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Abstract The paper describes the preparation of High
Density Polyethylene [HDPE]/Halloysite Nanotube [HNT]
nanocomposites by melt compounding HDPE with varying
amounts of HNTs (ranging from 1 to 10%w/w) in the absence
and presence of MA-g-HDPE as compatibiliser using co-
rotating twin screw extruder. The effect of HNT loading and
compatibiliser amount on morphology and rheological prop-
erties was investigated. Melt strength and drawability were
determined using Rheotens whereas extensional viscosity
was calculated from (i) Wagner’s master curve (using
Rheotens data) and (ii) modified Cogswell method (using
convergent flow analysis from capillary rheometer data). In
HDPE/HNT composites, melt extensional properties (melt
strength, drawability and extensional viscosity) increased
slightly with increase in HNT concentration up to 5 % w/w
followed by a decrease as HNTconcentration was increased to
10 % w/w. On the other hand all these properties enhanced
significantly in the presence of compatibiliser i.e. in HDPE/
MA-g-HDPE/HNTs nanocomposites. Rheological studies
form capillary rheometer showed marginal increase in the
high shear viscosity at 10 % w/w filler loading. Both
Complex viscosity and storage modulus in oscillatory
rheometry were highest for nanocomposites prepared using
10 % w/w HNT and reduced slightly after incorporation of
compatibiliser.
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Introduction

High Density Polyethylene (HDPE) is an important commod-
ity thermoplastic, widely used in various applications due to
its good mechanical properties, easy processability,
recyclibility, good chemical resistance and biocompatibility
at a relatively low cost. Properties of HDPE can be further
improved by the incorporation of various inorganic or organic
nanofillers into HDPE matrix [1]. HDPE based nanocompos-
ites with various nanoparticles like carbon nanotubes (CNTs),
nanoclays such as montmorillonite (MMT) and metal oxide
nanoparticles have been widely reported in the literature
[2–4]. However homogeneous dispersion of nanoparticles in
polymer matrix has always been a challenge. In order to over-
come the difficulty of poor phase adhesion between
nanofillers and polymer, various strategies like surface modi-
fication of fillers and compatibilisers like standard polypro-
pylene (PP) or polyethylene grafted with maleic anhydride
(PP-g-MA or PE-g-MA) or polyethylene grafted with acrylic
acid (PE-g-AA) have been studied by various researchers
[5–9]. Minkova et al. [8] have investigated the influence of
three different types of compatibilisers (ethylene-acrylic acid
copolymer, acrylic acid grafted HDPE and maleic anhydride
grafted HDPE) on the thermal properties of compatibilised
HDPE/clay nanocomposites and correlated with the disper-
sion of clay [8]. Recently Mohamadi et al. explored the effect
of molecular weight of HDPE-g-MA on the state of nanoclay
dispersion in HDPE/fluoromica nanocomposites [10]. They
reported better delamination of nanoclay layers in presence
of low molecular weight HDPE-g-MA as compared to high
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molecular weight compatibiliser due to the low viscosity and
higher segmental mobility.

Halloysite is a kind of naturally occurring claymineral with
hollow micro and nanotubular morphology with typical di-
mensions i.e. inner diameter 15–100 nm, outer diameter 40–
120 nm and length of 300–1000 nm [11] as shown in Fig. 2b.
Halloysite nanotubes (HNT) are chemically similar to kaolin-
ite (Al2[Si2O5(OH)4].nH2O), where n is 2 and 0, indicating
hydrated and dehydrated HNTs respectively [11]. It occurs in
natural deposits of many countries like USA, France, New
Zealand and China. Frost et al. [12] reported two types of
hydroxyl groups, inner and outer hydroxyl groups, are situated
between layers and on the surface of HNTs [12]. Because of
its multilayer structure, most of the hydroxyl groups are situ-
ated on inner side and very few hydroxyl groups are located
on the HNT surface. Consequently, dispersion of HNTs in the
polymer matrix is easier as compared to other nanoparticles
like carbon nanotubes, montmorillonite and fumed silica due
to less intertubular contact and its rod like geometry [11]. The
naturally occurring HNTs also have lower cost and are abun-
dantly available as compared to carbon nanotubes (CNTs).

In recent years, polymeric nanocomposites containing
HNTs as nanofiller have been a subject of research attention.
HNTs can offer significant improvement in the thermal stabil-
ity, fire resistance, mechanical properties and crystalline be-
haviour of polypropylene [13–17], linear low density polyeth-
ylene (LLDPE) [18], polyamide 6 (PA6) [19], epoxy resin

[20], diene rubbers [21, 22], poly(lactic acid) [23, 24] etc.
Although no surface modification/treatment of HNTs is re-
quired for the preparation of HNTs nanocomposites with high-
ly polar polymers such as PA6 and epoxy resin having well
distributed morphology. But in case of non-polar polyolefins
such as PP, due to the discrepancy of polarity and chemical
inertness of polyolefins, modification of HNTs [15, 25] as
well as polymer [18, 26] is necessary to increase the compat-
ibility between matrix and HNTs. Recently Liu et al. and Yuan
et al. have reviewed the work onHNTs-polymer nanocompos-
ites [27, 28]. Although lot of research has been carried out on
the nanocomposites based on HNTs with various polymer
matrices, but to the best of our knowledge HDPE/HNTs nano-
composites have not been reported in the literature.

