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ABSTRACT: Isotactic polypropylene (iPP) and iron oxide
(Fe3O4) nanocomposites were mixed by masterbatch blend-
ing technique in a single screw extruder machine. The con-
centrations of Fe3O4 in the iPP/Fe3O4 nanocomposites
were 0.5, 1, 2, and 5% by weight. The influence of Fe3O4

nanoparticles on the effectiveness of nucleation, morphol-
ogy, mode of crystallization, and crystallinity of iPP were
studied by differential scanning calorimetry (DSC) and
polarized light microscopy (PLM). The introduction of
Fe3O4 nanoparticles in the iPP matrix inhibited the forma-
tion of b crystals, and caused a shift in the melting point
to higher values. The magnitude of the shift was up to 20–
21�C which indicates that using the masterbatch technique
leads to an enhancement of the dispersion process of the

Fe3O4 nanoparticle and the formation of less agglomerates
in the iPP/Fe3O4 nanocomposites. The percentage crystal-
linity, Xc, increased at the low cooling rates of 1 and 2�C/
min. At higher cooling rates of 5, 10, and 20�C/min, the
masterbatch technique produced nanocomposites of Xc

with nonuniform trends. The overall crystallization rate
enhancement for the iPP/Fe3O4 nanocomposites is attrib-
uted to the presence of Fe3O4 nanoparticles as a nucleating
agent which have no significant effect on the growth rate
of iPP crystals. VC 2009 Wiley Periodicals, Inc. J Appl Polym Sci
115: 3423–3433, 2010
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INTRODUCTION

Polypropylene (PP) is a semicrystalline polymer
which is widely used in industrial and commercial
applications due to its properties of low cost, den-
sity, and ease of processing.1,2 PP exhibits three com-
mon crystalline forms; monoclinic a, hexagonal or
trigonal b and triclinic c, distinguished by the
arrangement of the chains.2–4 The most common
crystalline form of pure PP is the a-form which is
the most stable with a density of 0.936 g/cm3 and a
melting point of 165�C. The b-form of PP was first
observed by Keith et al. in 1959.4 It has a trigonal
cell structure with more disorder than the a-form. A
high amount of b-form can be produced under spe-
cial crystallization conditions, while the temperature
gradient is applied or when selective b-nucleating
agents are presented.3,5 The growth rate of b-form
exceeds the a-form (70% higher),4 while the melting
point is much lower, in the intervals of 145–150�C.3

The third crystalline form of PP is the c-form or tri-
clinic, which is observed only under specific condi-
tions, such as low molecular weight, crystallization
at elevated temperature.2

Over the years, researchers have sought to further
expand the utility of PP, through the addition of
nanoadditives, thereby creating a nanocomposite
material with a careful selection of the matrix and
the nanoadditives for obtaining the optimal property
enhancement. Frequently, the size, geometry, and
mechanical stiffness of nanoadditives play a critical
role in final nanocomposite properties.6 Polymer
nanocomposites have attracted considerable interests
owing to their outstanding mechanical properties,
like elastic stiffness and strength, with only a small
amount of the nanoadditives.7 In addition, large
influences on crystallization process, degree of crys-
tallinity, and nucleation have been reported.8 This is
caused by the large surface area to volume ratio of
nanoadditives when compared to the micro- and
macro-additives.7

There are several experimental methods to pro-
duce polymer nanocomposites such as: solution
blending, melt blending, in situ polymerization,
chemical modification of nanoparticles, and the use
of surfactants.9 The melt-blending approach can be
an effective method for industrial application and is
much more commercially attractive than the other
methods, as solution blending, chemical modifica-
tions and in situ polymerization are less versatile
and more environmentally contentious.6,10 However,
homogeneous dispersion of nanoparticles in a poly-
mer matrix using direct melt blending can be
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scarcely obtained.9 Masterbatch melt blending tech-
nique is reported to obtain better dispersion and
properties than the direct melt blending. In Master-
batch melt blending, concentrates are prepared and
let down with the bulk of polymer.11

