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ABSTRACT: The effect of clay nanoparticles on the overall
crystallization (isothermal crystallization, spherulitic
growth, and nonisothermal crystallization) behavior of poly-
propylene (PP) was studied by means of differential scan-
ning calorimetry and polarized light optical microscopy. In
addition, the changes produced by the compatibility
between the filler and the matrix were analyzed by using
more hydrophobic clays or incorporating PP grafted with
maleic anhydride (PP-g-MA). Different models were used to
predict the relative degree of crystallinity and several param-
eters were analyzed. A clear nucleating effect of clay nano-
particles was found on the experimental behavior (induction
time, half-crystallization time, and overall crystallization

time) and also deducted from the models parameters
(Avrami exponent, rate constant, nucleation activity, activa-
tion energy). The effect was also related with the matrix/clay
compatibility. In addition, the polarized light optical micros-
copy showed that the number of spherulites increased and
their size decreased when clay was incorporated, which is
also an indication of the heterogeneous nucleating behavior
of such particles. We also noted faster spherulitic growth
and increasing Kg (the model parameter).VVC 2009Wiley Periodi-
cals, Inc. J Appl Polym Sci 114: 3248–3260, 2009
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INTRODUCTION

Although there are several studies on the crystalliza-
tion behavior of clay/polymeric matrix nanocompo-
sites, different and sometimes contradictory results
have been reported about the effect of nanoparticles
on the crystallization behavior of semicrystalline
polymers,1,2 which is very important because the
final properties depend on it. In addition, only few
works are related to the spherulite growth.

Several authors have demonstrated the nucleating
and accelerating effects of clay nanoparticles by ana-
lyzing different experimental parameters: the
increase on the crystallization temperature (Tc) with
respect to the neat matrix,3,4 the increase on the
melting and crystallization temperatures (Tm and
Tc),

5 the higher crystallization rate,6,7 the reduction
of the effective energy barrier,6 and the decrease in
the half-crystallization time.8–10

This accelerating behavior was also demonstrated
by means of models parameters, for example, the
activation energy from Kissinger model, i.e., the higher
the clay content the lower, meanwhile, the activation
energy,10 and the parameters of Mo’s equation.8–10

There is another controversial point related with
the applicability of different models; however, some
authors10 claimed that both traditional methods,
Avrami and Ozawa, were inapplicable, whereas
Mo’s model was adequate to describe the noniso-
thermal crystallization behavior of PP/clay nano-
composites; other authors6 also stated that Ozawa’s
was nonapplicable but Avrami’s gave satisfactory
results for the modeling of the nonisothermal crys-
tallization of PP/clay nanocomposites. Nevertheless,
diverse and sometimes incongruous results6,9,11 with
respect to the parameters of those models were
found. An additional complication came from the
fact that some authors have claimed that the nucleat-
ing effect depends on the cooling rate.12

Another contradiction is related to the use of differ-
ent clay (unmodified and modified, mainly to make it
more compatible with the hydrophobic thermoplastic
matrix) in the same matrix, whereas some studies13

indicate that the higher the dispersion degree (higher
matrix/clay compatibility), the lower becomes the
clay nucleation effect; another ones9 correlate the
nucleation effect with the contact area between
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TABLE I
Equations Used for the Modeling of Crystallization Process

Equations Parameters Ref.

Degree of
crystallinity

Xcrð%Þ ¼ DHf

wPP�DH100
� 100 DHf: experimental heat of fusion 23

wPP: PP weight fraction and DH100: heat of fusion of 100%
crystalline PP (207.1 J/g)

Isothermal crystallization
Relative degree

of crystallinity
a ¼

R t

0

dH
dt :dtR1

0

dH
dt
:dt

¼ DHt

DH0
DHt: heat generated at time t 24
DH0: total heat generated up to the complete crystallization

Avrami’s model a ¼ 1 – exp (�k�tn) k: Avrami rate constant (containing the nucleation and the
growth parameters)

25

n: Avrami exponent (depends on the mechanism of nucleation
and on the form of crystal growth)

Rate constant k ¼ ln 2
tn
1=2

;
ffiffiffiffiffiffi
k

ln 2
n

q
¼ 1

t1=2
¼ OCR t1/2: half-crystallization time (time at which the relative degree

of crystallinity approaches 0.5)
OCR: overall crystallization rate

Arrhenius’s
equation

k ¼ k0 � exp � Ea

RðT0
m�TcÞ

� �
k0: preexponential factor 26
R: universal gas constant
Ea: total activation energy
T0
m: theoretical melting point; Tc: crystallization temperature

Hoffman-Weeks
method

T0
m is obtained from the
interception of Tm

¼ f(Tc) with Tm ¼ Tc

Tm: melting temperature 27

Tc: crystallization temperature
Induction time ti ¼ Kti � exp Eti

RDT

� �
ti: induction time (time needed for the formation of the
equilibrium nucleus with critical dimensions at a given T)

