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Nanocomposites were processed using the technique of melt intercalation, starting from a 
concentrated polar compatibilizer/organoclay (PE-g-MA/organoclay) prepared in an internal mixer. The 
concentrate was incorporated into the matrix of HDPE by two methods: I) counter-rotating twin‑screw 
extruder and II) co-rotating twin-screw extruder, using two screw profiles (ROS and 2KB90). After 
extrusion, the specimens of the extruded composites were injection molded. The X-ray diffraction 
(XRD) technique was used to analyze the degree of expansion of the prepared clays. To analyze the 
degree of exfoliation of obtained nanocomposites, XRD and TEM (transmission electron microscopy) 
were used. The influence of processing variables on mechanical properties was studied through the 
behavior of the modulus and tensile strength of nanocomposite systems. By XRD and TEM, it was seen 
that the clay was well dispersed in the matrix and the presence of intercalated and partially exfoliated 
hybrid structure for nanocomposites was observed when the systems were prepared in counter-rotating 
twin-screw extruder. A similar behavior was observed in the use of screws (2KB90 or ROS) of the 
nanocomposites, with a reduction in modulus and tensile strength. Although the mixing process by 
extruding be the most common industrial practice, and also it is the preferred strategy for the preparation 
of polymer nanocomposites, much of the literature was directed to the study of chemical modification 
of clay, type and level of compatibilizer, in order to maximize the compatibility between clay and 
the polymeric matrix. On the other hand, studies about the role of the processing and configurations 
of screws are relatively scarce. The main motivation of this work was to expand and to contribute to 
spread a better understanding of the effects of processing to obtain polymer nanocomposites.
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1.	 Introduction
In recent years, great attention has been devoted by 

the polymer materials research community to the study of 
characteristics of the nanocomposites, especially for what 
concerns the understanding of the factors which leads to 
the desired dispersion (nanodispersion) influencing the final 
material properties1.

In particular, researchers have focused their attention 
on layered silicates (nanoclays) addressing all the possible 
issues related to the preparation of nanocomposites. It was 
proven that the addition of nanoclays to a polymer matrix 
brings unambiguous advantages in terms of improved 
mechanical properties, thermal stability, fire resistance, 
gas barrier, etc.2.

The smectite clays are commonly used as the dispersed 
phase to obtain nanocomposites, in particular, bentonite 
clays, for these present attractive characteristics: naturally 
small particles with dimensions of average size, less than 
2  mm, low cost and their individual layers are reactive. 
Furthermore, it is possible to exchange the metal ions 

by organic cations from a specific surfactant, usually 
a quaternary ammonium salt, turning the clay into 
organoclay3-5.

Polymer/clay nanocomposites are normally obtained 
through the dispersion of chemically modified clays 
(organoclays) within a polymer matrix or by in situ 
polymerization, merger, or solution intercalation6-8. The 
melt intercalation is the most promising method for large 
scale production.

This method consists in mixing the clay in the polymer 
by conventional techniques of polymer processing, in which 
the clay is mixed with the polymer above its softening point 
(for amorphous thermoplastic) or melt (for semi-crystalline 
thermoplastics), so this penetrates the galleries of the clay 
(if there is some degree of affinity between the polymer and 
surfactant presents in the clay) intercalating the lamella and 
eventually exfoliating them8.

The high density polyethylene (HDPE) is a thermoplastic 
resin, whose chains have few branches, so it is considered a 
linear polymer chain, and also for this reason, it has a high 
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density compared to low density polyethylene (LDPE). It 
has one of the simplest structures of polymers on the market, 
which provides it great versatility for the variety of processes 
and implementation, resulting in characteristics of density, 
molecular weight and molecular weight distribution9,10 .

Several factors affect the state of dispersion of 
nanocomposites: the type of organic modifier for the 
clay11,12, the properties of polymer matrix13 and the type and 
concentration of compatibilizer in the system14,15. All these 
factors determine whether the polymer can intercalate and/or 
exfoliate between the layers of organoclay. But the state of 
exfoliation also seems to be strongly affected by processing 
and mixing conditions15,16. The incorporation of organoclay 
in the matrix is usually made in twin-screw extruders.

In this study, bentonite clay was modified by cation 
exchange capacity (CEC) reaction with a quaternary 
ammonium salt at 100% of CEC of the clay. The organoclay 
was mixed with compatibilizer, and the concentrate was 
incorporated into the HDPE matrix by two methods: 
I) counter-rotating twin- screw extruder and II) co-rotating 
twin-screw extruder, using two screw profiles (ROS and 
2KB90) and injection molding. The techniques of X-ray 
diffraction and transmission electron microscopy were 
used to analyze the degree of expansion and exfoliation of 
developed nanocomposites. The interference of processing 
variables on mechanical properties was studied through 
the behavior of the elastic modulus and tensile strength of 
nanocomposite systems.

