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a b s t r a c t

The effect of single (SWCNT) and multi- (MWCNT) walled carbon nanotubes on the melt flow instabilities
of polyethylenes with different topologies was characterized by means of a novel capillary rheometer
allowing in-situ measurements of the pressure fluctuations inside the die and by scanning electron
microscopy (SEM) analysis. Our results show that carbon nanotubes modify the main characteristics of
the spurt instability developed by the linear polyethylene. Furthermore, the sharkskin instability,
developed in short chain branched polyethylene, is reduced at low amounts of MWCNT and SWCNT.
Noteworthy, the critical shear rate for the on-set of the spurt and the sharkskin instabilities decreases in
the nanocomposites due to the physical interactions between the polymer and the nanofiller.

At high shear rates, the gross melt fracture instability is completely erased in the nanocomposites
based on the linear polymer whereas in short chain branched polyethylene the amplitude of this bulk
distortion is rather moderated. These changes were confirmed by on-line pressure measurements using
the novel capillary rheometer set-up. Based on our results, it is concluded that carbon nanotubes
drastically affect the non-linear molecular dynamic leading to polyethylene melt flow instabilities.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

The incorporation of nanoparticles into polymeric matrices is
a route to prepare plastic materials with either improved or novel
properties [1]. The advantage of adding nanomaterials is often
related with the small amount of filler needed to reach the desired
behavior. In this context, carbon nanotubes [2] (CNTs) have
attracted a large interest due to their extraordinary and unique
properties [3,4]. CNTs have one of the highest electrical and thermal
conductivities, together with an extremely high tensile modulus
and tensile strength [5]. Furthermore, CNTs are characterized by
their high flexibility, low mass density, and large aspect-ratio
(typically between 300 and 1000) [6,7]. Due to the above
mentioned, they are excellent candidates for the fabrication of
multifunctional polymeric nanocomposites that could extend the
range of application of commodity plastic materials, such as
polyethylenes (PE) and polypropylenes (PP).

Examples of the effect of CNTs on the properties (mainly
dielectric and mechanical) of polymeric composites can be found
elsewhere [8e10]. In general, these properties will depend on
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several factors e.g., the polymer chemical composition, filler
dispersion, aspect-ratio and orientation of CNTs, and interactions
between CNTs and the polymer chain [11]. It has been reported that
the CNTs increase the glass transition and thermal stability
temperatures of the polymer while reducing its overall crystalli-
zation [12e22]. Regarding the mechanical properties, tensile tests
for polyolefin/CNT composites show important increase in both the
Young’s modulus and the tensile strength [23e25]. Moreover, the
ductility and impact resistance of some CNT composites are larger
than the pure polymeric matrix [26e29]. Another property studied
in CNT composites is their ability to form a three-dimensional
network in polymeric matrices leading to low electrical and
rheological percolation thresholds [15,20,29e31].

Despite the extensive range of properties for polymer/CNT
composites as above mentioned, there is a lack for a systematic
study about their melt flow instabilities. The latter being especially
relevant for composites based on commodity matrices as part of
these nanomaterials should be melt processed for future
commercial applications. Noteworthy, the optimum throughput
condition for extrusion processes of polymer/CNT composites will
be limited by the appearance of these instabilities [32,33].

There are three main melt flow instabilities depending on the
shear rate and the polymer microstructure, namely: sharkskin,
spurt (or stick-slip), and gross melt fracture. For a controlled piston
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speed capillary rheometer, at low shear rate the surface of the
polymer extrudate is smooth and without any kind of perturba-
tions. Increasing the shear rate, the sharkskin instability could
appear consisting of a periodic surface instability with both small
amplitudes and high characteristic frequencies [34]. In the flow
curve (a plot of the shear rate against the shear stress) this
instability is generally associated with a small change in its slope
[33,35,36]. At higher shear rates, some polymers present the spurt
instability, that it is characterized by periodic smooth/rough
regions in the extrudate associated with both a large but slow
pressure oscillation inside the barrel and a discontinuity in the flow
curve [35,37]. Finally, at high shear rates other instabilities appear
which are associated with bulk phenomena and they are called
gross melt fracture. The common characteristic of the latter
instabilities is its origin in the entrance of the die section due to
turbulences or vortex formations in the barrel [33,38,39].

To all our knowledge, only a few articles have reported the effect
of CNTs towards these melt flow instabilities [40,41]. In general, it
has been shown that the melt flow instabilities are reduced by
increasing the amount of CNTs although without a quantitative
evaluation about this effect. Moreover, a clear classification of the
specific instability studied was missing.

