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Abstract

High density polyethylene (HDPE)/organoclay nanocomposites of varying concentrations of clay were prepared by a single screw com-
pounding extruder with the attached ultrasound die operating at various amplitudes. The die pressure and power consumption due to ultrasound
were measured at different feed rates of nanocomposites of various clay concentrations. The structure and morphology of nanocomposites were
studied by X-ray diffraction (XRD), transmission electron microscopy (TEM) and infrared spectroscopy. It was found that ultrasonic treatment
enhanced the intercalation of HDPE into lattice layers of clay by increasing d-spacing up to 50%. Mechanical and rheological properties of these
nanocomposites were investigated as a function of clay concentration and ultrasonic amplitude. Complex viscosity, storage and loss moduli of
nanocomposites were increased after ultrasonic treatment. Mechanical properties such as the elongation at break, yield stress, toughness and
impact strength of ultrasonically treated nanocomposites increased in comparison with the untreated nanocomposites. A reduction in oxygen
permeability of nanocomposites was observed after ultrasonic treatment at an amplitude of 10 mm with the highest reduction by 20%
at 2.5% clay concentration and a residence time of 21 s. This reduction in permeability was achieved even though results indicate that the
crystallinity of ultrasonically treated nanocomposites was reduced.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The incorporation of particulate fillers into polymer
matrices is a well-known technique to improve or modify
some properties of neat polymers. However, from a reinforcing
point of view, fibres, or at least fillers with laminate particles
having a high aspect ratio are more effective as reinforcing
agents. Polymer nanocomposites have opened a new horizon
for a promising class of hybrid materials by the incorporation
of particulate nanofillers into polymer matrices to improve
the properties of neat polymers. In recent years, layer silicate
based polymer nanocomposites have attracted considerable
technological and scientific interest for their changes in
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thermal [1], rheological [2], mechanical [3] and physical [4]
properties of polymers. In general, the layer silicate is modi-
fied with alkyl-ammonium, which is hydrophilic and this
facilitates its interaction with the polymer. The layers in mont-
morillonite are arranged in stacks, which leads to a regular van
der Waals gap or interlayer. Al3þ is replaced with Mg2þ in the
octahedral sheet, and a negative charge is thus generated
within the layer [5]. To counterbalance the negative charge,
Ca2þ and Naþ are located in the gallery [6,7]. By replacing
the charge-balancing interlayer-cations with alkyl-ammonium
ions, for example, the compatibility between the clay mineral
and the organic phase may be substantially enhanced. The alkyl-
ammonium cations lower the surface energy of the inorganic
host and improve the wetting characteristics of the polymer [8].

When a thermoplastic polymer is mixed with an organo-
clay, it either intercalates or exfoliates the layer silicate ag-
gregates. In general, the intercalation is obtained when the
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polymer matrix and layer silicates do not have sufficient attrac-
tive interactions, while exfoliation is observed when they have
strong attractive interactions.

Polyethylene is one of the most widely used polymers, but
does not have any polar groups in its backbone to interact with
the clay surface for dispersion. However, by incorporating
a compatibilizer into the system, it is possible to improve
the dispersion of clay within the polymer matrix [9]. Although
these methods have been proved to be capable of forming
nanocomposites, the exfoliation of the clay silicate layers is
incomplete and thus, the reinforcement effect is limited
especially for polyolefins like HDPE.

Several studies on the application of ultrasound in nano-
composite preparation were reported within recent years
[10e12]. The most recent attempts to develop polymer/clay
nanocomposites via melt intercalation in an intensive batch
mixer [13e16] with power ultrasound were reported. How-
ever, a prolonged ultrasonic treatment (10e20 min) was used
in these studies, evidently leading to a substantial degradation
of the polymer matrix. Despite the considerable number of
studies concerned with the preparation, characterization and
properties of polyethylene/clay nanocomposites, no report has
been published regarding the processing of HDPE/clay nano-
composites using continuous ultrasonic assisted extrusion.

