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ABSTRACT: Conductive fillers are often added to ther-
moplastic polymers to increase the resulting composite’s
electrical conductivity (EC) which would enable them to
be used in electrostatic dissipative and semiconductive
applications. The resulting composite also exhibits
increased tensile modulus. The filler aspect ratio plays an
important role in modeling composite EC, and tensile
modulus. It is difficult to measure the filler aspect ratio af-
ter the manufacturing process (often extrusion followed by
injection molding) in the composite, especially when nano-
materials are used. The EC percolation threshold is a func-
tion of the filler aspect ratio; hence, knowledge of this
percolation threshold provides a means to extract the filler
aspect ratio. In this study, the percolation threshold of the
composite was determined from EC measurements and
modeling, which in turn was used to determine the filler
aspect ratio for tensile modulus modeling. Per the authors’

knowledge, this approach has not been previously
reported in the open literature. The fillers; carbon black
(CB: 2–10 wt %), multiwalled carbon nanotubes (CNT: 0.5–
8 wt %), or exfoliated graphite nanoplatelets (GNP: 2–12
wt %); were added to polycarbonate (PC) and the result-
ing composites were tested for EC and tensile modulus.
With the filler aspect ratio determined from EC values for
CNT/PC and GNP/PC composites, the three-dimensional
randomly oriented fiber Halpin-Tsai model accurately esti-
mates the tensile modulus for the CNT/PC composites
and the Nielsen model predicts the tensile modulus well
for the CB/PC and GNP/PC composites. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 124: 2269–2277, 2012
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INTRODUCTION

Most polymer resins are electrically insulating.
Increasing the electrical conductivity (EC) (EC ¼ 1/
electrical resistivity, ER) of these resins allows them to
be used in other applications, such as electrostatic dis-
sipative (ESD, e.g., handling trays used in electronic
equipment assembly, etc., ER typically 1010–103 ohm-
cm) and semiconductive (e.g., fuel gauges, etc., ER
typically 102–101 ohm-cm) applications. One approach
to improving the EC of a polymer is through the addi-
tion of a conductive filler material, such as carbon and
metal.1–14 Carbon black (CB) is a relatively inexpen-
sive filler (� $ 10/lb) that has been used to increase
the EC of a resin.12,15–18 Recently, carbon nanotubes
(CNTs) have been developed and explored for
composite EC applications.19–23 CNTs are still more

expensive (� $ 100/lb) than CB. Exfoliated graphite
nanoplatelets (GNP) are short stacks of graphene
sheets that can be added to polymers to produce elec-
trically conductive composites. GNP are an alternative
to CNTs since they combine low cost (� $ 5/lb) and
good conductivity properties.24–28

The electrically conductive composite must also
meet application specific tensile modulus values.
Adding fillers typically increases the tensile modu-
lus of a composite. The Halpin-Tsai model has been
used to model the tensile modulus of composites
containing CNT and GNP.26,29–32 The Nielsen and
Halpin-Tsai models have been used to model tensile
modulus of CB/nylon 6,6, CB/polypropylene, and
CNT/polypropylene composites.33–37 Both of these
models account for constituent properties, concentra-
tions of each constituent, as well as aspect ratio, ori-
entation, and packing of the filler.29,33–35

In this work, researchers performed compounding
runs followed by injection molding of CB/polycar-
bonate (PC), carbon nanotube/PC, and graphite
nanoplatelet/PC composites. Composites containing

Correspondence to: J. A. King (jaking@mtu.edu).
Contract grant sponsor: The Boeing Company

Journal of Applied Polymer Science, Vol. 124, 2269–2277 (2012)
VC 2011 Wiley Periodicals, Inc.



varying amounts of either CB, CNT, or GNP were
fabricated and tested for EC. The first goal of this
work was to determine the effects of these fillers on
composite EC and tensile modulus. The second goal
was to use the EC percolation threshold (point
where the composite EC increases rapidly over a
small range of filler loadings) to determine the filler
aspect ratio in the composite, which is then used to
model the composite tensile modulus. Per the
authors’ knowledge, this approach has not been
reported previously in the open literature.

