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ABSTRACT: A nanocomposite sample was prepared by melt mixing a high density polyethylene (HDPE)
with an in situ polymerized HDPE/multi wall carbon nanotube (MWNT) masterbatch. The nanocomposite
had an approximate content of 0.52 wt % MWNT. Rheological, thermal, and mechanical properties were
investigated for both neat HDPE and nanocomposite. The nanocomposite, when compared to the neat
polymer, exhibits lower values of viscosity, shear modulus and shear stress in extrusion and a concurrent
delay of the distortion regimes to higher shear stresses and rates. The nanocomposite presents also improved
dimensional stability after processing, and lower values of the melt strength, draw ratio and viscosity in
elongational flow. This behavior has been observed in composites in which an adsorption of a fraction (that
with the highest molecular weight or relaxation time) of the polymer chains is considered. Furthermore, the
enhancement in the crystallization kinetics, probed by rheometry and DSC, suggests that the carbon
nanotubes act as nucleating agents for the polymeric chains. Additionally, the presence of adsorbed chains
does not only influence themolten state but also induces interesting effects in themechanical properties of the
polymer. As a result, an increase of up to 100% in elastic modulus was observed in the HDPE/MWNT
nanocomposite without losing the ductility present in neat HDPE.

1. Introduction

The preparation of polymer/carbon nanotube (CNT) compo-
sites has been an area of growing scientific interest since the
exceptional properties of CNT may extend the applications and
final uses of polymericmaterials. These nanocompositesmay find
applications as structural materials, due to their low density,
increased mechanical properties and electrical conduction, and
also as selectively permeable membranes in electromagnetic
induction shielding.1 There are two key aspects related to the
transfer of the exceptional properties of CNT to polymeric
materials. First, the CNT must be homogeneously dispersed
throughout the polymer matrix, and second, a degree of interac-
tion between the macromolecular chains and the CNT must be
present. Nanotubes, whether bundles of single wall carbon
nanotubes (SWNTs) or aggregates of multiwall carbon nano-
tubes (MWNTs), have a strong tendency to agglomerate, and it is
very difficult to separate individual nanotubes duringmixingwith
a polymeric material. Different methods have been developed in
order to overcome these difficulties. Solution blending, melt
blending, and “in situ” polymerization are widely applied tech-
niques to produce nanotube/polymer composites.2

The viscoelastic properties of nanotube/polymer composites
have both practical and basic importance since they are related to
composite processing, dynamics and microstructure. Several
theoretical3-7 and experimental3 studies have been performed
to try to determine how the carbon nanotubes influence the
rheological and mechanical behavior of these nanocompo-
sites. Recently, the effects of the aspect ratio8 and the CNT dis-
persion9-12 have been evaluated. Cipriano et al.9 studied the
effect ofMWNT aspect ratio (they employedL/D=49 and 150)
on the rheological properties of polystyrene (PS)/MWNT nano-
composites. They found larger storage modulus and complex
viscosities for the nanocomposites prepared with the 150 aspect
ratio. The effect of the interactions between CNT and the matrix
has been the subject of several recent studies.10-13 Seyhan et al.13

investigated the effect of functionalizing MWNT with amine
groups in order to improve their interactions with poly(vinyl
ester)s. They found that nanocomposites prepared with 0.3%
neat MWNT exhibited a viscous behavior (G00> G0). On the
other hand, the nanocomposite with functionalized MWNT of
identical composition had amore viscoelastic behavior (G0 0 ∼G0).
This can be considered a demonstration that the interactions
between the matrix and the filler influence the rheological
behavior. A similar result was found by Wu et al.9 in a poly-
(L-lactide) (PLLA)/MWNT nanocomposite when the CNT were
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chemically modified. Wu et al. have also prepared CNT nano-
composites employing polybutylene terephtalate (PBT),14 poly-
carbonate (PC),15 and poly(ε-caprolactone) (PCL)16 matrices. In
this last case, they reported percolated networks of nanotubes for
2 and 3% CNT contents. Another result reported by several
authors9-13 is that most nanocomposites prepared with CNT are
highly shear thinningwithout the usualNewtonianplateau at low
shear rates that is usually observed for the neat polymer that
conforms the matrix.

