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ABSTRACT: Interaction between 0.05 wt % organoclay
and polyethylenes of different short chain branching (SCB)
was studied. Linear rheology (van Gurp-Palmen plot) was
used to study the effect of organoclay on the rheology of
polyethylenes. Organoclay had effect only on the van
Gurp-Palmen plot of linear polyethylene. Fourier trans-
form (FT) rheology, extrusion at high-shear rates in a slit
rheometer, transient stress growth analysis, and exten-
sional rheology were conducted to examine the potential
of organoclay as a processing aid. Organoclay reduced the
transient stress overshoot, normal stress difference, go,
onset of shear thinning, and extrusion pressure of polyeth-
ylene. The reduction was more pronounced in linear poly-

ethylene without branching. Such effects gradually
decreased as the branch content increased. The trend was
independent of the type of flow (shear or extensional). It
was interesting to note that FT rheology was not effective
in explaining the impact of organoclay on polyethylene.
The work concluded with the proposition that organoclay
(as low as 0.05 wt %) was a good processing aid for linear
polyethylene and polyethylenes with low content of SCB.
VC 2012 Wiley Periodicals, Inc. J Appl Polym Sci 000: 000–000, 2012
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INTRODUCTION

Polymer–organoclay nanocomposites had attracted
the attention of industrialists and researchers
because of their different properties enhancement as
compared with virgin polymers. The credit went to
the inclusion of organoclay in the polymers.
Enhanced mechanical and rheological properties,
decreased gas permeability, increased heat resist-
ance, and reduced permeability were some of the
unique features of these nanocomposites.1–6 These
improvements were achieved at relatively low clay
loading of 1–10 wt %.7 Further, Hatzikiriakos et al.8

and, recently, Adesina and Hussein9 showed that
addition of low loading (0.05–1 wt %) of organoclay
could shift polyolefin melt instabilities, especially
gross melt fracture, to higher shear rate. Also, Lee

et al.10 obtained novel blown-film polyethylene-clay
nanocomposite foams with a clay loading of less
than 1 wt % in the presence of supercritical carbon
dioxide.
Rheology is often used as an analytical tool to

study the behavior of polymer melt in processes
such as extrusion8 and injection molding.11 Indeed,
it is related to processability in many aspects and it
plays a key role in optimizing polymer processing
operations.12,13 So, many publications investigated
the effect of dispersion and clay loading on the melt
flow properties of polyolefin-organoclay-based nano-
composites. Above percolation threshold,13–16 orga-
noclay was reported to have strong effects on linear
and nonlinear rheology of the polymer matrix.11

Generally, organoclay contributed to the increase in
viscosity and elasticity of the host matrix.11 For
small angle oscillatory shear experiment, the storage
modulus in the terminal regime was a solid-like pla-
teau. There was a shear thinning at low-shear rate
where the host polymer matrix would ordinarily
have a zero-shear viscosity, go.7,11,17 The critical
strain, at which rheological response became nonlin-
ear, was reported to be dependent on clay loading
and extent of exfoliation and shifted to lower values
with increasing solid volume fraction of organo-
clay.17–19 The clay loading considered in all the
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above mentioned cases was above 1 wt %. Treece
et al.16 showed that low clay loadings and poor exfo-
liation did not show shear thinning at low-shear
rates but modest increase in the go due to the inclu-
sion of the solid particles. Hatzikiriakos et al.8

reported that the presence of organoclay causes a
small decrease in the linear viscoelastic properties of
the polymer for low concentration of 0.1 wt % and
in many cases this difference may not be noticed.
They concluded, based on the frequency sweep test,
that organoclay had no effect on the shear rheology
of the host polymer.8 Furthermore, low clay loading
(<0.5 wt %) reduced the extensional stresses in poly-
mers at high Hencky strain rates.8 Organoclay, at
less than 0.5 wt %, was suggested as a good process-
ing aid because of its ability to reduce the high-
shear9 and extensional stresses.8,9 It is apparent that
many issues are yet to be resolved regarding the
impact of low organoclay loading on the rheology of
polyolefins. For instance, the authors9 showed that
there is a reduction in steady shear viscosity at low-
shear rates with the addition of organoclay. Can this
effect be bulk-related or interfacial slip of the nano-
composite melt at the wall? This issue becomes
more important when a shift in the flow curve of
some polymers toward lower shear stress was
observed during capillary extrusion.8

