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ABSTRACT: Nonisothermal crystallization of polylactide
(PLA)/silica composites prepared by (i) directly blending
the PLA with nanoscale colloidal silica sol and by (ii) a sol–
gel process are studied by differential scanning calorimeter
(DSC) at various heating rates. Samples quenched from the
molten state exhibited two melting endotherms (Tml and
Tmh) due to melt-recrystallization during the DSC scans.
Lower heating rate and the presence of silica particles gener-
ate a lower peak intensity ratio of Tml /Tmh. The nonisother-
mal crystallization kinetics is analyzed by modified Avrami
model, Ozawa model, and Liu-Mo models. The modified
Avrami and Liu-Mo models successfully described the noni-

sothermal cold crystallization processes, but Ozawa is inap-
plicable. The nucleation constant (Kg) is calculated by
modified Lauritzen-Hoffman equation and the activation
energy by Augis-Bennett, Kissinger, and Takhor models.
These calculated parameters indicate consistently that the
nanoscale silica particles seem to form more heterogeneous
nucleation to increase crystallization, but microscale one
form hindrance to retard crystallization. VVC 2009 Wiley Periodi-
cals, Inc. J Appl Polym Sci 112: 3149–3156, 2009
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INTRODUCTION

Poly(lactide) (PLA) is one of the most important com-
mercially available, synthetic biodegradable materials
with sufficient mechanical properties. However, brit-
tleness1 and low crystallization rate2 limit its applica-
tions. Many methods have been used to modify the
physical and mechanical properties of PLA by combi-
nation with any relevant additives and/or fillers.3–6

Nanoscale fillers improve thermal stability, me-
chanical strength at low content and have thus
attracted much attention. The effects of nanoscale fil-
ler on PLA nanocomposites had been reported in
the literature,7–15 such as mechanical properties,
hydrolytic resistances, the thermal stability, melt
behavior, mechanical properties, and so on.

The semicrystalline polymers can crystallize from
the glassy and molten state, which are called glassy-
crystallization and melt-crystallization, respectively.
Both the physical and mechanical properties of semi-
crystalline polymers strongly depend on the extent
of crystallization and the morphology. The fillers in

polymer matrix affect not only mechanical properties
but also crystallization. Studies on crystallization
kinetics can realize the relationship among the proc-
essing conditions, the developed structure, and the
properties of the final products.

In our previous article,16 the PLA/silica composite
films with nano- and micro-scale silica particles
were prepared successfully. The particles were well
dispersed in PLA, and the fillers increase the me-
chanical properties, thermal stability, and hydrolyti-
cal resistance. In this study, the effects of particles
on the melting behaviors and the overall kinetics of
the nonisothermal cold-crystallization of PLA were
thoroughly investigated with differential scanning
calorimetry (DSC). The experimental data were ana-
lyzed with the Avrami, Tobin, and Liu-Mo macroki-
netic models. The nucleating constants were
estimated by Lauritzen-Hoffman equation. The acti-
vation energy describing the nonisothermal cold-
crystallization process of PLA was evaluated with
Augis-Bennett, Kissinger, and Takhor models.

EXPERIMENTAL

Materials

Polylactide with a number-average molecular weight
(Mn) of 206,000–207,000 was kindly provided by
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Wei Mon Industrial Co., (Taipei, Taiwan). N,N-
Dimethylacetamide (DMAc) and tetraethoxy silane
(TEOS) were purchased from Merck (Darmstadt,
Germany). DMAc was dried over P2O5 and distilled
before use. Silica sol was purchased from Nissan
Chemical Co., Tokyo, Japan. The commercial prod-
uct of DMAC-ST in which 20–21 wt % of silica (par-
ticle size: 10–15 nm) was dispersed in DMAc.

Preparation of PLA/silica nanocomposites

The detail preparing methods had been described in
our previous article.16 The PLA solution was pre-
pared by dissolving PLA pellets in DMAc solution,
and the solid content is 20 wt %. Two methods were
used to prepare PLA/silica composite films. Method
I: 5 g and 10 g of silica sol (20 wt % in DMAc) were
added to 100 g of PLA solution to prepare PLA/5col
and PLA/10col, respectively. The blends were cast
on a releasing paper and dried at 30, 50, and 100�C
in a vacuum oven. Method II: 1 g and 2 g of TEOS
were added to 100 g of PLA solution with 0.1 g of
2N HCl to prepare PLA/5sol and PLA/10sol,
respectively. The solution was mixed at room tem-
perature for 48 h. The blends were cast on releasing
paper and dried at 30, 50, and 100�C in a vacuum
oven. The thickness of dry film is � 70 lm.

