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Abstract Epoxy nanocomposite suspensions including

multi-wall carbon nanotubes (MWCNTs) and carbon black

(CB) were produced and investigated by means of com-

bined rheological and electrical analysis. The rheological

percolation behaviour was compared to the electrical per-

colation behaviour. Due to similar dynamic agglomeration

mechanisms the difference between the rheological and the

electrical percolation threshold in the cured state is iden-

tical for MWCNT and CB filled systems. Non-covalent

matrix–nanoparticle interactions in uncured epoxy sus-

pensions are negligible since the onset of electrical and

rheological percolation in the uncured state coincidence.

Furthermore, the electrical percolation threshold in the

cured state is always lower than in the uncured state

because of the high tendency of CB and MWCNTs to form

conductive networks during curing. The difference

between rheological and electrical percolation threshold is

dependent on the curing conditions. Thus, the rheological

percolation threshold can be considered as an upper limit

for the electrical percolation threshold in the cured state.

Due to the formation of co-supporting networks multi-filler

(MWCNTs and CB) suspensions exhibit a similar rheo-

logical behaviour as the binary MWCNT suspensions. For

both types of suspensions a rheological percolation

threshold of around 0.2 and 0.25 wt% was determined.

Conversely, the binary CB nanocomposites exhibit a four-

times higher percolation threshold of about 0.8 wt%. The

difference between the binary MWCNT suspension and the

ternary CB/MWCNT suspension in storage shear modulus

at high filler concentrations (*0.8 wt%) turns out to be

less than expected. Thus, synergistic effects in network

formation are already present in the epoxy suspension and

get more pronounced during curing.

Introduction

Since decades carbon-based particles are commonly used

to impart an electrical conductivity into isolating polymers

systems. Here, nano-scaled particles showed the best per-

formance in terms of high electrical conductivities and low

percolation thresholds (critical filler concentration for

insulator/conductor transition) [1–3]. Nano-scaled carbon

black (CB) can be considered as a good choice to obtain

rather low percolation thresholds and relatively high elec-

trical conductivities [4–7]. Nevertheless, since carbon

nanotubes (CNTs) has emerged in the field of polymer

science, the interest of research and technology in theses

types of nanoparticles has been steadily grown due to their

outstanding physical properties [8–12]. Their transfer

seems to be still a great challenge since the nanocomposite

properties often do not meet the theoretical predictions.

However, the high aspect ratio and low intrinsic electrical

resistance of CNTs lead to very high electrical conductiv-

ities and low percolation thresholds of nanocomposites

filled with CNTs, especially if compared to nanocompos-

ites filled with spherical CB [13, 14]. Lowest reported

percolation thresholds are 0.0025 wt% for multi-wall

carbon nanotubes (MWCNTs) [15] and 0.005 wt% for

single-wall CNTs [16]. Contrarily, most of the reported

percolation thresholds for various polymer systems filled

with CNTs were found to be around 0.1 wt% [17 and

references therein]. These low percolation thresholds
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can only be explained by the presence of kinetic percola-

tion mechanisms occurring during curing of such low

viscosity epoxies. At this stage, the fine dispersed CNT

distribution undergoes re-agglomeration and flocculation

processes where fractal network structures are formed [18].

The tendency for such particle network re-organisations is

even more pronounced in thermosets than in thermoplastics

due to the low viscosity of the thermoset components

before polymerisation. Nevertheless, re-agglomeration in

thermoplastic melts has been observed and was subse-

quently studied and theoretically modelled for a variety of

thermoplastic systems [19–23].

Due to the formed nanoparticle networks, the rheologi-

cal properties (e.g. viscosity) of uncured epoxy suspensions

are significantly increased by orders of magnitude [24, 25].

This increase in rheological properties is often referred to a

‘rheological percolation’ transition which has been studied

for various types of carbon nanoparticle (CNTs, CB and

others) suspensions based on low viscous solvents such as

epoxy [24, 25], water [26–30] and other organic liquids

[31, 32]. In comparison to the electrical percolation

threshold, values for the rheological percolation thresholds

were found at subsequently higher filler contents between

0.1 and 2 wt%, depending on the nanoparticle dispersion

method and the chemical origin of the solvent. For ther-

moplastic systems, both percolation phenomena (electrical

and rheological) have been systematically compared for a

variety of thermoplastic polymers [33–39]. Depending on

the type of thermoplastic polymer and the CNT dispersion

method, the rheological percolation threshold is usually at

lower CNT contents compared to the electrical percolation

threshold [37–40]. Reasons for the different percolation

thresholds for conductivity and rheology can be found in

different morphological requirements for a mechanical

rigid or an electrically conductive network [37–39].