Moreover, it is generally accepted that extrusion
of polyolefins involves several types of melt instabil-
ities at high-shear rates. These instabilities are func-
tions of many factors including the topology, molec-
ular weight, polydispersity index (PDI), and branch
content (BC) of the polymers among others. For
instance, according to Filipe et al.,20 materials with
high-molecular weights and PDI were more prone to
stick-slip instabilities while low-molecular weight
and PDI polymers were often presented with shark-
skin. Several authors had also shown that BC had
significant influence on the structure and morpho-
logy of polyethylenes.20–24 Palza25 considered the
interaction between comonomer content in polypro-
pylene and clay in the presence of a compatibilizer.
However, the clay loading in their work was 5 wt
%. So, an increase in modulus of the polypropylene
nanocomposite was reported. As far as we know,
the effect of low clay loading on the melt rheology
and extrusion of polyethylene was not carried out
systematically. So, this article will try to consider the
interaction between organoclay and the topology of
polyethylene especially the short chain branching
(SCB) and its distribution. Fourier transform (FT)
rheology was successfully used to characterize dif-
ferent linear and branched commercial polyethylenes
especially in the nonlinear flow regimes.20,26–29 It
was found to be sensitive to structural changes espe-
cially at the onset of nonlinearity.30 So, in this work,
we will employ FT rheological tools as well to ana-

lyze the effect of low clay loading on the different
commercial polyethylenes in an effort to relate this
to their extrusion in the presence of low amount of
organoclay.
We used only, in this article, 0.05 wt % concentra-

tion because our main target was investigating the
applicability of nanoclays as a processing aid addi-
tive for polyethylene. Most commercially used proc-
essing aid additives were used in industry in very
low loading, usually expressed in ppm. Having a
high loading of nanoclays would not be useful as a
processing aid since it would increase the viscosity
of polyethylene due to the hydrodynamic effect.
Also, there were a lot of articles published on the
rheology of polymer nanocomposites at high loading
of nanoclay, where they usually reported the net-
work formation of nanoclays at high loading by
observing a plateau formation in G0 versus
frequency at small frequency range, and from this
observation, they determined the rheological perco-
lation threshold. However, this was not our objec-
tive, where we focused on the rheology of polyethyl-
ene nancomposites at very low loading of nanoclays,
for the purpose of applying nanoclays here as a
processing aid additive, where information on this
aspect is scare in literature. The clay loading used in
this study was 0.05 wt % because this ratio gave the
most promising result as discussed in our recent
publication.9

EXPERIMENTAL

Materials

HDPE and five linear low-density polyethylene
(LLDPE) samples of different SCB, type of catalyst,
and comonomer were used in this study. All sam-
ples were commercial resins produced by Exxon-
Mobil. Two commercial metallocene ethylene–butene
(EB) LLDPEs of different SCB (13 and 19 CH3/1000
C) and two commercial ethylene–octene (EO)
LLDPEs of different SCB (16 and 33 CH3/1000 C)
were tested to examine the influence of SCB and
comonomer type. The LLDPEs were selected such
that they have similar melt index (MI), density and
weight-average molecular weight. On the other
hand, one Ziegler–Natta (ZN) LLDPE was selected
for a comparison with m-LLDPE to examine the
influence of composition distribution. Here, the
overall objective was to investigate the interaction of
organoclay with polyethylene based on the composi-
tion distribution and BC while other molecular
parameters were kept very similar. Table I provides
characterization data for all the six samples. The
properties such as weight-average molecular weight
(Mw) and PDI were determined by gel permeation
chromatography (GPC) and SCB was determined by
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13C-NMR. GPC data was collected using 1,2,4-tri-
chlorobenzene as solvent at 150�C in a WATERS
GPC2000 (USA) instrument equipped with refractive
index, infra red, and viscosity detectors. Polystyrene
standards were used for calibration. Details of GPC
and NMR characterization were given elsewhere.31

Density, peak melting temperatures, and MI data
were provided by the manufacturer. The sample
name reflected its catalyst type (metallocene or ZN),
comonomer type (EB or EO) and contained a num-
ber that indicated its SCB (CH3/1000 C). For exam-
ple, m-EB19 was a metallocene ethylene–butene co-
polymer with a SCB of 19 CH3/1000 C.

