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1. Introduction

Isotactic polypropylene (iPP) is a versatile thermoplastic poly-

mer which is used in many technical applications in large
volume. Due to its easy processability, good mechanical prop-
erties, great recyclability, and low cost, iPP has found a wide
range of applications in areas like packaging, households and
automobiles. However, it exhibits a relatively low modulus and
stiffness compared to engineering plastics. Reinforcement of iPP
with nanometer-scale inorganic particles to enhance its properties,
especially the mechanical ones, and which may induce changes
in polymer crystallization behaviour and morphology, has been
attempted [1,2]. On the other hand, the use of nucleating agents
for iPP is very extensive and finds importance because the con-
trol of the crystallization behaviour allows the modification of the
microstructure and the enhancement of some physical properties
of the polymer, such as thermal, mechanical, and optical proper-
ties. Generally, nucleating agents of iPP can be divided into ˛ and ˇ
nucleating agents, in which ˛ nucleating agents can improve ten-
sile and flexural properties as well as transparency of iPP while ˇ
nucleating agents can improve impact strength and heat distortion
temperature of iPP; however, ˇ nucleating agents would decrease
the stiffness of iPP [3–6].
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lerene-like tungsten disulfide particles (IF-WS2) were used to produce new
anocomposites. A remarkable increase of the crystallization rate of iPP in
ved by DSC and X-ray diffraction techniques using synchrotron radiation.
nucleation efficiency of IF-WS2 nanoparticles on the �-form crystals of iPP.
rami exponent, the equilibrium melting temperature, and the fold surface

f iPP chains in the nanocomposites were obtained from the calorimetric
effect of the nanoparticles on them. A decrease in the fold surface free

reasing IF-WS2 content.
© 2008 Elsevier B.V. All rights reserved.

Tungsten disulfide (WS2) nanoparticles are a closed cage struc-
ture synthesized by the reaction of metal oxide nanoparticles with
H2S at elevated temperatures [7–9]. These non-carbon materials
are normally referred to as “inorganic fullerene-like materials (IF)”
[7]. The outstanding property of IF-WS2 nanoparticles in appli-
cations such as in solid lubricants [10], catalysts [11], scanning

tunneling microscopy probes [12], field emitters [13] and shock
absorbing [14] has initiated many efforts to synthesize them. In a
recent work, a facile large-scale and low-cost route was developed
to synthesize IF-WS2 nanoparticles [15]. The excellent lubricat-
ing performance of the IF-WS2 was attributed to their small size,
closed hollow structure and chemical inertness, which will bring
a wide spectrum of possible applications, especially as promising
candidates for the preparation of advanced polymer nanocom-
posites [16]. In particular, inclusion of IF-WS2 nanoparticles with
new structures in polymer matrices combines the flexibility of the
polymer with the high modulus and low friction of this inorganic
compound leading to improved mechanical properties of the poly-
mer matrix, as it has been reported in a recent work using an
epoxy resin and polyacetal [17]. However, to control the mechanical
and various other properties of the nanocomposites during pro-
cessing, it is essential to know the crystallization behaviour of the
polymer in detail (crystalline structure, crystallization rate, overall
crystallinity, size of crystallites, etc.) and also how it is affected in
the presence of nanoparticles.

We have previously reported on the preparation, morphol-
ogy and some thermal and mechanical properties of iPP/IF-WS2
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nanocomposites [16]. In this work we have focused on the analysis
of the isothermal crystallization behaviour of the new nanocom-
posites. The effect of IF-WS2 nanoparticles on the isothermal
crystallization kinetics of iPP has been investigated in detail. There
are four main aspects which have been studied, i.e., (1) whether
the IF-WS2 alters the crystal form of iPP, (2) whether the presence
of IF-WS2 influences the crystallization regime of iPP, (3) whether
IF-WS2 affects the crystallization rate and fold surface free energy
of iPP during crystallization and (4) whether IF-WS2 influences the
subsequent melting behaviour of iPP.

2. Experimental

2.1. Materials and processing

The polypropylene studied was an isotactic homopolymer pro-
vided by REPSOL-YPF (Spain). It is characterized by an isotacticity
of 95% determined by solution NMR and a viscosity average molec-
ular weight of 164,700 g mol−1 [18]. The IF-WS2 nanoparticles with
an average diameter of 80 nm are commercialized as NanoLubTM

and were provided by Nanomaterials (Israel) and ApNano Mate-
rials (USA). The iPP/IF-WS2 nanocomposites containing different
concentration of IF-WS2 (0.1–2 wt.%) were prepared in a Haake
Rheocord 90 system by controlling the test parameters, i.e. temper-
ature, mixing time and rotor speed. A temperature of 210 ◦C, mixing
time of 10 min and a rotor speed of 150 rpm were selected as stan-
dard conditions according to the morphology studies by scanning
electron microscopy (SEM) [16].

