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Carbon nanotubes (CNTs) are under intense investigation in
materials science owing to their potential for modifying the
electrical conductivity o, shear viscosity n, and other
transport properties of polymeric materials. These particles
are hybrids of filler and nanoscale additives because
their lengths are macroscopic whereas their cross-
sectional dimensions are closer to molecular scales.
The combination of extended shape, rigidity and
deformability allows CNTs to be mechanically dispersed in
polymer matrices in the form of disordered ‘jammed’
network structures. Our measurements on representative
network-forming multiwall nanotube (MWNT) dispersions
in polypropylene indicate that these materials exhibit
extraordinary flow-induced property changes. Specifically,
o and n both decrease strongly with increasing shear rate,
and these nanocomposites exhibit impressively large and
negative normal stress differences, a rarely reported
phenomenon in soft condensed matter. We illustrate the
practical implications of these nonlinear transport
properties by showing that MWNTs eliminate die swell in

our nanocomposites, an effect crucial for their processing.
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and plate-like particles (for example, tobacco mosaic virus and

clay particlesin solution) to form orientationally ordered nematic
phases, and his pioneering work has since been refined into a rich and
technologically significant theory of liquid-crystalline material
properties and phase transitions®. The applicability of this theory to
ensembles of extended objects is questionable, however, when they
become so large that brownian motion is insignificant and the
attainment of equilibrium thus impossible. This condition arises, for
example, when highly extended particles are placed in a viscous matrix,
precisely the nature of carbon nanotube and exfoliated clay® polymer
‘nanocomposites. Such materials are inherently out of equilibrium, and
can be expected to exhibit properties distinct from their equilibrium
liquid-crystalline counterparts.

The strong interest in carbon nanotubes (CNTs) dispersed into
polymeric materials stems from their ability to affect thermal?,
electrical® and rheological® properties at relatively small concentrations.
CNT additives have found manufacturing applications in electrostatic
painting, protective coatings for electronic components’ and
flammability reduction®. Use of CNTs, however, requires an
understanding of how processing conditions (mixing, moulding,
extrusion) influence nanocomposite properties.

Despite the high elastic modulus of carbon nanotubes, their small
cross-sectional dimensions and extremelength relative to this dimension
allow them to bend’ substantially in response to inter-tube interactions
under processing conditions. At concentrations greater than random
close-packing for rigid tubular objects, this bending leads to the
formation of a disordered web-like structure of substantial mechanical
integrity'. These non-equilibrium systems have been referred to as
‘jammed solids" or ‘dispersion gels'’, and are encountered in a wide
range of everyday materials (for example, colloidal suspensions, pastes
and granular media)"”. The presence of a nanotube network
interpenetrating the polymer matrix creates additional and large
contributions to nanocomposite viscoelasticity. What kind of transport
properties can be expected from this peculiar state of matter, beyond an
increase in stiffness and electrical and thermal conductivity?

0 nsager' first explained the tendency of highly anisotropic rod-like
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Figure 1 Morphology of MWNT/PP nanocomposites. This optical microscopy image of
¢=0.01 nanocomposite, obtained using a x100 objective, demonstrates good dispersion
of the MWNTs and reveals a polydispersity in nanotube length and shape. The uniformity of
dispersion remains at higher concentrations, but it becomes more difficult to resolve the
individual tubes.

First, we briefly consider the geometrical configuration of the
MWNTsin a polypropylene (PP) matrix. Imaging this structure at high
volume fractions is difficult due to the strong optical adsorption by
CNTs, but we can obtain representative optical images for intermediate
MWNT concentrations, as shown in Fig. 1. The MWNT volume
fraction ¢ in this figure is 0.01, which is close to the geometrical
percolation concentration where the CNT network first forms, and
where the conductivity and stiffness of the nanocomposite increase by
orders of magnitude, as described below.