The organoclay used in this work was Cloisite(R)

15A (C15A) from Southern Clay, USA. The surfac-
tant in the organoclay was di-methyl, dehydrogen-
ated tallow, quaternary ammonium. It had a d001
spacing of 31.5 Å. A total of 0.05 wt % of C15A was
used in the preparation of the polyethylene-organo-
clay nanocomposites. So, m-EB15-C15A means met-
allocene ethylene butene copolymer with SCB of 15
CH3/1000 C containing 0.05 wt % C15A as organo-
clay processing additive.

Melt blending and morphology characterization

The Brabender 50 EHT mixer supplied with the Plas-
tograph (BrabenderV

R

GmbH & Co., Germany) was
used in the preparation of the nanocomposite. The
organoclay was first heated in a vacuum oven at
108�C for more than 24 h to remove physico-
adsorbed water. The grounded polymer sample was
pre mixed with organoclay before introduced into
the mixer using manual feeder. The blending was
done for 10 min at 50 rpm. The blending tempera-
ture for each sample was 50�C above its peak melt-
ing temperature. Addition of 0.1 wt % of antioxidant
(AO) to the nanocomposite during melt blending
was necessary to prevent thermal degradation. The
AO was a 50/50 blend of Irganox 1010 and Irgafos
168 from Ciba-Geigy Specialty, Switzerland. The
pure samples were also processed in the Brabender
50 EHT mixer under similar conditions

The structure of the PE/organoclay nanocompo-
sites was characterized by NovaTM NanoSEM 230

(FEI, USA). NovaTM NanoSEM 230 was a field emis-
sion scanning electron microscope. It was configured
to get information down to nanometer level on non-
conductive materials. The SEM samples were made
from a thin film and etched for 4 h. The etching so-
lution was made from a solution of H2SO4/H3PO4/
H2O (10/4/1) and 0.01 g/mL KMnO4 as detailed in
Ref. 9. The etched samples were sputter coated with
gold for 90 s using Fine Coat Ion Sputter JFC–1100
(JEOL, Tokyo, Japan). Figure 1(a,b) shows SEM
micrographs for HDPE-L and HDPE-L-C15A, respec-
tively. The results showed that there was a fair dis-
tributive dispersion of organoclay in polyethylene
with master batch-dilution technique. Similar results
were shown in our previous publication.9 The sam-
ples for tests in ARES rheometer (TA Instruments,
USA) were prepared from melt-blended samples at
a temperature of 50�C above the melting tempera-
ture (Tm) of the polymers. The pressure of up to
30 Pa was applied in a Carver press. The disc sam-
ples with dimensions of 25-mm diameter and 2-mm
thickness were prepared for shear rheology.

Rheological measurements

ARES controlled strain rheometer (TA Instruments)
was used for all rheological measurements. It was
equipped with heavy transducer (range 0.02–20 N
for normal force; 2 � 10�5 to 2 � 10�1 Nm for tor-
que). The linear and nonlinear viscoelastic experi-
ments were performed using 25-mm parallel plates.
The plates were heated for at least 20 min to stabi-
lize the temperature. For reproducibility of results, a
presteady shear rate of 0.1 s�1 was applied for 20 s
for all the tests in the parallel plates and time delay
of 100 s before the actual tests. Different rheological
tests were conducted to study the material proper-
ties under different rheological conditions. The tests
were performed at a temperature of Tm þ 50�C for
different samples. The variation in the testing tem-
perature was to prevent differences in the melt state
properties of the samples as previously explained by
Palza et al.32 The differences could arise from dis-
similarity in BC and molecular weight.
Strain sweep tests were done on each sample to

determine the linear regime. Sample results on

TABLE I
Investigated Polyethylene Samples: Density, Peak Melting Temperature (Tm), MI, Weight-Average Molecular Weight

