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Abstract This paper is concerned with several issues

related to the rheological behavior of polycarbonate/

multiwalled carbon nanotube nanocomposites. The

composites were prepared by diluting a masterbatch

of 15 wt.% nanotubes using melt-mixing method, and

the dispersion was analyzed by SEM, TEM, and AFM

techniques. To understand the percolated structure, the

nanocomposites were characterized via a set of rheo-

logical, electrical, and thermal conductivity measure-

ments. The rheological measurements revealed that the

structure and properties were temperature dependent;

the percolation threshold was significantly lower at

higher temperature suggesting stronger nanotube inter-

actions. The nanotube networks were also sensitive

to the steady shear deformation particularly at high

temperature. Following preshearing, the elastic modu-

lus decreased markedly suggesting that the nanotubes

became more rigid. These results were analyzed using
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simple models for suspensions of rod-like particles.

Finally, the rheological, electrical, and thermal con-

ductivity percolation thresholds were compared. As

expected, the rheological threshold was smaller than

the thermal and electrical threshold.
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Introduction

During the progressive advances in nanoscience and

nanotechnology of the last two decades, many scien-

tists have developed a strong interest in the unique

properties of novel solid-state nanomaterials, called

carbon nanotubes (CNT). Since their discovery in 1991

by Iijima (Iijima 1991; Iijima and Ichihashi 1993), CNTs

became attractive candidates for fundamental investi-

gations, and an extensive research effort has been

devoted to their fabrication, characterization, and de-

velopment of applications due to their unique electron-

ic structure and extraordinary properties (Meyyappan

2005). Their intrinsic structure, size scale, and aspect

ratio suggest a variety of applications such as nano-

electronics, sensors, and field emission as well as high

performance nanocomposites. They exist as single wall

carbon nanotube (SWCNT) or multiwall wall carbon

nanotube (MWCNT). A SWCNT is made by wrapping

a graphene layer into a cylinder. Each tube is repre-

sented by its chiral vector, Ch, which is a pair of in-

dices (n,m) with values depending on the way the

graphene sheet is wrapped (Meyyappan 2005). Carbon
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nanotubes have been recognized among the strongest

known materials. For instance, measured values of ten-

sile strength were found to be as high as 63 GPa for a

MWCNT (Yu et al. 2000) and extremely high elastic

modulus, on the order of 1 TPa, have been proven

by both simulation and experimental measurements

(Salvetat et al. 1999; Yu et al. 2000). These reported

strengths are 10 to 100 times higher than the strongest

carbon steel with a tensile strength of approximately

1.2 GPa. Considering the low density of carbon nano-

tubes, which is in the range of 1.3–1.4 g/mL, their

specific strength is the best of known materials. Al-

though carbon nanotubes generally have exceptional

properties, the wide ranges of their special applications

are mainly related to their unique electrical properties.

For a given nanotube, if its chiral vector is represented

with n = m, the nanotube is metallic; the tube is semi-

conducting if n − m is a multiple of 3; otherwise, it is a

moderate semiconductor (Meyyappan 2005). Based on

theoretical calculations, the electrical current density of

an individual carbon nanotube can be more than sev-

eral tim es greater than that of metals such as silver and

copper (Breuer and Sundararaj 2004; Xie et al. 2005).

CNTs also have excellent thermal conductivity in the

range of 3,000 W/m K for individual MWCNTs (Hone

2004).

Recently, considerable attention has been devoted

to carbon nanotube/polymer composites owing to their

extraordinary properties from both processing and

application points of view. Besides the individual prop-

erties of carbon nanotubes, a number of potential bene-

fits are expected when they are employed as reinforcing

agents in nanocomposites. However, the efficiency of

nanotubes to live up to their theoretical potential de-

pends on a good dispersion within the host polymer.

At the moment, three methods are commonly used to

incorporate nanotubes into a polymer: solution mixing

and film casting of suspensions of nanotubes in dis-

solved polymers, in situ polymerization of nanotube–

polymer monomer mixture, and mixing of nanotubes

in molten polymers. Melt mixing is the industrially

preferred method in many cases because of its environ-

mentally benign character, its versatility, and its com-

patibility with current polymer processing techniques.

Polycarbonate (PC), a typical amorphous polymer, is

an important commercially available engineering ther-

moplastic for injection molding applications because of

its excellent process ability and mechanical properties.

Recently, carbon nanotubes have been used as special

filler to be incorporated into PC for stiffness reinforce-

ment as well as thermal and electrical conductivities

enhancement purposes (Ding et al. 2003; Singh et al.

2003; Potschke et al. 2004a; Pham et al. 2008).

The rheological properties of polymer nanocom-

posites including viscoelastic (time or frequency- and

temperature-dependent) behavior are of practical im-

portance in relation to processing and characterizing

the composite microstructure. The rheological behav-

ior depends on the material microstructure, the state

of the nanotubes dispersion, the aspect ratio and ori-

entation of the nanotubes, the interaction between

nanotubes and polymer chains as well as nanotube–

nanotube interactions. The temperature not only influ-

ences the rheological properties of the matrix but it also

can affect the state of dispersion of the nanocomposites

via changes in the particle–particle interactions and in

the wettability of the nanotubes with the matrix.