The most common nanoadditives that were used in
PP were clay, talc, silica, calcium carbonate, and metal
oxides. Polymer/metal oxide nanocomposites pro-
vide flexibility in designing advanced materials. The
incorporating of nanoscale metal oxide particles
improves the mechanical and chemical properties of
polymers.12 It was discovered that nanoscale iron
oxides [(II) and iron(III) oxides as well as mixed
iron(II) and iron(III) oxides, for example Fe2O3 or
Fe3O4] result in the formation of a high content of b-
crystalline PP on cooling of a PP melt comprising
these iron oxides. An increased content of the b-crys-
tal modification in therefore has a favorable effect on
certain service properties of the PP in some applica-
tions such as the production of films, moldings, in
particular pipes and tubes, fibers and other
extrusions.13

Thus, the objective of this work described here is
to study the effect of iron oxide (Fe3O4) nanopar-
ticles on the nucleation, mode of crystallization, mor-
phology and crystallinity of isotactic polypropylene
(iPP). The preparation method used in this work is
melt and masterbatch melt blending using a single
screw extruder.

EXPERIMENTAL

Materials

Isotactic polypropylene homopolymer grade (587P),
provided by Sabic Co. KSA, was used as the matrix
material in this study. iPP has a melt flow index
(MFI) of 25 g/10 min and a density of 905 kg/m3.
Fe3O4 nanoparticles, provided by Arry International
Group Limited-Germany, were used as nanofiller for
iPP. Fe3O4 with the black color and spherical mor-
phology has an average particle size of 20 nm, a pu-
rity of >99.5%, a surface area of >60 m2/g and a
bulk density of 0.84 g/cm3.

Preparation of iPP/Fe3O4 nanocomposites

The blending was carried out in a single screw ex-
truder (Axon ab10 Mini Extruder-Sweden) with a 10
mm screw diameter, 20xD L/D-ratio and four tem-
perature regulators with thermocouples at tempera-
tures of 170, 185, 195, and 210�C from the feed zone
to the exit die. The Hopper was fed by employing
direct addition of iPP granules and Fe3O4 nanopow-
ders in 10 wt % concentration, which were then fed
into the barrel for melting. On the exit from the die,
the polymer strand passed through a water bath at

room temperature and then chopped to small pieces
using Axon ab Pelletizer machine by a steel blade.
To ensure more homogenous blending and disper-
sion of Fe3O4 nanoparticles in the iPP matrix, the
chopped extruded pieces were cycled through the
extruder twice. Extruder’s temperature zones were
kept in the range from 170 to 210�C to avoid thermal
degradation during the cycling, and then checked by
differential scanning calorimetry (DSC) in which
melt scans were identical. The 10 wt % Fe3O4 con-
centration of iPP/Fe3O4 nanocomposite that was
prepared using direct melt blending technique was
used as the masterbatch. Nanocomposites with
Fe3O4 concentrations of 0.5, 1, 2, and 5 wt % were
prepared from the masterbatch sample using dilu-
tion method. The extruded strands produced where
recycled to the hopper and extruded once more.

Polarized light microscopy (PLM)

A polarized light microscopy (PLM) (ML9430-Meiji
Techno-Japan) equipped with a (Mettler FB82-USA)
hot stage and a Sony digital camera was used to
study the crystallization morphology and spherulite
growth rate of the virgin iPP and the prepared com-
posites. The PP sample that was sandwiched
between two microscope cover glasses was first
melted at 200�C, pressed into thin film, and then
maintained at 200�C for 3 min to achieve thermal
equilibrium.
For the isothermal crystallization, the sandwiched

sample was cooled to the required crystallization
temperature (135, 140, 145, and 150�C) at a rate of
40�C/min. The temperature was maintained during
the period of time required to complete the crystalli-
zation process. For the nonisothermal crystallization,
the sample was cooled to the room temperature at
the required cooling rate (1, 2, 5, 10, and 20�C/min).
A Sony digital camera fixed on top of the micro-
scope tube and connected to the PC by a TV card
and a video recorder software were used to record
the crystallization process and hence the growth of
the spherulites. Several samples were tested twice or
three times to ascertain the reproductility of the
results. Images were analyzed by measuring the
spherulite radius as a function of time.