MATERIALS AND EXPERIMENTAL METHODS

Materials

The matrix used for this project was Sabic’s (Pitts-
field, MA) Lexan HF1130-111 PC resin. This polymer
has a density of 1.2 g/cm3, a melt flow rate of 25 g/
10 min (300�C/1.2 kg), and an electrical resistivity
(1/EC) of 1017 ohm-cm.38

The first filler used in this study was Ketjenblack
EC-600 JD. This is an electrically conductive CB
available from Akzo Nobel (Chicago, IL). The highly
branched, high surface area CB structure allows it to
contact a large amount of polymer, which results in
improved EC at low CB concentrations (often 5 to 7
wt %). The properties of Ketjenblack EC-600 JD are
given in Table I.18 The CB is sold in the form of pel-
lets that are 100 lm to 2 mm in size and, upon mix-
ing into a polymer, easily separates into primary
aggregates 30–100 nm long.18

The second filler used was Hyperion Catalysis
International’s (Cambridge, MA) FIBRILTM nano-
tubes.19 This is a conductive, vapor grown, multi-
walled carbon nanotube. They are produced from
high purity, low molecular weight hydrocarbons in
a proprietary, continuous, gas phase, catalyzed reac-
tion. The outside diameter of the tube is 10 nm and
the length is 10 lm, which gives an aspect ratio

(length/diameter) of 1000. Because of this high as-
pect ratio, very low concentrations of nanotubes are
needed to produce an electrically conductive com-
posite. This material was provided by Hyperion
Catalysis International in a 15 wt % FIBRILTM mas-
terbatch MB6015-00 in PC. Table I shows the proper-
ties of the Hyperion Catalysis International
FIBRILTM multiwalled CNT.19–21

The third filler used in this study was exfoliated
GNP that were obtained from Ovation Polymers as
ExtimaTM MB PC1515A, which is a masterbatch of
15 wt % xGnPTM (5 micron average particle diameter
and a thickness of 6–8 nm, which was manufactured
by XG Sciences) in PC. xGnPTM is a new nanomate-
rial that can be used to improve the EC of a compos-
ite.28 The properties of xGnPTM are given in
Table I.26,28 Photomicrographs of xGnPTM are shown
elsewhere.26–28

The concentrations (shown in wt % and the corre-
sponding vol %) for all of the single filler composites
tested in this research are shown in Table II. In this
and following tables, figures, and text, the abbrevia-
tion ‘‘PC’’ is used to signify polycarbonate, ‘‘CB’’ is
used for carbon black, ‘‘CNT’’ is used for carbon
nanotubes, and ‘‘GNP’’ is used for exfoliated graph-
ite nanoplatelets. We note that increasing filler
amount typically increases composite melt viscosity
and, at some point, becomes difficult to extrude and
fabricate into a composite part. Thus, a maximum of

TABLE I
Properties of Fillers18–21,23,25,28

Filler properties Filler values

Ketjenblack EC-600 JD
Carbon Black (CB)
Density 1.8 g/ml
Electrical resistivity 0.01–0.1 ohm cm
BET (N2) surface area 1250 m2/g

FibrilTM Carbon
Nanotubes (CNT)
Density 2.0 g/ml nanotube wall;

1.75 g/ml hollow nanotube
BET (N2) surface area 250 m2/g

Exfoliated Graphite
Nanoplatelets (GNP)
Density 2.0 g/ml
BET (N2) surface area 130 m2/g

TABLE II
Single Filler Loading Levels in Polycarbonate and

Electrical Resistivity Results

Formulation
Filler
(wt %)

Filler
(Vol %)

Electrical resistivity
(ohm-cm)

PC 0 0.0 9.37 � 1016 6 2.00 � 1016; n ¼ 6
2CB 2 1.34 4.05 � 1016 6 2.66 � 1016; n ¼ 6
3CB 3 2.01 2.85 � 1015 6 4.58 � 1014; n ¼ 6
4CB 4 2.69 1.17 � 105 6 7.77 � 104; n ¼ 8
5CB 5 3.38 2474 6 646; n ¼ 8
6CB 6 4.07 649 6 18; n ¼ 8
8CB 8 5.46 122 6 4; n ¼ 8
10CB 10 6.88 19.5 6 0.5; n ¼ 8

