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Abstract

A study on the correlation between electrical percolation and viscoelastic percolation for graphite (GP) filled high-density polyethylene

(HDPE) conductive composites was carried out through an examination of the filler concentration 4 dependence of the volume resistivity r and

dynamic viscoelastic functions. The frequency u dependence of G 0 at low us decreased obviously with increasing GP concentration. The

relationship between 4 and the proportion of dynamic storage modulus of the composites to that of the polymer matrix, namely the relative

dynamic storage modulus (G0
c=G

0
p), at low frequency region was studied. It is found that there are two critical threshold, 4r1 and 4r2, in plots of

4wG0
c=G

0
p, which is close to the electrical percolation threshold 41 and 42, respectively. Moreover, there exists 4-dependence of the dynamic loss

tangent (tan d) and a peak in plot of tan d versus uwhen 4 approaches the loss angle threshold, 4d1 (8 vol%). When 4O20%, the second loss angle

threshold, 4d2, the tan d shows almost no dependence on the GP content. 4d1 and 4d2 is close to the electrical percolation threshold. A modified

Kerner–Nielson equation was also obtained and used to analyze the formation of network structure in the matrix by substituting variable parameter

K for constant A. The results indicate that the parameter K increases discontinuously with increasing 4, revealing this parameter is associated with

GP concentration, and the critical threshold 4K1 and 4K2 is close to the electrical percolation threshold 41 and 42, respectively. Furthermore, the

viscoelastic percolation for GP/HDPE composites can be verified on the basis of the modified equation.

q 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Compared with metal materials, electrically conductive

polymer matrix composites provided unique electrical and

mechanical properties, such as light weight, low cost, ease of

processing and corrosion resistance and have attracted a great

deal of academic and commercial interests over the past two

decades [1]. These conductive composites have been widely

served as polymer conductors, semi-conductors, heat transfer-

ring media and stress sensitive organs in the fields of electric

and electronics application [2–7].
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It is well known that the properties of filled polymer

composites are greatly influenced by the concentration and

dispersion of the fillers. Electrical conductivity of these

materials discontinuously increases at some concentration of

fillers [8,9], which is attributed to the electrical percolation

phenomena dealing with network formation of conductive

particles in terms of the percolation theory [10]. When the filler

concentration increases, the number of conductive paths

increase and the average distance between the conducting

particles becomes smaller, leading to a decrease in the r of the

composite [11]. It is believed that r depends not only on the

types of filler and polymer, but also on the filler dispersion and

morphology of the matrix [12–15]. However, up to now, there

is still no sufficient understanding of the conducting

mechanism for particle filled conductive composites.

In the study of the structure/morphology of heterogeneous

materials, dynamic rheology testing is believed to be a

preferential method for the reason that the structure of

materials exposed to the testing processes is not destroyed
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Fig. 1. The dependence of volume resistivity (r) on GP concentration (4) for

GP/HDPE composites.
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under small-strain amplitude [16]. Furthermore, the special

response of the viscoelastic behavior for the multi-phase/multi-

component composites at low frequencies (terminal region) is

thought to give valuable information of the morphology and

structure of the composites [17–21]. Recently, it has been

found that the characteristic viscoelastic response exists in the

relationship between filler concentration and the appearance

and development of heterogeneous structure. The phenomena

that the critical transition of the viscoelastic properties takes

place with increasing filler concentration are attributed to the

‘viscoelastic percolation’ phenomena [22,23]. The concen-

tration where the critical transition of the viscoelastic functions

takes place is defined as ‘viscoelastic percolation threshold’ for

convenience.

It is believed that the high density of the network usually

results in both a high dynamic storage modulus (G 0) and high

electrical conductivity [23]. The correlation of electrical

conductivity with dynamic rheological properties is of great

interest since both phenomena involve in the formation and

change of conductive particle network which could be formed

under a stress field and conducted electrons under an electrical

field. Up to now, the correlation between electrical percolation

and rheological percolation has been detected in composites

filled with CB, VGCF and carbon nanotube [23–25].

In our previous study [24], we correlated the viscoelastic

percolation with electrical percolation behavior of CB/HDPE

composites through comparing electrical percolation threshold

with viscoelastic percolation threshold of the composites and

evaluated the formation and development of network structure by

means of modified Kerner–Nielson equation. Due to the

difference in filler–filler, filler–matrix interaction as well as

surface energyoffillers, the correlationmentioned above does not

exist in CF/HDPE composites. In order to reveal the main reason

resulting in the correlation between viscoelastic and electrical

percolation, additional experiment should be done to provide

more information. Here, we chose GP as the filled particle for the

reason that GP has different structure compared with CB, which

leads to weak filler–filler and filler–matrix interaction, and at the

same time,GP has higher surface energy thanCF. The correlation

between viscoelastic percolation and electrical percolation of the

GP/HDPE composites was studied and a modified Kerner–

Nielson equation was applied in estimating the formation and

development of network structure for the composites.

