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Abstract Functionalized eggshell powder (NES) with

nucleating surface of calcium phenylphosphonic acid (PPCa)

for poly(L-lactide) (PLLA) was compounded with PLLA via

melt blending to improve the cold crystallization process of

PLLA. The cold crystallization behavior of the PLLA/NES

composites was studied by differential scanning calorimetry.

The isothermal cold crystallization rates have been enhanced

obviously in the PLLA/NES composites than in the neat

PLLA, indicative of the excellent nucleating effects of NES

on PLLA. For the nonisothermal cold crystallization, the

overall crystallization rate of PLLA increased with both

increasing NES loadings and heating rate. It was found that the

Avrami equation and the combined Ozawa–Avrami model

could describe the experiment data successfully.

Keywords Poly(L-lactide) � Composite � Crystallization

kinetics

Introduction

Poly(L-lactide) (PLLA) has been focused more and more

because of its biodegradability, biocompatibility, renewa-

bility, and harmless to the human body. It has found wide

applications in many fields including medical, food pack-

aging, and agricultural [1, 2]. However, its shortcoming of

slow crystallization rate and low mechanical properties

greatly limits its wide applications [3, 4]. To overcome

these problems, reinforced composite has been introduced

[5, 6]. Compounding with fillers, such as layer silicate

[7–9], carbon nanotubes (CNTs) [10–14], polyhedral oli-

gomeric silsesquioxanes (POSS) [15–18], and eggshell

powder [19], is an effective method to prepare PLLA

composites with high performance.

It is well know that the physical and mechanical prop-

erties of polymer are largely affected by its level of crys-

tallinity and solid-state morphology [20–22]. PLLA is

mostly amorphous when subjected to injection molding or

extrusion processing as a result of its slow crystallization

rate [23, 24]. Therefore, in the development of the physical

and mechanical properties of high-performance PLLA

materials, it is recognized that cold crystallization process

[annealing process higher than the glass transition tem-

perature (Tg)] is very necessary to improve the degree of

crystallinity. An understanding of the cold crystallization

kinetic is of practical importance, because it is a key to

cognize the relationship between properties and processing

and control of the crystallizing factors allowing for the

material design with good properties.

Up to now, there were many reports about the cold

crystallization processes of PLLA [14, 25–28]. For exam-

ples, carbon nanotubes (CNTs) were compounded with

PLLA via solution blending and the nonisothermal cold

crystallization properties was studied [14]. It was found that

the 0.1% CNTs could act as heterogeneous nucleation

agents, but when CNTs loading increased up to 1%, the

crystallization was inhibited. Multi-walled carbon nanotubes

(MWNTs) showed a more obvious accelerating action than

single-walled carbon nanotubes (SWNTs) or double-walled
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carbon nanotubes (DWNTs). Zhao et al. [25] prepared

PLLA/nucleating surface montmorillonite (NMMT) blends

and studied the cold crystallization behavior. Both the

isothermal and nonisothermal cold crystallization processes

of PLLA were accelerated by increasing the NMMT con-

tents, indicative of the nucleating effect of the NMMT.

Naffakh et al. [26] investigated nonisothermal cold crystal-

lization behavior of PLLA/tungsten disulfide inorganic

nanotubes (INT-WS2) nanocomposites in detail by varying

INT-WS2 loading. It was found that the addition of INT-

WS2 significantly increased the crystallization rate and

reduced the total cold crystallinity of PLLA, indicative of

remarkable nucleation-promoting effect of INT-WS2 on the

cold crystallization of PLLA. Wu et al. [27] drew a con-

clusion about cold crystallization of PLLA/clay nanocom-

posites. At the low heating rate, the cold crystallization of

PLLA nanocomposites preceded by regime III kinetics. The

nucleation effect of clay promoted the crystallization to

some extent, while the impeding effect of clay resulted in

the decrease in crystallization rate. At the high heating rate

of 10 �C min-1, crystallization preceded mainly by regime

II kinetics. The formation of much more incomplete crystals

in the nanocomposites with high clay loadings led to the

higher degree of crystallinity and lower melting point in

contrast to that of neat PLLA. Moreover, previous research

work also showed that the isothermal cold crystallization

rates of PLLA were faster in the PLLA/poly(D-lactide)

(PDLA) blends than in neat PLLA, indicating the nucleating

agent effect of the stereocomplex formed in the blends [28].