If considerable research has been conducted re-

garding the physical properties of nanocomposites,

including mechanical properties and electrical con-

ductivity, only a few investigations have focused on

the rheological behavior of polymer/carbon nanotube

nanocomposites. Most of the rheological studies have

concentrated on the typical linear viscoelastic response

and on the non terminal character at low frequencies,

which is attributed to the formation of a filler net-

work (Kharchenko et al. 2004; Meincke et al. 2004;

Abdel-Goad and Potschke 2005; Xinfeng et al. 2005;

Hu et al. 2006; Moniruzzaman and Winey 2006; Sung

et al. 2006; Wu et al. 2007a). To our knowledge, this

low frequency behavior was reported first by Potschke

et al. in 2002. Since then, more attention has been paid

to rheological properties of CNTs/polymer nanocom-

posites with focus on the percolation threshold as

one of the most important factors affecting the mate-

rial properties or as a characterization parameter of

the dispersion quality. Such a percolated system was

studied using polyamide-6/MWCNT nanocomposites

(Meincke et al. 2004), polycarbonate/MWCNT compos-

ites (Abdel-Goad and Potschke 2005), polycarbonate/

functionalized MWCNT nanocomposites (Sung et al.

2006), and poly(ethylene terephthalate)/MWCNT (Hu

et al. 2006). Finally, a few investigations on the mod-

eling of the rheological behavior of carbon nanotubes

suspended in low molecular weight polymeric resins

have been recently carried out (Rahatekar et al. 2006;

Fan and Advani 2007; Hong and Kim 2007; Ma et al.

2008).

The rheological behavior of nanocomposites

strongly depends on the carbon nanotube alignment

as well. For example, it was found that the storage

modulus G′ that describes the elastic response

decreases with the alignment of nanotubes. When

nanotubes are aligned in the polymer matrix, the proba-

bility of tube–tube contacts decreases, and the nano-

tube network is less effective at impeding the polymer
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motion (Du et al. 2004; Wu et al. 2007b). It is also

found that the percolated nanotube network is very

sensitive to the temperature (Potschke et al. 2004b; Wu

et al. 2007a).

In this work, we examined the rheological behavior

of PC/MWCNT nanocomposites in light of interactions

between CNTs and polymer chains or between CNTs

themselves. This is a quite complex and difficult sys-

tem to study since the typical behavior of polymeric

systems almost vanishes in the presence of a nanotube

network. For example, as soon as the nanotube network

is formed, the low frequency terminal zone observed

for the neat polymer disappears. Furthermore, the high

temperature behavior adds another complexity to this

difficult system. Therefore, typical analysis methods

used for conventional polymeric systems are not useful

in this context, and a more innovative investigation

is required to establish the relationship between the

rheological behavior and microstructure of such a sys-

tem. More specifically, the investigation of the effect of

nanotube loading, nanotube alignment, and tempera-

ture on the rheological behavior of the nanocomposites

was the main objective of this study. The nanocom-

posite preparation was optimized using various char-

acterization methods. As nanotubes intertwine into

agglomerates that are difficult to disperse, we used

premixed polymer/carbon nanotube masterbatches and

diluted them to the required concentrations by adding

the base polymer. This insured consistent and repro-

ducible results. The relationship between the rheologi-

cal properties and the microstructure is also discussed

in light of electrical and thermal conductivity of the

nanocomposites.

Experimental

Materials

A masterbatch of 15 wt.% MWCNT in PC was

purchased from Hyperion Catalysis International,

Cambridge, MA. According to the supplier, the carbon

nanotubes are vapor-grown and typically consist of

8–15 graphite layers wrapped around a hollow 5-nm

core (Potschke et al. 2002). The diameter range was

stated to vary from 15 to 50 nm, and the length ranged

between 1 and 10 µm as was confirmed by transmission

electron microscopy (TEM) characterization. The mas-

terbatch was diluted with polycarbonate (Calibre 1080)

supplied by DOW Chemical to prepare nanocomposite

samples of various loadings. Its glass transition temper-

ature (Tg) was determined by DSC measurements and

found to be equal to about 145◦C.

Nanocomposite preparation

The composites were produced by melt mixing the mas-

terbatch with the neat PC. Prior to mixing, all materials

were dried for a minimum of 4 h at 120◦C. Six different

suspensions with MWCNT contents between 0.2 and

5 wt.% were prepared using a Brabender internal

mixer at 50 rpm during 16 min and for two different

temperatures, 210◦C and 250◦C (conditions previously

optimized via controlled experiments).

Morphological characterization

The morphology of nanocomposites was studied at

room temperature through scanning and transmission

electron microscopy (SEM and TEM), and atomic

force microscopy (AFM). For SEM, we used the high-

resolution Hitachi S-4700 microscope, while for AFM,

we utilized the multimode VEEECO scanning probe

in tapping mode. Both SEM and AFM were done on

ultramicrotomed surfaces of samples that were cut with

a diamond knife at room temperature. SEM samples

were coated with a vapor deposit of Pt for 25 s. TEM

was done on ultrathin sections of nanocomposites using

a Hitachi HD-2000 microscope.

Rheological measurements

All the rheological measurements were carried out

using a stress-controlled rheometer (CSM rheometer of

Bohlin Instruments) equipped with a 25-mm parallel

plate geometry under nitrogen atmosphere. Prior to

measurements, the compression molded samples were

dried for a minimum of 4 h at 120◦C. The viscoelastic

properties of nanocomposites were investigated in a

broad range of temperature from 210◦C up to 300◦C.

Small amplitude oscillatory shear (SAOS) frequency

sweep tests were carried out between 0.06 and 200 rad/s

in the linear viscoelastic regime. This regime was estab-

lished in the standard way by measuring the modulus

at constant frequency (10 rad/s) and increasing strain

magnitude. Further, long-time measurements (up to

3 h) were conducted to investigate the thermal stability

of the nanocomposite samples. We assumed that the

particle sizes were sufficiently small compared to the

gap; however, the absence of apparent slip at the wall

has been ascertained by varying the gap from 0.5 to

1.5 mm. The differences were found to be insignificant,

less than the reproducibility of the data estimated to be

within 3.5% for all the frequency sweep tests conducted

with the various nanotube loadings.