Melting behaviors and nonisothermal
crystallization

The melting and crystallization behaviors of polymer
blends were investigated with a differential scanning
calorimeter, Perkin–Elmer Pyris DSC-1. The samples
were heated to 180�C and held in the molten state
for 5 min to eliminate the influence of thermal his-
tory, and finally quenched in liquid nitrogen. The
differential scanning calorimeter was calibrated

using indium with samples weights of 8–10 mg. The
sample was heated to 180�C at a heating rate (U) of
2, 3, 4, and 5�C/min. All operations were carried out
in a nitrogen atmosphere.

RESULTS AND DISCUSSIONS

Polylactide (PLA)/silica composite films were pre-
pared in our previous article16 by two methods:
blending of nanoscale colloidal silica sol with PLA
and by a sol–gel process. The dispersion of silica par-
ticles were discussed and observed with scanning
electron microscopy (SEM) and transmission electron
microscope (TEM). Nano-scale particles with size 10–
15 nm were well dispersed in PLA (PLA/5col and
PLA/10col) by blending PLA solution with silica sol;
micro-scale silica (0.8–1.2 lm for PLA/5sol and 2–
3 lm for PLA/10sol) was formed from sol–gel.

Melting behavior

The representative DSC heating scan of PLA/5col at
different heating rates is shown in Figure 1. The
lower and higher temperature endothermic peaks
are glass transition temperature (Tg) and melting
temperature (Tm), respectively; the exothermic peak
is attributed to the nonisothermal cold crystalliza-
tion. With increasing heating rate, the endothermic
traces for the cold crystallization process became
wider and shifted toward higher temperatures. Table
I summarized characteristic data for nonisothermal
cold crystallization processes of neat PLA and PLA/
silica composites. Evidently, the temperature to
begin crystallization (T0), and the temperature at the

Figure 1 Melting behaviors of PLA/5col at different heat-
ing rates.

TABLE I
Characteristic Data of Nonisothermal Cold

Crystallization Exotherms for PLA and its Blends

Heating rate
U (�C/min) 2 3 4 5

PLA T0 (�C) 79.8 83.2 84.1 85.9
Tp (�C) 93.3 95.6 97.8 98.9

t1/2 (min) 5.15 4.10 3.52 2.92
Xac (%) 27.1 28.4 29.6 30.1

PLA/5col T0 (�C) 79.4 81.1 82.8 83.1
Tp (�C) 87.3 89.9 91.9 93.0

t1/2 (min) 3.92 3.13 2.67 2.39
Xac (%) 19.3 20.1 21.1 21.8

PLA/10 col T0 (�C) 75.2 76.8 78.3 79.2
Tp (�C) 83.1 84.9 87.1 89.9

t1/2 (min) 3.31 2.70 2.42 2.17
Xac (%) 18.1 18.9 19.5 20.3

PLA/5sol T0 (�C) 79.6 82.8 83.2 85.2
Tp (�C) 95.1 97.9 99.1 100.9

t1/2 (min) 6.95 4.90 3.86 3.17
Xac (%) 21.9 22.5 23.3 24.1

PLA/10sol T0 (�C) 79.6 82.1 83.7 84.9
Tp (�C) 96.1 98.6 99.5 101.7

t1/2 (min) 7.87 5.65 4.23 3.58
Xac (%) 21.1 21.9 22.5 23.3
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maximum crystallization rate (Tp) shifted toward
higher temperatures with increasing heating rate.