2. Experimental

2.1. Materials

The high density polyethylene (HDPE) used in this study is

5000S (melting indexZ0.090 g minK1, densityZ0.954 g cmK

3 and TmZ128 8C) provided by Yangzi Petrochemical Corp.,

China. The filler was graphite (GP) (particle diameterZ
24.11 mm, special surface areaZ0.288 m2 gK1 and densityZ
2.85 g mlK1) employed by HuaDong Graphite Processing

Factory, China. The antioxidant (B215) (relative molecular

weightZ647 and TmZ180–185 8C) was obtained from Ciba-

Geigy Corp., Switzerland.
2.2. Sample preparation

The GP/HDPE composites of different GP volume loading

from 2 to 28 vol% were prepared on a two-roll mill at 165 8C

for 15 min. Disks about 2 mm in thickness and 25 mm in

diameter were prepared by compression molding at 165 8C

under 10 MPa for the following rheological measurements.

Disks about 1.5 mm in thickness, 100 mm in both width and

length were prepared by compression molding at 165 8C under

10 MPa and cut to appropriate pieces for the following

resistance measurements.

2.3. Dynamic rheological measurements

Rheological measurements were conducted on ARES

rheometer (Rheometric Scientific Inc., USA). The isothermal

dynamic frequency sweep was conducted with disk of 2.0 mm

in thickness and 25 mm in diameter under condition of the

frequency range, strain amplitude, temperature being 102–

0.01585 rad sK1, 0.05–5%, 140 8C, respectively.

2.4. Resistance measurements

A two-probe resistance measurement was carried out for

determining the resistivity at room temperature with a 4530

intelligent digital multimeter when the resistance of the

samples was lower than 107 U. Although the four-contact

method is more accurate compared with the two electrodes

method, the conductivity of the material in our study is

relatively poor and the contact resistance would not bring

obvious error. A high-resistance meter (ZC36, 10K14 A and

1017 U) was used to determine the resistance higher than 107 U.

3. Results and discussion

3.1. Percolation behavior of GP/HDPE composites

Fig. 1 shows dependence of volume resistivity (r) on the GP

concentration (4). At low 4, the r changes slightly with

increasing 4, and the relationship between r and 4 displays two



Fig. 2. TEM image for GP/HDPE composites with different GP concentration (a) 4 vol%, (b) 10 vol%, (c) 14 vol%, (d) 26 vol%.

Fig. 3. Frequency (u) dependence of dynamic storage modulus (G 0) for

GP/HDPE composites with different GP concentration.
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obvious changes with increasing 4, i.e. when 4 reaches 41

(12.29 vol%), the first change takes place, implying an

insulator–semiconductor transition; and the second, is detected

at 42 (21.79 vol%), representing a transition from semiconduc-

tor to conductor. Between 41 and 42, a sizeable reduction in r is

observed. This stepwise change of r is thought to be a result of

the formation of an interconnected structure and can be

regarded as electrical percolation, which means that a very

high percentage of electrons are permitted to flow through the

sample due to the creation of an interconnecting conductivity

pathway at concentrations between 41 and 42. From the TEM

image shown in Fig. 2, the formation of conducting pathway can

be detected illustratively. With the increasing of GP loading,

more GP particles are observed on the fracture surface of the

composites and the distance between GP particles is diminished

leading to the formation of the conducting networks.

Fig. 3 shows the u dependence of G 0 for GP/HDPE

composites as a function of 4. To avoid the formation of

additional networks at high temperature, the rheology

measurements were carried out at 140 8C, at which the self-

agglomeration of the particles is not so prominent that there

exists no dominant effect from additional networks. For the

reason that there are little functional groups on the surface of

GP compared with CB and the interaction between the polymer

matrix and GP is much weaker than that between CB and the

matrix, the three-dimensional network is hard to be detected

and the characteristic modulus plateau is not so obvious as that

of the CB/HDPE composites [24]. However, it is still obvious

that G 0 increases with the increase of 4, and the plot of G 0

versus u deviates from linearity at the low us. The higher the

filler concentration, the more obvious the reduction in the u

dependence of G 0 at low us is. From the phenomena mentioned
above, the formation of some order structure within the

composites can be deduced.

It is found that different testing frequency shows different

sensitivity to the three-dimensional network in the composites.

Fig. 4 shows plots of the G 0 versus 4 at different us. Within the

high u region, especially uR1 rad/s, the network structure in

the matrix is hardly detected due to short time of relaxation.