0.5CNT 0.5 0.34 6.19 � 1016 6 1.21 � 1016; n ¼ 6
1CNT 1 0.69 2.02 � 1016 6 6.62 � 1015; n ¼ 6
2CNT 2 1.38 4610 6 1120; n ¼ 6
3CNT 3 2.08 216 6 44; n ¼ 6
4CNT 4 2.78 73 6 10; n ¼ 6
5CNT 5 3.48 43 6 7; n ¼ 6
6CNT 6 4.19 18 6 2; n ¼ 6
8CNT 8 5.63 7.8 6 0.4; n ¼ 6

2GNP 2 1.21 5.46 � 1016 6 4.89 � 1015; n ¼ 6
3GNP 3 1.82 3.23 � 1016 6 7.22 � 1015; n ¼ 8
4GNP 4 2.44 1.20 � 1016 6 3.54 � 1014; n ¼ 6
5GNP 5 3.06 3.76 � 1015 6 2.83 � 1014; n ¼ 6
6GNP 6 3.69 2.01 � 1014 6 4.99 � 1012; n ¼ 6
8GNP 8 4.96 3.95 � 107 6 1.53 � 107; n ¼ 8
10GNP 10 6.25 1.74 � 106 6 2.65 � 105; n ¼ 8
12GNP 12 7.56 3.07 � 105 6 9.50 � 103; n ¼ 5
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10 wt % CB, 8 wt % CNT, and 12 wt % GNP were
used. Table II also shows the electrical resistivity (1/
EC) results that will be described later in this article.

Test specimen fabrication

Prior to extrusion and injection molding, the Lexan
HF1130-111 was dried in an indirect heated dehu-
midifying drying oven at 121�C for 12 h. Ketjenblack
EC-600 JD was used as received. The Hyperion Ca-
talysis International 15 wt % FIBRILTM masterbatch
MB6015-00 in PC and the Ovation Polymers Exti-
maTM 15 wt % xGNPTM masterbatch MB PC1515A
in PC were dried in an indirect heated dehumidify-
ing drying oven at 121�C for 6 h. The extruder used
was an American Leistritz Extruder Corp. (Somer-
ville, NJ) Model ZSE 27. This extruder has a 27 mm
corotating intermeshing twin screw with 10 zones
and a length/diameter ratio of 40. Two different ex-
truder screw designs were used due to the different
form of the fillers (CB in a ‘powder form’ and CNT
and GNP in PC masterbatch). Both screw designs
were chosen to obtain a minimum amount of filler
degradation, while still dispersing the filler well in
the polymers. The first screw design was used for
the CB/PC composites and is shown elsewhere.39

The pure PC pellets were introduced in Zone 1. Ket-
jenblack EC-600 JD was introduced in Zone 5. The
second screw design was used for the CNT/PC and
GNP/PC composites and is shown elsewhere.39 In
this case, the pure PC pellets and the Hyperion
FIBRILTM masterbatch MB6015-00 (containing 15 wt
% CNT) or the Ovation Polymers ExtimaTM 15 wt %
xGNPTM masterbatch MB PC1515A in PC were
mixed at the appropriate weight ratio to yield the
desired CNT or GNP concentration and introduced
in Zone 1. The two types of pellets were similar in
size; therefore, there was no segregation of pellet
type in the feed hopper.

After passing through the extruder, the polymer
strands (3 mm in diameter) entered a water bath
and then a pelletizer that produced nominally 3 mm
long pellets. After extrusion, the PC based compo-
sites were dried in an indirect heated dehumidifying
drying oven at 121�C for 12 h and then stored in
moisture barrier bags prior to injection molding.

A Niigata (Tokyo, Japan) injection molding
machine, model NE85UA4, was used to produce test
specimens. This machine has a 40 mm diameter sin-
gle screw with a length/diameter ratio of 18. The
lengths of the feed, compression, and metering sec-
tions of the single screw are 396, 180, and 144 mm,
respectively. A four cavity mold was used to pro-
duce 3.3 mm thick ASTM Type I tensile bars (end
gated) and 3.4 mm thick with 6.4 cm diameter disks
(end gated on the bottom edge).