28

Kti: preexponential factor for the nucleation process
Kti: activation energy for the nucleation process

Spherulitic growth
Spherulitic

growth rate
GðTÞ ¼ G0 � exp � U�

RðTc�T1Þ
� �

� exp � Kg

Tc �DT�f
� � G0: preexponential factor 29

U*: activation energy for segmental jump rate in polymers
(1500 cal/mol)

R: universal gas constant
Tc: crystallization temperature
T1 ¼ Tg – 30 K
f ¼ 2�Tc

TcþT0
m

Nonisothermal crystallization

Relative degree
of crystallinity

a ¼
R T

0

dH
dT�dTR1

0

dH
dT
�dT T0: onset crystallization temperature

T1: final crystallization temperature; Hc: crystallization
enthalpy

Avrami’s model 1 – a ¼ exp (Ztt
n) Zt: rate constant in the nonisothermal crystallization process 30

Nucleation
activity

e ¼ Bf

B0
e: nucleation activity of the filler 31
Bf: slope of log / vs. 1/2.3DT2

p curve for nanocomposite
B0: idem for the matrix
DTp ¼ Tm – Tp (peak temperature)

Kinetic
parameter

logZc ¼ logZt

/ /: cooling rate 32
Zc: parameter characterizing the kinetic of nonisothermal
crystallization

Ozawa’s model 1� a ¼ exp �KðTÞ
/m

� �
K(T): function of cooling rate 33
M: Ozawa exponent (depends on the crystal growth)

Mo’s model ln / ¼ ln F(T) – b ln t F(T) ¼ [K(T)/Zt]
1/m represents the value of cooling rate (must

be chosen within the unit crystallization time when the
measured system amounted to a certain degree of
crystallinity)

34

b: (m/n) ratio of the Avrami exponent n to the Ozawa
exponent

Kissinger’s
model

d ln /=T2
p

� �� �

d 1=Tp

� � ¼ �DET

R Tp: crystallization peak temperature 35
DET: activation energy for the transport of the macromolecular
segments to the growing surface
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polymer segments and clay surface, i.e., a higher con-
tact area resulting from the higher clay interlayer
spacing produces a greater nucleation effect.

In addition, to improve the compatibility, maleic
anhydride-grafted-polypropylene (PP-g-MA) can be
used. In this case, the studies are in accordance with
the first approach; PP/PP-g-MA/clay systems con-
taining the clay tactoids crystallized faster, whereas
no nucleation ability in systems with well-dispersed
clay was observed.14 In this case, another effect
should be taken into account: the use of PP-g-MA
compatibilizer contributes to the retardation of the
quiescent isothermal crystallization kinetics relative
to the neat PP.14

Analyzing the spherulitic growth, a reduction of the
spherulites size by the addition of the nanofiller is gen-
erally found, either due to the higher amount of crys-
talline defects caused by the presence of the particles15

or to the nucleating effect of those particles.16,17

Bulk crystallization and spherulitic growth not
always follow a similar trend. Some authors have
probed that whereas the nanoparticles serve as
nucleation agent resulting in an enhancement of the
overall crystallization rate (OCR), a constant spheru-
lite growth rate is observed, suggesting that nuclea-
tion and growth of spherulites are two independent
processes.18,19 However, other authors20 have found
an increasing trend on the spherulitic growth rate
and, opposite, other studies21,22 have demonstrated
that silica increased the crystallization rate of pure
polymeric matrices but decreased the spherulite
growth rate because of the viscosity increment,
which decreased the transport of crystallizable
chains to the crystal front. A further point is related
to the matrix/clay compatibility: the higher the ma-
trix/clay miscibility, the slower is the bulk crystalli-
zation and the faster is the spherulitic growth.13

The aim of this work was to study and model the
overall crystallization process (isothermal, noniso-
thermal, and spherulitic growth) of PP reinforced
with nanoclay and to analyze the effect of clay con-
tent and the clay/matrix compatibility (by changing
the clay and also by incorporating PP-g-MA as com-
patibilizer) on the experimental behavior and param-
eters obtained from several models with respect to
the neat PP. The models and equations used in this
work are summarized in Table I. Also, the useful-
ness of each model will be analyzed.

EXPERIMENTAL

Materials

Isotactic PP supplied by Petroquı́mica Cuyo, Men-
doza, Argentina, was used as a matrix. Some of its
physical and mechanical properties are shown in
Table II. To improve the compatibility between PP

matrix and clay, 10 wt % PP-g-MA (Epolene E-43
wax, Eastman Chemical Company, Kingsport, TN)
was also added in the formulation of some
nanocomposites.
Three different commercially available clays [Cloi-

site Naþ (MMT), Cloisite 30BVR (C30B), and Cloisite
10AVR (C10A), purchased from Southern Clay Prod-
ucts, Austin, TX] were employed as nanofillers. They
were used as received. Their characteristics are
shown in Table III.

