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Abstract

Polypropylene (PP)/clay composites were prepared by melt mixing in a thermoplastic mixer using a polypropylene grafted with maleic
anhydride (PPg) as the compatibilizer. Concentrations of an organophilic montmorillonite (MMT) between 2 and 15 wt% and concentration
ratios of PPg/clay between 1:3 and 3:1 were employed to investigate the relationship between the structural characteristics of the hybrids
and their rheological properties. The structure was analyzed with electron microscopy, X-ray diffraction and melt rheology. Thermogravimetric
analysis and infrared spectroscopy were also used. The clay interlayer spacing increases after mixing with PP while the addition of PPg only
facilitates the partial exfoliation of the clay platelets without changing that spacing. When clay loadings of 8 wt% or larger were used, an
important fraction of the original clay particles was found to remain unmodified. The dynamic moduli show little effect of the presence of the
inorganic material when no compatibilizer is added or the amount of PPg or clay is too small. As the extent of exfoliation increases, the linear
viscoelastic behavior of the composites gradually changes with time while in the molten state, mainly at low frequencies. Evidence of solid-like
behavior appears as the concentration of clay increases, for a given PPg/clay or PP/PPg concentration, or as the PPg concentration increases (for
a given clay concentration). The concentrations of PPg and clay that induce percolation were observed to have an inverse relation. Evidence of
regions with large concentration of MMT was obtained in the annealed samples of composites with solid-like rheological behavior. Additionally,
infrared spectra of these materials suggest the simultaneous occurrence of chemical reactions between the PPg and the surfactant or products
derived from its thermal decomposition during the annealing process.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Polypropylene (PP) is one of the most widely used poly-
olefin polymers. This polymer and its blends and composites
find wide application in automotive parts, extruded profiles,
cable insulation, footwear, packaging industry, etc. [1]. The dis-
persion of organically modified layered silicates (organoclay)
in PP induces enhancement in mechanical properties, flame
resistance and barrier properties, compared with the pure
polymer. Furthermore, these improvements are achieved for
clay loadings as low as 5 wt% [2,3].
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The development of polymereclay nanocomposites (PNCs)
is one of the latest evolutionary steps of the polymer tech-
nology. Different polymereclay nanocomposites have been
successfully prepared based on polymeric materials such as
polyamide, epoxy, polyimide, polyurethane and polystyrene.
The methods most frequently used to synthesize PNCs are
three: intercalation of a suitable monomer in the clay followed
by in situ polymerization, polymer intercalation from solution,
and direct polymer melt intercalation using a polymer mixer
or extruder [4,5]. Melt intercalation was first demonstrated by
Giannelis in 1993 [6] and, since then, it has become a main
stream for the preparation of PNCs. This method has the im-
portant advantage over the other two that it can be applied
to large amounts of polymer in post-reactor stages.
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One of the most common nanoscopic fillers of PNCs is
derived from the montmorillonite (MMT). MMT is a silicate
with large surface-to-volume ratio (80e300 m2/g) that exists
naturally in a tactoid structure comprised of several tens of
stacked layers. These layers have a typical lateral dimension
of 0.1e0.5 mm and layer thickness and interlayer spacing of
about 1 nm. The sum of a layer and an interlayer represents
the repeat unit of the stacked material, called d-spacing or
basal spacing (d001). Dispersal of the nanolayers of the MMT
in the polymeric matrix produces an exfoliated PNC. If the
polymer molecules infiltrate the interlayer spacing preserv-
ing the stacked structure, an intercalated PNC is obtained.
Although both these structures often coexist in the polymer
matrix, it is believed that the outstanding properties of
PNCs are derived from the large aspect ratio of the exfoliated
nanolayers [2,3,5].