Electrical resistivity test method

For samples with an electrical resistivity >106 ohm-
cm, the volumetric EC test was conducted according
to ASTM D257.40 In this method, a constant voltage
(100 V) was applied to the as-molded test specimen,
and the resistivity was measured using a Keithley
6517A Electrometer/High Resistance Meter (Cleve-
land, OH) and an 8009 Resistivity Test Fixture. The
Keithley 6524 High Resistance Measurement Soft-
ware was used to automate the conductivity mea-
surement. Each test specimen was an injection
molded disk that was 6.4 cm in diameter and 3.4
mm thick. Six samples were tested for each formula-
tion. Prior to testing, the samples were conditioned
at 23�C and 50% relative humidity for 2 days.
For samples with an electrical resistivity <106

ohm-cm, the in-plane volumetric electrical resistivity
of the center 60 mm long, 3.3 mm thick, 12.7 mm
wide tensile bars (rectangular necked area) injection
molded tensile bars was determined according to
ASTM D 4496 at 23�C.41 Prior to testing, the samples
were conditioned at 23�C and 50% relative humidity
for 2 days. At least five samples were tested for each
formulation. This test was conducted with 2 probes.
In the two probe method, the tensile bar was
scratched with a razor blade, placed in liquid nitro-
gen, and then broken manually at the desired loca-
tion. Hence, a fracture surface was created on both
ends of the in-plane sample. Then the 3.3 mm thick
by 12.7 mm wide ends were coated with silver paint
and allowed to dry for 1 h. One probe was placed
on each silver painted fracture surface and a con-
stant voltage was placed across the sample using a
Keithley 2400 Source Meter. The resulting current
was also measured on this same Keithley 2400. The
volume electrical resistivity is calculated from eq. (1)
below:

ER ¼ ðDVÞðwÞðtÞ
ðiÞðLÞ (1)

where ER is the volume electrical resistivity (ohm-
cm), DV is the voltage drop over length of sample
(volts), w is the sample width (1.27 cm), t is the sam-
ple thickness (0.33 cm), i is the current (amps), and
L is the length over which DV is measured (6 cm).

Tensile test method

The tensile properties (at ambient conditions, 16.5
cm long, 3.3 mm thick ASTM Type I sample geome-
try) from all formulations were determined using
ASTM D638 at a crosshead rate of 5 mm/min for
reinforced plastics.42 An Instru-Met Sintech screw
driven mechanical testing machine was used. Tensile
modulus was calculated from the initial linear
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portion of the stress–strain curve. For each formula-
tion, at least 4 samples were tested. Prior to testing,
the samples were conditioned at 23�C and 50% rela-
tive humidity for 2 days.

RESULTS

Electrical resistivity results

The ER results (mean, standard deviation, and num-
ber of samples tested) for each formulation contain-
ing varying amounts of single fillers are shown in
Table II. Figures 1–3 show the EC (EC ¼ 1/ER) as a
function of filler volume fraction, along with models
that will be described later in this article. All the
data points have been plotted in these figures. As an
example, Figure 1 shows the log (EC in S/cm) for
composites containing varying amounts of CB as a
function of filler volume fraction. At low filler load-
ings, the electrical resistivity remains similar to that
of the pure polymer. Then at a point called the per-
colation threshold, the conductivity increases dra-
matically over a very narrow range of filler concen-
trations. At higher filler loadings, the electrical
resistivity begins to level out again at a value many
orders of magnitude above that of the pure
polymer.5,43

Figure 1 illustrates that CB is effective at decreas-
ing the electrical resistivity (1/EC) at low filler load-
ings. The pure PC has a mean electrical resistivity of
9.37 � 1016 ohm-cm (or 1.07 � 10�17 S/cm), which
agrees with the vendor literature value. The percola-
tion threshold occurs at � 2.4 vol % (3.6 wt %) for
CB. At the highest filler concentration, the CB pro-
duced a mean composite ER of 20 ohm-cm or EC of
0.05 S/cm (10 wt % ¼ 6.9 vol %).

