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ABSTRACT: High-viscosity liquid cis-1,4 polyisoprene (PI),withup to20wt%single-wall carbonnanotubes
(SWCNTs), has been cross-linked by high pressure and high temperature (HP&HT) treatment at 513 K and
pressures in the range 0.5 to 1.5 GPa to yield densified network polymer composites. A composite with 5 wt%
SWCNTs showed 2.2 times higher tensile strength σUTS (σUTS = 17MPa), 2.3 times higher Young’s modulus
E (E=220 MPa) and longer extension at break than pure PI. The improvement is attributed to SWCNT
reinforcement and improved SWCNT-PI interfacial contact as a result of the HP&HT cross-linking pro-
cess, and reduced brittleness despite a higher measured cross-link density than that of pure PI. The latter
may originate from an effect similar to crazing, i.e., bridging ofmicrocracks by polymer fibrils.We surmise that
the higher cross-link densities of the composites are duemainly to physical cross-links/constraints caused by the
SWCNT-PI interaction, which also reflects the improved interfacial contact, and that the CNTs promote
material flow by disrupting an otherwise chemically cross-linked network. We also deduce that the PI density
increase at HP&HT cross-linking is augmented by the presence of CNTs.

Introduction

The use of composite materials that consist of materials with
complementary properties has become a progressively more
important tool in the development of advanced products. In
particular, composites improve the possibilities of producing
lightweight strong structures and materials with enhanced elec-
trical and thermal properties. In this context, nanoscale fillers are
especially interesting since these have a strong potential for
inducing significant changes in properties even at low concentra-
tions. As examples, carbon blacks, silicas, clays, and carbon
nanofibers have been used to improve mechanical, electrical, and
thermal properties of polymers.1 More recently, carbon nano-
tubes (CNTs)2 have been frequently tested as fillers to improve
the properties of various matrix materials, which typically are
polymers.1 The CNT’s unique combination of properties, such as
high strength, low mass density, and high thermal and electrical
conductivities, are excellent for making novel composites. More-
over, since the volume fraction needed for (geometrical) per-
colation decreases strongly with increasing aspect ratio (length/
diameter),3 this favors fillers of a one-dimensional nature. Thus,
CNTs with aspect ratios that are typically ∼102 and higher can
have a significant impact on properties at minute concentrations,
especially on transport properties, which strongly benefits from
percolationwhen the filler hasmuch higher conductance than the
matrix. Another consequence of high aspect ratio, and therefore
high specific surface area, is amore efficient load transfer between
the matrix and filler. As long as the filler is sufficiently strong,
then an increase of aspect ratio is also beneficial for improving the
mechanical strength of a composite material. Many attempts to
take advantage of CNT’s properties in composites have focused
on mechanical reinforcement of polymers, which is also the
subject of this study, but the potential for CNT applications
are numerous.4-9

There are two main types of CNTs: single-wall carbon nano-
tubes (SWCNTs) and multiwall carbon nanotubes (MWCNTs).
A SWCNT can be described as a (2D) graphene sheet rolled up
into a cylinder, which may be capped at the ends by hemispheres
of the buckyball structure. The sp2 hybridized carbon atoms in
graphene get slight sp3 character in the cylindrical form, and this
tendency increases as the radius of the cylinder decreases. The
diameters of the SWCNTs are in the range 0.7-10.0 nm but are
normally less than 2 nm,10 and the length is on the order of
micrometers. MWCNTs consist of an array of cylinders formed
concentrically around a central hollow core with interlayer
separations of∼0.34 nm,11 which is the same as for the graphene
layer spacing of graphite.

In 1993, Overney et al.12 used computer calculations to investi-
gate rigidity and low-frequency vibrational properties of CNTs.
Their results for bending of a carbon nanotube with 200 carbon
atoms, which was clamped on one side and free on the other, may
be converted to give a Young’smodulus of∼1.5 TPa, and amore
recent study reported amodulus of 1.0TPa.13These are about the
same or only slightly larger than 1.1TPa found in the basal plane,
or the graphene layers, of graphite,14 0.5 TPa for suspended
graphene sheets,15 and ∼1.1 TPa for diamond.16 Subsequent
experimental investigations have yielded results that are in fair
agreement with the predictions. Yu et al.17 measured force-
strain data for SWCNT ropes and deduced that amodel in which
the loadwas carried only by the SWCNTs on the perimeter of the
rope best fitted the experimental results. On the basis of this
model, they reported Young’s modulus values for SWCNTs in
the range 0.32-1.47TPa,with ameanof 1.00TPa.Moreover, the
same model yielded tensile strengths in the range 13-52 GPa.

The Young’s modulus for polymers can be as large as 3.5
GPa,18 but is normally much lower and especially for elastomers,
e.g. that of sulfur vulcanized polyisoprene (PI) is typically 1-2
MPa,19,20with a tensile strength 17-25MPa.20Thus, considering
the large values for CNTs, there is a great potential for reinforce-
ment of polymermatrixes by inclusion ofCNTs, and the progress*Corresponding author. E-mail: ove.andersson@physics.umu.se.
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has recently been reviewed.21,22 One significant problem is the
normally weak interfacial interaction between the matrix and the
CNTs, which limits the transfer of load to the high-strength
CNTs. To achieve substantial reinforcement it is therefore crucial
to find ways to improve the interfacial interaction or else the
CNTs will simply be pulled out of the matrix. Recent interesting
attempts have employed functionalized CNTs, which can both
improve the dispersion of the CNTs, and provide a site for
obtaining strong bonds and/or entanglement between the CNTs
and the matrix.7 In this work, we investigate the effect of another
method, which improves the interfacial contact via cross-links
induced under densified conditions.