Differential scanning calorimetry (DSC)

Nonisothermal crystallization was carried out on a
Mettler Toledo DSC823-Germany. Pure Indium was
used as a reference material to calibrate both the
temperature scale and the melting enthalpy before
the samples were tested. A sample of (0.5 6 0.2) mg
was first heated from 25 to 200�C with the presence
of Nitrogen atmosphere and kept at this temperature
for 3 min to eliminate any thermal history; the
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sample was then cooled at the required rate (1, 2, 5,
10, or 20�C/min) to 50�C. A heat scan at 10�C/min
was then carried out from 50 to 200�C to obtain the
final sample enthalpy of fusion. Several samples
were tested twice or three times to ascertain the
reproducibility of the results.

The enthalpy of fusion, DHsample is calculated by
integrating the area under the melting peak and
then dividing the result by the weight of the poly-
mer sample. In addition the % crystallinity is calcu-
lated using the following relation.5,14–16

% crystallinity ¼ DHsample

DHref
� 100% (1)

where DHsample is the enthalpy of fusion for the sam-
ple under study (J/g) and DHref is the enthalpy of
fusion for a 100% crystallinity PP sample ¼ 209 (J/g).

RESULTS AND DISCUSSION

Effect of Fe3O4 nanoparticles on the morphological
properties of iPP

Crystalline morphologies were studied by PLM dur-
ing isothermal crystallization at temperatures of 135,
140, 145, and 150�C and nonisothermal crystalliza-
tion at cooling rates of 1, 2, 5, 10, and 20�C/min.

Only the monoclinic a phase was present in all
isothermal and nonisothermal crystallized samples
while no hexagonal b phase was observed by PLM.

The results display the common spherulites with
sharp and clear birefringence. The growth of the
spherulites, impeded by neighboring spherulitic
structure, results in polygonal shapes confirmed by
straight lines as shown in Figure 1(a), or hyperbolas
boundaries as shown in Figure 1(b). Usually, when
the spherulites are nucleated simultaneously,
straight lines boundaries are observed. On the other
hand hyperbolas boundaries are observed when
spherulites nucleate at different times, due to the lin-
ear increase of the spherulite radius with time, dur-
ing growth.17

The effect of crystallization temperature on the
iPP morphology with and without Fe3O4 nanopar-
ticles can be observed in the micrographs in Figures
(2 and 3).

The micrographs show a decrease in the spheru-
lite size upon decreasing the crystallization tempera-
ture while the number of spherulites per unit area
increases. The enhancement of nucleation by the
addition of Fe3O4 nanoparticles can be noticed from
the results at all crystallization temperatures. As the
number of nuclei increases the spherulites in the
composite will impinge at an early time in a limited
space, thus could end up in a smaller spherulite size
and an increase in the number of spherulites com-

pared with the pure iPP. Additionally, at lower crys-
tallization temperature, one can observe how the iPP
spherulites were not well defined and their sizes
were very small. This indicates the nucleation effect
of the nano Fe3O4 and the increase of supercooling
which increases the nuclei [Fig. 4 (a,b)].

Effect of Fe3O4 nanoparticles on the iPP
spherulites growth rate

Spherulites growth rates were measured by PLM.
The radius of the growing crystals was monitored
during solidification by taking photomicrographs at
appropriate intervals of time. Figure 5(a,b) shows a
typical example for the relationship of spherulite ra-
dius (r) versus time (t) for pure iPP and iPP/Fe3O4

nanocomposites measured isothermally at tempera-
tures of 135, 140, 145, and 150�C. Spherulites growth
rates are reported at these high temperatures only
because it was so difficult to observe the growth
rates under the microscope at lower crystallization

Figure 1 (a) Linear boundary lines between a–spheru-
lites; (b) hyperbolas boundary between a–spherulites.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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temperatures, especially for the nanocomposites
with 1 and 2 wt % of Fe3O4 nanoparticles.