Nanocomposites preparation

The nanocomposites were prepared in an intensive
mixer (Brabender type) at 180�C; the speed of rota-
tion and the mixing time were 50 rpm and 10 min,
respectively. Different MMT contents (0.5, 1, 3, and
5 wt%) were used. After mixing, 3-mm plaques
were compression molded in a hydraulic press for
10 min at 180�C under a pressure of 50 kg/cm2.
Once the effect of clay content was studied, the ini-
tial materials were changed.

• 10 wt % of PP-g-MA was incorporated in the
matrix of PP/5 wt % MMT nanocomposites.

• 5 wt % of C10A or C30B were used as reinforce-
ment instead of MMT for the neat PP.

Methods

Transmission electron microscopy

Transmission electron microscope (TEM) JEOL CX II
using an acceleration voltage of 80 kV was used to
observe the dispersion of clay platelets within the
polymer chains.

Differential scanning calorimetry

A differential scanning calorimeter (DSC Perkin
Elmer 7) was used to study the isothermal and noni-
sothermal crystallization processes. Samples of about
10 mg were accurately weighted. All DSC analyses
were performed under nitrogen atmosphere. In both
cases, a first run was done from room temperature
to 200�C at a heating rate of 10�C/min. Then, the
samples were melted for 5 min at 200�C to permit
the complete melting of the crystals.

TABLE II
Physical and Mechanical Properties of the Polypropylene

Matrix (Technical Datasheet)

Melt flow index (230�C/2.16 kg) 3.4 g/10 min
Young’s modulus 1.45 GPa
Melting point 166�C
Density 0.88–0.92 g/cm3
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Isothermal crystallization. Then, the samples were
cooled to the crystallization temperature at 30�C/
min and maintained at the crystallization tempera-
ture for 30 min to allow complete crystallization.
The material was crystallized in the temperature
range of 124–128�C. Then, the sample was heated
from the crystallization temperature to 200�C at
10�C/min to melt the crystals formed at the crystal-
lization temperature and to find the melting temper-
ature of each material. The degree of crystallinity
was almost constant (41 � 2%) for the matrix and all
nanocomposites. A similar value and behavior was
found by other authors.36,37 This is an expected
behavior because the nucleation of MMT would
increase the relative degree of crystallinity slightly
because only a small portion of MMT had an effect
on the nucleation,38,39 whereas most of the MMT
layers restricted the motion of PP chains; the re-
stricted chains might not crystallize decreasing the
crystallization degree.
Nonisothermal crystallization. The samples were
cooled to room temperature at different cooling rates
(5, 10, 15, 20, and 25�C/min).

Transmission optical microscopy

An optical microscopy Leica DM LB with a hot-stage
Linkam THMS 600 was used for the test. Samples
were prepared by cutting small pieces from films.
These samples were heated from room temperature
to 200�C at 10�C/min, kept for 10 min at 200�C, and
then quickly cooled to the crystallization tempera-
ture (between 138 and 144�C). Then, they were
maintained at each temperature for at least 10 min.
Polarized light was used to observe the spherulites
morphology. Images of the spherulites were taken at
several times and their radii were measured by
using a software tool. The time-lapsed frames were
recorded to determine the spherulitic growth rate.

RESULTS AND DISCUSSION

Bulk isothermal crystallization

During isothermal crystallization, an increase of the
melting temperature (Tm) as a function of crystalliza-
tion temperature (Tc) was observed for the matrix
and also for all nanocomposites. This behavior was
probably related with the increase on the chains mo-
bility when crystallization temperature increased.40

From the fusion temperatures after each crystalliza-
tion step, T0

m (thermodynamic melting point) was
determined by the Hoffman-Weeks method as
shown in Figure 1 for PP matrix. T0

m was almost con-
stant (182�C), and in the range obtained from litera-
ture,41–43 for the matrix and MMT nanocomposites.
This results drives to the idea that nanoclay particles
does not have an important effect on the perfection
of PP crystallites. Nevertheless, other authors17,44

TABLE III
Characteristics of the Different Nanoclays Used

Clay
Organic
modifier

Modifier
concentration

(mequiv/100 g clay)

Specific
gravity
(g/cm3)

MMT None 2.86

C30B 90 1.98

C10A 125 1.90

Figure 1 Hoffman-Weeks plot for PP matrix. Determina-
tion of the thermodynamic melting point (T0

m).
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have found an increasing trend on the theoretical
melting point as a function of the nanofiller content.
In our case, different theoretical melting points were
found for modified systems: PP/C10A (189.3�C), PP/
C30B (180�C), and PP/PP-g-MA/MMT (185.4�C).