Over the past several decades, a number of studies of the
effects of ultrasound on polymers have been performed and
reported. It was observed that long-chain polymer molecules
can be ruptured by high intensity ultrasound during melt extru-
sion [17] leading to the formation of long-chain radicals. In
polymer/clay systems, polymeric radicals may combine with
the surface modifying agent of the clay by forming a chemical
bond. Another important aspect of the ultrasound assisted pro-
cess was to facilitate the break up and delamination of layer
silicate, which is essential for the nanoscale dispersion of clays
during melt mixing in a batch mixer [18] and extruder [19]. In
this paper, we have studied the effect of continuous ultrasonic
treatment during the melt intercalation of HDPE/clay nano-
composites on their structural, mechanical, rheological and
oxygen barrier properties.

2. Experimental

2.1. Materials and methods

The HDPE used was HMN 4550-03-Marlex (Chevron
Phillips). Cloisite� 20A natural montmorillonite, modified
with quaternary ammonium salt (dimethyl, hydrogenated
tallow, quaternary ammonium chloride), with a cation ex-
change capacity of 95 meq/100 g and d-spacing of 2.42 nm
was supplied by Southern Clay Product, Inc. HDPE/clay nano-
composites with varying clay content of 2.5 wt%, 5.0 wt% and
10.0 wt% were prepared using a single screw compounding
extruder with the ultrasonic slit die attachment having two
horns operating at a frequency of 20 KHz and amplitudes of
5 mm, 7.5 mm and 10 mm [20]. In contrast to conventional
screw used in Ref. [20] the screw of the present setup was
equipped with two mixing sections: the Maddock mixing
section followed by a melt star mixing section. The screw
speed was set at 100 rpm and temperatures were 180 �C,
190 �C, 200 �C and 200 �C from the feeding section to the
die zones. The gap in the slit die was 4 mm. The material
was ultrasonically treated in the molten state [20] at three dif-
ferent flow rates 0.25 g/s, 0.50 g/s and 0.75 g/s, corresponding
to the residence time of 21 s, 10 s and 7 s, respectively.

2.2. Measurement of properties

Tensile bars were prepared using a Van Dorn 55 HPS 2.8F
injection molding machine at a melt temperature of 190 �C,
mold temperature of 40 �C, injection speed of 40 mm/s, hold-
ing pressure of 13.8 MPa, holding time of 20 s and cooling
time of 20 s. The tensile tests of nanocomposites were carried
out according to ASTM D-638 using an Instron testing
machine Model 5567 at a crosshead speed of 50 mm/min
with 10 KN load cell without the use of an extensiometer.
The impact strength of nanocomposites was performed using
an Izod impact tester with a 5 lb load at room temperature
on notched samples. Five specimens for each composition
were used for measurement and average values were reported.

The rheological properties were measured using ARES by
TA Instruments with a dynamic mode frequency sweep (strain
control) process at 200 �C. Parallel plate geometry with a
diameter of 25 mm and a gap size of 1.7 mm was used.

Thermal behaviors of nanocomposites were measured by
differential scanning calorimeter (DSC) on a TA Instruments,
Model Universal V3.0G. Samples were heated from room
temperature to 250 �C at a rate of 20 �C/min, then cooled
down to room temperature and heated again at the same rate
to 250 �C under nitrogen atmosphere. The crystallinity data
were obtained from the second heating run.

X-ray diffraction (XRD) patterns were obtained, using a
Rigaku X-ray machine operating at 40 kV and 150 mA, to
determine the mean interlayer spacing of the (001) plane
(d001) for the organoclay and its nanocomposites with HDPE.

Transmission electron microscope (TEM) was used to
study the morphology of nanocomposites. The ultra thin sec-
tions of specimens were cut by cryoultramicrotome below
the glass transition temperature of HDPE. A Reichert Ultracut
S low-temperature sectioning system equipped with a diamond
knife was used. Thin sections of 75 nm were transferred into
a copper grid. A transmission electron microscope (TECNAI
12, Philips) operating at 120 kV was used.