Here we present the first comprehensive study of the tensile
properties for CNT polymer composites synthesized by high
pressure high temperature (HP&HT) cross-linking. It has been
previously shown that HP&HT treatment can be used to cross-
link polymers such as poly(butadiene) and copolymers of poly-
(butadiene) and acrylonitrile (nitrile rubber).23 More recently, it
was reported that tetraethylene glycol dimethacrylate can be both
polymerized and cross-linked under pressure.24 Moreover, we
have established that PI can be cross-linked into a densified
elastomeric state purely by HP&HT treatment.25,26 Since vulca-
nization systems are omitted, their effect on polymer matrix and
polymer composite properties is also excluded, which can be
beneficial for studying CNT induced effects in composites and
provide further insight into CNT-polymer interfacial inter-
actions.We have here used a similar recipe as that established for
pure PI to obtain well cross-linked and densified PI-SWCNT
composites via HP&HT treatment for studies of their tensile
properties. We show that SWCNTs in highly cross-linked and
densified PI both provide reinforcement and reduce the brittle-
ness of the polymer matrix, which we attribute to a CNT pro-
moted phenomenon similar to crazing.27

Experimental Section

Materials. SWCNTs produced by the electric arc-discharge
technique with a metal content in the range of 7-10 wt% and a
carbonaceous purity of 70-90% were purchased from Carbon
Solution Inc. The average diameter of the SWCNT was 1.4 nm,
and the lengths were in the range 0.5-1.5 μm in bundles of 4-5
nm in diameter. Since this was the bundle size before the long
and strong sonication in both toluene and toluene-PI solution
(see below), it should provide an upper limit of the bundle size.
Liquid cis-1,4-poly(isoprene) made from natural rubber, with a
number-average relative molecular mass of 38 000, was pur-
chased from Sigma- Aldrich.

Preparation of Composites. Composites were prepared by
sonication of SWCNTs or carbon black (CB) (N550: particle
size 40-48 nm, surface area 40-49 m2 g-1) and PI in toluene.
The method has been used before in a study of the thermal
properties of PI-SWCNT composites.26 Briefly, a mixture of
SWCNTs and toluene in a glass beaker, sealed partly by Al foil,
was sonicated using a 130 W, 20 kHz ultrasonic processor

(VCX130, Sonics & Materials, Inc. USA) at room tempera-
ture for 1 h, using 75% of full power. Simultaneously, PI was
mixed in toluene using a magnetic stirrer until it was uniformly
dissolved, and then added to the SWCNT-toluene mixture.
Thereafter, the sonication of the mixture was continued using
50% of full power, with the Al foil removed, which caused the
toluene to slowly evaporate and the mixture became progres-
sively more viscous. The viscous mixture was dried for several
days under dynamic vacuum at 70 �C to remove the remaining
toluene.

A PI-CB composite was prepared by mixing CB and PI, res-
pectively, in toluene using a magnetic stirrer until it was uni-
formly dissolved, whereafter the two mixtures were combined.
Subsequently, the PI-CB-toluene mixture was sonicated using
the ultrasonic processor until it became highly viscous. Finally,
the high-viscosity mixture was continuously dried for several
days under dynamic vacuum to remove the remaining toluene.

Experimental Procedure for High Pressure High Temperature
Treatment of Samples. The samples (PI, PI-SWCNTs or
PI-CB composite) were loaded into Teflon cells, which fitted
in a piston-cylinder device of 45 mm internal diameter, and
transferred to a hydraulic press. The samples were pressurized at
room temperature with a rate∼0.3 GPa h-1 up to a pressure in
the 0.25 to 1.5GPa range. (Samples in the 0.25 to 0.4GPa range
were only used to establish the pressure dependence of the
cross-link density.) The pressure settings were determined from
load/area, with an empirical correction for friction, which had
been established using the pressure dependence of the resistance
of a Manganin wire. The maximum inaccuracy in pressure was
estimated as (40 MPa at 1 GPa. Subsequently, the samples
were heated isobarically from room temperature to 513 K at a
rate of 0.5 K/min and annealed for 4 h at 513 K, by means of an
external heater that surrounded the vessel. This temperature
has been previously established as suitable, i.e. it yields an
appropriate cross-linking density, for studies in the pressure
range 0.5-1.5 GPa.25 The temperature of the sample was
measured using an internal Chromel Alumel thermocouple
with an estimated inaccuracy of ∼0.2 K. However, the tem-
perature gradient in the samples, which were 39mm in diameter
and ∼2 mm thick, probably exceeded this value during the
cross-link process at 513 K. Although, the temperature was
regulated using a proportional-integral-derivative controller,
the temperature sometimes fluctuated about (1 K during the
4 h anneal. As discussed below, both pressure and temperature
variations may be one cause for the observed differences in the
cross-link density for samples with nominally identical treat-
ment. After annealing, the temperature was first decreased to
room temperature and then the pressure lowered to atmo-
spheric pressure. Figure 1 shows surface images of the recov-
ered samples and the achieved dispersion of the CNTs in PI
after the high pressure treatment. These phase images were
measured by tapping-mode atomic force microscopy (AFM)
(Nanoscope IV Controller, Veeco Metrology) on sections that
had been cut using a Leitz microtome after freezing the samples
in liquid nitrogen.