The general behavior reported in the literature for oscillatory
shear rheological measurements at low frequencies is that the
linear rheological properties evolve from a liquid-like behavior to
a solid-like behavior as the nanotube concentration increases.
The application of a power law function to the evolution of
properties with nanotube loading data provides a tool to estimate
the percolation threshold, corresponding to the onset of solid-like
behavior. Additionally, it has been observed that this transition
from liquid-like to solid-like behavior can be observed at lower
CNT concentrations as the dispersion is improved, or the inter-
action between the nanofiller and the matrix is stronger or the
CNT aspect ratio is larger. In concordance, as with electrical
percolation, the rheological percolation is a function of nanotube
dispersion (whichmainly depends on themethod of preparation),
aspect ratio, and alignment.Due to these reasons, different values
of the percolation threshold can be found in the literature for
several types of nanocomposites.1,17-29 For PS/CNT and PCL/
CNT systems, values of 1.0 and 3 wt % have been recently
found.17,23,24 In the case of PC/CNT nanocomposites the values
range between 0.25 and 0.75%.18,25Even lower values (0.12wt%)
have been found in the case of poly(methyl methacrylate)
(PMMA)/CNT systems.19 Higher values, and in a wider range
of compositions between 0.5% and 7.5%, have been reported in
the case of polypropylene (PP)/CNT20,26 and polyethylene (PE)/
CNT systems.21-23 Except for refs 21, 23, and 26, all the reported
percolation compositions are well below 2-3% (see also the
review in ref 1). Previous works with PE/CNT nanocomposites
have reported huge increases in viscosity and storage modulus
values with CNT contents.21,23,30,31

In this work, the rheological and mechanical properties of PE/
MWNT nanocomposites with 0.52 wt % MWNT are studied.
These nanocomposites were obtained by melt blending a mas-
terbatch of PE/MWNT prepared by in situ polymerization with
a commercial polyethylene resin. We believe that the peculiar
morphology obtained by “in situ” polymerization, where the PE
chains directly grow from the surface of the CNT and are
nucleated by them, has strongly influenced the behavior and is
responsible for the remarkable results obtained.

2. Materials

The high-density polyethylene (HDPE) employed in this
work was a commercial blown film grade prepared by Ziegler-
Natta catalysis. Its density is F = 0.955 g/cm3 and its melt flow
index (190 �C/2.1kg)=0.05 dg/min. Its averagemolarmasses are
Mn=12500 andMw=230 000. ThisHDPE is a copolymerwith
a small content of 1-butene as comonomer and has a bimodal
molecular weight distribution with a higher molar mass fraction
that is larger than its lower one.32 This HDPE is marketed as
Venelene 7000F and was produced in Venezuela by POLIOLEFINAS

INTERNACIONALES, C.A. POLINTER. In order to prepare the
nanocomposite employed here, the described HDPE was melt
mixed in an Atlas mini-extruder at 200 �C (and 60 rpm) with
1 wt % of an in situ polymerized masterbatch. The masterbatch
composition was 43 wt% of PE, 52 wt% ofMWNT and 5 wt%
of oxidized catalytic residues (mainly alumina). The masterbatch
is denoted PE43M52A5, where the subscripts indicate the compo-
sition in wt %. The nanocomposite employed in this work
(HDPE/1 wt % PE43M52A5) had a final content of 0.52 wt %

MWNT. The preparation of the masterbatch has been described
in detail elsewhere.33,34 The in situ polymerization process has
been designed to produce an optimum dispersion since the PE
chains growdirectly on the surface of theMWNTs,which contain
a previously deposited metallocene catalyst, disaggregating the
initially bundle-like entangled MWNTs.35

The extrusion was performed employing two types of dies. In
one extrusion experiment, a circular die was employed to produce
pellets, and in another, a flat diewas used to extrude 0.4mm thick
sheets. The sheets were cut with a dog bone shape die and tensile
testing specimens were produced. The pellets were compression
molded into similarly thick sheets thatwere also cut intodogbone
shaped specimens. Tensile testing was performed in both types of
samples, and similar results were obtained, suggesting that the
extruded sheets were produced with minimum orientation
(a result of the slow pulling rate at the extruder exit and relatively
high molding temperature).

3. Experimental Techniques

3.1. Oscillatory Shear Measurements in the Melt and Crystal-

lization. The measurements were performed in a CVO Bohlin
torsion rheometer in the linear viscoelastic region at low strain
(γ=10%) at different frequenciesω=6� 10-3 to 60 rad 3 s

-1)
and a temperature of 160 �C. The influence of MWNT during
crystallization of the neat HDPE matrix was also investigated
using dynamic rheometry. Compression-molded samples were
left inside the rheometer to relax at 180 �C for 1 h. Subsequently,
the samples were cooled from 160 �C to Tc at 15 �C/min. At
constant strain γ= 0.15% and frequency ν=1Hz, isothermal
crystallization at different temperatures was followed by mea-
suring the time evolution of the storage modulus G0. The pro-
cedure is quite similar to that used in ref 21 forUHMWPE/CNT
composites.