2.	 Materials and Methods

2.1.	 Materials

The materials used were: bentonite clay (1346), supplied 
by Bentonit União Nordeste (BUN) industry, located in the 
city of Campina Grande - PB. The cation exchange capacity 
(CEC) is approximately 90 mEq.100 g–1; Praepagen WB® 
(PRA - stearyl dimethyl ammonium chloride) quaternary 

ammonium salt supplied in the gel state, manufactured by 
Clariant-PE; The used polymer matrix was high density 
polyethylene HDPE (JV-060U), provided by the Braskem 
(Camaçari/BA);

To improve the affinity between HDPE matrix and 
the organoclay was used polar compatibilizer Polybond 
3009 (PE-g-MA), MFI = 5 g/10 min, with percentage of 
functionality of 1%, supplied by Crompton - Additives and 
olefinic Styrene - São Paulo/SP.

2.2.	 Preparation of organoclay and 
nanocomposites

The organophilization of clay was accomplished through 
the exchange of sodium ions present in the lamellar of the 
clay by ammonium ions to produce the organoclay at 100% 
cation exchange capacity (CEC) of the clay, according to 
studies by Araújo et al.17,18.

The preparation of systems of HDPE/organoclay/
compatibilizer polar was initially performed with a master 
of compatibilizer/organoclay (PE-g-MA/Clay) in an internal 
mixer coupled with to torque rheometer of Haake Bluchler. 
The master was grounded, and then, it was incorporated 
into high density polyethylene by two methods: I) counter-
rotating twin-screw extruder coupled with to torque 
rheometer of Haake Blüchler, II) co-rotating twin- screw 
extruder, with the use of two screw profiles ROS and 2KB90, 
(Figure 1).

The 2KB90 screw profile has been used for Polymer 
Processing Group at the Federal University of São Carlos-
UFSCar19. It is composed of a molten barrier region at 
the beginning, to ensure that, from that point on, all the 
material is melted and is composed also by kneading blocks 
KB45 followed by a reverse step element. The other set of 
kneading blocks is composed of KB90 two elements. The 
profile of ROS screw has been studied for more time for 
obtaining nanocomposites20. The profile is composed of 
a molten barrier near the beginning in the screw and two 
sets of kneading blocks. The first is composed of elements 

Figure 1. Screw profiles a) 2KB90 e b) ROS.
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of forward and reverse pitch mixing and the second is 
composed of elements of the turbine to improve dispersion 
of the second phase and an element of reverse pitch mixture. 
After extrusion, the specimens of nanocomposites were 
molded by injection. For tensile testing, specimens were 
injection molded in Fluidmec model at a temperature of 
200 °C at all zones, with cooling time of 25 seconds and 
mold temperature at 40 °C. The used concentration was at 
a ratio of 91:6:3 (PE: PE-g-MA: Clay).

The characterizations of the systems were made by 
analysis of X-ray diffraction (XRD) at room temperature 
by XRD-6000 Shimadzu diffractometer (40  kV, 30  mA) 
using CuKα radiation (λ = 0.154 nm) at the rate of 2°/min 
in the range of 1.5−30°.

The structures were observed directly by transmission 
electron microscopy (TEM). TEM was carried out on a 
Philips CM120 with an acceleration voltage of 120  kV. 
Samples were cryogenically microtomed into ultrathin 
sections (25–50 nm thick) from Izod impact bars with a 
diamond knife using a RMC MT-7000 under cryogenic 
conditions (−80  °C) inside the microtoming chamber. A 
cutting speed of 0.1 mm/s was maintained throughout the 
microtoming operation. The ultrathin sections were collected 
on copper grids.

Tem mechanical characterization was used to observe 
the influence of modified clay and processing conditions in 
the properties such as, rigidity and tensile strength. Tensile 
tests were conducted using a LLoyd LR/10KN Universal 
Machine at room temperature and crosshead speed of 
50 mm/min according to the standard ASTM D63821.

3.	 Results and Discussion

3.1.	 Diffractograms of clay and nanocomposites 
by XRD

Figure 2 shows the organoclay XRD curves (1346-100) 
and systems processed by the method I (PE 3009 100) and 
the curve for the same composition by the method II using 
the two profiles screws, called 2KB90 and ROS (PE 2KB90 
ORG and PE ROS ORG).

It was found that the nanocomposite system PE 3009 
100 (method I) showed increased basal interplanar distance 
(d

001
) as compared to organoclay 1346-100, indicating the 

formation of polyethylene intercalated molecules structures 
between the layers of organoclay and the presence of 
two shoulders, probably to d

002
 and d

003
 baseline distance 

respectively, which may indicate that a small portion of 
the layers of clay was intercalated by polymer molecules22.