2.2. Differential scanning calorimetry (DSC)

The isothermal crystallization behaviour of iPP/IF-WS2
nanocomposites was investigated by use of the PerkinElmer
DSC7/UNIX/7DX differential scanning calorimeter. All DSC opera-
tions were carried out in a nitrogen atmosphere. Samples weights
were 11–12 mg and all samples were heated to 210 ◦C and held in
the molten state for 5 min to erase their thermal history. Then the
sample melts were subsequently cooled at 64 ◦C min−1 to the pre-
determined crystallization temperature Tc and maintained until
the crystallization of the matrix was completed. From the enthalpy
evolution during crystallization the kinetics of crystallization was
evaluated. Partial areas, corresponding to a given percentage of
the total transformation, were determined from the data points

stored, for each isothermal run on a PE 7700 computer, using Pyris
DSC7 kinetic software. After the completion of crystallization, the
melting temperatures were determined by heating the samples
at a rate of 5 ◦C min−1. The melting enthalpy of a 100% crystalline
polypropylene (�H

◦
m) was taken as 177 J g−1 [19].

2.3. X-ray diffraction

Wide-angle X-ray scattering (WAXS) experiments using syn-
chrotron radiation were performed at the A2 beamline of the
HASYLAB synchrotron facility (DESY, Hamburg). The experiments
were performed with monochromatic X-rays of 0.15 nm wave-
length using a germanium single crystal as the dispersing element.
The scattering was detected with a linear Gabriel detector. All
scattering intensity profiles were corrected for sample absorp-
tion, background scattering and incident beam fluctuation. The
methodology used in the dynamic crystallization experiments of
the nanocomposites by WAXS is similar to that described for the
calorimetric experiments. Measurements were performed with
acquisition time of 15 or/and 30 s for each pattern depending on
the total crystallization time.
ca Acta 472 (2008) 11–16

3. Results and discussion

3.1. Isothermal crystallization of iPP nanocomposites

In our previous work, nanocomposites based on isotactic
polypropylene (iPP) and IF-WS2 nanoparticles were successfully
prepared via melt processing and the crystallization process under
non-isothermal conditions was also studied [16]. The incorpora-
tion of IF-WS2 on iPP matrix at the nanoscale was very effective, as
observed in the morphological studies, and improved some thermal
and mechanical properties. Related to the crystallization behaviour
realized under dynamic condition, the crystallization temperature
of iPP increased significantly with the IF-WS2 content up to a level
of 2 wt.% IF-WS2, and at a lower rate above this value. This increase
was accompanied by an increase of crystallinity. The nucleating
efficiency of IF-WS2 nanoparticles on the dynamic crystallization
of �-phase of iPP reached very high values (60%–70%), the highest
values observed hitherto for polypropylene nanocomposites. Tak-
ing into account these results, isothermal crystallization studies
of iPP and the iPP/IF-WS2 nanocomposites (0.1, 1 and 2 wt.% IF-
WS2) were carried out at various temperatures. As an example, the
DSC crystallization exotherms of iPP/IF-WS2 nanocomposites with
1% content of IF-WS2 are shown and compared with pure iPP in
Fig. 1. In all cases, it was observed that as the undercooling (i.e., the
difference between the melting and crystallization temperature)
decreases, the crystallization rate is reduced and the exothermal
peak becomes broader. Thus, the induction time of the exotherm
increases. In the analysis of the influence of IF-WS2 content on crys-
tallization behaviour of iPP, it was clearly observed that the peaks
of iPP/IF-WS2 nanocomposites are all narrower than that of pure
iPP, i.e., the presence of IF-WS2 decreases the crystallization time
of iPP chains remarkably. However, the most relevant difference
was the increase in the temperature range in which crystalliza-
tion took place even in the presence of 0.1 wt.% of IF-WS2 over
similar timescales. In the case of iPP, the interval was between
120 and 136 ◦C and in the case of iPP/IF-WS2, this interval shifts
to higher crystallization temperatures (130–146 ◦C). However, the
crystallinity values of iPP in the nanocomposites, derived from the
exothermic curves, are found to be almost independent of IF-WS2
content (54.6 ± 1%). Therefore, it can be concluded that the incorpo-
ration of the IF-WS2 increased the crystallization rate of iPP chains
without increasing the level of crystallinity developed. However,
when iPP was crystallized under dynamic condition, the effect of
IF-WS2 on crystallinity was more pronounced [16]. The effect of

the acceleration of the isothermal crystallization process is evi-
dent in Fig. 2 in which the crystalline conversion (�) in iPP/IF-WS2
nanocomposites are plotted as a function of time at a fixed crystal-
lization temperature.