In addition, the effect of high shear on the micro-

structure of the nanocomposites was evaluated by
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subjecting each sample to different levels of constant

shear stress for various periods of time. SAOS mea-

surements were then performed without any rest time

between the preconditioning step and the frequency

sweep test.

Electrical resistivity measurements

The volume resistivity of the PC/MWCNT nanocom-

posite samples was determined by measuring the

DC resistance across the thickness of compression

molded disks using a Keithley electrometer model 6517

equipped with a two probe test fixture. We used a spe-

cific kind of test fixture firmly connected to the probes.

All the connections were made using short wires to

assure that the resistivity of the whole setup was neg-

ligible. The resistivity of the setup was measured each

time before the tests to make sure that the system

was working properly. This equipment allows resistiv-

ity measurements up to 1017 �. The level of applied

voltage, adapted to the expected resistivity, was in the

range of 1,000 V for neat PC and samples containing up

to 1 wt.% MWCNT and 100 V for samples with 2 wt.%

and more MWCNT content. However, since for the

more conductive samples, the accuracy of this equip-

ment failed, samples with more than 2 wt.% MWCNT

were tested using the more adequate Keithley elec-

trometer model 6220 connected to a current source

(Aligent 34401 A, 6 1/2 Digit Multimeter). For each

sample, the I–V curve was obtained and the sample

resistance was determined from the slope of the curve.

The resistance was then converted to volume resistivity,

ρv, ohm cm, using the formula

ρv = ARv/D (1)

where A is the contact surface area, D is the thickness

of the sample, and Rv is the measured resistance. The

electrical conductivity (σ ) of the nanocomposites is the

inverse of volume resistivity. Prior to measurements, all

samples were dried for a minimum of 4 h at 120◦C.

Thermal conductivity measurements

The thermal conductivity of the nanocomposite sam-

ples was determined using a Thermo electron, Thermo-

Haake instrument (Thermo Fisher Scientific), by means

of a Transient Line-Source Technique according to the

ASTM D5930. A line source of heat, localized at the

center of the molten specimen being tested, is at a

thermal equilibrium with the specimen which is at a

constant initial temperature. During the course of the

measurement, a known amount of heat produced by the

line source results in a heat wave propagating radially

into the specimen. The rate of heat propagation is

related to the thermal diffusivity of the polymer. The

temperature rise of the line source varies linearly with

the logarithm of time. When the temperature rise is

plotted against the logarithm of time, the slope of the

linear portion of the curve can be used directly to

calculate the thermal conductivity of the sample using

the following equation:

k =
CQ

4π Slope
(2)

where C is the probe constant, Q is the heat output

per unit length, W/m, and k is the thermal conductivity,

W/m K. Prior to measurements, all samples were dried

for a minimum of 4 h at 120◦C.

Results

Morphology

The morphology of melt-mixed nanocomposites was

examined in terms of the nanotube dispersion and dis-

tribution. In this context, the dispersion refers to how

well the nanotubes are disaggregated and separated

in the form of single tubes at the nanoscale. On the

other hand, the nanotubes are well distributed if single

nanotubes or sets of nanotubes like bundles are uni-

formly dispersed within the whole matrix, even though

nanotube aggregates might be observed. For these rea-

sons, TEM was used to study the dispersion, while

the distribution was investigated using SEM and AFM.

Figure 1 shows schematics of a single tube (Fig. 1a), a

nanotube bundle (Fig. 1b), and aggregates (Fig. 1c–e).

A nanotube bundle consists of many single tubes stick-

ing together; it can be viewed as an equivalent tube

with a larger diameter having a smaller effective aspect

ratio. It is worthwhile to mention that both single tubes

and tube bundles can participate in the formation of a

network or aggregates. Aggregates could be formed by

single tubes (Fig. 1c), tube bundles (Fig. 1d), or both of

them (Fig. 1e).

Figure 2 shows SEM micrographs of melt-mixed

nanocomposites prepared at 210◦C and 250◦C. It is

observed that at 210◦C, the nanotubes are dispersed

individually in the matrix (Fig. 2a), and the distribution

at the microlevel is quiet uniform. On the other hand,

examination of the micrograph of samples prepared at

250◦C (Fig. 2b) shows that the nanotube distribution at

the microlevel is not uniform. We observed for higher

magnification that some bundles were pulled out from

the matrix. These observations indicate that at 250◦C,

some of the nanotube bundles (not single nanotubes)
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Fig. 1 Schematic figure
of a single tube, b nanotube
bundle, c aggregate of single
tubes, d aggregate of
nanotube bundles,
e aggregate of single tube
and nanotube bundles

(a)              (b) 

          (c)         (d)                           (e)

were individually distributed and the interactions

between the nanotubes, and the polymer matrix are

somehow weak in this case.

The quality of the dispersion is clearly seen in the

TEM photomicrographs of Fig. 3. For nanocomposites

prepared at 210◦C (Fig. 3a), the nanotubes are dis-

persed individually while at 250◦C (Fig. 3b), there is

no aggregates formed in the system. These results are

confirmed by AFM micrographs, shown in Fig. 4a, b for

samples compounded at 210◦C and 250◦C, respectively.