It can be seen that the radius of the iPP/Fe3O4

spherulites increases linearly with time until
impingement occurs, similar to that of pure iPP.
Moreover, the slope of the curve generally decreases
with the increase of crystallization temperature due
to the decrease in supercooling.

Spherulite growth rate (G) is generally measured
at isothermal conditions, by monitoring the variation
of the spherulite radius (r) as a function of time (t).
At a fixed crystallization temperature, the plot of (r)
vs. (t) is linear and its slope gives the value of G:

G ¼ dr

dt
(2)

The influence of the Fe3O4 nanoparticles on the
rate of radial growth (G) of iPP is illustrated in Fig-
ure 6. According to the figure, G values decrease

with increasing crystallization temperature. In gen-
eral, for melt crystallization, higher temperatures can
result in the decrease of the degree of supercooling
and consequently the decrease of growth rate.18

Conversely, no significant effect of Fe3O4 nanopar-
ticles on the growth rate of iPP crystal can be
noticed at each crystallization temperature. Thus it
becomes clear that the reason of enhancement of
overall crystallization rate is due to the presence of
nano Fe3O4 as a nucleation agent, and has nothing
to do with the spherulite growth rate. Ning et al.
demonstrated that these results indicate that the
nucleation and growth of a spherulite are two inde-
pendent processes for the composites.19

Nonisothermal crystallization can be used as an
alternative method to determine the spherulite
growth rates, in which crystallization is monitored
during cooling at a constant rate. This method per-
mits, with a single experiment, to gain data in a

Figure 2 (a) iPP (b) 2% iPP/Fe3O4 nanocomposite sam-
ples crystallized at temperature 150�C. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 3 (a) iPP (b) 2% iPP/Fe3O4 nanocomposite sam-
ples crystallized at temperature 135�C. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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rather wide temperature range compared with the
isothermal crystallization.20,21

Figure 7(a,b) shows a typical example for the noni-
sothermal spherulite growth for pure iPP and 2 wt
% iPP/Fe3O4 nanocomposites at cooling rates of 1, 2,
5, 10, and 20�C/min. The nonisothermal spherulite
growth shows a nonlinear behavior due to the
change in temperature during the crystallization.
Also it can be noticed that at a high cooling rate,
spherulites approximately grow linearly. Spherulite
growth rate, G was estimated by taking the first de-
rivative of the spherulite radius vs. time curve at dif-
ferent times.

A Table Curve 2D software version 5.01, was used
to calculate the G values. The G vs. T plots for pure
iPP and 2 wt % iPP/Fe3O4 nanocomposite at differ-
ent cooling rates are shown in Figure 8(a,b). From
the figure it can be noticed that high cooling rates
permit obtaining G values at lower temperatures
compared with the isothermal crystallization since G

values can be hardly measured at low temperatures
because of the high nucleation and growth rate.
With nonisothermal method, instead, data can be
measured at rather lower temperaures. It is also
noticed that for pure iPP samples, Figure 8(a), the
growth rate curves are almost overlap for low cool-
ing rates 1, 2, and 5�C/min, (i.e. temperatures above
120�C) while the curves are scattered for high cool-
ing rates, 10 and 20�C/min, (i.e. below 120�C). This
scattered behavior can be attributed to the homoge-
neous crystallization and growth of the spherulites
in the absence of the nucleation efficiency.21 On the

Figure 4 iPP spherulites crystallized at cooling rate, (a)
1�C/min; (b) 20�C/min. [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]

Figure 5 Spherulite radius versus time curves at different
crystallization temperatures: (a) for iPP (b) for iPP with
2% nano Fe3O4. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 6 Growth rate of iPP with and without nano
Fe3O4 as a function of crystallization temperature. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]
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other hand, Figure 8(b) shows almost overlap
growth rate curves for the whole different cooling
rates which proofs the effect of the Fe3O4 nanopar-
ticles as a nucleating agent and this leeds to a heter-
ogeneous crystallization process starts and completes
at higher temperatures, also this means that cooling
rate doesn’t affect much the spherulite growth rates.

