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ABSTRACT: This article reports on the making and char-
acterization of composite materials prepared by compres-
sion molding of a commercial grade thermosetting resin of
urea-formaldehyde filled with �-cellulose in powder form
mixed successively with carbon black, synthetic graphite,
and activated carbon. The morphology of the constituents
and the composites has been characterized by optical mi-
croscopy. The porosity effect has been discussed from den-
sity measurements. Furthermore, it has been shown that the
hardness of the samples remains almost constant with the
increase of filler concentration. The electrical conductivity
shows clearly a non-linear behavior. The observed values

are lower than 10�11 S/cm, unless the filler content reaches
the percolation threshold beyond which the conductivity
increases markedly by as much as ten orders of magnitude,
indicating insulator-conductor phase transition. The con-
duction threshold depends on the filler nature. The results
have been interpreted by means of the statistical percolation
theory. © 2005 Wiley Periodicals, Inc. J Appl Polym Sci 98: 990–996,
2005
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INTRODUCTION

Composites of polymers containing dispersed conduc-
tive fillers and various methods of manufacture of
such materials have been reported widely in the liter-
ature for the last several years.1–10 As is well known,
most polymers are thermally and electrically insulat-
ing. Increasing the thermal and electrical conductivity
of polymers opens large new markets. As pointed out
by King and coworkers,11 the advantages of conduc-
tive polymer composites as compared to metals (typ-
ically used) include improved corrosion resistance,
lighter weight, and the ability to adapt the conductiv-
ity properties to suit the application needs.

The oldest and common technological applications
of electrically conductive resins are concerned with a
variety of areas, such as electromagnetic/radio fre-
quency interference (EMI/RFI), shielding for elec-
tronic devices (computer and cellular phone housings,
for example), self regulating heaters, over-current pro-
tection devices, photothermal optical recording, direc-
tion finding antennas, chemical detecting sensors used
in electronic noses, and more.12–17 The used fillers are

metal particles, metal coated particles, or carbon par-
ticles with different sizes (10 nm to some hundreds
�m).

On a fundamental level, these materials are random
heterogeneous media. They have been frequently con-
sidered as experimental models on which modern
theories can be tested. Among these theories, the sta-
tistical percolation theory18–23 is usually used with
success to describe the non-linear electrical conductiv-
ity of extrinsic conductive polymer composites.
Hence, the electrical conductivity of polymer compos-
ites does not increase continuously with increasing
electroconductive filler content. There is a critical com-
position (percolation threshold) at which the conduc-
tivity increases by some orders of magnitude from the
insulating range to values in the semiconductive
range.4,5 For efficiency and to decrease the difficulty of
the processing and economic costs, the amount of the
conductive phase for achieving materials with high
conductivity should be usually as small as possible.

This article deals with the study of the influence of
filler concentration on the electrical conductivity of the
composites elaborated from urea-formaldehyde em-
bedded in �-cellulose (UFC) filled successively by
three types of carbon particles: carbon black (CB),
synthetic graphite (G), and activated carbon (AC)
powders. The aim of this study is, on the one hand, to
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compare the effect of the filler nature on the electrical
composite behavior and, on the other, to give other
possibilities to obtain composites with a more or less
large amount of fillers. Such possibilities are impor-
tant at the industrial level in the improvement of
mechanical properties, dimension stability, decrease
of the price, and so forth.

The composites were produced by hot compaction
by means of the compression molding of mixtures of
one kind of powder of filler cited above and urea-
formaldehyde resin molding compound embedded in
powder of �-cellulose. Short fiber of �-cellulose is
usually used as reinforcing fibers in urea-formalde-
hyde molding compounds. Furthermore, to check the
void level within the samples, which influences re-
markably the electroconductivity, the porosity rate
has been determined from densities of the composites.
Finally, to complete the characterization of these ma-
terials, the study of the influence of filler concentration
on the hardness of composites has been presented.
These data, along with those reported previously,24–28

may be helpful in developing more theoretical models
to better understand the variation of electrical proper-
ties of such polymer composites.

