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ABSTRACT: Conductive fillers are often added to insulat-
ing polymers to increase the composite conductivity.
Adding fillers often increases the viscosity, which can make
the material more difficult to process. In this study, 2-8 wt
% multiwalled carbon nanotubes or 2-8 wt % carbon black
were added to polycarbonate. The effects on composites’
viscosities were studied with small-amplitude oscillatory
shear and capillary rheometer testing. The addition of car-
bon nanotubes and carbon black created yield-stress materi-
als with the yield-stresses increasing with increased filler
loadings. The addition of carbon black increased the steady-
shear viscosity of the composite at all shear rates for all
loadings. The addition of the carbon nanotubes reduced the
steady-shear viscosity of the composite at high shear rates

for all loadings. This is thought to be due to an internal
lubrication of the flow (enhanced disentanglement) due to
the presence of the carbon nanotubes. The lubrication effect
saturates once 3 wt % carbon nanotubes has been reached.
The observed rheological behavior of the carbon nanotube
composites is markedly different than usually seen in filled
systems. A yield-stress-modified Carreau-Yasuda model
was used to interpret the effects of carbon nanotube and car-
bon black fillers on carbon nanotube/polycarbonate and
carbon black/polycarbonate composite viscosity. © 2011
Wiley Periodicals, Inc. ] Appl Polym Sci 121: 1040-1051, 2011
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INTRODUCTION

Most polymer resins are electrically insulating.
Increasing the electrical conductivity (1/electrical
resistivity, ER) of these resins allows them to be
used in other applications, such as electrostatic dissi-
pative (ESD, e.g., handling trays used in electronic
equipment assembly, etc., ER typically 10" to 10°
ohm-cm) and moderately electrically conductive
(e.g., fuel gauges, etc., ER typically 10* to 10" ohm-
cm) applications. One approach to improving the
electrical conductivity of a polymer is through the
addition of a conductive filler material, such as
carbon and metal."* Recently, carbon nanotubes
have been used to increase the electrical conductivity
of a resin.'”2® Carbon nanotubes have many unique
characteristics. For example, only a small amount of
carbon nanotubes need to be added to a polymer to
increase the composite’s electrical conductivity
without sacrificing the materials’ mechanical proper-
ties and without significantly increasing the melt
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viscosity.”?® Carbon black has also been used to
increase the electrical conductivity of a resin; how-
ever, it has been known to significantly increase
melt viscosity at high concentrations.'****

In this work, researchers performed compound-
ing runs and then conducted rheological tests on
carbon nanotube/polycarbonate and carbon black/
polycarbonate composites. Composites containing
varying amounts of a single filler (either 2-8 wt %
carbon nanotubes or 2-8 wt % carbon black)
were extruded and tested for rheological properties.
The goal of this project was to determine and
compare the effects of the carbon nanotubes and
carbon black on the composite rheology. This infor-
mation is needed to develop composites for ESD
and semiconductive applications that can be easily
fabricated.

MATERIALS AND EXPERIMENTAL METHODS
Materials

The matrix used for this project was Sabic Innova-
tive Plastics (Pittsfield, MA) Lexan HF1130-111 poly-
carbonate resin. The properties of this polymer are
shown in Table 1.7*%



COMPARISON OF RHEOLOGICAL PROPERTIES

TABLE I
Properties of Sabic’s Polycarbonate Lexan HF 1130°*%°
Melt flow rate (300°C/1.2 kg) 25 g/10 min
Density 12g/ cm?®

46,400 g gmol ™!
82,300 g gmol
1 x 10" ohm-cm
0.19Wm 'K!

Number average molecular weight
Weight average molecular weight
Electrical resistivity

Thermal conductivity

Hyperion Catalysis International’s (Cambridge,
MA) FIBRIL™ nanotubes were used in this study.
This is a conductive, vapor grown, multi-walled car-
bon nanotube (CNT). They are produced from high
purity, low molecular weight hydrocarbons in a pro-
prietary, continuous, gas phase, catalyzed reaction.
The outside diameter of the tube is 10 nm and the
length is 10 um, which gives an aspect ratio (length/
diameter) of 1000. Because of this high aspect ratio,
very low concentrations of nanotubes are needed to
produce an electrically conductive composite. This
material was provided by Hyperion Catalysis Inter-
national in a 15 wt % FIBRIL™ masterbatch
MB6015-00 in polycarbonate. Table II shows the
properties of this carbon nanotube.'®**3*