Extensional behaviour of the polymers has a great impor-
tance in many polymer processings such as blow molding,
melt spinning, film blowing and thermoforming where exten-
sional deformation play an important role. Both shear and
extensional flows are involved in these processing operations
so there is a need for the characterization of these rheological
properties of polymers in the presence of filler.

Over the years, the investigation of elongational flow prop-
erties for various homopolymers such as PP [29–31], low-
density polyethylene (LDPE) [32] and HDPE [33] has been
reported. Research in the extensional rheology area has also
been extended from the homopolymers to polymer blends [34,
35] and filled polymers [36–38] that would provide enhanced
physical, mechanical and processing properties. Garofalo
et al. [39] investigated the uniaxial elongational flow proper-
ties of polyamide based nanocomposites by melt spinning
which suggested that the addition of nanosilicate to polyamide
could enhance drawdown force with decrease in the draw ratio
at break. They described that the increase in drawdown force
was caused by the increase of stiffness and elasticity in poly-
mer nanocomposites. Su et al. [40] showed that the melt
strength and elongational viscosity of nanoclay reinforced
PP decreased with increasing nanoclay concentration up to 6
phr, however these properties improved slightly at higher filler

Table 2 Details of formulations
and the designations of HDPE/
HNT and HDPE/HDPE-g-MA/
HNT nanocomposites

Sample
Designation

HDPE
(Weight %)

HNT
(Weight %)

HDPE-g-MA
(Weight %)

HNT: HDPE-g-MA

HD 100.0 0.0 –

HDH 1 99 1.0 –

HDH 3 97 3.0 –

HDH 5 95 5.0 –

HDH 10 90 10 –

HDH 10/5C 85 10 5 1:0.5

HDH10/10C 80 10 10 1:1

HDH10/15C 75 10 15 1:1.5

Where HD represents HDPE, H stands for HNT and numerical suffix represents weight percent of HNTs, C
represents compatibiliser numerical prefix represents weight percent of HDPE-g-MA

Table 1 Details of formulations and the designations of HDPE/HDPE-
g-MA blends

Sample designation HDPE (Weight %) HDPE-g-MA (Weight %)

MAHD – 100

HD/MAHD 5 95 5

HD/MAHD 10 90 10

HD/MAHD 15 85 15

HD represents HDPE; MAHD stands for HDPE-g-MA and numerical
suffix represents weight percent of HDPE-g-MA
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concentration. Kao et al. [37] investigated the extensional rhe-
ology of calcium carbonate (CaCO3) filled PP over the con-
centration range of 0–43.8 vol% and found that the melt
strength of CaCO3-PP melts was independent of CaCO3 con-
tent upto 25 vol% followed by a significant reduction of melt
strength at higher concentration. Garcia et al. [38] used the
convergent flow technique to determine the elongational vis-
cosity of long glass fibre-filled HDPE and observed the
increased elongational viscosity with increasing fibre con-
tent. McInerney et al. [41] measured the melt strength and
extensibility of talc-filled PP by using Gottfert RheotensTM

and claimed that the addition of talc to PP reduced melt
strength as well as drawability. The decrease of melt strength
was associated with the poor interaction between talc/PP
interfaces.

As illustrated earlier, most studies in literature have been
mainly focused on the study of elongational flow properties of
polymers filled with glass fibers and inorganic fillers. Only
very few articles have given attention to inorganic nanotubes

(HNTs)/polymer composite melts [19]. Handge et al. [19] in-
vestigated the drawdown force of molten HNTs/PA6 compos-
ites using Rheotens apparatus. They suggested that increasing
the HNT content in PA6/HNT nanocomposites resulted in a
larger force and smaller drawability than neat PA6. They de-
scribed that the decrease in drawability with addition of HNTs
was caused by the percolation of neighboured nanotubes
which leads to breakage of the strand.

The present work aims to incorporate HNTs into HDPE by
melt mixing using masterbatch route and to investigate sys-
tematically the effect of HNTs and compatibilizer loading on
morphology and rheological properties of nanocomposites.
The main objective of this paper is to understand the correla-
tion between HNTs dispersion and the resulting extensional
and shear rheological properties.

Experimental section

Materials

HDPE (grade-012DB54, MFI=1.2 g/10 min. at 190 °C and
5 kg load, density=0.954 g/cm3) was supplied by Indian Oil
Corporation Ltd India. HNTs (BET surface area=28 m2/g)
were purchased from Natural Nano Corp., USA and used as
received. High density polyethylene grafted maleic anhydride
(HDPE-g-MA) was used as a compatibiliser as it has some
polar groups which are expected to enhance the interfacial
adhesion with HNTs. It was available commercially (Optim
E-156) from Pluss Polymers, Faridabad, India having follow-
ing characteristics- MFI=19.5 g/10 min. at 190 °C and 5 kg
load, density = 0.953 g/cm3, MA content = 1 wt%. HDPE
used in the present work is bimodal and has very low MFI
(very high molecular weight). HDPE-g-MA having MFI
higher as compared to HDPE was used to get better disper-
sion of filler as well as to enhance the adhesion between
matrix and filler.

