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ABSTRACT: Poly(e-caprolactone) (PCL)/layered double
hydroxide (LDH) nanocomposites were prepared success-
fully via simple solution intercalation. The nonisothermal
melt crystallization kinetics of neat PCL and its LDH nano-
composites was investigated with the Ozawa, Avrami, and
combined Avrami–Ozawa methods. The Ozawa method
failed to describe the crystallization kinetics of the studied
systems. The Avrami method was found to be useful for
describing the nonisothermal crystallization behavior, but
the parameters in this method do not have explicit meaning
for nonisothermal crystallization. The combined Avrami–

Ozawa method explained the nonisothermal crystallization
behavior of PCL and its LDH nanocomposites effectively.
The kinetic results and polarized optical microscopy obser-
vations indicated that the addition of LDH could affect the
mechanism of nucleation and growth of the PCL matrix.
The Takhor model was used to analyze the activation ener-
gies of nonisothermal crystallization. VC 2010 Wiley Periodicals,
Inc. J Appl Polym Sci 116: 2658–2667, 2010
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INTRODUCTION

Polymer/inorganic layered material nanocomposites
are a class of composites in which at least one
dimension of the inorganic phase is on a nanometer
scale. These nanocomposites have attracted much
research and industrial interest because they often
exhibit dramatically enhanced mechanical perform-
ance, thermal stability, flame retardancy, and gas-
barrier properties.1–3 However, the majority of the
research work has been focused on cationic clays,
such as the montmorillonite systems, whereas the
layered double hydroxide (LDH) systems have
rarely been reported in the literature. LDHs, known
as anionic clays or hydrotalcite clays, can be
expressed as the following general formula:

½MII
1�xM

III
x ðOHÞ2� � ½An�

x=n �mH2O�;

where MII
1�x and MIII

x represent divalent and trivalent
metal ions, respectively, within the brucite-like

layers, and An� is an interlayer anion.4 In contrast to
layered clays, LDH particles, being composed of
metal hydroxide layers, display a positive surface
charge, which is counterbalanced by anions located
in the domains between adjacent layers. The materi-
als can accommodate a wide range of different
anions and cations, and this leads to a large variety
of compositions and thus tunability for a large num-
ber of applications.5 In addition, the high aspect ra-
tio of LDH, which is similar to that of montmorillon-
ite, makes it suitable for the fabrication of polymer
nanocomposite.6 Some polymer/LDH nanocompo-
sites have been reported (e.g., polystyrene,7 polyeth-
ylene,8 nylon 6,6 and other polymer matrices).
As one of the most important biocompatible and

biodegradable aliphatic polyesters, poly(e-caprolac-
tone) (PCL) has many potential biomedical and
packing applications, such as matrices for bone sub-
stitutes, scaffolds, drug carriers for controlled
release, disposable food service items, and food
packing.9–12 However, the applications of such poly-
mers are limited because of their deficient mechani-
cal and barrier properties with respect to water and
gases. It is thought that PCL/LDH nanocomposites
will widen the applications of biodegradable poly-
mers as biomedical materials.
In fact, there have been few reports up to now about

PCL/LDH nanocomposites.9,13–17 Vittoria et al.14

reported the preparation of intercalated PCL nano-
composites reinforced by 12-hydroxydodecanoate
anion modified MgAl–LDH (MgAl–LDH–HD).
Actually, none of the preparation approaches

Correspondence to: T. Liu (txliu@fudan.edu.cn).
Contract grant sponsor: National Natural Science

Foundation of China; contract grant number: 50873027.
Contract grant sponsor: Fudan’s Undergraduate

Research Opportunities Program (through the Wangdao
project); contract grant number: 08093.

Contract grant sponsor: Shanghai Leading Academic
Discipline Project; contract grant number: B113.