EXPERIMENTAL

Materials

The only matrix polymer used in our experiments was
a commercial grade urea-formaldehyde resin filled
with �-cellulose in the form of powder supplied by
Aicar S.A. (Cerdanyola del Vallès, Spain), with a den-
sity of 1.36 g/cm3 and electrical conductivity of
around 10�12 S/cm. The content of �-cellulose in the

resin is 30 wt %. A micrograph of this powder is
shown in Figure 1, where the longitudinal shape of
particles can be observed. The electrical conducting
fillers used were carbon black, synthetic graphite, and
activated carbon powders. According to our experi-
mental measurements, there is no significant differ-
ence in the electrical conductivity among the three
carbon fillers used, as all of them are around 5.102

S/cm. Some characteristics of these fillers are listed in
Table I. They were delivered by Quimipur (Arganda
del Rey, Spain), with a purity of around 99.9%. The
shape of the filler particles is illustrated in Figures 2, 3,
and 4. Both the polymer and the filler powders were
thoroughly dried before use at 60°C during 48 h.

Composite preparation

All the composites were prepared according to the
same procedure, described in detail elsewhere.25 The
composites of carbon fillers with urea–formaldehyde
embedded in cellulose powder were fabricated by the
mixture of the polymer and the filler powders for 2 h
in an internal mixer, followed by compression mold-
ing in a specially designed mold with three cavities,
each 30.0 mm in diameter and 3.0 mm thick. The
molding parameters were 20 MPa and 150°C for 30
min. These fabrication conditions were suggested by
our previous experience. Samples with filler contents
in the range of 0–25 wt % (corresponding to a 0–0.2
range in volume fraction) were prepared. To improve
the finish of the sample and ensure a better electrical
contact for resistance measurements, the surfaces were

Figure 1 Optical microscopy photograph of the urea-form-
aldehyde resin molding compound filled with �-cellulose in
powder form.

Figure 2 Optical microscopy photo of carbon black pow-
der. The size of the aggregates is � 15 microns.

Figure 3 Optical microscopy photo of synthetic graphite
powder. The size of the aggregates is � 40 microns.

TABLE I
Properties of Filler Particles: Density and Mean Size.

(Data provided by the manufacturer.)

Carbon
black Graphite

Active
carbon

d (g/cm3) 1.80 2.25 2.00
Size (�m) � 15 � 40 1–3
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polished with sandpaper. Sample thickness (necessary
for the calculation of conductivity) was determined
using a micrometer, Schmidt Technology (Cranberry
Twp., PA) model J50 with an accuracy of 0.01 mm.
Thickness measurements were taken at five locations
and averaged. Samples were cooled to room temper-
ature during approximately 30 min.

Composite characterization techniques

The microstructures of the samples were observed by
reflection by means of a Nikon (Tokyo, Japan) model
115 optical microscope. Then, the density of the com-
posites was measured in accordance with the ASTM D
792–91 norm, by difference of weight in the air or with
the sample immersed in water as a liquid of known
density at 23°C, using a Mettler Toledo (Columbus,
OH) AJ 100 balance equipped with a density determi-
nation kit. Moreover, the hardness of the samples was
determined at 23°C using a Durotronic Instron (Can-
ton, MA) model 1000 Shore D hardness tester, in ac-
cord with the ASTM D 2240–68 norm. Five data
points were taken on each sample, and no difference
was found between hardness measurements on both
faces of each specimen.

The electrical conductivity was determined from the
resistance values that were measured using a two-
point arrangement as described elsewhere.26,29 Three
specimens of each composition were tested, taking
four data points on each sample. To decrease the
contact resistance, the sample surfaces were coated
with silver paint. Measurements of volume electrical
resistance higher than 103 ohm were made with a
programmable megohmeter Quadtech (Maynard,
MA) model 1865. Measurements of low electrical re-
sistance were made with a digital multimeter Leader
(Melrose, MA) model 856.

RESULTS AND DISCUSSION

Microscopy

Figures 1 to 4 present optical micrographs of the con-
stituents. It is clearly seen that the urea-formaldehyde-
cellulose, carbon black, and graphite have aggregate

morphology, in spite of the difference of their particle
sizes. However, the morphology concerning these ag-
gregates remains similar. On the other hand, the acti-
vated carbon one (Fig. 4) is different and has a gran-
ular aspect. This morphology appearance could influ-
ence the composite electrical behavior.

Figures 5 to 7 represent micrographs with the struc-
ture of composite samples before (a) and after (b) the
percolation thresholds. These photos show a distinc-
tion in the contrast, relating to the different color of the
fillers (black) and matrix (white). On the basis of these
optical micrographs, it can be appreciated that large
aggregates were formed during the process. However,
the morphology concerning these aggregates remains
similar and uniformly dispersed, indicating homoge-
neous composites.

Porosity

The homogeneity of composites could also be verified
by density measurements. Indeed, the morphology is
in part influenced by the porosity rate in such mate-
rials. The porosity rate should be determined from
comparison between the calculated and measured
densities.