In previous work [19], a novel eggshell powder with

nucleating surface (NES) to increase melt crystallization rate

of PLLA was obtained through a chemical reaction between

calcium carbonate on the surface of eggshell powder and

phenylphosphonic acid (PPOA). Then, NES was introduced

into PLLA matrix by simple melt blending to form PLLA/

NES composites. Differential scanning calorimetry (DSC)

and FTIR spectroscopy identified the reaction between

eggshell powder and PPOA and formed PPCa on the surface

of eggshell. The isothermal melt crystallization rate of the

PLLA dramatically enhanced after incorporation of NES. At

the same time, melt processing window of these composites

become wider. The mechanical properties of nucleated

PLLA were also improved attributing to the reinforcement

of NES. Interestingly, the NES increased the enzymatic

hydrolysis rate of PLLA obviously.

However, these composites still remained almost amor-

phous after traditional injection molding or extrusion pro-

cessing. Therefore, by enhancing a certain extent of

crystallinity to further improve the physical and mechanical

properties, the cold crystallization process of PLLA/NES

composites is very necessary. The basic understanding and

study of a cold crystallization behaviors and dynamics play a

major role in tailoring properties of these composites.

Therefore, in this study isothermal and nonisothermal cold

crystallization behavior and kinetics of PLLA/NES com-

posites were investigated using DSC and analyzed by

Avrami, Ozawa, and combined Ozawa–Avrami models.

Finally, the nucleation activity neat PLLA and its compos-

ites was further estimated. It is expected that these obser-

vations are of great help for development of PLLA nucleated

by NES and for future application in industry.

Experimental

Materials and samples preparation

PLLA (grade 4032D, comprising about 98% L-lactide) used

in this study was a commercial product from Nature Works

LLC (USA). Its mass average molecular mass (Mw) and

polydispersity were 2.07 9 105 g mol-1 and 1.73, respec-

tively. The eggshell was provided by a local restaurant.

PPOA was purchased from Jiaxing Alpharm Fine Chemical

Co. Ltd., China.

The NES was prepared in accordance with previous

work [19]. The eggshell powder and PPOA were well

mixed at ambient temperature. After that, the mixture was

at 180 �C of an oven to fully react for 3 min. In the current

study, the NES was prepared by fixing ES/PPOA mass

ratio at 5/1.

NES and PLLA were dried at 110 �C in an oven for 4 h

before melt blending. PLLA/NES composites were pre-

pared by using HaakeRheomix 600. The melt compound-

ing was set to be at 180 �C with a screw speed of 60 rpm.

Then, all the samples were further hot-pressed at 190 �C
for 3 min into films with thickness of 0.4 mm and subse-

quently quenching into liquid nitrogen. The blend filled

with various content of NES was denoted as PLLAX,

where X represented the content of NES (mass%) in the

composites.

Characterizations

The cold crystallization behavior was carried out by the TA

Instrument differential scanning calorimeter (DSC) Q20

equipped with a Universal Analysis 2000. Sample mass

varied between 5.0 and 8.0 mg. To investigate the

isothermal cold crystallization behavior, the samples were

heated at a heating rate of 100 �C min-1 to the chosen

crystallization temperature and kept for some time until the

isothermal crystallization was finished. The cold crystal-

lization temperatures used in this study were from 85 to

95 �C. In nonisothermal cold crystallization, the samples

were heated from 40 to 190 �C at selected heating rates

ranging of 2.5, 5, 10, and 20 �C min-1. All operations were

carried out under nitrogen atmosphere.
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Results and discussion

Isothermal cold crystallization behavior and kinetics

The effects of NES on the isothermal cold crystallization

behavior of PLLA in the composites from the amorphous

state were quantitatively analyzed through isothermal DSC

experiments in a temperature range from 85 to 95 �C. The

isothermal cold crystallization curves at different temper-

atures for neat PLLA and typical PLLA5 are shown in

Fig. 1a, b, respectively. Clearly, the isothermal crystal-

lization time of neat PLLA was much longer than that of

the PLLA composite at a fixed crystallization temperature,

confirming that the NES accelerated the isothermal cold

crystallization of PLLA effectively. Figure 2a, b shows the

plots of relative degree of crystallinity (Xt) against crys-

tallization time (t) for neat PLLA and PLLA5, respectively.

