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ABSTRACT: The electrical conductivity of polymeric materials can be increased by the
addition of carbon fillers, such as carbon fibers and graphite. The resulting composites
could be used in applications such as interference shielding and electrostatic dissipa-
tion. Electrical conductivity models are often proposed to predict the conductivity
behavior of these materials in order to achieve more efficient material design that could
reduce costly experimental work. The electrical conductivity of carbon-filled polymers
was studied by adding four single fillers to nylon 6,6 and polycarbonate in increasing
concentrations. The fillers used in this project include chopped and milled forms of
polyacrylonitrile (PAN) carbon fiber, ThermocarbTM Specialty Graphite, and Ni-coated
PAN carbon fiber. Material was extruded and injection-molded into test specimens, and
then the electrical conductivity was measured. Data analysis included a comparison of
the results to existing conductivity models. The results show that the model proposed
by Mamunya, which takes into account the filler aspect ratio and the surface energy of
the filler and polymer, most closely matched the conductivity data. This information
will then be used in the development of improved conductivity models. © 2002 John Wiley
& Sons, Inc. J Appl Polym Sci 83: 1341–1356, 2002
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INTRODUCTION

The electrical conductivity of polymeric materials
can be increased by the addition of carbon fillers,
such as carbon fibers, carbon black, and graph-
ite.1–3 The resulting composites can be used in
applications where metals have typically been the
materials of choice.4–7 The possible applications
include electromagnetic and radio-frequency in-

terference (EMI/RFI) shielding for electronic de-
vices and electrostatic dissipation (ESD). Electri-
cal conductivity models are often proposed to ex-
plain and predict the conductivity behavior of
these composites. Development of more accurate
models would allow for more efficient materials
design and could therefore reduce costly experi-
mental work as well as reduce material and pro-
duction costs through optimized design.

To study the electrical conductivity of carbon-
filled polymers, four different carbon fillers were
added to nylon 6,6 and polycarbonate in increas-
ing concentrations. The fillers used in this project
include two forms (3.175-mm chopped and
200-mm milled) of polyacrylonitrile (PAN)-based

Correspondence to: J. King (jaking@mtu.edu).
Contract grant sponsor: Conoco, Inc.

Journal of Applied Polymer Science, Vol. 83, 1341–1356 (2002)
© 2002 John Wiley & Sons, Inc.
DOI 10.1002/app.10014

1341



carbon fibers, ThermocarbTM Specialty Graphite,
and Ni-coated PAN carbon fiber. Only single fill-
ers were added to each polymer, and there were
no combinations of fillers studied. A total of 42
formulations were produced and studied with the
goal of developing equations to describe the elec-
trical conductivity of composite systems.

BACKGROUND

The electrical conductivity of a composite is gen-
erally characterized by its dependence on the
filler volume fraction. At low filler loadings, the
conductivity of the composite is still very close to
that of the pure polymer matrix. At some critical
loading, called the percolation threshold, the con-
ductivity increases several orders of magnitude
with very little increase in the filler amount. After
this region of drastic increase, the conductivity
once again levels off and is close to that of the
filler material. This is at the percolation threshold
where enough filler has been added so that it
begins to form a continuous conductive network
through the composite.

Various models have been proposed in an effort
to predict the electrical conductivity behavior of
composites based on numerous factors. While all
the models base calculations on the filler volume
fraction, there are other factors that can affect the
conductivity of the composite, as well as the vol-
ume fraction at which the percolation threshold
occurs. Physical properties of both the filler and
the polymer will influence the composite and in-
clude structural properties, interfacial properties,
and constituent conductivity.

Typical conductivity values for polymers range
from 10214 to 10217 Siemens/cm (S/cm). In con-
trast, the electrical conductivity of carbon fillers
can range from 102 to 104 S/cm, compared to met-
als, which are typically around 106 S/cm. The
different forms of carbon, such as fibers or carbon
black, usually have different inherent conductiv-
ity, and it is this value that typically controls the
upper bound of the conductivity curve. In the
region of a higher filler amount, the composite’s
conductivity should level off to a value equal to or
slightly lower than that of the filler. Ultimately,
the value at which the conductivity levels off at is
often dependent on other properties of the com-
posite as well.

The properties of the filler that play a signifi-
cant role in determining the conductivity of the
composite include filler type, size, and shape. Dif-

ferent forms of carbon generally have different
structure and properties and, therefore, will af-
fect the electrical conductivity in different ways.
The shape of the filler particle has been shown to
alter the conductivity. For spherical particles, a
smaller particle size will lower the percolation
threshold,8 while for particles with an aspect ra-
tio (ratio of length to diameter, L/D) greater than
1, larger aspect ratios and a broader range of
aspect ratios will lower the percolation thresh-
old.9–11

The surface properties of the filler and polymer
also have a significant effect on the conductivity
of the composite5 by influencing the interaction
between them. How well the polymer wets the
surface of the filler can be quantified by the dif-
ference between the surface energies of the two
materials.12 Smaller differences between the two
surface energy values lead to better wetting of the
filler by the polymer. Better wetting means that
larger amounts of the polymer are coating the
filler surface, which will alter the distribution of
the filler within the matrix. This will increase the
percolation threshold and the overall resistivity of
the composite because larger amounts of filler are
required before the particles will come in contact
with each other. It is for this reason that a some-
what larger difference between the surface en-
ergy of the filler and the polymer is desirable.