Nucleation process

Figure 2 shows the relationship between the induc-
tion time and the crystallization temperature for PP
matrix and the nanocomposites with different MMT
contents (a) and with different initial materials (b).
Independently of the clay content and additives
used, induction time increased with crystallization
temperature because of the decrease on the under-
cooling degree, which is the driving force for crystal-
lization process.

From Figure 2(a) it is clear that the induction time
decreased as a function of clay content because
spherulites need less time to heterogeneously nucle-
ate; so, they act as nucleating agents. Heterogeneous
nucleation took place in the nanocomposites,
whereas homogeneous/heterogeneous nucleation
occurs in the case of pure matrix. Homogeneous
nucleation begins suddenly by chain aggregation
below the melting point needing more time to reach
the maximum crystallization rate.17 On the other
hand, Figure 2(b) shows the higher induction times
for PP-5 wt % C30B, PP-5 wt % C10A, and PP-5 wt %
MMT-PP-g-MA (with respect to PP-5 wt % MMT),
which is related to the upper compatibility between
the modified clays (which are both more hydropho-
bic than the original one) with the matrix and to the
compatibilization between PP-g-MA and MMT in ac-
cordance to Krikorian et al.13

As the matrix is hydrophobic and MMT is hydro-
philic, there is necessary to improve the interactions
between both of them.45–47 For this purpose, there
are two options: to functionalize the polymer by the
addition of functional oligomers using, for example,
PP-g-MA, and the other is to modify the clay. TEM
images (Fig. 3) confirmed this behavior and are in
accordance with the results obtained for the induc-
tion time. In view of the fact that the silicate plate-
lets are dark, the presence of tactoids whose are
unseparated montmorillonite layers is manifested
and there are some regions where a small amount of
polymer occupied the intragallery spacing [Fig. 3(a)],
which is a typical observed morphology when no
compatibility exists between clay and PP.48 It can be
observed from Figure 3(b,c) that the dispersion of
clay nanoparticles in the PP matrix was enhanced
where modified clays were used; especially for the
clay C10A, which is the most hydrophobic (highest
polymer–clay compatibility). Moreover, Figure 3(d)
evidence that PP-g-MA contributed to a higher
degree of disordered structures and exfoliated
layers. The mechanical properties previously
reported, are also in accordance with the present
ones.49 From the previous results (TEM and induc-
tion times), it was concluded that the higher the dis-
persion degree, the lower is the nucleation effect.13

The experimental induction times were modeled
by obtaining the preexponential factor, Kti, and the
activation energy, Eti, from a typical nonlinear Leb-
erverg-Marquard regression method in the Origin-
Pro 7.5 software. To compare, an average Kti value
of 0.1 was used. The results are summarized in Ta-
ble IV. Activation energy for the induction process
decreased with the clay incorporation and as a func-
tion of clay content, which in turn indicates that the
nucleation process is facilitated by the presence of
clay. In the case of modified materials (C10A, C30B,
PP-g-MA), the value was higher than that of the PP

Figure 2 Induction time as a function of crystallization
temperature for (a) PP-matrix and nanocomposites with
different MMT contents and (b) nanocomposites with
modified initial materials: PP-5 wt % C30B; PP-5 wt %
C10A, and PP(10% PP-g-MA)-5 wt % MMT.
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5 wt % MMT, which is in accordance with the ex-
perimental trend.

Crystal growth process

Figure 4 shows the degree of crystallinity as a func-
tion of time (Tc ¼ 128�C) for the matrix and nano-
composites with different MMT contents [Fig. 4(a)]
and with different initial materials [Fig. 4(b)]. A clear
tendency can be found in Figure 4(a) for clay con-
tent, i.e., the higher the MMT concentration, the
faster is the crystallization process. On the other

hand [Fig. 4(b)], the higher half-crystallization times
for the organomodified clay nanocomposites can be
attributed to a decreased nucleation effect, which is
related to the fact that the dispersed clay platelets
may hinder the chain-folding mechanism for local
polymeric matrix crystallization.13,50

Figure 5 shows the experimental OCR as a func-
tion of crystallization temperature for the matrix and
nanocomposites with different MMT contents. It can
be seen that this parameter decreases as the crystalli-
zation temperature becomes higher because of the
lower undercooling degree, i.e., the lower

Figure 3 TEM images for (a) PP-5 wt % MMT; (b) PP-5 wt % C10A; (c) PP-5 wt % C30B; and (d) PP(10% PP-g-MA)-5 wt
% MMT.

