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ABSTRACT: In this work, the nonisothermal and isothermal cold crystallization behaviors of poly(L-lactide) (PLLA)/trisilanolisobutyl-

polyhedral oligomeric silsesquioxanes (tsib-POSS) nanocomposites with low tsib-POSS contents were fully investigated. For all the

samples, the variations of heating rate and the tsib-POSS loading may influence the nonisothermal cold crystallization of PLLA. Dur-

ing the nonisothermal crystallization kinetics study, the Ozawa equation failed to fit the nonisothermal crystallization process of

PLLA, while the Tobin equation could fit it well. For the isothermal crystallization kinetics study, the crystallization rates of all the

samples increased with increasing crystallization temperature. The cold crystallization activation energy of PLLA was increased with 1

wt % tsib-POSS. Moreover, the addition of tsib-POSS and the increment of tsib-POSS loading could increase the crystallization rate

of PLLA, indicating the nucleating agent effect of tsib-POSS. However, the crystallization mechanism and crystal structure of PLLA

remained unchanged in the nanocomposites. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43896.

KEYWORDS: biodegradable; crystallization; differential scanning calorimetry (DSC)

Received 25 January 2016; accepted 5 May 2016
DOI: 10.1002/app.43896

INTRODUCTION

Considering the shortage of petroleum resource and the envi-

ronmental pollution caused by nondegradable plastics, polymers

derived from renewable resources stand out as a potential

replacement, among which poly(L-lactide) (PLLA) is the most

promising one because of its attractive mechanical properties,

transparency, biodegradability and biocompatibility.1–3 However,

the slow crystallization rate of PLLA has limited its wider use

from a practical viewpoint. The compounding of nanofiller

with PLLA is an efficient way to enhance the crystallization rate

of PLLA. Till now, a number of nanofillers have been used to

fabricate PLLA-based nanocomposites.4–16 The results indicated

that the crystallization process of PLLA was obviously acceler-

ated by only a small amount of nanofillers, thus promoting the

practical application fields of PLLA.

Polyhedral oligomeric silsesquioxanes (POSS), a kind of

inorganic–organic nanofiller with core–shell structure, has

attracted continuous interests in the past few decades; moreover,

many researches have been performed to study the preparation,

physical properties, and further application of different kinds of

POSS.17–21 Unlike the commonly used POSS with formula

R8Si8O12, trisilanolisobutyl-polyhedral oligomeric silsesquioxanes

(tsib-POSS) has an open cage structure with formula

R7Si7O12H3, where R is isobutyl. With the existence of hydroxyl

and isobutyl end groups, the amphiphilic tsib-POSS was studied

and used at the air/water interface.22–24 Moreover, the rigid

nature of the inorganic core of tsib-POSS was also utilized to

increase the thermal stability of polymer matrix.25–27 However, to

the best of our knowledge, the biodegradable polymer/tsib-POSS

nanocomposites or the nucleation agent effect of tsib-POSS par-

ticles has not been fully studied.28

During the study of semicrystalline polymer and polymer nano-

composites, the crystallization kinetics should be fully discussed

for both the academical investigation and the industrial process-

ing method design. It is noticeable that the crystallization pro-

cess may happen not only when the samples are cooled from

the melt state (which is named as melt crystallization) but also

when the samples are heated from the amorphous state (which

is called cold crystallization). The study of cold crystallization

behavior is of vital importance and can broaden the processing

ways of semicrystalline polymers from an application viewpoint;

however, the cold crystallization behavior of semicrystalline

polymers has not been fully investigated so far, compared with

the melt crystallization behaviors.9,11,15,29–31
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As the crystallization rate of PLLA is slow, PLLA is able to reach

the fully amorphous state, making it possible to study the cold

crystallization behavior of PLLA and its nanocomposites. In

previous work, we prepared a PLLA/tsib-POSS nanocomposite

at low tsib-POSS loading via a solution and casting method.28

The results indicated that a small amount of tsib-POSS

enhanced both the melt crystallization behavior and mechanical

properties of PLLA by acting as both an efficient nucleating

agent and a reinforcing filler in the PLLA matrix. In this work,

we further investigated the addition of tsib-POSS and the

change of tsib-POSS contents on the nonisothermal and isother-

mal cold crystallization behaviors of PLLA, for the purpose of

broadening the potential application fields of PLLA.