Journal ofAppliedPolymerScience,Vol. 116, 2658–2667 (2010)
VC 2010 Wiley Periodicals, Inc.



previously reported, such as the direct melt blending
of PCL with MgAl–LDH–HD, the in situ polymeriza-
tion of e-caprolactone in the presence of MgAl–LDH–
HD, and the mixing of a tetrahydrofuran solution of
PCL with MgAl–LDH–HD, can successfully achieve
exfoliated PCL/LDH nanocomposites because the
MgAl–LDH–HD microcrystals remain essentially
integrated within the polymeric matrix.13 In our work,
highly exfoliated CoAl–LDH/PCL nanocomposites
were successfully obtained by simple refluxing of a
mixture of dodecyl sulfate modified CoAl–LDH and
PCL in a cyclohexanone solution.18

The study of the nonisothermal crystallization of
polymers is of great technical importance because
most practical processing techniques proceed under
nonisothermal conditions.19 The nonisothermal crys-
tallization behavior of many composite systems
including PCL, such as PCL/multiwalled carbon
nanotube,20 PCL/attapulgite,21 PCL/graphite ox-
ide,22 and PCL/montmorillonite nanocomposites,23

has been extensively reported in the literature. For
the PCL/LDH nanocomposite system, nonisothermal
crystallization behavior has also been investigated.
Vittoria et al.15 studied the isothermal and noniso-
thermal crystallization behavior of PCL/MgAl–LDH
nanocomposites. The Avrami and Tobin methods
were used in their study to analyze the nonisother-
mal crystallization behavior. They concluded that
LDH nanolayers had a nucleation effect and affected
the growth of the crystallization process of the PCL
chains. Here, for the first time, the effect of surfac-
tant-modified CoAl–LDH nanoparticles on the noni-
sothermal crystallization of PCL was investigated in
detail. The purpose of this study was to obtain an
extensive understanding of the crystallization behav-
ior of LDH-nanoparticle-filled PCL nanocomposites.

EXPERIMENTAL

Materials

PCL (number-average molecular weight ¼ 80,000 Da;
Aldrich, Milwaukee, WI), CoCl2�6H2O, (Sinopharm
Chemical Reagent Company, Shanghai, China),
AlCl3�6H2O, and urea (analytical purity; Yixing No.2
Chemical Reagent Company, Yixing, China) were
supplied by Shanghai Zhenxing Chemicals (Shanghai,
China). Sodium dodecyl sulfate, NaCl, and cyclohexa-
none (analytical purity) were obtained from the China
Medicine Group of Shanghai Chemical Reagent Co.
(Shanghai, China). All chemicals were used as
received without further purification.

Sample preparation

Dodecyl sulfate modified CoAl–LDH was obtained
according to a procedure reported previously.23 The

PCL/LDH nanocomposites were prepared by the so-
lution intercalation method. First, the desired
amount of LDH was sonicated for 0.5 h and refluxed
in 50 mL of cyclohexanone for 12 h under flowing
nitrogen. Subsequently, this solution was added to
the PCL solution in 50 mL of cyclohexanone, and
the solution was refluxed for another 12 h. Finally,
the solution was poured into 300 mL of cooled
methanol. The precipitates, PCL/LDH nanocompo-
sites, were filtered and dried in vacuo at 40�C for 48
h. The products were then molded in a hot press at
100�C, and this was followed by a quick quenching
in an ice–water bath. Film samples (with a thickness
of ca. 0.5 mm) were obtained and analyzed. The
preparation conditions were the same as those for
neat PCL and its nanocomposites containing 1, 2, or
4 wt % LDH.