Next, we characterize the large changes in viscoelasticity and
conductivity for which polymer composites containing CNT are well
known. In Fig.2, we show simultaneous measurements of the
electrical conductivity, o, and the shear moduli (G, G”) of our
nanocomposites. G’ can be thought of as a measure of ‘stiffness’ and
G" provides a measurement of viscous resistance to deformation.
Theratio (G'/G""), otherwise known as the inverse of the loss tangent’
(G"/G" = tand ), is a measure of the composite ‘firmness’ and we
compare this basic quantity to 0. We observe that both (G'/G"") and o
increase with ¢and that this variation becomes rapid for ¢ in the range
from0.0025t0 0.01. The transport property percolation thresholds for
conductivity and firmness are both in the concentration range 0.0025
to 0.01 (indicated by the dashed red lines in Fig. 2a), and this range is
comparable to an order of magnitude estimate of the geometrical
percolation threshold. For specific comparison, we note that the
percolation threshold for overlapping needles in the range between
0.01 and 0.001 corresponds to an aspect-ratio range between 100 and
1,000 (ref. 13). Independent measurement of the aspect ratio of our
nanotubesindicatesa value near 1,000 before processing, and between
300 and 400 after processing. We also point out that the sharp increase
in 0 occurs at a somewhat lower level of ¢ than that for (G'/G"),
consistent with the expectation that connectivity percolation should
precede the percolation of rigidity™.

We see from Fig. 2 that adding MWNT to the PP matrix increases
the conductivity by an impressive seven orders of magnitude as a
percolating structure forms. Similar changes have been noted in
earlier works'®, showing the attractiveness of using MWNT additives
for modifying the electrical conductivity of polymeric materials’.
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Figure 2 Characterization of the transport property transitions in MWNT/PP
nanocomposites. a, The insulator—conductor transition (left yaxis) is shown by the
circles and the liquid-like to solid-like transition (right y axis) by the squares (T=200 °C).
The (G'/G")ratio is measured at = 0.1 rad s™'. The red dashed lines indicate the
percolation threshold range. b, The increase in the elasticity (G’) of nanocomposites with
nanotube content.

These additives also lead to an appreciable change in the
nanocomposite elasticity (G"), which increases by a factor of the order
of 10* (Fig.2b). We further observe that G' and G" become
independent of frequency as ¢ is varied through the gelation
concentration @, = 0.01 at which the viscoelastic response changes
from ‘liquid-like’ to ‘solid-like’. This finding is qualitatively similar to
previous observations on aqueous CNT dispersions'®, so we can
conclude that the elastic effects arise primarily from the nanotube
network. An examination of the concentration dependence of G" and
G indicates thatitscales as ¢*7*2, which is also consistent with former
aqueous CNT-dispersion measurements. Networks of sterically
entangled solutions of semiflexible biopolymers, such as F-actin?/,
exhibit a similar scaling of G" and G with ¢, suggesting that this
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Figure 3 Modification of transport properties during flow. a, The normalized
viscosity, normal force and electrical conductivity of the ¢ = 0.025 nanocomposite
(T=200 °C), and solid lines are Carreau fits (see text). The normalized viscosity of

the unfilled PP (red circles) is shown to demonstrate the role of the MWNT network at the
onset of shear thinning. Properties are normalized by the reference ‘low’ shear-rate values
for y=0.001 s™" (note that the viscosity of the 2.5% MWNT/PP nanocomposite is larger by
about a factor of 100 than that of the matrix). b, Effect of the MWNT content on the normal
force measurements.

concentration scaling may hold generally for disordered networks of
semiflexible fibres. We next focus on the more novel problem of the
nonlinear flow properties of this class of nanocomposites.

First, we characterize the general nature of the fluid flow and the
prevalence of thermal relaxation processes in our nanocomposites in
terms of dimensionless measures of the flow rate, the Péclet number
(ratio of the shear rate to the rate of particle reorientation by brownian
motion) and the Reynolds number (ratio of the inertial to viscous
dissipation energies). The Péclet number is estimated from the MWNT
rotary diffusion coefficient Pe=y/D,,where y is the shear rate,and where
we use the Doi-Edwards estimate'® D, = k;TIn(a)/(30%)(nl?)?
appropriate for semi-dilute fibre suspensions. In this expression, k;
is the Boltzmann constant, L is the nanotube length (measured to
be approximately 15 um), a, is the nanotube aspect ratio (taken to be

approximately 400)', and nis the number density of nanotubes, and n
is the shear viscosity. The large matrix viscosity and the highly extended
nature of the tubes make the Péclet number huge in our
nanocomposites® (10" — 10'¢), whereas the Reynolds number is
vanishingly small (Re=10""-10"¥). We may infer from these parameter
values that CNT brownian motion is rather limited.