EXPERIMENTAL

Materials

PLLA (Mw 5 1.58 3 105 g/mol) was kindly provided by Biomer

company, Germany. The tsib-POSS sample was purchased from

Changsha Passkey Instrument Co. Ltd, China, which was

actually produced by Hybrid Plastics.

Sample Preparation

Two PLLA/tsib-POSS nanocomposites with the tsib-POSS con-

tents of 0.5 and 1 wt % were prepared through a solution and

casting method using chloroform as a solvent.15 For simplicity,

the nanocomposites were named as PLLA/tsib-POSS0.5 and

PLLA/tsib-POSS1, respectively. Neat PLLA was treated with the

same method.

Characterization

The cold crystallization behavior of the samples was investigated

by a TA Instruments Q100 differential scanning calorimeter

(DSC) under nitrogen purge. Indium standard was used for

temperature calibration. The weights of all the samples were

around 4–6 mg, and a fresh sample was used for each DSC run.

For the nonisothermal cold crystallization study, the samples

were first heated to 190 8C and held for 3 min to erase any pre-

vious thermal history (first heating process), cooled to 20 8C at

40 8C/min to ensure the samples reached the amorphous state,

and followed by the second heating process to 190 8C again at

various rates from 5 to 20 8C/min. The nonisothermal cold crys-

tallization behavior was studied through the second heating

process. To investigate the isothermal cold crystallization

kinetics, the samples were cooled to 20 8C at 40 8C/min after

annealing at 190 8C for 3 min. Then the samples were heated to

the chosen isothermal crystallization temperature (Tc) at 60 8C/

min and held till the isothermal crystallization process was

complete. The chosen Tc values were from 90 to 105 8C.

Wide-angle X-ray diffraction (WAXD) patterns for the samples

were obtained from a Rigaku D/Max 2500 VB2t/PC X-ray dif-

fractometer at room temperature, and the scanning rate was 58/

min. All the samples were prepared by first pressing into thin

films (�0.5 mm) at 190 8C on a hot stage for 3–5 min. The

samples were then quenched into ice water, held for 1 h to fully

reach the amorphous state, and quickly transferred into a vac-

uum oven at 90 8C for 3 days.

RESULTS AND DISCUSSION

Nonisothermal Cold Crystallization Behavior of Neat PLLA

and its Nanocomposites

The nonisothermal cold crystallization behavior of PLLA and its

nanocomposites is shown in Figure 1. Take neat PLLA as an

example, the cold crystallization peak temperature (Tp) shifted

upward from 111.1 to 139.5 8C when the heating rate increased

Figure 1. Nonisothermal cold crystallization behavior of (a) neat PLLA,

(b) PLLA/tsib-POSS0.5, and (c) PLLA/tsib-POSS1 at indicated heating

rates.
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from 5 to 20 8C/min; moreover, the crystallization exotherms

became broader as well. Similar results were also found in the

nanocomposites. All the detailed Tp values are listed in Table I.

It could also be concluded from Table I that increasing the tsib-

POSS loading significantly decreased the Tp values of the nano-

composites. For instance, when the heating rate was 15 8C/min,

the Tp values were 135.7, 130.4, and 114.6 8C for neat PLLA,

PLLA/tsib-POSS0.5, and PLLA/tsib-POSS1, respectively. The

decrease in Tp was only 5.3 8C between PLLA/tsib-POSS0.5 and

neat PLLA, while the further addition of tsib-POSS from 0.5 to

1 wt % caused a significant 15.8 8C decrease in Tp between the

two nanocomposites, indicating that the variation of Tp was

mainly dependent on the tsib-POSS loading. The same trends

were also found at other heating rates. In brief, Tp may shift to

a lower temperature range with the decrease of heating rate and

the increase of tsib-POSS loading.