Due to the distinct influence these parameters
have on a composite system, four main classes of
conductivity models have been developed and can
be found in the literature. They include statisti-
cal, thermodynamic, geometrical, and structure-
oriented models, as described in detail by Lux.13

Each class predicts the electrical conductivity
based on distinct approaches to accounting for the
parameters described above.

Statistical Percolation Models

Most of the models found in the literature are of
the statistical percolation type. These models typ-
ically predict the conductivity based on the prob-
ability of particle contacts within the composite.
Two of the early percolation models often refer-
enced were originally proposed by Kirkpatrick14

and Zallen.15 A finite regular array of points, such
as face-centered cubic or body-centered cubic, and
bonds between points were used to determine the
percolation concentration. By computer simula-
tion, it was possible to predict the points and
bonds that were in a cluster and to determine if
that cluster spanned the boundaries of the sys-
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tem. It was then possible to predict the percola-
tion threshold, but further calculations were re-
quired to convert the predicted values into vol-
ume fractions. The model that was proposed
followed a power-law equation of the following
form:

s 5 s0~V 2 Vc!
s (1)

where s is the conductivity of the mixture; s0, the
conductivity of the filler; V, the volume fraction of
the filler; Vc, the volume percolation fraction; and
the critical exponent s, dependent upon the di-
mension of the lattice.

This particular model was not completely ac-
curate in calculating the electrical conductivity.
However, it has become the basis for many of the
later conductivity models. As a result, they have
become slightly more accurate predictors of elec-
trical conductivity.

Bueche16 tried to explain the problem of con-
ductive particles in an insulating matrix based on
the concept of polymer gelation. The resulting
equation is given by

r 5
rmrf

~1 2 Vf!rf 1 Vfvgrm
(2)

where r is the resistivity of the mixture; rm, the
resistivity of the insulator; rf , the resistivity of
the conductor; Vf, the volume fraction of the con-
ductive phase; and vg, the weight fraction of the
conductive phase in an infinite cluster, a function
of the number of contacts per particle and the
probability of contact.

Since polymer gelation is considered a classical
statistical percolation problem, there are paral-
lels between the original percolation problem dis-
cussed by Zallen. Bueche’s equation was able to
account for the different drastic jumps in conduc-
tivity, only if the correct value for the maximum
number of contacts per particle was chosen, on
which the model was highly dependent. However,
the calculated values from this model did not
match the experimental data.

Another example of an improved statistical
model was proposed by McLachlan.17 In his arti-
cle, McLachlan suggested that this particular
model could be used for any system comprising a
high conductivity material embedded in a poorly
conducting material, an example of which is the
system studied here. This model is based on a
general effective media equation and is similar in

form to a statistical model. The equation of inter-
est is similar in form to a statistical model, which
takes into account the conductivities of constitu-
ent materials and is given by

~1 2 f!~rm
1/t 2 rh

1/t!

rm
1/t 1 S1 2 fc

fc
Drh

1/t

1
f~rm

1/t 2 rl
1/t!

rm
1/t 1 S1 2 fc

fc
Drl

1/t

5 0 (3)

where rm is the resistivity of the composite; rh,
the resistivity of the component with high resis-
tivity; rl, the resistivity of the component with low
resistivity; f, the volume fraction; fc, the perco-
lation threshold; and t, the critical exponent.

In this model, the critical exponent, t, can be
determined either by a calculation or by curve-
fitting techniques. McLachlan showed in his arti-
cle that the exponent is a function of the demag-
netization or depolarization coefficients of the
low- and high-resistivity materials. However, if
this information is not known, then the exponent
could be determined by curve fitting.

Thermodynamic Models

Mamunya et al.12,18 studied the composite con-
ductivity versus the filler volume fraction for dif-
ferent polymers in a way that allowed them to
evaluate the influence of other factors on the con-
ductivity. These factors included filler and poly-
mer surface energies and polymer melt viscosity,
among others. By taking these particular factors
into account, this model fits into the thermody-
namic model category. The resulting model
showed that the percolation behavior was depen-
dent on the polymer–filler interaction, in addition
to the size and amount of the filler material. At all
points above the percolation threshold, the con-
ductivity of the composite was found to be

log s 5 log sc 1 ~log sm 2 log sC!Sf 2 fc

F 2 fc
Dk

(4)

and

k 5
Kfc

~f 2 fc!
0.75 K 5 A 2 Bgpf

where s is the composite conductivity; sc, the
conductivity at the percolation threshold; sm, the
conductivity at F; F, the maximum packing frac-
tion; f, the volume fraction; AR, the aspect ratio;
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fc, the percolation threshold; gpf , the interfacial
tension; and A and B, constants.

The value k is dependent upon the filler volume
fraction, percolation threshold, and interfacial
tension as calculated by the Fowkes19 equation:

gpf 5 gp 1 gf 2 2~gpgf!
0.5 (5)

where gpf is the interfacial tension; gp, the surface
energy of the polymer; and gf, the surface energy
of the filler. This model produced good agreement
between the calculated values and the experimen-
tal data for a number of different polymers filled
with carbon black12; however, it was not extended
to include other types of fillers. To apply this
model to the study here, an equation from an
earlier study by this same group was used to
calculate F, the maximum packing fraction, for
carbon fibers.18 This equation is given by

F 5
5

75
10 1 AR 1 AR

(6)

It will be shown that the addition of this equation
into the model allows for the accurate calculation
of electrical conductivity for composites contain-
ing carbon fibers.