Based on the above mentioned, the aim of this contribution is to
study the effect of single- (SWCNT) and multiwalled carbon
nanotubes (MWCNT) on themainmelt flow instabilities of different
polyethylenes. By using a capillary rheometer with a novel
detection system for melt flow instabilities and two polyethylenes
having different topologies, we are able to characterize spurt,
sharkskin, and gross melt fracture flow instabilities in nano-
composites with CNTamount ranging from 0.05 to 12wt% and from
0.05 to 1 wt%, for MWCNT and SWCNT, respectively. This study is
conducted by utilizing our novel set-up for in-situ pressure
measurements of melt flow instabilities inside the die with a time
resolution Dt of around 1 ms in combination with a pressure
resolution DP of 1 � 10�4 bar [42e46]. Image analysis from scan-
ning electron microscopy (SEM) characterizing the morphology of
the extrudate was further utilized to quantify the morphology of
the extrudate.
2. Experimental

To study the whole range of instabilities, two commercial
polyethylenes of different topologies were selected. The PE-L
sample is a linear high density polyethylene with low amount of
long chain branching (3 LCB/1000 CH2) from Lyondell BASELL and
the PE-SCB sample is a ethylene copolymer with 7mol% of 1-octene
(short chain branching) from Dow. The melt flow rates (190 �C/
2.16 kg) are: 0.10, and 3.0 g/10 min for PE-L and PE-SCB samples,
respectively. The details of topology, molecular weight, melt
instability, relaxation time, andmelting temperature of the samples
are given in Table 1.

The multiwalled carbon nanotubes (MWCNT) were kindly
supplied by Bayer Material Science AG (Baytubes C150P). Based on
Table 1
Main characteristics of the polyethylenes studied.

Sample Estimated
topology

Mw

(kg/mol)
Mn

(kg/mol)
Melting
temperature
(�C)

Relaxation
timeb (s)

Main
instability

PE-L Linear 193 20 128.4 0.2 Spurt
PEeSCB Short chain

branchinga
100 45 99.8 < 0.01 Sharkskin

a 6% mol SCB.
b Estimated from the cross-over point between the elastic and viscous moluli in

a frequency sweep test at 190 �C.
the datasheet information provided by Bayer, they are character-
ized by a purity higher than 95wt%, number of walls between 2 and
15, an outer mean diameter of 13e16 nm, an inner mean diameter
of 4 nm, length between 1 and >10 mm, and a bulk density around
150 kg/m3.

The single walled carbon nanotubes (SWCNT) were prepared by
laser vaporization as detailed elsewhere [47]. An Nd:YAG laser
irradiated a side surface of a rotating and axially translating
composite carbon rod (target) placed in a 470 mm T-like quartz
tube inside a hinge oven. Vaporization was performed at an oven
temperature of 1150 �C in 0.5 bar Ar flowing at 80 sccm. SWCNT
material was collected on a filter downstream of the oven, in a cold
downstream region of the quarts tube along the tubing to the filter.

The dispersion of CNTs in the polymericmatrix was improved by
preparing the nanocomposites with a two-steps route. In the first
step, the desired amount of CNT was added to a 1,2-dichlorobenzen
(DCB, Acros Organic) solution and dispersed gradually during 3 h
using a standard VWR ultrasonic cleaner in order to avoid changes
in its aspect-ratio. For nanocomposites with content of MWCNT
lower than 3 wt%, a CNT concentration of 95 mg/L was used [48].
Other composites were prepared using higher concentrations.
Typically, for a composite with 1 wt% of filler, 150 mg of CNT were
dissolved in 500 ml of DCB. Additionally, the polymer (15 g) was
dissolved in DCB at 120 �C at a concentration of 15 g/L. After the
time to dissolve the CNT was elapsed, the CNT solution was heated
to 120 �C and added to the polymer solution. The mixture was
stirred for 5 min and quickly poured into methanol (Acros Organic)
at room temperature and kept it overnight. The precipitate was
filtered, dried and putted in an ovenwith a controlled-temperature
(w50 �C) vacuum system to remove the solvent. In the second step,
the composites prepared by the solution method were additionally
melt-mixed using a HAAKE MiniLab I Micro Compounder from
Thermo Scientific with a counter-rotating twin-screw system at
110 RPM. Themixtures were carried out at 210 �C and 140 �C for PE-
L and PE-SCB, respectively, for 10 min. By means of this two-steps
route, composites with 0.05, 0.1, 0.5, 1.0, 3.0, 6.0, and 12.0 wt% were
prepared. Pure PE-L and PE-SCB samples without CNT subjected to
this two-steps route condition allowed us to analyze the effect of
the processing conditions on their properties (e.g. G0(u) and G00(u)).
Significant differences between these pure polymers without any
filler and the no-processes pure samples were not detected.