The above rheological and electrical transport properties are
strongly modified by the presence of a steady-state shear field, as shown
in Fig. 3a. We examine the case of ¢ = 0.025, which is representative of
the concentration range ¢ > ¢.. Notably, n(y) exhibits a much stronger
shear thinning over the y range indicated, compared to the near
constancy of n(y) for the pure PP matrix (n(y)-PP; Fig. 3a). This shear
thinning of the nanocomposite can be well described by the simple
Carreau equation?, n(y)/n(y—0) = [1 + (y7,)?] % = 07, where the
characteristic time 7, ~ 20 s defining the reduced shear rate y7, and
the onset of shear thinning is estimated from a fit to the experimental
data. The asymptotic shear-thinning exponent —0.76 is notably close to
the one observed in highly entangled polymer melts and concentrated
polymer solutions?"*2. The Carreau equation has been used successfully
to describe n(y) in many complex fluids, including those near the
critical point for phase separation®.

Itis common practice in polymer science to estimate the magnitude
of the complex dynamic shear viscosity 17* (), obtained by subjecting a
material to a low amplitude oscillatory shear by simply replacing yin
n(y) with w. We found that this phenomenological Cox—Merz rule?',
which often holds to a good approximation for entangled polymer
fluids, did notapplyto our percolated MWNT nanocomposites (¢ > ¢,).
This finding is consistent with former observations on concentrated
aqueous nanotube dispersions'®, and clay nanocomposites’.
Apparently,someaspects of therheology of CNT dispersions are similar
to that of entangled polymer fluids****, while others are not.

Our simultaneous conductivity measurements on the ¢ = 0.025
nanocomposite, carried out in the shear-gradient direction, show an
analogous dependence on y(Fig. 3a). Thus, the capacity of the nanotube
network to transmit electric charges decreases with y in a similar
fashion. The decrease in 0 can be concisely described by fitting our data
to an expression similar to the Carreau equation, o(y)/o(y—0)
=[1+ (y7,)*] P =y where the characteristic time defining the onset
of the decrease in o is related to 7, as 7, = 0.24 7,. These are the first
simultaneous measurements of electrical and rheological properties of
polymer nanocomposites and we expect this technique to become a
useful characterization tool.

The decrease of both transport properties with increasing y
reflects changes in the network structure, which evidently becomes
less effective at transmitting shear stress and electrical current under
flow conditions. Clearly, if the nanotubes begin to orient in the flow
field, the conductivity should be reduced for two reasons: the number
of tube—tube contacts will decrease as the tube orientations become
less random, and because o(y) measurements are made in a direction
perpendicular to flow, we are then probing conductivity along the
less-conductive direction of the tubes*. Previous measurements on
carbon-black-filled polyethylene” have established that the
conductivity of that type of composite is dominated by the contact
resistances between the filler particles separated by the polymer
matrix. This decrease in conductivity is interpreted to arise primarily
from a disruption of local tube contacts induced by shear.
The disruption of the ‘bonds’ of the nanotube network from a
‘bound’to a ‘free’ state has also been predicted to lead to a precipitous
drop in the ability of the network to sustain stress on large length
scales and thus to a drop in n as in the case of fractal flocs of spheres®.
Owing to the high aspect ratio of the tubes, these effects are observed
atmuch lower concentrations than in the carbon black. Apparently, o
and 7 are both sensitive to subtle changes in the local contact
geometry of the nanotube network that are difficult to discern
morphologically. Although the exact relation between the shear
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Figure 4 Suppression of die swell by MWNT filler. Extrudate A is the nanocomposite
(¢=0.025; T=200 °C) where die contraction is observed. For comparison, the dashed line
inthe cross-section indicates the die diameter. B indicates the control measurement for the
unfilled PP polymer matrix from which the nanocomposite was made. In the latter case,
there is a substantial die swell and shape distortion under these extrusion conditions
(y=1,150s"", T=180°C).

dependence and the transport properties shown in Fig. 3a remains
open, it seems clear that these effects have a similar qualitative origin.