Figure 1. AFM phase images of the sample surface after treatment for 4 h at 1 GPa and 513 K: (a) pure PI, (b) PI with 3 wt % SWCNTs, and
(c) 10 wt % SWCNTs, respectively. The scale bar is 1 μm.
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Characterization of Cross-Link Density, Mass Density, and

Mechanical Properties after High Pressure High Temperature
Treatment.Cross-link density was determined using the swelling
method. The samples were swelled in n-heptane at room tem-
perature until the swelling reached equilibrium which took
approximately 48 h, and the cross-link densities were calculated
by the Flory-Rehner equation,28,29 which has been previously
described in detail.26A composite with 10wt%SWCNT, aswell
as a sample of pure PI, were swelled for twice as long time, i.e.,
96 h, to ensure that the higher cross-link densities measured
for the composites were not due a longer time to reach equili-
brium. Moreover, a few of the pure samples and composites
were swelled also in toluene to verify that the measured reduced
swelling of the composites was not specific for n-heptane. In the
case of toluene, the polymer-solvent interaction parameter χ
was calculated from χ = 0.427 þ 0.112φ 2,30 where φ is the PI
volume fraction in the swelled sample. The measured cross-
linking densities using toluenewere typically roughly 50% lower
than those using n-heptane, but both showed qualitatively the
same dependence on CNT content and high temperature high
pressure treatment.

Tensile testing of the pure PI, PI-CB, and PI-SWCNT com-
posites were performed using an Instron 3343 with a 500 N-load
cell at room temperature with a testing speed of 10 mm/min. The
tensile samples were cut from the high pressure produced plate-
shaped samples using a custom-made dogbone-shaped die yield-
ing 16 mm long, 7 mm wide, and ∼2 mm thick pieces. The exact
dimensions were measured by means of a workshop microscope,
and these (initial) values were used in the calculations of the
tensile stress and Young’s modulus (in the range 1-5% strain).
To ensure accuracy and repeatability, at least two test pieces from
the same sample were tested.

Scanning electron microscope images (Philips ESEM XL30)
of pure PI and 5, 10, and 20 wt % PI-SWCNT composites,
which had been cross-linked at 1 GPa, were taken after tensile
testing.

Mass density was measured by the Archimedes’ principle by
immersing in water as well as by submerging in various methanol/
water mixtures kept at 25 �C with an estimated inaccuracy
of (0.5%.

Results and Discussion

Effect of Treatment Pressure on Tensile Properties of
Polyisoprene. Tensile stress-extension curves of high-
pressure high-temperature (HP&HT) treated PI are shown
in Figure 2. The samples were prepared by pressurizing
virgin (liquid) PI at room temperature to 0.5 GPa or higher
(see Experimental Section) and subsequent heating to 513K,
where the samples were annealed for 4 h. This treatment
induces cross-links and transforms liquid PI into an elasto-
meric state, or a network polymer.25,31

The shape of the stress-extension curves changes gradu-
ally with increasing treatment pressure from that typical of
an elastomer toward that of a brittle polymer, with a
decreasing slope with increasing extension. Moreover, the
results show that the (ultimate) tensile strength σUTS and the
Young’s modulus E improve while the extension at brake
decreases. The pressure induced improvement of σUTS ap-
pears moderate up to 0.8 GPa but substantial, 150-270%,
between 0.8 and 1 GPa, and σUTS increases further by 650%
between 1 and 1.5 GPa (Figure 3a). The Young’s modulus
follows a similar trend and increases 340-800%, between
0.8 and 1GPa, and by asmuch as∼2000%between 1 and 1.5
GPa (Figure 3b). These changes in the tensile properties for
the samples occur in parallel of a pressure induced increase of
the cross-link density. As shown in Figure 3c, the cross-link
density increases almost logarithmically with treatment
pressure, which accounts for the improvement of σUTS and

E. However, although the increasing number of carbon-
carbon links between the chains improves the strength, the
samples become progressively more brittle and therefore
more difficult to handle.32

The results in Figure 3c show that nominally the same
treatment for two samples can yield a significant difference in
cross-link density and, as shown by the results for two diff-
erent 1GPa treated samples (Figure 2), this is also reflected in
their tensile properties. Although the temperature is mea-
sured in situ, we surmise that temperature and/or pressure
differences, which may be caused by gradients in the 39 mm
in diameter and 2 mm thick samples, can alter the cross-
linking rates during the 4 h HP&HT treatments. Measure-
ments on mm-sized pieces taken from various places of one
HP&HT produced plate yielded values of the cross-link den-
sity that differed up to 25% whereas the scatter in repeated
measurements on one piece was less than 8%. The tensile
strength results for two tensile samples cut from the same
plate could differ up to 12%.