Fourier transform infrared spectra were obtained using
a FTIR spectrometer (16 PC FTIR, PerkineElmer) with a
4 cm�1 resolution. A thin film suitable for FTIR was prepared
by compression molding and the film thickness was adjusted
such that the maximum absorbance of any band was less
than 1.0, maintaining the validity of the BeereLambert law.

Oxygen permeability was measured on an oxygen perme-
ation analyzer by Illinois Instrument Inc., Model 8001. Films
of 0.5 mm thickness for testing were prepared by compression
molding at a pressure of 27.5 MPa and at a temperature of
200 �C. To prevent sticking of materials to the molding plates,
Teflon foil was used. All sample films were cut into a 10 cm
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diameter circle. Measurements were carried out in the pres-
ence of nitrogen gas with purge rate setup of 10 units. Oxygen
permeability of nanocomposites in cm3 day m�2 units was
measured.

3. Results and discussion

3.1. Process characteristics

The die pressure (a) and power consumption (b) due to
ultrasonic treatment were recorded and are shown in Fig. 1
as a function of feeding rate. It was observed that the die
pressure increases with increased flow rate for HDPE/clay
nanocomposites at all clay concentrations (Fig. 1a). This is
because the die pressure, characterizing the resistance to flow,
is a function of the average residence time of the polymer/clay
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Fig. 1. Die pressure (a) and power consumption (b) as a function of feeding

rate at different clay concentrations and an ultrasonic amplitude of 10 mm.
in the treatment zone. The mean residence time is inversely
proportional to the flow rate and directly proportional to the
die gap [21]. The ultrasonic power consumption is due to both
the dissipation of energy transferred to heat and that utilized to
disperse clay filler and promotes polymer intercalation into the
clay gallery. It was found that power consumption increased
with increased feeding rate for all concentrations of clay, indi-
cating that more energy is being transmitted into the system
(Fig. 1b). However, the specific energy consumption, calcu-
lated as power consumption divided by feeding rate, is reduced
with feeding rate. It was also observed that the ultrasonic
treatment of pure HDPE required more energy than that of
the HDPE/clay nanocomposites. The latter was apparently
due to a higher pressure that was imposed in the treatment
zone in case of pure HDPE as seen from Fig. 2a. Accordingly,
the higher pressure would require the higher ultrasound power
consumption.

As shown in Fig. 2, the die pressure decreases substan-
tially with the application of ultrasound and decreases further
with the increase of amplitude. This may be due to the reduc-
tion in friction between the HDPE/clay melt and the die
walls due to ultrasonic vibration [22]. In all sets of experi-
ments, the die pressure of neat polymer is always higher than
that of the polymer/clay nanocomposites. There are two pos-
sible reasons for such a behavior, namely, a permanent change
in the melt viscosity caused by a possible degradation of
polymer chains and/or a temporary change of viscosity caused
by a thixotropic effect. Both of these effects are evidently
enhanced by the presence of clay causing enhanced cavita-
tion. The thixotropic changes of viscosity occurring during
ultrasonic treatment will recover after the ultrasonic waves
are ceased. This is the reason why the die pressure is higher
for the neat polymer than for nanocomposites. This also ex-
plains why the viscosity of the neat polymer after treatment
is lower than that of the nanocomposites as shown below
(see Section 3.4).
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3.2. Structural properties