In order to manufacture these polymer composites into usable
shapes, we must understand how the network structureacts toinfluence
their processing behaviour. ‘Normal forces’ provide a measure of the
stored elastic energy during flow, and arise from the stretching
and alignment of the fluid microstructure along flow streamlines.
Two manifestations of these forces are rod-climbing (fluid rising up a
rotatingstirringbar) and ‘die swell’ (expansion of a fluid jet of fluid upon
exitinga pipe)*'. Normal stresses are typically measured by sandwiching
thin slabs of material between two parallel plates, applying a shear field
and measuring the resulting thrust on the plates. This inter-plate force
vanishes in newtonian fluids, but is non-zero in complex fluids, such as
polymer fluids and colloidal dispersions. Typically, the thrust acts to
push the plates away from each other in high molecular mass
(‘entangled’) polymers, corresponding to a positive normal force. In the
case of aparallel-plate geometry, the measured normal forceisactuallya
difference of the normal stress differences, AN = N, — N, (the normal
stress differences N; and N, are defined as (T;; — 7,,) and (1, — T53),
respectively, where 7; are the normal stresses acting along the flow (1),
flow gradient (2) and vorticity (3) directions. A positive ANis observed
in our nanocomposite for ¢ < ¢, where the polymer matrix dominates
the rheological response (Fig. 3b), but AN becomes large and negative
for ¢ > ¢.. Moreover, the magnitude of AN increases sharply with ¢ata
fixed y. Given the peculiar nature of this rheological observation, we
measured the normal force in a cone-and-plate geometry (for the
¢=0.025 sample) and were able to determine that N; < 0. Although we
have not quantitatively measured N,, we can determine that its
magnitude is significantly lower than N, based on these measurements.
Thus, we conclude that the negative sign of the normal force is due to a
negative N,.

The observation of negative normal stresses is a remarkable
phenomenon that is rarely reported in soft condensed matter.
This phenomenon has sometimes been observed, for example,
in lyotropic liquid-crystalline polymers (LCP), where there is a
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competition between flow-induced orientation and ordering into a
thermodynamically driven nematic state>”. Apart from liquid-
crystalline polymers, negative normal forces have been reported in
‘attractive’ emulsions (including mayonnaise)®, in concentrated
suspensions of large (‘non-colloidal’) spherical particles at high Péclet
numbers dispersed in both newtonian®-*! and viscoelastic fluids®?, and
for platelet-shaped clay (kaolin) particles®. In addition to these ‘pastes),
negative normal stresses have been observed in simulations of other
jammed materials such as granular systems*. Although these studies
agree on the occurrence of negative normal forces, the sign of the
corresponding normal stress components was found to differ from one
system to another. Specifically, N, and ANwere both found to be negative
in refs 28, 32 and 33, whereas AN was found to be positive (owing to
N, < N, <0) in refs 29 and 31. These observations emphasize that the
measurement of ANalone is insufficient to determine even the sign of N,
or N,,so thatthe rheological experiments in more than one geometry are
required to determine the normal stresses, as described above.

Of direct relevance to the present work, there have been recent
reports of negative AN in both single-wall*® and multiwall®** CNT
dispersions in low-viscosity solvents where the effect has been
interpreted in terms of liquid-crystalline ordering® and correlated with
vorticity alignment®. Although the observation of a negative AN is
consistent with our nanocomposite measurements, the magnitude of
AN that we find is larger than these former measurements by orders
of magnitude. Moreover, these normal forces develop instantaneously
under shear flow in the nanocomposite, rather than taking an extended
period of time (up toan hour) or requiring critical shear rates to become
established. These differences are crucial to our observations of die-
swell suppression below, because the polymer melt itself exhibits alarge
positive AN, and a negative AN of large magnitude is required to
compensate this polymer-matrix effect. This interplay between
compensating non-newtonian effects is unique to the present system.

Although the origin of the negative normal stresses in CNT
dispersions remains unresolved, we can obtain insights into this
phenomenon from recent simulations exhibiting it. Brownian-
dynamics simulations for suspensions of spheres at high shear rates®”
(Pe—) have indicated large negative normal stresses arising from
lubrication forces that couple the motions of nearby particles,leading
to formation of transient particle-network structures that notably do
not exhibit significant orientational ordering. Measurements on
suspensions of spherical particles in both newtonian and non-
newtonian polymer fluids have confirmed the existence of negative
normal forces under the conditions indicated by the simulations**.
A combination of viscous and dry friction effects contributes to
sustaining network junctions in real suspensions under flow, as
established from both simulations and experiments on fibre
dispersions under flow*®. We can also anticipate that the deformability
of the suspended particles themselves should influence AN. Indeed,
simulation has recently indicated that fibre flexibility alone can give
rise to a negative AN in highly dilute fibre dispersions® because of
competing tendencies of the flow streamlines to fold and align the
filaments. On the basis of these simulations, former measurements
and our own observations, we postulate that both the large-scale
deformation of the nanotube network and nanotube deformation on
a local scale contribute to the large negative AN that we find.
In particular, we expect the mesh scale of the nanotube network to
stretch along the shear-flow direction, while compressing along the
shear-gradient direction. These distorted tube elements would then
exert anegative AN.