Interestingly, this systematic comparison of both per-

colation phenomena has not been performed for thermoset

polymers although extensive rheological and electrical

studies were conduced [15, 16, 18, 24, 25, 41–44]. Nev-

ertheless, some latest works by Allaoui and El Bounia [45]

as well as by Chapartegui et al. [46] linked the electrical

and rheological percolation features of epoxy nanocom-

posites and their suspensions. Chapartegui et al. [46]

showed that the electrical percolation threshold (0.04 wt%)

of the uncured suspensions is lower than their rheological

percolation threshold (0.067–0.13 wt%) due to the absence

of a combined polymer–CNT network in the low viscous

epoxy pre-polymer. Contrarily, Allaoui and El Bounia [45]

stated that the electrical and rheological percolation

thresholds of their uncured suspensions coincidence at the

same filler content of around 0.5 wt%. Both works used the

same epoxy resin as well as the same type of CNTs. Thus,

differences in the occurrence of rheological and electrical

percolation can be directly related to different dispersion

methods.

As mentioned earlier, for thermoplastic systems, the

rheological and electrical percolation was described for a

set of different polymers. More detailed studies about

percolation in CNTs in thermoplastic systems were put

forward by Alig et al. [20, 21, 40, 47], where the classical

percolation theory was extended by theories based on

cluster aggregation mechanisms. Latest works performed

by Skipa et al. [22] and Richter et al. [23] further extended

these approaches.

It has to be mentioned that a detailed description of the

rheological and electrical percolation including theoretical

assumptions made by the classical percolation theory are

missing for epoxy systems [45, 46]. This detailed

description will be given in this paper for a similar epoxy

system as used by [45, 46]. Additionally, both electrical

and rheological percolation thresholds of the nanoparticle

(CNT and CB) filled suspensions will be systematically

compared to their respective electrical percolation thresh-

olds in the cured state which were already presented in an

earlier work by the authors of the present paper [14]. In this

earlier work, the electrical percolation phenomenon and

their underlying mechanisms of particle network formation

in CB and CNT filled epoxy nanocomposites were com-

pared to a new class of multi-filler nanocomposites

including both CB and CNTs. These multi-filler systems,

containing CB and CNTs at a relative ratio of 50:50%,

exhibit almost identical electrical properties as the nano-

composites only filled with CNTs revealing synergistic

effects in the formation of co-supporting network of both

types of nanoparticles. Other works using different com-

binations of conductive carbon nanoparticles found similar

synergistic effects in multi-filler network formation and

thus electrical conductivities of the hybrid nanocomposites

[48–51]. Therefore, this paper aims two major goals: first,

to compare and describe the rheological and electrical

percolation transitions in CB and CNT filled epoxy sys-

tems. Second, to compare the rheological percolation

transitions among the various nanocomposites systems

(CNT, CB and CB/CNT). The latter approach is going to

give new insights in the synergistic effects in network

formation of multi-particle systems as proposed in [14].

Experimental

The epoxy polymer is a three component system consisting

of a DGEBA-based resin (LY556), an anhydride curing

agent (CH917) and an amine-based accelerator (DY070),

provided by Huntsman, Switzerland. The resin system

exhibit good mechanical, thermal and chemical properties

and is certificated for aeronautic applications. The Printex
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XE2� is a spherical CB particle with a primary particle size

of 30 nm, provided by Degussa-Evonik, Germany. The

Graphistrength C100� are MWCNTs, exhibiting an outer

diameter of about 15 nm with length of up to 10 lm, and

were provided by Arkema, France. The nanoparticle filled

epoxy polymers were produced using a lab-scale three-roll-

mill (Exakt 120E�) which enables the introduction of very

high shear forces (up to 200,000 s-1) throughout the sus-

pension. The nanocomposite production started with a

manual distribution of the nanoparticles in the LY556 resin

component. The pre-dispersed suspension was then given

batchwise onto the rolls with dwell times of 2 min. The

dispersive forces on the suspension were acting in the gap

(5 lm) between the rolls. Details about the dispersion

technique can be found in earlier publications [52, 53].

After dispersion of the nanoparticles in the resin component

LY556, the hardener and accelerator are usually added in a

vacuum dissolver in order to avoid trapped air in the sus-

pension as described in [54].

In this work, a small portion of the LY556/CH917

mixture was taken before adding the accelerator in order to

avoid curing of the suspensions during rheological analy-

sis. Since the amount of the accelerator is very low (1:191

parts), the rheological response of the suspension without

accelerator does not vary. The filler contents were changed

in small steps from very low (0.03 wt%) to high (up to

1.6 wt%). In the multi-filler (ternary) systems, the relative

ratio between CB and MWCNT was set to 50:50%, e.g.,

0.2 wt% CB plus 0.2 wt% MWCNT.