Characterization

Differential scanning calorimetry (DSC) experiments
were performed in a nitrogen environment with a
Pyris 1 differential scanning calorimeter (Perkin-
Elmer, Norwalk, CT). The temperature and heat of
fusion were calibrated with the standard procedures.
To study the nonisothermal crystallization behavior,
each sample was first heated to 100�C at a scanning
rate of 10�C/min, maintained there for 3 min to di-
minish the influence of the previous thermal history,
and then cooled to 0�C at four preset cooling rates
of 5, 10, 15, and 20�C/min. The crystallization exo-
therm traces were recorded to study the nonisother-
mal crystallization kinetics.
The crystalline morphologies of neat PCL and

PCL/LDH nanocomposite samples were observed
with an Olympus BX-51 polarized optical micro-
scope (Tokyo, Japan) with a Linkam THMS 600 hot
stage. The temperature of the hot stage was kept
constant within an error of 60.1�C, and nitrogen gas
was purged during measurements. The samples for
polarized optical microscopy (POM) observations
were prepared by being melted and squeezed into
films. These films were kept in the hot stage
between two microscope slides, and each sample
was heated to 100�C and kept there for 5 min to
erase its thermal history. Samples were subsequently
cooled to room temperature at a cooling rate of
20�C/min, and then the spherulitic morphology that
formed during the nonisothermal crystallization pro-
cess was observed with POM.

RESULTS AND DISCUSSION

Nonisothermal crystallization behavior

The crystallization behavior of PCL and PCL/LDH
nanocomposites was studied at cooling rates
between 5 and 20�C/min. Figure 1(a,b) shows the
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crystallization exotherms of neat PCL and the 98/2
PCL/LDH nanocomposite (as an example). From
these curves, the values of the crystallization peak
temperature (Tp) and the onset temperature of crys-
tallization (T0) at different cooling rates were
obtained, and they are listed in Table I. For all the
samples, both T0 and Tp shifted to lower tempera-
tures and the crystallization peak became broader
with the cooling rate, and this indicated that at
lower cooling rates, crystallization occurred earlier
or at a higher temperature. When the samples were
cooled quickly from the melt, the motion of the PCL
chains could not follow the cooling rate. Therefore,
higher supercooling was required to initiate crystalli-
zation at a higher cooling rate.24–26 Also, we can con-
clude from Figure 1 and Table I that at a fixed cool-
ing rate, the Tp values of PCL/LDH nanocomposites
with different LDH loadings were higher than that

of neat PCL. This can be explained by the theory
proposed by Ebengou.27 The LDH nanoparticles had
a heterogeneous nucleation effect on the PCL chain
segments, which could be easily attached to the sur-
face of the LDH nanoparticles. As a result, the crys-
tallization of PCL was promoted and occurred at a
higher crystallization temperature. However, at the
cooling rates of 5 and 20�C/min, Tp of the 96/4
PCL/LDH nanocomposite was slightly lower than
that of the 98/2 PCL/LDH nanocomposite. This can
be attributed to the restriction against the PCL chain
motion caused by too many LDH nanoparticles.

Nonisothermal crystallization kinetics

To further analyze the nonisothermal crystallization
process, the crystallization kinetics of neat PCL and
PCL/LDH nanocomposites was compared. The
determination of the absolute crystallinity was not
required for the crystallization kinetics analysis. The
relative crystallinity (Xt) as a function of temperature
can be defined as follows:

Xt ¼
Z T

T0

dHc

dT

� �
dT

,Z T1

T0

dHc

dT

� �
dT (1)

where T1 is the end temperature of crystallization
and dHc/dT is the heat flow rate. The development
of Xt with the crystallization temperature at various
cooling rates is presented in Figure 2. All the curves
show a similar sigmoid, so only the thermal lag
effect of the cooling rate on crystallization can be
observed from these curves. That is, melt crystalliza-
tion occurred at a higher temperature with a lower
cooling rate and occurred at a lower temperature

Figure 1 DSC curves of the nonisothermal melt crystalli-
zation of (a) neat PCL and (b) the 98/2 PCL/LDH nano-
composite at the indicated cooling rates. TABLE I

Values of Tp, tTp, and Xt,Tp at the Maximum Rate of Heat
Flow During the Nonisothermal Melt Crystallization of

Neat PCL and PCL/LDH Nanocomposites

Sample
U

(�C/min)
Tp

(�C)
tTp
(min)