TABLE IV
Parameters of Isothermal Crystallization for Different Materials Studied

Eti
(Kti

¼ 0.10) (kJ/mol) OCRexp (s�1) OCRpredict (s
�1) n Eact (kJ/mol)

PP 100 2.11 � 10�3 2.13 � 10�3 2.38 � 0.08 808
PP 0.5 wt % MMT 97.0 3.34 � 10�3 3.28 � 10�3 2.22 � 0.08 792
PP 1.0 wt % MMT 96.7 4.15 � 10�3 4.08 � 10�3 2.02 � 0.09 760
PP 3.0 wt % MMT 92.9 5.24 � 10�3 5.10 � 10�3 1.86 � 0.06 745
PP 5.0 wt % MMT 91.1 8.85 � 10�3 8.62 � 10�3 2.06 � 0.26 724
PP(10% PP-g-MA) 5.0 wt % MMT 93.9 5.10 � 10�3 4.65 � 10�3 2.70 � 0.10 777
PP 5.0 wt % C30B 94.3 8.78 � 10�3 8.77 � 10�3 2.42 � 0.08 768
PP 5.0 wt % C10A 95.5 6.85 � 10�3 5.65 � 10�3 2.24 � 0.06 783

Eti: activation energy for nucleation process; OCR (Tc ¼ 128�C): overall crystallization rate at crystallization temperature
of 128�C; exp: experimental values; predict: predicted values; n: average Avrami exponent (Tc ¼ 124–128�C); Eact: activa-
tion energy for crystal growth.
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crystallization driving force. This behavior was also
observed for different initial materials. In addition,
the nanocomposites crystallized faster than PP ma-
trix because the clay particles serve as additional
nucleation sites. Table IV also includes OCR for
studied materials. The heterogeneous nucleation
effect was lower when the compatibilization between

PP and the clay was improved (i.e., C10A, C30B,
and incorporation of PP-g-MA).
The parameters of Avrami model (Avrami expo-

nent, n, and rate constant, k) were calculated in the
range of a between 0.1 and 0.9. The obtained values
are summarized in Table V, whereas average values
for n are included in Table IV. In the case of the ma-
trix, n was equal to 2.4 � 0.1.6,17 On the other hand,
the average value for all nanocomposites was near
to 2, indicating a two-dimensional crystal growth
with a linear growth rate and the crystal nucleating
athermally.51 On the contrary, Wang et al.16 and
Ma et al.17 have found an increment on n for
nanocomposites.
In all cases, the rate constant, k, decreased with

the increase of the crystallization temperature. In
addition, at a constant temperature k increased
when clay was incorporated; this indicates the faster
bulk crystallization in comparison with the neat ma-
trix.6 On the other hand, the change of the original
clay for the organoclay or the addition of PP-g-MA
produced a decrease on k, which is related with

Figure 5 Overall crystallization rate (OCR) as a function
of crystallization temperature (Tc) for PP matrix and nano-
composites with different MMT contents.

TABLE V
Parameters of Avrami Equation for Matrix and Nanocomposites as a Function of Crystallization Temperature

Material

124 125 126 127 128

n k (�106) n k (�106) n k (�106) n k (�106) n k (�106)

PP 2.3 8.7 2.4 2.1 2.4 1.4 2.4 0.41 2.4 0.27
PP 0.5 wt % MMT 2.2 16 2.2 10 2.2 6.4 2.2 3.8 2.3 1.0
PP 1.0 wt % MMT 2.0 98 2.0 63 2.0 32 2.0 13 2.11 4.8
PP 3.0 wt % MMT 1.9 190 1.8 180 1.8 120 1.9 68 1.9 29
PP 5.0 wt % MMT 1.8 640 2.1 600 2.2 430 2.0 76 2.2 16
PP(10% PP-g-MA) 5.0 wt % MMT 2.2 42 2.2 22 2.2 10 2.3 5.2 2.3 3.5
PP 5.0 wt % C30B 2.4 62 2.4 41 2.4 24 2.5 8.7 2.4 6.6
PP 5.0 wt % C10A 2.6 47 2.7 14 2.7 5.9 2.8 1.9 2.7 2.1

Figure 4 Relative degree of crystallinity (a) as a function
of time for (a) PP matrix and nanocomposites with differ-
ent MMT contents and (b) nanocomposites with modified
initial materials: PP-5 wt % C30B; PP-5 wt % C10A; and
PP(10% PP-g-MA)-5 wt % MMT.

3254 PEREZ AND ALVAREZ

Journal of Applied Polymer Science DOI 10.1002/app



slower crystallization process. So, this parameter (k)
could be useful to understand the nucleation and
fastening effect of clay and to elucidate the matrix/
clay compatibility: a higher k value implies a higher
nucleation effect, a lower matrix/clay compatibility,
and lower clay dispersion degree.

k values demonstrated that the crystallization
kinetics of nanocomposites is less temperature de-
pendent than that of the matrix in the nucleus for-
mation step.

Similar to nucleation process, the preexponential
factors (k0) and activation energies (Ea) were
obtained from a typical nonlinear regression method.
The results of activation energies (for an average k0
of 1.4 � 1014) are also included as Table IV. The
addition of layered silicate into the matrix should
cause more heterogeneous nucleation, so it is
expected to obtain a lower Ea.