As both phase and height modes show clearly, the

nanotubes for the suspensions prepared at 210◦C are

well distributed all over the matrix without any concen-

trated region. This is shown clearly in the micrographs

with the higher resolution on the left side. However, for

the suspensions prepared at 250◦C, the dispersion is not

uniform: the nanotubes are concentrated in some area

while there is a large region without any particles in it.

In summary, the quality of the dispersion was sur-

prisingly better for samples prepared at 210◦C. Nor-

mally, assuming that the dispersion of the nanoparticles

is controlled by the diffusion, it is expected to have

a better dispersion at higher temperature due to the

lower viscosity of the polymer matrix. Apparently, in

Fig. 2 SEM micrographs
of ultramicrotomed surfaces
of PC/5 wt.% MWCNT
nanocomposites prepared
at a 210◦C and b 250◦C

a) b)

 10.0µµm 10.0µm
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Fig. 3 TEM micrographs
of PC/5 wt.% MWCNT
nanocomposites prepared at
a 210◦C and b 250◦C. The top

and bottom micrographs are
related to the low and high
magnification, respectively

a) b)

100 nm 100 nm

0.5 µm 0.5 µm 

this case, the shear stress plays a more important role

than the viscosity of the matrix, and the higher shear

stress at the lower temperature results in a better dis-

persion and distribution. The main reason for this is

still unclear and needs to be further investigated. For

further characterization, we used the nanocomposites

prepared at 210◦C.

Rheological properties

The complex viscosity (η*) and storage modulus (G′)

obtained from SAOS measurements at 230◦C in ab-

sence of preshearing are reported in Fig. 5 for the

neat PC and all nanocomposites. At low frequen-

cies, the fully relaxed PC chains exhibit the typical

Newtonian viscosity plateau. The low frequency G′

data for the neat PC were not accurate enough to

verify the terminal zone, G′ ∝ ω2. As can be seen in

Fig. 5, with the addition of MWCNT, the low-frequency

complex viscosity significantly increases, particularly at

high loading, indicating that the long polymer chain re-

laxation in the nanocomposites is effectively restrained

by the presence of the nanotubes. Thus, the Newtonian

plateau for the viscosity disappears progressively, and

a remarkable shear-thinning behavior is exhibited. The

terminal behavior for the storage modulus also dis-

appears gradually, and the dependence of G′ on ω

at low frequencies becomes very weak. For MWCNT

loadings of 1 wt.% and above, significant jumps in

the low-frequency rheological properties are observed

indicating a transition from viscoelastic liquid- to solid-

like behavior. In other words, with increasing filler

content, nanotube–nanotube interactions begin to

dominate, leading eventually to a percolation network,

which restrains the long-range motion of the polymer

chains. Similar rheological behavior has been observed

for other polymer nanocomposites containing clays or

carbon nanotubes (Du et al. 2004; Thostenson et al.

2005; Hu et al. 2006; Zhang et al. 2006; Xiao et al.

2007). As expected, the loss tangent, tanδ, where δ is

the phase angle, is shown in Fig. 6 to be very sensitive

to the structural change of the materials. In this figure,
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Fig. 4 AFM micrographs
of PC/5 wt.% MWCNT
nanocomposites prepared at
a 210◦C and b 250◦C. The
micrographs on the left for
the phase mode are shown for
the higher magnification
(scale bar of 1 µm)

 

a

                                                                                     
 

b

0   1.00 µm       10.0 µm0   Phase Height 

 

Height 1.00 µm       0   Phase 10.0 µm0   

the peaks occur at the frequency of about 1 rad/s and

disappear with increasing nanotube content, showing

that the material becomes more elastic. This is also the

characteristic of a viscoelastic material experiencing a

fluid–solid transition. At the transition point, tanδ is

expected to be independent of frequency.

It is also well known that an interconnected structure

of anisometric filler in a polymeric matrix results in

an apparent yield stress (Utracki 1986; Feldman 1987;

Dealy and Wissbrun 1990; Shenoy 1999). While this

effect is visible in dynamic measurements of G′ and G′′

versus frequency by the presence of a plateau at low

frequency, it is more obvious if we plot the complex

viscosity versus the complex modulus. As Fig. 7 reveals,

above 1.0%t of MWCNT an apparent yield stress is

observed suggested by the rapidly increasing complex

viscosity as the complex modulus is decreasing.

The rheological percolation threshold was deter-

mined by using the low frequency G′ data as a function

of MWCNT loadings as reported in Fig. 8. As the

MWCNT loading is increased up to about 1 wt.%,

the low frequency G′ of the nanocomposite increases

by almost two orders of magnitude compared with

that of the polycarbonate matrix. It can be assumed

that the viscoelastic properties of the nanocomposites

at low MWCNT loadings (≤0.5 wt.%) are still domi-

nated by the polycarbonate matrix. With increasing

MWCNT loading, the nanocomposites experience a

transition from liquid-like behavior to solid-like one,

and the results suggest that the rheological percolation

threshold for this system is between 0.5 and 1 wt.%.