To facilitate the exfoliation and dispersion of the clay layers
in the PP, the chemical incompatibility between the polymer
and the clay has to be overcome. This is accomplished by
modifying the hydrophilic nature of the clay surface and by
replacing the small interlayer inorganic cations with short-
chain organic cations such as alkylammonium ions [2,7].
Additionally, in the case of PNCs based on PP, a functionalized
polymer such as PP grafted with maleic anhydride (PPg) must
be added to enhance the fillerematrix compatibility [2,3,5].
Previous works have established the importance of having
a significant level of polar functionality in the PPg that can
interact with the silicate structure. These works have also
established that the observed enhancement of the PP properties
depends on the molecular weight and grafting degree of the
PPg and on the relative concentration PPg/clay [8e13]. It
has been demonstrated that the higher the value of the molar
ratio of functional groups to compatibilizer chains, the lower
the concentration of compatibilizer that is required for signif-
icant exfoliation [10]. Furthermore, it has been observed that if
the degree of functionalization of the PPg is large, a given
amount of PPg may lead to phase separation of the compatibil-
izer from the PP and a decrease in the degree of exfoliation
[8]. Another important factor that affects the degree of exfoli-
ation and dispersion of clay platelets is the intensity of the
effective deformation applied during the mixing process.
The increase of the shear in the melt decreases the size of the
micron-size agglomerates but it has a negative effect on the
length and aspect ratio of the tactoids [14]. With respect to
the effect of the molecular weight of the PP, some authors
have observed that the degree of exfoliation increases when
the molecular weight of PP decreases [9,15].

Rheometry has proven to be a very powerful tool to study
the microstructures of the nanocomposites. The rheological
properties of particulate suspensions are sensitive to the struc-
ture, particle size, shape, and surface characteristic of the
phase dispersed. In the case of clay composites, neither the
presence of clay particles nor the penetration of polymer
molecules between the layers of stacked clay platelets affects
significantly the rheological response of the polymer. How-
ever, previous works have reported that molten PNCs exhibit
a solid-like behavior at low frequencies under small-amplitude
oscillatory shear flow and have used this behavior as an indi-
rect measure for the extent of delamination and dispersion of
the silicate layers in the polymeric matrix [5]. In the case of PP
nanocomposites, the large increase of the elastic modulus at
low frequencies in small-amplitude oscillatory shear flow
has been found to depend on the concentration of clay, type
of organic surfactant used in the modification of the clay and
its concentration, amount and type of compatibilizer, and
deformation history applied to the PNC sample [10,12,16,17].
All these factors affect the concentration of exfoliated clay
platelets. Although less noticeably, similar changes in the
viscous modulus have been detected. The time-scale of the
observed solid-behavior is of the order of 1000 s and it has
been associated with a percolating network formed as a result
of physical interaction between clay tactoids [17,18]. Ren and
coworkers [18] investigated the viscoelastic behavior of a series
of layered-silicate PNCs based on a model polystyrene (PS) and
a model copolymer of polystyrene and polyisoprene (PS-PI).
The results presented in this work show that the hybrids with
silicate loadings of 6.7 wt% or larger exhibit solid-like behavior
at low frequencies (the elastic modulus larger than the viscous
one). In this frequency range, the dynamic moduli of the PNCs
with 3.5 wt% silicate are very similar and the material with
2.1 wt% loading present liquid-like viscoelastic behavior. The
authors conclude that, beyond a critical volume fraction, the
tactoids and exfoliated silicate layers are incapable of freely
rotating, and physical jamming or percolation occurs when
the materials are subjected to small-amplitude shear flow. Gal-
gali et al. [17] investigated the creep behavior of PP/PPg/MMT
nanocomposite melts with 1:1 ratio of clay and PPg and found
that the materials present a Newtonian response with very high
viscosity at low strain rates and that the value of the viscosity
drops fast and considerably when the shear stress increases. It
was concluded that the microstructure of the dispersed platelets
undergoes flow-induced orientation above the yield point,
which breaks down the percolation network structure and
decreases the resistance to flow. Solid-like creep behavior
was observed when clay loading of 6 wt% or larger was used.
Solomon and coworkers [16] have analyzed the response
of PP/PPg/MMT composites (with a weight ratio of PPg to
organophilic clay of 3:1) in start-up shear flow with different
rest times before flow reversal. The transient reversal stress
response exhibits a stress overshoot whose magnitude increases
with annealing time. The transient stresses in annealed samples
scale linearly with clay loading and applied strain. Based
on these observations, it was suggested that microstructural
changes take place during the resting time of the PNC and
that the reforming of the structure in quiescent conditions after
rupture is due to attractive interactions and not due to Brownian
motion. The dynamic moduli were found to be sensitive to the
chemistry of the surfactant used to modify the clay. The authors
conclude that the prepared nanocomposites have an aniso-
metric, non-Brownian structure and that these anisometric par-
ticulate domains are mesoscopic and contain multiple ordered
platelets.

In the present article we have used small-oscillatory shear
flow combined with electron microscopy, infrared spectroscopy



7797C.O. Rohlmann et al. / Polymer 47 (2006) 7795e7804
and X-ray diffraction techniques to study a series of PNCs based
on PP, PPg and a commercial organophilic MMT. The effect
that the thermo-mechanical history applied to the polymeric
samples at the rheometer has on the morphology, phase stability
and linear viscoelastic behavior of the PNCs has been analyzed.