In the isothermal crystallization experiment, Xt at crystal-

lization time t is defined as the ratio of the area under the

exothermic curve between the onset crystallization time

and t to the whole area under the exothermic curve. Fig-

ure 2a, b shows that all the curves have the similar shape of

‘S’. Furthermore, the corresponding crystallization time for

the neat PLLA and composites decreased with an increase

in the crystallization temperature (Tc).

The crystallization time for the PLLA/NES composites

becomes shorter with an increase in the NES content at a

given Tc. For example, it took neat PLLA around 15.5 min

to complete crystallization at 85 �C, but for the PLLA5,

PLLA10, and PLLA20 samples, the time required to

0 5 10 15

0 2 4 6 8

Time/min

Time/min

neat PLLA

PLLA5

50 mW g–1

50 mW g–1

H
ea

t f
lo

w
/m

W
 g

–1
E

nd
o 

up
H

ea
t f

lo
w

/m
W

 g
–1

E
nd

o 
up

85 °C

90 °C

95 °C

90 °C

85 °C

95 °C

(a)

(b)

Fig. 1 DSC curves of isothermal cold crystallization at selected

crystallization temperature: a neat PLLA, b PLLA5
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Fig. 2 The relative degree of crystallinity versus crystallization time

at different crystallization temperature: a neat PLLA, b PLLA5
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complete crystallization is about 6.0, 5.2, and 3.2 min,

respectively. The corresponding crystallization time was

summarized and is listed in Table 1.

The Avrami equation is usually adopted to analyze the

isothermal crystallization kinetics of polymers, which

assumed that the relative degree of crystallization Xt

dependent crystallization time t may be expressed as

[29, 30]:

1 � Xt ¼ expð�Ztt
nÞ ð1Þ

where Xt is the relative degree of crystallinity at time t, Zt is

the whole rate constant related to both nucleation and

growth speed, and n is the Avrami index depending on the

type of nucleation and growth geometry of the crystals

[31]. Equation (2) is the linear form of Eq. (1)

logð� lnð1 � XtÞÞ ¼ log Zt þ n log t ð2Þ

Figure 3a, b shows the Avrami plots of log(-ln(1 - Xt))

versus log t for neat PLLA and PLLA5, and the slopes of

plots are the Avrami parameters n. The values of n for neat

PLLA and PLLA/NES composites at Tc of 85, 90, and

95 �C were also summarized and are listed in Table 1. The

value of n is often in the range of number from 1 to 4,

which is dependent on the crystallization mechanism. It

was found that the values of n were between 1.2 and 2.6,

depending on the NES content and isothermal crystalliza-

tion temperature. The crystallization mechanism of melt

crystallization and cold crystallization was different

because of different crystallization processes. In the pre-

vious work [22], the isothermal melt crystallization kinetics

of neat PLLA and the PLLA/NES composites had been

investigated. The value of n ranged between 2.3 and 2.9,

suggesting a crystal growth of three-dimensional and

spherulite morphology of heterogeneous nucleation [32].

Obviously, the average values of n for isothermal cold

crystallization were smaller than that of melt crystalliza-

tion, suggesting that the crystallization of the formulations

corresponds to one or two dimensions. Therefore, the lower

n values of isothermal cold crystallization could be owing

to a faster crystallization rate that did not have enough time

to crystallize in three dimensions [33].

The Avrami parameters Zt for cold crystallization could

be calculated directly through the intercept of the plots

shown in Fig. 3, and the results are also summarized in

Table 1. It was found that the Zt values of isothermal cold

crystallization increased as increasing Tc from 85 to 95 �C,

indicating that crystallization process was controlled by

diffusion. It was noted that because of the change in n, the Zt

(the unit was min-n) values could not represent the crys-

tallization rate completely. Therefore, the crystallization

Table 1 Isothermal cold crystallization kinetics parameters for neat

PLLA and PLLA/NES composites

Sample Tc/

�C
n Zt/min-n r2 t1/2/

min

1/t1/2/

min-1

Neat

PLLA

85 2.4 5.91 9 10-3 0.9957 7.2 0.14

90 2.6 3.35 9 10-2 0.9988 3.3 0.30

95 2.6 0.12 0.9987 1.9 0.53

PLLA5 85 2.1 0.12 0.9995 2.3 0.43

90 1.6 0.58 0.9985 1.1 0.91

95 1.5 1.84 0.9931 0.5 2.00

PLLA10 85 1.6 0.31 0.9990 1.6 0.63

90 1.4 1.18 0.9981 0.7 1.43

95 1.2 2.27 0.9982 0.3 3.33

PLLA20 85 1.5 0.85 0.9988 0.9 1.11

90 1.3 2.31 0.9939 0.4 2.50

95 1.2 3.83 0.9968 0.2 5.00
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Fig. 3 Avrami plots of log (-ln(1 - Xt)) versus log t for isothermal