3.2. Capillary Flow and Continuous Torsion. The neat HDPE
material and the nanocomposite were also subjected to capillary
extrusion using a piston-type CEAST Rheoscope 1000. Results
of the apparent shear stress, σw,app, at different apparent shear
rates, _γapp, were collected in the range between 10 and 1000 s-1

using a 1mm diameter die capillary with a length/diameter ratio
of 20. The melt temperature was maintained in these experi-
ments at 160 �C. Individual extrudate samples were collected.
Also nonlinear measurements in the Bohlin CVO stress-
controlled rheometer in continuous torsion mode were perfor-
med at 160 �Cusing the cone-plate geometry (25mmdiameter),
in order to obtain the shear viscosity, within the shear rate range
0.1-10 s-1.

3.3. Elongational Properties. Samples were melt spun as
monofilaments at 160 �C using a melt spinning line adapted to
the piston-type CEAST Rheoscope 1000. Extrudates obtained
at 24 s-1 in the rheometer described above, were stretchedwith a
rotor. The tensile force, F, was measured as the draw ratio vL/v0
(vL is the take up velocity of the rotor; v0 is the velocity of the
extrudate at the exit of the die, 3 mm/s) was increased up to
filament rupture.

3.4. Thermal Properties. Differential scanning calorimetry
(DSC) was performed with a Perkin-Elmer Pyris 1 instrument
calibrated with indium and tin under an ultra high purity
nitrogen atmosphere. Sample weights of approximately 5 mg
were employed and the samples were encapsulated in aluminum
pans and sealed. The crystalline thermal history was erased by
heating the samples at 170 �C for 3min. Cooling and subsequent
heating scans were registered at 10 �C/min.

The isothermal crystallization kinetics was also evaluated.
Samples were first heated to 170 �C and kept in the melt for
3 min, in order to erase all crystalline thermal history, before
they were quenched (at a controlled rate of 60 �C/min) to the
chosen isothermal crystallization temperature, Tc. In order to
evaluate if the sample was able to crystallize during the previous
quenching at 60 �C/min, the sample was immediately heated
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after quenching while recording its heating scan at 10 �C/min.
For the temperature range evaluated (123.5, 124.2, and 125 �C)
samples did not crystallize during the previous cooling. Finally,
the samples were crystallized isothermally at the different
chosen Tc values.

3.5. Tensile Properties. The tensile tests were carried out
according to the normalized procedure suggested by ASTM D
1708 for microtensile tests.36 The tests were performed in a JJ
Lloyd T5003 universal testing machine at a constant testing rate
of 10 mm/min and ambient temperature (22 �C).

4. Results and Discussion

4.1. Neat HDPE Sample: van Gurp Plot and Relaxation
Times. The van Gurp-Palmen plot is a very useful tool used
to identify relaxing species in complex polymeric systems.37,38

This plot (phase angle, δ, versus modulus of the complex
modulus, |G*|) not only serves to evaluate polydispersity
effects on the linear viscoelastic response of linear polymers
but also provides information on the effect of long chain
branching (LCB) in single-site catalyst polymers and other
model monodisperse polymers. The plot has the added ad-
vantage that no Mw normalization is needed. For linear
systems, the dependence of δ on |G*| is found to rise from
very small values at high values of |G*|, up to the viscous limit
(δ = 90�) at low values of |G*|. The solid lines in Figure 1
indicate the typical behavior of linear polyethylenes with
different polydispersity index taken from the literature.37,38

The neat HDPE sample is included. As it is observed, the
HDPE studied here (commercial 7000F) shows the character-
istic behavior of a polydisperse polyethylene (Mw/Mn > 10),
but also exhibits an inflection at low values of |G*|, which it is
characteristic of materials with bimodal molecular weight
distribution andmolecular species with high relaxation times
(including long chain branching).

4.2. Influence of DispersedMWNTs inHDPEMelt: Linear
Viscoelasticity. From literature results, one can find that the
percolation threshold in polymer/nanotube composites is
influenced by several factors: aspect ratio39,40 dispersion41

and alignment.28,42,43 In the case of polyolefins values of the
percolation threshold ranging from 0.5 to 7.5% can be
found.21-23 Percolated networks give rise to secondary
“plateau” regions in the storage modulus, G’, at low fre-
quencies. The results shown in Figure 2 strongly support the
absence of a percolated network in our nanocomposite, as in
all the explored frequency range the storage modulus de-
creases and the complex viscosity decreases considerably
(∼30%) with a presence of 0.52 wt % of CNT. This differ-
ence is far away from the accuracy of the technique. The
presence of a third component (i.e., the 0.43%of another PE,
the one obtained in situ onto the surface of the CNT) with a
lower viscosity cannot explain the reduced values of the
viscoelastic properties (assuming a general mixing rule for
homogeneous polymer blends). This observation is not new.
Recently Zhang et al.22 have reported a considerable de-
crease in both the viscosity and the modulus for a series of
broad molecular weight distribution (MWD) UHMWPE/
single wall CNTs (SWNT) nanocomposites in the range of
compositions (0.1-1%). On the contrary, for different na-
nocomposites based on narrow MWD UHMWPE or con-
ventional HDPE, they found that the samples do not suffer a
drop in dynamic viscosity, but a fast and continuous increase
in the modulus and viscosity as the CNT loading increases.