Hence, the linear relationship between G 0 and 4 can be

observed. Within the low u region, especially !1 rad/s, the

relationship between G 0 and 4 appears non-linear and the

difference in viscoelastic properties induced by variation of 4

could be distinguished.

The appearance of the obvious reduction in the u

dependence of G 0 at low us indicates that the viscoelastic

properties of the composites are dominated by the fillers.



Fig. 4. Storage modulus G0 versus GP concentration at different frequencies. Fig. 6. Frequency dependence of loss tangent for different GP concentration.
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The ratios of G0
c=G

0
p at 0.01585 rad/s are plotted in Fig. 5 as a

function of 4. G0
c is the dynamic storage modulus of the

composites and G0
p is the dynamic storage modulus of the

matrix. Hence, the variance of G 0 along with the GP addition

can be detected clearly. At low 4, G0
c=G

0
p changes slightly with

the increase of 4, and with the further increase of 4 the

relationship between G0
c=G

0
p and 4 displays two obvious

changes, which is called as ‘viscoelastic percolation’. When

4 is below 10 vol%, G0
c=G

0
p increases tardily and when 4

reaches 10 vol%, a sudden change of the ratio takes place and

G0
c=G

0
p increases rapidly compared with that in low 4.

Furthermore, when 4 reaches 24 vol%, the second sudden

change appears and G0
c=G

0
p increases with a much higher level.

Here, we define the two critical concentration at which two

sudden changes take place as the relative modulus percolation

threshold, 4r1 and 4r2. Compared the threshold data obtained

from dynamic rheological measurements with that from

electrical testing as shown in Fig. 1, we found that 4r1 is

very close to 41 relevant to the insulator–semiconductor

change and 4r2 is very close to 42 representing the change of

semiconductor to conductor.
Fig. 5. Concentration dependence of the relative dynamic storage modulus

(G0
c=G

0
p) at a frequency of 0.01585 rad/s for GP/HDPE composites.
Fig. 6 gives 4 dependences of the loss tangent (tan d) for

GP/HDPE with different 4. The higher the 4, the smaller is the

value of tan d in low u region. It is obvious that when the 4 is

below 8 vol%, the value of tan d increases with the decreasing

u. With the increasing 4, the plot of tan d versus u changes

from linear to arc form and the reduction in the u dependence

of G 0 at low frequency region can be found. When 4 is beyond

8 vol%, which is defined as a tan d percolation threshold 4d1,

the plot of tan d versus u begins to change from linear to arc

form and a peak of tan d appears. The magnitude of the peak

decreases with an increase in the 4, whereas the u

corresponding to the peak increases with the 4. The existence

of tan d peak is considered to be a critical relaxation behavior

involving in high order structure within polymer matrix

[26,27]; and, therefore, it is related to the existence of

interparticle networks. When the 4 reaches 24 vol%, defined

as a tan d percolation threshold, 4d2, there is almost no

dependence of tan d on the u, indicating formation of the

perfect network structure. Compared the threshold data

obtained here with that from electrical testing as shown in

Fig. 1, we found that 4d1 is very close to 41 dealing with the

insulator–semiconductor change and 4d2 is very close to 42

representing the change of semiconductor to conductor.
3.2. Kerner–Nielsen equation modification and agglomeration

structure estimation for GP/HDPE composites

It is understood that the majority of the theories describing

the 4-dependence of rheological properties of diluted filled

systems are based on the hydrodynamic approach proposed by

Einstein [28]. One quite useful equation presented by Kerner

and generalized by Nielsen [29] is given as

G0
c

G0
p

Z
ð1CAB4Þ

ð1KB4jÞ
(1)

B Z
ðG0

f =G
0
pK1Þ

ðG0
f =G

0
p C1Þ

(2)
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jZ 1C ð1=42
mK1=4mÞ4 (3)

in which, G0
c, G0

p, G0
f are the dynamic storage modulus of the

composite, the polymer matrix, and the filler, respectively. 4 is

the volume fraction of the filler, 4m is the maximum packing

fraction of the filler, 4mZ0.637 for random compact packing

of rigid circle particles. For rigid particles, Bz1 for the reason

that G0
f is much higher than G0

p. j4 is the relative volume

fraction. When 4 approaches 4m, j4z1. The parameter A was

reported to be sensitive to the aggregate number and the

geometry of the filler.

In general, Eq. (1) is only suitable to describe the relative

modulus when 4 is lower than the critical value. This is because

above the critical concentration, the particles agglomerate to

form networks and the rheological properties of suspension

change from liquid-like to solid-like behavior. As for Eq. (1),

the aggregate number and the geometry of the filler remains

invariable and coefficient A can be considered to be a constant

when 4 is low. However, comparatively, when 4 is high,

variation of particle agglomeration results in variation of A. In

our previous study [24], we modified Kerner equation by

replacing variable K for constant A and qualitatively described

the agglomeration structure of the CB filled HDPE composites.