The isothermal crystallization kinetics of polypropylene and its
composites was analyzed in terms of the well known Avrami equa-
tion, which provides a convenient approach to analyze the overall
crystallization kinetics and its logarithmic form which is expressed
as [20,21]:

log[− ln(1 − �t)] = log kn + n log t (1)

where �t is the crystalline conversion at time ‘t’, kn is the kinetic
growth rate constant and n is the Avrami exponent related to the
type of nucleation and to the geometry of the growing crystals.
Fig. 3 shows the typical Avrami plots (log[−ln(1−�t)] vs. log t) corre-
sponding to iPP/IF-WS2 nanocomposites. Linear regression of these
straight lines at low degrees of crystalline transformation (5%–30%)
yielded the Avrami exponents (n).

According to the nucleation and growth mechanism, the Avrami
exponent n should be an integer value. However, the values of
n reported in the literature are dispersed, ranging from 1.8 to 4
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Fig. 1. DSC thermograms of isothermal crystallization of (a) iPP and (b) iPP/IF-WS2

(1 wt.%) nanocomposite at various temperatures.

Fig. 2. Crystalline conversion (�) of iPP/IF-WS2 nanocomposites at Tc = 134 ◦C.
Fig. 3. Avrami plots of the crystallization of iPP/IF-WS2 nanocomposites as a func-
tion of (a) the crystallization temperature and (b) the composition.

[22]. These non-integer values are caused by some characteristics
of polymers not matching the simplification in the Avrami equa-
tion, such as secondary crystallization process, mixed nucleation
modes and the change in material density [23]. Moreover, even
some experimental factors such as an error introduced in the deter-
mination of zero point of crystallization and the melting residence
time can lead to non-integer values of n [18,24].

In our case, a value of n of 3 ± 0.2 was obtained for pure iPP over
the crystallization temperature range studied in agreement with

previous work [25]. This value can be attributed to a homogenous
nucleation with two-dimensional growth. However, in the case of
nanocomposites, the n values are 3 ± 0.4 for iPP/IF-WS2 (0.1 wt.%)
and 4 ± 0.2 for iPP/IF-WS2 (1 wt.%) and iPP/IF-WS2 (2 wt.%), respec-
tively. The increase in the n exponent with increasing the IF-WS2
content can be attributed to a change from two-dimensional to
three-dimensional crystal growth of the polymer matrix.

In this work, the analysis of the crystallization kinetics was
undertaken by the determination of the overall crystallization rate,
with both stages of the crystallization process considered (i.e.,
nucleation and growth). Thus, the global rate (G) could be calculated
as:

G ≈ 1
�i

(2)

over the time necessary for the crystallization of polymers, where G
can be directly determined from the time necessary to reach a pre-
established degree of crystalline transformation (i) denominated �i,
and from its variation with the Tc, for a predetermined molecular
weight.
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Fig. 5. Logarithmic plots of the rate constant (kn) of iPP/IF-WS2 nanocomposites as
a function of crystallization temperature (Tc).
Fig. 4. Time to reach the 10% degree of transformation (�0.1) of iPP/IF-WS2 nanocom-
posites as a function of (a) the crystallization temperature and (b) the composition.

The rate constant of the crystallization process (kn) can be deter-
mined by the following expression [26]:

kn = ln 2
(�0.5)n (3)

where �0.5 is the time necessary to reach 50% of crystalline transfor-
mation and the values of the exponent n are associated with each
Tc.

Fig. 4 shows the changes in the time to reach 10% of transfor-

mation (�0.1) for iPP/IF-WS2 nanocomposites as a function of the
crystallization temperature and the composition. In all cases, the
values of �0.1 increased exponentially with temperature, (Fig. 4a),
confirming that the ordering process occurred through a nucleation
mechanism. Our second observation was the important increase
in the range of crystallization temperature in which iPP crystal-
lized for a similar level of crystalline transformation, which led to
a progressive reduction in this parameter with increasing IF-WS2
content, as shown in Fig. 4b for a Tc of 134 ◦C. That is, the addition
of IF-WS2 produces an increase in the crystallization rate of iPP for
each Tc as the concentration of IF-WS2 is increased.