The XRD patterns of HDPE/clay nanocomposites are shown
in Figs. 3e5. The interlayer distances and parameters are cal-
culated by Bragg’s law (nl¼ 2d sin q). As seen in Fig. 3 the
(001) plane peaks of nanocomposites without sonication
were shifted to lower angles, showing that the interlayer dis-
tance was enlarged (from 2.40 nm to 3.56 nm at 2.5 wt%
clay concentration). The increased d-spacing of about 50%
indicates that macromolecular chains had intercalated into
the interlayers of Cloisite� 20A. However, the d-spacing
decreased with increasing clay concentration. XRD patterns
of nanocomposites of 5% clay at different amplitudes of ultra-
sound are shown in Fig. 4. The 2q value corresponding to peak
of the intensity of the sample treated at 5 mm amplitude is seen
to be shifted to a lower value as compared to the untreated
sample, but there was a slight increase in the 2q value and
a significant reduction in the intensity of peak at higher ampli-
tudes of ultrasound. Apparently, a competition between the
effects of ultrasound to introduce both intercalation and exfo-
liation is leading to these two observations. Moreover, the
interlayer spacing of clay also undergoes changes with resi-
dence time of samples in the treatment zone (Fig. 5). It was
also found that the intensity of the peaks was substantially
decreased with increase of residence times. The latter is a
direct evidence of the tendency of clay to exfoliate with
increase of residence times. In particular, the nanocomposite
of 2.5% clay treated at 10 mm amplitude and a mean residence
time of 21 s showed a disappearance of this peak indicating
an exfoliation of clay by HDPE matrix (Fig. 5).

The results of XRD studies were supported further by TEM
analysis. TEM micrographs are demonstrated in Fig. 6. The
regular layers of structure of untreated 5% clay samples
(Fig. 6A) were disrupted by high power ultrasound showing
that the polymer has entered into the intergallery spacing
wherein individual clay layers are dispersed in the polymer
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Fig. 3. XRD patterns of clay and nanocomposites of different clay concentra-

tions obtained without sonication at a feeding rate of 0.5 g/s.
matrix, as shown in Fig. 6B. This may be due to a partial
exfoliation that occurs under treatment by ultrasound.

FTIR study was performed to describe changes in the
molecular structure due to the application of ultrasound. Fig. 7
shows IR spectra of ultrasonically treated and untreated
nanocomposites at 2.5% clay concentration. It was found that
all the peaks were similar, except the peaks within the region
of 1025e1100 cm�1 which have been assigned to the asymmet-
ric stretching of CeC single bonds [23]. The broad peak
in the untreated nanocomposites at 1072e1085 cm�1 was
due to CH2eCH2 asymmetric stretching and CH2 wagging
of the HDPE chain. This peak became less intense for the
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Fig. 6. TEM micrographs of nanocomposite of 5% clay concentration obtained at a feeding rate of 0.5 g/s without (A) and with (B) ultrasonic treatment at an

amplitude of 5 mm.
ultrasonically treated sample. This may be due to structural
deformation in the HDPE polymeric chain by sonication at
amplitude of 10 mm. These changes in vibrational spectra
with sonication were related to the structural modification of
HDPE chain. It should also be noted that a similar structural
modification of the HDPE chain was found to occur in the
treated HDPE matrix in the absence of clay.

3.3. Mechanical properties

The mechanical properties, including the yield stress (a),
yield strain (b), elongation at break (c) and toughness (d) of
HDPE and all the nanocomposites prepared in this study
have been plotted in Fig. 8. Values are also summarized in
Table 1. The Young’s modulus of the untreated nanocom-
posites increased significantly at clay loadings of 5% and
10% and decreased slightly with increasing ultrasonic ampli-
tude (Table 1). For the treated nanocomposites, the Young’s
modulus is decreased with its variation with amplitude being
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Fig. 7. IR spectra of HDPE/clay nanocomposites of 2.5% clay concentration