Capillary flow measurements were carried out in a GÖTTFERT
Rheo-tester 2000 capillary rheometer at 190 �C and 140 �C for
composites based on PE-L and PE-SCB, respectively. Both the shear
stress and the shear rate were measured without any correction
(e.g. Bagley or Rabinowitch). The slit-die used in this work is home-
made and non-conventional (see Fig. 1) although now it is also
commercially available via Göttfert. It was specifically designed in
order to allow the evaluation of fast and minor pressure fluctua-
tions at three different locations along its length, at 3,15 and 27mm
and named T1, T2 and T3 respectively. Details about this new and
unique set-up and the mathematical framework to process its
pressure data are reported elsewhere [42e45]. The limit time
resolution Dt is typically 1 ms and 1 � 10�4 bar for pressure reso-
lution DP. Fourier analysis is performed on the time dependent
pressure data, and the observed peaks at the frequency-domain are
located at frequencies that are the inverse of the related time scale
of the instability. All the experiments were repeated at least twice
to ensure reliability of the tendencies found through the article.

The viscoelastic properties of the samples were obtained in
an ARES rheometer from TA Instruments using parallel plate
configuration with a diameter of 25 mm at temperatures of 140�

and 190 �C, for PE-L and PE-SCB, respectively. Oscillatory shear
experiments in the linear regime were conducted in a frequency
range from 10�2 to 102 rad s�1, under nitrogen atmosphere.



Fig. 1. Technical drawing of the home-made slit-die designed with three high sensitive
pressure transducer inside the slit (0.3 � 3 � 0.3 mm3), labeled as T1, T2 and T3.
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The morphology of the polymer/carbon nanotube composites
was investigated using a Hitachi S-570 scanning electron micro-
scope (SEM) operated with an accelerating voltage of 25 kV. SEM
observations were made from samples whose surface was vacuum-
metallized with a Au conductive layer. The “Image J” software
package was used for the quantitative analysis of SEMmicrographs
[49]. The specific density of cell boundaries is the parameter
evaluated from the pictures. It is calculated by correlating the total
length of the cell boundaries relative to the total area studied. A cell
network is defined by the boundaries of the distortions appearing
in the extrudate. In our case, these boundaries represent both
a closed cell and an open structure. From reconstructed binary
micrographs a total value of black pixels (representing the cell
boundaries) is related to themeasured total area of the micrograph.
3. Results and discussions

3.1. Melt viscoelasticity

Figs. 2 and 3 show the elastic (G0) and the viscous moduli (G00) of
the composites based on PE-L and PE-SCB with MWCNT, respec-
tively. Increasing the amount of MWCNT a slight increase in the
moduli is observed in PE-L composites. There is no evidence about
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Fig. 2. Elastic (G0) and viscous (G00) moduli for PE-L and some of its composites with
MWCNT measured at 190 �C.
a solid-like transition even in the sample with 12 wt% of MWCNT.
A clear difference is observed in composites based on PE-SCB as
a rheological percolation appears at filler concentrations higher
than 1 wt%. The PE-SCB sample with the highest amount of filler
displays at low frequencies (w0.1 rad/s) elastic (G0) and viscous (G00)
moduli that are four and two orders of magnitude larger than the
neat sample, respectively. Moreover, this composite displays
a frequency-independent moduli and the elastic response becomes
larger than the viscous response reflecting the transition from
a liquid-like to a solid-like behavior.