Fig. 2 (a) SEM image and (b)
TEM image of HNTs

Fig. 1 Schematic diagram of Gottfert Rheotens melt strength tester setup
for these studies
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Fig. 4 SEM images of (a)
HDH3, (b) HDH5, (c) HDH10,
(d) HDH10/5C, (e) HDH10/10C
and (f) HDH10/15C
nanocomposites

Fig. 3 (a) FTIR spectrum of
HNTs and (b) XRD diffraction
pattern of HNTs
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Preparation of HDPE/HNT composites

HNT powder and polymer pellets (HDPE & HDPE-g-
MA) were kept in vacuum oven at 80 °C for 24 h to
remove absorbed moisture before mixing. HDPE/HNT
nanocomposites were prepared in two steps i.e. (1) ex-
trusion of a HDPE/HNT masterbatch containing 20 %
w/w HNTs and (2) diluting this masterbatch with HDPE
ma t r i x t o p r epa r e d i f f e r en t compos i t i on s o f
uncompatibilised and compatibilised nanocomposites.
Blends based on HDPE/HDPE-g-MA were also prepared
in order to study the influence of HDPE-g-MA on ther-
mal, mechanical and rheological properties of HDPE.
The details of formulations are given in Table 1 and
Table 2. These compositions were compounded using a
Lab. Tech. co-rotating twin screw extruder (L/D- 40 and
screw diameter 25 mm). The temperature profile from
the feed zone to die zone was 140 to 205 °C and screw
speed was 100 rpm.

After compounding, test specimens were prepared using
injection moulding machine (L&T- Demag PFY-40) at
205 °C keeping mould at 55 °C. Pristine HDPE was also
subjected to extrusion in order to have the same thermal
history.

Characterizations

Morphological characterization

Scanning electron microscopy (SEM) Morphological
study was performed using SEM (EVO-50) on cryo-
fractured surfaces of impact specimens at an accelera-
tion voltage of 10 kV and under high vacuum. A thin
layer of gold was sputter coated onto the fractured sur-
face for 40s to avoid charging on exposure to electron
beam during SEM analysis.

Transmission electron microscopy (TEM) Specimens
were first microtomed into ultrathin sections (100 nm)
by using an ultramicrotome (Power Tome-PC) from
Boeckeler in liquid nitrogen. Then TEM analysis of
the ultrathin samples was performed on a JEOL-JEM-
2100 (LaB6) operated at an accelerating voltage of
100 kV.

Rheological characterizations

Rheotens test Rheotens measurement was carried out by
using a four-wheeled Gottfert Rheotens 71.97 tester in

Fig. 5 TEM images of (a)
HDH3, (b) HDH5, (c) HDH10
and (d) HDH10/15C
nanocomposites
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order to determine the melt strength and melt
elongational properties of HDPE and its nanocompos-
ites. A polymer melt strand was extruded from capillary
die (L/D-15, D-2 mm) fitted in a capillary rheometer
(Rosand RH7) with a constant output rate at 200 °C.
This polymer melt strand was drawn by counter rotating
rollers with increasing haul-off velocity at constant ac-
celeration and the tensile force on the drawn melt strand
was recorded. The tensile force and the velocity at the
time of strand rupture are designated as melt strength
and drawability of the polymer. A direct conversion of
Rheotens diagram (tensile force versus draw down
speed) into meaningful elongational viscosity versus
elongational rate is not possible due to non-uniform
strain rate imposed on the melt strand. Wagner et al.
[42] offered a mathematical way to obtain Rheoten
curves without oscillations.

The tensile stress at the wheels (σ), extensional rate (ε
:
) and

extensional viscosity (ηe) were determined using the follow-
ing equations.

σ ¼ V F

V 0A0
ð1Þ

ε ¼ V

Ls
⋅ln

V

V 0

� �
ð2Þ

ηe ¼
σ
ε:

ð3Þ

Where F is force applied to the strand, V speed of wheels of
Rheotens or speed at which strand is being pulled off, V0 the
filament extrusion velocity in the die, Ls the distance between
the capillary exit and pinching wheels and A0 diameter of
strand. The schematic of experimental setup is shown in
Fig. 1.

Fig. 7 Plots of extensional viscosity vs. extensional rate for neat HDPE
and HDPE/HNT nanocomposites in absence (a)/presence (b) of
compatibiliser [from standard Rheotens test] at 200 °C

Fig. 6 Rheotens curves (Tensile force vs. draw down ratio) for neat
HDPE and HDPE/HNT nanocomposites in absence (a)/presence (b) of
compatibiliser at 200 °C
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High shear rheology An advanced dual-bore (Bagley
corrected) capillary rheometer, Rosand RH7 from Bohlin

instruments was used to investigate the high shear viscosity
and extensional viscosity of the HDPE and HDPE/HNT nano-
composites. The shear flow analysis was carried out using
dual-bore having capillary die (L/D-16 mm, D-1 mm) in one
bore and orifice die or zero length die in other bore. The shear
rates ranging from 50 to 1000 s−1 at 200 °C were used during
the steady shear experiment. Both Bagley and Rabinowitch
corrected data were used for evaluation.

Cogswell converging flow method was used to calculate ex-
tensional viscosity from shear viscosity and die entrance pressure
drop (ΔP) data at 200 °C. In this model it is assumed that the
dependence of apparent shear viscosity (ηs) on the apparent shear
rate is described by a power-law model and ηe is independent of
ε
:
. Then ηe at the corresponding ε

:
can be calculated as [43, 44]:

ηe ¼
3 nþ 1ð ÞΔP

4
ffiffiffi
2

p
γa

" #2
1

ηs
ð4Þ

ε ¼ γa
2

2ηs
ηe

� �1

.
2

ð5Þ

Where n is the power low index of the polymer melt.

