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ABSTRACT: Composites have been made from single-
wall carbon nanotubes in a polyethylene (PE) matrix, in
which different methods of preparation were used to dis-
perse the nanotubes. The study includes using either the
refined pure nanotubes (P-NT) as the source, or the origi-
nal silica supported nanotubes (SS-NT). SS-NT contained
nanotubes still incorporated in and around the silica as
originally grown. Composites were then made by (1)
coprecipitation from a suspension of P-NT or SS-NT in a
PE solution, or (2) by forming a polymerization catalyst
from the SS-NT, and using it to polymerize ethylene,
which ruptures and expands the silica as polymer builds
up in the pores. Extrusion was also studied as a method
of additional dispersion. Nanotubes were found to have
a powerful effect on the melt rheology, increasing the
low shear viscosity dramatically. Increasing the nanotube

concentration also increased the flexural and tensile
moduli, decreased the elongation, and increased the elec-
trical conductivity. Consistent trends were observed
from all of these diverse properties: SS-NT had a stron-
ger effect than P-NT, and within the SS-NT group the
choice of silica type also had a major effect. Polymeriza-
tion was generally preferred as the method of dispersing
the nanotubes. The conductivity, which in some cases
was quite high, was found to be pressure sensitive. Con-
ductive NT/PE composites could be molded into films
or extruded into other shapes, or comolded with other
PE. VVC 2008 Wiley Periodicals, Inc. J Appl Polym Sci 111: 589–
601, 2009
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INTRODUCTION

Polyethylene (PE) is the most widely used plastic
because it is least costly, easily molded by many dif-
ferent processes, and exhibits a wide variety of use-
ful properties such as high chemical, electrical, and
impact resistance.1 The properties of PE are some-
times further modified by adding inorganic reinforc-
ing agents, such as calcium carbonate, clay, talc,
mica, powdered metals, and carbon black. Such fill-
ers usually increase stiffness and diffusional barrier
performance, block light transmission, and the latter
two are sometimes added to generate electrical con-
ductivity. The development of carbon nanotubes
(NT) in recent years offers a potentially powerful
new form of filler due to its extreme aspect ratio.2–5

These new materials are also highly conductive,
which makes them attractive for applications in
chemical storage, fuel tanks, drums, and other func-
tions that require grounding.

A major problem associated with blending fillers
into molten PE is the difficulty of dispersing the
individual particles into the polymer matrix. Indeed,

the quality of dispersion turns out to be the critical
variable when designing such composites. High
shear extrusion mixing is usually employed for this
purpose. The carbon NT are especially problematic
in this respect because they are only a few ang-
stroms in diameter, as opposed to microns for other
materials.6 To take full advantage of their high as-
pect ratio, they must be dispersed at the nanometer
level. However, they have a much stronger Van der
Waals affinity for each other than they have for the
PE matrix. This makes it especially hard to break up
clusters of NT, effectively disperse them, and keep
them dispersed in the polymer.
To accomplish such dispersal, several experimen-

tal methods have been tested in this study using sin-
gle-walled NT. In addition to extrusion blending the
NT into molten polymer, NT was also dispersed by
sonication into solutions of PE, followed by
‘‘quenching,’’ i.e., fast coprecipitation in cold alcohol.
In another approach, the polymerization mechanism
itself was tested as a means of dispersing the NT.
NT was first made on Co/silica catalyst, which was
then converted into a polymerization catalyst and
allowed to polymerize ethylene. It is a well-known
feature of ethylene polymerization that the pores of
each catalyst particle quickly fill with polymer and
then rupture as more polymer is produced, fractur-
ing each silica particle into a billion smaller
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fragments of �0.1 lm.7,8 Each fragment becomes
surrounded in a coating of polymer that moves
away from its neighbors in an expanding larger
mass. Often called the ‘‘multi-grain’’ model of parti-
cle fragmentation and growth,7 it was hoped that
accompanying NT might become intimately dis-
persed in the PE made during this process.

Several recent publications have attempted to use
in situ polymer formation as a way of making NT-
PE composites. DuBois and coworkers tried to coat
refined multi-walled NT with metallocene/MAO
catalyst components, followed by very low-yield
ethylene polymerization.9–11 They reported that this
process produced NT/PE mixtures that were more
effectively blended into PE by subsequent extrusion
mixing. Similarly, Tong et al. attempted to coat sin-
gle-walled NT with Ziegler catalyst components.12

Again PE was generated at low yield and this mate-
rial was then extrusion blended into PE. In situ poly-
merization yielded a source of NT that was found to
be more compatible with PE. Improvements in phys-
ical properties of PE were reported. This report is
another attempt to produce superior dispersion in
PE by in situ polymerization. However, unlike previ-
ous reports that incorporated refined and isolated
NT, which exists in agglomerated bundles, the pres-
ent study instead used the original silica-supported
NT in its nascent form. In situ PE was then gener-
ated, not as a compatibilizer for extrusion mixing
with other PE, but to make the final NT/PE
composite.

EXPERIMENTAL

Carbon nanotube preparation

Silica-supported single-wall carbon NT were gener-
ated via carbon monoxide disproportionation on Co-
Mo/SiO2 catalyst. This method is referred to as
CoMoCAT, and has been previously described.13–16

This process yields materials of narrow distribution
of diameters and chiralities, comprised mostly of
(6,5) and (7,5) types.17–19 After impregnation of the
silica support with cobalt nitrate and ammonium
heptamolybdate, the resultant catalyst was calcined
at 500�C for 1 h in dry air, then reduced with H2 at
500�C for 30 min, followed by exposure to flowing
CO at 750�C for 2 h to produce the NT. The final
result of this process was a black powder containing
from 2 to 8 wt % carbon. This material is referred to
below as ‘‘silica-supported nanotubes’’ or just ‘‘SS-
NT.’’ For comparison, analogous materials to those
described above were purified of their inert silica
supports by ultrasonic agitation in hydrofluoric acid,
followed by extensive dilution with H2O. High
energy ultrasound was used to separate the tubes,
which have a natural affinity for one another. Surfac-

tants and freeze-drying help prevent the NT from
bundling into rope-like secondary structures. The
finished material is referred to below as pure NT, or
‘‘P-NT.’’