(Mw), PDI, and BC as the Total Number of Short Branches Determined by NMR

Polymer
sample

Density
(g/cm3)

Peak melting
temperature (�C)

MI
(g/10 min)

Mw

(kg/mol) PDI
BC

(CH3/1000C)

HDPE_L 0.961 140 0.7 102 6.71 0
ZN-EB13 0.918 120 1 118 3.07 13.2
m-EB15 0.91 104 1.2 108 1.95 14.5
m-EB19 0.9 92 1.2 110 1.78 18.5
m-EO16 0.902 97 1.1 90 2.04 16.32
m-EO33 0.882 70 1.1 95 1.99 32.67
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HDPE-L and ZN-EB13 and their nanocomposites
were as presented in Figure 2. Generally, a strain of
10% within the linear regime was chosen for fre-
quency sweep tests on all the samples. The fre-
quency was varied from 0.1 to 100 rad/s. Most of
the experiments were repeated three times. The
maximum deviation was less than 5% from the
mean. Then, van Gurp-Palmen plot [d(arctan G00/G0)
versus complex modulus, G*] was used to investi-
gate the effect of organoclay on the rheology of
polyethylene.

FT rheology was conducted at a frequency of 0.1
Hz for a strain range 10–400%. Raw torque data
from ARES rheometer was digitized using 16-bit
analog-to-digital converter card from National
Instruments. In this work, sampling rate of 200 data
points per cycle was used. Details of the experimen-
tal work can be seen elsewhere.33 It had been shown

that the shear stress response involves harmonics.
The intensities and phases of such harmonics were
used in the characterization of nonlinearity in the
polymer. Most importantly the relative intensity of
the second harmonic (I2/1), relative intensity of the
third harmonic (I3/1) and relative phase angle of the
third harmonic (U3) were found very useful in such
analysis.33,34 They were defined as:

I3=1 ¼ Ið3w1Þ
Iðw1Þ (1)

I2=1 ¼ Ið2w1Þ
Iðw1Þ (2)

and

U3 ¼ u3 � u1 (3)

where I(2w1), I(3w1), and u3 are the shear stress
intensity of the second and third harmonics and
phase angle of the third harmonic, respectively. I(w1)
and u3 are the shear stress intensity and phase angle
of the first harmonic, respectively. Most of the
experiments were repeated three times. The maxi-
mum deviation in I3/1 and I2/1 were found to be less
than 5% of the mean and less than 65� around the
mean for U3.
Another important shear test conducted was stress

growth experiment. This was done to examine the
effect of organoclay on the polyethylene during a
transient shear process. A step shear rate of 1 s�1

was applied on the samples placed between the
parallel plates (1 mm apart). The applied shear rate
was kept constant for 200 s. The results were repro-
ducible with maximum deviation of 10% around the
mean.

Figure 1 Scanning electron micrograph for (a) HDPE-L and (b) HDPE-L-C15A.

Figure 2 Elastic modulus versus strain for HDPE-L and
ZN-EB13 and their nanocomposites.
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Furthermore, extrusion pressure at relatively high-
shear rates was studied in a continuous MiniLabTM

II Rheomex CTW5 (Thermo Scientific Germany)
shown in Figure 3. The MiniLabTM consists of coni-
cal counter rotating twin screw with backflow chan-
nel. The backflow channel was designed as a slit
capillary (64 mm � 10 mm � 1.5 mm) with two
pressure transducers at the capillary entrance and
exit. The maximum allowable pressure at the en-
trance and exit of the backflow channel are 200 and
100 bar, respectively. The maximum obtainable
screw speed is 360 rpm. To study the effect of orga-
noclay on the extrusion pressure, the speed of the
screw was varied from 20 to 300 rpm at a tempera-
ture � 50�C above the melting point of each sample.
The samples were introduced into the MiniLabTM in
three steps with 2–3 mL fed-in during each step. It
should be noted that the MiniLabTM was only good
for comparative studies between samples. This was
due to the inaccessibility to the actual extruded sam-
ple volume during the rheometry study. The devel-
oped melt flow instabilities during the rheometry
were as well not observable due to the MiniLabTM

mode of operation. Despite the instabilities, there
did exist good reproducibility of results. As found in
this work, the results were reproducible with maxi-
mum deviation of 64% around the mean for all the
allowable shear rates. Crossmodel [eq. (4)] served as
a good regression model for the obtained flow
curve.