Oscillatory rheometry Themelt linear viscoelastic behaviour
of HDPE and its nanocomposites was studied with ARES G2
rheometer equipped with 25 mm diameter parallel plates (gap-
1.5 mm) in an oscillatory strain control mode. Dynamic fre-
quency sweep experiments were performed at 190 °C over a
frequency range of 0.0628–628 rad/s. Constant amplitude of
2 % was used to sustain the response of materials in the linear
viscoelastic region.

Mechanical properties

Samples for mechanical properties were prepared using
injection molding machine. Tensile tests were carried out
according to ASTM D638 using a universal tensile testing

Table 3 Melt strength,
drawability and slope in strain
hardening region for HDPE and
HDPE/HNT nanocomposites

Sample designation Characteristics

Melt strength (N) Drawability (mm/s) Slope in strain hardening region*

HD 0.083 251 0.29

MAHD 0.012 242 0.04

HDH1 0.083 259 0.29

HDH3 0.085 267 0.28

HDH5 0.087 264 0.10

HDH10 0.075 272 0.15

HDH10/5C 0.098 289 0.17

HDH10/10C 0.12 288 0.20

HDH10/15C 0.11 251 0.29

*This characteristic was calculated from the extensional viscosity vs extensional speed curves of rheotens

Fig. 8 Plots of extensional viscosity vs. extensional rate for neat HDPE
and HDPE/HNT nanocomposites in absence (a)/presence (b) of
compatibiliser [from capillary rheometer] at 200 °C
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machine (TIRA 2700) at room temperature. The cross-
head speed was 50 mm/min. Flexural properties were
evaluated using three point loading system on TIRA
2700 UTM as per ASTM D790 at a crosshead speed of
3 mm/min. Izod impact strength of the notched specimens
was measured as per ASTM D256 by using CEAST im-
pact tester. A notch of 2.54 mm depth with 45° was made
on the specimen before testing. The average of five tests
was considered and reported.

Thermal properties

The thermal stability of HDPE, HDPE/HDPE-g-MA blends,
HDPE/HNT and HDPE/HDPE-g-MA/HNT composites was
determined by recording thermogravimetric (TG) traces in
air atmosphere using TGA-Q500 from TA instruments USA.
The sample was heated from room temperature to 700 °C at a
heating rate of 20 °C.

Results and discussion

Characterizations of HNTs

Morphological characterization of HNTs was done using
SEM and TEM whereas structural and thermal characteriza-
tions were carried out using FTIR, XRD and TGA
respectively.

SEM and TEM images of HNTs (Fig. 2a and b) show that
the HNTs possess tubular shapes and some tubes are broken
into shorter tubular particles. The average dimension of the
individual tubes has inner diameter ranging from 15 to
100 nm, outer diameter in the range of 40–120 nm and length
of 300–1000 nm with aspect ratio in the range of 35–100. The
elemental composition of HNTs, determined by EDAX anal-
ysis consist of Al =11.83 %, Si=16.05 % and O=72.12 %.

In the FTIR (Fig. 3a) spectrum of HNTs, the band at
3695 cm−1 confirms the presence of external hydroxyl groups
while the absorption band at 3622 cm−1 is assigned to hydrox-
yl groups located on shared interfaces of layered structure
consisting of silicon-oxygen tetrahedron and aluminium-
oxygen octahedron. The absorption bands at 1092 and
1030 cm−1 belong to the stretching vibration of Si-O bonds.
The characteristic absorption band at 910 cm−1 is assigned to
flexural vibrations of Al-OH. The FTIR results confirm the
co-existence of hydroxyl groups and Si-O bonds on the sur-
face of HNTs. The XRD pattern of HNTs displays a charac-
teristic reflection peak at 2 θ =12° corresponding to basal
spacing of 7.3 Å (Fig. 3b).

Thermal stability of HNTs was evaluated by recording
thermogravimatric (TG) trace in air atmosphere (heating
rate = 20 °C). HNTs showed a weight loss of 15.2 % in

Fig. 9 Plots of shear viscosity vs. corrected shear rate for (a) HDPE,
HDPE/HDPE-g-MA blends and their nanocomposites with HNTs in
absence (b)/presence (c) of compatibiliser at 200 °C
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temperature range of 420–520 °C which could be due to the
loss of bound water.

Morphological characterizations of HDPE/HNT
nanocomposites

Figure 4a-f showstheSEMimagesofcryogenically fractured
surfaces of HDPE composites having varying amounts of
HNTs. These micrographs illustrate the influence of HNTs
loading as well as effect of compatibilizer (HDPE-g-MA)
loading on the morphology. A uniform distribution of HNTs
in theHDPEmatrixwas observed (Fig. 4a&b). This couldbe
due to the lower density of hydroxyl groups on the surface of
nanotubes, their tubular morphology and method used for
compounding.However as the loadingofHNTswas > 5%w/
w, formation of agglomerates and pull out of HNTs was seen
(Fig. 4c). This could be due to the poor interaction between

fillermatrixwhichwasimprovedsignificantlyinthepresence
ofcompatibiliser (HDPE-g-MA) (Fig.4d-f).