The dispersion degree of CNT in the polymer matrix strongly
affects the viscoelastic response of the composite at melt state [50].
Therefore, the behavior observed in PE-L composites could be
explained by a poor dispersion of CNT in the composites. Neverthe-
less, the melt dynamic properties (e.g. the longest relaxation time as
displayed in Table 1) and the molecular weight of the matrix should
be further considered. It iswell known that the effect of the nanofiller
is dominantly observed at low frequencieswhere the polymer is able
to relax and the short-range physical interactions between the
MWCNT and the polymer become important [11]. Due to the pres-
ence of small amounts of long chain branching in PE-L, the terminal
zone (characterized by G0 f u2 and G00 f u1) is not yet observed in
Fig. 2 and thepolymerdoesnot fully relaxwithin the tested timescale
[51]. Therefore, it is not possible to observe the solid-like transition in
this sample in our frequency range. The opposite is found in PE-SCB
and its terminal zone is observed in Fig. 4. This approach is supported
by the electrical conductivity behavior (not shown in this contribu-
tion) of the nanocomposites based on PE-L. An electrical percolation
transition at concentrationsw6wt% is observed in these composites
meaning that CNT are well disperse and are able to form a 3-D
interconnected network through the matrix. On the other hand,
the molecular weight (see Table 1) is another factor changing the
behavior of these nanocomposites as the load transfer between the
polymer and the CNT and the rheological constrains of the polymer
chains are affected by this parameter [11,52]. PE-L presents a higher
molecular weight than PE-SCB, therefore it needs more filler to
display similar behavior than PE-SCB [52].

Despite the above mentioned regarding differences in filler
dispersion, viscoelastic behavior, and chain molecular weights, the
CNT are able to interact with the polymer chains modifying
drastically the melt flow instabilities of both matrices as our
findings show (see below for details).

3.2. Spurt instability

The flow curves for PE-L and its composites with high amounts
ofMWCNTare displayed in Fig. 4. The data for the other samples are
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Fig. 3. Elastic (G0) and viscous (G00) moduli for PE-SCB and its composites with MWCNT
measured at 140 �C.



Fig. 4. Flow curve for PE-L and its composites with high amount of MWCNTs measured
at 190 �C. The arrows indicate the on-set of the spurt instability.
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not shown as they display the same tendency. The pure PE-L
develops the spurt instability at shear rates higher than 250 s�1 as
a discontinuity in the flow curve is observed around this point [44].
Moreover, large but slow pressure fluctuations of approximately
10% with respect to the mean value are detected even by the
conventional transducer located inside the barrel at shear rates
higher than 250 s�1. These large but slow fluctuations are related
with the appearance of alternated smooth/rough regions in the
extrudate as it is well known for the spurt instability [44,53e55].
From Fig. 4, it is also observed that increasing the amount of
MWCNT in the PE-L matrix, the shear rate for the on-set of the
instability decreases. The last finding is better observed by plotting
the critical shear rate ð _gcÞ and shear stress (sc) for the on-set of the
spurt instability against the filler content for all samples (Fig. 5). By
increasing the amount of MWCNT, _gc decreases proportionally to
its content. This critical shear rate can be reduced about 40%
respects to the original value in samples with the highest amount of
filler. The shear stress threshold for the on-set of the spurt insta-
bility nevertheless keeps constant, independent of the MWCNT
content.

It is possible to understand the spurt instability as a reversible
transition from a stick to a slip condition in the fluid at the die-wall.
Based on the model of Brochard and de Gennes [56], this transition
can be related with changes in the forces acting on adsorbed or
grafted chains at a wall due to the surrounded polymers. To discuss
our findings, one tethered chain in a flowing melt at the low
grafting density limit is considered [56]. This simple analysis gives
the basic principles to quantitatively understand our phenomena.
In this case, the total friction force acting on a grafted chain is [57]:
Fig. 5. Effect of the MWCNT content on the critical shear rate ð _gcÞ and shear stress (sc)
for the on-set of the spurt instability in PE-L samples at 190 �C.
Fv ¼ X$a$hp$V (1)
where X is the number of mobile chains from themelt trapped with
the tethered chain; V is the velocity of the mobile chains with
respect to the grafted chain; a is the molecular size of the monomer
with length units; and hp is the viscosity of the melt. At high
velocities is possible to show that the grafted chain will have
a cigar-shape with a mean diameter D of [57]:

D ¼
~k$T
Fv

(2)

where ~k is a constant and T is the absolute temperature. From the
above mentioned, it is concluded that increasing the velocity of the
fluid the diameter of the tethered molecule decreases. At
a threshold velocity, V*, the named marginal regime is reached
where the diameter of the grafted polymer is the minimum, D*,
necessary to entangle with the melt [56,57]:

DðV*Þ ¼ D*fa$N1=2
e (3)

where Ne is the number of monomers per entanglement. At
velocities higher than V*, the polymer will disentangle from the
surround molecules (slip process), therefore the drag force on the
chain will decrease, increasing D and allowing the entanglements
again (stick process). In this way, a reversible process occurs at
these velocities called coilestretch transition. From the last
equation, it is possible to gain the following expression:

V* ¼ k$T

X$N1=2
e $a2$hp

(4)

where k is a constant. To simplify our analysis, we state that by
reaching the so called marginal regime, the fluid suffers the tran-
sition from the stick to the slip condition at the wall meaning
macroscopically the spurt instability.