Apart from the variation of Tp, it was also important to study

the influences of heating rate and the tsib-POSS loading on the

nonisothermal cold crystallization enthalpy (DHch) of PLLA in

the nanocomposites. As shown in Table I, the DHch values of

neat PLLA sharply dropped from 48.6 to 12.3 J/g with increas-

ing heating rate from 5 to 20 8C/min, indicating that a heating

rate of 20 8C/min was too fast for neat PLLA to adequately crys-

tallize. Consequently, the crystallinity value of PLLA was

reduced at a faster heating rate than at a slower heating rate.

However, in the case of PLLA/tsib-POSS1, the DHch values

slightly changed between 39.4 and 45.4 J/g when the heating

rate varied from 5 to 20 8C/min. Moreover, at the heating rate

of 20 8C/min, the DHch values for neat PLLA, PLLA/tsib-

POSS0.5, and PLLA/tsib-POSS1 were 12.3, 24.4, and 39.4 J/g,

respectively. Such result indicated that the increase of tsib-POSS

loading increased the crystallinity of PLLA, thereby enhancing

the nonisothermal cold crystallization of PLLA matrix at a fast

heating rate. All the detailed DHch values are summarized in

Table I. In conclusion, the nonisothermal cold crystallization

behavior of neat PLLA and its nanocomposites was obviously

affected by both heating rate and the tsib-POSS loading. There-

fore, we may adjust the nonisothermal cold crystallization

behavior of PLLA, depending on heating rate and the tsib-POSS

loading.

As also shown in Figure 1, when the Tp value was below 100 8C,

the DSC curve was characterized by a small exothermic peak

just before the main melting peak, due to the formation of a

disordered a0 form of PLLA. PLLA has a, b, g, and a0-form

crystals under different crystallization conditions.32–37 The ther-

modynamically favored a-form crystal are produced from the

cold or melt crystallization when the crystallization temperature

is higher than 120 8C, while the kinetically favored a0-form crys-

tal are formed at lower temperature, that is, below 100 8C.34–37

In this work, when the cold crystallization occurred below

100 8C, the crystalline-phase transition from a’ to a happened

during the further heating process, leading to the appearance of

a small exothermic peak prior to the final melting peak.11,34

Moreover, when the Tp values of the samples were between 100

and 120 8C, two melting peaks or a shoulder peak beside a

major melting peak were observed in the DSC heating traces,

which were considered to be caused by the melting and recrys-

tallization of the a form crystals.11,37

Figure 2 displays the plots of relative crystallinity versus crystal-

lization time for all the samples during the nonisothermal cold

crystallization process at a heating rate of 15 8C/min. As illus-

trated in Figure 2, it took shorter time for the nanocomposites

to finish crystallization than for neat PLLA; moreover, the

increased tsib-POSS loading may further accelerate the noniso-

thermal cold crystallization process. Similar trends were also

observed at other heating rates. For brevity, they were not dis-

played here.

It was more directly to compare the time required to achieve

50% of the final crystallinity, that is, the half-time of cold crys-

tallization (t1/2) of the samples when mentioning about the

nonisothermal cold crystallization rate. The t1/2 values for all

Table I. Summary of the Nonisothermal Cold Crystallization Behavior Parameters for Neat PLLA and its Nanocomposites

Samples U ( 8C/min) Tp
a ( 8C) DHch

b (J/g) t1/2 (min) CRC (min21) CRP ( 8C21)

Neat PLLA 5 111.1 48.6 4.50 0.530 0.0272

10 125.0 46.2 2.99

15 135.7 30.6 2.17

20 139.5 12.3 1.58

PLLA/tsib-POSS0.5 5 107.4 49.5 4.06 0.535 0.0279

10 120.3 48.0 2.46

15 130.4 40.0 2.01

20 136.5 24.4 1.47

PLLA/tsib-POSS1 5 98.0 41.3 2.28 0.739 0.0287

10 106.6 43.8 1.64

15 114.6 45.4 1.37

20 120.0 39.4 1.14

aThe error is within 60.1 8C.
bThe error is within 61 J/g.
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the samples at various heating rates are also listed in Table I.