Silicas

Three grades of commercial silica, which varied
widely in their physical characteristics, were chosen
for this study. These three silicas represent a broad
diversity in structure, formed by high pH precipita-
tion, low pH gelation, and vaporized flame hydroly-
sis. Hisil 210 is a precipitated silica obtained from
Pittsburg Plate Glass Co. having a BET surface area
of 135 m2/g and containing 1% NaCl. It was sold as
a pellet, which was ground to a particle size of 100–
200 lm before use in this study. Syloid 244 is a
gelled silica obtained from W.R. Grace Co. having a
surface area of 300 m2/g, a pore volume of 1.5 cc/g,
an average particle size of 3–7 lm, and containing
<0.1% Na2O. Cabosil EH-5 is a flame hydrolyzed
silica obtained from Cabot Corp., consisting of 7 nm
primary particles fused into 200 nm chains. Agglom-
erates of up to 25 lm can be formed upon handling,
but they are held together only by chain entangle-
ments and hydrogen bonding, and are easily broken
up by stirring and sonication. This material has a
surface area of 400 m2/g but is not considered as
having a pore structure.

Methods of dispersing NT

Four different methods of NT dispersion into a PE
matrix were employed for comparison. These are
described below.

Extrusion mixing PE and NT

Mechanical mixing of PE (>99.5% from Chevron-
Phillips Co.) and SS-NT was accomplished using a
DACA Microcompounder twin-screw extruder.
Composites were prepared by extrusion mixing at
220�C for 15 min. These blends are referred to with
the ‘‘A’’ prefix.

Coprecipitating PE and NT

PE was dissolved at 120–140�C in trichlorobenzene
(TCB). To this solution P-NT or SS-NT was added,
according to the experiment. In cases where P-NT
was used, the resultant suspension was subjected to
high energy ultrasonication for 10 min. However,
sonication was not performed on samples that
employed SS-NT, to preserve the original secondary
structure of the supported NT. For both pure and
supported NT, the resulting mixture was then
quickly added to a large excess of 2-propanol,
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causing the instantaneous coprecipitation of PE and
NT. The slurry was then filtered to separate the dark
solid from the now colorless solvent mixture. Final
rinsing with acetone removed residual TCB, after
which the composite material was dried under vac-
uum at 60�C. Composites made by this method are
designated with the ‘‘B’’ prefix.

Dispersing NT via polymerization

To prepare a polymerization catalyst the SS-NT was
first heated to 300–400�C in nitrogen to remove
moisture picked up during handling. Either P-NT or
SS-NT, depending on the individual experiment,
was converted into a Ziegler catalyst by impregna-
tion with dibutylmagnesium in heptane followed by
TiCl4.

MgBu2 þ 2TiCl4 �! MgCl2
�2TiCl3

þ Butene & Butane

A low loading, 0.1–0.2 mmol of Mg was added
per gram SS-NT, so that all the Mg, would be
adsorbed. To this slurry was then added 1–2 equiva-
lents of TiCl4.

20 In this way the catalyst is formed
within the pores of the silica. P-NT samples were
impregnated/coated with dibutylmagnesium in hep-
tane, which was then evaporated to dryness. After-
ward the sample was exposed to TiCl4 vapor to avoid
dissolving the Mg again. These catalysts were then
used to polymerize ethylene in a process that is known
to disintegrate the support into small fragments.8

These composites are designated by the ‘‘C’’ prefix.

Immobilizing P-NT in an oxide gel

P-NT were first suspended in an aqueous medium
using both ultrasonication and surfactants. To main-
tain dispersion, the liquid matrix was then gelled by
the instantaneous precipitation of an oxide or hy-
droxide, freezing the NT in place. This metal oxide
was in some cases silica, from the in situ hydrolysis
of Si(OEt)4, or in other cases magnesia, from the
in situ formation of Mg(OH)2 from MgCl2. The nano-
tube containing oxide was then used as a carrier to
form a polymerization catalyst, as described above.
These composites are designated by the ‘‘D’’ prefix.

Ethylene polymerization

Larger-scale polymerizations were conducted in a
jacketed 2.2-L steel reactor equipped with electronic
temperature control. Typically, from 0.5 to 10 g of
catalyst was charged under nitrogen to the dry reac-
tor, then 1.2 L of isobutane liquid, and 2 mL of a 1M
triethylaluminum (TEA) solution. H2 was sometimes
added, 15–30 psi on the reactor, to control MW. The

reactor temperature was raised to the specified
point, usually 80–100�C, and ethylene was then
added to maintain a fixed pressure, usually 300 or
450 psig. After 10–30 min the reactor was depressur-
ized and opened to recover 5–200 g of granular
polymer powder.
Smaller polymerizations were performed at about

50�C in a Diels–Alder bottle using dry heptane as
solvent. After the addition of catalyst, heptane, and
TEA cocatalyst, ethylene was added to maintain
7 psig in the bottle while a magnetic stirring bar
kept the slurry agitated. The desired PE yield was
reached in 10–60 min and the polymer was removed
by filtration. Although the polymerization catalysts’
activities were reasonably high, their total produc-
tion was cut short to achieve the desired NT concen-
trations in the resulting composites.
Ethylene was polymerization grade obtained from

Union Carbide Corp., further purified through alu-
mina. Isobutane was polymerization grade obtained
from ConocoPhillips Petroleum Co., further purified
by through 13� (10 Å average pore size) molecular
sieve.