All the previous results should indicate that the
matrix/clay compatibility (dispersion degree and
intercalation-exfoliation ratio) is most important than

Figure 6 Heat flow as a function of the undercooling
degree at 10�C/min for (a) matrix and nanocomposites
with different MMT contents and (b) matrix and nanocom-
posites with modified initial materials: PP-5 wt % C30B;
PP-5 wt % C10A; and PP(10% PP-g-MA)-5 wt % MMT.

Figure 7 a) DTp ¼ T0
m � Tp as a function of cooling rate

for (a) PP matrix and nanocomposites with different MMT
contents; (b) DTp ¼ T0

m � Tp as a function of cooling rate
for nanocomposites with modified initial materials: PP-5
wt % C30B; PP-5 wt % C10A; and PP(10% PP-g-MA)-5 wt %
MMT; (c) nonisothermal half-crystallization time as a
function of cooling rate for PP matrix and nanocomposites
with different MMT contents.
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the interlayer spacing (contact area between polymer
segments and clay surface) to determine the nuclea-
tion and acceleration effect of the filler on the crys-
tallization behavior of the PP matrix.

Nonisothermal crystallization analysis

The crystallization curves of matrix and nanocompo-
sites at 10�C/min are shown in Figure 6. The addi-
tion of clay produced a faster crystallization process
and a significant decrease on undercooling degree
(DTp ¼ T0

m � Tp), whose values are shown in Figure
7(a), because nanoparticles acted as effective nucleat-
ing agents. The last figure shows that, in all cases,
DTp increased with increased cooling rate. At lower
cooling rates, there is more time to overcome the
nucleation energy barriers and, so that, crystalliza-
tion starts at higher temperatures, whereas as the
cooling rate is raised, the nuclei became active at
lower temperatures,52 also conducting to smaller
spherulites during the heterogeneous nucleation pro-
cess. Tp and also t1/2 for a cooling rate of 10�C/min
are summarized in Table VI. As expected, the value
of t1/2 decreased with the increased cooling rates for
matrix and nanocomposites [Fig. 7(c)]. It can be
observed that for a fixed cooling rate, the half-crys-
tallization times for nanocomposites were lower
than for the neat PP implying that the addition of
clay can accelerate the overall non-isothermal crys-
tallization process.4 The values of ln /=T2

p

� �
were

plotted as a function of 1/Tp and good relations
were obtained; from these plots, the activation
energy for the transport of the macromolecular seg-
ments to the growing surface was estimated and
these values are included in Table V. The results of
activation energies of nonisothermal melt crystalliza-
tion (lower Ea for nanocomposites) also show the
nucleating effect of nanoclay, as it was previously
discussed. Other authors8,16 have found a similar

trend on activation energy. Even though the activa-
tion energy decreased from matrix to nanocompo-
sites, it tends to increase as a function of clay
content because of the increase on the melt viscosity
due to the confinement effect of the clay on the
motion of the polymer chains.53

Table V also includes the nucleation activity31; if
the filler is extremely active for nucleation, e
approaches to zero, whereas for an absolutely inert
particle it becomes 1. The nucleation activity values
demonstrated that MMT is an effective nucleating
agent for PP; moreover, that effect clearly increased
with clay content (e decreased); the silicate layers
are active substrates for the heterogeneous nucleation
of PP crystals, which decrease the free energy that
oppose primary nucleation. This parameter was
higher for nanocomposites with organoclays and also
when 10 wt % of PP-g-MA was incorporated, indicat-
ing lower nucleation ability for higher polymer/
matrix compatibility which is in accordance with the
previous results of isothermal crystallization.

Figure 8 Ozawa plots, log(�ln(1�a)) vs. log /, for the
nonisothermal crystallization of PP matrix.

TABLE VI
Parameters of Nonisothermal Crystallization for Different Studied Materials

DTp 10�C/min

(�C)
t1/2 10�C/min

(s)
Ea

(kJ/mol) e

Ozawa Avrami Mo

K(T) m Zc n b F(T)

PP 66.7 130 228.2 1 160 2.9 0.380 5.3 1.18 22.2
PP 0.5 wt % MMT 64.3 83 213.6 0.82 300 2.2 0.389 4.9 1.20 18.2
PP 1.0 wt % MMT 62.7 78 200.2 0.80 420 2.3 0.331 5.3 1.08 18.2
PP 3.0 wt % MMT 59.9 82 210.1 0.73 1000 2.4 0.389 5.4 1.02 14.9
PP 5.0 wt % MMT 56.8 88 211.5 0.58 1520 2.2 0.371 5.2 1.27 16.4
PP (10% PP-g-MA)-5.0 wt % MMT 58.9 63 224.3 0.63 1290 2.3 0.468 4.3 1.15 12.2
PP 5.0 wt % C30B 57.4 76 185.1 0.60 410 2.3 0.436 4.2 1.16 18.2
PP 5.0 wt % C10A 62.1 92 192.0 0.71 490 2.2 0.468 4.1 1.22 13.5