Morphological characterizations using TEM (Fig. 5b-d)
also support the SEM results and confirm the existence of
agglomerates of HNTs in the composites having higher load-
ing of HNTs. However, aggregates are reduced or no more
present in the compatibilized nanocomposites indicating bet-
ter dispersion of HNTs in HDPE matrix in the presence of
compatibiliser (Fig. 5e).

Rheological measurements

Melt strength and drawability

The average of five Rheotens measurements data plotted as
tensile force versus draw down ratio (V/ V0) for HDPE and its
nanocomposites (having varying concentrations of HNTs in

Fig. 11 Plots of storage modulus (G’) vs. frequency for HDPE and
HDPE/HNT nanocomposites in the absence (a)/presence (b) of
compatibiliser at 190 °C

Fig. 10 Plots of complex viscosity (η*) vs. frequency of HDPE and
HDPE/HNT nanocomposites in the absence (a)/presence (b) of
compatibiliser at 190 °C
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the absence/presence of compatibiliser) are shown in Fig. 6a
and b. The point at which a molten polymer strand rupture
indicates a relative measure for the melt strength and the
drawability of the melt under test conditions [45].

All the nanocomposites (uncompatibilised & compatibilised)
exhibited the filament rupture during testing. Interestingly, the
drawability of the composites remains unaffected with increased
HNT concentration upto 10 wt% whereas reduction in
drawability of polymers has been reported in the presence of
fillers [19, 37, 41, 46, 47]. The melt strength increased slightly
upon incorporation of HNTs upto 5 % w/w followed by a de-
crease with increasing amount of HNTs. The reduction in melt
strength at higher filler loading could be due to formation of
agglomerates and voids which leads to the poor interaction be-
tween HDPE/HNT interface. This is also supported by the mor-
phological characterization as observed by SEM&TEM. Figure
6b shows the Rheoten curves of compatibilised HDPE/HNT

nanocomposites. It is clear from the graph that the tensile force
as well as drawability increases significantly with the addition of
compatibiliser to HDH10 composition (HDPE:HNT- 90:10) be-
cause HDPE-g-MA leads to adhesion enhancement between
HDPE/HNT interfaces. This is also supported by the morphol-
ogy of composites. It can be clearly depicted from Fig. 6b that
the HDH10/10C composition shows a significant improvement
of melt strength and drawability. At higher content of
compatibiliser (HDH10/15C) a plasticizing effect was observed.
In the previous studies, Lin et al. [46] have shown that higher
elongational viscosity leads to higher melt strength and reduced
drawability of the short glass fiber filled polypropylene. In the
present studies i.e. HDPE/HNT and HDPE/HDPE-g-MA/
HNTs, we observed that a higher elongational viscosity leads
to higher melt strength without affecting drawability (Fig. 6a) or
with increase in drawability (Fig. 6b) in case of HDPE/HDPE-g-
MA/HNTs composites. Increase in the drawability of HDPE

Fig. 13 Plots of tan δ vs. frequency for HDPE and HDPE/HNT nano-
composites in the absence (a)/presence (b) of compatibiliser at 190 °C

Fig. 12 Plots of Loss modulus (G^) vs. frequency for HDPE and HDPE/
HNT nanocomposites in the absence (a)/presence (b) of compatibiliser at
190 °C
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matrix upon incorporation of HNTs could be due to the better
interfacial adhesion/dispersion of filler in HDPE matrix in pres-
ence of HDPE-g-MA. This is an added advantage.

Extensional viscosity

It is very important to understand the extensional rheology of
molten polymers because it plays a significant role in polymer
processing methods such as blow molding, film blowing,
thermoforming and sheet casting etc. where stretching and
drawing is involved at different stages.

The studies on ηe for HDPE and its nanocomposites was
carried out using two different methods namely-

1. Performing Wagner’s master curve using standard
Rheotens data [42].

2. By Cogswell converging flow method using capillary
data [43, 44].

Figures 7 & 8 shows the ηe versus extensional strain rate
curves for uncompatibilised and compatibilised nanocompos-
ites determined using Rheotens test and capillary rheometer
respectively. Extensional viscosity increased with increase in
HNT content up to 5 % w/w followed by a decrease with
increase of HNT loading upto 10 % w/w. This reduction in
ηe at higher filler loading could be due to the presence of some
aggregates which could be reduced after incorporation of
compatibiliser. This observation is supported by SEM/TEM
images. Extensional viscosity (ηe) of HDPE/HNT (90/10,
sample HDH10) enhanced significantly in the presence of
5 % w/w HDPE-g-MA as compatibiliser which showed an
increase with increasing amounts of compatibiliser. This could
be due to the improved adhesion between matrix and filler or
due to the low molecular weight (higher MFI) of HDPE-g-
MA. The main effects in the investigation of extensional

Fig. 15 Plots of G’ vs. G^ (Modified Cole-Cole plot) for HDPE and
HDPE/HNT nanocomposites in the absence (a)/presence (b) of
compatibiliser at 190 °C

Fig. 14 van Grup-Palmen plots for HDPE and HDPE/HNT nanocom-
posites in the absence (a)/presence (b) of compatibiliser at 190 °C
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viscosity and melt strength from Rheotens equipment are
summarized in Table 3.