Figure 2 shows the EC as a function of volume
fraction of CNT. The 0.5 and 1 wt % CNT in PC

composite were only fabricated and tested to deter-
mine EC. The percolation threshold for the CNT/PC
composites is � 1.2 vol % (1.7 wt %) CNT. The
lower percolation threshold for the CNT/PC compo-
sites is likely due to the extremely high aspect ratio
(length/diameter) of 1000 for CNT. This same high
aspect ratio for CNT also likely increases the EC (1/
electrical resistivity) as compared to similar concen-
trations of CB. For example, for 8 wt % (5.6 vol %)
CNT, the ER was 7.8 ohm-cm as compared to 122
ohm-cm for 8 wt % (5.5 vol %) CB.
Figure 3 displays the EC as a function of volume

fraction of GNP. For GNP/PC composites, the per-
colation threshold is higher, at � 4.6 vol % (7.4 wt
%) GNP. At the highest filler concentration, GNP
produced a mean composite ER of 3.1 � 105 ohm-
cm or EC of 3.3 � 10�6 S/cm (12 wt % ¼ 7.6 vol %
GNP).

Figure 1 Electrical conductivity results for CB/PC
composites.

Figure 2 Electrical conductivity results and GEM model
for CNT/PC composites.

Figure 3 Electrical conductivity results and GEM model
for GNP/PC composites.
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Electrical conductivity and percolation models

Many models currently used to determine the tensile
modulus of filled composites require knowledge of
the filler aspect ratio (filler length/diameter if cylin-
drical). Often filler aspect ratios are only known for
the as-received material. When manufacturing com-
posites, the filler aspect ratio in the resulting compos-
ite will be lower than as-received values due to the
extrusion and injection molding process. Using mod-
els for the EC percolation threshold of conductive
composites, it is possible to determine an effective fil-
ler aspect ratio in the composite. This is especially im-
portant for fillers that are very small, such as CNT
and GNP. To determine a percolation threshold for
these systems, it is necessary to apply EC modeling.

The General Effective Media (GEM) model pre-
dicts the EC of a polymer composite using eq. (2) as
shown below:

ð1� /Þðr1=t
l � r1=t

m Þ
r1=t
l þ Ar1=t

m

þ /ðr1=t
h � r1=t

m Þ
r1=t
h þ Ar1=t

m

¼ 0 (2)

where rm is the composite EC (S/cm), rl is the EC
of the polymer (S/cm) and is 1.07 � 10�17 S/cm, rh

is the EC of the filler (S/cm), and / is the filler vol-
ume fraction. A is given by eq. (3) shown below:

A ¼ 1� /c

/c

(3)

where /c is the filler volume fraction at the percola-
tion threshold. A dimensionless critical component,
t, that can be used to determine the morphology of
the conducting particles, is given by eq. (4)44 below:

t ¼ 1� /c

1� LD
(4)

where LD is the demagnification coefficient of the
dispersion.45,46 The shape characteristics of the con-
ducting particles in the insulating polymer matrix
can be determined from the value of L.

For the GEM model, the EC of the filler, rh is
needed. The EC of single-wall CNTs has been meas-
ured to be � 103 S/cm, which exceeds that of multi-
walled CNTs by an order of magnitude.47–49 Thus,
in this work for the multi-walled CNT we used rh ¼
100 S/cm. The EC for GNP has been measured to be
between 1 and 100 S/cm.28 In this article, for GNP
we used rh ¼ 10 S/cm since it provides good agree-
ment with the experimental data. The total error of
the model is calculated using eq. (5) below:

e ¼
Xn
i¼1

ðlogðrcalcÞ � logðrmeasuredÞÞ2 (5)

where e is the total error, rcalc is the EC predicted
by the model and rmeasured is the EC found through
experimentation.
Figures 2 and 3 also display the GEM model

results for the CNT/PC composites and GNP/PC
composites, respectively. For the CNT/PC compo-
sites, the following parameters were used: t ¼ 2.1
and /c ¼ 0.012, which gave a total error e of 0.07
(log S/cm).2 For the GNP/PC composites, following
parameters were used: t ¼ 3.8 and /c ¼ 0.046, which
gave a total error e of 1.04 (log S/cm).2 In prior
work conducted by our research group, the GEM
model has been successfully used for CB/polypro-
pylene (PP), CNT/PP composites, and CB/Vectra
(liquid crystal polymer) composites.50,51