Ketjenblack EC-600 JD is an electrically conductive
carbon black available from Akzo Nobel (Chicago,
IL). The highly branched, high surface area carbon
black structure allows it to contact a large amount
of polymer, which results in improved electrical
conductivity at low carbon black concentrations
(often 5-7 wt %). The properties of Ketjenblack EC-
600 JD are given in Table IIL*> The carbon black is
sold in the form of pellets that are 100 pm to 2 mm in
size and, upon mixing into a polymer, easily separates
into primary aggregates 30 to 100 nm long.* Figure 1
shows a diagram of the carbon black structure.

The concentrations (shown in wt % with the corre-
sponding vol. % calculated using 1.75 g cm ™ for the
carbon nanotube density) for all of the single-filler
composites tested in this research are shown in
Table IV.'®?* Table V shows the concentrations used
for the carbon black/polycarbonate composites. In
this and following tables, figures, and text, the
abbreviation “PC” is used to signify polycarbonate,

TABLE II
Properties of FIBRIL™ Carbon Nanotubes'®****
Composition Carbon
Diameter 0.01 pm
Length 10 pm
Morphology Graphitic sheets wrapped around a

hollow 0.005 um core

BET (N,) surface 250 m? g’1
area

Density 2.0 g cm™ for the nanotube wall;

1.75 g cm 2 for the hollow nanotube
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TABLE III
Properties of Akzo Nobel Ketjenblack EC-600 JD
Carbon Black®

Electrical resistivity 0.01-0.1 Ohm-cm

Aggregate size 30-100 nm
Specific gravity 1.8 gcm™?
Apparent bulk Density 100-120 kg m3
Ash content, max 0.1 wt %
Moisture, max 0.5 wt %
BET surface area 1250 m* g~!

Pore volume 480-510 cm®/100 g

“CNT” is used for carbon nanotube (FIBRIL™), and
“CB” is used for carbon black (Ketjenblack EC-600
JD). Tables IV and V also show the rheology and ER
results that will be described later in this article.

Test specimen fabrication

Prior to extrusion and injection molding, the Lexan
HF1130-111 polycarbonate pellets were dried in an
indirect heated dehumidifying drying oven at 121°C
for 12 h. The Hyperion fibrils MB6015-00 were dried
in an indirect heated dehumidifying drying oven at
121°C for 6 h. Ketjenblack EC-600 JD carbon black
was used as received. The extruder used was an
American Leistritz Extruder Corp. (Somerville, NJ)
Model ZSE 27. This extruder has a 27 mm corotating
intermeshing twin screw with 10 zones and a
length/diameter ratio of 40. The pure polycarbonate
pellets and the Hyperion FIBRIL™ masterbatch
MB6015-00 (containing 15 wt % carbon nanotubes)
pellets were premixed in a V cone blender and then
introduced in Zone 1. The screw design, which is
shown in Figure 2, was chosen to obtain a minimum
amount of filler degradation, while still dispersing
the filler well in the polymer. For the CB/PC compo-
sites, Figure 3 shows the screw design used. The
pure polycarbonate pellets were introduced in Zone
1. Ketjenblack EC-600 JD was introduced in Zone 5.
Again, this screw design was chosen to obtain a
minimum amount of filler degradation, while still
dispersing the fillers well in the polymers.

After passing through the extruder, the polymer
strands (3 mm in diameter) entered a water bath and
subsequently a pelletizer that produced nominally 3-
mm long pellets. After extrusion, the polycarbonate-
based composites were dried in an indirect-heated

Figure 1 Carbon black diagram.
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TABLE IV
Composite Properties: Electrical Resistivity Showing Percolation Below 2 wt %; Yield Stress from the Small
Amplitude Oscillatory Shear (SAOS) Data; Yield Stress, Matrix-Zero-Shear-Viscosity and Infinite-Shear Viscosity
Parameters Used in Modeling Discussed in Text

Filler Filler Electrical Yield stress from Yield stress in No
Formulation (wt %) (vol %) resistivity (Q-cm) SAOS (Pa) CY model (Pa) (Pa s)