High shear rheology

Steady-state shear viscosity at 200 °C plotted against
corrected shear rates are presented in Fig. 9a, b and c. The
melt shear viscosities of all resins reduced with increasing the
shear rate showing shear thinning and non-Newtonian flow
behavior. It is evident from Fig. 9a that the shear viscosity of
HDPE was found to be independent of HDPE-g-MA content
upto 10 % w/w while slight reduction in shear viscosity was
observed at 15 % w/w (sample-HD/MAHD 15) which may be
due to the lower viscosity of compatibiliser.

The nanocomposites show some interesting results: the
shear viscosity was found to be independent of the HNTs filler
concentration up to 5 % w/w, after which it increased with
further increase of filler concentration and HDH10 composi-
tion exhibits slight enhancement in melt shear viscosity only
in the low shear rate region (Fig. 9b). This is beneficial from
the processing point of view because processability of the
filled and unfilled resins would be very similar over these
concentration ranges. At high shear rate, viscosity of HDH
10 composition decreased because at higher shear rate, the
presence of nanotubes in composites can slide with each other
or orient themselves in the direction of flow and hence causing
a flow-favouring orientation which subsequently lowers the
viscosity of polymer matrix. As a consequence, reduction in
the melt shear viscosities of nanocomposite resin was ob-
served during their melt shear viscosity measurements. The
nanocomposites prepared in the previous studies [48, 49] also
exhibited similar shear thinning behaviour at higher shear rate.

The shear viscosity was found to be independent of
compatibiliser content over the range of 5–15%w/w (Fig. 9c).

Oscillatory rheology

The variations in complex viscosity (η*), storage modulus
(G’) and loss modulus (G^) as a function of angular frequency
(ω) for neat HDPE and its nanocomposites are shown in
Figs. 10, 11 and 12. It was observed that the complex viscosity
of nanocomposites without compatibiliser (Fig. 10a) increases
as the concentration of HNT increases in the low frequency
region. At higher frequency (>10 rad/s), increase in viscosity
is less pronounced and nanocomposites exhibit more shear
thinning behaviour. This behaviour may occur due to the slip-
ping between the polymer and filler at high shear rate or due to
the orientation of nanotubes under high shear rate.

Addition of 5 and 10 wt% compatibiliser to HDH10 com-
position did not exhibit any significant effect on η*. Whereas
sample containing 15 wt% compatibiliser showed more shear
thinning behaviour at the frequency of more than 5 rad/s. This
could be due to the low viscosity of compatibiliser (Fig. 10b).
The curves of G’ and G^ for nanocomposites demonstrated a
monotonic increase with increase in HNT content. No indica-
tion of a solid-like behaviour (plateau of G’ and G^ at low
frequencies) can be observed upto 10 wt% HNTs (Figs. 11a
and 12a). Although this behaviour was observed for other
polymer nanocomposites [50–52] but there is no study in
which somebody observed the pseudo-solid- like behaviour
of polymer/HNT nanocomposites. This behaviour would be
caused by the interaction among silicate particles that leads to
apparent yield stress [53–55]. Handge et al. [19] determined
the rheological properties of PA6/HNT nanocomposites and

Table 4 Mechanical testing data for neat HDPE, HDPE/ HDPE-g-MA blends, HDPE/HNT and HDPE/MAHD/HNT nanocomposites

Sample
designation

Tensile strength
(MPa)

Elongation at break
( % )

Tensile modulus
(MPa)

Flexural strength
(MPa)

Flexural modulus
(MPa)

Impact strength
(KJ/m2)

HD 27.5 ± 0.4 62± 4 293 ± 5.7 22.7 ± 0.2 760 ± 12 22.7 ± 1.5

MAHD 21.8 ± 1.0 217 ± 21 225 ± 11 19.2 ± 0.9 612 ± 16 3.3 ± 4.0

HDPE/MAHD blends

HD/MAHD5 27.0 ± 0.6 67± 8 289 ± 6 22.3 ± 0.4 755 ± 5 21.6 ± 1.3

HD/MAHD10 26.3 ± 0.4 71± 6 276 ± 6 22.1 ± 0.6 739 ± 9 19.1 ± 0.9

HD/MAHD15 26.5 ± 0.3 81± 9 263 ± 8 21.8 ± 0.3 727 ± 10 16.8 ± 1.2

HDPE/HNT composites

HDH1 27.1 ± 0.4 66± 6 291 ± 4.6 24.10 ± 0.2 805 ± 11 21.1 ± 0.4

HDH3 27.4 ± 0.2 63± 5 303 ± 2.3 25.4 ± 0.1 871 ± 7 18.7 ± 0.5

HDH5 27.3 ± 0.3 58± 3 312 ± 3.2 25.8 ± 0.2 890 ± 6 17.5 ± 0.6

HDH10 27.6 ± 0.2 50± 5 324 ± 2.5 26.1 ± 0.5 896 ± 12 15.6 ± 0.6

HDPE/MAHD/HNT composites

HDH10/5C 28.8 ± 0.2 55± 6 318 ± 5.6 26.2 ± 0.2 898 ± 16 12.0 ± 0.4

HDH10/10C 29.2 ± 0.3 56± 7 319 ± 2.0 26.3 ± 0.2 887 ± 9 11.6 ± 0.3

HDH10/15C 29.0 ± 0.2 58± 9 312 ± 6.7 26.1 ± 0.4 881 ± 9 12.3 ± 0.7
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indicated clearly that no evidence of pseudo-solid- like behav-
iour was observed in the composites even at the highest filler
loading (30 wt%). In case of compatibilised systems, the stor-
age and loss modulus both decreased when the amount of
compatibiliser was raised from 5 to 15 wt% (Figs. 11b and
12b). This reduction in G’ and G^ observed in the presence of
compatibiliser could be due to the low viscosity of HDPE-g-
MA.