The absolute values of crystallinity (Xac) are esti-
mated by normalized melting enthalpy (DHm) and
crystallization enthalpy (DHc),

17,18 with the aid of the
enthalpy of fusion of 93.6 J/g for the perfectly crys-
talline PLA.19 The Xac data are presented in Table I.
At a specific heating rate, the addition of SiO2

results in a decrease of crystallinity (Xac) as a result
of more defective lamella formed at the impinging
interfaces. The fine SiO2 particles form nuclei to
crystallize in a limited space leading to higher pro-
portion of interface, where the molecular chains can
not be fully incorporated into growing lamella and
thus form more defects in PLA matrix. Similar phe-
nomenon has been observed in literatures.20–22

The melting endothermic peak splits into two
peaks (Tml and Tmh) for all heating rates. The low-
temperature melting peak (Tml) should be associated
with the fusion of the crystals grown by normal pri-
mary crystallization, whereas the high-temperature
melting endotherm (Tml) related to the melting peak
of the most perfect crystals after reorganization dur-
ing the heating process in DSC measurement.23

As can be seen in Figure 1, the intensity ratio of
Tml/Tmh increase with increasing heating rate sug-
gesting that the corresponding specimens have not
enough time to complete the recrystallization (a
lower intensity of Tmh). The results also confirm that
the multiple melting is due to a mechanism based
on melting and recrystallization of less perfect crys-
tallites into thicker crystals, followed by a final melt-
ing process at higher temperature.23,24

Figure 2 shows the intensity ratio of Tml/Tmh for
PLA/silica composites at a specific heating rate of
4�C/min, which is lower than that of neat PLA. Silica
may act as nucleating agent to promote heterogeneous
nucleation, which leads to more defective crystalline in

a limited space.25 The less perfect crystalline also
explains the lower Tml values of PLA/silica composites
than that of neat PLA. The ratio is lower for higher
particle content in PLA (PLA/10col and PLA/10sol).
Similar phenomenon was observed in PLA/clay.22

Nonisothermal crystallization

For nonisothermal crystallization, the relative degree
of crystallinity, XT, which is a function of crystalliza-
tion temperature, can be defined as

XT ¼

R T
T0

dHc

dT

� �
dT

R T1
T0

dHc

dT

� �
dT

(1)

where T is an arbitrary crystallization temperature at
time t; T0 and T1 are the initial (onset) and end of
crystallization temperature, respectively. dHc is the
enthalpy of crystallization released during an infini-
tesimal temperature interval dT. Figure 3 present the
representative relative crystallinity (XT) as a function
of temperature for PLA/5col composites. The tem-
perature abscissa in Figure 3 could be transformed
into a time scale (Xt), as shown in Figure 4, based on
the following equation:26–28

t ¼ T0 � T

U

����
���� (2)

where U is heating rate. It can be clearly seen from
Figure 4 that the higher the heating rate, the shorter
the time for completing the crystallization.

Table I also shows the half-time of crystallization
(t1/2), defined as the time from the onset of crystalliza-
tion to the time at which Xt is 50%. The inverse value
of t1/2 (i.e., 1/t1/2) signifies the bulk crystallization
rate and a lower 1/t1/2 value indicates slower crystal-
lization. The t1/2 value decreased with increasing

Figure 2 Multiple melting behaviors of neat PLA and
PLA/silica composites at a heating rate of 4�C/min.

Figure 3 Experimental relative crystallinity of PLA/5col
as a function of temperature at different cooling rates.
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heating rate indicating the polymer crystallized faster
when the heating rate was increased. The values of
t1/2 for PLA/5col and PLA/10col were evidently
lower than that of neat PLA at a given heating rate,
indicating that the nano-scale silica particles could
accelerate the overall crystallization process. However,
the values of t1/2 for PLA/5sol and PLA/10sol
increased with the addition of micron-scale silica par-
ticles. Fillers in polymer matrix usually play dual
roles, as a nucleating agent to enhance crystallization
and at the same time, a hindrance to retard the crys-
tallization. The overall crystallization rate depends on
the competition of these two factors. The nanoscale
silica particles seem to form more heterogeneous
nucleation to increase crystallization, but microscale
one form hindrance to retard crystallization.

Avrami analysis

Many models have been proposed to study the noni-
sothermal crystallization of polymer. The most com-
mon approach is Avrami29–31 equation. The Avrami
equation is expressed as:

Xt ¼ 1 � expð�ðKatÞnaÞ (3)

where Xt is the relative crystallinity, t is crystalliza-
tion time, Ka is the Avrami crystallization rate con-
stant and na is the Avrami exponent. Values of Ka

and na were found by fitting experimental data of Xt

to eq. (3), and the results were shown in Table II.
Because Avrami equation is based on an assumption
of constant crystallization temperature, Jeziorny32

modified the equation as following:

lnKJ ¼
lnKa

U
(4)

The values of KJ were listed in Table II. KJ increased
with increasing cooling rate for all samples.