Polymer characterization

In this article certain well-known rheological parame-
ters have been used in conjunction with independently
measured molecular weight distribution to judge
the degree of elasticity with and without addition
of NT.21–23 Samples were stabilized with 0.1 wt %
BHT and compression molded into disks of 2 mm �
25.4 mm diameter. Small-strain oscillatory shear meas-
urements were performed on a Rheometrics RMS-800
or ARES rheometer using parallel-plate geometry in
which the test chamber was blanketed in nitrogen. On
sample loading and after thermal equilibration, speci-
mens were squeezed between the plates to a 1.6 mm
thickness. Data were sometimes fitted to the Carreau-
Yasuda equation for analysis.24–26

Molecular weights and molecular-weight distribu-
tions were obtained from a Waters 150 CV Plus or a
Polymer Labs PL220 Gel Permeation Chromatograph
using TCB as the solvent with a flow rate of 1 mL/
min at a temperature of 140�C. Two Waters Styragel
HT 6E mixed-bed columns were used, or three to
four PLGel Mixed A columns plus a guard column.
A broad-standard integral method of universal cali-
bration was used based on a Phillips Marlex BHB
5003 broad linear PE standard. Parameter values
used in the Mark-Houwink equation ([g] ¼ K�Ma)
for PE were K ¼ 39.5 (10�3) mL/g and a ¼ 0.726.
Tensile and elongation measurements were con-

ducted on an Instron 4400 with HRDE extensometer
and according to a modified ASTMD638-86 procedure
using Type 5 dog-bone tensile bars 0.15 in.� 0.07 in. at
the neck � 0.5 in. Crosshead speed was 2.0 in./min.
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Flexural modulus measurements (MPa) were con-
ducted on an Instron 4505 at 0.5 in./min using a modi-
fied ASTM D790-95a procedure. The modification
involved using compression molded slabs measuring
2 in. by 0.5 in. by 0.05 in., and a 1 in. span.

To measure the electrical resistance of NT-PE
composites a circular disk of 1.27 cm diameter and
0.13 cm thick was compression molded. To each side
of this disk was then smeared a small amount of
micronized silver paste. A 1.9 cm diameter brass
disk was then pressed against the silver paste on
each side of the PE disk, and the two metal plates
with sample sandwiched between were then pressed
together by means of a spring-loaded clamp. Resist-
ance between these two brass disks was measured
with a voltmeter. Conductivity was determined as a
function of pressure by placing the composite pla-
que (5 cm � 5 cm � 0.13 cm) between two brass
plates, which were then inserted in a hydraulic press
between insulating barriers. Resistance between the
plates was then monitored as known amounts of
force were applied from the press.

RESULTS AND DISCUSSION

Choice of silica

When converted into polymerization catalysts and
exposed to ethylene, the pores of these silicas
quickly fill up with PE. At this point the catalyst
must fracture into submicron sized fragments to sus-
tain their polymerization activity.7,8 Low porosity
silicas resist being ruptured by the forces of PE gen-
eration, whereas highly porous structures are fragile
and are easily broken up. Therefore the structure of
silica, characterized by its porosity and surface area,
exerts a powerful influence on the activity because it
governs the extent of fragmentation. Three grades of
commercial silicas were chosen for this study, repre-
senting a broad diversity in structure due to differ-
ent preparation techniques—high pH precipitation,
low pH gelation, and vaporized flame hydrolysis.

Hisil 210 does not have the desired high porosity
and surface area needed for a successful polymeriza-
tion catalyst. In addition, the presence of a large
amount of sodium on the silica accelerates fusion of
primary particles (sintering) during the high temper-
ature calcining steps, further retarding its effective-
ness. Therefore, the degree of fragmentation from
Hisil-210 is not expected to be high during polymer-
ization. The large size (100–200 lm) of unfragmented
Hisil 210 particles can also be detrimental to NT
dispersion.

In contrast, the highly porous Syloid 244 and
Cabosil EH-5 are both excellent supports for poly-
merization catalysts. The former has a long history
of commercial use in PE manufacture, and both

have high surface area, low sodium, and very small
particle size. Some additional weak agglomeration
may result when these silicas are impregnated with
an aqueous Co/Mo solution and dried. Nevertheless
they (and particularly the Cabosil) are thought to
represent the finest distribution of small particles
that can be easily achieved in the dry state.

NT homogeneity

The macroscopic homogeneity of these PE/NT com-
posites can be assessed by visual inspection of
molded thin films. Sheets ranging in thickness from
10 to 70 lm were prepared by pressing the compos-
ite between metal plates at 175�C. Lexan film was
used to prevent actual contact with the metal plate.
This approach detects average differences in nano-
tube concentration at the millimeter level, but says
nothing about dispersion at the submicron level. For
example, large agglomerates of P-NT and un-
fragmented SS-NT (whether individual or an ag-
glomerate) can be observed in a thin film. This
characterization tool is especially useful to evaluate
the degree of homogeneity in the catalyst. In meth-
ods C and D NT-containing materials are converted
into polymerization catalysts, which then produce
PE. Variations in the film could result from (1) non-
uniform impregnation of the Co/Mo solution,
(2) nonuniform growth of NT within the bed, (3)
nonuniform impregnation of the polymerization
ingredients, or (4) nonuniform polymer growth.
Depending on the catalyst preparation, inconsisten-
cies between catalyst particles can occur, causing
their activity or NT concentration to vary. Because
each gram of catalyst produces many grams of PE,
this heterogeneity becomes magnified in the poly-
mer, and is sometimes visible in the film.
Blending NT into PE by extrusion (method A) is a