PC 0.0 0.0 1.06 x 107+ 7.96 x 10'% n =7 0 0 700
2CNT 2.0 1.38 4605 = 1115, n = 6 2500 3500 450
3CNT 3.0 2.08 216 £ 44, n =6 17,000 5000 380
4CNT 4.0 2.78 73+10;n=6 43,000 7000 380
5CNT 5.0 3.48 43+x7,n=6 75,000 9000 380
6CNT 6.0 4.19 18+x2,n=6 87,000 12,000 380
8CNT 8.0 5.63 78 *04,n=6 220,000 20,000 380

The parameters in the last three columns were used to fit steady shear data to the function given in eq. (12). For all fits
A =0.003, a = 1, and n = 0.5. Different yield stresses were obtained in SAOS and steady shear since the Cox-Merz rule

was not observed to hold.

dehumidifying drying oven at 121°C for 12 h and
then stored in moisture barrier bags.

A Niigata (Tokyo, Japan) injection-molding
machine, model NES85UA,, 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-mm thick, 6.4 cm diameter disks (end gated),
3.1 mm thick by 127 mm long by 12.7 mm wide
flexural bars (end gated), and 3.3 mm thick ASTM
Type I tensile bars (end gated).

Field emission scanning electron microscope
(FESEM) and transmission electron microscopy
(TEM) test methods

To view the CNT in the CNT/PC composite, a Hita-
chi 5-4700 (Pleasanton, CA) Cold Field Emission
Scanning Electron Microscope (FESEM) was used to
view the cryrofractured surface of the CNT/PC com-
posite. The samples were prepared for observation

by cryo-fracture where the composite was sub-
merged in liquid nitrogen until frozen then quickly
retracted and fractured. Afterward, the samples
were attached to aluminum mounting discs and
were observed in the FESEM at 2 kV accelerating
voltage, 2 mm working distance, using the upper
secondary electron detector. This method was used
to view the CNT.

To view the dispersion of the CNT in polycarbo-
nate, the following method was used. Ultra-thin
(~ 50 nm) TEM sections of the composite were pre-
pared by Leica UCT ultramicrotome (Bannockburn,
IL). The sections were supported on a copper 300
mesh lacey formvar carbon-coated grid and then
examined using a JEOL JEM-4000FX operated at
200 kV accelerating voltage. The CNT distributions
were imaged at a magnification of 12000x, and digi-
tal images were acquired using a Gatan Orius
(Pleasanton, CA) camera. This technique was used
to view the dispersion of the CNT in polycarbonate.

To view the CB in the CB/PC composite, the
following method was used. A JEOL JSM-7500F
(Tokyo, Japan) Field Emission Scanning Electron

TABLE V
Composite Properties: Electrical Resistivity Showing Percolation Between 3 and 4 wt %; Yield Stress from the SAOS
Data; Yield Stress, Matrix-Zero-Shear-Viscosity and Infinite-Shear Viscosity Parameters Used in Modeling
Discussed in Text

Electrical Yield stress Yield stress
Filler Filler resistivity from SAOS in CY model Mo
Formulation (wt %) (vol %) (ohm-cm) (Pa) (Pa) (Pa s) a A
PC 0 0.0 1.26 x 107 = 3.35 x 10'% n = 6 0 0 700 0.7  0.0006
2CB 2 1.34 405 x 10 + 2.66 x 10'% n =6 1200 1200 850 1 0.0008
3CB 3 2.01 285 x 101° + 458 x 10" n =6 5000 4000 950 1 0.0008
4CB 4 2.69 117 x 10° = 7.77 x 105 n = 8 11,000 6000 1100 1 0.001
5CB 5 3.38 2474 *+ 646.2; n = 8 21,000 9000 1300 1 0.001
6CB 6 407 6492 + 17.6; 1 = 8 37,000 12,000 1400 1 0.001
8CB 8 5.46 1222 +4.0; n =8 120,000 29,000 2000 0.7  0.001

The parameters in the last three columns were used to fit steady shear data to the function given in eq. (12). For all fits
n = 0. Different yield stresses were obtained in SAOS and steady shear since the Cox-Merz rule was not observed to hold.
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For Screw Type Elements

GFA-d-ee-ff

G = co-rotating

F = conveying

A = Free-Meshing

d = number of threads

ee = pitch (length in millimeters for one complete rotation
ff = length of screw elements in millimeters