Tan δ is very sensitive to the structural changes of the
material so the relationship between tan δ and frequency was
also studied to investigate the damping characteristics of
nanocomposites. It is evident that tan δ is independent of
HNTs concentration upto 5 % w/w while sample having
10 % w/w of HNTs (i.e. sample HDH 10) showed quite dif-
ferent behaviour. Figure 13a show an increase in tan δ as
HNTs loading increased to 10 % w/w particularly at lower
frequency (<1 rad/s) and reduced continuously with increase
in frequency. This behaviour in the low frequency region is an
evidence for the presence of poor interfacial interactions be-
tween HDPE and HNTs as already discussed in morphologi-
cal analysis. On the other hand, tan δ decrease with increasing
addition of HD PE-g-MA contents in the nanocomposites as
shown in Fig. 13b. The reduction in tan δ and hence the en-
hancement of interfacial bonding between the components
indicate the dominance of G’ over G^, confirming that the
composites become more elastic upon addition of HD PE-g-
MA. This study is also in agreement with the previous study
done by Mohsin et al. [56]. It is in line with the previous
discussion about melt strength, drawability and extensional
viscosity (Figs. 6, 7 and 8).

The morphology and the compatibility of two phase sys-
tems can also be studied by the van Grup-Palmen plot
(Fig. 14) which presents the phase angle (δ)versus complex
modulus (G*). From the van Grup-Palmen plot, it could be
observed that HDPE and HDPE/HNT nanocomposites were
predominantly viscous at terminal region as there is no curve
with base line < 45∘ δ which was observed in case of HDPE-
fumed silica nanocomposites and HDPE/UHMWPE blends in
previous study [57, 58]. HDH 10 showed more viscous be-
haviour than other compositions (Fig. 14a). Another observa-
tion from the van Grup-Palmen plot is that with increase in
HDPE-g-MA concentration (Fig. 14b), the phase angle of
HDH 10 decreases and shifts towards lower value. This be-
haviour implies that the elastic response of HDPE/HNT nano-
composites increases after compatibilization. Similar results
were also observed by Ezzati et al. [59].

Structural differences between the HDPE matrix and the
nanocomposites was also confirmed by modified Cole-Cole
plot i.e. by examining the relationship between G’ vs. G^.
Figure 15a and b shows the modified Cole-Cole plot of
uncopatibilized and compatibilizied HDPE/HNTs nanocom-
posites. For the uncompatibilized HDPE/HNTs nanocompos-
ites, the curves corresponding to 1–5 wt% of HNT content do

not deviate from each other and from neat HDPE. But increase
of HNT content to 10 wt% exhibits an increase in slope of G’
vs. G^ plot from other composition at lower frequency region
indicating less interaction between filler and matrix (Fig. 15a).
These poor interactions are caused by the formation of more
aggregates and cavity, which induced heterogeneity within the
composites. Unlike the uncompatibilized composites, when
HDPE-g-MA was added to HDH 10 composition, decrease
in the slope of G’ vs. G^ plot was observed over the range of
5–15 wt% of HDPE-g-MA content, indicating better compat-
ibility between filler and matrix (Fig. 15b). Similar behaviour
have been reported for HDPE-fumed silica composites [57].

Mechanical properties

The mechanical properties of composites mainly depend on
factors such as the aspect ratio of filler, degree of dispersion of
filler in the matrix, adhesion at the filler-matrix interface etc.

Fig. 16 TG traces of (a) HDPE, HDPE/HDPE-g-MA blends and (b)
their nanocomposites with HNTs
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The tensile and impact strength of HDPE-g-MA was
lower as compared to HDPE (Table 4). Blending of
HDPE with varying amounts of HDPE-g-MA did not
affect tensile and flexural strength, however modulus
and impact strength of HDPE decreased upon blending
with HDPE-g-MA. The decrease in modulus could be
due to the lower molecular weight of graft copolymer or
due to its lower crystallinity.

Incorporation of HNTs up to 10 wt% did not affect
the tensile properties. A marginal increase in tensile
modulus was observed (~10 %) and it reduces upon
the addition of compatibiliser but is always higher as
compared to neat HDPE.

It appears that the addition of halloysite nanotubes leads
to an improvement in flexural modulus and strength. The per-
cent increase is about 17 % for flexural modulus and 12 % for
flexural strength at 5 wt% HNT loading. While increasing the
filler fraction from 5 to 10 wt% did not show any significant
effect on flexural properties but modulus decreased slightly in
compatibilised composites which show the plasticization ef-
fect of compatibiliser or likely due to the lower crystallinity of
HDPE-g-MA compared to HDPE.