well-known dispersion technique, and has been
extensively studied.2,4,5 Although mechanical mixing
produces composites that seem to be homogeneous
on a macroscopic scale, the NTs affinity for each
other prevents their individual dispersion. Instead,
the NT coagulate into microscopic bundles. In this
study, an attempt was made to prevent this coagula-
tion by substituting the structured SS-NT for the
stereotypical P-NT bundles. This material exhibited
the same macroscopic homogeneity as those made
from P-NT, although other properties were surpris-
ingly different (discussed below).
Films made from P-NT, added into PE solution by

method B, usually looked quite homogeneous. An
example of such a film is depicted in Figure 1. How-
ever, other observations suggest that these compo-
sites were inhomogeneous on a smaller scale. Each
of these composites came from refined NT that were
first intensely sonicated in TCB. This caused a fine
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suspension that did not completely settle out even
after days at rest. Nevertheless a drop of this sus-
pension, taken immediately from the hot sonicating
liquid and placed on a microscope slide, did not
have the expected uniform appearance. Instead, one
could see a fine microscopic ‘‘grainy’’ structure
under magnification. Thus, although the films
appeared to be macroscopically uniform, this does
not preclude the possibility of microscopic NT
clustering.

Composites made by coprecipitation of PE and SS-
NT allowed for direct observation of the effect that
particle size has on composite homogeneity. Figure 1
depicts three composites made by method B, each
from a different grade of silica support. The sample
derived from 100 lm Hisil 210 particles has an
obvious grainy quality when pressed into a film.
Even in the case of finer particles, however, dark
patches are apparent. This might be due to aggre-
gates formed during the growth of NT that could
not be fully disseminated by sonication, presumably
due to the interlocking NT.

Composites made by in situ polymerization from a
SS-NT support (method C) are also shown in Figure
1. The same three silica carriers were again used.
For each silica, composites prepared from method C
are more homogenous than their coprecipitated
counterparts (method B). This demonstrates a gener-
ally superior ability of the polymerization mecha-
nism to disperse the NT, atleast on a macroscopic
level.

Despite the improved dispersion achieved by
method C, differences can still be observed between

the three silicas. Once again, films made from Hisil
210 support have a fine grainy texture, indicating
that these particles may not have fragmented. This
would be expected from the porosity of this silica,
which is not suitable as a support for commercial
polymerization catalysts.7 On the other hand, Syloid
244 does have the correct porosity for PE manufac-
ture, and is well-known to disintegrate during ethyl-
ene polymerization. In addition, this silica starts
from a much smaller particle size of 3 lm. Taken to-
gether, these facts account for the more uniform
appearance of the film, compared with the Hisil 210
sample. Equally homogeneous is the sample pre-
pared from Cabosil EH-5. This silica also has a suita-
ble porosity for ethylene polymerization, in addition
to a much smaller particle size of 200 nm.
Method C was also employed in the absence of an

inert catalyst support. Purified NT were directly
treated with the polymerization catalyst, and then
ethylene polymerization produced a composite that
was free of inert material. In this case, the resulting
film was grainy in appearance, as shown in Figure
1. Despite the obvious macroscopic inhomogeneity
of this polymer, compared with its coprecipitated
analog above it in Figure 1, other characterization
methods suggest that the NT were actually better
dispersed. This sample’s grainy macroscopic texture
is likely a result of unadsorbed polymerization cata-
lyst. That is, the purified nanotube bundles possess
very little porosity in comparison with the silica sup-
ports. Unlike the silicas, when purified NT are
impregnated with catalyst ingredients, only a por-
tion of that catalyst can be adsorbed on or within

Figure 1 Macroscopic homogeneity of various polymers.
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the nanotube bundles. The rest of the catalyst is
formed independently of the NT, and produces
polymer without NT. Therefore, while a fraction of
the PE forms between the NT and aids in their dis-
persion, the rest forms in its own domain, account-
ing for the patchy appearance of the film.

Macroscopic homogeneity varied widely among
composites made by method D, i.e., fabricated from
supports that were gelled around surfactant-sus-
pended NT. In one instance, P-NT was suspended
by high-power sonication in an aqueous solution
containing n-methylpyrolidone and MgCl2. The NT-
containing magnesia matrix was formed by addition
of NH4OH. Mg(OH)2 was then dehydrated into
MgO and converted into a polymerization catalyst
by exposure to TiCl4. The resulting PE composite,
shown in the left side of Figure 2, was spotted with
millimeter-scale dark patches, a clear indication of
nonuniformity in the NT-containing polymerization
catalyst. In a similar experiment, the magnesia was
removed from the finished composite by washing
with dilute hydrochloric acid. This had no effect on
the uniformity or other measured properties of the
resins.

In yet another experiment, a catalyst was gener-
ated from NT immobilized in a silica matrix. P-NT
was suspended via high-energy sonication in a aque-
ous sodium dodecylbenzene sulfonate solution. To
this solution was added a silica sol, formed by acidic
hydrolysis of ethyl silicate in ethanol. Gelation was
achieved by raising the pH with ammonia, generat-
ing a NT-containing silica framework. This was then
calcined at 300�C and converted into a polymeriza-
tion catalyst. The PE composite made from this cata-
lyst is shown in the right half of Figure 2. This
catalyst achieved better uniformity than its magnesia
analogue.

In summary, samples made by method C (poly-
merization) generally exhibited superior homo-
geneity to those prepared by B (coprecipitation).
However, homogeneity was also largely dependent
on the catalyst support used. Hisil 210 samples were
the least homogeneous whereas the Syloid 244 and
Cabosil EH-5 samples were more uniformly distrib-
uted. Method D (in situ gelation of the support
around the NT) was also capable of producing
highly uniform samples. Samples prepared by
Method A (extruder blending) were superior in vis-
ual homogeneity to samples prepared by alternative
methods, although other results indicate these sam-
ples were not homogeneous on a microscopic scale.
It should likewise be noted that while samples gen-
erated from methods B–D exhibited varying degrees
of uniformity, further blending by extrusion signifi-
cantly improved their visual appearance. However,
once again this visual improvement does not imply
enhanced dispersion of the individual NT on a mi-
croscopic scale, as is indicated from other data
below.