2. Experimental

2.1. Materials

An isotactic PP from Petroquı́mica Cuyo S.A.I.C. (Mw¼
330,000 g/mol and Mw/Mn¼ 4.7) and a PPg from Uniroyal
Chemical Co. (Polybond 3200, Mw¼ 120,000 g/mol, Mw/
Mn¼ 2.6, 1 wt% of maleic anhydride) are used in this study.
The clay is a commercial organophilic MMT (Nanomer
I.44P from Nanocor) which has been modified with dimethyl-
dialkyl ammonium halide. A thermogravimetric analysis
performed on the clay shows that it contains 26 wt% of
organic material and that the loss of weight begins at 220 �C
(by the time the temperature reaches 275 �C, the clay has
lost 5% of its original weight). This analysis was done using a
TGS-2 Perkin Elmer system by heating the samples from room
temperature to 700 �C at a rate of 10 �C/min using nitrogen
atmosphere. According to optical microscopic observations
(Karl Zeiss Pol-III equipped with a JVC video camera), the
original clay comes in aggregates of up to 30 mm in size.

2.2. Procedure of preparation of PNCs

The composites were obtained by melt mixing the polymers
with the clay for 15 min in a Brabender Plastograph at a
nominal temperature of 185 �C under nitrogen atmosphere.
Polymer mix (35 g) was prepared per batch using cam-blades
rotating at 50 rpm. The mixed material was removed from the
mixer chamber with a spatula and compressed between alumi-
num plates to obtain approximately 3 mm thick samples that
go from light amber to light ochre as the concentration of
clay increases. In the literature, mixing times between 8 and
50 min and rotating speeds between 40 and 150 rpm have
been used in different laboratory polymer mixers [9e12,16].
Some authors have also studied the effect of the operation
conditions using screw extruders [12,19].

Concentrations of clay in the range from 2 to 15 wt% are
considered in this study, which represent a range of 1.5e
11 wt% of inorganic material. Table 1 displays the composi-
tion of the analyzed PNCs. The samples are identified with
the code PC#-yz where # corresponds to the concentration of
clay, and yz to the relation of PPg (y) to clay (z) weight.

2.3. Characterization

2.3.1. Structural characterization
X-ray diffraction (XRD) was used to analyze the structure

of the materials and to determine the interlayer spacing
between stacked clay platelets. The study was done using
a Phillips PW1710 X-ray diffractometer equipped with a Cu
Ka radiation source of wavelength 1.54 Å operated at 45 kV
and 30 mA. The diffraction spectra were recorded in the
reflection mode over a 2q range of 2e45� in steps of 0.035�

using a rate of 4�/min. The original clay powder and 3 mm
thick polymeric samples obtained from the melt mixing pro-
cess were characterized with this technique. The PNC samples
were previously slightly compress-molded at 180 �C for 3 min
to produce smooth and flat surfaces.

Transmission electron microscopy (TEM), scanning elec-
tron microscopy (SEM) and optical microscopy were used to
obtain complementary information of the structure of the
clay and the composites at microscopic and mesoscopic levels.
XRD and the above mentioned microscopy techniques have
important limitations related to sample preparation and area
of investigation although associated they produce very useful
information. Optical microscopic observations were carried
out only to check the presence of clay agglomerates in the poly-
meric matrix. The transmission electron microscope (Jeol-
100CX) used in this study was operated at 120 kV. The samples
of PNCs observed with this technique were w50 nm thick
slices that were cut with a Leica UCT EM-FCS ultra-microtome
equipped with a diamond knife. The sliced sections were
mounted on a 200-mesh copper grid. The smooth surfaces pro-
duced in the polymeric samples after being used in the ultra-
microtome were used for scanning electron microscopic
(SEM) observations. The scanning electron microscope used
is LEO EVO-40 XVP equipment operated at 15 kV.