With the increase of heating rate, the t1/2 values decreased, indi-

cating that the nonisothermal cold crystallization rate of PLLA

was enhanced at higher heating rates. Moreover, at the same

heating rate, neat PLLA presented a smaller t1/2 value than its

nanocomposites; furthermore, with the increase of tsib-POSS

loading, the t1/2 value decreased as well. In brief, tsib-POSS

could enhance the nonisothermal cold crystallization behavior

of PLLA.

The effect of tsib-POSS on the nonisothermal cold crystalliza-

tion rate of PLLA was quantitatively evaluated by the following

two methods. Based on a method suggested by Khanna,38 a

crystallization rate coefficient (CRC), representing a change in

cooling rate required to bring about 1 8C change in the super-

cooling of the polymer melt, was introduced to compare the

crystallization rate of different polymer systems. According to

this method, the values of CRC were determined from the slope

of the linear plot of cooling rate versus Tm – Tp, where Tm and

Tp are the melting point and nonisothermal melt crystallization

peak temperature, respectively. However, in the present work,

the nonisothermal cold crystallization behavior of neat PLLA

and its nanocomposites was studied from the amorphous state.

Therefore, we modified the determination of CRC using Tp – Tg

instead of Tm – Tp, where Tp and Tg were the nonisothermal

cold crystallization peak temperature and glass transition tem-

perature, respectively, representing a change in heating rate

required to bring about 1 8C change in the superheating of the

polymer amorphous phase.11,15 It is clear that the value of CRC

should be higher for the sample with faster crystallization rate.

Figure 3(a) shows the related plots of all the samples. The val-

ues of CRC are also summarized in Table I, from which tsib-

POSS enhanced the nonisothermal cold crystallization process

of PLLA in the nanocomposites. Moreover, the great increment

of CRC values from PLLA/tsib-POSS0.5 to PLLA/tsib-POSS1,

that is, from 0.535 to 0.739 min21, also manifested the fact that

the change of tsib-POSS loading significantly influenced the

cold crystallization rate of PLLA.

Another parameter, the crystallization rate parameter (CRP),

was also used for the comparison of the crystallization rates of

neat PLLA and its nanocomposites in this work. The CRP rep-

resents the crystallization rate of polymers, as was proposed by

Zhang et al.39–44 In the plots of 1/t1/2 versus heating rate, the

CRP values could be obtained from the slopes of the straight

lines, and a faster crystallization rate leaded to a higher slope.

Figure 3(b) shows the related plots of all the samples, and the

detailed CRP values are listed in Table I. The increased CRP val-

ues of the nanocomposites indicated again the efficiency of tsib-

POSS in improving the cold crystallization rate of PLLA matrix.

Meanwhile, the increment of tsib-POSS loading also slightly

increased the CRP values, indicating that the increase of tsib-

POSS loading may promote the nonisothermal cold crystalliza-

tion rate of PLLA matrix.

As the CRC and CRP values quantitatively evaluate the effect of

nanofiller on the nonisothermal cold crystallization rate of

semicrystalline polymer matrix, they may also be used to com-

pare the effect of different nanofillers on the nonisothermal

cold crystallization behavior of the same polymer matrix. In

previous work, we reported the CRC and CRP values of the

PLLA/octavinyl-polyhedral oligomeric silsesquioxanes (ovi-

POSS) nanocomposites, which were also nonisothermally crys-

tallized from the amorphous state.15 By comparing the CRC

and CRP values, we found that the addition of 1 wt % ovi-

Figure 2. Plots of relative crystallinity versus crystallization time for neat

PLLA and its nanocomposites at 15 8C/min.

Figure 3. Effect of the tsib-POSS loading on the cold crystallization rate

of PLLA: (a) crystallization rate coefficient and (b) crystallization rate

parameter.
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POSS caused a 53.8% increase in CRC and a 112.0% increase in

CRP compared with those of neat PLLA; however, the addition

of 1 wt % tsib-POSS only caused a 39.4% increase in CRC and

a 5.5% increase in CRP compared with those of neat PLLA.

Therefore, ovi-POSS enhanced the nonisothermal cold crystalli-

zation process of PLLA more efficiently than tsib-POSS.