s ¼ _c
go

1þ ð _c= _cbÞn
(4)

s (Pa) is the shear stress while _c (s�1) is the apparent
shear rate. go is in Pa s and n is the crossrate con-
stant (dimensionless), and _cb (s�1) is the critical
shear rate at the onset of shear thinning.

The extensional viscosity fixture (EVF) in ARES
rheometer was used in the study of extensional rhe-

ology. The sample was pre stretched with a strain
rate of 0.04 (s�1) to remove sagging. Then, it was left
in the fixture for 3 min to relax any accumulated
stress before the start of the experiment. The used
Hencky strain rate was 20 (s�1). Also, the exten-
sional experiments were performed at a temperature

Figure 3 Longitudinal section of MiniLabTM: A mini
twin screw extruder with slit die along its backflow
channel.

TABLE II
Investigated Samples: Testing Temperature, Crossover

Modulus (Gc), and Longest Relaxation Time kc

Sample

Testing
temperature

(�C)a
Gc

(MPa)
kc
(s)b

HDPE-L 190 5.62 � 10�2 0.107
HDPE-L-C15A 190 6.37 � 10�2 0.083
ZN-EB13 170 1.64 � 10�1 0.083
ZN-EB13-C15A 170 1.61 � 10�1 0.081
m-EB15 160 2.46 � 10�1 0.059
m-EB15-C15A 160 2.5 � 10�1 0.059
m-EB19 150 2.33 � 10�1 0.08
m-EB19-C15A 150 2.29 � 10�1 0.08
m-EO16 150 1.34 � 10�1 0.078
m-EO16-C15A 150 1.35 � 10�1 0.077
m-EO33 120 1.13 � 10�1 0.22
m-EO33-C15A 120 1.11 � 10�1 0.216

a Testing temperature for each sample was approxi-
mately Tm þ 50�C.

b The longest relaxation time determined when the elas-
tic modulus is equal to loss modulus.

Figure 4 (a) van Gurp-Palmen plot and (b) elastic modu-
lus versus frequency for HDPE-L and HDPE-L-C15A. The
testing temperature was Tm þ 50�C (190�C).
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of 15�C above the melting temperatures of the sam-
ples. The results were reproducible with maximum
deviation of 10% around the mean.

RESULTS

Linear polyethylene (HDPE-L)

The results of dynamic shear tests were analyzed
using TA Orchestrator (ARES software from TA
Instruments) to obtain crossover modulus, Gc, and
longest relaxation time (kc). The results are shown in
Table II. Gc of HDPE-L increased by 13% while its kc
decreased by 22% with the addition of organoclay.
However, plateau modulus was not attained at the
temperature used in this work. Figure 4(a) shows
the van Gurp-Palmen plot of HDPE-L and HDPE-L-
C15A. The shape of linear HDPE (HDPE-L) showed
in the figure was similar to the linear polyethylene
presented in the work of Vittorias and Wilhelm.26

However, the curve was less steep as compared
with the one reported by them.26 The variation in
the steepness was likely due to differences in the

PDI of the linear polymers and testing temperatures
in both works. Organoclay influenced the van Gurp-
Palmen plot of HDPE-L. The effect was more pro-
nounced below the crossover frequency. The plot of
HDPE-L shifted upward. This was an indication that
organoclay reduced the elasticity of the HDPE-L and
hence the melt was more viscous as shown in Figure
4(b). The increase in Gc, the decrease in kc and the
upward shift in van Gurp-Palmen plot of HDPE-L
showed that organoclay had effect on the linear
viscoelastic properties of linear polyethylene.
The effect of organoclay on I3/1of all the polyethy-

lenes was shown in Figure 5. Generally, the slope of
the log–log plot of I3/1 versus c is less than 2. Fig-
ure 5(a) shows that relative amplitude of the third
harmonic for both HDPE-L and HDPE-L-C15A was
the same. Similarly, organoclay had no effect on the
relative phase angle of the third harmonic (figure
not shown) up to strain amplitude of 155%. Stress
decay occurred above strain amplitude 155%. Such
decay was an attribute of slip during large ampli-
tude oscillatory shear.20,35,36 I2/1 has been reported
to be sensitive to flow behaviors like wall slip.37