Zhang et al.22 explain their findings as a consequence of
the selective adsorption of the longest molecules of the broad
molecular weight distribution onto the CNT surface. Be-
cause of the selective adsorption of the high molar mass
species, the apparent molar mass of the polymer matrix

decreases; and consequently, the modulus and viscosity
decreases, as the entanglement density is reduced. This does
not occur in an UHMWPE with a narrow MWD, as all the
molecules are similar, and then, no clear distinction in the
molecular weight between the polymer matrix before and
after the adsorption of chains to CNT surface exists. In the
case of conventional HDPE (with molecular weight lower
than 400 kg/mol), for which neither decreased moduli nor
decreased viscosity is observed, they consider the existence of
a critical molecular weight of the polymer to notice the
preferred adsorption mechanism. Then, why in our case we
observe decreased modulus and viscosity in a matrix of
HDPE? A similar explanation could apply in our case if we
take into account the specific molecular characteristics of the
HDPE matrix used in our composite (which possesses a
bimodal distribution of molar masses), and we refer to
relaxation time distribution. The idea is that the molecules
with the longest relaxation times adsorb onto the nanotube
surface (via van de Waals interaction).22 Within the experi-
mental time window the probability of the high relaxation
time species to remain adsorbed on the nanotubes will be
higher than that of the low relaxation time chains. The
adsorbed polymer chains, especially those with the highest
relaxation times, can be considered as an immobilized part
on the CNT, at least for times within the experimental time
window (frequency window). Thus, the polymer forming the
remaining matrix will effectively have a lower average re-
laxation time than the unfilled polymer.Moreover a reduced
entanglement density promoted by the adsorption mechan-
ism can also occur. This would cause faster relaxation of
chains thus a decrease in the storage modulus and viscosity.

The observed drop in the viscosity values at such a low
concentration of filler is in agreement with recent findings

Figure 1. Van Gurp-Palmen plot at 160 �C of PE samples of different
molecular weight distribution:37,38 (O) HDPE with Mw/Mn =2; (3)
HDPE with Mw/Mn=4; (4) HDPE with Mw/Mn = 10; (0) HDPE
sample employed in thiswork. The lines represent the behavior expected
for HDPE samples with different Mw/Mn values between 2 and 20
(Gaussian distribution).

Figure 2. Storagemodulus,G0, and complex viscosity, |η*|, at 160 �Cof
the HDPE/MWNT nanocomposite (circles) and neat HDPE (squares).
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reported in other types of composites. We have compared
in Figure 3 the values of the reduced complex viscosity
(ηcomposite/ηmatrix) versus CNT loadings taken at 160 �C
and low frequency (Figure 3), with those results taken from
the literature for PE/CNT nanocomposites. A clear decrease
is observed in our nanocomposite, similarly to UHMWPE
(broad MWD)/CNT composites. Kharchenko et al.20 too
observed on MWNT filled polypropylene that the viscosity
decreases strongly with increasing shear rate, and also these
nanocomposites exhibit impressively large and negative
normal stress differences (ΔN). This work has emphasized
the rheological properties of relatively high aspect ratio
multiwall CNT nanocomposites (A from 300 to 400).
The proposed mechanism relies on the capacity of the
“struts” of the CNT network to rotate about their impinge-
ment junctions.

Mackey et al.44,45 also reported a decreased viscosity in
polystyrene filled with cross-linked polystyrenes nanoparti-
cles. They consider that the increase in the free volume aswell
as certain configurational changes to the linear polymer may
be responsible for reducing the viscosity. Jain et al.46 ob-
served a similar drop in viscosity using silica nanoparticles as
filler. In polymers filled with silica, an explanation provided
for the viscosity drop was the selective physical-adsorption
of polymer chains onto nanoparticle surface. Independently,
Maurer et al. observed preferential adsorption of high molar
mass component in polydisperse UHMWPE on silica parti-
cles.47 Accordingly, it can be stressed that the important
variable controlling this process is the relaxation time dis-
tribution of the matrix.