Already done in our previous work, the suspensions

including the accelerator were poured into aluminium

moulds (100 9 180 mm2) and cured in an oven for 4 h at

80 �C plus 8 h at 140 �C. After curing, samples for electrical

analysis were machined out of the plates. Details about the

electrical conductivity measurements and the electron

microscopy analysis of the cured samples can be found in our

previous work [14]. In the present work, the electrical con-

ductivity data of the cured samples were reused for com-

parison of both electrical and rheological percolation.

The rheological analysis of the nanoparticle filled sus-

pensions was performed in a TA ARES� strain-controlled

rheometer with a plate–plate configuration (d = 40 mm).

The test program included frequency sweep tests from 0.1

to 15 Hz at 25 �C at a fixed strain of 10%, ensuring the

samples to be tested in the linear visco-elastic regime. As a

new approach for the investigation of nanoparticle sus-

pensions, an on-line monitoring of the electrical conduc-

tivity of the suspensions during rheological testing was

performed similar to the approaches performed for ther-

moplastic systems by [19, 40]. The plates of the rheomoeter

were electrically isolated from the device frame by PVC

inlets. Additionally, the plates were wired and lead out of

the rheometer by sliding contacts. Therefore, the whole

plates act as electrodes. The electrical conductivity was

measured with a Hewlett-Packard impedance analyser (HP

4284A LCR) at a fixed frequency of 100 Hz, which can be

regarded as the DC conductivity. The conductivity data

were taken directly at the start of the frequency sweep tests.

Electron microscopy

In order to give an insight in the state of nanoparticle dis-

persion in the cured state, transmission electron microscopy

(TEM) on the single-filler (binary) and the multi-filler (ter-

nary) nanocomposites was conducted. Regarding the binary

MWCNT system, most of the MWCNTs are individually

dispersed. MWCNTs tend to form networks throughout the

epoxy matrix during curing [18, 55]. These networks can be

made visible in TEM, as observed in Fig. 1a. The dispersion

with the three-roll-mill provides a good degree of dispersion

of MWCNTs, although some primary agglomerates can still

be observed (see Fig. 1a bottom). As it can be concluded

from their dense structure and entanglements, such

agglomerates originate from the chemical vapour deposition

(CVD) production process and have not been formed by

kinetic re-agglomeration. These types of agglomerates are

rarely observed in TEM and usually exhibit diameters below

1 lm. Thus, the ratio between primary agglomerates and

separated MWCNTs can be considered as rather low. Indeed,

one major advantage of the three-roll-mill is the low amount

of non-dispersed primary agglomerates. In contrast, other

dispersion methods, such as stirring or ultrasound, produce

MWCNT composites with a higher volume fraction of non-

dispersed primary agglomerates which are not impregnated

with epoxy resin [52, 53, 56]. Since a steady state of dis-

persion is reached during processing on the three-roll-mill it

is questionable if very small and entangled agglomerates can

be separated at all.

Figure 1b depicts the state of dispersion for the binary

CB nanocomposites. The CB are well dispersed down to

the level of primary particles and small aggregates. These

aggregates consist of covalently bonded primary particles.

The mean size of the CB aggregates is up to a few hundred

nanometres, typical values around 300 nm can be con-

cluded from Fig. 1b. The primary particle size is around

30–40 nm, in good agreement with the manufacturer’s data

sheet. The breaking-up and dispersion of these structures is

unlikely to occur due to mechanical agitation even using a

high shear mixing process as done in this work. Compa-

rable to the MWCNT composites, CB composites exhibit a

network structure including CB primary particles and CB

aggregates.

Already reported in our previous work [14], in ternary

nanocomposites based on CB and MWCNTs an intermix-

ing of CB and MWCNTs on the primary particle level can
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be found (see Fig. 1c). As a consequence, co-supporting

networks are formed, which were also found for other

combinations of carbon based particles [48–50]. In these

networks, CB and MWCNTs seem to be randomly dis-

tributed. Assuming that different types of carbon nano-

particles (here: CB and MWCNTs) possess similar surface

characteristics due to their carbon based atomic structure; it

is likely that a good intermixing of both types of particles

without a formation of domains or other substructures

occurs [57].

Rheological analysis

Dynamic (oscillatory) measurements yield to the quasi-

static rheological data of the nanoparticle filled epoxy

suspensions and allow the determination of the elasticity

of the nanoparticle network. Beside the evaluation of

the binary MWCNT and CB suspensions, the ternary

CB/MWCNT suspensions are compared to their binary

counterparts. Dynamic rheological experiments deliver

various data, such as the storage shear modulus G0, the loss

shear modulus G00 and the loss factor tan d. In this work,

only the storage shear modulus, G0, is discussed since it is

the most significant parameter for the evaluation of

nanoparticle networks in polymers melts or suspensions

[33, 38].

