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Introduction
in design with the capability to control the residence time with
dispersive and distributive mixing. Both the feed location and the
order of feeding are also important considerations when designing
the compounding process[4,11].
The screw configuration, the screw speed, the residence time,
the feeder type, and the temperature of the melt process all have a
large effect on the dispersion of the clay in the polymer matrix[22].
Therefore, the screw profile design plays a key role in controlling
the morphology of the nanocomposite[11].
Based on the literature, changes in the processing conditions
and the screw profiles greatly affect the properties of the
nanocomposites because the clay sheets can break during the
shear processing, which decreases the final aspect ratio of these
materials[23,24]. Some researchers have produced polar polymer/
OMMT nanocomposites with intercalated and exfoliated
morphologies using a co-rotating twin or single screw extruder.
They have found that optimising the shear intensity and the
residence time in the extruder generally improved the delamination
and the dispersion of the MMT in the polymer matrix[4,11,25,26].
However, when using incompatible organoclay and apolar
polymers, the optimisation of the processing conditions is even
more important for achieving smaller agglomerated structures
and partial exfoliation as well as preserving the aspect ratio of the
clay platelets in the matrix[27]. To achieve good dispersion of the
clay, it is important to understand how the processing conditions
affect the morphology of PP/MMT nanocomposites and their final
properties[14,28].
The aim of this work was to study the influence of two
different screw configurations, each with a different shear
rate, and two different feed types (i.e., hopper or side feeder)
on the morphological, thermal, and mechanical properties of
PP/MMT nanocomposites. The melting process was used without
a compatibilising agent to isolate and to better evaluate the effect
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CIENTÍFICO

Polypropylene/montmorillonite (PP/MMT) is one of the
most commonly studied nanocomposites to improve several
properties. PP/MMTs are produced using many technologies,
and their applications include a range of manufacturing processes
at a relatively low cost[1,2]. There is much evidence that supports
melting processing as the preferred production method of
PP/MMT for commercial use[3-7]. Additionally, the literature
suggests that the exfoliation and the dispersion of nanoclays in
polypropylene requires the exchange of the sodium cations that
are present in the nanoclay layers with the organophilic cations
(dimethyl, dihydrogenated tallow, and quaternary ammonium
chloride), which alters the initial interlayer spacing and improves
the interaction between the clay and the PP[8,9].
Predicting whether a polymer and organoclay (OMMT) will
form a true nanocomposite through melt compounding is not easy
because there are many factors influencing the outcome[10]. The
improvements in the final properties usually depend on the degree
of exfoliation, delamination, and dispersion of the clay into the
matrix[11-13]. Fine control of the interfacial morphology of polymer
nanocomposites is critical to imparting the desired mechanical
properties to such materials[14-16].
Within the nanocomposite literature, the effects of clay
modification[17], the clay content and the use of different
compatibiliser agents to increase the compatibility of the clay and
the polymer[18,19] have all been studied extensively. However, the
importance of the processing conditions has not been adequately
explored because of the complex interactions between the
experimental factors and the structural control in these types of
systems. Furthermore, optimising the processing parameters is
key to maximising the interfacial contact between the polymer
and the clay and to enhancing the macroscopic properties of the
resulting nanocomposites[20,21]. Previous studies have suggested
that it is important to use processing equipment that is flexible
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Abstract: The design of the screw configuration as well as the screw speed, the residence time, the feeder type, and the temperature has
a large effect on the dispersion of the clay into the matrix and, consequently, on the mechanical and thermal properties of the polymeric
matrix. The objective of the present work was to evaluate the influence of two different screw configurations (left-handed elements) and
the feed type (hopper or side feeder) on the dispersion of 5 wt% Cloisite 20A into the PP matrix without the use of compatibilising agents.
In profile 1 (lower shear), the 5 wt% C20A/PP (PPC20AP1) nanocomposite morphology presented elliptical agglomerated structures with
compacted platelets, whereas in the profile 2, the 5 wt% C20A/PP (PPC20AP2) showed elongated forms with better separated platelets
and a better clay distribution into the PP matrix. When the side feeder mode was used in profile 2, a mix of elliptical and elongated
structures with some individual clay sheets was observed.The neat PP showed the same tensile modulus and impact strength in both
screw configurations. The PPC20AP1 presented a tensile modulus and an impact strength that was lower than the PPC20AP2, because in
profile 2 the pressure and residence time are higher due to the two left-handed elements. Thus, the dispersion and distribution of the clay
throughout the matrix were improved, and the agglomerated structures were reduced. When the side feeder mode was used, there was a
decrease in the PP/clay mechanical properties, but the values found were higher than those in profile 1.
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of processing conditions on the dispersion of the organoclay into
the PP matrix.