Figure 5 Relative intensity of the third harmonic as a function of strain amplitude at approximately Tm þ 50�C for (a)
HDPE-L and HDPE-L-C15A, (b) ZN-EB13 and ZN-EB13-C15A, (c) m-EB19 and m-EB19-C15A, and (d) m-EO16 and m-
EO16-C15A.
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Figure 6(a) shows that organoclay had no effect on
I2/1 of HDPE-L up to strain amplitude of 155%.
Above this amplitude, there was a difference in the
trend between HDPE-L and HDPE-L-C15A. How-
ever, no comment could be made on the trends
because edge melt fracture was observed at the end
of the experiment in all the cases.

Another important consideration during process-
ing is the flow behavior of polymers during tran-
sient condition. One way to correlate rheology to
processing is to perform transient stress growth
experiment. The stress growth results for HDPE-L
and HDPE-L-C15A were displayed in Figure 7. The
overshoots in the stress growth and normal stress
difference reduced with the inclusion of organoclay.
At about 3.4 s after the start up of the stress growth
test, the overshoot in stress growth reduced by 15%
while the overshoot in normal stress difference of
HDPE-L, at about 47.9 s, reduced by 28%. Such
reduction in normal stress difference was an indica-
tion that organoclay reduced the elasticity of the
melt which plays a major role in melt fracture of

linear polyethylene. This subject was discussed in
details in our previous work.9

Flow curves from MiniLabTM for HDPE-L and
HDPE-L-C15A were shown in Figure 8. Addition of

Figure 6 Relative intensity of the second harmonic as a function of strain amplitude at approximately Tm þ 50�C for (a)
HDPE-L and HDPE-L-C15A, (b) ZN-EB13 and ZN-EB13-C15A, (c) m-EB19 and m-EB19-C15A, and (d) m-EO16 and m-
EO16-C15A.

Figure 7 Transient shear stress and normal stress differ-
ence during stress growth test for HDPE-L and HDPE-L-
C15A at 190�C.

EXTRUSION OF LINEAR AND BRANCHED POLYETHYLENES 7
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0.05 wt % of organoclay to HDPE-L resulted in a
decrease in the shear stress throughout the allowable
range in MiniLabTM. This implied a decrease in the
extrusion pressure (more throughputs). Crossmodel
in the form given in eq. (4) was used to quantify the
extent of effect of organoclay on the flow curve of
polyethylene at low clay loading. The results of the
regression analysis were given in Table III. The
reduction in go of HDPE-L was 23% in the presence
of 0.05 wt % organoclay. However, the onset of
shear thinning cannot be compared since the sam-
ples have different go. To resolve this problem, the
degree of freedom in the crossmodel equation was
reduced to two-based parameters by fixing the go as
a constant. The results were displayed in Table III.
The onset of shear thinning occurred at lower shear
rate with the addition of 0.05 wt % of organoclay to
HDPE-L. This was an indication that addition of low
loading of organoclay to HDPE-L enhanced its
processability.

It was previously confirmed that extensional
behavior of polymer during melt extrusion is very

important toward understanding the occurrence of
melt instabilities.8,38 Extensional flow plays an im-
portant role at the die exit. Reduction in extensional
stress and strain at break may lead to the postpone-
ment of melt instabilities. The interaction of organo-
clay with HDPE-L was sensitive to extensional rheol-
ogy as shown in Figure 9. The results showed that
after 2.19 s, the addition of 0.05 wt % of organoclay
reduced the maximum extensional stress in HDPE-L
by 37%. The Hencky strain at break decreased from
3.9 to 3.49 with the addition of organoclay. So, for
linear HDPE, we observed a decrease in both the
extensional and normal stresses as a result of the
addition of 0.05 wt % of organoclay. Further, orga-
noclay caused a decrease in the extrusion pressure
of HDPE-L.