Figure 2a shows the G0 data as a function of frequency

for the binary MWCNT suspensions with filler contents

ranging from low (0.03 wt%) to high (1.2 wt%) concen-

trations. Depending on the MWCNT content, three distinct

behaviours can be found. At very low MWCNT contents

(0.03 and 0.1 wt%), the frequency spectra do not deviate

from the pure epoxy resin system (dashed line). At inter-

mediate MWCNT contents (0.2 and 0.3 wt%), a slight

increase in G0 at low frequencies can be found, denoting

significant changes in the MWCNT network. Nevertheless,

the slope of the G0–f-curve does not differ from the refer-

ence curve. At higher MWCNT content ([0.4 wt%), the

G0–f-curve is subsequently shifted to higher G0 values.

Fig. 1 TEM-images of a cured nanocomposite with a 0.3 wt% of MWCNTs; b 0.3 wt% of CB; c 0.4 wt% of CB/MWCNTs (0.2 wt% each

filler)

662 J Mater Sci (2011) 46:659–669

123



Additionally, the slope of the G0–f-curve decreases. With

increasing MWCNT content, the slope G0–f-curve almost

levels off, denoting the formation of percolating networks

in the suspending epoxy.

Figure 2b depicts the frequency spectra for the binary

CB suspensions. Again, the filler content is varied from

low (0.03 wt%) to high concentrations (1.6 wt%). As

found for the rheological behaviour of the binary MWCNT

suspensions, three different behaviours of the G0–f-curves

can be distinguished: first, no change in comparison to the

pure epoxy for CB contents up to 0.1 wt%. Second,

increases in G0 at low f without a change in the slope of the

G0–f-curve for filler contents up to 0.4 wt%. Third, a sig-

nificant increase in G0 together with a lower slope of the

G0–f-curve for CB contents higher than 0.4 wt%. Thus,

both general rheological behaviours of the binary MWCNT

and CB suspensions appear to be rather similar, reflected

by their frequency response. CB particles are subjected to

similar agglomeration mechanisms as MWCNTs [58].

Nevertheless, due to the different particle shape of CB and

thus different network morphology the CB content at rhe-

ological transition as well as the absolute G0 values differs

from the results found for the binary MWCNT suspensions.

As a third nanoparticle system, ternary CB/MWCNT

suspensions were tested (see Fig. 2c). As expected, the

general behaviour can be found to be similar to the binary

MWCNT and CB suspensions. The absolute values of G0 as

well as the onset of the rheological transition zone are

different from those found for the binary suspensions. As

expected, the multi-filler suspensions also exhibit a rheo-

logical percolation. The origins of the rheological transi-

tion of all tested nanoparticle filled suspensions will be

later discussed in detail.

For a deeper discussion of the frequency spectra of the

tested suspensions, the curves are fitted by a power law

relationship as follows [59, 60]:

G0ðxÞ ¼ A � f b ð1Þ

where b is the relaxation exponent and A is a constant.

Using Eq. 1, one may obtain Fig. 2d. Here, the relaxa-

tion exponent, b, is plotted against the filler content for

both binary MWCNT and CB suspensions as well as the

ternary CB/MWCNT suspension. The relaxation exponent,

b, at low filler contents differs significantly from the ter-

minal value for pure Newtonian systems (b = 2). In liter-

ature, lower values than 2 are reported for polymer melts

with a broad molecular weight distribution [61]. However,

in the uncured epoxy monomer system, a relaxation

exponent of roughly 0.6–0.8 is found. Since the measure-

ments are performed within the linear visco-elastic regime,

one reason may be found in the resolution limit of the force

transducer. The pure epoxy system LY556/CH917 exhibit

an apparent viscosity of roughly 0.6 which leads to very

low G0 at low frequencies (*10-1 Pa). Thus, the relaxa-

tion exponent for such low structured systems may be

overestimated by the fitting. Nevertheless, for low filled

suspensions the exponent scatters in the regime mentioned

above. Above a critical filler content, the relaxation

exponent starts to decrease. The onset of the decrease is

somewhat dependent on the type of nanoparticle used. The

relaxation exponent of the binary MWCNT suspensions

decreases asymptotically at the lowest filler contents. In

comparison, the relaxation exponent for the CB systems

decreases at the highest filler contents. The ternary CB/

MWCNT mixture is situated between both binary systems.