The changes of both σUTS andE, shown inFigure 3, panels
a and b, are reminiscent of exponential increases with

Figure 2. Tensile stress plotted against extension for pure PI treated
4 h at 513 K and 0.5, 0.6, 0.65, 0.75, 0.8, and 1.0 GPa (two different
batches), respectively.

Figure 3. (a) Tensile strength and (b) Young’s modulus plotted against
the pressure of theHP&HTtreatment: (O) PI and (b) PI-SWCNTwith
1 wt% CNTs. (c) Cross-link density plotted against the pressure of the
HP&HT treatment: (O) PI (4 data from ref 26) and (b) PI-SWCNT
with 1 wt % CNTs (2 data from ref 33).
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increasing pressure, i.e., the same as for the cross-link
density. Thus, it is reasonable to attribute the increases of
σUTS and E to the change in the cross-link density, and such
dependences are supported by the plots in Figure 4. In loga-
rithmic plots, both σUTS and E change roughly linearly
against the cross-link density, at least up to moderately high
cross-link densities (below 10-3 mol cm-3). In this range, a
fit ofE∼ υx, where υ is the cross-link density and x is a fitting
parameter, yielded x=0.9. This is close to E∼ υ, which has
been observed by changing the cross-link density through
radiation treatments.34 The corresponding fit for σUTS

yielded x=0.51.
The logarithmic increase of the cross-link density with

pressure of the HP&HT treatments shows that the cross-
linking rate is volume dependent. That is, the reduced
volume and consequential decrease of distance between the
polymer chains increases strongly the probability of the
process. In fact, it becomes vanishingly small at atmospheric
pressure and must be accelerated by vulcanization chemicals
to obtain an elastomeric state. As shown below, the cross-
linked states formed by the HP&HT treatment have higher
mass density, or lower specific volume, than the virgin
state.35 This volume decrease between the initial and final
state lowers the energy of the system and provides a driving
force for the cross-link process.

As discussed before,25 the cross-link process in PI may
proceed in a similar manner as that suggested for poly-
(butadiene), which exhibits even higher cross-link rate than
PI at the same HP&HT conditions. The HP&HT induced
cross-linking of poly(butadiene) has been attributed to a
(secondary allylic) radical process, similar to that in peroxide
and radiation cross-linking, which propagates through an
efficient addition mechanism that consumes mainly pendant
vinyl unsaturations.23,36,37 The more stable tertiary allylic
radical, whichmay form in PI, does not easily undergo cross-
linking with other radicals or neighboring chain double
bonds,38 which explains the lower cross-linking rate of PI.

Effects of Treatment Pressure andCNTs onTensile Proper-
ties of PI-SWCNT Composites. The effect of treatment
pressure on the tensile properties of PI-SWCNT compo-
sites, with 1 wt% SWCNTs, were studied for samples which
had been cross-linked at 0.5, 0.6, and 1.0 GPa, respectively.

The results are shown inFigure 3a and 3b and, as for pure PI,
both σUTS and E increase strongly with treatment pressure.
Moreover, logarithmic plots of σUTS andE against cross-link
density show that those of the composite exhibit about the
same cross-link dependency below ∼10-3 mol cm-3 as pure
PI (Figure 4). A fit of E∼ υx yielded x=1.1, i.e., somewhat
larger than that for pure PI. The corresponding fit for σUTS

yielded x = 0.49, which is the same as that for pure PI.
At cross-link densities below∼5� 10-4 mol cm-3, i.e., for

samples cross-linked below 1GPa, addition of 1 wt%CNTs
decreased the extension at break,33 whereas it increased the
extension for the highly cross-linked 1 GPa treated samples
(Figure 5a). Since the CNT content of the composite re-
mained the same and the only major change in the samples is
that of the cross-link density, this crossover in behavior must
be associated with the increase in cross-link density. As the
(chemical) cross-link density increases with increasing pres-
sure for the HP&HT treatment, the plastic and elastic
extensions of PI becomes limited, and the tensile stress-
extension curves change from elastic to brittle-like behavior,
as shown in Figure 2. It thus seems reasonable to attribute
the longer extension of the composites to a CNT caused
disruption of the highly cross-linked PI networks that form
at 1 GPa and above. The lack of such noticeable features at
low cross-link densities is then a natural consequence of the
much smaller number of cross-links in a volume occupied by
a CNT. The crossover from a CNT induced decrease of the
extension to a CNT promoted increase occurs when the
cross-link density increases from 10-5 to 10-3 mol cm-3

(Figure 3c). For CNTs of 1.4 nm in diameter and 1 μm long,
this corresponds to a change from 10 to 103 cross-links per
CNT volume, and for CNT bundles of 4-5 nm in diameter,
i.e., the size of the as-purchased material, these numbers
increase by a factor of 10.

Another set of composites was produced under nominally
identical HP&HT conditions by annealing for 4 h at 1 GPa
and 513 K. The complete set of PI-SWCNT composites
included 1, 3, 5, 10 (2 batches), and 20wt%CNTs, which are
labeled PI-SWCNT1, PI-SWCNT3, PI-SWCNT5, and
PI-SWCNT10, and PI-SWCNT20 respectively. More-
over, a composite with 3 wt % carbon black (N550), labeled
PI-CB3, was made for comparison. The two batches of
10wt%SWCNTeach yielded two tensile samples. (Only one

Figure 4. (a) Tensile strength, and (b)Young’smodulus plotted against
cross-link density for: (O) PI and (b) PI-SWCNT with 1 wt % CNTs
for samples treated in the 0.5-1.5 GPa range at 513 K. The lines
represent fits (see text).