ZN-based polyethylene (ZN-EB13)

Table II shows that the addition of 0.05 wt % orga-
noclay had no effect on the crossover frequency and
longest relaxation time of ZN-EB13. In general, 0.05
wt % organoclay had no effect on the linear visco-
elastic properties of ZN-EB13. The relative ampli-
tude [Fig. 5(b)] and phase angle (figure not shown)
of the third harmonics of ZN-EB13 remained
unchanged with the addition of organoclay. Up to
the strain amplitude of 155%, the relative amplitude
of the second harmonic was the same for ZN-EB13
and ZN-EB13-C15A [Fig. 6(b)]. As observed in the
case HDPE-L, the differences in I2/1 above 155%
could not be discussed due to onset of edge melt
fracture.
The effect of organoclay on transient stress growth

of ZN-EB13 was shown in Figure 10. At about 3 s af-
ter the start up of the stress growth experiment, the
overshoot in stress growth of ZN-EB13 reduced by
3% (not significant) while the overshoot in its nor-
mal stress difference at �9.4 s, reduced by 11%. It
should be noted that the decrease in the normal

Figure 8 Flow curve for HDPE-L and HDPE-L-C15A at a
temperature Tm þ 50�C (190�C).

TABLE III
Crossmodel Parameters for all the Tested Samples

Three-based Parameters Two-based Parameters

Sample go (Pa s) _cb (s�1) n go (Pa s) _cb (s�1) n

HDPE-L 345.4 178.4 0.71 345.4 178.4 0.71
HDPE-L-C15A 265.7 243.2 0.704 345.4 115.6 0.621
ZN-EB13 454.1 458.8 0.899 454.1 458.8 0.899
ZN-EB13-C15A 399.8 550.4 0.999 454.1 411.2 0.887
m-EB15 592.2 527.1 1.009 592.2 527.1 1.009
m-EB15-C15A 549.4 552 1.097 592.2 480.9 0.951
m-EB19 766.3 413.8 1.063 766.3 300 1.063
m-EB19-C15A 630.6 403 0.906 766.3 243.7 0.72
m-EO16 788.4 162.9 0.758 788.4 162.9 0.758
m-EO16-C15A 615.7 216.3 0.805 788.4 116.5 0.716
m-EO33 1415 87.54 0.765 1415 87.54 0.765
m-EO33-C15A 1392 94.03 0.787 1415 90.44 0.781
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stress difference in ZN-EB13 due to organoclay
inclusion was less than the decrease in HDPE-L.
Organoclay’s addition to ZN-EB13 resulted in the
decrease in go of the polymer by 12%. The onset of
shear thinning for ZN-EB13-C15A occurred at lower
shear rate compared with ZN-EB13 (Table III). These
results were similar to what occurred between
HDPE-L and HDPE-L-C15A. Furthermore, the exten-
sional stress in ZN-EB13 reduced by 16% while the
Hencky strain at break decreased from 4.7 to 3.9 in
the presence of 0.05 wt % organoclay (figure not
shown). Similar trend was observed in the interac-
tion between HDPE-L and organoclay. However, the
influence of organoclay on HDPE-L was higher as
compared with its impact on ZN-EB13.

Metallocene-based LLDPE

The results given in Table II suggested that the orga-
noclay had no effect on the crossover modulus and
longest relaxation time of metallocene-based poly-
ethylenes. It also had no influence on their van
Gurp-Palmen plots (figures not shown). Hence, orga-
noclay’s effect on the linear viscoelastic properties of
metallocene-based polyethylene was negligible.

The influence of organoclay on the I3/1 of metallo-
cene-based polyethylenes was insignificant [Fig.
4(c,d)]. Below strain amplitude 155%, the slip behav-
ior of metallocene-based polyethylenes and their cor-
responding organoclay nanocomposites was similar
[Fig. 5(c,d)]. The trends above strain amplitude
155%, as observed in the cases of HDPE-L and ZN-
EB13, could not be relied upon.