Geometrical Percolation Models

According to Lux,13 this class of percolation mod-
els was originally intended to predict the conduc-
tivity of sintered mixtures of conducting and in-
sulating powders. The major assumption is that
during the sintering process the insulating mate-
rial forms regular cubic particles, while the con-
ductive particles arrange in a regular manner on
the surface of the insulating particles. The main
parameters used in determining the conductivity
are the diameters of the nonsintered particles or
the edge length of the sintered particles.

A well-known model in this class is the one
proposed by Malliaris and Turner.20 There are
two equations used to predict two volume frac-
tions—one to calculate the percolation threshold,
and the other, for the volume fraction at the end
of the conductivity increase. These equations use
the diameter of the particles, the probability for
the occurrence of long bands of conductive parti-
cles, and the arrangement of the conductive par-
ticles on the surface of the insulating particles.

Through the author’s experimental comparison, it
was determined that their equations were not
able to accurately predict the volume fractions.

Structure-oriented Models

Structure-oriented models are based on the phys-
ical construction of the final composite. The elec-
trical conductivity of composite materials is often
affected by structural properties such as the filler
aspect ratio and filler orientation. These proper-
ties are typically a result of the processing tech-
niques employed to make the composite. For ex-
ample, injection molding a composite will cause
an alignment of fillers within a polymer due the
flow through the nozzle and the mold. Alignment
of the fillers can result in different conductivity
results depending on the direction of measure-
ment. Extrusion and injection-molding processes
can also degrade fillers, shortening the lengths.

One structure-oriented model was proposed by
Nielsen,2 which related the conductivity of a com-
posite to the aspect ratio (L/D) and the coordina-
tion number of the filler. The equations used in
Nielson’s model are as follows:

sc 5 spoly

1 1 ABff

1 2 BCff
(7)

B 5
sf /spoly 2 1
sf /spoly 1 A C < 1 1 S1 2 fm

fm
2 Dff

where ff is the volume fraction of filler; sc, the
composite conductivity; spoly, the polymer conduc-
tivity; sf, the filler conductivity; and fm, the max-
imum packing fraction.

In this model, A is a function of the aspect ratio
and B is essentially equal to 1 for polymer sys-
tems. Nielsen used these equations to describe
the electrical conductivity, the thermal conductiv-
ity, and the modulus of metal/polymer systems.
While the equation is marginally accurate for
thermal conductivity estimates, Bigg7 showed
that it is completely ineffective in predicting the
electrical conductivity.

Weber and Kamal21 proposed two models ac-
counting for the filler concentration, dimensions,
aspect ratio, and orientation. The system studied
was nickel-coated graphite fibers in polypro-
pylene. The “end-to-end” model assumed that the
sample consisted of conductive “strings” of fibers
and that they are connected end-to-end. Another
model was proposed which took into account the
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fiber–fiber contacts in addition to the other pa-
rameters. The resulting equation for the contact
is given by

rc,long 5
pd2rf X

4fpdcl cos2u
(8)

X 5
1

0.59 1 0.15m fp 5 bf b 5
f 2 fcrit

ft 2 fcrit

where rc,long is the longitudinal composite conduc-
tivity; rf , the filler resistivity; X, the function of
the number of contacts; d/dc, the ratio of the
diameter of the fiber to the diameter of the circle
of contact; l/d, the aspect ratio; fp, the percentage
of fibers participating in strings; u, the angle of
orientation; ft, the “threshold” value at which all
fibers participate in strings; and fcrit, the perco-
lation threshold.

While some structure-oriented models can ac-
curately predict conductivity, a major limitation
to all models in this class is that they do not
account for or can predict the surface-energy in-
teractions that have been shown to have a signif-

icant effect on the conductivity of the composite.
The thermodynamic model by Mamunya et al.12

showed that the conductivity is intimately related
to the surface interactions of the polymer and the
filler.

EXPERIMENTAL

Materials

For this study, two different polymers were used
as matrix materials. These were DuPont (Wil-
mington, DE) Zytel 101 NC010, an unmodified,
semicrystalline nylon 6,6, and GE Plastics (Pitts-
field, MA) Lexan HF1110-111N (polycarbonate),
an amorphous engineering thermoplastic. The
electrical conductivities of Zytel and Lexan are
approximately 10215 and 10217 S/cm, respec-
tively. The properties of nylon 6,6 (ref. 22) and
polycarbonate23 can be found in Tables I and II.
Akzo Nobel (Rockwood, TN) Fortafil carbon fibers
were used for two of the carbon fillers.24 A
3.175-mm chopped and pelletized PAN-based car-
bon fiber, sized for polycarbonate (Fortafil 201)

Table I Properties of Nylon 6,6 (Zytel 101 NC010)22

Melting Point 262°C

Tg (glass transition temperature, DAM) 60–70°C (approx.)
50% relative humidity 23°C (approx.)

Melt flow rate 12.35 g/10 min
Shear viscosity at 1000 s21 shear rate and 280°C 137 Pa s
Tensile strength at 23°C (DAM) 82.7 MPa
Flexural modulus at 23°C (DAM) 2827 MPa
Tensile elongation at break at 23°C (DAM) 60%
Notched Izod impact, 23°C 53 J/m
Density at 23°C 1.14 g/cm3

Electrical resistivity at 23°C 1015 ohm cm
Thermal conductivity at 23°C 0.25 W m21 K1