The percolation threshold for CNT has been
recently modeled using an analytical method utiliz-
ing an interparticle distance (IPD) concept.52 This
model postulates that there is a certain distance that
can physically separate conductive particles without
eliminating conduction between the particles. This
IPD that still allows conduction is equivalent to the
electron tunneling distance through the nonconduc-
tive matrix. The model assumes cylindrical morphol-
ogy for CNT and uses this assumption to determine
cubic elements containing a single CNT and then
uses these elements to determine a percolation
threshold. The resulting analytical formula for the
percolation threshold for CNT/PC composites is
given by eq. (6)52 below.

/C ¼ pd2L

4 cos2hh i � Lþ IPDð Þ½ �3
(6)

For this project the percolation threshold from the
GEM model will be used to determine an effective
length and aspect ratio of the CNT. In eq. (6), /c is
the filler volume fraction at the percolation threshold
as found from the GEM model, 0.012; d is the diame-
ter of the CNT, 10 nm; hcos2 yi is the average of the
squared cosine of the orientation angle of the CNT,
for a 3D random distribution this is equal to 1/3;
IPD is the electron tunneling distance, 10 nm for
many polymer systems52; and L is the effective
length of the CNT which was then calculated to be
405 nm leading to an effective aspect ratio for CNT
of 40.5 for CNT/PC composites.
The percolation threshold for GNP has been

recently modeled using a similar analytical method
utilizing the IPD concept.53 This model again postu-
lates that conductive particles can be separated by a
distance equal to the electron tunneling distance
through the nonconductive matrix and still have
conduction between the particles. The model
assumes high aspect ratio disc-like morphology for
GNP and uses this assumption to determine cubic
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elements containing a single GNP and then uses
these elements to determine a percolation threshold.
The resulting analytical formula for the percolation
threshold for GNP/PC composites is given by eq.
(7)53 below.

/C ¼ 27pD2t

4ðDþ IPDÞ3 (7)

For this project, the percolation threshold from the
GEM model will be used to determine an effective
diameter and aspect ratio (diameter/thickness for a
disc) of the GNP. In eq. (7), /c is the filler volume
fraction at the percolation threshold as found from
the GEM model, 0.046; t is the thickness of the plate-
let, 7 nm; IPD is the electron tunneling distance, 10
nm for many polymer systems53; and D is the diam-
eter of the platelet which was then calculated to be
3200 nm leading to an effective aspect ratio of 457
for GNP in GNP/PC composites.

Tensile modulus models

Modeling the composite tensile modulus requires
knowledge of the filler aspect ratio in the composite
being tested. Determining the filler aspect ratio in
the resulting composite material can be challenging,
especially for small fillers such as CNT and GNP.
EC modeling, in conjunction with percolation thresh-
old modeling, provides a method of determining the
filler aspect ratio in the composite. To the authors’
knowledge, this technique has not been presented
previously in the open literature.

Two different tensile modulus models, Halpin-
Tsai and Nielsen, will be discussed in this article.
The Halpin-Tsai model predicts the tensile modulus
of composite materials using the aspect ratio and
volume fraction of the filler, as well as the tensile

moduli of the matrix and filler. This model shown
below does assume that the filler has a cylindrical
shape (fiber). Thus, this Halpin-Tsai model is partic-
ularly well suited to CNT systems and has often
been used to model them.30–32 The Halpin-Tsai
model predicts the composite tensile modulus in
both the longitudinal direction and the transverse
direction using eqs. (8) and (9) shown below:

EL

EM
¼ 1þ 2ðL=dÞgLVf

1� gLVf
(8)

ET

EM
¼ 1þ 2gTVf

1� gTVf
(9)

where EL is the longitudinal composite tensile mod-
ulus, ET is the transverse composite tensile modulus,
EM is the tensile modulus of the matrix, L/d is the
aspect ratio, and Vf is the volume fraction of fil-
ler.29,54–56 The parameters gL and gT are given in
eqs. (10) and (11) shown below:

gL ¼ Ef=Em

� �� 1

Ef=Em

� �þ 2 L=dð Þ (10)

gT ¼ Ef=Em

� �� 1

Ef=Em

� �þ 2
(11)

where Ef is the tensile modulus of the filler.29,54–56

Equations (12) and (13) used for models for the two-
dimensional (2D) random orientation of fibers and
the three-dimensional (3D) random orientation of
fibers are shown below:

EC ¼ 3

8
EL þ 5

8
ET 2DRandomly oriented fiber (12)

EC ¼ 1

5
EL þ 4

5
ET 3D Randomly oriented fiber (13)

where EC is the composite tensile modulus.29,54–56

For all formulations, Em, the tensile modulus of
the matrix was measured experimentally to be 2.20
GPa. Figures 4–6 show the tensile modulus results
for the CB/PC, CNT/PC, and GNP/PC systems,
respectively. The mean data points are shown along
with the error bars (61 standard deviation). The
results for the CB/PC composites are shown in Fig-
ure 4, with Ef ¼ 827 GPa and, for a spherical parti-
cle, 2(L/d) from eqs. (8) and (10) is replaced with
1.5 as has been done in prior literature.33,37,57 For the
CNT/PC composite, Ef was fit to minimize the error
of the Halpin-Tsai 3D randomly oriented fiber
model. Error was calculated as the absolute value of
the difference between the model value and experi-
mental value for the composite modulus for each
formulation. Three-dimensional random orientation
was chosen for optimization because of the nature of

Figure 4 Tensile modulus results along with Halpin-Tsai
2D and 3D randomly oriented fiber and Nielsen Models
for CB/PC composites.

2274 VIA ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



the samples since the smallest dimension of the sam-
ple (thickness ¼ 3300 lm) was 330 times the length
of the as-received CNT (10 lm). Thus, it was deter-
mined that Ef ¼ 59.4 GPa, which is similar to the
range of values reported by Salvetat et al., 12–50
GPa.58 The results for the CNT/PC composites are
shown in Figure 5 with Ef ¼ 59.4 GPa and L/d ¼
40.5. The Halpin-Tsai 3D randomly oriented fiber
model predicts the tensile modulus of CNT/PC
composites well.

To model the GNP/PC system, filler information
is needed. Graphene sheets have a tensile modulus
of � 1000 GPa28 in the plane of the sheet. GNP is
made up of multiple (nominally 10–15) sheets
stacked on each other. When tensile loads are trans-
ferred to the GNP particles from the polymer, the
van der Waals dispersion bonding between layers
are likely to fail before graphitic carbon–carbon
bonding within the sheets fails, leading to further
exfoliation of the particle. Hence, for Halpin-Tsai
and Nielsen models, the tensile modulus of GNP
was equal to the modulus of exfoliation in the
graphite c-axis (through-the-plane) of 36.5 GPa.59

Figure 6 shows the results for the GNP/PC compo-
sites with Ef ¼ 36.5 GPa and L/d ¼ 457. The
Halpin-Tsai models for the CB/PC (see Fig. 4) and
GNP/PC (see Fig. 6) composites do not fit the exper-
imental results well. For both systems, the Halpin-
Tsai models consistently underestimate the compos-
ite tensile modulus.

The Nielsen model predicts the composite tensile
modulus using the tensile modulus and volume frac-
tion of the filler, the tensile modulus of the matrix,
the Einstein coefficient of the filler, and the maxi-
mum filler packing fraction. The Einstein coefficient,
KE, is related to the filler aspect ratio. For CB, the
Einstein parameter is 2.5 for spherical fillers.60 For
CNT, the Einstein parameter is 2 L/d where L/d is
the aspect ratio (length/diameter), which leads to a

value of 81.60 For GNP, the Einstein coefficient was
determined using eq. (14)61 below:

KE ¼ 2:5
D

t

� �0:645

(14)

where D is the diameter of the platelet, 3200 nm; t is
the thickness of the platelet, 7 nm; and the Einstein
coefficient, KE, was found to be 130. The maximum
packing fraction, /m, is used in the Nielsen model.
The maximum packing fraction for CB and CNT
have been given in prior work as 0.2.37 The maxi-
mum packing fraction for GNP was found using
rheological analysis to be 0.3.62