Xt,Tp

(%)
t1/2
(min)

Neat PCL 5 29.1 1.36 56.9 1.30
10 25.4 0.95 58.4 0.90
15 22.9 0.69 59.2 0.65
20 21.0 0.58 57.9 0.55

99/1 PCL/LDH 5 33.4 0.85 52.3 0.83
10 31.3 0.49 51.1 0.49
15 29.8 0.36 53.7 0.35
20 28.9 0.28 50.0 0.27

98/2 PCL/LDH 5 34.4 0.87 53.5 0.85
10 31.8 0.56 58.9 0.52
15 30.3 0.39 58.4 0.37
20 29.3 0.30 56.5 0.28

96/4 PCL/LDH 5 34.3 0.99 58.0 0.94
10 32.0 0.51 53.3 0.50
15 30.6 0.38 50.0 0.38
20 29.3 0.30 53.0 0.29
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with a higher cooling rate. In general, at lower cool-
ing rates, there is sufficient time to activate nuclea-
tion at higher temperatures.28

During the nonisothermal melt crystallization pro-
cess, the relationship between crystallization time t
and crystallization temperature T can be described
as follows:

t ¼ ðT0 � TÞ=U (2)

where U is the cooling rate. According to eq. (2), the
value of T on the x axis in Figure 2 can be trans-
posed into t, as shown in Figure 3. The relative crys-
tallinity at Tp (Xt,Tp) and the crystallization time at
Tp (tTp) at different cooling rates are shown in Table
I. The value of Xt,Tp changed randomly between 50
and 60%. As the cooling rate became faster, tTp
became lower. This indicates that the crystallization

of neat PCL and PCL/LDH nanocomposites
occurred at a higher temperature and took more
time as the cooling rate decreased, and this implies
that the crystallization was controlled by the nuclea-
tion process.26

The crystallization half-time (t1/2) is defined as the
time taken from the onset of crystallization to the
time when Xt is 50%:

t1=2 ¼
T0 � T1=2

U
(3)

where T1/2 is the crystallization temperature corre-
sponding to the Xt value of 50%. The t1/2 values of
neat PCL and PCL/LDH nanocomposites are also
listed in Table I. t1/2 became higher as the cooling
rate increased, and this also indicates that neat PCL
and its LDH nanocomposites crystallized faster
when the cooling rate was higher. The crystallization

Figure 2 Development of Xt with temperature for the
nonisothermal melt crystallization of (a) neat PCL and (b)
the 98/2 PCL/LDH nanocomposite.

Figure 3 Xt versus time during the nonisothermal melt
crystallization of (a) neat PCL and (b) the 98/2 PCL/LDH
nanocomposite.
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rate parameter (CRP)29–31 is used to quantitatively
compare nonisothermal crystallization rates, which
can be determined from the slope of a line in a plot
of 1/t1/2 versus the cooling rate. The faster the crys-
tallization rate is, the higher the slope is. Figure 4
shows plots of 1/t1/2 as a function of the cooling
rate, and the CRP values and correlation coefficients
of the nonisothermal melt crystallization of neat PCL
and PCL/LDH nanocomposites are listed in Table II.
From the CRP values in Table II, we can see that the
crystallization rate increased when LDH nanopar-
ticles were added to the PCL matrix. However, the
CRP value decreased with an increase in the loading
of LDH nanoparticles. These results imply that LDH
nanoparticles could act as heterogeneous nucleating
agents to facilitate the overall crystallization,
whereas more LDH nanoparticles could lead to a
higher interfacial area and interactions between
the polymer matrix and the LDH nanoparticles,
which would reduce the mobility of polymer
chain segments, as observed in polymer/clay
nanocomposites.31,32

To get a full understanding of crystallization dur-
ing nonisothermal crystallization, the Ozawa,
Avrami, and combined Avrami–Ozawa methods
were used to analyze the nonisothermal crystalliza-
tion kinetics of PCL and PCL/LDH nanocomposites.