Moreover, in previous work, the CRC and CRP values for neat

PLLA were 0.302 min21 and 0.0184 8C21, respectively.15 The

CRC and CRP values of neat PLLA in previous work were dif-

ferent from those in this work. The difference may be explained

as follows. In previous work, the chosen heating rates were

from 2.5 to 12.5 8C/min, while in the present work, the chosen

heating rates were from 5 to 20 8C/min. As the CRC and CRP

values were derived from the slopes of the linear fitting of the

plots of U versus Tp – Tg and the plots of t1/2 versus U, respec-

tively, different heating rate range may cause the differences of

the CRC and CRP values.

To study the nonisothermal cold crystallization kinetics, several

methods based on the Avrami equation have already been devel-

oped.45–48 In this work, the nonisothermal cold crystallization

kinetics of neat PLLA and its nanocomposites was first studied

with the most well-known Ozawa model, which could be used

when the crystallization behavior proceeded at a constant heat-

ing (or cooling) rate.47 The Ozawa equation is written as

follows:

Xt 5 12exp
2KðTÞ

Um

� �
(1)

where K(T) is the heating (or cooling) function at crystalliza-

tion temperature T, and m is the Ozawa exponent, which

depends on the type of nucleation and growth mechanism.47

Double logarithms of eq. (1) and rearrangement resulted in the

following form:

log½2lnð12Xt Þ�5 log KðTÞ2m log U (2)

It should be noted that if the Ozawa equation fitted the crystal-

lization of PLLA and its nanocomposites very well, there should

be a series of parallel lines in the plots of log[–ln(1 – Xt)] versus

log U; thus, the parameters m and K(T) could be obtained

from the slopes and the intercepts, respectively.

The Ozawa plots of PLLA/tsib-POSS0.5 are shown in Figure 4

as an example, but the linearity of the lines was not obtained.

Therefore, the Ozawa equation failed to fit the nonisothermal

cold crystallization of PLLA, probably because the Ozawa equa-

tion neglected the strong secondary crystallization. Similar

results were also found in some other composite systems.11,15,43

Although the Ozawa equation failed to fit the crystallization of

PLLA, the theory proposed by Tobin was chosen in this work to

study the nonisothermal cold crystallization kinetics of neat

PLLA and its nanocomposites.48 The Tobin equation is

described as follows:

Xt 5
kt tnt

11kt tnt
(3)

where Xt is the relative crystallinity as a function of time, kt is

the Tobin crystallization rate constant, and nt is the Tobin expo-

nent. Based on this proposition, the Tobin exponent nt does not

need to be integral, since it is controlled directly by different

types of nucleation and growth mechanism.48 Equation (3)

could be rewritten as follows to calculate the Tobin crystalliza-

tion kinetics parameters:

log½Xt=ð12Xt Þ�5 log kt 1nt log t (4)

Figure 5 illustrates the Tobin plots of PLLA/tsib-POSS0.5 as an

example, and the Tobin parameters nt and kt were obtained,

respectively, from the slopes and intercepts of the fitted straight

lines. The series of straight lines clearly indicated that the Tobin

equation better described the nonisothermal cold crystallization

process of PLLA than the Ozawa equation. Similar plots were

obtained for other samples. For brevity, they were not shown

here. The nt values were around 4.46 for all the samples, indi-

cating that the addition of tsib-POSS or the change of heating

rates did not change the nonisothermal cold crystallization

mechanism of PLLA. However, it should be noticed that at

higher Xt range (larger than 75%), the experimental data were

larger than the values concluded from the Tobin equation. The

reason might be that the Tobin equation overemphasized the

impingement effect, or because the model was too simplified to

describe a rather more complicated process. In some other stud-

ies, similar results have also been found.15,28,49

Figure 4. The Ozawa plots of PLLA/tsib-POSS0.5.

Figure 5. The Tobin plots of PLLA/tsib-POSS0.5.
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The activation energies for the nonisothermal cold crystallization

of neat PLLA and PLLA/tsib-POSS nanocomposites were calcu-

lated from the Kissinger method,50 which was written as follows:

d ln U
Tp

2

� �h i

d 1
Tp

� � 5 2
DE

R
(5)

where DE is the activation energy, Tp is the crystallization peak

temperature, and R is the universal gas constant. Figure 6 dis-

palys the Kissinger plots of neat PLLA and its nanocomposites.