The decrease of the relaxation exponent is related to an

entanglement transition where the nanoparticles form an

interconnected network in the suspension [27, 60]. At high

filler loadings, all systems exhibit a decreased low-fre-

quency power-law scaling at a level of 0.1, reflecting an

almost frequency independent storage modulus G0 and thus

solid-like rheological behaviour. Interestingly, the decrease

of the relaxation exponent of the binary CB suspension

takes place in a broader filler content regime as the

decrease of the binary MWCNT suspensions. This may be

explained in terms of the less robust CB network formed

once the critical filler content for mechanical interlocking

of nanoparticles is reached.

As mentioned earlier, nanoparticle filled suspensions

undergo a rheological transition once a critical filler content

for the formation of an entangled and mechanical rigid net-

work is reached. These agglomerate networks are reflected

by the elastic storage modulus G0 in the terminal region.

Thus, the G0 data at 0.5 Hz are plotted against the filler

content for the MWCNT, CB and CB/MWCNT suspensions,

leading to a rheological percolation diagram (see Fig. 2e).

The binary MWCNT suspensions show an increase in

storage modulus G0 at the lowest filler content in comparison

to the other tested suspensions. The binary CB suspensions

exhibit a significant increase in G0 at the highest filler con-

tents. The ternary CB/MWCNT suspensions are situated

between both binary systems. In order to perform a deeper

analysis on the rheological percolation, the data of the three

systems are fitted by the statistical percolation theory [62, 63]

in analogy to the fitting performed for the electrical con-

ductivity of the cured systems in our previous work [14]:

G ¼ G0 U� Uc;rheo

� �trheo ð2Þ

where U is the filler content and Uc,rheo the percolation

threshold, G0 storage shear modulus at Uc,rheo and trheo the

percolation exponent. According to [63], the percolation

threshold in the fitting was incrementally changed

(DU = 0.01 wt%) in order to obtain a best fit of the rhe-

ological data. Figure 2f and Table 1 show the results of the

fitting in detail.
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The binary MWCNT suspensions exhibit the lowest

rheological percolation threshold of all tested systems at a

critical filler content of 0.2 wt%. The CB suspensions

possess a higher threshold of 0.8 wt%. The difference of

both rheological percolation thresholds is usually explained

by the high aspect ratio of the MWCNTs forming an

agglomerate network at subsequently lower filler contents.

Considering the extended model of the percolation theory

based on cluster aggregation mechanisms for the devel-

opment of a network structure as proposed by Alig et al.

[20, 21, 40, 47] and used by Deng et al. [58], it seems likely

that the agglomerate size is a crucial parameter for the

rheological percolation threshold. Here, fibre-like particles

such as MWCNTs tend to form greater and mechanically

Fig. 2 G0 versus f for suspensions with varying a MWCNT content;

b CB content; c CB/MWCNT content at fixed CB:MWCNT ratio.

d Relaxation exponent b versus filler content for the tested

suspensions.e Storage modulusG0 for the MWCNT, CB and CB/

MWCNT suspensions exhibiting percolation behaviour. f Fitted

curves according to the percolation law for the MWCNT, CB and CB/

MWCNT suspensions

Table 1 Rheological data of the binary and ternary suspensions

derived from Fig. 2f

Suspension Uc,rheo (wt%) trheo G0 at 0.8 wt% (Pa)

Binary MWCNT 0.2 2.1 88.4

Binary CB 0.8 1.8 1.4

Ternary CB/MWCNT 0.25 2.3 25.9
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more rigid agglomerates as CB. The ternary CB/MWCNT

suspensions exhibit a threshold of 0.25 wt%, which is

almost identical to the threshold of the binary MWCNT

suspensions.

All tested suspensions (MWCNT, CB and CB/MWCNT)

exhibit similar rheological percolation exponents between

1.8 and 2.3. From theory, a rheological percolation exponent

of 2.1 ± 0.2 belong to percolating bonds, which resist

stretching but are free to rotate [64]. This theoretical value

correlates rather well with the experimental results of the

tested suspensions (see Table 1) as well as of other types of

CNT suspensions [30]. Although there might be other pos-

sible mechanisms such as bending of particles [65], the high

stiffness of MWCNTs and CB aggregates leads to the con-

clusion that the CB and MWCNT networks are composed of

freely connected particles. The slight difference of the rhe-

ological percolation exponents of the binary MWCNT and

binary CB suspensions may be explained in terms of higher

network strength of the MWCNT network above percola-

tion. In addition to freely joined bonds, the long aspect ratio

of the MWCNTs leads to entanglements and thus mechanical

interlocking in suspended media. It has to be mentioned that

a much higher rheological percolation exponent (*4.2) was

found for a similar system as used in this work (MWCNT

Graphistrength C100� and LY556) [45]. Since the percola-

tion theory has its limitations in describing agglomeration

phenomena of CNTs and CB it has to be emphasised that the

discussion of the fit parameters (e.g. percolation exponent)

can only lead to a basic picture of the actual agglomerate

structure and needs to be studied in-depth, based on other

mechanical mixing laws, e.g. as performed in [20, 21, 40,

47].