The co-rotating modular extruder (method II) was 
used to promote a better dispersion and consequently to 
obtain exfoliated structures. However, it is observed that 
these systems presented basal spacing d

001 
smaller than 

the organoclay and the system processed in the counter-
rotating twin- screw extruder (method I), indicating that 
their formation was a microcomposite.

The most likely hypothesis for the basal spacing 
distance decrease of nanocomposites systems may have 
been the escape of organic cation of the clay layers during 
processing or break connections between the surface of the 

clay silicates and quaternary ammonium salt. This happened 
due to the effect thermal degradation during processing in 
the modular extruder, decreasing the basal planar distance 
between the clay layers23.

3.2.	 Transmission electron microscopy (TEM).

The processed systems by method I and observed by 
TEM demonstrate that the presence of intercalated and 
partially exfoliated hybrid structure can contribute to the 
general properties of obtained nanocomposites (Figure 3). 
The TEM photomicrographs of the systems processed 
by method II present conventional composite structures 
showing basically aggregates of clay. It was noticed that 
only the processing is not sufficient for shearing and 
distributing satisfactorily the load on polymer matrix 
even with the presence of organoclay and compatibilizers. 
These data corroborate with XRD results, noting that there 
was no affinity among the polymer matrix, clay, polar 
compatibilizers and processing conditions, which may 
be evidenced by the formation of agglomerates. The clay 
particles are not well dispersed in polymer matrix, probably 
due to poor interfacial adhesion, indicated by arrows in 
photomicrography. Because these screws provide the biggest 
effects of shearing and increased residence time during 
processing, it is possible that the quaternary ammonium salt, 
under these conditions, has migrated from the inside of the 
layers of clay and/or it has degraded, causing consequently 
the reduction of basal planar distance, and for that reason 
aggregates were produced.

3.3.	 Mechanical properties of nanocomposites

Table 1 shows the values of elasticity modulus and tensile 
strength of high density polyethylene matrix (HDPE 2KB90 
and HDPE ROS), the polyethylene/organoclay/PE-g-MA 
system processed by method II when 2KB90 (PE 2KB90 
ORG) and ROS (PE ROS ORG) screws were used. The value 
of the PE 3009 100 refers to the polyethylene/organoclay/
PE-g-MA system and polyethylene matrix (HDPE) obtained 
by method I. Figure 4 shows the stress × strain curves of the 
systems described above.

Figure 2. XRD patterns of 1346-100 clay and PE/clay/PE-g-MA 
systems processed in two extruders: modular co-rotating (2KB90 
and ROS) and counter-rotating (PE 3009 100).
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Figure 3. TEM photomicrographs of the systems processed in two extruders: a) counter- rotating (PE 3009 100) and modular co-rotating 
b) 2KB90 and c) ROS. 
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It is observed similar behavior when using the mixture 
screw (2KB90 or ROS). That is, the modulus and tensile 
strength of the systems with an organoclay (PE 2KB90 
ORG or PE ROS ORG) are reduced when compared to the 
PE matrix (HDPE 2KB90 or HDPE ROS). Possibly, the fact 
that the modular co-rotating extruder (method II) was used to 
encourage greater dispersion, thus exfoliated structures were 
obtained. However, it is noticed that the processing has not 
been able to disperse and distribute the load in the polymer 
matrix successfully. Even the presence of organoclay and the 
compatibilizer agent was not enough to get the exfoliation, 
therefore reducing the mechanical properties.

4.	 Conclusions
In this study, high density polyethylene/organoclay 

nanocomposites were obtained by melt intercalation 
technique. The nanocomposites processed in the co-
rotating extruder showed basal spacing (d

001
)

 
smaller 

than the organoclay and nanocomposites processed in 
the counter‑rotating twin-screw extruder, and therefore a 
morphology of the microcomposite, as observed by TEM. 

Table  1. Mechanical tensile properties of HDPE and its 
nanocomposites.

System Young modulus 
(GPa)

Tensile strength 
(MPa)

HDPE 1.13 ± 0.07 22.17 ± 0.50

PE 3009 100 1.08 ± 0.04 24.00 ± 0.28

HDPE 2KB90 1.20 ± 0.08 22.92 ± 0.6

PE 2KB90 ORG 1.18 ± 0.05 22.41 ± 0.36

HDPE ROS 1.26 ± 0.11 22.87 ± 0.19

PE ROS ORG 1.21 ± 0,07 22.64 ± 0.25

IIn general, the presence of organoclay, compatibilizer agent 
and the co‑rotating extruder were not sufficient to achieve 
exfoliation. Similar behaviors were observed when using the 
mixture screw (2KB90 or ROS). That is, the modulus and 
tensile strength of the system with an organoclay (PE 2KB90 
ORG or PE ROS ORG) were reduced when compared to 
the PE matrix (HDPE 2KB90 or HDPE ROS).
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