The percolation threshold is defined as the value of

the solid content above which the rheological prop-

erties increase in an exponential way. This value can
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Fig. 5 a Complex viscosity and b storage moduli of polycar-
bonate/MWCNT as a function of frequency at 230◦C
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Fig. 6 tan δ of polycarbonate/MWCNT as functions of the fre-
quency at 230◦C
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Fig. 7 Plots of η* versus G* for the apparent yield stress in
polycarbonate/MWCNT nanocomposites at 230◦C

be determined by applying a power-law function to

the G′ versus nanotube loading according to the fol-

lowing equation (Du et al. 2004; Moniruzzaman and

Winey 2006):

G′
= βcG

(

m − mcG

mcG

)n

for m > mcG (3)

where βcG and n are power-law constants, m is nano-

tube loading (wt.%) and mcG is the percolation thresh-

old (wt.%). The description of the data by Eq. 3 is

shown in Fig. 8 to be very good after percolation point

(as the definition of the equation suggests it can fit only

the data beyond the percolation threshold). The left

MWCNT %

0.0 1.0 2.0 3.0 4.0 5.0

G
' [P

a
]

101

102

103

104

105

Fig. 8 Storage modulus, G′, of the polycarbonate/MWCNT
nanocomposite as a function of the nanotube loading at 230◦C
(1 rad/s data). The line is a fit with the power-law expression
(Eq. 3)
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limit of the dashed line corresponds to the percolation

threshold value of 0.66 wt.% at 230◦C.

Temperature effect

The results presented above are for measurements car-

ried out at 230◦C. Although the same behavior was

observed for all temperatures studied, the effect of

MWCNT loading was significantly different. The dif-

ferences in the viscoelastic behavior as a function of

temperature are better observed by using the so-called

Cole–Cole plots (Friedrich and Braun 1992; Ivanov

et al. 2001). In fact, analogous to Cole–Cole plots

used in dielectric spectroscopy (Cole and Cole 1941;

Havriliak 1997), the real and imaginary components of

viscoelastic properties are plotted against each other

in such a representation. A regular semi-arc is ob-

tained if the deformation behavior of the material can

be described by a single relaxation time or a narrow

distribution; however, in complex polymeric systems,

processes with more than one relaxation time take

place leading to the distortion of the arc or to the

appearance of a second arc. Such plots were used

to investigate the microstructure or molecular archi-

tecture of homopolymers or materials with a wide

relaxation time distribution such as heterogeneous

polymeric systems like block copolymers and polymer

blends (Harrell and Nakajima 1984; Chopra et al. 2002).

In this study, we used Cole–Cole plots to investigate

temperature induced changes in the microstructure

of nanocomposites and the results are reported in

Fig. 9 for two different temperatures, 210◦C and 300◦C,

which are the two limits of our measurement temper-

ature range. It can be observed clearly that at 210◦C

(Fig. 9a), the neat polycarbonate and the nanocompos-

ites containing low MWCNT loading present a single

relaxation arc. This indicates that the presence of the

MWCNT has almost no influence on the relaxation

behavior of the PC, and the rheological characteristics

of the matrix dominate the behavior of the composites.

However, at contents of 0.5 wt.% and above, all plots

are partitioned into two regions: a semicurved arc at

low viscosities corresponding to the local dynamics of

polycarbonate chains and a linear or rigid end at higher

viscosity related to the long-term relaxation of nano-

tubes. At higher MWCNT loadings, the first region pro-

gressively disappears, and the linear region dominates

the plots suggesting that the long-range motion of poly-

mer chains is drastically restrained. At 300◦C (Fig. 9b),

however, these changes are more significant. To illus-

trate the effects for the low-concentration nanocompos-

ites, an insert for the low viscosity values is presented

inside Fig. 9b. Even for the 0.2 wt.% nanocomposite,
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the Cole–Cole plot deviates from that of homogeneous

polymeric materials suggesting that at higher temper-

ature nanotube networks might be formed at a very

low loading. The slopes of the linear or rigid ends of

the plots are also significantly steeper, which reveals

that the effect of nanotubes on the nanocomposite

structure and properties is considerably enhanced at

higher temperature.

To investigate the effect of temperature in more

details, the rheological percolation thresholds of

the nanocomposites (calculated from low frequency

(1 rad/s) G′ versus MWCNT loading and Eq. 3) are

plotted versus the measurement temperature in Fig. 10.

As this graph shows clearly the percolation threshold

is very sensitive to temperature, decreasing consider-

ably as the temperature rises; however, when the mea-

surement temperature is high enough, the percolation

threshold tends to reach a plateau. Such a temperature
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dependency of the rheological percolation threshold

has been established before in the literature (Abdel-

Goad et al. 2004; Wu et al. 2007b), and it is in agreement

with the trend shown by the Cole–Cole plots of Fig. 9.

Figure 11 shows the effect of temperature on the

reduced complex viscosity of the nanocomposites as

a function of loading for different temperatures. By

dividing the complex viscosity of the nanocomposites

by that of the matrix at the same temperature, the

reduced data show clearly the effect of temperature

on the particle–particle interactions. Of great interest

are the significant increases of the reduced viscosity

of the nanocomposites as the temperature rises, the

effect being more pronounced at larger MWCNT con-
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Fig. 11 Effect of temperature on reduced viscosity of polycar-
bonate/MWCNT nanocomposites (1 rad/s data)

tent. Therefore, contrarily to expectations, nanotube–

nanotube interactions increase significantly with tem-

perature particularly at larger MWCNT content. This

could also suggest that the wettability of PC by the car-

bon nanotubes decreases as the temperature increases,

resulting in the formation of large aggregates.

The nanotube network can be considered to be an

elastic structure and the strength of such a network can

be related to the cohesion energy, which is the work

required to break up the elastic structure (Bossard et al.