cold crystallization: a neat PLLA, b PLLA5
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half-time t1/2, which is defined as the time when Xt reaches

50% and can be obtained from the plot of Xt versus t, was

introduced for describing the whole crystallization rates. The

t1/2 values are listed in Table 1. Moreover, the reciprocal of

t1/2 (1/t1/2) with Tc was also calculated and is listed in

Table 1, from which the effects of the NES content and Tc

on the change in crystallization rate can be obtained obvi-

ously. As we can see, the 1/t1/2 values were longer in the

composites than in neat PLLA, and values 1/t1/2 increased

with increasing the NES content at a given Tc, indicating

that the NES acting as an nucleating agent enhanced the

isothermal cold crystallization process of PLLA obviously.

Moreover, the 1/t1/2 values increased with an increase in Tc

for both PLLA/NES composites and neat PLLA, suggesting

that the overall isothermal cold crystallization becomes

faster with increasing Tc. This was attributed to the fact that

a higher Tc makes the movement for chain much easier, thus

resulting in the increase in the overall crystallization rate.

Nonisothermal cold crystallization behavior

and kinetics

Nonisothermal cold crystallization and overall crystal-

lization kinetics of neat PLLA and the PLLA/NES com-

posites were carried out to further study the influence of

NES on the cold crystallization behavior of PLLA in the

composites. As described in the experimental section, to

make sure the amorphous state of PLLA, all the samples

were quenched from the melt to liquid nitrogen before

measurement. The nonisothermal cold crystallization of

neat PLLA and the PLLA/NES composites was studied at

different heating rates to 190 �C. The major influencing

factors on the nonisothermal cold crystallization of

PLLA/NES composites were the NES loading and the

heating rate. Figure 4a, b shows the nonisothermal crys-

tallization curves of neat PLLA and PLLA5 at various

heating rates of 2.5, 5, 10, and 20 �C min-1. From these

plots, the cold crystallization peak temperature (Tp) could

be obtained, and the Tp values at different heating rates

are summarized in Table 2. It was observed, first, that Tp

increased with increasing heating rate for all the samples

investigated. For example, Tp of neat PLLA increased

23.7 �C when the heating rate increased from 2.5 to

20 �C min-1. Second, the presence of NES in PLLA led

to Tp shifting toward higher temperatures. For example, at

the heating rate of 10 �C min-1, the value of Tp for neat

PLLA was 108.3 �C, whereas it was 98.0, 95.1, and

91.5 �C for PLLA5, PLLA10, and PLLA20, respectively.

This implied that NES was much effective in enhancing

the nonisothermal cold crystallization of PLLA. Third, Tp

decreased with increasing NES content, suggesting that

the NES content had much effect on the degree of

enhancement in Tp. As can be seen from the results

aforementioned, the nonisothermal cold crystallization of

PLLA/NES composites was affected by both heating rate

and the content of NES. The plots of relative degree of

crystallinity as a function of crystallization temperature

for neat PLLA and PLLA5 at various heating rates are

illustrated in Fig. 5a, b. As expected, the higher the

heating rate, the higher temperature ranged where plots

shifted to. At each heating rate, the crystallization tem-

perature of PLLA5 was lower than that of neat PLLA,

which demonstrated that the presence of NES enhanced

nonisothermal cold crystallization of PLLA.

In the study of nonisothermal crystallization process, the

crystallization temperature can be transformed into crys-

tallization time scale by using Eq. (3):
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t ¼ T � T0

u
ð3Þ

where T and T0 are the temperature at crystallization time

t and the initial temperature of crystallization, respectively.