Kneading Blocks

KBj-d-kk-II

KB = kneading block

j = number of kneading segments

d = number of threads

k = length of kneading blocks in millimeters

| = twisting angle (°) of the individual kneading segments

Kneading Disks

KS$1-d-hh-i

KS1 = Kneading disk

d = number of threads

h = length of kneading disk in millimeters
i = A for initial disk and E for end disk

Zones

0D to 4D is Zone 1

4D to 8D is Zone 2 and Heating Zone 1
8D to 12D is Zone 3 and Heating Zone 2
12D to 16D is Zone 4 and Heating Zone 3
16D to 20D is Zone 5 and Heating Zone 4
20D to 24D is Zone 6 and Heating Zone 5
24D to 28D is Zone 7 and Heating Zone 6
28D to 32 D is Zone 8 and Heating Zone 7
32D to 36D is Zone 9 and Heating Zone 8
36D to 40D is Zone 10 and Heating Zone 9
Nozzle is Heating Zone 10

Figure 2 CNT/PC extruder screw design.

Microscope (FESEM) was used to view the surface of
the CB/PC composite (3.1-mm thick by 12.7-mm wide
cross section from an injection flexural bar). The sam-
ple was prepared for observation by mounting the
composite in a cast epoxy puck. Then the surface was

polished with SiC to a no. 4000 grit finish, followed
by polishing with a 1 um alumina/water slurry on a
rotating lap cloth, and then finally with a 0.05 um alu-
mina/water slurry in a Buehler Vibromet (Lake Bluff,
IL) polisher for 2 h. The composite surface was then
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12D to 16D is Zone 4 and Heating Zone 3
16D to 20D is Zone 5 and Heating Zone 4
20D to 24D is Zone 6 and Heating Zone 5
24D to 28D is Zone 7 and Heating Zone 6
28D to 32 D is Zone 8 and Heating Zone 7
32D to 36D is Zone 9 and Heating Zone 8
36D to 40D is Zone 10 and Heating Zone 9
Nozzle is Heating Zone

Figure 3 CB/PC extruder screw design.
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etched in O, plasma at 23°C and 0.28 Torr for 1 h and
then sputter coated with ~ 10 nm layer of gold.
Finally, the samples were observed in the FESEM at
10 kV accelerating voltage, 6 mm working distance
using the upper secondary electron detector. These
samples were prepared and photomicrographs taken
by Huang Wu at the Composite Materials and Struc-
tures Center at Michigan State University.

Small amplitude oscillatory shear test method

Small-amplitude oscillatory shear (SAOS) complex
viscosity measurements were taken using a Bohlin
C-VOR rheometer (Malvern Instruments; Wesbor-
ough, MA) with 25 mm diameter parallel plates and
a 3-mm gap according to I1SO 6721-10.° Samples for
parallel-plate testing were prepared by cutting the
polycarbonate-based injection-molded 6.4 cm dia-
meter disks into two 2.5-cm diameter disks. Five
total 2.5 cm diameter disks were selected for
parallel-plate rtheometry for each formulation. The
2.5 cm diameter disks were vacuum dried for 6 h at
100°C and 30-in. Hg vacuum and subsequently for
another 6 h at 120°C and 27-in. Hg vacuum. For the
CNT/PC composites, SAOS tests were run at 210,
230, 250, 270, 290, 310, 330, and 350°C beginning
with an amplitude sweep varying from 0.1 to 10%
strain to determine the extent of the linear-visco-
elastic regime. For the CB/PC composites, SAOS
tests were run over a more limited temperature
range of 250, 270, 290, 310, and 330°C (determined
to be the most effective from analyzing the CNT/PC
results) beginning with an amplitude sweep varying
from 0.1 to 10% strain to determine the extent of the
linear-viscoelastic regime. Frequency sweeps from
0.1 to 100 rad s~' at an amplitude of 1.0% were
taken in a “ramp-up then ramp-down” fashion.

The linear-viscoelastic elastic modulus G’(®w) and
viscous modulus G”(®) were time-temperature shifted
to produce master curves of the elastic modulus G,
(a7®) and loss modulus G,” (arw) versus a7o at 270°C.