DTp ¼ T0
m � Tp, Tp: peak temperature at cooling rate of 10�C/min; t1/2 10�C/min: half-crystallization time at cooling rate

of 10�C/min; Ea: activation energy for the transport of the macromolecular segments to the growing surface (Kissinger
method); e: nucleation activity; Ozawa: parameters of Ozawa’s model obtained at Tc ¼ 118�C; Avrami: parameters of
Avrami’s model obtained at 20�C/min; Mo: parameters of Mo’s model obtained for a ¼ 0.6.
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Although several authors have claimed that Oza-
wa’s model was nonapplicable for the nonisothermal
crystallization process because it ignores secondary
crystallization,5,6 other ones54 have explained that
during cooling, secondary crystallization could not
take place because of the continuous decrease in
temperature. So, we tried to use this approach in
PP/MMT nanocomposites. Figure 8 shows the
Ozawa plots for matrix. Similar ones were obtained
for nanocomposites. As straight lines can be traced,
the Ozawa analysis should be valid in this case. The
parameters calculated from this analysis are shown
in Table VII. The value of K(T) increased as the crys-
tallization temperature decreased (higher driving
force for the crystallization process) for the matrix
and also for all nanocomposites, but the values were
higher for the nanocomposites than for the matrix at
any given crystallization temperature (increasing
with clay content) implying that nanocomposites
crystallized faster than the pure matrix, which is
also coincident with all previous results. A similar
trend was found by Xu et al.9 in the case of PP/PP-
g-MA/Org-MMT. On the other hand, m had not a
clear tendency with temperature but it was higher
for matrix (2.8 � 0.2) than for nanocomposites (2.0 �
0.4), related also with the faster crystallization of the
nanocomposites.

So that, both parameters K(T) and n from Ozawa
model’s could show the nucleating effect of nano-
particles on the crystallization behavior of PP
matrix.

An alternative approach was adopted by Avrami
and the results for our systems are displayed in Ta-
ble VIII. It is important to note that the parameters
(Zt and n) do no have the same physical meaning

than in isothermal crystallization because under non-
isothermal crystallization the temperature changes
continuously affecting the nuclei formation and
spherulite growth rate (which depend on the tem-
perature). The corrected crystallization constant (Zc)
increased as a function of cooling rate, which is an
expected behavior because it is an indication of the
crystallization rate that gets faster under cooling.
Nevertheless, a correlation between clay content and
this parameter was not found, as in the case of PP-g-
MA/MMT20 at low cooling rates. Dissimilar results
(increasing trend: Papageorgeou et al.6; Xu et al.9 or
decreasing trend: Li et al.20) have been found for
this parameter by comparing nanocomposites and
neat PP matrix. Although the changes in n did not
show an apparent trend, it was smaller for the ma-
trix than for the nanocomposites indicating that
MMT nanoparticles acted as heterogeneous nuclei
for the initial nucleation. A similar tendency was
found in the case of PP/SiO2 nanocomposites.6

The previous results seem to show that this model
(Avrami) is not completely adequate to establish the
correlations of the effect of nanofiller on the noniso-
thermal crystallization of PP matrix.
The combination of both previous models (Ozawa

and Avrami) leads to Mo’s analysis whose parame-
ters are summarized in Table IX. The values of F(T)
increased with the relative degree of crystallinity (a),
whereas no obvious tendency were observed as a
function of clay content. Analyzing the effect of clay
content at a fixed cooling rate (see Table V), it is
clear that this parameter was slighter for nanocom-
posites than for the matrix indicating the heteroge-
neous nucleation effect of MMT.16 The changes in b
indicate that the presence of the nucleating agent

TABLE VIII
Avrami’s Parameters for the Nonisothermal of Pure PP and PP/MMT Nanocomposites

/ 5 10 15 20 30

Sample n Zc n Zc n Zc n Zc n Zc

PP 4.8 0.009 4.9 0.120 5.0 0.263 5.3 0.380 5.5 0.537
PP 0.5 wt % MMT 5.1 0.004 4.9 0.100 4.9 0.245 4.9 0.389 4.7 0.562
PP 1 wt % MMT 6.3 0.001 6.0 0.063 5.5 0.214 5.3 0.331 5.0 0.549
PP 3 wt % MMT 5.7 0.002 5.1 0.102 4.9 0.269 5.4 0.389 4.8 0.575
PP 5 wt % MMT 4.8 0.003 5.8 0.071 6.5 0.214 5.2 0.372 5.4 0.525

TABLE VII
Ozawa’s Parameters for the Nonisothermal of Pure PP and PP/MMT Nanocomposites

T (�C)

PP
PP 0.5 wt %

MMT
PP 1 wt %

MMT
PP 3 wt %

MMT
PP 5 wt %

MMT

m K(T) m K(T) m K(T) m K(T) m K(T)