Is important to mention that theoretical works suggest
that the nature of the particle polymer interaction;attrac-
tive vs repulsive;may play a role in whether or not a
viscosity reduction can take place. The molecular dynamics
simulations done by Kropka et al.48 in their studies on
C60-polymer mixtures (PS, PMMA, and TMPC), showed
that the dynamics of the polymer segments in the vicinity of
the particle surfaces are suppressed relative to the neat
polymer, and this effect results in an excess elastic fraction
of polymer segments at the nanosecond time scale. Smith
et al.49 showed similar results, the viscoelastic properties of
the polymer matrix were strongly perturbed by the nano-
particles and depended upon the nature of the nanoparticle-
polymer interactions. For repulsive systems, a faster polymer
dynamics were observed relative to the puremelt and neutral
systems and were associated with a decrease in the polymer
matrix density. On the other hand, in attractive interactions,
the slowing of polymer dynamics observed was associated
with a dramatic reduction in mobility of adsorbed poly-
mer segments along the nanoparticle surface.

4.3. Practical Consequences of the Presence of Dispersed
CNTs in HDPEMelt. 4.3.1. Processing: Capillary Flow. It is
common practice in rheology to compare the magnitude of
the complex dynamic shear viscosity |η*|, obtained by sub-
jecting a material to a low amplitude oscillatory shear, with
the shear viscosity, obtained in continuous torsion flow or
even in capillary flow. The phenomenological Cox-Merz
rule,50 which often holds to a good approximation for
entangled polymer fluids, does not apply to percolated
CNT nanocomposites (above the threshold concentration).
This finding is consistent with former observations on filled
polymers51 concentrated aqueous nanotube dispersions,52

and clay-based nanocomposites.53

In Figure 4, we can observe the application of the Cox-
Merz rule for the values of the oscillatory complex viscosity
and torsion and capillary shear viscosity in the case of our
nanocomposite. The result strongly supports the Cox-Merz

rule (except in the case of torsion shear viscosity at high shear
rates, a result likely due to slip or spurt of the material
from the measuring system). This is a typical result in
entangled polymer fluids and composites below the percola-
tion threshold.

The comparison of the values obtained of the extrusion
apparent shear stress, σw,app, in both neat HDPE and the
nanocomposite, again results in lower values in the case of
the nanocomposite (see Figure 5). The shear stress in the case
of the nanocomposite is 20% lower than in the case of neat
HDPE, in agreement with the idea of an increased mobility
of the system as a consequence of the physical adsorption of
the molecules with the highest relaxation times (viscosity)
onto the CNT surface. Interestingly, the “slip-stick” distor-
tion regime, typical of polyolefins at high shear rates, shifts
to higher values of the critical shear stress and shear rate in
the case of the nanocomposite. In this case the throughput-
processing rate increases up to 200% the corresponding
value of the neat HDPE. In general it is assumed that the
distortion regimes appear at a critical value of σw/G, then an
increased value of the critical shear stress means a decreased
value of the modulus, G, as it has been shown previously
in Figure 2. Once again this result is a signature of a
decreased concentration of entanglements, probably due to
the adsorbed layer of large molecules trapped onto the CNT
surface.

The existence of these “inactive” molecules in the nano-
composite may be expected to have an impact not only in
processing, but also in ultimate material properties. In fact,

Figure 3. Comparison with literature results of reduced viscosity
(ηcomp/ηmatrix) for different polyethylene/CNT composites: (b)
our materials; (9) UHMWPE (broad MWD) composites;22 (0)
UHMWPE (narrow MWD) composites.22 The solid vertical line
represents the percolation threshold for the viscosity function. The
dashed horizontal line represents the reduced viscosity of thematrix (an
independent variable from molecular architecture).

Figure 4. Application of the Cox-Merz rule for the HDPE/MWNT
nanocomposite at 160 �C. The arrow indicates the onset of wall slip in
torsion shear measurements. Similar results (not shown) are obtained
for the neat HDPE sample.
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in section 4.3.4. below, we will report a curious behavior of
the strain at yield that could be attributed to the deactivation
of the longest chains that are usually present in the amor-
phous zones that interconnect the crystalline lamellae. The
extrusion of high-molecular-mass entangled fluids such as
neat HDPEmatrix, normally exhibits significant die swell in
extrusion.Onemight expect the less entangled state to lead to
a change in the dimensions of the extruded jet of HDPE/
MWNT nanocomposite. Figure 6 shows that the cross-
section of the nanocomposite extrudate, d, indeed becomes
significantly smaller than that corresponding to the neat
HDPE sample. This means that the dimensional stability
of the nanocomposite improves with respect to that observed
in neat HDPE. Kharchenko et al.20 in their studies done on
polypropylene/CNT nanocomposites also observed a reduc-
tion in die swell. This study and recent contributions of the
same authors10,26 indicate that the aspect ratio of the carbon
nanotubes plays a key role in processing. Specifically, for
high aspect ratio of the CNT, nanocomposites exhibit re-
markably large and negative normal stress differences, a
rarely reported phenomenon in soft condensed matter. One
might expect, based on existing models,54 a negative normal
stress to lead to a die shrinkage or little change in the
dimensions of an extruded nanocomposite, as occurs in our
case. For the low aspect ratio CNT/polymer nanocompo-
sites, the apparent normal stresses are observed to be strictly
positive, and then the low aspect ratio nanocomposite
exhibited die swell.