Experimental
Materials
The polymer used was a commercial grade polypropylene
homopolymer with a melt flow index (MFI) of 3.5 g/10 min
(230 °C/ 2.16 kg) from Braskem S.A., Brazil.
The clay used was a commercial organoclay montmorillonite
(OMMT) Cloisite 20A (C20A) that was modified with a quaternary
ammonium salt and possessed a cation exchange capacity (CEC) of
95 meq/100 g from Southern Clay Products.

Nanocomposites preparation
The mixture was prepared using melt intercalation in a counterrotating twin-screw extruder (Coperion ZSK18K38, screw diameter
of 18 L/D = 44) operating at 350 rpm with a constant feed ratio
of 3 kg/h and a temperature profile of 165, 170, 175, 175, 180,
185, 190 °C with 5 wt% of C20A. The PP nanocomposites were
prepared with two different screw profile configurations that created
a moderate shear rate (profile 1) and a high shear rate (profile 2)
as shown in Figure 1. When studying profile 2, two forms of
feeding were used. In the first form, the polymer and the organoclay
were fed simultaneously into the main hopper at the beginning of
the extruder. In the second, the organoclay was added separately
from a side feeder after the fusion of the PP in the beginning of
the extruder. Figure 1 and Tables 1 and 2 show the main difference
between profiles 1 and 2; specifically, the use of one set of 45°

kneading blocks followed by two left-handed elements that
increased the resulting shear force and the residence time is shown.
This change in the screw profile greatly influenced the quality of the
dispersion and exfoliation of the clay and its distribution into the
polymer matrix, resulting in the breakage of clay tactoids and the
homogenous distribution of the clay particles into the melt matrix.

Characterisation
The residence times of the two different screw configuration
profiles were measured using coloured pellets that were fed into the
main hopper at the beginning of the extruder and timed until their
arrival at the extruder die. Five measurements were performed for
each screw configuration profile.
Samples for mechanical testing were prepared in a Battenfeld
injection mould according to ASTM D 4101. Tensile testing was
performed according to ASTM D638, specimen type 1 and was
conducted on a universal tensile machine (EMIC DL 10000) at a
speed of 50 mm/min. The Young modulus measurements were
performed with extensometer. Izod Impact tests were performed
at 23 °C using a pendulum-type impact tester (Ceast, Resilimpact)
according to ASTM D 256.
A TA model QA 800 instrument was used for dynamic
mechanical analyses (DMA) of the materials at a fixed frequency of
1 Hz. DMA analyses were performed in single cantilever mode, using
specimens with approximate dimensions of 17.80 × 3.2 × 12.75 mm.
Thermal properties were determined using a DSC Thermal
Analyst 2100 from TA Instruments. All measurements were
performed under a nitrogen atmosphere. The samples were heated
to between 50 and 200 °C at a heating and cooling rate of 10 °C/min.
Melting temperature measurements were performed in the second

Figure 1. Scheme of the screw configuration design: Profile 1 (above) and Profile 2 (below).
Table 1. Screw configuration profile used to prepare the PP/5%C20A nanocomposites.
Screw Profile

Screw Configurations

Profile 1

T2–18–72 + T2–12–24 + K4–3–80–30° + T2–8–8L + T2–12–36 + T2–12–54 + T2–12–12 + K5–2–72–45° + T2–12–24 + K5–2–48–
45° + T2–12–72 + D1–11–24L + T2–12–24 + D1–11–24L + T2–12–96 + T2–8–32

Profile 2

T2–18–72 + T2–12–24 + K4–3–80–30° + T2–8–8L + T2–12–36 + T2–12–54 + T2–12–12 + K5–2–120–45° + L2–8–16 + D1–11–
24 + T2–12–24 + T1–11–24 + T2–12–96 + T2–8–16