2007; Chougnet et al. 2007). The cohesive energy per

volume unit, EC, can be defined by

EC = 0.5γ 2
CG′ (4)

where γ C is the critical deformation amplitude for the

limit of the linear domain. Figure 12 reports the stor-

age modulus of the nanocomposite containing 3 wt.%

MWCNT as a function of the strain amplitude for tem-

peratures ranging from 210◦C to 300◦C. Basically, the

linear domain is limited to very low deformation, where

the storage modulus G′ is constant. The linear domain

for the loss modulus (data not shown) is much wider. In

this work, γ C is taken as the value for which the storage

modulus is equal to 95% of the plateau value. Table 1a

reports the γ C values for different temperatures of

the nanocomposites containing 3 wt.% MWCNT. The

values for G′ and G′′ in the linear regime at 1 Hz, a

characteristic elastic time λ and the cohesive energy can

be also found in this table. As we expected, the cohe-

sion energy increases with temperature. The cohesive

energy is representative of the network strength, and

accordingly, its increase is a direct consequence of the
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Fig. 12 Storage modulus of PC/3 wt.% MWCNT nanocompos-
ites as a function of the strain amplitude
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Table 1 Key characteristics
of nanocomposites. (G′ and
G′′ data for ω = 6.28 rad/s,
γ < γ C, the elastic
characteristic time λ, and
the cohesive energy EC)

G′ (kPa) G′′ (kPa) λ = G′/G′′ω (s) γ C EC = 0.5γ 2
CG′

(mJ/m3)

(a) Nanocomposite PC/3 wt.% MWCNT at different temperatures

T(◦C)

210 30.4 53.6 0.090 0.0067 0.67

270 27.6 12.2 0.359 0.0119 1.95

300 25.1 8.8 0.457 0.0161 3.26

(b) Nanocomposites PC/MWCNT with different nanotube contents at 270◦C

MWCNT content (wt.%)

0.20 79 1659 0.008 0.0318 0.04

1.0 1875 2997 0.100 0.0150 0.21

3.0 27569 12223 0.359 0.0119 1.95

enhancement of nanotube–nanotube interactions (and

stronger networks) at higher temperature. The effect of

nanotube concentration was also examined in the same

manner. The key characteristics of the nanocomposites

with different nanotube loadings at temperature of

270◦C are reported in Table 1b. The cohesive energy

increases with nanotube content indicating that the

nanotube interactions (and networks) are stronger at

higher loading level.

Orientation effect

It is widely accepted that shearing tends to align the

particles in the flow direction, reducing markedly the

particle–particle interactions and leading to a remark-

able change of viscoelastic behavior (Fan and Advani

2007). It was observed that rod-like nanotubes are

oriented easily along the shear direction and that the

percolation network of nanotubes is quite sensitive

to steady shear flow (Wu et al. 2007a). In order to

investigate the effect of orientation on the PC/MWCNT

rheological behavior, we measured the percolation

thresholds in SAOS after applying different levels of

stresses as preshearing steps. We first determined the

shear stresses for which the nanocomposite response

changes from solid- to liquid-like using plots of the

steady shear stress versus shear rate of Fig. 13. These

values are indicated by the arrows in the figure. How-

ever, these critical points are not clear for the low

nanotube content suspensions and should not be inter-

preted as apparent yield stress values.

For each concentration, the samples were pres-

heared at two levels of shear stresses: the maximum

allowable stress of the CSM rheometer (2,400 Pa) as

the high stress level and the stress value corresponding

to the transition shown in Fig. 13 as the low stress

value. Note that preshearing at lower stresses than

the minimum values shown in the figure did not

affect subsequent SAOS measurements. As soon as

the preshearing step was completed (i.e., the shear

viscosity has reached steady state), SAOS tests were

conducted without any rest time. Figure 14 shows the

effect of preshearing on the complex viscosity of the

neat polycarbonate and nanocomposites containing 0.2

and 3 wt.% of MWCNT at 300◦C. Obviously, for the

neat polycarbonate and the 0.2 wt.% nanocomposites,

the effect of preshearing is negligible, which indicates

that the viscoelastic behavior is dominated by the poly-

mer matrix. However, for nanocomposites with high

nanotube loadings, the effect of preshearing becomes

quite significant. Applying a shear flow prior to SAOS

measurements, even at the low stress level, aligns the

nanotubes in the flow direction and results in a lower

complex viscosity. Consequently, the nanotubes inter-

connect minimally leading to a remarkable increase

in the percolation threshold as one can deduce from

Fig. 15 that reports the elastic modulus data as a func-

tion of nanotube content for different shear levels or
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no preshearing. Furthermore, this figure reveals that

the storage modulus at 300◦C increases very little with

nanotubes concentration after preshearing under both

low and high stresses, suggesting that we do not have

a percolated network anymore, even at high nanotubes

content. Interestingly, Fig. 15b, c shows that at lower

temperature, the decrease of the storage modulus is

much less sensitive to preshearing; at 250◦C, we still

have percolated networks even after applying high

levels of stress. The results of Fig. 15 suggest that the

nanotubes become more rigid and align more easily in

a shear flow as the temperature is increased.

Discussion

To our knowledge, no rheological model exists to pre-

dict the strong temperature dependency of the particle

interactions as observed in this work. In this section,

we consider the nanocomposite system as a viscous

suspension of a rod-like filler to get at least a qualita-

tive explanation of our experimental findings, although

further experiments and theoretical consideration on

the interactions between nanotubes and polymer chains

as well as between the nanotubes themselves are still

needed.

The viscosity of a suspension of solid particles is

generally determined by the nature of interactions be-

tween the particles, which depends mainly on the filler

concentration. In the case of rod-like particles, the

aspect ratio is another important factor affecting the

viscosity of the suspension. For a particle of length L

and diameter D, the aspect ratio is defined as P = L/D.