In Figure 9 the spherulite radial growth rate of
pure iPP and iPP/Fe3O4 nanocomposites are
reported for comparison. At each cooling rate, G val-
ues for all samples at a given temperature is almost
the same. This is in agreement with measurments
performed in isothermal conditions, and attributed
to the enhancement of overall crystallization rate
due to the presence of nano Fe3O4 as a nucleation
agent, and has nothing to do with the spherulite
growth rate.

A comparison between the isothermal and noniso-
thermal growth rates for the virgin iPP and 2 wt %
iPP/Fe3O4 nanocomposite samples is presented in
Figure 10(a,b). The growth rates data obtained with
isothermal and nonisothermal methods are in a
good agreement at cooling rate 1�C/min. These
results are similar to the results obtained by,5 where
G values for un-nucleated iPP were the same at cool-
ing rate 1�C/min. This is expected because at this
slow cooling rate the range of temperatures at which
the crystallization process started and completed

falls within the covered range of the isothermal crys-
tallization covered in the present work (135– 150�C).
The agreement of spherulite growth rates obtained
with isothermal and nonisothermal crystallization at
cooling rate 1�C/min proves that the use of a non-
constant temperature during measurements doesn’t
affect the experimental determination of G.21 At
other cooling rates of 2, 5, 10, and 20�C/min, crystal-
lization started at lower temperatures out of the iso-
thermal range covered in the present work; hence,
the growth rates at these cooling rates cannot be
compared with the isothermal growth rates.

Figure 7 Spherulite radius of samples crystallized noni-
sothermally at different cooling rates as a function of time
(a) iPP (b) 2% iPP/Fe3O4 nanocomposite. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 8 Growth rate of samples crystallized nonisother-
mally at different cooling rates (a) iPP (b) 2% iPP/Fe3O4

nanocomposite. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 9 Growth rates of iPP with and without nano
Fe3O4 nonisothermally crystallized at cooling rate of 2�C/
min. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Effect of Fe3O4 nanoparticles on the thermal
properties of iPP

Figure 11 shows the second melting scan of DSC for
iPP crystallized at different cooling rates. According
to the figure and Table I, only one fusion endothem
is present at cooling rates 1 and 2�C/min. While
double fusion endotherms are presented at faster
cooling rates of 5, 10, and 20�C/min. Numerous

studies have shown that the type of both endo-
therms crystallize with monoclinic a crystal struc-
ture.5,22–24 The locations of the peaks shift to lower
temperature upon increasing cooling rate. This indi-
cates that smaller size or less perfect crystals are
formed under fast cooling conditions, since less time
is available for crystallization during cooling. Rye
et al. indicated that the effect of cooling rates on dis-
appearance of the double peaks shape during heat-
ing is related to the degree of recrystallization or
reorganization which becomes more significant for
the lower molecular weight sample.24 Yadav and
Jain attributed the appearance of such double endo-
therms to several factors such as two different crys-
tal forms, discrete bunching of crystallites of varying
degrees of perfection, difference in crystals size,
etc.23 On another note, Figure 13 shows a trace of a
very weak melting peak at � 147�C for the cooling
rates 1, 2, and 5�C/min. This indicates that the sam-
ple contains small portions of b form crystals. The
melting temperature of the b forms was observed to
be around 145–150�C.3,24

Figure 12(a–e) shows the endothermic curves of
DSC melting runs of pure iPP and iPP/Fe3O4 nano-
composites prepared by the masterbatch technique
that were nonisothermally crystallized at cooling
rates of 1, 2, 5, 10, and 20�C/min. It can be observed
that the melting temperature Tm is shifting to a
higher temperature upon increasing the nano Fe3O4

concentration. An increase from � 160 to 166�C is
observed for all curves which indicates the heteroge-
neous nucleation effect of the nano Fe3O4 (Table II).
At cooling rates of 1, 2, and 5�C/min, small por-

tions of b crystals appeared beside a crystals for the
pure iPP and this is expected because at these cool-
ing rates the onset temperature of crystallization
starts at high temperature (130�C for cooling rate of
1�C/min to 126�C for cooling rate of 5�C/min), this
range of temperature is in favor for b crystals to
grow within.5 Jacoby also found that in the tempera-
ture range 126–138�C, b-crystals grow faster than a-
crystals.25 At high cooling rates, 10 and 20�C/min,
the onset temperature of crystallization falls bellow
125�C which does not allow the b crystals to grow.