The existence of large negative normal stresses can be expected to
haveadramaticimpact on processing these complex materials,as well as
their ultimate material properties. Because the extrusion of the
nanocomposite is a basic processing operation for which normal
stresses are known to be important, we focus on this particular flow.
Theextrusion of high-molecular-mass polymer such as the PP matrix of
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our nanocomposite normally exhibits significant die swell. One might
expect, based on existing models*, a negative normal stress to lead to a
contraction or little change in the dimensions of an extruded jet of
nanocomposite, similar to earlier reports on extrusion of suspensions of
non-colloidal (Pe—o0) spheres and liquid-crystalline melts*>*’. To test
this intriguing possibility in the MWNT composites, we extruded a
¢=0.025 sample for which both ANand N, were found to be negative in
the range of y investigated. Figure 4 shows that the cross-section of the
extrudate indeed becomes smaller than the die area (by a factor 0£0.77),
while the extrusion of the pure PP matrix material under the same
nominal conditions yields a substantial die swell of the extrudate
(corresponding to a swelling of up to six times the die area). In addition,
the pure PP suffers from a shape-distortion instability causing the
extrudate cross-section to become non-circular, whereas this effect is
greatly diminished in the nanocomposite. Such distortion is a common
processing difficulty in the manufacture of plastic materials by
extrusion.

In summary, the micrometre-scale of carbon nanotube length
makes these particles non-brownian when suspended in polymeric
matrices, whereas their nanometric cross-section facilitates their
deformation under flow, despite their nominal rigidity. These hybrid
dimensional and physical characteristics facilitate the formation of
disordered solid materials in which the particles bend to form a self-
sustaining structure interpenetrating the polymer matrix. The large
property contrast and the stabilization against phase separation arising
from network formation make these ‘blends’ attractive for many
technological applications. Our measurements show that the viscosity
and electrical conductivity can be substantially modified by flow,
creating the potential for fabricating ‘smart’ materials (for example,
pressure-sensitive switches) that could actuate based on these property
changes. The suppression of die swell of extruded polymers by adding a
relatively small amount of MWNTs (¢ =~0.01) also offers a powerful tool
for controlling dimensional characteristics and surface distortion in
manufacturing commodity composites. Our observations of strongly
nonlinear rheology under flow (shear thinning and large negative
normal stresses) imply that these fluids should exhibit other
‘anomalous’ flow characteristics (for example, droplet distortion and
thread break-up) that are quite unlike newtonian fluids, and which are
crucial for their processing and for controlling the properties of this
promising class of materials.

METHODS

The MWNTs were grown in a chemical vapour deposition reactor by the catalytic decomposition of
hydrocarbons®, and MWNT/PP blends were formed by melt blending with volume fractions (¢) ranging
from 0.0025 to 0.15. As shown previously?, the distribution of MWNT in PP (by an ultrasound-assisted
dispersion, followed by the use of the twin-screw melt mixer) leads to a relatively uniformly dispersed
material without the necessity of using surfactants or surface functionalization of the tubes.

Rheology measurements were conducted in the temperature range 180 °C to 220 °C under N,, using

25 mm diameter parallel plates (ARES) as well as a Paar Physica Universal Dynamic Spectrometer USD
200 rheometer set at a gap of about 0.8 mm; additionally, a 25 mm diameter cone-and-plate fixture
(ARES) with the cone angle of 0.0434 rad set a gap of 0.0559 mm was used. The oscillatory frequency
experiments were run at strain magnitudes in the range 2-0.08%. These conditions were selected so that
the modulus depending on polymer frequency would be independent of the strain magnitude.
GENERAL INFORMATION

Certain equipment, instruments or materials are identified in this paper in order to adequately specify the

experimental details. Such identification does not imply recommendation by the National Institute of
Standards and Technology nor does it imply the materials are necessarily the best available for the purpose.
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