Table II Properties of Polycarbonate (Lexan HF1110-111N)23

Melt index 25 g/10 min
Average molecular weight Approximately 16,000 g/gmol
Tensile strength at 23°C 65.474 MPa
Flexural modulus at 23°C 2309.87 MPa
Tensile elongation at break at 23°C 120%
Density at 23°C 1.20 g/cc
Notched Izod impact, 23°C 640 J/m
Volumetric electrical resistivity at 23°C 1017 ohm cm
Thermal conductivity at 23°C (ASTM C177) 0.19 W m21 K21
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and nylon 6,6 (Fortafil 243), was used. The second
form of carbon fibers was a milled and pelletized
PAN-based carbon fiber, with an average length
of 200 mm, sized for nylon 6,6 (Fortafil 482) and
polycarbonate (Fortafil 402). The properties for
the chopped PAN fibers can be found in Table III,
with the properties of the milled fibers found in
Table IV. The third filler was ThermocarbTM Spe-
cialty Graphite, available from Conoco, Inc
(Ponca City, OK).25 The properties of this high-
purity synthetic graphite can be found in Table V.
The final filler used for this project was a 6.35-cm
chopped and pelletized Ni-coated PAN-based car-
bon fiber obtained from Composite Materials,
LLC. (Mamaroneck, NY), the properties of which
are listed in Table VI.

Materials were assigned a letter and were cat-
aloged according to the assigned letters and the
target weight percent. For example, the compos-
ite made from 10 wt % PAN carbon fiber in nylon
6,6 would be given the name of “AN10.” The for-
mulations made are listed in Table VII.

Methods

Test Specimen Preparation

For this project, the polymers were first dried in a
dehumidifying drier. The nylon 6,6 and the poly-
carbonate were dried at 79 and 121°C, respec-
tively. All fillers were used as received and were
not dried. Materials were extruded using a
27-mm corotating intermeshing twin-screw ex-
truder with an L/D ratio of 40 (American Leistritz
Extruder Corp. ZES27) and 10 zones. The screw
design was chosen to obtain the maximum possi-
ble electrical conductivity by minimizing the filler
degradation. Polymer pellets were put into the
extruder in zone one, with a side stuffer located in
zone seven to introduce the carbon fillers. After
the extrusion process, the formulations were pel-
letized and dried according to the previously de-
scribed conditions prior to injection molding. Test
specimens were formed using an injection molder
(Niigata, NE85UA4) with a 40-mm-diameter sin-
gle screw having an L/D ratio of 18. The test parts

Table III Properties of Chopped PAN-Based Carbon Fibers24

Sized For Polycarbonate (Fortafil 201) Nylon 6,6 (Fortafil 243)

Carbon content 95% 95%
Tensile strength 3790.6 MPa 3790.6 MPa
Tensile modulus 2.27 3 105 MPa 2.27 3 105 MPa
Electrical resistivity 0.00167 ohm cm 0.00167 ohm cm
Thermal conductivity 20 W m21 K21 (axial direction) 20 W m21 K21 (axial direction)
Density 1.72 g/cm3 1.74 g/cm3

Fiber diameter 7.3 microns 7 microns
Filament shape Round Round
Bulk density 0.371 g/cm3 0.356 g/cm3

Mean length 0.125 in. (0.9–0.16 in.) 0.125 in. (0.9–0.16 in.)

Table IV Properties of Milled PAN-based Carbon Fibers24

Sized For Polycarbonate (Fortafil 402) Nylon 6,6 (Fortafil 482)

Carbon content 95% 95%
Tensile strength 3790.6 MPa 3790.6 MPa
Tensile modulus 2.27 3 105 MPa 2.27 3 105 MPa
Electrical resistivity 0.00167 ohm cm 0.00167 ohm cm
Thermal conductivity 20 W m21 K21 (axial direction) 20 W m21 K21 (axial direction)
Density 1.74 g/cm3 1.74 g/cm3

Fiber diameter 7.3 microns 7 microns
Filament shape Round Round
Bulk density 0.403 g/cm3 0.413 g/cm3

Mean length 200 mm (150–250) 200 mm (150–250)
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that were molded include 16.51-cm-long tensile
bars and 6.35-cm-diameter disks, both 3.175 mm
thick.

Longitudinal Electrical Resistivity Test

The first electrical resistivity test was to measure
volumetric longitudinal, or in-plane, resistivity.
Test specimens cut from the center gauge portion
of a tensile bar were surface-ground and then cut
into sticks 2 mm wide 3 2 mm thick 3 25.4 mm
long. For each formulation, a total of six speci-
mens were cut from a single tensile bar, and three
bars were used to obtain a total of 18 test speci-
mens. These samples were then tested using a

four-probe technique. This technique measures
resistivity by applying a constant current (typi-
cally 5–10 mA) and measuring the voltage drop
over the center 6 mm of the sample. The equation
below is then used to calculate the electrical re-
sistivity. A Keithley 224 programmable current
source and a Keithley 182 digital sensitive volt-
meter were used. Conductivity is calculated by
taking the inverse of the electrical resistivity and
is given in units of S/cm:

ER 5
DVwt

iL (9)

where ER is the electrical resistivity (in ohm cm);
Dv , the voltage drop over the center 6 mm of the
sample (volts); w, the width (cm); t, the thickness
(cm); l, the length (cm); and i, the current (amps).

Transverse Electrical Resistivity Test

For samples of high resistivity (.105 ohm cm),
the transverse, or through-plane, volumetric re-
sistivity test was also run. In this method, a con-
stant voltage, typically 10 or 100 V, was applied to
the test specimen and the resistivity was mea-
sured according to ASTM D257 (ref. 26) using a
Keithley 6517A electrometer/high resistance
meter and an 8009 resistivity test fixture. For
each formulation, five specimens were tested.
Each were disks of 6.35 cm in diameter and 3.175
mm thick. For both resistivity methods, all nylon
6,6-based samples were tested dry-as-molded and
the polycarbonate samples were conditioned at
50% relative humidity and 23°C and then tested.