2.3.2. Rheological characterization
The dynamic moduli of all the polymers were measured

in a rotational rheometer (Rheometrics RDAII ) using small-
amplitude oscillatory shear flow between parallel plates under
nitrogen atmosphere. The elastic modulus (G0) and the viscous
modulus (G00) were obtained in a frequency range between 0.04
and 400 s�1 and in a temperature range between 180 and
222 �C. The samples used in the rheometer were compress-
molded using a hydraulic press at 180 �C for 3 min. Disks
of 25 mm in diameter and 1.5 mm thick were cut from those
samples. Dynamic strain sweeps were also performed on some

Table 1

Composition of the PNCs and interlayer spacing determined by X-ray

diffraction

Composite PP

(wt%)

PPg

(wt%)

Clay

(wt%)

PPg/clay d001

(nm)

d002

(nm)

MMT e e e e 2.6 1.3

PC2-11 96.3 1.7 2 1:1.2 3.3 1.3

PC2-31 92 6 2 3:1 3.3 1.4

PC5-0 95 0 5 e 3.1 1.4

PC5-13 93.3 1.7 5 1:3 3.1 1.3

PC5-11 90 5 5 1:1 3.1 1.3

PC5-21 85 10 5 2:1 3.2 1.4

PC5-31 80 15 5 3:1 3.3 1.3

PC8-15 90.4 1.6 8 1:5 2.9 1.3

PC8-11 84 8 8 1:1 2.8 1.3

PC8-31 68 24 8 3:1 2.9 1.3

PC12-18 86.5 1.5 12 1:8 2.8 1.3

PC12-31 52 36 12 3:1 2.5 1.3

PC15-31 40 45 15 3:1 2.7 1.3
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samples to determine the strain range of linear response of
each material.

3. Results and discussion

The XRD patterns of the original clay and some of the
PNCs are included in Figs. 1 and 2, while the basal spacing
of the d001 and d002 plane peaks of the clay and most of ana-
lyzed composites are listed in Table 1. Fig. 1 displays the dif-
fractograms of the PNCs prepared with 5 wt% of clay and
different PPg/clay ratios. According to these spectra, the
(001) and (002) plane peaks of the MMT, which are observed
at a value of 2q of 3.35� (2.6 nm) and 7� (1.3 nm), respec-
tively, shift to lower values when it is mixed with the PP
(see results for the PC5-0). This result indicates an increase
in the separation of the clay layers due to the penetration of
the polymer molecules. A similar behavior was observed by
Marchant and Jayaraman [10], Modesti et al. [19], Gianelli
et al. [15] in equivalent composites. The most noticeable effect
of the addition of PPg to the mixture with 5 wt% of MMT is
the gradual reduction of the intensity of the characteristic
peaks as the PPg concentration increases (see Fig. 1 and
data in Table 1). As it has been already reported in the litera-
ture, this behavior can be associated to the decrease of the size
of the clay particles due to partial exfoliation [10e13].

Fig. 2 displays the diffractograms of the composites con-
taining different amounts of clay and a constant PPg/clay ratio
of 3:1. The diffractograms of the composites with 2 and 5 wt%
loadings are very similar but a further increase of clay loading
produces a shift of the peaks towards larger angles as well as
an increase in their intensities. These observations indicate
that, when the clay loading is 8 wt% or larger, an important
fraction of the original clay particles remains unmodified.
Similarly, Ren et al. [18] observed that the position of the
d001 peak, although it shifts to a lower value with respect to
that of the clay, is not affected by the concentration of clay
for clay loadings up to 9.5 wt%. This study was done using
nanocomposites based on organophilic MMT and PS or
PS-PI copolymer.
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Fig. 1. XRD patterns of PP/PPg/MMT composites with 5 wt% of clay

concentration and different PPg/clay ratios.
The XRD results were complemented by structure analysis
using TEM. Fig. 3 represents the micrographs corresponding
to PC5-13 and PC5-31. The images were obtained with a
magnification of 27,000�. Aggregates of clay particles having
a characteristic length of about 600 nm can be appreciated in
both micrographs. However, in the case of PC5-31 (Fig. 3b),
a larger density of particles of different sizes is observed, in
agreement with the XRD results. The exfoliation of clay plate-
lets in PC5-31 can be better appreciated at the magnification of
80,000� (see Fig. 3c).

The morphology of the composites was also analyzed by
SEM. Fig. 4 shows, as an example, a SEM micrograph of
PC5-31. The displayed surface, which was obtained by an
ultra-microtome cut, has been chemically treated to enhance
the contrast between the clay and the polymer. The treatment
consists of submerging the sample for 10 min in a solution of
0.2% v/v potassium permanganate in sulfuric acid (to slightly
degrade the polymer) and then washing it several times
with distilled water and 20% v/v oxygenated water [20]. A
homogenous distribution of clay particles and a large disper-
sion of particle sizes were observed in all the materials. The
larger particles have a characteristic length of about 1e2 mm.