obtained at a feeding rate of 0.75 g/s without and with ultrasonic treatment

at an amplitude of 10 mm.
not monotonic. In particular, the lowest value of the Young’s
modulus is seen at an amplitude of 7.5 mm. The yield stress
(Fig. 8a) of ultrasonically treated nanocomposites was more
than that of the untreated samples. The yield strain (Fig. 8b)
of untreated samples decreased monotonically with the in-
crease of clay concentration and also with ultrasonic ampli-
tude for concentrations up to 5 wt%. Due to their rigidity,
clay filler particles cannot be deformed by external stress in
the specimen but act only as stress concentrators during the
deformation process [24]. At the same time, the yield strain
at 10 wt% clay increases with ultrasonic amplitude. Generally,
the elongation at break (Fig. 8c) and toughness (Fig. 8d) of
nanocomposites decreased tremendously with increasing clay
content. However, in some cases, the elongation at break
and toughness of the ultrasonically treated samples increased
by more than two times with an increase of amplitude com-
pared to the untreated samples. From Fig. 9, the impact
strength of the untreated nanocomposites increased slightly
with an increase of clay concentrations at 2.5% and 5%,
then decreased at 10% clay concentration. It was found that
the impact strength of treated nanocomposites was increased
slightly with ultrasonic treatment at the amplitude of 5 mm
whereas the impact strength of pure HDPE increased con-
tinuously with increasing ultrasonic amplitude. However, the
impact strength at 10% clay concentration increased by more
than two times at the amplitude of 5 mm. Therefore, from
results of mechanical properties, it was concluded that ultra-
sound played a vital role in the dispersion of clay in HDPE
by creating strong interfacial adhesion of clay with the matrix
and by increasing extensibility of nanocomposites during
tensile deformation.

3.4. Rheological properties

The complex viscosity of nanocomposites as a function of
frequency at various clay contents and at various ultrasonic
amplitudes for 10% clay nanocomposite is illustrated in Fig. 10.
It was found that the complex viscosity of nanocomposites
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increases with increased clay concentration. The complex vis-
cosity increased further with ultrasonic treatment and attained
its maximum level at an amplitude of 5 mm. At an amplitude
of 7.5 mm the complex viscosity is still higher than that of the
untreated nanocomposite. The complex viscosity decreased at
an amplitude of 10 mm. Similar trends have been obtained for
all concentrations of clay. The great enhancement of complex
viscosities of ultrasonically treated nanocomposites was attrib-
uted to the nanoscale dispersion of clay within HDPE, which
improved the compatibility between the polymer matrix and
layered silicate. The results of the storage, G0, and loss, G00,
moduli as a function of frequency at different concentrations
of clay with different amplitudes of ultrasound are shown in
Fig. 11a and b, respectively. The storage and loss moduli
increased with an increase of clay concentration. After ultra-
sonic treatment, a sudden increase in moduli was obtained at
5 mm amplitude. Subsequently, a slow decrease was observed
at higher amplitudes. At low frequencies, the storage, G0, and
the loss, G00, moduli were widely separated, while they were
only slightly separated at high frequency region. An increase
of viscosity of the treated nanocomposites at low frequency
in comparison with the untreated ones at the same concentration
Table 1

Mechanical properties of HDPE/clay nanocomposites of different clay concentrations and ultrasonic amplitudes (flow rate 0.5 g/s)

Clay (%) Ultrasonic amplitude (mm) Young’s modulus (MPa) Elongation at break (%) Toughness (MPa) Yield strain (%) Yield stress (MPa)

0 0 317� 23 908� 45 142.7� 9.8 24.8� 1.8 18.1� 0.7

2.5 0 324� 27 679� 48 82.4� 6.2 24.6� 1.2 18.1� 0.9

5 0 459� 37 487� 28 62.1� 5.3 21.1� 1.6 18.1� 1.0

10 0 445� 29 193� 17 23.9� 1.2 18.6� 1.1 17.4� 1.1

5 5 423� 24 887� 58 112.4� 7.3 20.2� 1.2 19.0� 1.1

5 7.5 400� 26 973� 62 132.3� 6.8 19.7� 0.9 19.5� 0.8

5 10 425� 32 835� 44 109.5� 5.5 19.1� 0.7 19.8� 0.9
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is evidently caused by a better interaction between clay and
HDPE matrix. Accordingly, this is believed to be a result of
the improved compatibilization effect of ultrasound on HDPE/
clay nanocomposites leading to an increase of their viscosity
and a reduction in the mobility of the polymer chains. In turn,
the restricted mobility of the polymer chains leads to a decrease
of crystallinity in HDPE/clay nanocomposites, as shown below.