Optical Microscopy Analysis

To determine the aspect ratio of the fillers, mi-
croscopy techniques were applied. Approximately

Table V Properties of Thermocarb™ Specialty
Graphite25

Ash , 0.1 wt %
Sulfur 0.02 wt %
Vibrated bulk density 0.66 g/cm3

Density 2.24 g/cm3

Thermal conductivity at 23C 500 W m21 K21 on a
6 mm particle

Electrical resistivity 1025 ohm cm
(approximate)

Particle aspect ratio 2
Particle shape Irregular

Particle Sizing, Vol % (by Sieve Method)
148 Tyler Mesha 4
248/180 Tyler Mesh 22
280/1200 Tyler Mesh 48
2200/1325 Tyler Mesh 16
2325 Tyler Mesh 10

48 Tyler Mesh 5 297 microns; 80 Tyler Mesh 5 177 mi-
crons; 200 Tyler Mesh 5 74 microns; 325 Tyler Mesh 5 44
microns.

Table VI Properties of Ni-coated PAN-based Carbon Fibers

Sized For Polycarbonate Nylon

Tensile strength (PAN fiber core) 4479.8 MPa 4479.8 MPa
Tensile modulus (PAN fiber core) 22.75 3 105 MPa 22.75 3 105 MPa
Elongation (PAN fiber core) 1.90% 1.90%
Electrical resistivity 4.1 3 1025 ohm cm 4.1 3 1025 ohm cm
Thermal conductivity 10.7 W m21 K21 10.7 W m21 K21

Density 2.85 g/cm3 2.85 g/cm3

Fiber diameter 7.3 mm 7.3 mm
Filament shape Round Round
Wt % binder pickup 22.7 10.7
Wt % nickel 45 45
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1 g from a composite specimen was placed in an
atmospheric oven to remove the polymer from the
fillers. A number of different times and tempera-
tures were tested, and it was determined that 1 h
and 427°C were the optimum conditions under

which to run this test. In addition, carbon fibers
were placed into the furnace to determine if there
was any weight loss from the process on the fi-
bers, such as charring. The optimum time and
temperature did not affect the fibers in any way.

Table VII Formulation List

Formulation Zytel 101 NC010 (Nylon 6,6) Matrix N
Nominal

Wt % Filler

AN10 3.175-mm chopped PAN carbon fiber (A) 10
AN20 3.175-mm chopped PAN carbon fiber (A) 20
AN30 3.175-mm chopped PAN carbon fiber (A) 30
AN40 3.175-mm chopped PAN carbon fiber (A) 40
AN50 3.175-mm chopped PAN carbon fiber (A) 50
BN10 200-mm milled PAN carbon fiber (B) 10
BN20 200-mm milled PAN carbon fiber (B) 20
BN30 200-mm milled PAN carbon fiber (B) 30
BN40 200-mm milled PAN carbon fiber (B) 40
BN50 200-mm milled PAN carbon fiber (B) 50
FN25 Thermocarb™ Specialty Graphite (F) 25
FN30 Thermocarb™ Specialty Graphite (F) 30
FN35 Thermocarb™ Specialty Graphite (F) 35
FN40 Thermocarb™ Specialty Graphite (F) 40
FN45 Thermocarb™ Specialty Graphite (F) 45
FN50 Thermocarb™ Specialty Graphite (F) 50
GN5 Ni-coated PAN carbon fiber (G) 5.8
GN10 Ni-coated PAN carbon fiber (G) 11.6
GN15 Ni-coated PAN carbon fiber (G) 17.4
GN20 Ni-coated PAN carbon fiber (G) 23.1
GN30 Ni-coated PAN carbon fiber (G) 34.7

Formulation Lexan HF1110-111N (Polycarbonate) Matrix P
Nominal

Wt % Filler

AP10 3.175-mm chopped PAN carbon fiber (A) 10
AP20 3.175-mm chopped PAN carbon fiber (A) 20
AP30 3.175-mm chopped PAN carbon fiber (A) 30
AP40 3.175-mm chopped PAN carbon fiber (A) 40
AP50 3.175-mm chopped PAN carbon fiber (A) 50
BP10 200-mm milled PAN carbon fiber (B) 10
BP20 200-mm milled PAN carbon fiber (B) 20
BP30 200-mm milled PAN carbon fiber (B) 30
BP40 200-mm milled PAN carbon fiber (B) 40
BP50 200-mm milled PAN carbon fiber (B) 50
FP25 Thermocarb™ Specialty Graphite (F) 25
FP30 Thermocarb™ Specialty Graphite (F) 30
FP35 Thermocarb™ Specialty Graphite (F) 35
FP40 Thermocarb™ Specialty Graphite (F) 40
FP45 Thermocarb™ Specialty Graphite (F) 45
FP50 Thermocarb™ Specialty Graphite (F) 50
GP5 Ni-coated PAN carbon fiber (G) 5
GP10 Ni-coated PAN carbon fiber (G) 10
GP15 Ni-coated PAN carbon fiber (G) 15
GP20 Ni-coated PAN carbon fiber (G) 20
GP30 Ni-coated PAN carbon fiber (G) 30
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From this test, the actual weight percent of the
formulation could be determined. The remaining
fillers were then dispersed onto a microscope slide
and viewed with a light microscope. Computer
software was used to determine the lengths of
400–500 individual fibers, and the average,
mean, and median values for the lengths were
calculated. From this, the aspect ratio could then
be calculated, with the results given in Table
VIII.