Electrical conductivity

Like graphite, SWNT exhibit extraordinarily high
electrical conductivity. Therefore, this property can
be another effective and direct measure of nanotube
dispersion within PE/NT composites. Extruder
blending has been shown to be relatively ineffective
as a means of dispersing SWNT in PE because of the
high affinity of NT for itself in comparison to the
polymer. Figure 3 shows the results of some other
mixing techniques. In series 3A the pure nanotubes
(P-NT) were dispersed according to method B, i.e.,
they were suspended by sonication in a PE/TCB so-
lution, which was then instantly ‘‘quenched’’ by

Figure 2 PE composites made from metal oxide supports gelled around suspended nantoubes (left, MgO; right, SiO2).

594 MCDANIEL ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



rapid addition to cold alcohol. The conductivity of
these materials increased as the NT concentration
was raised from 3 to 15% by weight of the compos-
ite. Although some high conductivity values were
achieved at the highest loading, in reality this is not
much better than is obtained from extrusion blend-
ing of NT or even of conductive carbon black. This
suggests that the NT are not dispersed well by this
preparation.

Dispersion by polymerization (Method C) was
also attempted using pure NT. For the level of NT
loading, much higher conductivity was obtained for
point B than for series A in Figure 3. That is, poly-
merization (Method C) was much more effective at
dispersing the NT than coprecipitation (Method B).
Presumably catalyst particles were formed around
and between the nanocomposites. Polymer was then
generated, expanding and separating the nanotube
agglomerates.

Interestingly, the conductivity from dispersion
Method B was much improved when SS-NT was
used as the source of the NT, i.e., when the unpuri-
fied NT, still attached to the silica catalyst, were
used. Normally in P-NT preparation, the NT are
separated by dissolving the silica catalyst away,
which frees the NT and permits them to agglomer-
ate into ‘‘ropes’’ or bundles that are then very diffi-
cult to disperse. By using the spent-catalyst as the
source of NT, the original NT orientation is likely
maintained. Apparently, this original orientation
provides for a better dispersion in PE than the puri-
fied NT. Figure 3 line C shows the effect of dispers-
ing SS-NT from the Hisil-210 silica catalyst by
method B, i.e., into PE solution followed by quenching.
The conductivity of this SS-NT sample (solid triangu-
lar point in line C of Fig. 3) is superior to the samples of
analogous P-NT concentration (line A in Fig. 3).

For comparison, Figure 3 also shows the conduc-
tivity of Hisil 210 SS-NT when dispersed by inten-
sive mixing extrusion (method A) at 160�C for 15
min (hollow triangular points in line C of Fig. 3).
This method gave mixed results; some, but not all,
of the composites have superior conductivity to
composites made from purified NT in line A. The
best of these extrusion mixed composites were
equivalent to other composites made from Hisil 210
by method B.
Also shown in line C of Figure 3 is the conductiv-

ity of Hisil 210 SS-NT when dispersed by polymer-
ization itself, Method C. After formation of NT the
Hisil-210 catalyst was converted into a polymeriza-
tion catalyst, and allowed to polymerize ethylene.
The conductivity of these composites was very simi-
lar to the Hisil samples described above, which were
dispersed in PE solution. This is to be expected since
Hisil-210 is not polymerization grade silica, and a
high degree of fragmentation is probably not
achieved. Nevertheless, conductivity was still much
higher than that observed from P-NT in 3A.
Figure 3, line D plots the conductivity of SS-NT

using the Syloid 244 silica. Again the SS-NT was dis-
persed according to method B into PE/TCB solution
which was then quenched in alcohol. The change in
silica resulted in a major increase in conductivity.
This is most likely due to the finer particle size of
Syloid 244 (� 5 lm) compared with Hisil-210 (100–
200 lm). An additional boost in conductivity was
obtained from the Syloid-244 when dispersion
Method C was used, i.e., the polymerization method.
This is shown in line E. This particular silica base is
an excellent support for polymerization catalysts. It
is the world’s most commonly used industrial silica
for ethylene and propylene polymerization because
it disintegrates so effectively from internal polymer
growth. Thus it is reasonable that, for this choice of
silica, the polymerization method should give better
conductivity than the PE/TCB solution method.
Still another silica support was tested and its con-

ductivity is also plotted in Figure 3 as line F. Because of
its pyrogenic origin, Cabosil EH-5 already has a submi-
cron particle size. This version of SS-NT provided the
most efficient NT utilization of those studied. Because
of the ultra-fine particle size the two methods of dis-
persion B and C yielded similar results. Dispersion by
polymerization was not greatly improved over disper-
sion in PE/TCB solution.
Composites made by dispersion Method D were

also evaluated for conductivity and are shown in
Figure 3, line G. NT was dispersed in aqueous or
polar solution containing a magnesium or silicon
compound which could be gelled around the NT.
Then the NT/oxide complex was converted into a
polymerization catalyst. Two of these composites
contained magnesia as the oxide matrix, and the

Figure 3 Conductivity of various NT/PE composites.
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third, silica. All three samples have similar conduc-
tivity, in comparison to the NT loading. This method
was not highly effective.

Summarizing these results, it would seem that dis-
persion by polymerization did offer an advantage in
two cases over other methods. However, the choice
of silica was very influential.