Figure 5. (a) Tensile stress plotted against extension for PI, PI-
SWCNT and PI-CB composites treated 4 h at 513 K and 1 GPa. (b)
Tensile stress plotted against extension for PI and 5 wt% PI-SWCNT
composites treated 4 h at 513 K and 1.2 or 1.5 GPa.
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of the four tensile tests is shown in Figure 5.) The σUTS and
E of the two samples agreed to within 5 and 20% respec-
tively. The corresponding differences between the two
batches were 24% and 33%, which is partly explained by a
difference in cross-link density.

The tensile stress-extension curves of the composites,
together with that for pure PI, are shown in Figure 5a, and
the tensile properties are summarized in Figure 6, which
shows average values of at least two tests. The shapes of
the curves of the PI-SWCNT composites are similar and
brittle-like with a significantly decreasing slope. The tensile
strengths of the PI-SWCNT composites were 70%, 190%,
360%, 450% (350%), and 720% larger than that of PI for 1,
3, 5, 10, and 20 wt%CNT content, respectively, whereas the
PI-CB3 composite was slightly weaker.

In an ultimate test, three samples were made also at 1.2
and 1.5 GPa:32 two 5 wt % composites and one pure PI
(Figure 5b). TheHP&HT cross-linking of pure PI at 1.5GPa
increased its σUTS and E to as much as 7.9 and 93 MPa,
respectively. The corresponding values for the 5 wt % com-
posite were σUTS= 17.3 MPa and E=220 MPa. Conse-
quently, the composite was 2.2 times stronger and had 2.3
times higher Young’s modulus than pure PI. But the corre-
sponding fractional increases for σUTS and E of the 1 GPa
HP&HT treated 5 wt% composite were even larger: 5 and 8
times, respectively.

Besides the SWCNT reinforcement of PI, Figure 5a shows
that increasing SWCNTs content up to a certain degree also
further improves the extension at break for the samples

produced at 1 GPa, i.e. these composites display an augmen-
ted behavior discussed above for the 1 wt % composites.
More specifically, increasing amount of SWCNTs up to
about 3 wt % improves the extension at break, whereas it
decreases on additional increase of SWCNT content and
finally becomes the same as for pure PI. Thus, in the range up
to ∼3 wt % SWCNTs, the extension at break may improve
by the CNT disruption of the network in PI and the con-
sequentially improved plastic flow and elastic extension.
However, at further increase of SWCNTs, the low flexibility
of these also becomes a limiting factor for the extension of
the composites. This feature of a maximum in the extension
at break against CNT content may occur in other types of
polymers as well, i.e. also those without chemical cross-links,
as long as the CNTs promote plastic flow. The CNT induced
disruption of the PI network and the increased mass density
of the composites (Figure 6d) are discussed in more detail
below.

The CNT filler provides reinforcement for PI but, as
shown in Figure 6, panels a and b, the increase of σUTS and
E levels off, which suggests that the dispersion deteriorates at
high CNT content. Another indication of this is provided by
the change of cross-link density with filler content, shown in
Figure 6c. The data show that the cross-link density is
enhanced by the carbon fillers and also that this effect levels
off at high filler content.39 The results of the swellingmethod,
which was used to determine the cross-link density, include
both chemical and physical cross-links that limit the swelling.
The latter is normally associated with (trapped) entangle-
ments but also other physical constraints for the polymer
chains, e.g., those caused at the interface between filler and
polymer, would be reflected in swelling results, which has
been recently discussed in detail.40 The polymer conforma-
tion at the interface between PI and the CNTs is not known
but both experimental results and simulations have indicated
that polymer wrapping of CNTs can be energetically favor-
able, which is one possibility for physical constraints.41,42

Thus, if the filler provides physical (and chemical) con-
straints for the polymer chains, the increase of cross-link
density measured by the swelling method would level off if
the dispersion deteriorates at high CNT content, which is in
agreement with the observed results.

Another interesting result is the lack of improvement of
σUTS for the PI-CB3 composite. Carbon black is known to
provide strong reinforcement at high loadings but despite
that the cross-link density increases by the inclusion of
3 wt % CB, σUTS and E slightly decrease (Figure 6, panels a
and b). This shows that the increase of cross-link density
cannot be due to more (chemical) cross-links in the PI net-
work, which would increase σUTS and E. This also suggests
that the increase of cross-link density for the PI-SWCNT
composites is unlikely due to an increase of cross-link density
in the PI network. In fact, the results for the improved
extension of the PI-SWCNT composites discussed above
are in correspondence with a decrease of cross-links in the PI
network. The increase of cross-link density with CNT/
carbon content may instead be due to physical cross-links/
constraints caused by the interface between the carbon filler
and thematrix. This conclusion is corroborated by a detailed
study of the nature of cross-links in natural rubber-function-
alized graphene nanocomposites by Valentı́n et al.40 Con-
sidering that a CNT is basically a graphene sheet rolled up
into a cylinder, their results should be applicable on this
study. Valentı́n et al.40 showed that the cross-link density
obtained via swelling measurements was significantly larger
than that observed in NMR results. The latter indicated that
the cross-link density of the matrix was “unaffected or even