This effect is also observed in the corresponding values of the
global rate constant, k, as shown in Fig. 5 for iPP/IF-WS2 nanocom-
posites. In all cases, the values of kn for the nanocomposites were
higher than iPP. Although iPP presented a kn of around 5.08 × 10−4

for Tc of 128 ◦C, in the case of the nanocomposites, values of kn of
the same order could be obtained at much higher Tc (137 ◦C for con-
centration of 2 wt.% of IF-WS2). The results clearly prove that the
IF-WS2 nanoparticles play the role of effective nucleating agents for
iPP and promote nucleation of iPP chains at small loading of IF-WS2
during isothermal crystallization.

Fig. 6. WAXS patterns of (a) iPP and (b) iPP/IF-WS2 (1 wt.%) nanocomposite crystal-
lized at 134 ◦C.
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Fig. 7. Melting DSC thermograms of (a) iPP and (b) iPP/IF-WS2 (1 wt.%) nanocom-
posite obtained at a heating rate of 5 ◦C min−1 after isothermal crystallization at the
indicated temperatures.
M. Naffakh et al. / Thermo

3.2. Crystal structure of iPP nanocomposites

To determine the nanocomposite structure, WAXS experiments
using synchrotron radiation were performed. Fig. 6 shows the
WAXS patterns of iPP and iPP/IF-WS2 (1 wt.%) nanocomposites. It
is well known that isotactic polypropylene can crystallize in differ-
ent crystalline polymorphs, i.e. the monoclinic �-form, the trigonal
�-form, triclinic �-form and smetic-form. The main Bragg reflec-
tions at 2� angles of 14◦, 16.7◦, 18.5◦ and 21.7◦ corresponding to the
(1 1 0), (0 4 0), (1 3 0) and (1 1 1) planes of the �-form, respectively,
can all be seen in the WAXS diffractograms of the nanocomposites,
indicating the existence of �-form crystals of iPP and the absence
of �-form crystals. It can be concluded that the presence of IF-WS2
nanoparticles does not affect the crystalline polymorph of iPP. How-
ever, the crystallization rate of iPP is accelerated by the addition
of IF-WS2, as shown in the development of the WAXS crystalline
reflections as function of the crystallization time.

3.3. Melting behaviour and equilibrium melting points

Fig. 7 presents the melting behaviour of isothermally crys-
tallized iPP/IF-WS2 nanocomposites at different crystallization
temperatures. The melting profile of iPP and iPP/IF-WS2 nanocom-
posites appears as two melting endotherms, a broad and poorly
defined shoulder at lower temperatures (TmI) and a well-defined
maximum at higher temperature (TmII). Its is clearly observed that
all melting temperatures shift to higher values with increasing Tc,
which is directly related to the perfections of the crystals formed at
higher crystallization temperatures (i.e., low undercooling). In our
case, we do not exclude the existence of melting-recrystallization-
melting phenomena during heating, as reported previously in the
same iPP matrix nucleated with sorbitol derivatives [25].

The kinetic data obtained by calorimetry were also analyzed
from a thermodynamic point of view. Plots Tm vs. Tc are shown
in Fig. 8. It can be seen that, in the range of Tc analyzed, the data of
Tm showed no evidence for any influence of the composition in the
double melting endotherms, except that of an expected increase
in the melting temperatures with the crystallization temperature.
The extrapolation of the variation of apparent melting temperature
(TmII) to the line corresponding with Tm = Tc with little dispersion
led to a global value of 196 ◦C, which can be considered the T

◦
m

of the iPP/IF-WS2 nanocomposites. These results are in agreement
with other works [25,27], which point towards the influence of the
nucleating agent on the crystallization rate but not on the melting

temperature in the thermodynamic equilibrium (T

◦
m).

3.4. Crystallization activation energy

The crystallization thermodynamics and kinetics of the
nanocomposites have been analyzed on the basis of the theory of
Lauritzen and Hoffman (LH) [28,29]. Accordingly, the spherulitic
growth rate (G), defined as G = 1/�0.1, is given as a function of the
crystallization temperature (Tc) by the following bi-exponential
equation:

G = G0 exp
[
− U∗

R(Tc − T0)

]
exp

[
− Kg

fTc�T

]
(4)

where G0 is a constant independent of temperature, R is the uni-
versal gas constant, U* is the energy of the chain transport in the
melt, T0 is the temperature below which there is no chain motion
(usually T0 = Tg−30 K), and Tc is the crystallization temperature.
�T = T

◦
m − Tc is the supercooling range (T

◦
m is the equilibrium melt-

ing temperature), f is the corrective factor that takes into account
the variation of equilibrium melting enthalpy (�H