The results from XRD, TEM and SEM characterization
confirm that the mixing technique used to prepare the compos-
ites produces the partial exfoliation of the clay platelets and
that the presence of PPg as a coupling agent is important to
achieve that exfoliation. Furthermore, measurement of the in-
tensity of monochromatic light transmitted through thin films
of PP, PP/PPg, PC5-0 and PC5-31 shows that the presence of
the clay does not affect light transmittance.

During the rheological study, dynamic strain sweeps were
performed on all the materials to find the corresponding region
of linear viscoelastic behavior. This analysis pretends to avoid
the use of large strains that may induce alignment of the par-
ticles of clay [18]. It was found that the linear viscoelastic
region was not sensitive to the presence of PPg (in the
PP/PPg blends) but it was affected by the presence of the
clay. The deviation of the dynamic moduli from linear visco-
elastic behavior occurs at approximately 20% in the case of PP
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Fig. 2. XRD patterns of PP/PPg/MMT composites with 3:1 PPg/clay ratio and

different clay concentrations.
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and it is reduced a factor of 2e10 by the presence of the clay
(depending on the clay concentration). The reduction gets
increased as the concentration of clay or PPg increases. These
results indicate that the linear viscoelastic region is sensitive
to the composite structure and that the increase in the amount
of exfoliated platelets reduces the maximum strain of linear
viscoelastic behavior. Equivalent values of strains were used
by other authors [10e12].

Fig. 3. TEM micrographs of PC5-13 (a) and PC5-31 (b and c). Size of the

observed areas: 3255� 2325 nm (a and b) and 1365� 975 nm (c).
Fig. 5 represents the elastic moduli of PP, PPg and the PP/
PPg blends. The dynamic moduli of the homopolymers agree
with the rheological behavior expected according to their
molecular weight. The elastic moduli of the blends are
between those of the homopolymers, although they are larger
than the expected values calculated from a logarithmic mixing
rule [21]. The dashed line in Fig. 5 illustrates this behavior in
the case of the blend with weight concentration ratio 80:15.
All the materials behave as thermo-rheologically simple poly-
mers displaying a decrease in the dynamic parameters as the
temperature increases. The timeetemperature shift factors of
each polymer follow an Arrhenius type of dependence with
temperature. Values of 38.4 and 57.1 kJ/mol were calculated
for the activation energies of PP and PPg, respectively, while

Fig. 4. SEM micrograph of PC5-31. Etching treatment was done with potas-

sium permanganate and sulfuric acid.
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Fig. 5. Elastic modulus of PP (full line), PPg (�) and PP/PPg blends with

weight concentration ratios 93.3:1.7 (>), 90:5 (B), 85:10 (6) and 80:15

(7) at 180 �C. Dashed line: prediction from the logarithmic mixing rule for

the 80:15 PP/PPg blend.
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the activation energy of the PP/PPg blends was determined to
be 39.5� 2.2 kJ/mol, which is a value very similar to that of
the activation energy of PP. Galgali et al. [17] observed similar
thermo-rheological behaviors.

An interesting result is the timeetemperature behavior of
the prepared nanocomposites. As an example of that behavior,
Fig. 6a shows the dynamic moduli of PC5-31 measured during
a sequence of dynamic frequency sweeps (DFS) performed at
increasing temperatures on a fresh sample. At high frequencies
the material presents the expected behavior with temperature,
i.e. the moduli decrease as the temperature increases, although
the temperature dependence is less noticeable than in the PP or
the PP/PPg blends. However, at low frequencies the dynamic
moduli increase as the temperature augments. This effect is
more noticeable in the elastic than in the viscous modulus.
tan d gradually decreases approaching a value of 1 at low
frequencies indicating that the material progressively changes
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Fig. 6. Dynamic moduli of PC5-31. (a) Data corresponding to a sequence of

dynamic tests performed at increasing temperatures on a fresh sample and

(b) data corresponding to a sequence of dynamic tests performed at increasing

temperatures on an annealed sample and data of the final test at 180 �C.
its behavior from liquid-like to solid-like. Considering that the
moduli of the polymeric matrix decrease with temperature, the
magnitude of the observed effect is even more important than
it can be appreciated from Fig. 6a. The data indicate that the
hybrid endures microstructural changes during the annealing
conferring the material the behavior that is already accepted
as distinctive of nanocomposites [5]. No effect of the anneal-
ing process was observed in the behavior of the PP or PP/PPg
blends when these materials were subjected to equivalent
thermo-mechanical histories than the composites.