The regression coefficients (R2) in Table II indicate
the Avrami equation fits the experimental data very
well. The predicted curves based on the Avrami
model (Fig. 4), versus the experimental; it also
indicates that Avrami model provides a good and
simple method to describe a nonisothermal crystalli-
zation process of neat PLA and PLA/silica compo-
sites throughout Xt ¼ 0 to 1.

Avrami exponent (na) is related to the nucleation
mechanism and crystal growth. The na values of
neat PLA and PLA/silica composites, except PLA/
10sol, are between 2.74 and 3.34, which indicate an
athermal nucleation process followed by a three-
dimensional heterogeneous crystal growth. The na
value (4.10–4.26) of PLA/10sol is close to 4, which
implies the crystallization proceed by thermal nucle-
ation and three dimensional spherical growth.
Although Avrami model can ‘‘describe’’ well the
nonisothermal crystallization process of PLA and
PLA/silica composites, the physical meanings of its
kinetic parameters (Ka and na) are not so clear as iso-
thermal crystallization because the temperature
changes continually during nonisothermal crystalli-
zation process.

Ozawa analysis

Ozawa33 assumed that a nonisothermal crystalliza-
tion process may be composed of infinitesimally
small isothermal crystallization steps and modified
the Avrami equation to the nonisothermal case as
follows:

Figure 4 Experimental relative crystallinity of PLA/5col
as a function of time and fitted by Avrami model at differ-
ent cooling rates.

TABLE II
Avrami Kinetics Parameters

Sample
Heating rate

(K/min) na Ka KJ R2

PLA 2 3.26 0.1757 0.4192 0.9998
3 3.22 0.2164 0.6004 0.9996
4 3.33 0.2530 0.7092 0.9997
5 3.19 0.2658 0.7672 0.9997

PLA/5col 2 2.79 0.2235 0.4728 0.9999
3 2.74 0.2775 0.6523 0.9998
4 2.93 0.3500 0.7692 0.9990
5 2.92 0.3946 0.8303 0.9990

PLA/10 col 2 3.10 0.2371 0.4869 0.9997
3 2.83 0.3236 0.6865 0.9993
4 2.92 0.3779 0.7841 0.9996
5 2.82 0.4871 0.8660 0.9995

PLA/5sol 2 3.34 0.1369 0.3700 0.9991
3 3.23 0.1856 0.5704 0.9994
4 3.31 0.2348 0.6961 0.9990
5 3.12 0.2533 0.7598 0.9998

PLA/10sol 2 4.26 0.1199 0.3463 0.9963
3 4.23 0.1666 0.5502 0.9969
4 4.10 0.2205 0.6853 0.9955
5 4.13 0.2417 0.7528 0.9991
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XT ¼ 1 � exp � Ko

U

� �no� �
(5a)

ln � ln 1 � XT½ �f g ¼ lnKo � no lnU (5b)

Where Ko and no are Ozawa crystallization rate con-
stant and Ozawa exponent, respectively. By plotting
ln[�ln(1 � XT)] versus ln U for a fixed temperature,
a straight line should be obtained and the kinetic pa-
rameters, Ko and no, could be determined from the
slope and the intercept, respectively. Figure 5 shows
a typical Ozawa plots for dynamic crystallization of
PLA/5col. The same trends are observed for the
other samples (not shown here because of the limita-
tion of numbers page). The Ozawa kinetic parame-
ters as well as regression coefficient (R2) were listed
in Table III. Ozawa exponent no was found to range
from 3.21 to 6.80 for neat PLA within 85–100�C,
from 1.34 to 10.51 for PLA/5col within 83–
98�C, from 0.95 to 4.22 for PLA/10col within 80–
92�C, from 1.12 to 3.28 for PLA/5sol within 86–104
K and from 1.95 to 3.02 for PLA/5sol within 86–
104�C. no increased with increasing crystallization
temperature indicating the change of nucleation dur-
ing the crystallization process.34,35 The Ozawa model
seems to be inapplicable for neat PLA and all PLA/
silica composites.