An attempt was made to see if high energy extru-
sion mixing could further improve the conductivity
of composites made by polymerization. Four sam-
ples made by Method C were subjected to intensive
extrusion mixing for 5–15 min at 240–260�C. Con-
ductivity was measured before and after this treat-
ment. One composite was sampled after one brief
pass through the extruder, then the treatment was
continued for the full duration. In all cases the con-
ductivity decreased with extrusion, and the longer
the extrusion, the lower the conductivity became.
This data is presented in Table I. Evidently extrusion
either breaks the NT or to some extent permits their
re-agglomeration. Degradation of NT during proc-
essing has been reported by others as well.2,27

Sometimes the conductivity of these composites,
especially those having a low nanotube content,
seem to be pressure sensitive, and for that reason a
steel clamp was always used to take conductivity
measurements. An attempt was made to quantify
this relationship. Three composite plaques (5.1 cm �
5.1 cm � 1.25 mm) were placed in a hydraulic press
between layers of polished brass. Wooden blocks
were used to transmit force to the brass and thereby
insulate the circuit from the press. The conductivity
was then measured for these samples as a function
of applied pressure. One result is shown in Figure 4.

In each test, conductivity improved by over an
order of magnitude with increased pressure, eventu-
ally leveling off at some maximum value. The rela-
tionship was found to be reversible; after full
pressure had been applied the force was reduced
back to lower levels, which is shown by the solid
colored point in the graph. As the pressure was
released the same curve could be generated again in
reverse. After full release of the pressure, the force

could then be re-applied resulting in the same curve
again. This pressure dependence was found for most
samples tested, including those made by dispersion
methods B and C, although the effect was stronger
in some cases than others.
The cause of this dependence on pressure is not

entirely clear. Possibly, compression causes the NT
to make better contact with each other within the
composite. However, there was no observed de-
formation of the plaque; its thickness remained con-
stant during the process. Intrinsic dependence of
NT conductivity on pressure has been reported,
although at much higher pressures.28 Alternatively,
pressure might improve contact at the surface with
the metal plate electrode. For example the surface of
the plaque, although glossy smooth, still has micro-
scopic roughness and is possibly rich in polymer
that tends to insulate the NT from contact with the
metal lead. One could imagine that some applied
pressure smoothes out ridges in the surface allowing
the more rigid NT to penetrate up from underneath,
making electrical contact with the metal plate.
To test this idea, metal foil, 2 cm � 2 cm, was

imbedded on both sides of the plaque by compres-
sion molding at 180�C. Brass was used as a first
attempt, but brass did not adhere well to the

Figure 4 Conductivity dependence on applied pressure.

TABLE I
Conductivity Before and After Intensive Mixing Extrusion

Treatment
Dispersion
method

Base
support

% NT in
composite

Log
conductivity

Before Extrusion C, Polym None 0.74% �5.35
Extruded 5 min C, Polym �5.89
Extruded 15 min C, Polym �7.89
Before Extrusion C, Polym Hisil 210 1.03% �8.57
Extruded 15 min C, Polym <�9.61
Before Extrusion C, Polym Hisil 210 3.03% �4.70
Extruded 15 min C, Polym �9.23
Before Extrusion C, Polym Cabosil EH-5 0.22% �6.65
Extruded 15 min C, Polym <�11.1
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composite. In a second test, heavy aluminum foil
did adhere well. After the two pieces of metal had
been pressed onto the molten plaque, they could not
be easily removed. When the leads of the voltmeter
were lightly touched to the two aluminum surfaces
(no pressure applied) immediate conductivity was
noted. In contrast, lightly touching the leads to this
particular plaque itself generated little or no conduc-
tivity until some pressure was applied. The conduc-
tivity measured between these metal surfaces did
not change with applied pressure, but it did match
the conductivity measured in the normal way with
applied pressure. Thus, it would seem that the pres-
sure dependence is indeed a surface effect.

Many of these composites were quite conductive,
and easily molded into films or filament. These films
or filaments could then be press-molded onto other
plaques or plastic parts to form a strip of black con-
ducting polymer running on top of or through a
normal white insulating polymer. In this way PE
parts could be molded to contain internal conducting
nonmetallic wires. Similarly one side of a sheet can be
made conducting and the other insulating. Some
examples are shown in Figure 5. This illustrates how
the unrefined NT can be used in small amounts for
many PE applications where conductivity is desired.
Examples include drums and fuel tanks where it
would be advantageous for some part of the tank, and
not necessarily the whole container, to be conductive
to prevent static. Multiple layered parts in blow mold-
ing, blown film, extruded pipe, and cast geomembrane
are already quite commonlymanufactured and a small
amount of SS-NT composite could be added in a very
thin external layer to afford conductivity.

Melt rheology

Melt rheology was obtained on all composites at
190�C using a parallel plate viscometer. The degree

of melt elasticity in PE is important because it deter-
mines much of the processing behavior of the mol-
ten polymers.29–32 It was immediately apparent that
carbon NT, using all dispersal methods, exert a
powerful influence on melt behavior. Even small
amounts of NT greatly increased the viscosity at all
shear rates, and especially at low shear rates, which
results in a high degree of shear thinning. Certain
PE grades from chromium or metallocene catalysts
exhibit some shear-thinning character, while other
PE grades like those from the Ziegler catalysts used
here, display little.32,33 This suggests that the NT,
with their unusually high aspect ratio and stiffness,
can become entangled enough with polymer chains
to inhibit motion. Because of this unusually strong
response the normal Carreau-Yasuda equation could
not be applied, for the most part, to these data. In
many cases these viscosity curves, or their visco-
elastic derivatives, showed evidence of two popula-
tions widely separated in their relaxation behavior.
The two observed contributions represent the two
components in the composite, i.e. polymer and NT.
Such behavior is typical when inorganic filler is
added to PE, but in the case of NT, the magnitude
of the response was extreme.
Figure 6 shows the viscosity curves for several

composites made by Method B using purified nano-
tubes (P-NT and PE coprecipitated from TCB solu-
tion). Only the nanotube concentration was varied.
The same polymer base was used in all cases. Melt
viscosity was found to increase with nanotube con-
centration at all shear rates, and especially at low
shear rates where viscosity increased by several
orders of magnitude. Carbon black added to PE pro-
duces a similar effect, but at a much higher filler
concentration.
Figure 7 plots another series of viscosity curves of

several composites made by preparation Method C
(polymerization by SS-NT) using Hisil 210 silica as
the base. Again one can see that viscosity increases

Figure 5 Molded articles with conductive strip or face.