Due to the interactions between the MWCNT and the polymer
[11,58], we can assume that in the nanocomposite the total
frictional force on the tethered polymer is now:

Fv ¼ X$a$hp$V þ XCNT$kCNT$V (5)

where XCNT is the number of MWCNT interacting with the tethered
chain and kCNT is a constant. A simple linear relationship between
the frictional forces on the polymer due to MWCNT and the filler
velocity is therefore postulated. It is also assumed that the velocity
of the fluid is the same as the velocity of the MWCNT. Based on the
above mentioned, the new velocity V*

CNT necessary to reach D* in
the nanocomposites is:

V*
CNT ¼ k$T

N1=2
e $a$

�
X$a$hp þ XCNT$kCNT

� < V* (6)

Therefore, due to the interactions between the MWCNT and the
polymers adsorbed at the wall, the velocity necessary to reach
the marginal regime is lower and inversely proportional to the
concentration of filler, confirming our results (Figs. 4 and 5).
Furthermore, the critical force needed to reach themarginal regime
should not be changed in the nanocomposites, explaining the
behavior observed in Fig. 5 for the critical shear stress. By adding
other relationships for the new forces on the grafted polymer due
to the MWCNT, the main conclusion of this analysis is not altered.

There is a different approach to understand Fig. 5 based on
a kinetic argumentation. It has been reported that a second
condition for the stick-slip process is that the tube evacuation time
of a bulked-chain to disentangle from the grafted chain ðTrepÞ
should be lower than the relaxation time of the bulk polymers
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ðsbulkÞ [57]. As the presence of MWCNT increases the viscosity of
the melt that surround the grafted chains, rising sbulk, the critical
velocity of the fluid allowing to Trep be lower than sbulk will
decrease with the content of CNTs because Trepf1=V [57].

The presence of MWCNT in the polymer also modifies the
relative pressure fluctuation associated with the stick/slip cycles
measured as the ratio between the standard deviation of the
pressure oscillation and its mean value [44,59]. By increasing the
amount of MWCNT, the relative pressure fluctuation at a shear rate
of 315 s�1 increases reaching a plateau approximately of 5.5% at
concentrations higher than 1wt% as displayed in Fig. 6. This effect is
due to the larger total frictional force on the chains when the
amount of MWCNT increases meaning that at a same shear rate the
nanocomposites will have a larger shear stress field than the neat
polymer. It has been shown recently [44] that by increasing the
shear rate (or the shear stress) in pure PE-L, the relative pressure
fluctuation of the stick/slip transition is increased in agreement
with our results for the nanocomposites. Therefore, the nano-
composites at 315 s�1 behave as the pure matrix at a higher shear
rate.

A summary of the effect of the MWCNT on the spurt instability
behavior is displayed in Table 2.
3.3. Sharkskin instability

PE-SCB develops sharkskin instability as a surface distortionwas
observed in the extrudate at low shear rates. As it has been
proposed, the on-set of this instability can be related with a change
in the slope of the flow curve [33,35,36]. Based on this change, it is
found that the presence of MWCNT decreases the shear rate for the
on-set of the sharkskin instability as displayed in Fig. 7, similar to
the effect on the spurt instability. Moreover, the shear stress is
again unrelated with the filler content. Therefore, both instabilities
can be triggered by a critical shear stress that is reached at lower
shear rates due to the presence of MWCNT increasing the total
frictional force on the chains (see equation (5)). It is highlighted
that even if composites based on PE-L and PE-SCB display differ-
ences in the filler dispersion still both matrices should present
physical interactions with CNT although quantitatively different.

Several theories explaining sharkskin instability have been
reported. Some theories are based on the singularity in the flow
dynamic of the polymer around the die-exit due a high velocity
gradient as the flow evolves from a shear flow with no-slip
boundary condition to a plug flow with free surface boundary
condition. This singularity could produce a fast melt rupture in the
polymer at the die-exit [34] or a coilestretch transition in a zone
still inside the die but very close to its exit [35]. Other theories
explaining sharkskin instability are based on the constitutive origin
of the sharkskin instability inside the die as some experimental
results seem to support [53,60,61]. Despite the lack of a unified
mechanism explaining sharkskin instability, all the above
mentioned theories explicitly define a critical force for the on-set of
the distortion that is reached at lower shear rates when the
MWCNT are added.
Table 2
Summary of the effect of CNT on the main melt flow instabilities of polyethylenes.