The percolation threshold of multi-filler (ternary) sys-

tems cannot be derived from a simple addition of the

thresholds of the respective binary systems. Thus, the

model from Sun et al. [50] is used to compare experimental

and theoretical results, which was already performed in our

previous work for the electrical percolation threshold of the

cured systems [14]. According to [50], the percolation

threshold of ternary systems can be estimated by adopting

the ‘excluded volume’ approach from Balberg [66]:

mCB

UCB;binary

þ mMWCNT

UMWCNT;binary

¼ 1 ð3Þ

where mCB and the mMWCNT are the mass fractions in the

ternary systems, UCB,binary and UCNT,binary the respective

percolation thresholds in the binary systems. Using the

experimental results of the percolation thresholds and

rearranging Eq. 3 one may have

0:8 � mCB þ 0:2 � mMWCNT ¼ 0:16 wt% ð4Þ

In this work, mCB equals mMWCNT since the relative ratio

of CB and MWCNT is set to 50:50%. Using Eq. 4 one may

obtain for the rheological percolation threshold of the

ternary CB/MWCNT system:

Uternary;rheo ¼ 2 � mCB ¼ 2 � mMWCNT ¼ 0:32 wt% ð5Þ

The rather small difference of the computed and

experimental rheological percolation threshold of the

ternary CB/MWCNT does not lead to a concluding remark

about synergistic effects of nanoparticle intermixing on the

rheological percolation threshold. The small difference in

theoretical and experimental threshold was also found for

the electrical conductivity of the cured ternary systems [14].

Nevertheless, if synergistic effects occur in ternary systems

in terms of their network morphology, it seems likely that

these networks are already present in the suspension directly

after dispersion on the three-roll-mill. Nevertheless, the

difference in G0 at higher filler contents between the

computed sum curve in Fig. 2e and the experimental

results for ternary CB/MWCNT suspensions are higher

than the difference of the electrical conductivities in the

cured state (compare Figs. 4.5 and 1 in [14]). This may be

due to a change in morphology of the co-supporting

networks during curing. Indeed, a partial alignment of

MWCNTs during dynamic re-agglomeration may promote

the dominating effect of MWCNT in cured ternary CB/

MWCNT systems which are not that pronounced in the

uncured state [67].

Comparison of rheological and electrical percolation

As mentioned earlier, in nanoparticle filled epoxy the

particle network morphology is strongly dependent on

kinetic agglomeration mechanisms in the uncured state

prior or during curing. A comparison of the rheological and

electrical percolation transition can give a comprehensive

insight in the network forming processes and is further

discussed among the various tested systems (MWCNTs,

CB and CB/MWCNTs). Thus, the different percolation

phenomena found in electrical conductivity of the cured

nanocomposites as well as in rheological properties of the

nanoparticle filled suspensions is discussed. Additionally,

the electrical conductivity of the uncured suspensions was

measured during rheological measurements.

Figure 3a shows the electrical conductivity of the cured

binary MWCNT systems together with the storage shear

modulus, G0, and the electrical conductivity of the

respective suspensions. The percolation region of the

electrical conductivity of the cured nanocomposites occurs

at lower MWCNT contents as the percolation region for G0

and the electrical conductivity of the uncured suspensions.

The difference of the percolation thresholds is roughly one

order of magnitude (0.025 vs. 0.2 wt%) (see also Table 2).

This significant reduction of percolation onset can be
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attributed to the dynamic re-agglomeration processes

occurring during curing which is usually promoted by the

introduction of shear forces due to mechanical agitation or

temperature gradients in the mould. In case of the used

anhydride cured epoxy system, re-agglomeration is further

promoted by the low viscosity of the resin system

(*0.6 Pas) as well as its relatively high acidity leading to

low surfaces charges of the nanoparticles [6, 68]. Since the

epoxy systems do not consist of large molecule chains this

decrease in percolation threshold during curing may hold

for every CNT thermoset system although it may vary in its

magnitude. In contrast, thermoplastic systems usually

exhibit higher electrical percolation thresholds than their

rheological ones due to the formation of a combined

polymer-CNT network which increases the rheological

properties without establishing a conductive network [37–

39, 69]. Additionally, thermoplastic systems do not exhibit

such strong dynamic re-agglomeration during vitrification

due to their high viscosity in the molten state.