T represents convey elements; K represents kneading block; L represents a reversed conveying screw elements; D represents dispersing elements.
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heating cycle. The degree of crystallinity was determined using
∆Hm0 =190 J/g for PP[29]. The DSC instrument was calibrated with
indium before use. The thermal stability was measured using a
thermo gravimetric analyser (TA model QA50). The samples
(5‑10.0 mg in film form) were heated from 30 to 900 °C at the rate
of 20 °C/min under an inert nitrogen atmosphere (50 mL/min).
The transmission electron microscopy (TEM) images were
obtained at 80 kV with a JEOL JEM-1200 Ex II. Ultrathin sections
(70 nm thickness) of the specimens, which were cooled to –80 °C,
were obtained using cryoultramicrotomy with a diamond knife that
was also cooled to –80 °C. The sections were placed on 300 mesh
Cu grids. The fracture surface of notched Izod impact specimens
(cross-section) at room temperature was studied using field emission
SEM (JEOL JSM-6060) after coating with carbon to minimise
electrostatic charging. The fracture surface morphologies of neat

PP and PP-clay nanocomposites were observed using an electron
accelerating voltage of 10 kV.

Results and Discussion
Morphology of the PP/C-20A nanocomposites
The clay dispersion in the polymer matrix is directly related to
the processing conditions[30]. The screw configuration can modify
the original clay morphology because of the high shear forces that
occur during processing[31]. Thus, the effect of processing conditions
on the morphology of PP nanocomposites was studied using TEM
to evaluate the magnitude of C20A intercalation or exfoliation
into the matrix. TEM micrographs of PP/C20A nanocomposites
(Figure 2) prepared using different shear rates showed an oriented

Table 2. Materials and processing conditions of the PP/5%C20A nanocomposites.
PP (%)

C-20A (%)

Profile

Residence time at 3.0 Kg/h (s)

PP P1

Samples

100

0

P1

33 ± 2

PP P2

100

0

P2

52 ± 1

PP C20A P1

95

5

P1

33 ± 2

PP C20A P2

95

5

P2

52 ± 1

PP C20A P2SF

95

5 (side feeder)

P2

52 ± 1

Figure 2. TEM micrographs of the PP-C20A nanocomposites prepared in the screw using Profile 1 (a), Profile 2 (b) and Profile 2 with side feeder (c).

Polímeros, vol. 23, n. 2, p. 175-181, 2013

177

Santos, K. S. et al. - The influence of screw configurations and feed mode on the dispersion of organoclay on PP

dispersion of the nanofiller in the polymeric matrix. Agglomerates
of different sizes and partially exfoliated structures were observed
in all of the profiles. The PPC20AP1, prepared using the P1 profile
(lower shear), presented elliptical agglomerated structures and more
compacted platelets, whereas the PPC20AP2, prepared using the
P2 profile (higher shear), presented elongated forms with better
separated platelets more separated and a better clay distribution into
the PP matrix. The increased shear in the P2 profile, promoted by the
addition of two left hand elements after the single set of kneading
block, facilitated the sliding of silicate sheets and increased the
separation between the platelets, promoting a morphological change
in the agglomerated structures of the C20A clay. Furthermore, this
profile did not decrease the length of the platelets, but by reducing
their thickness, the aspect ratio of the PPC20AP2 increased. When
the side feeder mode (SF) was used in the P2 profile, the sample
PPC20AP2SF showed a mix of elliptical and elongated structures
with some individual clay sheets but with a poor distribution of
the clay platelets. With this type of feeding, the nanoclay is added
after the first set of kneading blocks and one left-handed element,
which decreases the breaking efficiency and the separation of
agglomerated structures.