To further analyze the effect of annealing, a sequence of
selected dynamic tests was performed on a sample of PC5-
31. This sequence consisted of an initial DFS at 180 �C fol-
lowed by three DFS at 208 �C performed after 30, 60 and
90 min of annealing at 208 �C. Finally, the temperature was
lowered back to 180 �C and a series of consecutive DFS were
carried out by gradually increasing the temperature up to
208 �C. A final DFS at 180 �C was performed at the end of this
sequence. Fig. 6b displays the elastic and the viscous moduli
corresponding to the initial DFS at 180 �C, the sequence of
tests at different temperatures after the annealing, and the final
DFS at 180 �C. The data clearly show the difference that exists
between the dynamic data before and after the annealing.
Furthermore, the sequence of tests at different temperatures
shows that the annealed material has a standard behavior with
temperature, i.e., the dynamic moduli decrease as the temper-
ature increases. Moreover, the results from the final DFS at
180 �C are practically indistinguishable from those measured
at 180 �C immediately after the annealing. The annealed
material presents a thermo-rheologically simple behavior and
master curves of the moduli can be built with excellent agree-
ment of the data at all frequencies. The activation energy
calculated from the determined timeetemperature shift fac-
tors, aT, has a value of 38.4 kJ/mol, which agrees very well
with the activation energy of the polymeric matrix. The agree-
ment between the flow activation energies of the matrix and the
hybrid indicates that the solid-like behavior of the annealed
PNCs is due to the strong frictional interactions between
clay layers above the percolation limit rather than confinement
effects. Solomon et al. [16], Galgali et al. [17] and Ren et al.
[18] already suggested this explanation.

Figs. 7e9 display the dynamic moduli of all the analyzed
composites. In Fig. 7 the elastic modulus of the composites
with different concentrations of MMT is presented relative
to G0 of the PP/PPg blend with a 93.3:1.7 ratio. This PP/PPg
mix constitutes the matrix of all the composites shown in
the figure and gives a PPg/clay ratio of 1:3 when 5 wt% of
clay concentration is used. In Fig. 8, G0 of composites with a
constant clay concentration of 5 wt% and different PPg/clay
ratios are shown. The data in this figure are also presented
relative to the elastic moduli of the corresponding PP/PPg
matrix. This way of presenting the data shows more clearly
the effect of the different components on the rheological be-
havior. Finally, in Fig. 9 the data corresponding to composites
with constant ratio 3:1 PPg/clay are displayed. Although all the
materials were subjected to a series of consecutive dynamic
frequency sweeps by gradually increasing the temperature
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from 180 to 222 �C and to a final DFS at 180 �C, only the
results measured at the initial and final sweeps at 180 �C are
displayed in each case. In insets of each figure, the corre-
sponding data of tan d¼G00/G0 are displayed.

At a given temperature, both the elastic and the viscous
moduli increase when the concentration of clay increases for
a constant PP/PPg ratio (Fig. 7) and for a constant PPg/clay
ratio (Fig. 9). The increment of the elastic modulus is larger
than the increment of the viscous one, and this effect is
more noticeable at low frequencies where tan d gradually
decreases (see insets in figures). Moreover, in the case of
PC12-31 and PC15-31, tan d is smaller than 1 even for the
fresh material. An increase in the dynamic moduli is also
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and (b) data from the final DFS at 180 �C.
observed when the concentration ratio of PPg/clay increases
for a given clay concentration (Fig. 8). Practically no effect
of the presence of the clay can be observed in the case of
PC2-11, PC2-31, PC5-0 and PC5-13. This result demonstrates
that a minimum amount of exfoliated platelets are needed
to produce a visible increment in the elastic modulus of the
molten composites. Furthermore, this minimum concentration
of clay increases as the PPg concentration decreases, which
agrees with the fact that the amount of exfoliated platelets
augments when the concentration of PPg increases for a given
clay concentration. No complex dependence of the dynamic
moduli with clay concentration was found in this work (other
than the gradual change in time while in the molten state) as

0

2

4

6

8

G
' /

 G
' m

ω [s-1]
0.01 0.1 1 10 100 1000

0

2

4

6

8

G
' /

 G
' m

ω [s-1]
0.01 0.1 1 10 100 1000

0

1

2

3

4

ta
n 

δ

ω [s-1]

0.01 0.1 1 10 100

0

1

2

3

4

ta
n 

δ
ω [s-1]

0.01 0.1 1 10 100

(a)

(b)

Fig. 8. Elastic modulus of PC5-0 (>), PC5-13 (,), PC5-11 (6), PC5-21 (B)

and PC5-31 (7) relative to the elastic modulus of the corresponding PP/PPg

matrix. tan d data are included in the inset of figure. (a) Data from the initial

DFS at 180 �C and (b) data from the final DFS at 180 �C.