Polyethylene topology Concentration of CNT Spurt

Linear Low Not affected
High Larger pressure fluctuatio

and lower _gc
Short chain branched Low N/A

High N/A

_gc: Critical shear rate for the on-set of the instability; the limit between low and high co
To evaluate the effect of the MWCNT on the behavior of the
sharkskin instability, SEM images of the composites processes at
a shear rate of 472 s�1 were taken. Some representative images are
displayed in Fig. 8. Important changes in the morphology of the
extrudate are observed depending on the amount of MWCNT. At
low filler content, the composites present reduced surface insta-
bility amplitudes (Fig. 8b) compared with the neat sample (Fig. 8a).
Increasing the filler content, in particular at concentrations of
MWCNT higher than 3 wt%, an opposite effect is observed as the
surface instability presents distortions similar to the neat polymer
that it can become even slightly stronger in the case of the
composite with the highest amount of filler (Fig. 8c and d). The
larger forces acting on the polymer by the presence of the MWCNT
(see equation (5)) can trigger phenomena occurring in the neat
polymer at higher shear rates. The latter meaning that the nano-
composites with high MWCNT content can develop a sharkskin
with characteristics related with higher shear rates or some kind of
gross melt fracture, similar to the found in PE-L under spurt
instability. This is supported by recently results showing that the
main characteristics of the melt instabilities are shear rate depen-
dent in these samples [44].

The specific density of cell boundary was measured from SEM
images for each sample processed at 472 s�1 quantifying the
changes in the polymer morphology. A summary of these results is
displayed in Fig. 9. From this figure is clear that composites with
a filler amount lower than 1 wt% present a specific density of cell
boundaries that are below the value corresponding to the neat
samplemeaning a reduced distortion in themicrograph. The lowest
distortion occurs at a filler concentration of 0.1 wt%. At higher
concentrations the samples display values that are close to the neat
sample. This figure supports the effect of MWCNT on the sharkskin
morphology, showing that the low amount of filler is able to reduce
the surface distortion. Another parameter that was evaluated from
SEM images is the characteristic length of the instability. For this
purpose, Fourier analysis was carried out to the SEM images
Sharkskin Gross melt fracture

N/A Not affected
ns N/A Erased

Reduced surface distortion Not affected
Larger surface distortion and characteristic
length, and lower _gc

Reduced distortion

ncentrations of CNT is w1 wt%. For details see the text.



Fig. 7. Effect of the MWCNT content on the critical shear rate ð _gcÞ and shear stress (sc)
for the on-set of the sharkskin instability in PE-SCB/MWCNTs composites at 140 �C.
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allowing the quantification of the number of instabilities per image
[62]. The inverse of the main peak displayed in the Fourier space
gives the characteristic length of the instability, as displayed in
Fig. 10. From the latter figure is clear that with MWCNT the char-
acteristic length of the instability increases until a w50%. Further-
more, the lowest characteristic length is for the composite with
Fig. 8. SEM images showing the effect of carbon nanotube on the surface morphology of PE-
develop sharkskin instability.
0.1 wt%, in agreement with the results from the specific density of
cell boundaries.

To evaluate the effect of the structure of carbon nanotube on this
instability, composites of PE-SCB with SWCNT having concentra-
tions ranging from0.05 to 1.0wt%were prepared. Although at these
concentrations of filler it was not possible to detect any change in
the critical shear rate for the on-set of the instability, the presence
of SWCNT is able to reduce the surface instability at low concen-
trations as observed in Fig. 8e. Therefore, carbon nanotubes can
reduce the sharkskin distortion at low concentrations independent
of its characteristics. Furthermore, at 1 wt% of SWCNT the surface
instability is stronger than the neat sample (Fig. 8f), similar to the
observed at higher concentrations of MWCNT. A summary of the
effect of the MWCNT on the spurt instability behavior is displayed
in Table 2.
3.4. Gross melt fracture