Ozawa method

Ozawa33 considered the nonisothermal crystalliza-
tion process to be a result of infinitesimally small
isothermal crystallization steps. According to this
theory, nonisothermal crystallization is a rate-de-
pendent process. Thus, Xt can be written as a func-
tion of U:

1� Xt ¼ exp �KðTÞ
Um

� �
(4)

where K(T) is a cooling function and m is the Ozawa
exponent, which depends on the crystal growth and
nucleation mechanism. According to eq. (4), a dou-
ble logarithmic form can be written as follows:

ln½� lnð1� XtÞ� ¼ lnKðTÞ �m lnU (5)

Based on eq. (5), Ozawa plots of ln[�ln(1 � Xt)]
versus ln U for PCL and its LDH nanocomposites
are shown in Figure 5. If the Ozawa method is valid,
the plot of ln[�ln(1 � Xt)] versus ln U at a fixed
temperature should be linear, and as a result, K(T)
and m can be obtained from the slope and the inter-
cept, respectively. As can be seen in Figure 5, the
plot of neat PCL shows a better linear relationship
[Fig. 5(a)], whereas curves are found in the plots of the
PCL/LDH nanocomposite [Fig. 5(b)]. The continuous
change in the slope indicates that m is not constant
with temperature, and cooling function K(T) cannot be
determined because of the curvature present in the
curves of the nanocomposite. This is probably due to
the ignorance of secondary crystallization, the de-
pendence of the fold length on temperature, and the
constant value of the cooling function over the entire
crystallization process in the Ozawa theory.34,35 There-
fore, the Ozawa method is not an effective way of
describing PCL/LDH nanocomposites.

Avrami method

A generally accepted model for studying the crystal-
lization kinetics of polymers is the Avrami
theory:36,37

1� Xt ¼ expð�Ztt
nÞ or ln½ � lnð1� XtÞ� ¼ lnZt

þ n ln t ð6Þ

where Avrami exponent n is a mechanism constant
that depends on the type of nucleation and growth
and parameter Zt is a composite rate constant
involving both nucleation and growth rate parame-
ters. n and Zt have an explicit physical meaning for

Figure 4 Plots of 1/t1/2 versus the cooling rate for neat
PCL and its nanocomposites with different LDH contents.

TABLE II
CRP and Correlation Coefficient (R) Values of the
Nonisothermal Melt Crystallization of Neat PCL

and PCL/LDH Nanocomposites

Sample

Neat
PCL

99/1
PCL/LDH

98/2
PCL/LDH

96/4
PCL/LDH

CRP 0.071 0.166 0.159 0.156
R 0.99713 0.99998 0.99939 0.99744
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isothermal crystallization, but for nonisothermal
crystallization, their physical meaning does not have
the same significance because of the constant change
in temperature. Thus, this must affect both nuclea-
tion and crystal growth processes because they are
both temperature-dependent. Under such circum-
stances, therefore, n and Zt are only two adjustable
parameters to be fitted to the data obtained from the
nonisothermal crystallization process. Although the
physical meaning of n and Zt cannot be related in a
simple way to the isothermal case, the direct appli-
cation of eq. (6) could still provide some insights
into the description of the nonisothermal crystalliza-
tion kinetics of many polymeric systems.38,39 Consid-
ering the nonisothermal character of the investigated
crystallization process, Jeziorny40 pointed out that
the value of rate parameter Zt should be adequately
corrected. The factor that should be considered is U.
Under the assumption of a constant or approxi-

mately constant value of U, the final form of the pa-
rameter characterizing the kinetics of nonisothermal
crystallization can be presented as follows:

lnZc ¼ lnZt

U
(7)

where Zt is the crystallization rate parameter and Zc

is the modified crystallization rate parameter with
respect to cooling rate, U.
The values of Avrami exponent n and rate param-

eter Zt can be determined from the slope and inter-
cept of a plot of ln[�ln(1 � Xt)] versus ln t, respec-
tively. Plots of ln[�ln(1 � Xt)] versus ln t for PCL
and its nanocomposites are shown in Figure 6, and
the results are also listed in Table III. The average
values of n were about 3.9, 3.6, 3.4, and 3.5 for neat
PCL, 99/1 PCL/LDH, 98/2 PCL/LDH, and 96/4
PCL/LDH, respectively. On the basis of the n value