7802 C.O. Rohlmann et al. / Polymer 47 (2006) 7795e7804
was reported by Solomon et al. [16] for PNCs based on PP,
a PPg with 0.43 wt% of maleic anhydride and a MMT modi-
fied with stearylamine.

The comparison of the data in figures a and b shows that the
annealing process induces a change in the microstructure of
the hybrids. This change produces a substantial increment of
the dynamic moduli (with a reduction in tan d) in all the
composites except in the case of PC2-11, PC2-31, PC5-0
and PC5-13 (see Fig. 10). Moreover, the observed change in
linear viscoelasticity gets larger as the clay concentration
increases, for a given PPg/clay ratio, and as the PPg concentra-
tion increases, for a given clay concentration. This behavior
of the composites may be explained by the development of
a percolated network superstructure of individual or stacked
platelets as the clay and/or PPg concentration increase. The
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large anisotropy of the tactoids and the individual layers pre-
vents the free-rotation of these elements and is the cause of
the relatively low value of the percolation threshold. Fig. 10
illustrates the rheological behavior observed in the different
materials analyzed in this work as a function of the composi-
tion and includes the most relevant results from the literature.
The full circles correspond to annealed materials that have dis-
played a value of tan d smaller than one at low frequencies
while the half-full circles distinguish the PNCs with tan d

very close to 1. The empty circles correspond to composites
with relatively large slopes of G0 and G00 at low frequency
(larger than those of the matrices) but tan d larger than 1,
and the crosses to the combinations with liquid-like behavior
very similar to those of their matrices. The line was added to
help in the visualization of the approximate position of the
concentrations of PNCs with tan d¼ 1. The data from Galgali
et al. [17], Lertwimolnun and Vergnes [12], Ren et al. [18] and
Solomon et al. [16] are included in the figure with the symbols
described above and signaled with the reference number.
These data correspond to PP, Polybond 3200 and Cloisite 6A
[17]; PP, PPg with 1 wt% of maleic anhydride and Cloisite
20A [12]; PS or PS-PI copolymer with 44 wt% of PS and
MMT modified with dimethyldioctadecylammonium salt
[18]; and PP, PPg with 0.43 wt% of maleic anhydride and
MMT modified with stearylamine [16]. All these results
from the linear viscoelastic behavior at low frequencies em-
phasize the important role played not only by the clay but
also by the PPg in the formation of the hybrids. The data in
Fig. 10 also highlight the inverse relation between the concen-
trations of clay and PPg that induce percolation. If the point of
percolation of the PNC is visualized as the percolation thresh-
old of hypothetical spheres with a diameter equal to the lateral
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dimension of the platelets, an average number of platelets in
each tactoid can be estimated from a simple calculation based
on the fact that random spheres in three dimensions percolate
at a volume fraction of 0.3 [18]. Values of 37, 24, 15 and 9
platelets can be estimated as the average number of platelets
in each tactoid for clay concentrations of 12, 8, 5 and
3 wt%, respectively, using 2.6 nm as the thickness of each
layer unit.

At the light of the rheological behavior observed in the
PNCs, a comparative analysis of the structure of these materials
before and after the annealing was done by TEM and SEM.
Evidence of regions where the clay concentration seems to be
larger was obtained with both these methods in the annealed
samples. As an example, Fig. 11 includes two micrographs of
PC5-31. Image (a) corresponds to a region of 18� 13 mm
observed by TEM while image (b) to a region of 90� 60 mm
observed by SEM. Domains with higher concentration of
clay can be clearly distinguished in both photographs.
These domains have a size of approximately 18� 6 mm and
50� 10 mm, respectively. Equivalent domains were never
observed in fresh samples. This result suggests that the struc-
tural changes produced by the annealing process include the
segregation of regions with large concentration of MMT.