◦
m) with temper-

ature, defined as 2Tc/(Tc + T
◦
m) and Kg is the term connected with

Fig. 8. Plots of the observed melting temperature (Tm) of iPP/IF-WS2 nanocompos-
ites as a function of crystallization temperature (Tc).



chimi

[10] L. Rapoport, Y. Bilik, Y. Feldman, M. Homyonfer, S.R. Cohen, R. Tenne, Nature
387 (1997) 791.
16 M. Naffakh et al. / Thermo

Fig. 9. Lauritzen–Hoffman plots of iPP/IF-WS2 nanocomposites.

the energy required for the formation of the nuclei of critical size
and can be expressed as:

Kg = jb0��eT0
m

kB�H0
m

(5)

where j is a variable that considers the crystallization regime and
assumes the value j = 4 for regimes I and III and j = 2 for regime II
[30], � and �e are the free energies per unit area of the surfaces
of the lamellae parallel and perpendicular to the chain direction,
respectively, b0 is the distance between two adjacent fold planes
and kB is the Boltzmann constant. The values of U*, T0, R, kB, T

◦
m,

b0, �H
◦
m, and � are 6280 J mol−1 [30], 250 K [16], 8.32 J mol−1 K−1,

1.3810−16 erg K−1, 469 K [this work], 6.26 A [30], 177 J g−1 [19], and
11.5 erg cm−2, respectively [30].

Fig. 9 presents the above LH plots of iPP/IF-WS2 nanocompos-
ites in terms of Eq. (4) and shows that the experimental data can be
reasonably fitted with straight lines. According to Tc (124–136 ◦C),
the crystallization of iPP occurred in crystallization regime III [30].
It is also noticed in Fig. 9 that there is no change in the slopes for
the nanocomposites, implying that no regime transition occurs in
the crystallization temperature range of nanocomposites. From the
slope of LH plots, the values of Kg were calculated and the values
of �e were obtained from ��e by substituting Kg into Eq. (5). The
value of �e of iPP is 91.9 erg cm−2. With the addition of IF-WS2,

the value of �e changed to 91.6 erg cm−2 at 0.1 wt.% IF-WS2 con-
tent, 71.0 erg cm−2 at 1 wt.% IF-WS2 content and 70.1 erg cm−2 at
2 wt.% IF-WS2 content, respectively. There is a clear tendency for
�e to decrease as the IF-WS2 content is increased. As is well known,
a foreign surface frequently reduces the nucleus size needed for
crystal growth since the creation of the interface between the poly-
mer crystal and substrate may be less hindered than the creation of
the corresponding free polymer crystal surface [31]. Based on the
results of iPP/IF-WS2 nanocomposites, we conclude that the addi-
tion of IF-WS2 nanoparticles reduces the work needed to create a
new surface, hence leading to faster crystallization rates.

4. Conclusions

The effect of IF-WS2 nanoparticles on the crystal structure and
the isothermal crystallization behaviour of iPP in their nanocom-
posites were studied. X-ray diffraction results indicated that the
addition of IF-WS2 nanoparticles did not alter the crystalline
structure of iPP which crystallized in the nanocomposites in the
monoclinic �-form. Under isothermal conditions, the iPP nanocom-
posites exhibited higher crystallization rates than pure iPP and
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different Avrami exponents when compared with pure iPP. How-
ever, the crystallinity values of iPP/IF-WS2 nanocomposites were
found to be independent of IF-WS2 content. The crystallization
temperature interval of iPP shifts to a higher temperature with
increasing the IF-WS2 content. This fact was reflected in the melting
temperature peaks of iPP/IF-WS2 nanocomposites without chang-
ing the equilibrium melting temperature of iPP. In addition, in the
analysis of the activation energy of crystallization regime III of
iPP/IF-WS2 nanocomposites, it was shown that the fold surface free
energy (�e) of iPP chains decreased with increasing IF-WS2 con-
tent. This fact can be attributed to the high nucleating efficiency of
IF-WS2 nanoparticles on iPP.
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18] C. Marco, M.A. Gómez, G. Ellis, J.M. Arribas, J. Appl. Polym. Sci. 84 (2002) 1669.
19] J.X. Li, W.L. Cheung, J. Demin, Polymer 40 (1999) 1219.
20] M. Avrami, J. Chem. Phys. 7 (1939) 1103.
21] M. Avrami, J. Chem. Phys. 8 (1940) 212.
22] J. Bicerano, J. Macromol. Sci. Rev. Macromol. Chem. Phys. 38 (1998) 391.
23] S. Srinivas, J.R. Babu, J.S. Riffle, L.W. Garth, Polym. Eng. Sci. 37 (1997) 497.
24] J. Yu, J. He, Polymer 41 (2000) 891.
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