4.3.2.Melt Elongational Properties.Also important differ-
ences have been obtained in the extensional flow curve of
the materials studied as can be observed in Figure 7. The
maximum tensile force obtained for each sample is the “melt
strength” or the force at rupture of the extruded filament,

under the conditions established in the experimental part. A
high tensile force, i.e., high tensile stress and viscosity,
characterizes the neat HDPE sample. The equivalent value
of the tensile stress rupture for thismaterial is 5MPa, slightly
higher than the values obtained for LLDPE, HDPE, and
LDPE (0.5, 0.8, and 2 MPa, respectively).55 Notwithstand-
ing, it should be noted that these values are strongly depen-
dent on the experimental conditions used and setup features.
The HDPE/MWNT nanocomposite shows lower values of
the tensile force at the same draw ratio. The filaments also
break at a lower value of the draw ratio than in the case of the
neat HDPE matrix, and the critical stress for rupture is also
lower. The result indicates that the elongational viscosity of
the nanocomposite is also lower than that corresponding to
the neat HDPE sample. The presence of MWNT causes
decreased values of elongational properties and tensile stress
at break, probably due to the lower number of entanglements
caused by the selective adsorption of the longer chains onto
nanotube surface.

4.3.3. Crystallization. In Figure 8, we can observe the
evolution of the storage modulus for both neat HDPE and
the HDPE/MWNT nanocomposite sample at different crys-
tallization temperatures. This figure shows that the presence
of the CNT in the composite causes the onset of crystal-
lization to occur earlier. Also a slightly different kinetics of
the process is observed. The induction time for the onset of
crystallization has been estimated when a change inG0 of 1%
takes place. In Figure 9a, we can observe the calculation of
the induction time from the reduced storage modulus, de-
fined asGred=G0(t)/G0(t=0). Figure 9b shows that the onset
of the crystallization process is faster by a factor of 3 in the

Figure 5. Flow curves obtained in capillary flow at 160 �C: (9) HDPE;
(0) HDPE/MWNT nanocomposite. The arrows indicate the point at
which slip-stick distortion regime starts in each case.

Figure 6. Extrudate swell versus apparent shear rate obtained in
extrusion capillary measurements at 160 �C: (9) HDPE matrix and
(0) HDPE/MWNT nanocomposite.

Figure 7. Tensile force versus drawn ratio in the melt spinning experi-
ment at 160 �C: (9, b) HDPE matrix and (0) HDPE/MWNT
nanocomposite. Reliability in the results obtained from these measure-
ments are demonstrated in the case of HDPE sample (two independent
measurements).

Figure 8. Isothermal crystallizationmonitored by the time evolution of
the storagemodulus,G0, at different temperatures (123.5 �C, 124.2, and
125.0 �C) of HDPE matrix (symbols) and HDPE/MWNT nanocom-
posite (lines) at constant strain (γ = 0.15%) and frequency (1 Hz).
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nanocomposite than in the neat HDPE matrix. Considering
that the applied low strain (0.15%) does not have an effect on
the crystallization process, the enhancement of nucleation/
crystallization on addition of CNT suggests that the emer-
ging structure is likely a result of the crystallization of the
polymer chains onto the nanotube surface, where the CNT
surface acts as a nucleation site for PE chains to crystallize.

The DSC results obtained by both standard and isother-
mal experiments corroborate the nucleating effect of the
MWNT on the HDPE. Such nucleating effects have been
previously reported in the literature.33,34 Table 1 summarizes
data extracted from cooling and heating DSC scans. The
nucleating effect is detected by the increase in crystallization
temperature of 1 �C, a small but significant number in viewof
the high nucleation density of polyethylene. The melting
temperature and crystallinity were not altered by the pre-
sence of theMWNTs. In dynamic scans nevertheless melting
curves after SSA treatment exhibit differences between neat
polymer and nanocomposites.34

When isothermal DSC experiments were performed (see
Figure 10) at the same crystallization temperatures employed
in Figure 8, it was found that not only the crystallization
process starts in the nanocomposite sample earlier than in
the neat HDPE but the entire crystallization process occurs
faster.