Fig. 11. TEM (a) and SEM (b) micrographs corresponding to an annealed

sample of PC5-31. Size of the images: 18� 13 mm (a) and (b) 90� 60 mm.
In addition to the structural changes, the annealing process
produces another phenomenon, the appearance of bubbles.
This phenomenon only occurs when the PPg and the modified
clay are present in the composite simultaneously. The amount
of detected bubbles increases when the PPg/clay ratio aug-
ments (for a given clay concentration) and when the clay con-
centration increases (for a given PPg/clay ratio). Very small
bubbles (diameter of 500 nm or smaller) were also detected
in some specimens of fresh specimens of PNCs using SEM.
But those observed in the annealed samples could be appreci-
ated with the naked eye. No mention of this phenomenon was
found in the consulted literature. This observation suggests
that chemical reactions may occur during the annealing pro-
cess. To further analyze this possibility, samples of the pro-
cessed materials were studied using FTIR spectroscopy. The
comparative analysis was carried out using films prepared
from fresh samples of the composites and annealed samples
from the rheological tests. Fig. 12 shows the spectral region
between 1900 and 1500 cm�1 for the PNCs with a 3:1 ratio
of PPg/clay and different clay concentrations (PC5-31,
PC8-31, PC12-31 and PC15-31) with and without annealing.
To account for the differences in film thickness, the spectra
were normalized with a band corresponding to PP, located at
840 cm�1. Each pair of spectra that corresponds to the same
type of material has been arbitrarily shifted along the y-axis
for legibility reasons. Only a qualitative analysis of the spectra
is possible due to the overlapping of bands and the shifting
of these bands produced by the interaction between the chem-
ical groups and the environment. The fresh samples of the
polymeric nanocomposites present two bands at 1850 and
1780 cm�1 that can be ascribed to carbonyl groups of anhy-
dride, a band at 1770 cm�1 and a broad band centered at
1710 cm�1 that result from the carbonyl groups of acids,
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amides and imides, and bands between 1680 and 1570 cm�1

that can be associated to amides [22]. After the thermal treat-
ment, the intensity of the absorption bands at 1850, 1780 and
w1600 cm�1 diminishes, while the intensity of the absorption
band at 1640 cm�1 increases. These changes become less
noticeable as the concentration of clay decreases for a given
PPg/clay ratio. The results suggest that some of the anhydride
groups of the PPg may be being consumed by reactions with
substances such as the ammonium surfactant or products
from its thermal decomposition that generate amides and
imides. The presence of water, which may be a secondary
product of this type of reactions, and/or low molecular weight
products of the decomposition, may explain the formation of
the observed bubbles. Similar results were found by Százdi
et al. [23] from the study of the reactions between maleic
grafted polypropylene and hexadecylamine.

The results from the rheological study, as well as those
from the morphological structure analysis and infrared spec-
troscopy, suggest that both, chemical reactions between the
materials used in the modification of the polymer and the
clay and reorganization of the nanocomposite components
with mesoscopic phase separation, are taking place during
the annealing of the studied nanocomposites. Furthermore,
the PP/PPg/MMT system is a thermodynamically unstable
hybrid that would most likely undergo gelation and network
formation during the annealing.

4. Concluding remarks

We have investigated the linear viscoelastic behavior of
a series of composites based on PP, maleic anhydride modified
PP, and a commercial organophilic MMT. The dynamic
moduli of the composites show little effect of the presence
of the inorganic material when no compatibilizer is added or
the amount of PPg or clay is too small (PC2-11, PC2-31,
and PC5-13). As the amount of clay or PPg increases, the
linear viscoelastic behavior of the PNCs gradually changes
with time while in the molten state, mainly at low frequencies.
Evidence of solid-like behavior appears as the concentration
of clay increases, for a given PPg/clay or PP/PPg concentra-
tion, or as the PPg concentration increases (for a given clay
concentration). Simultaneously, the strain range of linear
viscoelasticity gets smaller. The annealed materials present
thermo-rheologically simple behavior and master curves of
the dynamic moduli can be built with flow activation energy
very similar to that of the polymer matrix. The linear visco-
elasticity of the composites emphasizes the important role
played not only by the clay but also by the PPg in the forma-
tion of the hybrids. There exist an inverse relation between the
concentrations of clay and PPg that induce percolation. These
results agree with observations made by DRX, TEM and SEM,
which show an increasing amount the exfoliated platelets as the
PPg and/or MMT concentration increases. Moreover, regions
with large concentration of MMT were observed to segregate
in the annealed samples of composites with solid-like rheolog-
ical behavior. Additionally, infrared spectra of these materials
suggest the simultaneous occurrence of chemical reactions
between the PPg and the surfactant or products derived from
its thermal decomposition during the annealing process.
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