While the Nielsen model does require more inputs
than the Halpin-Tsai model, it does not assume a filler
geometry. Recall the Halpin-Tsai model discussed here
assumes a fiber-shaped filler. Instead, information
about the filler geometry is passed into the equation
through the Einstein coefficient. This allows the Nielsen
model to be better suited to GNP/PC and CB/PC sys-
tems than this Halpin-Tsai model since these systems
have platelet and spherical geometry fillers, respec-
tively. The Nielsen model uses eqs. (15)–(18) to predict
the tensile modulus of composites as shown below:

EC

Em
¼ 1þ ABVf

1þ BwVf
(15)

A ¼ KE � 1 (16)

B ¼ Ef=Em

� �� 1

Ef=Em

� �þ A
(17)

w ¼ 1þ 1� /m

/2
m

Vf (18)

where EC is the composite tensile modulus, Em is
the matrix tensile modulus, Ef is the filler tensile

Figure 5 Tensile modulus results along with Halpin-Tsai
2D and 3D randomly oriented fiber and Nielsen models
for CNT/PC composites.

Figure 6 Tensile modulus results along with Halpin-Tsai
2D and 3D randomly oriented fiber and Nielsen models
for GNP/PC composites.
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modulus, Vf is the filler volume fraction, KE is the
Einstein coefficient, and /m is the maximum packing
fraction of the filler.33–35,57

Again, for all formulations, Em, the tensile modu-
lus of the matrix was 2.20 GPa. The results for the
CB/PC composites are shown in Figure 4, with Ef ¼
827 GPa, KE ¼ 2.5, /m ¼ 0.2. The results for the
CNT/PC composites are shown in Figure 5, with Ef

¼ 59.4 GPa, KE ¼ 81.0, /m ¼ 0.2. Figure 6 shows the
results for the GNP/PC composites with Ef ¼ 36.5
GPa, KE ¼ 130, /m ¼ 0.3. The Nielsen model shows
good agreement for both CB/PC and GNP/PC. The
Nielsen model consistently overestimates the tensile
modulus of CNT/PC composites.

CONCLUSIONS

In this work, the tensile moduli of CB/PC, CNT/PC,
and GNP/PC composites were determined. All of
the experimental results exhibit the typical behavior
of filled polymers, where the addition of a higher
modulus filler increases the composite tensile modu-
lus above that of the matrix. GNP has the greatest
effect on increasing the composite tensile modulus.
The CNT also causes an increase in modulus, but
not as much as GNP. Finally, CB increases the mod-
ulus by the smallest amount relative to the other
fillers.

The Halpin-Tsai models discussed here assume a
fiber-shaped filler and have been often used to
model the tensile modulus of composites containing
CNTs. For the CNT/PC composites, the 3D ran-
domly oriented fiber Halpin-Tsai model shows very
good agreement over the entire range of filler load-
ings. The Halpin-Tsai models were found to under-
estimate the composite tensile modulus for CB/PC
(spherical filler) and GNP/PC (platelet filler)
composites.

The Nielsen model does not assume fiber geome-
try when modeling composite tensile modulus. The
Nielsen model instead depends on the Einstein coef-
ficient of the filler, as well as the maximum packing
fraction of the filler. The Einstein coefficient for
spherical particles like CB is 2.5. For CNT and GNP,
the Einstein coefficients are dependent upon the fil-
ler aspect ratio. The filler aspect ratio in the PC com-
posite was found from modeling of the EC percola-
tion threshold. The percolation threshold for CNT/
PC and GNP/PC was determined using the GEM
model for EC. This approach resulted in improved
tensile modulus models. Per the authors’ knowledge,
this method of determining the aspect ratio of fillers
(such as CNT and GNP) in the composite sample
via EC percolation threshold values and using this
information for tensile modulus modeling, has not
been previously reported. The Einstein coefficient

for CNT was found to be 81. The Einstein coefficient
for GNP was found to be 130. Maximum packing
fractions were obtained from prior literature. The
Nielsen model shows good agreement with the CB/
PC and GNP/PC composites. The Nielsen model
overestimates the composite tensile modulus for
CNT/PC composites.
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