Regarding the electrical conductivity of the uncured

binary MWCNT suspensions, it can be seen that the elec-

trical and rheological transitions take place at the same

MWCNT content (*0.2 wt%), emphasising the assump-

tion of negligible particle–epoxy monomer interactions. In

other words, if no interactions between particles and epoxy

molecules exist, an increase in rheological properties is

only due to the formation of a particle network. In turn, the

electrical conductivity increases if the rheological proper-

ties increase. Furthermore, the rheological percolation

threshold can be considered as an upper boundary for the

electrical percolation threshold, also for cured systems. It

seems unlikely that the electrical percolation threshold can

become higher than the rheological one.

Two special phenomena of the electrical conductivity of

the uncured MWCNT suspensions must be addressed. First,

the electrical conductivity at low filler contents in the

uncured state is higher as found in the cured state. This high

Fig. 3 Comparison of electrical conductivity of the cured nanocom-

posites with the storage shear modulus, G0, and electrical conductivity

of the suspensions for the a binary MWCNT systems; b binary CB

systems; c ternary CB/MWCNT systems. Electrical conductivity data

of the cured systems is taken from [14]

Table 2 Rheological and electrical percolation data of the binary and

ternary suspensions

Nanocomposite Uc,el,cured

(wt%)

Uc el,uncured
a

(wt%)

Uc,rheo

(wt%)

Binary MWCNT 0.025 *0.2 0.2

Binary CB 0.085 *0.8 0.8

Ternary CB/MWCNT 0.03 *0.25 0.25

a Not determined by fitting, simple estimation from Fig. 3a to c
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level is mainly caused by the ion conductivity of the LY556/

CH917 mixture. The ion conductivity of the neat resin

system decreases with increasing degree of conversion

during curing. On the other hand, the dynamic re-agglom-

eration of MWCNTs is promoted by an increase in tem-

perature. The formed networks lead to an increase in

conductivity. Thus, a maximum in conductivity is obtained

near the gel point where both, the particle network and the

epoxy matrix, are conductive [70]. Afterwards, the con-

ductivity decreases to the level of the cured nanocomposite.

Second, at high filler contents, the electrical conduc-

tivity levels off at roughly 10-4 S/m while the storage

shear modulus, G0, still increases with increasing filler

content. The origin of such behaviour can be manifold. The

difference in electrical conductivity in the cured and

uncured state at high filler contents is up to three orders of

magnitude. Since both states provide dense networks, it

seems likely that the mean interparticle separation for

electron tunnelling must be higher in the uncured state. The

mechanism of charge carrier tunnelling is regarded to be

the determining network parameter in polymers filled with

conductive particles [71, 72]. A higher interparticle sepa-

ration is probably due to Brownian motions acting on the

MWCNTs as well as a different relative permittivity of the

suspensions in comparison to the cured epoxy. Another

reason may be the experimental setup of the rheometer. A

resin-rich exclusion layer may be formed between the

plates of the rheometer leading to constant conductivities at

higher filler contents. Furthermore, agglomerate structures

may be formed which shortcuts the small gap size of

500 lm between the electrodes. At higher filler contents,

the number and size of flocs or agglomerates increase but

their impact on the electrical conductivity may be weak

since conductive pathways between the rheometer plates

already exist. On the other hand, increasing filler content

may lead to higher G0 since a more homogeneous network

is created. In general, it seems likely, that a particle net-

work for electrical conductivity can be rather inhomoge-

neous while a network for rheological properties should

exhibit a more homogeneous particle or agglomerate

distribution.

Figure 3b, c depict the comparison of electrical and

rheological data of the binary CB and ternary CB/MWCNT

systems. Interestingly, as found for the binary MWCNT

systems, the difference between the onset of percolation in

the cured state and in the uncured state ranges also in one

order of magnitude (see also Table 2). Additionally, the

electrical and rheological percolation thresholds of the

suspensions coincidence for both binary CB and ternary

CB/MWCNT systems. As found for the binary MWCNT

suspensions, the electrical conductivity levels off at

10-4 S/m for high filler contents. Since the main features

of the percolation curves are similar for all tested

nanoparticle systems (MWCNT, CB and CB/MWCNT) it

seems likely that the acting mechanisms for network for-

mation during curing are rather independent on the particle

morphology. Deng et al. [58] suggested similar agglom-

eration mechanisms for CNT and CB systems based on a

cluster aggregation model proposed by Alig et al. [20, 21,

40, 47]. The results derived from percolation studies in this

work support these assumptions. The size of clusters (or

agglomerates) may determine the relative position of the

percolation thresholds of the various systems though the

constant difference of electrical and rheological percolation

thresholds strongly support the suggestions of similar

aggregation mechanisms of CNT and CB filled epoxy

systems [58]. Together with their entangled structure the

length of the MWCNTs used in this work is at roughly

1 lm [73]. Thus, such types of industrially available CVD-

MWCNTs may not have special features of long aspect

ratio CNTs (e.g. in aligned CNT carpets).