Figure 6. (a) Tensile strength and (b) Young’s modulus plotted against
filler content for: (O) PI, (b) PI-SWCNT and (9) PI-CB. The line
shows Young’s modulus calculated by eq 3 assuming an aspect ratio of
500. (c) Cross-link density plotted against filler content for: (O) (4)26 PI,
(b) (2)26 PI-SWCNT, and (9) PI-CB. (], [, in blue) connected by
the dashed line shows results by swelling in toluene instead of n-heptane
(see Experimental Section). (d) Density plotted against CNT content
for (O) PI, and (b) PI-SWCNT. The line in panel d shows densities
calculated from the mixture rule (eq 5) based on values stated for as-
purchased (untreated) PI and SWCNTs. All samples were cross-linked
by treatment for 4 h at 1 GPa and 513 K.
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deteriorated”. Valentı́n et al.40 attributed the reduced swel-
ling of the composite to the “interface material” and con-
cluded that such an effect occurs in composites with “strong
rubber-filler interaction”. Specifically for graphene, they
noted that “in the swollen state the material properties are
completely dominated by the interface behavior, revealing a
significant nanoeffect”.

Although SWCNTs have larger specific surface area than
CB, which may assist the formation of physical cross-links/
constraints, the single result for CB indicates that it increases
the cross-link density to about the same extent as SWCNTs.
However, CB does not improve the tensile properties as
done by the SWCNTs. Thus, the large aspect ratio and high
strength of CNTs make a significant difference for the pur-
pose of achieving reinforcement. It follows that the inter-
facial interaction between CB/SWCNT and PI is about
equally reflected in the measured cross-link density but it
leads to significantly different changes in σUTS and E due to
the much weaker reinforcement by CB in comparison to that
by CNTs.

Figure 7 shows σUTS and E versus cross-link density for
composites with varying CNT content and pressure treat-
ments, and the corresponding results for pure PI and PI with
3wt% carbon black.Despite that the CNT content differs in
the PI-SWCNT composites,E (and σUTS) increases roughly
linearly with the measured cross-link densities. It follows
that the cross-link density measured by the swelling method
is an indicator of the reinforcement of the composite, i.e. the
same as for pure PI (Figures 4 and 7). In the case of pure PI,
the explanation for this dependence is straightforward as
more carbon-carbon cross-links make thematrix stiffer and
stronger. For the PI-SWCNT composites, which generally
show higher cross-link densities than PI for the same
HP&HT treatment, the increase of σUTS andE cannot be due
to more carbon-carbon cross-links in the PI matrix. As
discussed above, this would make the matrix more brittle,
whereas the results show the reverse. The change is instead
attributable to improved CNT-PI interfacial interaction
and CNT reinforcement, which increases with improved
load transfer. The concomitant increase of cross-link density

would thus be partly a reflection of this increased CNT-PI
interfacial interaction. The measured cross-link density in-
creases with both increasing CNT content and increasing
pressure for the HP&HT treatment. The increase with CNT
content should be due to the increase of the CNT surface
area, whereas the pressure induced increase is likely due to a
combined effect of improved interfacial interaction (see
calculations below) and an increased number of carbon-
carbon cross-links in the PI matrix, despite that the latter is
partly suppressed by the presence of CNTs. This disruption
of the PI network by the CNTs, which is indicated by the
longer extension at break for highly cross-linked PI, may
occur also in the PI-CB3 composite. Since the CB does not
provide the same reinforcement as CNTs this may explain
the slight decreases of σUTS andE.We can also conclude that
the (linear) increase of σUTS and Ewith increasing cross-link
density for the PI-SWCNT composites corroborates the
results of the swelling measurements. That is, since the
measured CNT induced increase of cross-links also yields
an increase of the tensile properties, it seems to be a real effect
and not anomalous due to some other effect that reduces the
swelling, e.g., increased time to reach equilibrium.

Models for the Tensile Strength and Young’s Modulus. To
quantitatively evaluate the deductions made above, we can
use the most commonly employed models for filler induced
reinforcement. A theoretical estimate of the maximum ten-
sile strength of the composites, valid for long aligned fibers, is
provided by21,43

σcomposite ¼ σCNT φCNT þσPI φPI ð1Þ

where σcomposite, σCNT, σPI are the tensile strength of the
composite, SWCNTs (∼30 GPa)4 and PI matrix, respec-
tively, and φ is the volume fraction. The tensile strength for
the PImatrixwas taken from the results for PI cross-linked at
1 GPa (σPI=1MPa). This estimate gives a value for σUTS of
the composite of about 0.6 GPa for a 3 wt % (∼2 vol %)
PI-SWCNT composite. The large difference (∼200 times)
between this theoretical estimate and the experimental re-
sults indicate that the interfacial stress transfer between the
PI matrix and the SWCNTs is insufficient to obtain maxi-
mum reinforcement. Although random orientation and
bundling of the SWCNTs also account for a significant part
of the difference, these effects seem unable to explain all the
difference unless the bundle size increases significantly from
the stated value of 4-5 nm of the as-purchased SWCNTs. It
follows that the failure mechanism of the composites is likely
due to CNT pull-out.