At high shear rates the samples develop gross melt fracture that
it is characterized by a bulk distortion in the extrudate [44]. Using
the novel set-up based on three transducers located inside the die
and applying advanced mathematical tools to process the time
SCB composites processed at a shear rate of 472 s�1. Under these conditions the samples



Fig. 10. Effect of the MWCNT on the characteristic length of the instability as measured
from Fourier analysis of the SEM images.
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Fig. 9. Effect of MWCNT and shear rate on the specific density of cell boundaries for
PE-SCB composites: a) circles correspond to a shear rate of 472 s�1 and b) square
corresponds to a shear rate of 1047 s�1. The arrow indicates the value of the pure
polymer at 472 s�1.
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dependent pressure signal, it is possible to detect in-situ the
pressure fluctuations coming from this instability [42e44,53].

Regarding the composites based on the linear PE-L, Fig. 11
shows representative Fourier transforms of the pressure fluctua-
tion (P(t)) measured inside the die at a shear rate of 2047 s�1

[42,44,46,53,63]. Under this condition, the pure PE-L develops
gross melt fracture and the peak appearing in Fig. 11a at
a frequency of 30 Hz is related with the period of this instability in
the extrudate [44]. Composites with low amount of filler not only
show the same main peak at 30 Hz but also one of its harmonics at
60 Hz (Fig. 11b) [44]. Noteworthy, composites with filler content
higher than 1 wt% do not show any peak in the Fourier transform
of their pressure signals, as it is observed in Fig. 11c and d. The
absence of a characteristic peak in the Fourier spectra means that
the pressure fluctuation associated with the instability is either
drastically diminished or changed to a higher characteristic
frequency out of the range of our set-up. Nevertheless, the
extrudates associated with these composites are smooth and
Fig. 11. Fourier transform of the pressure fluctuation associated with gross melt
evidences of irregularities coming from melt instabilities could not
be observed. Therefore, the gross melt fracture is not developed in
composites with MWCNT content higher than 1 wt% at a shear
rate of 2047 s�1 as additionally detected by the suppression of the
pressure fluctuations inside the die. It has been recently shown
a similar tendency in polyethylene/clay nanocomposites [64],
where the gross melt fracture is delayed to higher shear rates due
to the higher elastic properties of the composites resisting large
elongational stresses. Noteworthy, this result means that nano-
composites based on high density polyethylenes and carbon
nanotubes can have larger throughout in extrusion processes with
highly economical and environmental consequences.

The effect of MWCNT on the gross melt fracture of PE-L has
another relevant consequence related with the lack of any effect of
the filler in the linear viscoelastic measurements displayed in Fig. 2.
Furthermore, composites based on PE-L display an electrical
percolation at filler concentration higher than 6 wt%, as it will be
reported in a next contribution. Therefore, similar to other molec-
ular characteristics of the polyethylenes such as small amount of
long chain branching in polyethylene [65], mechanical linear
fracture instability for composites based on PE-L at a shear rate of 2047 s�1.



Fig. 12. SEM images showing the effect of MWCNTs amount on the surface morphology of PE-SCB composites processed at a shear rate of 1054 s�1. Under these conditions the
samples develop gross melt fracture. Insets in (b) and (d) demonstrate detailed morphological changes occurring with increasing MWCNTs amount.
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measurements of G0 and G00 are not enough to fully characterize the
filled polyethylenes.

Analyzing the SEM images of the composites based on PE-SCB
processed at a shear rate of 1047 s�1, the effect of CNTs on the gross
melt fracture for short chain branched samples is further studied
(Fig. 12). The neat polymer shows the characteristic morphology of
this instability with strong bulk distortions as opposed to the
surface instability observed at 472 s�1. The characteristic frequency
measured by the Fourier transform of the associated pressure signal
is localized at 61 Hz. Composites with low amount of filler do not
show any difference in the morphology compared with the neat
polymer as it is concluded from Fig. 12a and b. Moreover, these
composites presented pressure fluctuations inside the die with the
same characteristic frequency and mean value as the neat polymer.
At concentrations of MWCNT higher than 3 wt%, drastic changes in
the morphology are observed (e.g. Fig. 12c and d). The effect on the
morphology of MWCNT is confirmed analyzing the specific density
of cell boundaries displayed in Fig. 9 for all the nanocomposites
where a systematic decreases, proportional to the filler content, is
clearly observed. Furthermore, the characteristic length shows an
increase with the MWCNT, similar to the observed for sharkskin
(Fig. 10).