The difference of electrical conductivity of the binary

CB systems in the uncured and cured state is much lower

than the differences found for the binary MWCNT systems.

A lower tendency for re-agglomeration during curing could

cause this effect. Nevertheless, the constant difference of

rheological and electrical percolation threshold of both

binary systems (CB and MWCNT) of one order of mag-

nitude does not support such assumptions. It seems more

likely that the mean interparticle separation of CB aggre-

gates does not change during curing while it changes in the

binary MWCNT suspensions. In that sense, the MWCNTs

in the ternary CB/MWCNT systems seem to govern the

charge carrier transport mechanisms since an increase in

electrical conductivity during curing was found similar to

the increase in electrical conductivity of the binary

MWCNT systems. This dominating role was already pro-

posed in our previous work and meanwhile theoretically

proven by Rahatekar et al. [67].

Lott [74] found a difference of one order of magnitude

between electrical percolation thresholds in the cured and

uncured state for another CNT epoxy system (amine

hardened). Thus, it can be concluded that the aggregation

mechanisms acting on the nanoparticles are also indepen-

dent on the chemical nature of the epoxy system if the

particle are randomly distributed. Only the viscosity level

at curing temperature and the resulting convection shear

forces acting on the suspensions govern the cluster aggre-

gation or flocculation mechanisms.

Conclusions

In this work, quasi-static rheological experiments with in

situ conductivity measurements were conducted for

MWCNT, CB and CB/MWCNT filled epoxy suspensions.
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Independent on the type of filler, increasing filler content

leads to a change in the frequency response including a

non-terminal behaviour reflecting a solid-like behaviour of

suspensions with high filler contents.

The rheological percolation threshold of the binary

MWCNT suspensions is the lowest of all tested systems

(0.2 wt%). The binary CB systems exhibit a four-times

higher rheological percolation threshold of 0.8 wt% which

can be explained by the spherical shape of the CB particles

in contrast to the fibrous MWCNTs. Thus, a network

throughout the suspensions is created at subsequently lower

filler contents in the binary MWCNT suspensions. The

ternary CB/MWCNT systems exhibit a rheological perco-

lation threshold of 0.25 wt%. Theoretical predictions about

the percolation threshold using the excluded volume

approach cannot give a consistent statement about syner-

gistic effects in network morphology in multi-filler systems

although results in G0 above percolation threshold may

support these assumptions. Nevertheless, it could be

shown, that co-supporting networks are already present in

the suspension directly after dispersion and were not

formed during curing. It can be stated that the impact of

co-supporting networks in multi-filler systems is more

pronounced in the cured state as in the uncured state.

The electrical percolation threshold in the uncured state

and the rheological percolation threshold coincidence,

emphasising that nanoparticle–epoxy interactions are unli-

kely to occur in uncured suspensions. The electrical perco-

lation threshold in the cured state is always lower than the

rheological one due to re-agglomeration processes during

curing. Regarding the three different nanoparticle systems

(MWCNT, CB and CB/MWCNT) the difference between

both percolation thresholds is constant, roughly one order of

magnitude. This is due to similar re-agglomeration mecha-

nisms such as cluster aggregation acting on the nanoparticles

rather independently on their geometrical shape (spherical or

fibrous). Thus, the overall lower percolation thresholds

(rheological and electrical) of MWCNT systems in com-

parison to CB systems may not arise from a higher tendency

for network formation of MWCNTs. Their fibre-like shape

may lead to greater agglomerates and thus lower interparticle

separation and less number of tunnelling resistances.

Since industrially available MWCNTs are rather short,

they generally behave very similar to CB with shifted

properties such as the electrical conductivity and elasticity

(viscosity) and related parameters. It is known that these

properties are sensitive to shear applied to suspensions.

Ongoing research of our group will show the shear-

dependent properties of such networks in terms of rheology

and electrical conductivity.
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33. Pötschke P, Fornes TD, Paul DR (2002) Polymer 43:3247

34. Abbasi S, Carreau PJ, Derdouri A (2010) Polymer 51:922

668 J Mater Sci (2011) 46:659–669

123

http://dx.doi.org/10.1023/B:JMSC0000021439.1802.ea
http://dx.doi.org/10.1023/B:JMSC0000021439.1802.ea
http://dx.doi.org/10.1007/s10853-009-3434-7


35. Zhang Q, Rastogi S, Chen D, Lippits D, Lemstra PJ (2006)

Carbon 44:778
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