The u is the heating rate. The values of t1/2 and their

reciprocal 1/t1/2 for neat PLLA and its composites are

summarized in Table 2. The variations of 1/t1/2 could

clearly show the influence of the NES content on the

change in the crystallization rate. It could be seen that the

values of 1/t1/2 increased with an increase in the NES

content, indicating that the NES could enhance the non-

isothermal cold crystallization rate of PLLA, as could be

seen in Table 1.

It is interesting and significant for the application to

study the effect of NES on the crystallization rate of PLLA

in the composites quantitatively. A crystallization rate

coefficient (CRC), corresponding to the change in cooling

rate needed to cause 1 �C change in the supercooling of

polymer melt, is frequently used to compare various

polymer crystallization rate [34]. According to this model,

the crystallization rates of polymer can be unified to a

single scale. Plotting cooling rate against Tm - Tp, a

straight line should be obtained, and the value of CRC can

be derived from the slope. Where Tm is the melting point

temperature, and Tp is nonisothermal melt crystallization

peak temperature. A method modified by Qiu et al. [18],

which have Tp - Tg in place of Tm - Tp, is used to cal-

culate CRC, because all the crystallization processes in the

current work were researched from the amorphous state of

PLLA. Here Tp is nonisothermal cold crystallization peak

temperature, and Tg is glass transition temperature.

Therefore, the method can represent a change in heating

rate needed to cause 1 �C change in the superheating of

amorphous phase [18]. Figure 6a gives the plots for all

samples of heating rate versus Tp - Tg. It can be seen that,

for neat PLLA, the values of CRC were around 0.836, for

PLLA5 1.466, for PLLA10 1.848, and for PLLA20 2.052.

The increasing values of CRC indicated that the NES

enhances the nonisothermal cold crystallization process of

PLLA apparently.

Zhang et al. [35–37] proposed a new concept, crystal-

lization rate parameter (CRP), corresponding to the speed

of crystallization for polymers. When 1/t1/2 is plotted

against heating rate, the CRP values of neat PLLA and its

composites can be determined from the slope of the line,

and the higher the slope, the faster the crystallization rate

will be. Figure 6b illustrates the plots of 1/t1/2 against

Table 2 Summary of nonisothermal cold crystallization parameters

of neat PLLA and its blends at various heating rates

Sample u/

�C min-1
Tp/�C n r2 Zt t1/2/

min

1/t1/2/

min-1

PLLA 2.5 94.6 3.9 0.9751 2.25 9 10-3 3.9 0.26

5 100.3 4.0 0.9875 1.70 9 10-2 2.4 0.43

10 108.3 4.0 0.9965 0.15 1.5 0.67

20 118.3 4.5 0.9925 0.43 1.1 0.91

PLLA5 2.5 89.6 3.2 0.9949 1.14 9 10-2 3.2 0.31

5 93.6 3.2 0.9959 6.43 9 10-2 2.0 0.50

10 98.0 3.0 0.9963 0.42 1.2 0.85

20 105.2 2.7 0.9954 1.52 0.8 1.28

PLLA10 2.5 87.8 2.7 0.9961 3.21 9 10-2 3.0 0.33

5 91.2 2.6 0.9968 0.13 1.8 0.56

10 95.1 3.0 0.9975 0.37 1.2 0.86

20 101.0 2.9 0.9984 1.45 0.7 1.35

PLLA20 2.5 85.5 3.3 0.9811 1.44 9 10-2 2.9 0.34

5 88.1 2.8 0.9975 0.14 1.7 0.58

10 91.5 3.3 0.9969 0.64 1.0 0.97

20 96.5 3.2 0.9977 4.03 0.6 1.72
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temperature at different heating rates: a neat PLLA, b PLLA5
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heating rate for all the specimens. The values of CRP were

0.036, 0.054, 0.057, and 0.078 for neat PLLA, PLLA5,

PLLA10, and PLLA20, respectively. The values of CRP

were higher in the composites than in neat PLLA, indi-

cating again that NES enhanced the cold crystallization rate

of PLLA. For all the samples studied, CRP was found to

increase with increasing the NES content, suggesting that

cold crystallization rate of PLLA was accelerated with

increasing the NES content.

Several models could be used to research the non-

isothermal crystallization of polymers and composites.