Figure 5 Ozawa plots of ln[�ln(1 � Xt)] versus ln U for
the nonisothermal melt crystallization of (a) neat PCL and
(b) the 98/2 PCL/LDH nanocomposite.

Figure 6 Plots of ln[�ln(1 � Xt)] versus ln t for the noni-
sothermal melt crystallization of (a) neat PCL and (b) the
98/2 PCL/LDH nanocomposite.
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of neat PCL, its nucleation type should predomi-
nantly be homogeneous thermal nucleation, and its
crystal growth is three-dimensional spherulitic
growth. The values of n for the PCL/LDH nanocom-
posites were lower than that for neat PCL; however,
the values were still higher than 3. These results
indicate that the crystal growth of PCL is still three-
dimensional, whereas the process of crystallization
is less time-dependent. Therefore, it can be con-
cluded that LDH nanoparticles act as nucleating
agents and induce a typical heterogeneous nuclea-
tion mechanism during the crystallization of PCL/
LDH nanocomposites.

Combined Avrami–Ozawa method

To describe the nonisothermal crystallization process
more efficiently, a combined model proposed in our
previous work was used here for comparison. The
kinetic equation was deduced by the combination of
the Avrami equation with the Ozawa equation, and
thus a novel equation was obtained:41

lnZt þ n ln t ¼ lnKðTÞ �m lnU (8)

This can be rearranged into the following equation
at a fixed value of Xt:

lnU ¼ ln FðTÞ � a ln t (9)

where the parameter F(T) ¼ [K(T)/Zt]
1/m refers to

the value of the cooling rate, which has to be chosen
at the unit crystallization time when the measured
system amounts to a given degree of crystallinity.
This means that F(T) has a definite physical and
practical meaning for nonisothermal crystallization
processes, just as Zt does for the isothermal case. a

is the ratio of Avrami exponent n to Ozawa expo-
nent m (i.e., a ¼ n/m). Based on eq. (9), plots of ln U
versus ln t at a given value of Xt are shown in Fig-
ure 7 and exhibit a good linear relationship; this
suggests that this analysis method is more effective
in describing the nonisothermal crystallization
kinetics of PCL and its LDH nanocomposites.
Kinetic parameter F(T) and exponent a can be

obtained from the intercept and slope of plots of ln
U versus ln t, respectively. The values of F(T) and a
at given values of Xt are listed in Table IV. The
value of F(T) increased as Xt became higher, and
this indicates that at the unit crystallization time, a
higher Xt value could be obtained with a higher
cooling rate. In addition, the values of F(T) for the
PCL/LDH nanocomposites were lower than that for
neat PCL at the same Xt value, and this suggests
that the addition of LDH nanoparticles accelerated
the crystal growth process of PCL. However, the