Modeling Analysis

As a part of the analysis of the experimental data,
conductivity models taken from the literature
survey were examined and applied to this study.
Models were chosen based on the parameters that

were included in the calculations, mainly surface
energy and structure properties. A simple para-
metric study was first performed to judge the
effects of various parameters within a specific
model. Once this was complete, the experimental
data were examined by comparison to calculated
values. Combined with statistical analysis, the
ability of the models to accurately predict the
conductivity was determined, and several con-
stants within the various models were updated to
reflect the results obtained in this study.

RESULTS

The conductivity results for the composites con-
taining chopped PAN-based carbon fibers can be
found in Figure 1 for both nylon 6,6 and polycar-
bonate composites. In each figure, all the data
points have been plotted. Figure 2 shows the con-
ductivity values obtained for the milled PAN-
based carbon fibers in nylon 6,6 and in polycar-
bonate. One noticeable difference in each figure is
that the conductivity of the nylon 6,6 composites
is consistently one to two orders of magnitude
greater than that of the corresponding polycar-
bonate-based composites. At 30 wt % (21.8 vol %
actual) of chopped carbon fiber in nylon 6,6, the
conductivity is 7.70 S/cm, while the conductivity
at 30 wt % (19.73 vol % actual) of chopped carbon

Table VIII Aspect Ratios of Various
Formulations

Sample
Total

Counts

Average
Length
(mm)

Fiber
Diameter

(mm)
Aspect
Ratio

AN 428 0.082 0.006 13.678
BN 446 0.067 0.007 9.546
GN 406 0.179 0.0075 23.821
AP 445 0.117 0.006 19.442
BP 426 0.075 0.007 10.751
GP 447 0.131 0.0075 17.412

Figure 1 Electrical conductivity results for nylon 6,6 (AN) and polycarbonate (AP)
composites containing chopped carbon fibers.
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fiber in polycarbonate is 0.145 S/cm. These figures
illustrate the effects that the polymer matrix has
on the composite conductivity. The properties
that will influence the conductivity values include
polymer conductivity, the degree of crystallinity,
and physical properties such as the surface en-
ergy. In this case, nylon 6,6 has a higher degree of
crystallinity, higher conductivity, and higher sur-

face energy, all of which could lead to the higher
conductivity values obtained here.

It is also of significant interest to compare the
results of the same polymer with the fillers of
differing aspect ratios. This is illustrated in Fig-
ure 3, showing the nylon 6,6 composites contain-
ing the chopped carbon fiber and milled carbon
fiber. The aspect ratio data can be found in Table

Figure 2 Electrical conductivity results for nylon 6,6 (BN) and polycarbonate (BP)
composites containing milled carbon fibers.

Figure 3 Electrical conductivity results for nylon 6,6 composites containing chopped
(AN) and milled (BN) carbon fibers.
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VIII. The figure shows that the different aspect
ratios also have an effect on the conductivity of
the composite. The chopped carbon fiber in nylon
had an aspect ratio of approximately 14 after
processing, while the milled carbon fiber had an
aspect ratio of approximately 9.5. This results in
the chopped carbon fiber composite having a con-
ductivity at 30 wt % (21.8 vol % actual) filler of
7.70 S/cm and the milled carbon fiber composites
having a conductivity of 0.86 S/cm at 30 wt %
(21.6 vol % actual). The increased aspect ratio of
the chopped fibers of the final composite over the
milled fibers produced an increase of conductivity
values of approximately one order of magnitude.
It also follows that the percolation threshold for
the BN composite is slightly higher than that of
the AN composite due to the smaller aspect ratio,
also illustrated in Figure 3. Similar results were
found when comparing the AP to BP formula-
tions. The aspect ratios are different due to both a
smaller original size (200-mm milled versus
3.175-mm chopped) and the fact that, although
every attempt was made to minimize the effect,
there was some degradation of the fibers during
the extrusion and injection-molding processes.

Figure 4 shows the results for the electrical
conductivity data for the graphite-filled polymers.
It can be seen from this figure that ThermocarbTM

Specialty Graphite improves the conductivity of
the pure polymer. It has a conductivity of approx-
imately 105 S/cm, which is about one order of
magnitude higher than that of the PAN carbon

fibers. However, these formulations do not attain
the same conductivity levels reached with com-
posites containing the PAN-based carbon fibers.
The conductivity of the nylon 6,6 composite con-
taining ThermocarbTM Specialty Graphite is 1.48
3 1025 S/cm at 30 wt % (17.06 vol % actual), while
the conductivity of the nylon 6,6 composites con-
taining the chopped PAN carbon fibers is 7.70
S/cm at 30 wt % (21.8 vol % actual). One possible
reason for this is the aspect ratio effect, similar to
what was seen in the previous two carbon fiber
composites. The average aspect ratio of the graph-
ite in the injection-molded specimen is approxi-
mately two, and it was previously shown that
smaller aspect ratios would lead to a decrease in
the composite conductivity.

The electrical conductivity data for the com-
posites containing the Ni-coated PAN carbon
fibers are found in Figure 5. This figure shows
that the percolation threshold for these materi-
als is only slightly lower than that of the other
materials. The composites containing the Ni-
coated fibers achieve a slightly higher conduc-
tivity level. This is largely due to the presence
of the nickel metal, which is approximately 106

S/cm, as the results for uncoated PAN fibers do
not reach high conductivity levels at such low
volume fractions. In addition, as shown in Table
VIII, the aspect ratio of the Ni-coated PAN-
based carbon fibers after processing is higher
than that of any other filler.