Jeziorny [38] modified the Avrami equation from isother-

mal crystallization to nonisothermal crystallization process

by means of introducing the cooling rate. Figure 7a, b

gives the plots of log(-ln(1 - XT)) against log t for PLLA

and PLLA5 at different heating rates. It was clear that all

the plots had two distinct regions, relating to primary and

secondary crystallizations. The intercept and slope of the

plots for the primary crystallization regions were the

Avrami parameters n and Zt, respectively. The values of

n and Zt are listed in Table 2. Obviously, the values of n for

neat PLLA was slightly larger than that of PLLA/NES

composites, suggesting that the introduction of NES con-

tent may not change the mechanism of nucleation of

PLLA. Additionally, the values of slope for the secondary

crystallization were smaller than those of primary crystal-

lization. The reason may be due to the transforming of

spherulites growth mode from higher- to lower-dimen-

sional space extension at the second stage, which was

attributed to the spherulitic impingement and the reorga-

nization of crystals [39].

The well-known Ozawa theory issued widely to analyze

the nonisothermal crystallization kinetics [40]; it assumes

that crystallization occurs at a constant cooling rate.

According to Ozawa theory, the relative degree of crys-

tallinity XT at temperature T can be expressed as follows:

1 � XT ¼ exp
�K Tð Þ
um

� �
ð4Þ

where K(T), u, and m are the heating (or cooling) crys-

tallization function, heating rate, and Ozawa exponent,

respectively, in which Ozawa exponent m is determined by

the dimension of crystal growth. The double logarithmic

form of Eq. (4) can be expressed as follows:

logð� lnð1 � XTÞÞ ¼ logK Tð Þ � m logu ð5Þ

Then plotting log(-ln(1 - XT)) versus log u at a given

temperature, a straight line will be obtained if the Ozawa

equation is valid in describing the nonisothermal crystal-

lization kinetics. The kinetic parameters K(T) and Ozawa

exponent m can be calculated from the intercept and the

slope of the lines, respectively. Plots based on Eq. (5) of

neat PLLA and PLLA5 composites at given temperatures

are illustrated in Fig. 7c, d. As shown in Fig. 7c, d, the

Ozawa plots of neat PLLA and PLLA5 showed deviation

from linearity, indicating that the Ozawa method was not

appropriate to describe the nonisothermal crystallization of

neat PLLA and PLLA/NES composites. The reason for this

was probably due to the ignored assumptions of slow

secondary crystallization and dependence of the fold

length of polymer chain on temperature in the Ozawa

equation [41].

Another approach that is adopted to analyze the non-

isothermal crystallization kinetics is developed by Mo et al.

[42]. The relationship between heating rate u and crystal-

lization time t can be set up under a certain degree of

crystallinity X(t) because X(t) is related to u and t, or

temperature T. Therefore, by combining Avrami and
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Fig. 6 Effect of the NES on the crystallization rate of PLLA:

a crystallization rate coefficient, b crystallization rate parameter
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Ozawa model, a new kinetic equation for nonisothermal

crystallization is created and expressed as follows:

log Zt þ n log t ¼ logK Tð Þ � m logu ð6Þ
logu ¼ logF Tð Þ � a log t ð7Þ

where F(T) = [K(T)/Zt]
1/m refers to the cooling rate value

for a unit crystallization time when the measured system

has a certain degree of crystallization. a is the ratio of the

Avrami exponent to the Ozawa exponent (a = n/m). Then,

on the basis of Eq. (7), at a given degree of crystallinity, a

graphic representation of log u as a function of log t would

generate a straight line, from which kinetic parameter

F(T) and a could be calculated from the intercept and the

slope of the lines, respectively (Fig. 8). As shown in

Fig. 8a, b, the combined Ozawa–Avrami model well

described the nonisothermal cold crystallization to this case

since the curves in the plots showed good linear relation-

ship. The results of the kinetic parameters a and F(T) are

summarized in Table 3. It was found that the F(T) values

of PLLA/NES composites were generally smaller than

those for neat PLLA, and the F(T) values systematically

decreased with an decrease in the relative crystallinity.