The modified representation of Kerner equation is given as

G0
c

G0
p

Z
ð1CKB4Þ

ð1KB4jÞ
(4)

The 4-dependence of K is given in Fig. 7, in which K was

calculated from Eq. (4) assuming BZ1 and 4mZ0.637. It can

be seen that when 4 is below 8 vol%, K almost remains

constant. However, K increases abruptly when 4Z10 vol%,

which is close to the lower threshold of electrical percolation

curve. When 4Z24 vol%, close to 42, the other abrupt increase

of K takes place. Furthermore, the value of K is relevant to the

particle aggregate number, as mentioned above. Hence, it is

suggested that correlation between electrical percolation and

rheological percolation can be established by Eq. (4) and the

increase of K is related to the agglomeration of the fillers.

Combined with our previous study [24], it is found the

correlation between electrical and viscoelastic percolation
Fig. 7. Concentration dependence of the parameter K for GP/HDPE composites

with different GP concentration.
could be established in CB/HDPE, CF/HDPE composites,

while this correlation does not exist in CF/HDPE composites.

Considering the difference in the surface structure and surface

area among the three fillers, it is suggested that the correlation

between the viscoelastic and electrical percolation can be

established in the filled crystalline polymers in condition that

the fillers have enough large surface area and the filler-matrix

networks present in both solid and melting state.

Moreover, various filler structure brings difference in the

established correlation. As mentioned above, there are two

obvious critical thresholds in the both plots of G0
c=G

0
pw4 and

Kw4 for GP/HDPE composites. However, for CB/HDPE

composites there is only one critical threshold in the above

curves [24], namely, for GP/HDPE composites, more effective

correlation can be established between the electrical percola-

tion and viscoelastic percolation as compared with CB/HDPE

composites.

Considering the surface of CB which contains a lot of multi-

aromatic rings and some aliphatic carbon atoms together with

functional groups such as carboxyl, carbonyl, and epoxy group,

it is believed that the above difference is caused by the

difference in surface structure of CB and GP and the resulting

different interaction between the particles and the matrix. In the

Kerner–Nielson equation, the parameters do not involve in the

interaction between the fillers and the matrix, but relate to the

packing mode of the fillers. For CB/HDPE composites, the fact

that affects the viscoelasitc properties is not only the packing

mode of filler but also the interaction between filler and HDPE

matrix. The filler–matrix interaction plays a leading role to

some extent, especially in the case of high CB loading. When

the CB loading is high enough, the relationship between the

filler concentration and viscoelastic properties, such as G 0 and

tan d, is not induced by the variation of agglomeration structure

only. It is noted that the high filler–matrix interaction also

contributes to the increase of the modulus. That is why we

could only find one clear critical threshold in the concentration

dependence of the viscoelastic properties. But for GP/HDPE

composites, owing to the different surface structure of GP

compared with CB, the filler–matrix interaction is much

weaker than that of CB/HDPE composites. So the relationship

between 4 and viscoelastic properties is almost due to the

agglomeration structure of the composites. Therefore, we find

two obvious critical threshold in the plots of 4wG0
c=G

0
p and

4wtan d, and the relationship between electrical percolation

and viscoelastic percolation for GP/HDPE composites is more

obvious than that of CB/HDPE composites.

4. Conclusions

Correlation between electrical percolation and viscoelastic

percolation for GP filled HDPE conductive composites was

investigated. The viscoelastic percolation thresholds (4r1, 4d1),

involving in beginning of network formation, are found to be

close to the lower electrical percolation (41), representing a

semiconductor–conductor change. Another viscoelastic perco-

lation thresholds (4r2, 4d2) are found to be close to the upper

electrical percolation threshold (42), representing an insulator–
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semiconductor change corresponding to the perfect network

structure formation. It is found that the viscoelastic percolation

threshold detected from dynamic rheological measurements

could be correlated to the electrical percolation threshold.

Substituting K for A, a modified Kerner–Nielson equation was

represented and used to analyze the formation of network

structure. It is suggested that the parameter K is associated with

GP concentration. The increase of parameter K reflects the

formation and development of network structure within the

matrix. Combined with our previous study on CB/HDPE,

CF/HDPE composites, it is suggested that the correlation

between the viscoelastic and electrical percolation exists in the

filled crystalline polymers in condition that the fillers have

enough large surface area and the filler–matrix networks

present in both solid and melting state. The difference in the

correlation between the two percolation behaviors for CB, GP

filled HDPE is owing to the different filler–filler, filler–matrix

interaction caused by various surface structure of the two

different filler particles.
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