Relationship among fractography, morphology and mechanical
properties
The micrography of the impact fracture surfaces of the pristine
PPP1 and PPP2 as well as the PP nanocomposites that were
prepared using different shear profiles and feed types helped to
better understand the effect of these processing conditions on the
impact strength of these materials. This property is influenced

by the form of the particles, the morphology, and the degree
of interfacial adhesion between the clay and the matrix. In clayreinforced semi-crystalline thermoplastic nanocomposites, the
microdeformation processes identified as energy dissipating
mechanisms, include crazing, cavitation or debonding of the clay
particles with consequent microvoid formation with or without
fibrillation, take to the posterior shear yielding of the matrix[32,33].
The great flexibility of the clay platelets allows them to bend and
facilitates plastic deformation through the formation of microvoids
between the layers[34]. The formation of microvoids occurs by the
cavitation or debonding of the clay particles through the breaking,
the opening or the sliding of the platelets[35]. Thus, increasing the
number of microvoids with an elongated structure will increase the
energy absorption by the shear yielding process. SEM micrographs
of the pristine PPP1 and PPP2 as well as the PP nanocomposites that
were prepared using different shear profiles and feed types clearly
support this hypothesis. In Figure 3, the crack-propagation direction
is indicated with a white arrow in the micrographs. The whole
crack-propagation profiles of the materials are not shown because
the mechanisms of energy dissipation were only observable in
SEM images at higher magnification, so the close-up views of these
profiles are shown in Figure 3. The fractured surface of the pristine
PPP1 (Figure 3a) presented predominantly craze-like features
without microvoid formation, whereas the PPP2 surface (Figure 3b)
displayed a fibril network, which increased the effectiveness of
the energy dissipation mechanisms. The samples with 5 wt%
PPC20AP2 showed debonding of the clay particles with a smaller
size than those of the PPC20AP1 samples (Figure 3c, d).

Figure 3. SEM images of PPP1 (a), PPP2 (b) and of PP/5%C20A nanocomposites prepared in profile 1 (c) and profile 2 (d).
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As shown in Table 3, there were no significant changes in the
impact strength or the modulus for the neat PP obtained by the
different profiles. This finding shows that there were no significant
breaks in the PP matrix chains obtained from the higher shear profile.
However, profile 2 promoted significant changes in the distribution
and the dispersion of the clay particles into the PP matrix, resulting
in superior mechanical properties.
The addition of 5 wt% C-20A led to an increase in both the
Young’s modulus and the impact strength. The PPC20AP2
demonstrated a higher Young’s modulus than the PPC20AP1
because of the existence of oriented and elongated structures,
which improved the tensile strength of PP nanocomposite. Both the
PPC20AP1 and the PPC20AP2 exhibited higher impact strengths
than the corresponding neat PPP1 and PPP2; this increase was 16%
and 44%, respectively. However, the PPC20AP2 exhibited a higher
impact strength than the PPC20AP1. The elliptical structures in the
PPC20AP1 probably acted as tension concentrators by reducing
the impact strength compared to PPC20AP2, i.e., these elliptical
structures acted as a conventional filler[36]. The Young’s modulus
value of the PPC20AP2SF was lower (10%) than the PPC20AP2 but
was higher (11%) than the PPC20AP1 because the PPC20AP2SF
contained a mix of elliptical and elongated structures. In addition,
the impact strength was smaller in the PPC20AP2SF because there
were fewer elongated structures with more platelets that were
separated, which provided a larger contact surface between the PP
and the clay and, consequently, the predominant energy dissipating
mechanism was debonding of the clay platelets. The yield strain of
PP/C20A samples was increased from 15% to 18% while the yield
strength was maintained (Table 3).
The higher storage modulus of the PP nanocomposites for
the entire temperature range studied indicated that the clay
incorporation into the PP matrix promoted a positive reinforcement
effect (Figure 4). Additionally, the storage modulus of the neat PP
and the C20A nanocomposites at 23 °C followed similar trends in

the Young’s modulus although the variations were more significant
(Table 3 and Figure 4a).
The β and α transitions in the tan δ curve provide an indication
of the interactions between the matrix and filler. The region of the
interphase surrounding the filler may change the physical properties
of the nanocomposite. It has been reported that significant fillermatrix interactions decreased the β transition peak intensity
because of reduced friction at the matrix-filler interface. However,
the intensity of the β transition peak of the PP nanocomposites was
similar to that of the neat polymers because of the absence of any
compatibilising agent that could change the interface between the
polymer and the organoclay (Figure 4b)[14].
The α transition peak, approximately at 73 °C, is related to
relaxations of the intracrystalline amorphous chains of the PP,
and its intensity is related to the amount of amorphous phase in
the crystal. However, in this work the β (Tg) and the α transition
temperatures of the pristine PP did not change when the organoclay
was used under any of the processing conditions.