Similarly, the reduction in the stress growth and
normal stress difference of metallocene-based poly-
ethylene due to the inclusion of organoclay were in-
significant. For example, Figure 11 shows the tran-
sient stress growth and normal stress difference of

m-EO33 and m-EO33-C15A. At about 3 s after the
start up of the stress growth test, the overshoot in
stress growth in m-EO33 reduced by 7% while the
overshoot in its normal stress difference at about
31.2 s, reduced by 9%. Because of data reproducibil-
ity as mentioned under experimental set-up, such
reductions were negligible.
The MiniLabTM experiments suggested that addi-

tion of organoclay to metallocene-based polyethy-
lenes influenced go and the onset of shear thinning
up to a certain content of SCB. For example, organo-
clay reduced the go of m-EB19 by 18% while the
shear rate at which the onset of shear thinning
occurred was reduced by 19% (Table III). However,
the reduction of go in m-EO33 was � 2%, while the
shear rate at which shear thinning set-in remained
unaffected by the addition of organoclay.
Figure 12 shows the extensional results of m-EO33

and m-EO33-C15A. Similar results were obtained
for all metallocene-based polyethylenes. The

Figure 9 Extensional stress growth against extensional
strain at Hencky strain rate of 20 s�1 and temperature of
155�C for HDPE-L and HDPE-L-C15A.

Figure 10 Transient shear stress and normal stress differ-
ence during stress growth test for ZN-EB13 and ZN-EB13-
C15A at 170�C.

Figure 11 Transient shear stress and normal stress differ-
ence during stress growth test for m-EO33 and m-EO33-
C15A at 120�C.
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reduction in extensional stress for metallocene-based
polyethylenes in the presence of 0.05 wt % organo-
clay was less than 10%. The trend was independent
of the type of comonomer. Such decrease was unreli-
able because of the issue of data reproducibility. The
Hencky strain rate used in the experiment was 20
s�1. Efforts to attain higher Hencky rate were futile
because of the equipment limitation. It could be pos-
sible that the effect of organoclay on the metallo-
cene-based polyethylene to be more noticeable at
higher Hencky strain rates.

Further discussion

The results presented so far indicated that there was
an interaction between organoclay and topology of
polyethylenes especially the content of SCB. The
impact of organoclay on HDPE-L was very obvious.
Organoclay influenced both linear and nonlinear
viscoelastic properties of linear polyethylene. Our
tentative explanation for these observations was that
the organoclay could easily streamline the flow and
align in the flow direction. Similar observation was
reported with respect to the inclusion of wood flour
in HDPE. However, the wood flour, according to the
authors, further migrated to the wall surface to initi-
ate slip.39–41 As the SCB increased, such streamlining
and alignment in the flow direction became difficult.
The effect was the same regardless of the type of cat-
alyst, comonomer, and composition distribution. The
trend in the interaction between organoclay and SCB
was the same in both shear and extensional flows.

CONCLUSION

The effect of organoclay on the rheology and proc-
essing of polyethylenes of different SCB was stud-
ied. The results showed that organoclay did influ-

ence the linear viscoelastic properties of linear
polyethylene. FT rheology was known to be very
good for ‘‘finger printing’’ branching in polyethy-
lenes,20,26,33,42,43 its usefulness in studying the influ-
ence of organoclay on polyethylenes at low clay
loading was, however, not successful. Organoclay
did not induce more slip in the polyolefins as char-
acterized by I2/1. However, there is a need for fur-
ther studies in this area to examine if organoclay
could induce slip at high-shear flow. This becomes
more necessary since at high-shear rates during
extrusion, extrusion pressure of HDPE-L reduced in
the presence of organoclay. Such reduction might be
due to slip. This will be the focus of our future
research. The transient stress overshoot and normal
stress difference were reduced when 0.05 wt % orga-
noclay was added to the linear polyethylene. Also,
extensional stresses became dissipated in the pres-
ence of organoclay. The work concluded with the
assertion that such effect became reduced as the SCB
increased. In addition, the trend was independent of
the type of flow. The results indicated that organo-
clay was likely to be a good processing aid in poly-
ethylenes especially the linear polyethylene and
polyethylenes with small SCB.
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