The DE values were estimated to be 55.4 6 3.7, 54.5 6 2.1, and

69.2 6 5.6 kJ/mol for neat PLLA, PLLA/tsib-POSS0.5, and

PLLA/tsib-POSS1, respectively. The DE value of PLLA/tsib-

POSS0.5 was similar to that of neat PLLA, as the tsib-POSS

content was only 0.5 wt %, while the DE value of PLLA/tsib-

POSS1 was obviously increased. Because tsib-POSS lowered the

nonisothermal cold crystallization peak temperatures for the

nanocomposites, the movement of PLLA chain segments to the

growing surface was restrained, thereby causing the increase in

DE. This phenomenon was also found in other PLLA-based

nanocomposites, such as PLLA/ovi-POSS, PLLA/MWCNTs, and

PLLA/clay nanocomposites.11,15,31

Isothermal Cold Crystallization Kinetics of Neat PLLA

and its Nanocomposites

Figure 7 shows the evolution of heat flow with crystallization

time, plots of relative crystallinity versus crystallization time,

and the related Avrami plots for PLLA/tsib-POSS0.5 crystallized

at indicated Tc values as an example. As shown in Figure 7(a,b),

at a higher Tc, the time to finish crystallization became shorter,

indicating that the crystallization process of PLLA was acceler-

ated. Similar plots were obtained for other samples and are not

shown here for brevity.

The isothermal cold crystallization kinetics of neat PLLA and its

nanocomposites was analyzed by the famous Avrami equation

as follows:

12Xt 5 expð2ktnÞ (6)

where k and n are the Avrami parameters, which reflect the crys-

tallization rate and crystallization mechanism, respectively.51,52

The related Avrami plots of PLLA/tsib-POSS0.5 are illustrated in

Figure 7(c) as an example, and all the n and k data are summar-

ized in Table II. For all the samples isothermally crystallized at

different Tc values, the n values were around 2.3, indicating that

the isothermal cold crystallization mechanism of PLLA remained

unchanged despite the change of Tc values or the introduction of

tsib-POSS.

As the unit of k (min2n) had different n values at indicated Tc

values, it was not reasonable to discuss the crystallization rate

Figure 6. The Kissinger plots of neat PLLA and its nanocomposites for

the estimation of crystallization activation energy in nonisothermal cold

crystallization.

Figure 7. (a) Evolution of heat flow with crystallization time, (b) plots of

relative crystallinity versus crystallization time, and (c) the related Avrami

plots for PLLA/tsib-POSS0.5 crystallized at indicated Tc values.
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by comparing the k values directly. Thus, the crystallization

half-time (t0.5) was employed to compare the crystallization

rate. The values of t0.5 were calculated by the following equation

and are listed in Table II:

t0:55
ln 2

k

� �1=n

(7)

As a greater t0.5 corresponded to a slower crystallization rate, it

was more obvious to compare the influences of Tc and the tsib-

POSS loading on the crystallization rate from the plots of 1/t0.5

versus Tc.

Figure 8 shows the plots of 1/t0.5 versus Tc. For all the samples,

1/t0.5 increased with increasing Tc; moreover, when the loading

of tsib-POSS increased from 0.5 to 1 wt %, 1/t0.5 of the nano-

composites obviously increased at the same Tc, indicating that

the increment of tsib-POSS loading had a more distinct influ-

ence on the crystallization rate of PLLA. In conclusion, the

addition of tsib-POSS could enhance both the nonisothermal

and isothermal cold crystallization kinetics of PLLA matrix in

the nanocomposite.

Crystal Structure of Neat PLLA and its Nanocomposites

The WAXD patterns for neat PLLA and its nanocomposites

after isothermal cold crystallization at 90 8C are shown in Figure

9. It could be distinctly seen from Figure 9 that neat PLLA

exhibited two sharp characteristic diffraction peaks at 2u 5 16.58

and 18.98, corresponding to (200)/(110) and (203) planes,

respectively.34 Besides, a small peak located at 2u 5 24.78 was

also noticed in Figure 9, which was characteristic for the a0-

form of PLLA,35,37 indicating the formation of a0-form during

the isothermal cold crystallization process of PLLA at 90 8C.