3.5. Oxygen permeability

Polymer layered silicate nanocomposites, which have shown
to inhibit oxygen permeation, are being studied for use in food
packaging applications. HDPE/clay nanocomposites are suit-
able for manufacturing packaging films, because of their nano-
dispersed structure as compared to conventional composites.
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Polymer/clay nanocomposites have highly-ordered nanolay-
ered structure which creates a tortuous path for oxygen pene-
tration [25] whereas conventional composites have a less
restrictive path for oxygen penetration in their microstructure
[26] (Fig. 12). Oxygen permeability tests of HDPE/clay nano-
composites were conducted to measure the combined effect
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of clay concentration and ultrasonic amplitude at different feed-
ing rates (Table 2). It was found that oxygen permeability of
nanocomposites slightly increased with clay loading, but sub-
stantially decreased by application of high amplitude ultra-
sound (at 10 mm). The nanocomposites of 2.5% clay with
treatment of ultrasound at an amplitude of 10 mm with a feeding
rate of 0.25 g/s (residence time of 21 s) have an oxygen perme-
ability of 20% less than that of neat HDPE. It is clear that
oxygen permeability of treated nanocomposites at higher
amplitude and longer residence times is better even at a low
concentration of clay of 2.5%.

3.6. Crystallinity

DSC melting and crystallization curves of untreated and
ultrasonically treated HDPE and its nanocomposites were
studied. Results are summarized in Table 3. The crystallinity
data of HDPE were corrected for the presence of clay. The
degree of crystallinity (Fc) was determined by the equation:
[(Fc)%¼Hm/Hc� 100], where Hm is the heat of fusion of

Fig. 12. Tortuous diffusion path of conventional composites (A) [26] and poly-

mer/clay nanocomposites (B) [25].

Table 2

Oxygen permeability of HDPE/clay nanocomposites at different clay concen-

trations and ultrasonic amplitudes

Sample Clay

(%)

Amplitude

(mm)

Feeding rate

(g/s)

Oxygen permeability

(cm3 day m�2)

1 0 0 0.75 75.9

2 2.5 0 0.75 76.2

3 5 0 0.75 76.4

4 10 0 0.75 79.7

5 2.5 5 0.75 76.8

6 2.5 7.5 0.75 80.6

7 2.5 10 0.75 69.7

8 5 10 0.75 71.2

9 10 10 0.75 73.3

10 2.5 10 0.5 65.9

11 2.5 10 0.25 61.8
the polymer and Hc is the enthalpy corresponding to the melt-
ing of a 100% crystalline sample. Hc for HDPE was reported
to be equal to 292 J/g [27]. Results showed that the degree of
crystallinity of nanocomposites tends to decrease slightly with
increase of clay contents. But crystallinity decreased consider-
ably at the ultrasound amplitude of 5 mm and increased at
higher amplitudes. This is due to the creation of higher inter-
facial area between the polymer matrix and the clay, which
acts to reduce the mobility of polymer chains. Similar trends
have also been reported to occur in polyethylene/vermiculite
nanocomposites [28]. Apparently, the interaction of polymer
matrix and clay may be increased by ultrasonic treatment,
and thus decreasing crystallinity. The effect is due to a decrease
of mobility of the polymer chains, as earlier mentioned.

4. Conclusion

High dispersion of HDPE/clay nanocomposites without any
chemical modification of the polymer matrix was achieved
by ultrasonic treatment. Accordingly, a continuous ultrasonic
extrusion method to achieve a rapid intercalation and a partial
exfoliation of HDPE/clay nanocomposite without a chemical
modification of the matrix was developed. This is supported
by a TEM study showing a partial exfoliation and XRD study
indicating an increase of d-spacing. Mechanical properties of
HDPE/clay nanocomposites were substantially improved after
ultrasonic treatment. Rheology is strongly affected by ultra-
sonic treatment. Viscosity of the obtained nanocomposites was
found to be highest at an amplitude of 5 mm. Crystallinity of
HDPE is decreased after ultrasonic treatment and with addition
of clay. Oxygen permeability was substantially decreased with
ultrasonic treatment at high amplitudes and residence times.
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