Figure 4 Electrical conductivity results for nylon 6,6 (FN) and polycarbonate (FP)
composites containing ThermocarbTM Specialty Graphite.
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CONDUCTIVITY MODELING ANALYSIS

Once the experimental portion of this project was
completed, the results were compared to and eval-
uated according to some of the models described
previously. A number of these models, while not
specifically generated using carbon–polymer sys-
tems, were proposed to explain the conductivity
behavior of a wide range of conductive compos-
ites. This study was done to test the applicability
of these models to the carbon–polymer systems
studied here and is the first step in the develop-
ment of improved electrical conductivity models.

The first model studied was the statistical
model by proposed by McLachlan17 given in eq.
(3). In this equation, t is the critical exponent that
needs to be estimated. The exponent was deter-
mined by matching the calculated values to one
set of experimental data to obtain a value for t.
The data for the composite of chopped carbon fiber
in nylon 6,6 (AN), consisting of the conductivities
of the fiber and polymer and the percolation
threshold value, were used to obtain a value of t
5 2.5. This value for the critical exponent was
then used with the electrical resistivity results for
chopped carbon fiber in polycarbonate. Figure 6
shows the resistivity results using this equation
as compared to the experimental data. In this
figure, it can be seen that the model predicts that
the resistivity should reach the same level for
both composites since the same filler is used in

each. However, as discussed in the Results sec-
tion, the polycarbonate samples do not reach the
same resistivity levels as do the nylon 6,6 com-
posites. Similar results were obtained for the
other composites. This discrepancy shows that
the model is inadequate for these particular sys-
tems and would require further study.

The second model applied in this study was the
structure-oriented model by Weber and Kamal.21

The specific model used was the one given in eq.
(8). The appendix of this article gave instructions
on how to calculate the various terms used in this
model as well as what assumptions can be made.
The value for u (orientation angle) was assumed
to be 33.6°, the value given in the article for
injection-molded samples. Other constants were
determined by using experimental data from the
high-filler region. In this region, the maximum
number of contacts was assumed to be 15 and this
occurred at 40 wt %, consistent with the author’s
assumptions. The known factors include the filler
resistivity from the literature24 and the filler as-
pect ratio by experimental analysis. With this
information, the other factors could be calculated
using the equations given previously. Figure 7
shows the experimental results compared to the
values predicted. It can be seen from this figure
that the model closely matches the experimental
data at higher-volume fractions, but is not accu-
rate at predicting the electrical conductivity at

Figure 5 Electrical conductivity results for nylon 6,6 (GN) and polycarbonate (GP)
composites containing Ni-coated PAN-based carbon fibers.
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low-volume fractions. The points in the high-filler
region lie on the predicted curve, while the re-
maining points do not. Similar results and com-
parisons were obtained for the rest of the formu-
lations studied. The reason that this model may
not be accurate at the lower volume fractions
could be that there are certain assumptions
made, such as the number of interparticle con-
tacts and the ratio of the fiber diameter to the

contact diameter, which introduce a significant
amount of error in the calculations. The ratio of
the fiber diameter to the contact diameter would
be an extremely difficult parameter to measure,
which is the reason that it is assumed. However,
the assumption is that a contact area between two
fibers is a circle. This is a specific case, and there
could be instances where the contact area might
not be a circle. Depending on the orientation an-

Figure 6 Experimental values for AN and AP compared to curves generated using the
resistivity model by McLachlan.

Figure 7 Experimental values for AN compared to the curves generated using the
model by Weber.
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gle, the contact area could be elliptical in shape,
resulting in a different ratio value.

The third model, which provided some success,
was the thermodynamic model proposed by
Mamunya,12,18 given previously in eq. (4). This
particular model was successful because the re-
sults obtained from the calculations provided the
closest match to the experimental data. To use
this model, several pieces of information were
required. This included the filler aspect ratio, the
surface-energy values of the polymer and filler,
and the conductivity of the composite at the per-
colation threshold and at the maximum packing
fraction, F. The surface-energy values used were
obtained from literature values.27–29 Experimen-
tal data were used for the conductivity of the
composite at the percolation threshold and the
maximum packing fraction. Figure 8 shows the
results for both chopped carbon-fiber composites,
one in polycarbonate and one in nylon 6,6, with
the addition of the model curves. It can be seen
from this figure that the curves generated are
accurate in describing the experimental results.
Figure 9 shows that the results for the chopped
carbon fiber and milled carbon fiber in nylon 6,6
composites were accurately modeled as well. By
requiring knowledge of conductivity values at two
specific points, based on experimental data, which
were the percolation threshold and the maximum
packing fraction, it should follow that the model
accurately predicts the electrical conductivity for

the entire curve. However, the two points that are
required are generally the endpoints of the calcu-
lated line, and, therefore, the model should be
accurate at those two volume fractions and not
necessarily for volume fractions in between.

However, there are some limitations to this
model: This particular model was introduced to
study systems of carbon black-filled polymers.
Therefore, the values of the surface energy used
to generate this model were relatively low (30–55
mJ/m2). The nickel metal coating, used in one of
the fillers, has a very high surface energy similar
to other metals (800–1100 mJ/m2). Entering such
a high surface-energy value into this model
causes a breakdown in the system of equations,
and it is unable to generate a conductivity curve.
In addition, the value for the surface energy of the
ThermocarbTM Specialty Graphite could not be
determined. A consistent, reliable surface-energy
value for graphite could not be found, and, there-
fore, this formulation could not be modeled.