Similar diffraction peaks also existed for the nanocomposites,

confirming that the crystal structure of PLLA remained

unchanged in the nanocomposites. In brief, tsib-POSS did not

modify the crystal structure of PLLA.

In addition, as shown in Figure 9, neat tsib-POSS was highly

crystalline. However, the characteristic diffraction peaks of tsib-

Table II. Summary of the Isothermal Cold Crystallization Kinetics Parameters Based on the Avrami Equation for Neat PLLA and its Nanocomposites at

Indicated Tc Values

Samples Tc ( 8C) DHc
a (J/g) n k (min2n) t0.5 (min)

Neat PLLA 90 22.5 2.3 2.1 3 1023 12.4

95 31.4 2.2 1.2 3 1022 6.4

100 32.2 2.2 3.8 3 1022 3.8

105 35.5 2.2 7.6 3 1022 2.7

PLLA/tsib-POSS0.5 90 26.9 2.4 5.9 3 1023 7.3

95 28.8 2.2 3.0 3 1022 4.2

100 32.4 2.2 7.7 3 1022 2.7

105 36.7 2.3 1.3 3 1021 2.1

PLLA/tsib-POSS1 90 27.2 2.2 4.6 3 1022 3.4

95 30.4 2.2 2.0 3 1021 1.8

100 32.7 2.3 5.3 3 1021 1.1

105 35.7 2.2 1.1 0.8

a The error is within 61 J/g.

Figure 8. Plots of 1/t0.5 with Tc for neat PLLA and its nanocomposites.

Figure 9. WAXD patterns for neat PLLA and its nanocomposites after iso-

thermal cold crystallization at 90 8C.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4389643896 (7 of 9)

http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


POSS did not appear in the PLLA/tsib-POSS nanocomposites,

for the contents of tsib-POSS were only 0.5 and 1 wt %. In the

PLLA/tsib-POSS nanocomposites, the highly crystalline tsib-

POSS may exist as crystals during the cold crystallization pro-

cess of PLLA, thereby providing a number of sites for PLLA to

nucleate. Moreover, the hydroxyl group of tsib-POSS may show

some interactions with the carbonyl group of PLLA matrix.

Thus, tsib-POSS showed an efficient nucleating agent effect in

the PLLA matrix.

CONCLUSIONS

In this work, neat PLLA and its nanocomposites at low tsib-

POSS loadings were prepared via a solution and casting

method; furthermore, the cold crystallization kinetics and crys-

tal structure of all the samples were fully investigated. Different

heating rates were chosen to investigate the nonisothermal cold

crystallization process of neat PLLA and its nanocomposites.

The results indicated that the change of both heating rate and

the tsib-POSS loading may have great influences on the noniso-

thermal cold crystallization behavior of neat PLLA and its nano-

composites. For all the samples, with the increase of heating

rate, the crystallization exotherms became broader, and the cold

crystallization peak temperature shifted upward. Meanwhile, at

a chosen heating rate, tsib-POSS increased the nonisothermal

crystallization rate of PLLA. Moreover, the increment of tsib-

POSS loading obviously enhanced the crystallization rate of

PLLA, as was proved by the calculation of crystallization rate

coefficient and crystallization rate parameter. For the noniso-

thermal cold crystallization kinetics study, the Ozawa and Tobin

equation were both used to describe the crystallization process

of the samples, and the Tobin equation fitted it better. The non-

isothermal cold crystallization activation energy was calculated

by the Kissinger method, which was larger for PLLA/tsib-POSS1

than for neat PLLA. For the isothermal cold crystallization

kinetics study, when the samples were crystallized at the same

crystallization temperature, the addition of tsib-POSS and the

increment of tsib-POSS loading could increase the crystalliza-

tion rate of PLLA, showing an efficient nucleation agent effect

of tsib-POSS. However, the crystallization mechanism and crys-

tal structure of PLLA were not modified by tsib-POSS in the

nanocomposites.
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