The crystallization kinetics was described in terms of the
Avrami equation, a common tool to describe overall iso-
thermal crystallization (including nucleation and growth).
The Avrami equation can be written as56,57

1-VcðtÞ ¼ expð-ktnÞ ð1Þ

whereVc is the relative transformation volume fraction at the
crystallization time t; k is the overall crystallization rate
constant, which is a function of nucleation and growth,
and n is the Avrami index. The Avrami index is a complex
exponent whose value is related to the dimensionality of the
growing crystals and to the time dependence of nucleation.
In order to fit the experimental data to the Avrami equation,
we closely followed the procedure given in ref 58.

Figure 11 shows how the crystallization half-time (an
experimental measure of the inverse of the overall relative
crystallization rate) depends on the crystallization tempera-
ture. In the nanocomposite case the times to achieve 50% of

Figure 9. (a) Definition of the time for the onset of the crystallization process for (9) HDPE matrix and (0) HDPE/MWNT nanocomposite at a
crystallization temperature of 124.2 �C. (b) Induction time versus crystallization temperature from the G0 time evolution: (9) HDPE matrix and (0)
HDPE/MWNT nanocomposite.

Table 1. Crystallization Temperatures, Melting Temperatures, Enthalpies and Crystallization Percentages Determined during Cooling and
Subsequent Heating DSC Scans

sample Tm onset [�C] Tm peak [�C] ΔHm [J/g] Tc onset [�C] Tc peak [�C] ΔHc [J/g] Xc [%]

neat HDPE 121.7 131.8 173.8 119.5 116.5 191.9 59
HDPE/MWNT nanocomposite 119.7 131.3 182.9 120.2 117.6 196.9 62

Figure 10. Isothermal crystallization monitored by DSC at different
isothermal crystallization temperatures (123.5, 124.2, and 125.0 �C) for
neat HDPE and the HDPE/MWNT nanocomposite sample.

Figure 11. Crystallization halftime versus crystallization temperature
for neat HDPE and HDPE/MWNT nanocomposite system.

Table 2. Avrami Index (n), Overall Crystallization Rate Constant (k),
and Experimentally Determined Half-Crystallization Time Obtained

during Isothermal Crystallization of Neat HDPE and
HDPE/MWNT Nanocomposite

HDPE HDPE/MWNT nanocomposite

Tc [�C] N K [min-n] t1/2 [min-1] n K [min-n] t1/2 [min-1]

123.5 3.3 8.9 � 10-4 8.5 2.6 1.2 � 10-2 5.1
124.2 3.6 5.6 � 10-5 16.0 2.9 9.7 � 10-4 10.6
125.0 3.6 1.6 � 10-6 37.3 2.9 5.0 � 10-5 25.4
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the conversion to the crystalline state are always shorter than
for neat HDPE and the difference is larger at lower super-
coolings. This is consistent with previous results on the
crystallization kinetics of the neat HDPE/MWNT master
batch.33,34

Table 2 lists relevant parameters obtained from the iso-
thermal crystallization experiments by DSC and the Avrami
fits. Larger values of the overall crystallization rate constant
k were obtained for the nanocomposite with respect to
neat HDPE, a result which is fully consistent with the trend
obtained in the experimentally determined half-crystalliza-
tion times. The Avrami index is generally close to 3 and
slightly lower values were obtained for the nanocomposite.
These Avrami indexes indicate for both cases that instanta-
neously nucleated spherulites are being produced. More
dramatic reductions in Avrami index can be obtained if the
CNT load is increased to very large concentrations, since
the morphology can also be significantly altered by confine-
ment effects.

4.3.4. Mechanical Behavior. Table 3 presents values of the
representative mechanical properties obtained by uniaxial
tensile testing. The reinforcement obtained in rigidity is
probably the most outstanding result obtained since adding
only 0.54 wt % of MWNT causes an increase in elastic
modulus of about 100%. This is expected sinceMWNThave
elastic modulus values on the range 270-950 GPa.58,59 Even
though the modulus increases, the tenacity (area under the
stress-strain curve) is not compromised, and the material is
still as ductile as neat HDPE. This is an attractive mecha-
nical behavior since with the use of conventional fillers an
increase in rigidity is usually accompanied by a loss in
ductility (lower tenacity and lower elongation at break).
The good mechanical properties are also a sign of good
dispersion and adequate adhesion between the nanofiller and
the matrix.