TABLE III
Effect of U on the Crystallization Kinetic Parameters

of the PCL/LDH Nanocomposites

Sample U (�C/min) n Zt

Neat PCL 5 3.6 0.32
10 4.0 1.17
15 4.0 4.56
20 4.0 9.58

99/1 PCL/LDH 5 3.2 1.31
10 3.7 10.33
15 3.7 32.32
20 3.6 73.66

98/2 PCL/LDH 5 3.2 1.32
10 3.5 7.07
15 3.5 25.18
20 3.3 50.36

96/4 PCL/LDH 5 3.3 0.90
10 3.2 6.93
15 3.6 21.43
20 4.2 67.15

Figure 7 Plots of ln U versus ln t for the nonisothermal
melt crystallization of (a) neat PCL and (b) the 98/2 PCL/
LDH nanocomposite.
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more LDH nanoparticles were in the composites, the
higher F(T) was, and this indicates that a higher LDH
loading hinders the motion of PCL chains and the
melt crystallization process. For the sample with the
same LDH loading, the values of a showed only a
slight variation at different Xt values, and this indi-
cates that the mechanism of nucleation and growth
remained the same as Xt changed. Moreover, the a
value of neat PCL (ca. 1.6) differed obviously from
that of PCL nanocomposites with different LDH load-
ings (ca. 1.2), and this suggests that the addition of
LDH greatly affected the nucleation and growth
mechanism of PCL. Besides, the a value did not
change much as more LDH nanoparticles were added
to the PCL matrix, and this indicates that the loading
level of LDH did not change the mechanism of noniso-
thermal crystallization for the PCL nanocomposites.

Obviously, the Ozawa–Avrami combination
method can effectively describe the nonisothermal
crystallization kinetics of PCL/LDH nanocompo-
sites. The advantage of the combined kinetic model
is that it correlates the cooling rate to the tempera-
ture, time, and morphology (i.e., nucleation and
growth mechanism of crystals). This combined ki-
netic method has also been proved to be effective in
many other polymeric and polymer nanocomposite
systems, such as poly(ether ether ketone ketone),41

poly(oxybiphenyl-4,40-diyloxy-1,4-phenylenecarbonyl-
1,3-phenylenecarbonyl-1,4- phenylene) (PEDEKmK),42

poly(ethylene 2,6-naphthalate),43 poly(3-dodecylthio-
phene),44 poly(ethylene terephthalate)/antimony-
doped tin oxide nanocomposites,45 polypropylene/
silica nanocomposites,46 high-density polyethylene/
polyhedral oligomer silsesquioxane nanocomposites,35

nylon 11/ZnO composites,47 polypropylene/LDH
nanocomposites,48 and nylon 6/clay nanocomposites.32

Crystallization activation energy (DE)

It is important to evaluate DE for nonisothermal
crystallization. Among the commonly used methods,
the Kissinger method49 has been one of the most

popular approaches for evaluating nonisothermal DE
values. However, Vyazovkin50 demonstrated that
this method is inappropriate for melt crystallization.
Therefore, the Takhor model51 was used here to esti-
mate DE for the transport of polymer chains toward
the growing surface. According to the Takhor model,
DE can be determined with the following equation:

d½lnðUÞ�
dð1=TpÞ ¼ �DE

R
(10)

where R is the universal gas constant. The plots
obtained from the Takhor model are shown in Fig-
ure 8. DE was calculated from the slope (i.e., DE ¼
�R � slope), and the results are listed in Table V.
As can be seen in Table V, all the values of DE

were negative, and this indicates that the crystalliza-
tion is a heat-releasing process. Here we introduce
|DE| as the absolute value of DE for convenience.
The higher |DE| is, the more heat has to be released
for crystallization. The |DE| value of neat PCL was
lower than the values of its LDH nanocomposites,
and this indicates that it was more difficult for PCL
to crystallize in the presence of LDH nanoparticles.
This should be attributed to the reduction of the
transportability of polymer chains caused by the
addition of LDH. Although the addition of LDH
would cause a heterogeneous nucleation effect, the

TABLE IV
Nonisothermal Crystallization Kinetic Parameters with

Different Xt Values by the Avrami–Ozawa
Combination Method

Sample

Xt (%)

20 40 60 80

Neat PCL F(T) 4.754 7.028 8.675 10.498
a 1.7 1.6 1.6 1.5

99/1 PCL/LDH F(T) 2.683 3.662 4.435 5.449
a 1.3 1.2 1.3 1.2

98/2 PCL/LDH F(T) 2.760 3.812 4.599 5.534
a 1.3 1.3 1.3 1.2

96/4 PCL/LDH F(T) 3.425 4.219 4.919 5.645
a 1.2 1.2 1.2 1.2

Figure 8 Plots for estimating the activation energy of
nonisothermal melt crystallization with the Takhor model.