Liu-Mo method

Liu-Mo36 proposed a convenient kinetic method to
deal with the nonisothermal crystallization by com-
bining Avrami and Ozawa equations [eqs. (3) and
(5a)]. The result is as follows:

lnU ¼ ln
Kno
o

Kna
a

� � 1
no

�na
no

ln t (6a)

FðTÞ ¼ Kno
o

Kna
a

� � 1
no

(6b)

where F(T) refers to the cooling rate value, which
must be chosen within unit crystallization time
when the measured system amounts to a certain
degree of crystallinity; a is the ratio of the Avrami
exponent na to the Ozawa exponent nm (a ¼ na/nm).
A typical plot ln U versus ln t (Fig. 6) yields a linear
relationship between ln U and ln t. The data of ki-
netic parameter F(T) and a are estimated from the
intercept and slope, and the results are shown in
Table IV. The a varies from 1.90 to 2.14, 1.50 to 1.61,
1.16 to 1.34, 2.04 to 2.18, and 2.20 to 2.32 for PLA,
PLA/5col, PLA/10col, PLA/5sol, and PLA/10sol,
respectively. The a value for each specimen is almost
constant, which indicate the nonisothermal cold
crystallization could be described by Liu-Mo
method. The value of F(T) value increases with
increasing degree of crystallinity indicating that at
unit crystallization time, a higher cooling rate is
required to reach a higher degree of crystallinity. At
a specific Xt, the F(T) values of PLA/5col and PLA/
10col are lower than that of neat PLA; however,
those values of PLA/5sol and PLA/10sol are higher

Figure 5 Ozawa analysis based on the nonisothermal
cold crystallization of PLA/5col.

TABLE III
Ozawa Kinetics Parameters

Sample Temperature (�C) no Ko R2

PLA 85 6.80 1.311 0.9991
88 4.67 1.508 0.9876
91 4.01 1.939 0.9859
94 3.71 2.469 0.9922
97 3.51 3.085 0.9937

100 3.21 3.747 0.9544
PLA/5col 83 10.51 1.656 0.9527

86 4.05 1.831 0.9853
89 2.98 2.148 0.9925
92 2.23 3.048 0.9996
95 1.87 4.539 0.9896
98 1.34 7.027 0.9997

PLA/10col 80 4.22 1.442 0.99952
83 2.93 1.733 0.9583
86 2.26 2.652 0.9699
89 1.76 4.206 0.9747
92 0.95 8.769 0.9949

PLA/5sol 86 3.28 0.911 0.9917
89 1.99 0.910 0.9220
92 1.57 1.256 0.8952
95 1.47 2.027 0.8909
98 1.49 3.254 0.9009

101 1.46 4.856 0.9280
104 1.12 6.690 0.9449

PLA/10sol 86 3.02 0.869 0.9763
89 2.06 0.897 0.9837
92 1.66 1.157 0.9921
95 1.76 1.937 0.9957
98 2.07 3.058 0.9987

101 2.06 4.370 0.9956
104 1.95 6.055 0.9802
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than that of neat PLA. The result also indicates that
the nano-scale silica particles increase crystallization
rate, but the micron-scale ones retard the process.

Inorganic fillers have been shown to play dual
roles in polymer crystallization: as nuclei to enhance
the crystallization, and as obstacles to retard the
crystallization.37 The nano-scale particles in PLA ma-
trix provide more nuclei to increase the crystalliza-
tion rate. On the other hand, the retarding effect
overwhelms the nucleation for larger micro-scale
SiO2 and the crystallization rate is reduced

Lauritzen-Hoffman equation

Lauritzen-Hoffmann theory37 is one of the most
widely accepted theories describing the temperature
dependence on the growth rate. The theory is major
applied to isothermal crystallization, while Lim38

modified the equation to be used under nonisother-
mal crystallization by substituting Tc ¼ To þ Ut. The
equation is as following:

lnGþ U�

R T0 � Ut� T1ð Þ

¼ lnGo �
Kg

T0 � Utð Þ½T0
m � T0 � Utð Þ�f ð7aÞ

f ¼ 2 T0 � Utð Þ
T0
m þ T0 � Utð Þ (7b)