Relationship between morphology and thermal properties
The crystallisation behaviour and the crystalline morphology
of nanocomposites are strongly affected by the presence of layered
silicates and their morphology[37]. The better the clay dispersion
into the matrix is, the more crystal nuclei will be formed, and
consequently, the higher will be the crystallisation temperature[38].
The organoclay increased slightly the crystallisation temperature (Tc)
of the nanocomposites. Many authors consider this behaviour due to
the nucleating effect of organoclay[1,14,19,39]. The PP/C20A samples
increased 3 °C in the PP crystallisation temperature regardless
of the profile and feed modes used, but did not change the Tc onset.
The use of two different profiles and different feed modes did not
affect the Tm and the Xc (Table 4). The neat PPP2 exhibited a lower
crystallisation temperature than the neat PPP1. The larger shear
of profile 2 accelerated the initial and the final degradation of the

Table 3. Mechanical and dynamic mechanical properties of PP/5%C20A nanocomposites and neat PP.
Samples

Young Modulus (MPa)

Storage Modulus

Impact Strenght (J/m)

at 23 °C (MPa)

Yield Strength
(MPa)

Yield Strain
(%)

PP P1

1668 ± 35

1123

37 ± 3

30 ± 3

15 ± 0.5

PP P2

1697 ± 45

1118

45 ± 6

31 ± 1

15 ± 0.3

PP C20A P1

1917 ± 49

1206

43 ± 7

28 ± 1

17 ± 0.9

PP C20A P2

2349 ± 67

1551

65 ± 6

31 ± 0.8

18 ± 0.1

PP C20A P2SF

2131 ± 60

1526

52 ± 5

32 ± 0.4

18 ± 0.3

Figure 4. The storage modulus (a) and the tan δ peak: β transition and α transition (b) of the neat PP and PP/C-20A nanocomposites.
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Table 4. DSC results for neat PP and PP/5%C20A nanocomposites.
Tm *(°C)

Tc (peak) *(°C)

Tc (onset) (°C)

Xc**(%)

Neat PP P1

Samples

164

116

120

46

Neat PP P2

164

114

120

44

PP C20A P1

165

119

121

38

PP C20A P2

164

116

120

32

PP C20A P2SF

165

117

120

42

*standard deviation ± 1 °C. **standard deviation ± 10%

Figure 5. TGA and DTG curves of the neat PP and the PP/C20A nanocomposites.

neat PP probably because it promoted an increase in the polymeric
mass temperature during the melt process, which quickly consumed
a large amount of the antioxidant (Figure 5). The addition of clay
into the PP matrix improved its thermal stability independent of the
profile or the feed type used. All the PP nanocomposites exhibited
an increased initial decomposition temperature (Tonset) compared to
the neat PP at approximately 60 °C because MMT migrated to the
surface and formed a protective barrier that impeded the release of
decomposition gases, decreasing the degradation temperature of
the PP matrix[40]. The PPC20AP2SF presented an initial and a final
degradation higher than the other samples probably because of the
presence of a mixture of elongated and elliptical structures and the
smaller residence time in profile 2.

Conclusions
This work has shown the importance of screw profile design
in the structure and properties of nanocomposites. The different
shear intensities used to prepare the PP/C20A nanocomposites led
to differences in the morphology, the mechanical and the thermal
properties. The PPC20AP1 presented elliptical agglomerated
structures with platelets that were more compacted, whereas the
PPC20AP2 presented an elongated form with platelets that were more
separated with a better clay distribution into the PP matrix. When the
side feeder mode was used, a mix of elliptical and elongated structures
with some individual clay sheets was observed. Profile 2 was more
efficient at separating the C20A platelets into the PP matrix. The gain
in the tensile modulus and the impact strength was more evident when
elongated structures with better separated platelets were present. The
presence of clay using two different profiles and two different feed
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modes did not influence the Tm and the Xc, but it did increase the Tc .
The addition of clay into the PP matrix improved its thermal stability
independent of the profile or the feeding type used.
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