The theoretical composite density of the two con-
stituents is given by the relation:28

dt � (1 � Vf)�dm � Vf � df (1)

where dt is the theoretical density of the composite
and V is the volume fraction; m and f index stand for
the matrix and filler, respectively.

Then, the composites’ porosity � has been deduced
from the formula:28

� � �dt � de

dt
� � 100 (2)

where de represents the experimental density.

Figure 4 Optical microscopy photo of activated carbon
powder. The average size of the particles is 1–3 microns.

Figure 5 Optical microscopy micrographs of the carbon
black filled composites containing (a) 5 wt % of filler and (b)
25 wt % of filler.
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The fit of the experimental density data with eq. (1)
is good. This constitutes a confirmation of microscopic
observations, that the produced composites are almost
homogeneous. Consequently, the presence of air is
negligible. The small deviation between de and dt

corresponds to the porosity. The rate of this porosity is
given by eq. (2). Figure 8 shows the porosity rate of the
prepared composites as a function of the filler volume
fraction. It is to be noted that, in the case of carbon
black and graphite, the porosity rate increases with
volume fraction and becomes almost constant (1–3 vol
%) from a value around 0.06, corresponding to the
conduction threshold (see below). The graphite com-
posites show a value slightly higher than CB-compos-
ites. Such behavior is coherent. It is well known that
graphite has an appreciable porosity, more so than
carbon black, which is used in some industrial appli-
cations. The porosity rate of active carbon composites
is larger than the other fillers and increases linearly
versus AC-volume fraction, but does not exceed 6 vol
%. A high value of � will decrease electrical conduc-
tion. The change in slope around 0.13 corresponds to
the conduction threshold. Similar behavior was ob-
served by Wessling on thermoplastic polymers filled
with CB.30 Elsewhere, it is also known that AC has a
large porosity and specific area, which are used in the

clarification of water, for example. These results are
therefore consistent with microscopic indications.

Hardness

The hardness was also measured on each sample. It
remains approximately constant, as 82 � 4 shore D
values, independent of the filler composition. The fact
that the shore D hardness has no appreciable differ-
ences among the five data points on each sample on
both faces for each composition is a proof of the ma-
terial homogeneity. These results seem to confirm the
optical microscopic observations and the density de-
ductions. Therefore, all these characterizations indi-
cate that the elaborated composites are homogenous.

Electrical conductivity

The electrical conductivity of the composites as a func-
tion of filler content for the samples shows the typical
S-shaped dependency with three regions (dielectric,
transition, and conductive) (Fig. 9). As expected, sam-
ples with low filler content were almost nonconduc-
tive. However, the electrical conductivity of the com-
posites increases dramatically as the filler content
reaches the percolation threshold, which depends on

Figure 6 Optical microscopy micrographs of the synthetic graphite filled composites containing (a) 5 wt % of filler and (b)
25 wt % of filler.

Figure 7 Optical microscopy micrographs of the activated carbon filled composites containing (a) 5 wt % of filler and (b) 25
wt % of filler.
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the filler nature. The corresponding values of the three
studied series of composites are given in Table II.
Then, the conductivity of composites increases by
much as 11 orders of magnitude.

As indicated above, this behavior could be inter-
preted with the statistical percolation theory. Such a
theory is usually used to relate the electrical conduc-
tivity of a composite to the existence of clusters of
connected particles, which give rise to the so-called
conducting infinite cluster above the threshold. In this
theory, the relationship between the electrical conduc-
tivity of the mixture and the volume fraction of the
conductive filler is given by:18

� � �o�Vf � V*f� (3)

where � is the electrical conductivity of the mixture, �0
is the electrical conductivity of the filler’s particles, Vf

is the volume fraction of the filler, Vf* is the critical
volume concentration at the threshold of percolation,
and t is an exponent determining the increase of the

conductivity above Vf*. This theory gives a good de-
scription of experimental results near the transition
point. Nevertheless, discrepancies were observed be-
tween critical parameters (Vf*, t) resulting from eq. (3)
and experimental values22 inasmuch as the basic clas-
sical statistical theory does not take into consideration
several parameters. The experimental results show
that the electrical conductivity depends strongly on
the viscosity and the surface tension of the filled poly-
mers. It depends also on the filler particles’ geometri-
cal parameters, as well as on filler/matrix interactions.
Mamunya and coworkers21,22 have developed a model
in which specific parameters for each composite have
been introduced in the basic theory:

� � �o � ��m � �o� �Vf � V*f
F � V*f

�teff

(4)

where �m is the maximal conductivity reached by the
composite. F is the filler packing density coefficient
(equivalent to the maximal value of the filler volume
fraction), and teff is given by the relation:

teff � t1 � t2 (5)

t1 is equivalent to the t parameter in the basic eq. (3),
which usually takes a value around 1.7, and t2 de-
pends on the specific composite. Thus, teff could have
higher values taking into account filler/polymer inter-
actions.