Figure 10 Comparison between isothermal and noniso-
thermal growth rate of (a) iPP (b) 2% iPP/Fe3O4 nanocom-
posite. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

Figure 11 DSC melting curves for iPP crystallized at
different cooling rates. [Color figure can be viewed in the
online issue, which is available at www.interscience.
wiley.com.]

TABLE I
Melting Temperatures of Nonisothermally Crystallized

iPP Samples

Cooling rate
(�C/min)

b-Spherulite
melting

temperature
(�C)

a1-Spherulite
melting

temperature
(�C)

a2-Spherulite
melting

temperature
(�C)

1 146.5 162.6 –
2 145.5 162.0 –
5 144.3 160.16 165.5

10 – 159.6 166.1
20 – 158.5 166.29
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On the other hand b and a crystals appeared only
for the 1% and 2% iPP/Fe3O4 nanocomposites crys-
tallized at high cooling rates, 10 and 20�C/min, this
is again can be attributed to the onset temperature

of crystallization. Increasing the percentage of the
Fe3O4 nanoparticles will increase both the nucleation
efficiency and the onset temperature of crystalliza-
tion, the range of temperature that is in favor for b

Figure 12 DSC melting curves for pure iPP and iPP/Fe3O4 nanocomposites crystallized nonisothermally at cooling rate (a) 1 (b)
2 (c) 5 (d) 10 (e) 20�C/min. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

TABLE II
Melting Temperatures of iPP and iPP/nano Fe3O4 Composites Crystallized at Cooling

Rates 1, 2, 5, 10, and 20�C/min

Fe3O4

Concentration
%

Cooling rate
1�C/min

Cooling rate
2�C/min

Cooling rate
5�C/min

Cooling rate
10�C/min

Cooling rate
20�C/min

0.0 162.6 162.0 160.1 159.6 158.2
0.5 164.6 163.6 163.1 162.0 161.5
1 165.3 164.0 163.5 162.7 162.33
2 166.0 165.8 163.6 164.0 163.5
5 165.8 166.0 164.1 165.7 165.2
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crystals to grow within occurs only for the sample
containing 1 and 2 wt % of the Fe3O4 nanoparticles
and cooled in the range between 10 and 20�C/min.

Also it seems that there is an optimum percentage
of the Fe3O4 nanoparticles that can be added to iPP
to encourage the formation of b-crystals and if this
percentage is exceeded then the large amount of the
Fe3O4 nanoparticles added will inhibit the formation
of b crystals, we think this requires further
investigation.

Figure 13 shows the percentage crystallinities, Xc,
of pure iPP and the iPP/Fe3O4 nanocomposites sam-
ples crystallized at different cooling rates. In general,
the figure reveals slight increase in the percentage
crystallinity of iPP nanocomposites as the percentage
of Fe3O4 nanoparticles increases. However, no uni-
form trends can be noticed for the percentage crys-
tallinity especially at higher cooling rates. The pre-
sented results here are consistent with those in
Ref. 26. This behavior of non uniform trend can be
attributed to the fact that the addition of the nano
Fe3O4 particles could have two types of effects on
crystallization behaviors of iPP in iPP/Fe3O4 nano-

composites. On one hand, nano Fe3O4 particles may
function as heterogeneous nucleating agents for iPP
crystallization; on the other hand, nano Fe3O4 par-
ticles may hinder mobility and diffusion of iPP
chains in the undercooled melt for crystallization.
Decreases in mobility and diffusion of iPP chains
can decreases the radial growth rates of iPP spheru-
lites with increasing the nano Fe3O4 concentration.
Also as said before it seems that there is an opti-

mum percentage of the Fe3O4 nanoparticles that can
be added to iPP otherwise agglomeration will take
place and reduce the percentage crystallinity and
this should be investigated deeply.
Figure 14 shows the effect of cooling rate on the

nonisothermal crystallization of iPP from the melt. It
can be seen that the crystallization peak shifts
towards lower temperature with increasing cooling
rates, which means that the supercooling degree
increases while the peak temperature, Tp, decreases.
Also the crystallization peaks at low cooling rates
are narrower than those at high cooling rates. When