In the case of CNT pull-out, σUTS of the composites is
described by21

σcomposite ¼ τlCNT

dCNT
φCNT þ σPIφPI ð2Þ

where τ is the interfacial stress transfer between the CNTs
and PI, lCNT (∼1000 nm), and dCNT (1.4 nm) are the CNT’s
length and diameter, respectively. Even though the magni-
tude of τ obtained from eq 2 may be too small because of
SWCNT bundling (about a factor of 5 for a bundle diameter
of 5 nm), it can be used to determine the change of τ with
different HP&HT treatments. The calculations of τ for
HP&HT treatments at 0.5 GPa (1 wt % SWCNTs),33

1 GPa (1 and 5 wt % SWCNTs) and 1.5 GPa (5 wt %
SWCNTs), yield 0.04, 0.16, and 0.4MPa. The two values of τ
for differentCNT contents at 1GPawere in good agreement,
0.15 and 0.16 MPa for 1 and 5 wt % CNTs, respectively,
despite that bundling is likely somewhat more pronounced

Figure 7. (a) The tensile strength plotted against cross-link density for
(O, 3) PI, (b, f, 1) PI-SWCNT, and (9) PI-CB3. (b) Young’s
modulus plotted against cross-link density for (O, 3) PI, (b, f, 1)
PI-SWCNT, and (9) PI-CB3. The samples were cross-linked by
treatment for 4 h at 513 K and 1 GPa (circles and squares), 1.2 GPa
(stars), and 1.5 GPa (triangles).
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for composites with higher CNT content. Thus, the values
are reliable and imply that the interfacial stress transfer
increases significantly with increasing pressure of the
HP&HT cross-link process.

There are several equations used to predict the Young’s
modulus for a composite and various forms of the Halpin-
Tsai model44-46 are commonly employed. In this case we use
a simplified formderived for randomly oriented fibers, which
we believe provides the best approximation for the compo-
sites. Visual analysis of AFM-images of the sample, which
had been taken in the direction of the applied load and
perpendicular to this direction, supports that the CNTs are
randomly oriented in three dimensions. In this form of the
Halpin-Tsai model, the composite modulus Ecomposite is
given by44,46

Ecomposite

EPI
¼ 1

5

1þ 2pηLφ

1-ηLφ

� �
þ 4

5

1þ 2ηTφ

1-ηTφ

� �
ð3Þ

where

ηL ¼ ECNT=EPI - 1

ECNT=EPI þ 2p

and

ηT ¼ ECNT=EPI - 1

ECNT=EPI þ 2

ECNT and EPI are the Young’s moduli of the SWCNTs and
PI (3.3 MPa), respectively, φ is the volume fraction, p is the
aspect ratio, i.e. the ratio between the CNT’s length and
diameter (=lCNT/dCNT= 1000 nm/1.4 nm).

The following relation was used to obtain the Young
modulus of the SWCNTs47

ECNT ¼ A=rCNT þB ð4Þ
where A = 429.6 GPa nm and B = 8.42 GPa.

In our case, the CNT radius rCNT is 0.7 nm, and therefore
ECNT= 620 GPa. It follows that the ratio of ECNT/EPI is
large, i.e. both ηL and ηT are close to 1, and in practice only a
rough estimate for ECNT is needed.

With these values, eq 3 gives slightly too large values
(about 15% for PI-SWCNT1) and the deviation increases
with increasing CNT content. On the basis of eq 3, the
experimental results for E imply an aspect ratio that stays
constant at about 500 up to about 5 wt % SWCNTs (solid
line in Figure 6b), and then decreases to 300 as the CNT
content increases further from 5 to 20 wt %. This corres-
ponds to an increase of CNT diameter from about 2 nm up
to 3.3 nm for a CNT length of 1000 nm. That is, eq 3 can
account for the experimental results if the CNTs are almost
fully debunded at low CNT content, and if the bundle size
increases to slightly less than the bundle size for the pur-
chased material (4-5 nm) for composites with 20 wt %
SWCNTs. This is a plausible result which agrees with the
other observations made above.

Effect of the High Pressure High Temperature Treatment
on the Density of the Composites. Since the HP&HT treat-
ment induces cross-links, one can expect a concomitant
irreversible increase of density. That is, the density increase
at the high-pressure cross-linking transformation, which
must occur according to fundamental thermodynamics,35

probably persists in the samples recovered at room tempera-
ture. This presumption was also verified by density measure-
ments on both pure PI and the composites. The density of the
composites, before theHP&HT treatments, can be estimated

by the mixture rule, which is given by

rcomposite ¼ 1
wPI

rPI
þwCNT

rCNT

ð5Þ

where w is the weight fraction, and FPI is the density of PI
(0.92 g cm-3), and FCNT is the density of SWCNTs (1.2-
1.5 g cm-3, as estimated by the supplier, and the maximum
value was used for the density estimates to obtain an upper
limit of the density). The mixture rule predicts an almost
linear, but with a slightly positive curvature, increase of density
with increasing CNT content. These results are shown in
Figure 6d together with the experimental results for samples
treated at 513 K at 1 GPa.