Figure 6 Effect of P-NT on dynamic viscosity at 190�C
when dispersed by method B.
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with NT concentration. However, by comparing
Figures 6 and 7 it is clear that for a given NT con-
centration, the effect is much greater in Figure 7.
This is due to the replacement of P-NT by SS-NT,
especially with dispersion method C. Much less NT
is required in Figure 7 than in Figure 6 to achieve
similar enhancements in viscosity.

When comparing the viscosity of P-NT composites
in Figure 6 to those made from SS-NT in Figure 7 it
is necessary to take into account the effect of the
silica support. SS-NT may typically contain several
times more silica than NT, depending on the degree
to which NT production is allowed to take place on
the silica. The viscosity contribution from silica is
not very high in the 0–10% filler range; nevertheless
control runs were made containing 0–25% silica
without NT. Rheology curves were then obtained from
these control samples and this calibration series was
then used to subtract the contribution of the silica.
Thus in Figure 7 the contribution from silica has been
mathematically removed, leaving only the contribu-
tions from the PE andNT.

Even after correction for residual silica it is clear
that SS-NT is a powerful promoter of low-shear vis-
cosity. It is interesting to compare the viscosity
enhancement from NT with that from other fillers.
Similar PE resins were blended with amorphous car-
bon black, perhaps the closest conventional filler to
NT by chemical composition. Having a particle size
of several microns, carbon black is widely used as
an additive in commercial PE to provide ultraviolet
light protection. The normal loading of 2% has a
negligible effect on melt viscosity, but the master-
batch blend can sometimes contain as much as
35 wt % carbon black. At this level there is a notice-
able increase in viscosity. An example is shown for

comparison in Figure 6. However, the magnitude of
this increase from 35% carbon black is equivalent to
a considerably lower level of NT from SS-NT or
even P-NT, as shown in Figure 6.
Melt viscosity is also dependent on the molecular

weight of the polymer produced.21–23 In fact the low
shear viscosity is expected to vary linearly with Mw

when plotted on a log–log graph. Such a plot is
shown in Figure 8, in which the viscosities at 0.01/
sec of the composites are shown. A number of ‘‘con-
trol’’ polymers were made from similar catalysts,
containing no NT. The molecular weight was varied
over a wide range to establish a reference line. These
constitute the first group of polymers shown in Fig-
ure 8 (gray squares), and one can easily see the lin-
ear relationship between log g(0.01) and log Mw. This
line is similar to the so-called ‘‘3.4 power law’’ or
‘‘Arnett’’ line obtained for linear PE,23,32 except the
measured low-shear viscosity is used instead of the
extrapolated zero-shear viscosity. This modification
was convenient within this limited data set because
it was not possible to extrapolate the extreme viscos-
ity behavior observed from the composites contain-
ing NT. Notably, the 0.01/sec viscosities of the
nanotube-containing composites do not fall on the
control reference line. Several data series are shown,
representing different ways of dispersing the NT.
The contribution from silica has been subtracted
from these data. In each series the low-shear viscos-
ity rises further above the PE reference line as the
NT concentration is raised.
In Figure 9 the amount of deviation from the line

is plotted as a function of the nanotube concentra-
tion in each polymer. That is, log(g/gref) is plotted
against wt % NT. The different methods of disper-
sion become distinct under this comparison. Again
P-NT dispersed by Method B (PE/TCB solution)
resulted in the least effective use of NT. In contrast,

Figure 8 Power law plot showing effect of NT on
dynamic melting viscosity.

Figure 7 Effect of SS-NT on dynamic viscosity at 190�C.
PE made by polymerization from Hisil 210; viscosity cor-
rected for silica.
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using the fine silicas and either dispersion Method B
or C, NT were used most effectively. The former
method required roughly 12 times more NT than the
latter to achieve the same change in viscosity. The
data did not allow further distinction between poly-
merization and PE/TCB solution. Hisil 210 SS-NT
exhibited varying performance, as did composites
made by method D (cogelling NT with catalyst).

An attempt was made to understand whether
extrusion mixing could further enhance the disper-
sion of SS-NT composites, and thus increase their
effectiveness. Two composites were placed in a labo-
ratory twin-screw mixing extruder in which the mol-
ten polymer could be recirculated continuously for
about 15 min. Rheology was obtained from these
samples before and after extrusion at 240–260�C.
About 0.2% BHT was added for stabilization. The
melt viscosity curves from these experiments can be
seen in Figure 10. In neither case was extrusion
found to further enhance the viscosity. Instead,
extrusion actually lowered the viscosity at all shear
rates. This decrease in viscosity might be due in part
to mechanical degradation of the polymer, even in
the presence of BHT. Another possibility, consistent
with the results from electrical measurements, is that
the NT agglomerate or perhaps break during inten-
sive extrusion, becoming less effective.

Finally, a VanGurp-Palmen plot of these compo-
sites is shown in Figure 11. This type of plot is often
used to judge the elasticity of PE samples.34,35 In
general, linear PE shows a smooth curve progressing
to 90� at low frequencies. Other shapes, not moving
toward 90� on the left, indicate high elasticity, which
can come from many sources. Some of the shapes
can be considered extreme. Many of the composites
turn down, then back up, which indicates contribu-
tions from two components exhibiting vastly differ-
ent relaxation behavior. Clearly these contributions
are in this case attributable to the polymer and the
NT that make up these composites.