Figure 14 Nonisothermal exothermic curves of DSC at
different cooling rates for iPP. [Color figure can be viewed
in the online issue, which is available at
www.interscience.wiley.com.]

Figure 15 Nonisothermal exothermic curves for pure iPP
and iPP/Fe3O4 nanocomposite at 2�C/min. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 13 Percentage Crystallinity of iPP and iPP/nano
Fe3O4 composites crystallized at cooling rates 1, 2, 5, 10,
and 20�C/min. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

Figure 16 Nonisothermal exothermic curves for pure iPP
and iPP/Fe3O4 nanocomposite at 20�C/min. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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the specimens are cooled fast, the mobility of the
iPP chains is slow and hence they will not be able to
follow the cooling temperature, thus retarding the
crystallization16 and so results in smaller size and
less perfect crystals.5

Figures 15 and 16 are typical examples that show
the crystallization curves of pure iPP and iPP/Fe3O4

nanocomposites prepared by masterbatch technique
at cooling rate of 2�C/min. It is clear that at a given
cooling rate, the crystallization peak temperature of
iPP/Fe3O4 nanocomposites shifts to a higher temper-
ature in comparison with pure iPP.

Also, the crystallization peak temperature is
increasing upon increasing Fe3O4 nanoparticles con-
tent from 0.5 to 5%, The maximum shift in the crys-
tallization peak temperature is about 20 to 21�C at
the cooling rates of 1, 2, 5, 10, and 20�C/min as
shown in Figure 17. This indicates the enhancement
of dispersion process of the Fe3O4 nanoparticles in
the iPP matrix upon using the masterbatch tech-
nique. It is obvious that the 2% masterbatch sample
has the highest shift in the crystallization tempera-
ture. The lower shift of the crystallization tempera-
ture for the 5% masterbatch compared to the 2%
masterbatch relates to the poor dispersion of the
Fe3O4 nanoparticle, which indicates that the disper-
sion of the Fe3O4 nanoparticles is limited and Fe3O4

aggregation may take place at high concentration.27

CONCLUSIONS

1. Hyperbolic or straight-line boundaries between
adjacent iPP spherulites can be obtained, which
are mainly affected by the growth rate of
spherulites. Usually, when the spherulites are
nucleated simultaneously, straight lines boun-
daries are observed, while hyperbolic bounda-
ries are observed when spherulites nucleate at
different times.

2. Linear growth rates for isothermal crystalliza-
tion were obtained, while nonlinear growth
rates were obtained for iPP and iPP/Fe3O4

nanocomposite samples crystallized nonisother-
mally at different cooling rates as a result of
temperature changes during crystallization.

3. No significant effect of Fe3O4 nanoparticles on
the growth of iPP crystals is noticed. Thus it
becomes clear that the reason of enhancement
of the overall crystallization rate is due to the
presence of Fe3O4 nanoparticles as a nucleating
agent, and has nothing to do with the spheru-
lites growth rate.

4. Fe3O4 nanoparticles act as efficient nucleating
agent for isotactic PP. The presence of Fe3O4

nanoparticles in the iPP matrix inhibits the for-
mation of b crystals and lead to higher shift in
the melting temperature and an increase in the
crystallization temperature upon increasing the
Fe3O4 nanoparticles concentration in the iPP
nanocomposite.

5. iPP/Fe3O4 nanocomposites prepared by the
masterbatch technique indicate the enhance-
ment of dispersion process of the Fe3O4 nano-
particles within the iPP matrix, which leads to
less agglomerates in the iPP matrix, reduction
of spherulite size and so produce higher effects
on the crystallization behavior.
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