G is the growth rate and is approximated as 1/t1/2

(i.e., t ¼ t1/2); Go is the pre-exponential factor; U* is
the diffusional activation energy for the transport of
crystallizable segments at the liquid-solid interface;
R is the gas constant; T1 ¼ Tg � 30 K is the hypo-
thetical temperature below which viscous flow
ceases and Tg is glass transition temperature of PLA.
T0
m and Tg is 168 and 58 K, respectively39; Kg is the

nucleation parameter which can be related to the
product of lateral and folding surface free energy.
Figure 7 shows the linear plot of eq. (9) for PLA and
PLA/silica composites. The Kg values could be
obtained from the slope of Figure 7 and follow the
order: PLA/10sol > PLA/5sol > PLA > PLA/5col
> PLA/10col, which indicate the crystallization abil-
ity is ranked as PLA/10col > PLA/5col > PLA >
PLA/5sol > PLA/10sol. The result is in accordance
with kinetic analysis.

Crystallization activation energy

The crystallization activation energy (DE) for noniso-
thermal cold crystallization process can be estimated
by many models.40–42 Considering the influence of
the various heating rate in the nonisothermal cold
crystallization with the peak temperature (Tp), the
activation energy DE could be determined as
following:

(1) Augis-Bennett model40

d ln½U= T0 � Tp

� �
�

� 	
d 1=Tp

� � ¼ �DE
R

(8)

(2) Kissinger model41

d½ln U=T2
p


 �
�

d 1=Tp

� � ¼ �DE
R

(9)

(3) Takhor model42

d½ln Uð Þ�
d 1=Tp

� � ¼ �DE
R

(10)

Figure 6 Plots of ln U versus ln(time) for different rela-
tive degrees of crystallinity for PLA/5col.

TABLE IV
Value of F(T) and a for PLA and its Blends

Sample Xt F(T) a R2

PLA 0.2 25.4 1.90 0.9597
0.4 46.9 2.03 0.9604
0.6 72.9 2.11 0.9735
0.8 107.9 2.14 0.9911

PLA/5col 0.2 10.3 1.61 0.9989
0.4 14.9 1.58 0.9951
0.6 18.5 1.50 0.9921
0.8 27.0 1.54 0.9914

PLA/10col 0.2 6.3 1.16 0.9942
0.4 9.0 1.22 0.9951
0.6 12.1 1.27 0.9937
0.8 17.3 1.34 0.9885

PLA/5sol 0.2 31.0 2.09 0.9801
0.4 48.2 2.04 0.9949
0.6 80.6 2.15 0.9893
0.8 110.5 2.18 0.9933

PLA/10sol 0.2 36.4 2.32 0.9886
0.4 59.8 2.21 0.9792
0.6 106.7 2.25 0.9786
0.8 142.7 2.20 0.9732
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where R is the universal gas constant. Figure 8(a,b)
and c show the plots of Augis- Bennett model, Kis-
singer model and Takhor model, respectively. The
activation energy DE can be calculated from the
slopes of these plots and the results are listed in
Table V. DE is the activation energy required to

transport molecular segments to the crystallization
surface. All three models show that the DE value of
neat PLA is lower than those of PLA/5sol and
PLA/10sol, but higher than those of PLA/5col and
PLA/10col. The results further provide evidences to
show that the crystallization rate can be increased
and reduced by nano- and micro-scale silica par-
ticles, respectively.

CONCLUSIONS

Melting behavior and nonisothermal crystallization
of polylactide/silica composites are studied by DSC.
DSC scans for samples quenched from the molten
state exhibited two melting endotherms (Tml and
Tmh), resulting from the melt-recrystallization pro-
cess during the DSC scans. Higher heating rate
allows less time to complete the recrystallization and
results in a higher intensity ratio of Tml/Tmh. The
presence of silica induces more nuclei to crystalliza-
tion from molten state and lead to more crystalline
defects, which results in a lower intensity ratio of
Tml/Tmh. The cold nonisothermal crystallization is
described successfully by modified Avrami and Liu
model. The nanoscale silica particles promote hetero-
geneous nucleation to increase crystallization, but
microscale one form hindrance to retard crystalliza-
tion. The nucleation constant (Kg) that is calculated
by modified Lauritzen-Hoffman equation and the
activation energy estimated by Augis-Bennett, Kis-
singer, and Takhor models further support the
results.
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