The samples in Figure 11 were all made from
unsupported NT, i.e., P-NT. Using dispersion
Method B the relaxation behavior become more ‘‘bi-
modal’’ as the nanotube concentration increased.
However, in one of the samples in Figure 11, the P-
NT was dispersed by polymerization, and although
this sample’s P-NT concentration was the smallest of
any represented, this sample nevertheless displayed
the most unusual behavior. Composites made from
SS-NT instead of P-NT displayed similar ‘‘bimodal’’
relaxation behavior, although at lower NT concentra-
tions that in Figure 11.

Physical properties

To determine the effect of NT on the physical prop-
erties of PE, flexural modulus and tensile modulus
were determined from various composites. Despite
the high aspect ratio, NT incorporated by these
methods had much the same effect on physical
properties as other fillers. Flexural modulus was

Figure 10 Effect of extrusion mixing on NT composites.
A: Hisil 210 SS-NT 1% NT, (B) Cabosil EH-5 SS-NT 0.25%
NT.

Figure 11 Delta versus complex modulus at 190�C for
composites made from P-NT either by method B (suspen-
sion in PE/TCB solution) or by C (polymerization).

Figure 9 Effect of NT on dynamic viscosity at 0.01/s.
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increased by the NT, but at the expense of flexibility
and toughness. Figure 12 shows the stress–strain
curves for the composites made from Syloid 244 SS-
NT by preparation B, i.e., suspended by sonication
in PE/TCB solution, followed by quenching. The ini-
tial slope of the lines (the modulus) increases with
increasing nanotube concentration. However, the
stiffer samples also become brittle and tend to break
more quickly. This behavior is typical of many fillers
in PE, and it probably indicates a lack of adhesion
between filler and matrix.2,27,36 P-NT based compo-
sites were also tested with similar results, although
requiring higher NT concentrations per effect.
Because of the presence of silica in the SS-NT com-
posites it became very difficult to distinguish the
effects of the NT from that of silica.

In general, tensile tests on these composites
yielded much the same behavior as the flexural tests.
NT increased the modulus but at the expense of
elongation. Figure 13 shows a typical tensile stress–
strain curve for one series. The composites in this
group were all from preparation B, precipitation of
refined NT from PE/TCB solution. The strain is plot-
ted on a log scale so that one can fully see how the NT
increase the initial slope (the modulus) but decrease
the degree of elongation. Notably, there is a large loss
in elongation between 3 and 6%NT in this series.

Composites made from SS-NT instead of P-NT
likewise exhibited similar tensile behavior, except at
lower NT concentrations. Once again it is difficult to
distinguish the effect of NT from that of the silica
carrier. To address this problem a series of control
composites were made containing 5–25% Syloid 244
silica, but no NT in any form. The modulus from
this series is plotted in Figure 14 as a function of the
amount of silica added. This series is the reference line.
Other composite series, containing both NT and silica,
are also plotted for comparison. The nanotube content

in some of the better samples is labeled nearby.
Although there is scatter in the data, this method pro-
vides a rough estimate of eachmethod’s effectiveness.
Composites made from P-NT by Method B can be

seen along the Y-axis. There is no doubt that NT
increase the tensile modulus, and the effect increases
with NT content. Several SS-NT composites made by
Methods B and C also stand well above the refer-
ence line, indicating a strong effect from NT. In
those cases it takes a much lower NT content to sim-
ilarly increase the modulus, indicating a greater
effectiveness of SS-NT compared to P-NT.

CONCLUSIONS

These nanotube-PE composites have been investi-
gated by rheological, flexural, tensile, and electrical
tests, each yielding similar conclusions. In PE,
refined NT (P-NT) are much less effective as a filler

Figure 13 Tensile curves for composites made by method
B using P-NT.

Figure 14 Tensile modulus for composites made by
methods B and C.

Figure 12 Flexural curves for composites made by
method B using SS-NT on Syloid 244 silica.
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than SS-NT. Furthermore, results among the SS-NT
composites indicate that the choice of silica can also
have a major influence on the final properties. The
following order of effectiveness was consistently
observed: Cabosil EH-5 > Syloid 244 � Hisil 210.
Within a given family of composites using the same
silica, results suggest that polymerization is the pre-
ferred method of dispersion.

All attempts to further homogenize the composite
by intensive extrusion resulted in improved visual
uniformity, but a loss of rheological and electrical
properties. This again suggests that visual uniformity
and ‘‘micro-dispersion’’ are not the same. Extrusion
may even breakNT or allow their agglomeration.

High conductivity was obtained in PE from low
levels of NT. Conductivity could sometimes be
detected even down to 0.25% NT. SS-NT based com-
posites yielded far better results than P-NT. This
suggests that refining the NT allows their agglomer-
ation, which is very difficult to reverse. Converting
the original SS-NT catalyst into a polymerization cat-
alyst provides an efficient and low-cost method of
dispersing the NT. The measured conductivity was
also found to be pressure sensitive, probably from
microscopic surface roughness, despite the glossy
macroscopic appearance.

NT greatly increased the low-shear melt viscosity
of PE. The effect of inert fillers like silica and carbon
black on the melt rheology is well-known and is not
comparable to that observed in this study from NT.

The refinement of NT constitutes a large propor-
tion of the current manufacturing cost, because the
silica catalyst must be dissolved away from the NT
by HF or caustic solutions. This process also gener-
ates significant chemical waste. That SS-NT per-
formed better in these tests than P-NT is an
unexpected and promising find for future commer-
cial applications.

The authors thank D.C. Rohlfing of Chevron-Phillips Chemi-
cal Co. and Professor Brian Grady of the University of Okla-
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