Here, F(T) mainly indicated the effect of NES content on

the crystallization facilitation of PLLA. The value of

F(T) for composites was smaller than those of neat PLLA,

indicating that the PLLA/NES composites had faster

crystallization rate than neat PLLA at same degree of

crystallinity. It was found that the values of a were almost

constant for all samples, varying between 1.56 and 1.62 for

neat PLLA, between 1.34 and 1.48 for PLLA5, between

1.48 and 1.55 for PLLA10, and between 1.26 and 1.31 for

PLLA20. Of course, this combined Ozawa–Avrami method
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was adequate in describing the nonisothermal crystalliza-

tion of neat PLLA and its mixtures with NES, which was

also valid for other polymer composites, such as poly(L-

lactide)/NMMT [25], poly(lactic acid)/poly(ethylene gly-

col)/talc [43], PET/clay [44], and polycaprolactone/starch

[45].

Nucleation activity

In order to further investigate the nonisothermal crystal-

lization kinetics of neat and blended PLLA, a method

proposed by Dobreva et al. was applied in this work to

analyze the nucleating activity of a foreign substrate from

polymer melt [46, 47]. When homogeneous nucleation

from a melt, u is Tp dependent as follows:

logu ¼ A� B

2:3DT2
p

ð8Þ

Then, for heterogeneous nucleation

logu ¼ A� B�

2:3DT2
p

ð9Þ

where A is a constant, u is the cooling rate, and DTp is the

degree of superheating for cold crystallization (DTp =

Tp - Tg). B is a parameter related to entropy of melting,

specific surface energy and three-dimensional nucleation

for the filled system. B� is the value of B for the unfilled

one. The values of B and B� can be derived from the slope

of the linear plots of log u against 1=DT2
p . Therefore, the

nucleation activity (w) which affects the three-dimensional

nucleation process can be calculated from the ratio of B�

and B (w = B*/B). If the foreign substrate is inert for the

nucleation, w approaches 1; on the contrary, for an active

foreign substrate, w approaches 0. Figure 9 gives plots of

log u versus 1=DT2
p for neat PLLA and PLLA/NES com-

posites. The w values of PLLA5, PLLA10 and PLLA20

were calculated to be 0.98, 0.96, and 0.80, respectively.

According to the values of the w, it was found that the NES

loading did not have obvious effect on the nucleation

activity of PLLA/NES composites.

In
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Fig. 8 Plots of ln u against ln t for nonisothermal cold crystallization

at given relative crystallinity: a neat PLLA, b PLLA5

Table 3 The values of a and F(T) at different relative degrees of

crystallinity by combined of Ozawa–Avrami equation

Sample Xt/% a F(T) r2

PLLA 10 1.56 11.22 0.9689

30 1.62 17.23 0.9720

50 1.62 21.08 0.9819

70 1.60 24.78 0.9877

90 1.56 31.51 0.9775

PLLA5 10 1.34 6.12 0.9939

30 1.36 9.93 0.9994

50 1.44 13.31 0.9979

70 1.47 17.26 0.9964

90 1.48 25.09 0.9935

PLLA10 10 1.55 5.19 0.9937

30 1.49 9.12 0.9977

50 1.53 12.96 0.9998

70 1.51 17.10 0.9995

90 1.48 25.01 0.9933

PLLA20 10 1.27 5.07 0.9942

30 1.27 7.85 0.9967

50 1.30 10.15 0.9965

70 1.31 12.51 0.9980

90 1.26 16.22 0.9973
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Conclusions

The isothermal and nonisothermal cold crystallization

behavior and kinetics of neat PLLA and melt blended PLLA/

NES composites containing 2.5–20 mass% NES were studied

by DSC. Isothermal cold crystallization kinetics of neat PLLA

and the PLLA/NES composites were investigated at different

crystallization temperatures. The overall crystallization rate

was faster in the composites than in neat PLLA, which

increased with increasing the NES loading. For isothermal

cold crystallization studies, the crystallization of PLLA was

enhanced by the presence of NES, and the enhancement was

influenced by the NES loading in the composites. Non-

isothermal cold crystallization kinetics of neat PLLA and its

composites were also studied at different heating rates. It was

found that the half-time decreased with increase in the NES

loading, and crystallization exotherm moved to higher tem-

perature range with an increase in heating rate, suggesting that

both the NES loading and heating rate were the two major

factors influencing the nonisothermal cold crystallization

process of PLLA. In addition, Ozawa equation was rather

inapplicable. In contrast, the Avrami method and combined

Ozawa–Avrami model plots showed good linearity and were

able to describe crystallization process for these systems. On

the basis of Avrami analysis, it can be concluded that the NES

may not alter the nonisothermal cold crystallization mecha-

nism of PLLA.
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