Another limitation is that this particular
model does not account for the structure of the
composite. Structure artifacts, such as filler ori-
entation, can have an effect on the conductivity. If
there is any orientation of the filler, it is possible
that the conductivity of the composite could be
different depending on the direction of measure-
ment due to a preferred processing-dependent ar-
rangement of the filler.

Figure 8 Experimental values for AN and AP compared to curves generated using the
conductivity model by Mamunya.
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CONCLUSIONS

From the work accomplished in this study, it
was possible to draw several conclusions con-
cerning the modeling of conductive composites:
The conductivity of these carbon-filled compos-
ites is related to the filler aspect ratio and the
surface energy of the filler and polymer. This
conclusion can be drawn by examining the re-
sults for the nylon 6,6 and polycarbonate com-
posites containing the chopped PAN-based car-
bon fibers and milled PAN-based carbon fibers.
From these results, it can be seen that higher
aspect ratios led to higher electrical conductiv-
ity values. Also, the small aspect ratio of the
ThermocarbTM Specialty Graphite particles,
which was two, produced a low-conductivity
composite, despite the high conductivity of the
filler. The model by Mamunya provided the best
fit of the experimental data since it incorpo-
rated the aspect ratio and surface energy into
the conductivity calculations. However, it was
shown that there are limitations within each
model that can significantly affect the calcula-
tions. The high surface energy of nickel caused
a breakdown in the model by Mamunya. In ad-
dition, in Mamunya’s model, the composite
structure was not considered. The curve fitting
for the statistical models proved unsuccessful
because the parameters that were fit did not
translate to the other systems. The structure

model by Weber and Kamal relied on parame-
ters that would be very difficult to measure
experimentally and must be assumed or calcu-
lated from the experimental data. Therefore,
consideration must be given to the limitations
of each model as they are examined for different
types of systems.

The authors gratefully thank Conoco, Inc., which pro-
vided funding for this work. The authors also thank
Augie Machado and Jim Guadagno at the American
Leistritz Extruder Corp. for the use of their extrusion
equipment and for providing technical advice. In addi-
tion, the authors thank Erik Weber and Jeremiah
Konell, graduate students at Michigan Technological
University, for their work obtaining the experimental
data.

REFERENCES

1. Agari, Y.; Uno, T. J Appl Polym Sci 1985, 30, 2225.
2. Nielsen, L. Ind Eng Chem Fundam 1974, 13, 17.
3. Nysten, B.; Issi, J.-P. Composites 1990, 21, 339.
4. Simon, R. M. Polym News 1985, 11, 102.
5. Mapleston, P. Mod Plast 1992, 69, 80.
6. Bigg, D. M. Polym Comp 1986, 7(2), 69.
7. Bigg, D. M. Polym Eng Sci 1977, 17, 842.
8. Jing, X.; Zhao, W.; Lan, L. J Mater Sci Lett 2000,

19, 377.
9. Gokturk, H. S.; Fiske, T.; Kalyon, D. M. J Appl

Polym Sci 1993, 50, 1891.

Figure 9 Experimental values for AN and BN compared to curves generated using
the conductivity model by Mamunya.

ELECTRICAL CONDUCTIVITY MODELS FOR POLYMERS 1355



10. Fiske, T.; Gokturk, H. S.; Kalyon, D. M. J Mater Sci
1997, 32, 5551.

11. Yi, J. Y.; Choi, G. M. J Electroceram 1999, 3, 361.
12. Mamunya, E. P.; Davidenko, V. V.; Lebedev, E. V.

Compos Interf 1997, 4, 169.
13. Lux, F. J Mater Sci 28, 285. 1993,
14. Kirkpatrick, S. Rev Mod Phys 1973, 45, 574.
15. Zallen; R. In The Physics of Amorphous Solids;

Wiley: New York, 1983; p 135.
16. Bueche, F. J Appl Phys 1972, 43, 4837.
17. McLachlan, D. S.; Blaszkiewicz, M.; Newnham,

R. E. J Am Ceram Soc 1990, 73, 2187.
18. Mamunya, E. P.; Davidenko, V. V.; Lebedev, E. V.

Dop Akad Nauk Ukr RSR 1991, 5, 124.
19. Fowkes, F. M. Ind Eng Chem 56, 12, 40. 1964,
20. Malliaris, A.; Turner, D. T. J Appl Phys 1971, 42,

614.
21. Weber, M. E.; Kamal, M. R. Polym Comp 1997, 18,

711.

22. Dupont Zytel Nylon Resin Product and Properties,
Version 95.9, Printed in USA.

23. GE Engineering Thermoplastics Product Guide:
Lexan PC Resin; GE Plastics: One Plastics Avenue,
Pittsfield, MA 01201.

24. Fortafil Carbon Fibers; Akzo Nobel Technical Data
Sheet 931B, 1993.

25. Conoco Carbon Products Data Sheets; Conoco, Inc.:
Conoco Center, P.O. Box 2197, Houston, TX 77252-
2197.

26. Standard Test Methods for DC Resistance or Con-
ductance of Insulating Materials; ASTM D257–99;
American Society for Testing and Materials: Phil-
adelphia, PA, 1999.

27. Dilsiz, N.; Wightman, J. P. Carbon 1999, 37, 1105.
28. Ellison, A. H.; Zisman, W. A. J Phys Chem 1954,

58, 260.
29. Petke, F. D.; Ray, B. R. J. Colloid Interf Sci 1969,

31, 216.

1356 CLINGERMAN ET AL.