In composites based on PE-SCB with concentrations of MWCNT
higher than 3 wt%, the Fourier transform of the pressure signal is
not able to detect any characteristic peak in our frequency range.
Therefore, similar to the observed in PE-L based composites with
high filler content, exist a threshold concentration of filler sup-
pressing the dynamic of the pressure fluctuation inside the die. But
despite the absent of a signal detection of these pressure fluctua-
tions, the composites based on the PE-SCB display surface distor-
tions even at the highest content of MWCNT. The last could be due
to an important reduction of the pressure fluctuation inside the die
to levels lower than the sensitivity of our novel set-up, but that it
could allow anyway the appearance of distortions in the extrudate.
A summary of the effect of the MWCNT on the spurt instability
behavior is displayed in Table 2.

From Fig. 12 is not only possible to observe the drastic change in
the morphology between the samples but also the suppression in
the die-swell phenomenon [41]. It has been reported that the
MWCNT are able to produce a negative first normal stress differ-
ence in the polymers. This change in the normal stress generates
a contraction of the fluid exiting the die by a suppression of the die-
swell [41]. In our case, the extrudate contraction relative to the pure
polymer is evident at polymers with high MWCNTcontent (Figs. 8d
and 12d). To evaluate indirectly the change in the first normal
stresses, the relative ratio (RR) defined as the ratio between the
width of the composite and the width of the slit was measured for
all the samples at the different shear rates. The PE-L sample pro-
cessed at 2047 s�1 continuously decrease its RR while increasing
the amount of filler from 1.5 to 1.3, for the neat polymer and the
composite with 12wt% ofMWCNT, respectively. The PE-SCB sample
displays a similar behavior asMWCNTare able to reduce its RR from
1.06 to 0.91 for the neat sample and the composite with the highest
amount of filler, respectively, when is processed at 432 s�1. At
1047 s�1 these changes are larger: from 1.2 to 0.92. The strong
reduction in the composite width with the content of MWCNT
confirms that the incorporation of the nanofiller decrease the die-
swell effect. This reduction in the die-swell can further explain
somemorphology changes in the melt instabilities above discussed
such as gross melt fracture instability in PE-SCB at 1047 s�1.

4. Conclusions

The effect of the addition of carbon nanotubes on the polymer
melt flow instabilities was studied by a specially modified GÖTT-
FERT capillary rheometer and a scanning electron microscopy
(SEM) coupled with digital image analysis. Composites based on
the linear polyethylene present spurt instability and the addition of
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MWCNT decreases the critical shear rate for the on-set of this
instability although the shear stress threshold is not altered. The
last findings are explained by the interactions between the filler
and the polymer increasing the frictional forces. The amplitude of
the pressure fluctuations associated with stick/slip processes are
raised with the addition of the filler.

Samples based on the polyethylene with short chain branching
develop the sharkskin instability. Similar to the spurt instability, the
increase of MWCNT reduces the critical shear rate for the on-set of
this instability, as higher forces are present on the polymer due to
the nanofiller. At filler concentrations lower than 1 wt%, the shark-
skin distortion is reduced but at higher contents a more drastic
distortion is developed and the characteristic length of the insta-
bility is increased as observed by SEM. This tendency is a general
behavior of carbon nanotubes as SWCNT display the same effect.
Therefore, low amount of single- andmultiwalled carbon nanotubes
are able to reduce the sharkskin instability at low concentrations.

Independent of the polymer microstructure, the addition of
MWCNT drastically modifies the gross melt fracture instability
found at high shear rates. In composites based on linear PE-L this
instability is completely erased at high amounts of filler and
evidences of this distortion in the extrudate is not found. Therefore
MWCNT can increase the throughput of extrusion processes. In
composites based on the short chain branched PE-SCB, the ampli-
tude of the distortion associated with this bulk instability is dras-
tically reduced. These results are supported by in-site pressure
measurements inside the slit-die showing that at concentrations of
MWCNT higher than w3 wt%, the pressure fluctuations associated
with gross melt fracture are note detected.

By measuring the values of the specific density of cell bound-
aries extracted from reconstructed SEM micrographs, the quanti-
fication of the above mentioned surface distortions as function of
filler content was possible for PE-SCB composites. This parameter
confirms the strong effect of MWCNT on the distortions from the
extrudate.

By means of our findings a clear effect of the carbon nanotubes
on the main melt flow instabilities observed in polyethylenes is
concluded. This effect depends of the specific instability that it is
analyzed and of the concentration offiller, as summarized inTable 2.
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