that these figures have shown some curvature. These changing

slopes indicate that m is not constant with temperature. Thus, the Ozawa method is

Fig. 5 Avrami plots of log½� lnð1� XðtÞÞ� versus log t for neat PLLA (a) and PLLA/La (b) films
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not satisfactory to describe the cold crystallization kinetics of neat PLLA and

PLLA/La films. Some authors have declared that the Ozawa model cannot be

applied for modeling the crystallization kinetics of polymers that have secondary

crystallization. Similar results were also found for neat PLLA and its blends

[23, 28].

Fig. 6 The Ozawa plots of neat PLLA (a) and PLLA/La (b) films
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Combined Avrami and Ozawa equations

Mo and coworkers [33, 34] have suggested a new method to explain the non-

isothermal crystallization process. This method is a combination of the Avrami and

Ozawa equations at a given value of X(t) as follows:

ln / ¼ ln FðTÞ � a ln t ð8Þ

where FðTÞ ¼ ½KðTÞ=Zt�1=m
refers to the value of heating rate and a is the ratio of n

to m. Plots of ln / versus ln t yield a linear relationship for a certain relative degree

of crystallinity, as shown in Fig. 7.

It can be seen that the Mo model is successful in describing the non-isothermal

process of PLLA and PLLA/La films. The values of a and F(T) can be calculated

from the slope and the intercept of the lines. The details of kinetic parameters are

listed in Table 3.

The values of a are from 2.05 to 2.41 for neat PLLA and from 1.48 to 1.67 for

PLLA/La films. The data show that the values of F(T) increased with the increasing

relative crystallinity. On the other hands, neat PLLA revealed a higher F(T) values

compared to the values achieved for PLLA/La at the same X(t) values. Since

F(T) reflects the difficulty of crystallization process, it is determined that at the

similar X(t) values, the smaller F(T) values for L-lactide-loaded PLLA film is in

agreement with faster crystallization rates. This is also in agreement with other

kinetic parameters (such as t1/2 and ZC).

Crystallization activation energy of PLLA films

The crystallization activation energy, DE, for non-isothermal cold crystallization of

neat PLLA and PLLA/La films was estimated from the Kissinger method. This

method is applied to determine DE for the transport of the polymer segments to the

growing surface, by calculating the variation of TC with the heating rate (/) [35]:

d ln /
T2

C

� �h i

d 1
TC

� � ¼ �DE

R
ð9Þ

where DE is the activation energy, TC the crystallization peak temperature, and R is

the universal gas constant. DE can be obtained from the slope of plots of ln /
T2

C

� �

versus 1
TC

(Fig. 8).

The DE values from Fig. 8 were calculated to be 55.7 and 92.4 kJ mol-1 for neat

PLLA and PLLA/La films, respectively. It is clear that the cold crystallization

activation energy of the L-lactide loaded PLLA films is higher than that of neat

PLLA. Similar results have also been found for the cold crystallization activation

energy of PLLA in the presence of the multiwalled carbon nanotubes [23] and clay

[28], in which for both mixtures the addition of additive unexpectedly increased the

DE values.
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Fig. 7 Plots of ln / versus ln t from the Mo model for neat PLLA (a) and PLLA/La (b)
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Lauritzen–Hoffman theory

The Lauritzen–Hoffman theory is one of the most important theories on polymer

crystallization to explain the crystal growth kinetics. Accordingly, the crystal

growth rate (G) of a homopolymer is given by:

G ¼ G0 exp
�U�

RðTC � T1Þ

� 	

exp
�Kg

fTCDT

� 	

ð10Þ

where G0 is a pre-exponent constant; U* the activation energy for local motion, R

the universal gas constant, TC the crystallization temperature, T? the temperature at

which flow ceases and is taken as T1 ¼ Tg � 30K, DT the degree of undercooling

(DT ¼ ðT0
m � TCÞ, T0

m is the equilibrium melting temperature), and f is a factor to

Table 3 The detail of kinetic parameters from Mo model

Sample X(t)% a F(T)

PLLA 10 2.05 4.56

50 2.3 5.36

90 2.41 6.18

PLLA/La 10 1.48 3.84

50 1.59 4.54

90 1.67 5.04

Fig. 8 Kissinger plots of neat PLLA and PLLA/La films
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account the change of the equilibrium melting enthalpy with temperature, defined as

f ¼ 2TC=ðT0
m þ TCÞ. Kg is the nucleation constant and defined as:

Kg ¼
nb0rreT0

m

kDHf

ð11Þ

where n depends on crystallization regime which is equal to 4 for regimes I and III

and 2 in regimes II, b0 is the molecular thickness, r and re are the lateral and end

surface free energies of the growing crystal, respectively. DHf is the enthalpy of

fusion and k is the Boltzmann constant [28]. It can be shown that the spherulite

growth rate G can be considered proportional to (t1/2)-1.

Figure 9 shows the plots of ln Gþ U�=RðTC � T1Þ vs. 1=fTCDT for neat PLLA

sample at various heating rates, the value of Kgcan be obtained from the slope. To fit

experimental data, U* = 6,276 J/mol, Tm = 479.2 K and Tg = 55 �C were utilized

as done in previous studies on PLLA [36]. It has been reported that the transition

from regime III to regime II was observed around 115 �C [36]. Thus, it is assumed

that all the crystallizations were carried out in regime III under experimental

condition in the present work.

The Kg values are used to calculate the fold surface free energy according to Eq.

(11). The lateral surface free energy is determined by the Thomas-Stavely equation

r ¼ 0:1Dhfb. Using the literature values of Dhf ¼ 1:11� 108 J=m3 and

b = 0.517 nm, the values of r are 15.4 9 10-3 J/m2 [30]. The values of Kg and

re are listed in Table 4.

As shown in Table 4, the values of Kg ranged from 0.69 9 105 to 4.2 9 105 for

neat PLLA and 0.55 9 105 to 3.26 9 105 for PLLA/La films. The calculated values

Fig. 9 Lauritzen–Hoffman plots for neat PLLA
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of re are from 6.92 to 42.15 for neat PLLA and 5.52 to 32.72 for PLLA/La films

under different heating rates. These values are in well agreement with value in other

literature [28, 30, 36].

It is found that Kg and re decrease with addition of L-lactide into PLLA matrix,

indicating that the presence of L-lactide in PLLA slows down the chain folding

barrier, thereby increasing the rate of crystallization of PLLA at heating rate of

DSC.

Conclusions

Non-isothermal cold crystallization behavior and kinetics of PLLA and PLLA

containing L-lactide dimer have been investigated at various heating rates using

DSC. The results revealed that both presence of L-lactide in PLLA and scan rates of

DSC influence the cold crystallization process of PLLA. Comparison of the XC%

values of neat PLLA and PLLA/La films at high heating rate leads to the conclusion

that the existence of L-lactide obviously affected the crystallization ability. Avrami,

Jeziorny and Mo models were found to be suitable and convenient methods to deal

with the non-isothermal cold crystallization kinetics of PLLA and PLLA/La.

However, Ozawa model was found invalid for describing the crystallization

kinetics. The kinetic parameters obtained from these mathematical models such as

t1/2 and ZC clearly showed that the addition of L-lactide could enhance the rate of

PLLA crystallization. The nucleation parameter was determined by Lauritzen–

Hoffman equation. Kg and re are reduced for PLLA/La films compared to neat

PLLA suggesting that L-lactide dimer improves crystallization process.
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