TABLE V
Values of DE Calculated with the Takhor Model

Sample

Neat
PCL

99/1
PCL/LDH

98/2
PCL/LDH

96/4
PCL/LDH

DE (kJ/mol) �126.6 �232.1 �207.4 �216.4
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hindrance effect of LDH seemed not to be neglected.
When a small amount of LDH nanoparticles (e.g., 1
wt %) was added, the mobility of PCL chains
decreased. As the amount of LDH was small, its het-
erogeneous effect was not that obvious, and thus the
|DE| value of the nanocomposites was higher than
that of neat PCL. When the amount of LDH was
increased to a certain extent (e.g., 2 wt %), the mo-
bility of PCL chains became even lower despite the
heterogeneous effect of LDH. As a result, the value
of |DE| decreased as the amount of LDH increased
to a certain degree. However, when the amount of
LDH exceeded a certain amount (e.g., 4 wt %), the
mobility of PCL chains was restricted even more sig-
nificantly, and this led to an even higher potential
barrier to be overcome to achieve the structural
arrangement of PCL chains during the melt crystalli-
zation process. Accordingly, |DE| was even higher

as the LDH content was further increased above a
certain amount.

Spherulitic growth behavior

Figure 9 shows POM photographs of neat PCL and
its nanocomposite with 4 wt % LDH. The size of the
PCL spherulites decreased upon the incorporation of
LDH into the matrix. This phenomenon was attrib-
uted to the nucleation effect of the LDH nanopar-
ticles, which provided much more heterogeneous
nuclei and reduced the size of the spherulites.
Because of the impingement effect, it was hard to
form perfect or well-developed spherulites when the
LDH content was high. The presence of a large num-
ber of heterogeneous nuclei (i.e., LDH nanoparticles)
resulted in restricted growth of numerous but small
PCL spherulites. Therefore, it can be concluded that
the presence of LDH and its content in the matrix
apparently influence the spherulitic size and overall
crystallization process of PCL. This is in good agree-
ment with the nonisothermal crystallization behavior
observed from DSC results.

CONCLUSIONS

The nonisothermal melt crystallization kinetics of
PCL and its LDH nanocomposites was investigated
by a DSC technique at different cooling rates. The
Avrami equation, the Ozawa method, and the com-
bined Avrami–Ozawa approach were used to
describe the nonisothermal crystallization behavior.
The Ozawa method failed to describe the noniso-
thermal crystallization behavior of PCL nanocompo-
sites, probably because of the inaccurate assumption
of the Ozawa theory. The Avrami analysis was used
to explain the crystallization kinetics for these sys-
tems, but the parameters could not give us explicit
meaning for nonisothermal crystallization. The com-
bined kinetic method was able to satisfactorily
describe the nonisothermal crystallization behavior
of PCL and its LDH nanocomposites. The analysis of
the crystallization process showed that the addition
of LDH nanoparticles accelerated the growth of PCL
crystallization. The activation energy for nonisother-
mal crystallization was evaluated with the Takhor
model. Compared with that of neat PCL, the activa-
tion energy of the LDH nanocomposites was higher
because of the hindrance effect of the nanoparticles.
Different kinetic parameters obtained from these
models have proved that LDH nanoparticles added
to the PCL matrix play two competing roles: on the
one hand, they are a heterogeneous nucleation me-
dium promoting the crystallization process of PCL;
on the other hand, they physically hinder polymer
chain mobility and thus retard the crystal growth
process of PCL.

Figure 9 POM micrographs of (a) neat PCL and (b) the
96/4 PCL/LDH nanocomposite (both nonisothermally
melt-crystallized). [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]
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