However it can be seen that the addition of halloysite
nanotubes reduces the impact strength of nano- com-
posites. The decrease in impact strength is due to the
fact that the increase in the nanotube content leads to
the formation of aggregates, which acts as stress con-
centrator in the sample, which initiate a brittle fracture.
Even introduction of compatibiliser could not enhance
the interfacial interaction between filler and matrix and

further reduces the impact strength of matrix as the Izod
impact strength for HDPE-g-MA was significantly lower
than neat HDPE.

The incorporation of HNTs into a variety of polymer
matrices act as reinforcing filler [18, 19, 25] however in
case of PVDF, incorporation of HNTs resulted in a de-
crease in the mechanical properties because of large dif-
ference in the polarity of filler and matrix [27]. In case of
PP, incorporation of HNTs did not change the tensile
properties or improved slightly [16]. This was explained
on the basis of nature of filler [HNTs] which has lower
aspect ratio and thus did not show reinforcing effect. In
the present work, we also observed that incorporation of
HNTs in HDPE did not show much reinforcing effect as
there is about 10 % increase in modulus without much
change in tensile strength. Use of a compatibiliser helps
in the dispersion of filler, inhibited the formation of ag-
gregates but inspite of better adhesion/dispersion, proper-
ties deteriorated as HNTs have very low surface hydroxyl
groups. The high shear forces generated during the pro-
cessing of high molecular weight HDPE might have been
responsible for the breakage of HNTs resulting in the for-
mation of HNTs having lower aspect ratio and thus no
reinforcement.

Thermal properties of HDPE, HDPE/HDPE-g-MA blends
and their nanocomposites

Figure 16a and b shows the TG traces of HDPE/MAHD
blends and HDPE/HNT nanocomposites. The thermal

Table 5 Results of
thermogravimetric analysis for
HDPE, HDPE/ HDPE-g-MA
blends, HDPE/HNT and HDPE/
MAHD/HNT nanocomposites

Sample designation T0.1 (°C) T0.5 (°C) % char at 700 (°C)

TGA Muffle furnace Theoretically calculated

HD 356 372 0.23 0.26 –

MAHD 344 365 0.3 0.26 –

HDPE/MAHD blends

HD/MAHD 5 361 383 0.38 0.42 0.24

HD/MAHD 10 376 398 0.50 0.33 0.24

HD/MAHD 15 390 406 0.23 0.30 0.24

HDPE/HNT composites

HDH 1 355 371 0.6 0.47 0.52

HDH 5 395 414 3.9 3.4 1.80

HDH 10 390 420 8.6 8.2 3.70

HDPE/MAHD/HNT composites

HDH10/5C 404 419 8.7 7.8 3.59

HDH10/10C 405 418 8.4 8.6 3.63

HDH10/15C 401 424 8.4 7.7 3.63

HNT 498 – 84.2 83.4 –
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stability was compared by comparing the degradation temper-
ature at which 10 % mass loss occurs (T0.1), the mid-point of
degradation (T0.5), and the nonvolatile residue found at
700 °C, denoted as char. These results of TG traces are sum-
marized in Table 5. It can be seen that the decomposition
temperatures of HD/MAHD blends and HD/HNT composites
are higher than those of neat HDPE. In case of composites, it
could be due to the hollow tubular structure and barrier effect
of HNTs. The degradation products of HDPE may consider-
ably be entrapped into the lumens of HNTs which delay in
mass transport and enhance the thermal stability remarkably
[14]. The thermal stability of HDH 10 composites further
increases in the presence of compatibiliser. This could be
due to the bonding of MA-g-HDPE on the surface of HNTs
which might hinder the diffusion of volatiles and improve the
dispersion of HNTs in the polymer matrix. As expected, the
char yield increased with increasing amount of HNTs. From
the knowledge of char yield of individual components, an
attempt was made to calculate theoretical char yield using rule
of mixtures according to the following equation:

Char yield %ð Þ ¼mCmþ fC f

Where φ m and φ f are the volume fraction of matrix and
filler in the nanocomposites and Cm and Cf are the char yield
of matrix and filler, respectively. Theoretical values are lower
as compared to experimental values. This could be due to the
hindrance of evolution of volatile products in the presence of
HNTs due to its well known barrier effect. Percent char yield
in HNTs, HDPE, HD/HNT nanocomposites and HD/MAHD
blends was also obtained from muffle furnace according to
ASTM 5630–13. It was observed that there is a very good
agreement in the values of char yield obtained from TG traces
and muffle furnace (Table 5).

Conclusions

From these studies following conclusions can be drawn.

(1) Incorporation HDPE-g-MA as compatibiliser improved
the dispersion of HNTs and interfacial adhesion between
matrix and filler.

(2) Melt extensional properties (Extensional viscosity &
Melt strength) enhanced significantly in the presence of
compatibiliser. Optimum amount of compatibiliser was
found to be 1:1 i.e. filler: compatibiliser.

(3) Extensional viscosity calculated using two different
methods (Cogswell converging flow method &
Wagner’s master curve) exhibited good agreement.

(4) Viscosity decreased slightly in the presence of
compatibiliser.

(5) The lower viscosity observed in HD/HDPE-g-MA/HNT
composites could be due to the lower viscosity of the
compatibiliser or due to the alignment of tubes in the
direction of flow and not due to the degradation as all
the materials were stable at 200 °C.

(6) Though a good dispersion of HNTs in HDPE matrix was
observed, improvement in mechanical properties was
marginal.

(7) Such composites can be used for processing like blow
moulding, film blowing and sheet casting.
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