For suspensions of such rod-like particles, depending

on the rod dimensions, three concentration regimes are

considered (Shaqfeh and Fredrickson 1990):

1. Dilute regime where φ << (D/4L)2

2. Semi-dilute regime where (D/4L)2 << φ <<

(D/4L)

3. Concentrated regime where (D/4L) << φ

where φ is the volume fraction.

In the dilute regime, the particle interactions are

almost negligible. In the semi-dilute regime, the parti-

cles interact mostly through long-range hydrodynamic

interaction. If additional non-hydrodynamic interac-

tions become important, then we have a concentrated

suspension.
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The particles in our system are MWCNT with a

diameter ranging from 15 to 50 nm and the lengths

between 1 and 10 µm. The nanotube concentrations

in the nanocomposites are between 0.2 to 3 wt.%,

which correspond to the volume fractions of about

0.14 to 2 vol.% of MWCNT, considering the density

of nanotubes to be 1.75 g/mL (Potschke et al. 2002).

The density of polycarbonate was evaluated at the

appropriate temperature to convert the mass fraction

of nanotubes to the corresponding volume fraction.

Subsequently, this concentration range corresponds to

semi-dilute suspensions.

The intrinsic viscosity [η] is one of the key charac-

teristics to measure the contribution of the individual

particles to the viscosity of a suspension and can pro-

vide considerable physical insights. It is defined by the

following expression (Carreau et al. 1997):

[η] = lim
φ→0

ηr − 1

φ
= lim

φ→0

ηsp

φ
(5)

where the relative viscosity, ηr is the ratio of the sus-

pension viscosity to the medium viscosity and ηsp is

the specific viscosity. In our case, however, instead of

using the suspension shear viscosity, we considered the

complex viscosity and the intrinsic viscosity was then

determined at each temperature by extrapolating the

values of the specific complex viscosity/volume frac-

tion to zero concentration as shown in Fig. 16. The

extrapolation is done assuming a linear behavior at

the lowest concentrations and only two data could be

used for the higher temperature measurements. The

intrinsic viscosity values are listed in Table 2 for several

temperatures. Interestingly, the intrinsic viscosity value

increases from 15◦C at 210◦C to 180◦C at 300◦C. These

values are rationalized in the following paragraphs.
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Table 2 Intrinsic viscosity of the nanocomposites and effective
aspect ratio of nanotubes at different temperatures

T(◦C) 210 270 300

[η] 15 ± 2 300 ± 7 500 ± 9

Peff 25 151 205

It is well established that the intrinsic viscosity is

strongly dependent on the particle asymmetry. For rod

particles, the intrinsic viscosity is related to the aspect

ratio as (Barnes et al. 1989):

[η] = 7P5/3
/

100 (6)

Equation 6 was used to calculate the aspect ratios

corresponding to the different temperature measure-

ments and the results are reported in Table 2. We call

this an effective aspect ratio, Peff , since the suspensions

probably form bundles of nanotubes as suggested by

the low values reported in Table 2 for low temperature

(the nominal aspect of the individual nanotubes should

be between 20 and 666). Peff is shown to increase from

25 for the lowest temperature measurements to 205

for 300◦C, indicating that at higher temperatures, the

bundles are more likely to be dispersed into individual

nanotubes. As Fig. 1 reveals, the aspect ratio of an in-

dividual nanotube is much higher than that of a bundle.

Lower percolation threshold and stronger nanotube

networks at higher temperature are probably due to

this effect of temperature on the effective aspect ratio

of nanotubes.

On the other hand, it is well established that the

intrinsic viscosity is proportional to the hydrodynamic

volume of the filler. For a highly dilute suspension of

hard spheres, the specific viscosity can be predicted by

the Einstein equation (Larson 1998):

ηsp = 2.5
NBVη

V
(7)

where NB is the number of particles, Vη is the hydro-

dynamic volume of each particle, and V is total volume.

According to Eq. 5, the limiting value of the specific vis-

cosity at very low concentration is equal to [η]φ. Obvi-

ously for rod-like particles, the proportionality constant

would be different, but the increasing intrinsic viscosity

with temperature could be assigned to an increase of

the hydrodynamic volume of the nanotubes. In other

words, the end-to-end distance of the nanotubes in-

creases significantly with temperature suggesting that as

discussed previously, the nanotubes become more rigid

(strengthened out) and align more easily in a shear flow

compared to nanotubes that are more flexible at lower

temperature.
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Table 3 Activation energy of the network formation at different
nanotube loadings

MWCNT (wt.%) 0.2 1 3

Ea (kJ/mol) 74.43 20.88 16.99

Finally, to understand why the effect of temperature

on the rheological properties is more pronounced at

higher nanotube loading, as it was shown previously, we

made use of the Andrade–Eyring equation defined for

the complex viscosity as (Mendelson 1968):

η∗
= B exp (Ea/RT) (8)

where Ea is the flow activation energy, and R is the

universal gas constant. In the case of nanocomposites,

Ea can be related to the interactions between polymer

chains and nanotubes. The value of Ea, thus, depends

on the ease with which the nanotubes move through

the polymer chains. To estimate the activation energy

of the nanocomposites, we have plotted the values of

ln η* (determined at 1 rad/s) as a function of 1/RT.

The activation energy is then given by the slope of this

curve. Table 3 reports the values of Ea for different

nanotube loadings. For the neat PC, the flow activa-

tion energy was found to be 83.9 kJ/mol in agreement

with values of the literature (Van Krevelen 1990). The

rapid decrease of the activation energy with increasing

nanotube loading suggests that at higher nanotube

loadings, the nanotubes are less restricted and have

less interaction with the polymer chains; hence, less

wettability with the polymer matrix and more particle–

particle interactions (including all the interactions in

the system between either individual nanotubes or

nanotube bundles (Fig. 1)) result. A somewhat related

idea was previously proposed by Dionne et al. (2006)

who showed that the increasing energetic interaction

between the polymer matrix and the filler with temper-

ature increased the rate of the attachment (wetting) of

the filler to the polymer according to the Arrhenius law,

in which the activation energy was proportional to the

polymer–nanoparticle interaction parameter.