For theHP&HT treated PI at 1GPa, we find FPI=0.946 g
cm-3 as an average for samples of two different batches, and
this is about 3% higher than that for virgin PI. With 1 wt %
CNTs, the density of the cross-linked sample increases 4%
compared to that predicted by the mixture rule. We can
therefore conclude that the HP&HT treatment yields densi-
fied elastomeric states, and that the irreversible HP&HT
induced densification is augmented by the presence ofCNTs.
The latter follows from both the more pronounced density
increase for the samples with CNT content and, even more
convincingly, from the leveling off at high CNT contents,
which is opposite to that predicted by the mixture rule. We
can thus confidently ascribe the augmented densification to a
change in the PImatrix caused by the CNTs. The leveling off
can either be due to an increasing degree of agglomeration,
but also a natural consequence of the large surface area per
unit mass of the CNTs. Already at low content of SWCNTs,
the distance between the polymer chains and a CNT is
typically within a few tenths of a nanometer. For example,
perfectly dispersed and aligned SWCNTs, give an inter CNT
distance of less than ∼20 nm for a 5 wt % PI-SWCNT
composite. It follows that a major part of the polymer can
be affected at low CNT contents and that further increase
would be less effective. Although the effect is small, it is
remarkable that the weak PI-CNTs interaction increases
the density of the PI matrix. Further studies are needed to
explore if the same effect occurs in other polymer-CNT
composite made under atmospheric pressure conditions, or
if this is an effect increased to a detectable level by the high
pressure treatment.

Reduction of Brittleness Induced by the Carbon Nanotubes.
The tensile results show that the CNTs increased the exten-
sion at break for highly cross-linked samples up to at least
5wt%CNTs, and theCNTs also facilitated the extraction of
the samples after synthesis32 for samples produced at 1 GPa
and above. From these results, we deduce that the CNTs
reduce the brittleness of the PI matrix, which is another
interesting effect of the CNTs. The reason for this may be
revealed by scanning electron microscopy (SEM) images of
samples subjected to tensile testing. SEM images of 10 and
20 wt % PI-SWCNT composites and pure PI are shown in
Figure 8. The images of the composites show a number of
microcracks that has developed perpendicularly to the direc-
tion of tension, and the parts inside the cracks reveals
bridges, which is a behavior different from that of pure PI,
which showed very few cracks and no bridges. Also a 5 wt%
composites was studied and showed bridges but with less
frequency and not as clear as for the 10 wt% composite. The
behavior of the composites seem similar to crazing, i.e., the
bridging of microcracks by polymer fibrils when cracks
develops in a polymer sample under tension. Because of
the limited resolution, the bridges that can be observed here
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are wider (ranging from a few tenth of a nanometer to about
200 nm) than normal fibrils, which have widths of order of
nanometers. In this case, CNTs are required for this to occur
in the highly cross-linked samples, and the CNTs probably
also take part in the bridges. It seems contradictory that the
CNTs both promote cross-linking and a phenomenon similar
to crazing, despite that the latter should not occur in a highly
cross-linked sample. But this is reconciled by our deduction
that the SWCNT-PI interaction promotes mainly physical
cross-links/constraints and that the CNTs act as sites for the
development of the bridges of themicrocracks by disrupting a
continuous network of chemical cross-links in PI.

We may thus have identified two nanolevel phenomena
that affect the tensile properties of the composites as the
pressure of the HP&HT treatment increases: improved
interfacial contact between the CNTs and the matrix, and
disruption of the matrix network, which is noticeable only at
high cross-link densities. The former improves the tensile
strength of the composites and the latter makes these less
brittle, but it also weakens the polymer matrix and the
increases of the tensile strength and modulus become less
prominent at high cross-link densities.

Conclusions

Wehave shown that liquid polyisoprene (PI) and its single wall
carbon nanotube (SWCNT) composites (1-20 wt %) can be
cross-linked into network polymers by high pressure treatment at
513 K in the 0.5-1.5 GPa range. The tensile strength and
Young’s modulus of PI increase strongly with increasing pres-
sures for the cross-link process, with a simultaneous gradual
change from elastomeric to brittle behavior. A similar behavior is
shown for the tensile properties of the SWCNT composites, and a
5 wt % SWCNT composite had 2.2 times higher tensile strength
and 2.3 times higherYoung’smodulus than those of the strongest
cross-linked pure PI. These changes in the tensile properties occur
simultaneously as the measured cross-link density and mass
density increase, and we find that the interfacial contact between
theCNTs and the PImatrix improves as a result of cross-linking a
densified matrix. Another interesting observation is a CNT
induced reduction of the composite brittleness despite that the
composite shows a higher measured cross-link density than pure
PI. This seems to originate from an effect similar or identical to

crazing, i.e., bridging of microcracks by polymer fibrils. We
surmise that the higher cross-link densities of the composites
are due mainly to physical cross-links/constraints that limits
swelling in a solvent, and that the CNTs promote material flow
by disrupting an otherwise chemically cross-linked network.
Moreover, the results show that the CNT-PI interfacial inter-
action causes an increase of the density of the polyisoprene
matrix, which levels off at high CNT content. Further measure-
ments are needed to see if this is specific for high pressure cross-
linked PI-CNT composites or a general feature of polymer CNT
composites.

This study has shown that cross-linking under high quasi-
hydrostatic pressure can improve interfacial interaction between
CNTs and a polymer matrix, and we note that high pressure
cross-linking may be viable also in, e.g., extrusion processing.
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