Another interesting aspect is that the strain at yield (εy) has
been substantially reduced in the HDPE/MWNT nanocom-
posite as compared to neat HDPE, as can be clearly seen in
Figure 12, where typical experimental curves are shown, and
in Table 3 where the mean values for this property are listed.

The mechanism of neck formation is related to localized
shear yielding. In the case of semicrystalline polymers, the
plastic deformation that characterizes the yielding process
has been described in terms of the slip of crystalline blocks
together with the deformation of the defective intercrystal-
line regions followed by homogeneous shear deformation of
the crystal blocks.60-66 In this process, the tie molecules
(which link crystal block regions by passing though the
intervening amorphous layers) play an important role. We
have shown above rheological evidence suggesting that a
fraction of the long HDPE molecules are adsorbed at the
CNT surface and as a consequence the entanglement density
in the material is lower thereby producing lower viscosity
and elasticity in the molten state. It is then conceivable that
once the polymer solidifies the number of tiemolecules is also
lower as compared to those in neat HDPE. This decreased
number of tie chains could be responsible for the increased
sensitivity of the nanocomposite to undergo yielding at lower
deformations than neat HDPE.

Finally, the tensile properties at break did not experi-
ence any change (HDPE versus nanocomposite) within the

experimental error of the measurements. In summary, in the
HDPE/MWNT nanocomposite examined here, we have
obtained a significant increase in tensile modulus without
loosing tenacity. In the literature other tendencies have been
obtained in similar systems.58,67 McNally et al.21 prepared
PE/MWNT nanocomposites with compositions ranging
from 0.1 to 10 wt % by melt blending and reported a poor
stress transference between the matrix and the filler, as
deduced from the results obtained by static and dynamic
mechanical properties. They argue that the mechanism of
reinforcement is based on interfacial interactions between
the matrix and the filler and not by a fibrillar percolation
network as proposed by Zou et al.68 In both cases, the PE/
CNT nanocomposites were prepared by melt mixing but in
this case the MWNT had a previous superficial treatment
with SiO2. Additionally, in the McNally studies the tenacity
was reduced when the CNT content was increased.

Recently, Kanagaraj et al.69 studied the mechanical and
tribological properties of HDPE reinforced with 0.11, 0.22,
0.33, and 0.44 wt % of chemically treated MWNT by melt
blending. The CNTs were functionalized with different
functional groups like carboxyl, carbonyl, hydroxyl, and
others. According to their results, the yield stress was not
modified and the elastic modulus was increased up to 22%.

5. Conclusions

The linear viscoelastic fingerprint of the neat HDPE sample
suggests that this polymer has a fraction of molecules with very
high relaxation times, a fact consistent with a bimodal molecular
weight commercial HDPE sample. The nanocomposite is char-
acterized by lower values of the viscosity and the shear modulus
in the frequency range applied. This behavior has been observed
in nanocomposites inwhich an adsorption of a fraction (thatwith
the highest molecular weight or relaxation time) of the polymer
chains is considered. The adsorption process promotes that this
fraction of molecules becomes “inactive” (unentangled) within
the matrix, remaining immobilized onto the surface of the
nanotubes and not contributing to the viscosity or to the average
relaxation time of the system. The existence of this fraction of
unentangled/adsorbed chains onto the CNT surface gives rise to
some interesting phenomena in processing: (i) lower values of the
shear stress in extrusion and a delay of the distortion regime to
higher shear stresses and rates (improvement of processability);
(ii) lower values of the extrudate swell, or in other words, an

Table 3. Mechanical Properties of Neat HDPE and HDPE/MWNT Nanocomposite

sample E [MPa] σy [MPa] εy [%] σb [MPa] εb [%] tenacity [KJ/m3]

neat HDPE 334( 66 22( 0.9 27 ( 3 20( 2 500( 109 8( 2
HDPE/MWNT nanocomposite 610( 51 23( 0.4 11 ( 1 21( 3 450( 98 8( 2

Figure 12. Engineering stress-strain curve limited to 250% deforma-
tion in order to highlight the yielding region for neat HDPE and the
HDPE/MWNT nanocomposite.
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improved dimensional stability of the materials after processing;
(iii) lower values of the melt strength, draw ratio and viscosity in
elongational flow; (iv) enhanced crystallization kinetics probed
by rheometry and DSC, suggesting that the CNTs act as
nucleating agents for polymeric chains. Additionally, the
presence of this peculiar interface apparently does not only
influence the molten state but also provokes interesting effects
in the mechanical properties of the polymer, where increases
of 100% in elastic modulus were observed in the HDPE/
MWNT nanocomposite without loosing the ductility present in
neat HDPE.
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