The classic percolation theory (eq. (3)) was tested in
our case without success. Equation (4), on the other
hand, was used with success in earlier similar studies
to interpret the experimental results,26,28,29,31 and it
provides a good result here. Therefore, the fit, above
the percolation threshold of electrical conductivity, as
a function of volume fraction of fillers is given in
Figure 10. It should be noted that the agreement be-
tween the experiment and the theory is good. The
obtained parameters are given in Table II.

The determined packing density coefficient F value
is higher than obtained in metallic fillers.26,28,29,31 In all
studied carbon fillers, the packing coefficient is maxi-

TABLE II
Critical Conduction Threshold from Experimental Data:

Percolation Threshold, Critical Exponents, and Filler
Packing Density Coefficient F for the Three Series of

Composites from Eq. (4).

Samples
Vf* (vol %)
experiment

Vf* (vol %)
eq. (4) teff F

CB/UFC 5.8 5.7 2.8 1
G/UFC 6.3 6.2 3.7 1
AC/UFC 12.6 12.6 3.1 1

Figure 8 Porosity rate in the urea-formaldehyde and cel-
lulose composites filled with: (E) carbon black powder, (ƒ)
synthetic graphite powder, and (Œ) activated carbon pow-
der; versus filler volume fraction.

Figure 9 Variation of the electrical conductivity of urea-
formaldehyde embedded in cellulose composites filled suc-
cessively with: (E) carbon black powder, (F) synthetic
graphite powder, and (f) activated carbon powder as a
function of these filler contents.
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mal. The F higher value seems due to the fact that in
the present case the fillers and matrix are the same
chemical species. This chemical affinity could enhance
F. The matrix is not saturated by filler packing. Else-
where, similar dependences were observed previously
for polymers filled with carbon black.4

The teff obtained values are around 3. Similar values
have been obtained in epoxy filled successively with
carbon black and polypyrrole.32,33 According to the
Heany theory,34 the exponent t could take a value
higher than 2, predicted for three dimensional lattices,
in mean-field theory.35,36 The t value is independent of
the exact composition of the random composites.35

The experimental values of the percolation thresh-
old obtained from the maximum of the conductivity
derivative as a function of filler volume fraction and
these deduced from fit with eq. (4) are listed in Table
II. They are in good agreement.

Indeed, the random composite electrical conductiv-
ity has already been shown to depend on several
parameters,24–28,37,38 such as: the viscosity and the
polymers surface tension, especially in the case of the
mixes in which the conductive powder is dispersed;
the size, the shape, and the surface energy of the filling
particles; and the powder dispersion procedure, that
is, type, duration, and strength of shear. In this study,
the dispersion procedure has been maintained uni-
form. The particle shapes of CB and graphite are sim-
ilar, involving close percolation threshold values. The
slight difference should be due to the small porosity
disparity. In the case of activated carbon, the conduc-
tion threshold is higher. This effect should be con-
nected to the distinction in the shape and porosity. It
is already shown that the porosity effect plays an
important role on the conductivity behavior.28 This
behavior appears to be coherent. It is well known that
electrical conductivity is very sensitive to compound
impurities.

CONCLUSIONS

In this experimental work, we have described the
effects of the carbon charged content filled urea-form-
aldehyde embedded in cellulose on electrical conduc-
tivity. The obtained results show clearly the great
dependence of the conduction threshold on several
parameters associated with the filler particles’ nature.
Indeed, the porosity seems to play an important role
in the location of the conduction threshold. The per-
colation threshold obtained values seem to be coher-
ent. The determined values of critical exponents ap-
pear non universal. Besides, the electrical conductivity
behavior as a function of filler content is reasonably
fitted, above the percolation threshold, with extended
basic statistical percolation theory. The obtained criti-
cal parameters are realistic and coherent with experi-
mental values and earlier studies.

The authors thank Cristóbal Morilla from AICAR S.A. for
furnishing us the urea-formaldehyde embedded in cellulose
powder used as the matrix in the samples and for technical
support. We thank also Natalia Cajal for helping us in the
preparation and characterization of several samples.
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