116 2.9 210 2.1 470 2.2 550 2.3 1480 2.2 2700
118 2.9 160 2.2 300 2.3 420 2.4 1000 2.2 1520
120 2.6 50 2.2 110 2.4 180 2.4 760 2.2 800
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affect in a different way n compared with m. The
values of b were always higher than 1 indicating
that Avrami exponent was always higher than that
of the Ozawa. F(T) values increased with the degree
of crystallinity, whereas at a certain degree of crys-
tallinity they remained almost unaffected by the
presence of the clay, as previously reported by Papa-
georgiou et al.6 So, although this last model correctly
represents the experimental crystallization curves for
the matrix and nanocomposites, the parameters do
not appear to be good to establish the nucleating
effect of the clay.

Spherulitic growth

Figure 9 shows growing spherulites micrographs for
PP at the undercooling degree of 42�C at two differ-
ent times (180 and 420 s). The morphology of all the
studied spherulites (not shown) was quite similar.
Table X summarizes the spherulites radius and the
number of growing nucleus at the same time and
undercooling degree for matrix and selected nano-
composites. A decreasing trend on spherulites radius
as a function of MMT content can be observed,
which is related to their nucleating effect.55 On the
other hand, it can be noted that at same time, the
number of growing nucleus augment with the clay
content, this fact can also be attributed to the nucle-
ating effect of the clay particles, which in turn coin-
cides with the studies carried out by DSC. Both
parameters (number of nucleus and spherulites ra-
dius) also show the lower nucleating ability of the
modified clay because of its higher compatibility
with the matrix.

The spherulites radius as a function of time for
the matrix and nanocomposites at the same under-
cooling degree are displayed in Figure 10(a). At least
eight spherulites were measured for each test. The
spherulite radius increased linearly with the time in
all cases. This behavior was observed at all under-
cooling degrees and indicates that the growth rate is
independent of the spherulites size. From the previ-
ous figure, the spherulitic growth rate was calcu-
lated as G ¼ dR=dt which is the slope of the
experimental radius versus time curve at each tem-

perature. The obtained values at Tc ¼ 140�C are also
included in Table IX.
The spherulitic growth rate increased as a function

of MMT content. Comparing nanocomposites with 5
wt % of different clays (MMT and C10A); the last
one shows a slower spherulitic growth that can be
related to the major compatibility with the matrix.
Additionally, in all cases, the growth rate increased
with the undercooling degree. The obtained values
were correlated [Fig. 10(b)] by using spherulitic
growth equation (see Table I).

Figure 9 Spherulites morphology of PP matrix crystal-
lized at 140�C for different times: (a) 180 and (b) 420 s.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

TABLE IX
Mo’s Parameters for the Nonisothermal of Pure PP and PP/MMT Nanocomposites

a 0.2 0.4 0.6 0.8

Sample b F(T) b F(T) b F(T) b F(T)

PP 1.19 18.2 1.19 20.1 1.18 22.2 1.19 24.5
PP 0.5 wt % MMT 1.24 12.2 1.20 14.9 1.20 18.2 1.23 20.1
PP 1 wt % MMT 1.05 14.9 1.07 16.4 1.08 18.2 1.10 20.1
PP 3 wt % MMT 0.98 11.0 1.01 13.5 1.02 14.9 1.04 16.4
PP 5 wt % MMT 1.30 12.2 1.29 14.9 1.27 16.4 1.27 18.2
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Kg and G0 calculated on this way are also sum-
marized in Table IX. Kg decreased as the clay was
incorporated, because of the action of the clay as
nucleation agent. In the case of the nanocomposites
with 5 wt % of C10A, the value is lower due to the
increased compatibilization. So that, Kg could be
used to analyze the nucleation effect of the clay on
the spherulitic growth of PP matrix and also to ana-
lyze the matrix/clay compatibility (and with the
intention of inferring the dispersion of the clay plate-
lets inside the matrix).

CONCLUSIONS

The effect of clay nanoparticles and matrix/clay
compatibility on the bulk crystallization and spheru-
litic growth behavior of PP was studied.
All results (experimental and models parameters)

demonstrated that clay nanoparticles acted as nucle-
ating agents and that this ability can be directly cor-
related to the matrix/clay compatibility (dispersion
degree and intercalation–exfoliation ratio) being
lower for the higher interaction.
From the used models, Ozawa parameters seem to

show this nucleating effect of nanoparticles on the
crystallization behavior of PP matrix, whereas
Avrami and Mo models seem to be not completely
adequate to determine this effect.
In addition, the nucleation activity, e and also Kg

look like interesting parameters to determine the
nucleating effect of the nanoparticles on the crystalli-
zation behavior of PP matrix and also to infer corre-
lations with the clay dispersion degree, i.e., the
higher the matrix–clay compatibility, the higher are
both parameters.
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