Conductivity measurements

In the case of conductive fillers, electrical measure-

ments are useful to understand the relationship

between the rheological behavior and the nanocom-

posites microstructure. Figure 17 presents the effect

of the nanotube loading on the conductivity of the

nanocomposites. The electrical percolation threshold is
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between 2 and 3 wt.% of MWCNT in PC. The conduc-

tivity changes by more than 10 decades in this range of

concentration and the nanocomposites with nanotube

contents larger than 3 wt.% can be considered as elec-

trically conductive. As for the rheological percolation

threshold, the electrical percolation threshold can be

found by applying a similar power-law expression to the

electrical conductivity data (Hu et al. 2006):

σ = βc,σ

(

m − mc,σ

mc,σ

)n

for m ≥ mc,σ (9)

where βc,σ and n are power-law constants, and mc,σ

is the electrical percolation threshold (wt.%). Again,

this power-law expression is found to describe very well

the data of Fig. 17 (after the percolation points) with

an electrical percolation threshold of about 2.55 wt.%.

It is worthwhile to note that rheological percolation

threshold (0.66 wt.%) is considerably smaller. This dif-

ference can be described in terms of the shorter tube–

tube distance required for electrical conductivity as

compared to that required to impede polymer mobil-

ity, so that more nanotubes are needed to reach the

electrical percolation threshold. Furthermore, all the

nanotubes cannot participate in the formation of an

electrically conductive path. Only metallic and semi-

conducting nanotubes can contribute in the electrical

conductivity. Nonmetallic tubes do not have a signif-

icant contribution in electrical conductivity, although

they can restrict the polymer motion.

Finally, it is well known that carbon nanotubes are

thermally conductive. Hence, there must be another

type of percolated structure in the nanocomposites
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due to formation of a thermally conductive network.

Assuming that all nanotubes are thermally conductive,

the thermal conductivity percolation threshold ought to

be smaller than the electrical threshold. However, the

tube–tube distance required for thermal conductivity

is still smaller than that required to impede polymer

mobility, so that the thermal conductivity percolation

threshold is expected to be higher than the rheological

threshold. In addition to electrical conductivity, Fig. 17

reports the thermal conductivity of the nanocomposites

as a function of MWCNT loading for a wide range of

temperatures. At very low concentration of nanotubes,

the thermal conductivity gradually increases with in-

creasing nanotube content. However, at a nanotube

concentration between 1 to 2 wt.%, a remarkable jump

in the thermal conductivity is observed. Even though

the thermal conductivity values are still much less than

the corresponding values in thermally conductive ma-

terials, this stepwise change in conductivity might be

due to the formation of an interconnected structure of

MWCNTs and can be regarded as a thermal percola-

tion threshold. The values of the thermal percolation

threshold can be found by using the same power-law

expression as for the electrical conductivity (Eq. 9). The

fits are shown in Fig. 17 and the thermal conductivity

percolation values are about 1.7, 1.6, and 1.47 at 50◦C,

100◦C, and 200◦C, respectively. As we expected the

thermal percolation threshold has a value between the

rheological and the electrical percolation thresholds.

Concluding remarks

In this work, we have examined the effects of tempera-

ture and nanotube loading on the rheological behavior

of PC/MWCNT nanocomposites. A masterbatch was

diluted to prepare the nanocomposites, and a reason-

ably good dispersion of nanotubes within the polymer

matrix was confirmed using SEM, TEM, and AFM.

Rheological measurements show that the percola-

tion threshold and the strength of nanotube networks

are significantly dependent upon the measurement tem-

perature. Assuming that the nanotube network forms

an elastic structure within the matrix, the strength of

this network could be related to the cohesive energy,

which is the work required to break it up. Thus, the

increase of the cohesive energy with temperature is a

direct consequence of the enhancement of nanotube–

nanotube interactions and a stronger network at higher

temperature.

The intrinsic viscosity was found to increase with

temperature, and the effective aspect ratio of the nano-

tubes was larger at elevated temperature. This sug-

gests that the bundle size decreases with temperature,

and at higher temperature, more nanotubes are dis-

persed individually, and this also explains the lower

percolation threshold and stronger nanotube networks

at higher temperature. The increase of the intrinsic

viscosity with temperature could be also due to the

expansion of the nanotubes hydrodynamic volume. In

other words, the end-to-end distance of the nanotubes

increases significantly with temperature and results in

more rigid nanotubes which align more easily under

shear flow as evidenced by preshearing effects on the

elastic modulus.

It was also shown that the effect of temperature

is more pronounced at higher nanotube loading and

can be described in terms of the activation energy of

the nanocomposites. The decreasing of the activation

energy with nanotube contents indicates that at higher

level of loading, the interactions between the nanotubes

and the polymer chains decrease. Accordingly, the nan-

otubes are less restricted, and their motion and interac-

tions are more affected by temperature.

Furthermore, electrical and thermal conductivity

measurements were carried out, and it was found that

the formation of a conductive network above a certain

content of nanotube results in an obvious jump in the

conductivity (thermal and electrical) of the nanocom-

posites. The thermal percolation threshold was found

to be between the rheological and electrical threshold.
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