G'(T)TretPres

G,(ar®) = To
"
G, (arw) = S il )

where o is the oscillation frequency in radians s ',
arm is the shift factor, T, (270°C) is the reference
temperature for the superpositioning, p, is the den-
sity of the material at the reference temperature, T is
the test temperature, and p is the sample density at
the test temperature.”” The shift factors were
obtained such that the shifted data best-fit a single
master curve at the reference temperature. Complex
viscosities, n*(w), were calculated from G’ and G” as

Journal of Applied Polymer Science DOI 10.1002/app
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For many linear polymers, the complex viscosity
function n*(w) obtained in small-amplitude oscilla-
tory shear has the same shape as the steady-shear
viscosity function m(y) when compared at o =y.
This is known as the Cox-Merz rule.””® In this
work we tested the validity of the Cox-Merz rule for
CNT/PC and CB/PC composites.

Although the Bohlin C-VOR rheometer is capable
of steady shear, sample stiffness prevents us from
measuring n(y) at the shear rates that interest us.
Thus, for steady shear measurements, we used a
capillary rheometer.

Capillary rheometer test method

Steady-shear rheometry was performed on the
extruded pellets and neat polycarbonate pellets on
a Goettfert Rheotester 1000 (Rock Hill, SC). All the
pellets were dried in an indirect heated dehumi-
difying oven at 121°C for 12 h and then further
dried in a vacuum oven for 6 h at 100°C and 30 in.
of Hg. The materials (polycarbonate and 2, 3, 4, 5,
6, and 8 wt % CNT in polycarbonate) were tested
at 270, 300, and 320°C. The sample of neat polycar-
bonate could not be tested at 320°C due to thermal
degradation of the polymer. The CB/PC composites
were tested at 270 and 300°C. The tests were
performed using a 30-mm long by 1-mm diameter
capillary and with a 20-mm long by 1-mm diameter
capillary. Steady-state pressure drops as a function
of flow rate were recorded. The test method used
was ASTM D3835.%

True steady shear viscosity was calculated from
capillary flow raw data as follows. The apparent
shear rate in the capillary flow, y,, was calculated
from flow rate Q using eq. (3),

. 4Q

'Yu_ﬁ

®)

where Q is the volumetric flow rate (in units of mm?>

s!), and R is the radius (in units of mm) of the
capillary.’” For capillary flow, the shear stress at the
wall 1z (in units of Pa) is given by:

RAP

o7 (4)

TR =

where AP is the pressure drop over the capillary of
radius R and length L. For non-Newtonian fluids,
the relationship between the true shear rate at the
wall of the capillary y; and the apparent shear rate
Y, (what the shear rate would be for a Newtonian
fluid) is given by the following equation.”
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. .1
YR_Y3[4(3+

Equation 5 is valid for any fluid. The quantity in
square brackets is called the Weissenberg-Rabino-
witsch correction. For Newtonian fluids, the correc-
tion factor is one and Yz = 7,.

For our experiments, the apparent shear rate y, was
varied (50, 100, 200, 500, 1000, and 2000 s '), and the
pressure near the entrance to the capillary was
measured using a pressure transducer. Based on
eq. (4), the shear stress at the wall 1z was calculated.
A quadratic equation was fit for the In(y,) versus
In(tg) data (R* > 0.99). After the derivative in eq. (5)
was calculated, the shear rate at the capillary wall yy
was determined. Finally, the steady shear viscosity 1
(in units of Pa s) was calculated from eq. 6).>

dlnyﬂ)] 5)

dIntg

n=:t ®)
TR
The data of viscosity versus shear rate were time-
temperature superposed to produce master curves
of steady shear viscosity, n,, versus ary at 270°C in a
similar manner to that used to superposition the
SAQOS data previously using

n (T> Tref Pref

orTp @)

T]r(aﬂ") =

where 7 is the shear rate in 1/s, and ar is the shift
factor.”’

The final results of the viscosity n as a function of
the shear rate y are reported, as per the usual
practice, as log m versus logy (time-temperature
superposed). The function ar (T) is also reported
giving complete access to all the data. A horizontal
line is indicative of a Newtonian fluid, where n is
constant. If the viscosity decreases as the shear rate
is increased, the fluid is called shear-thinning. Many
polymers, including our polycarbonate, exhibit
shear-thinning behavior.

Electrical resistivity (ER) test method

Since the rheology results discussed in this article
are compared with the electrical percolation thresh-
old, these ER test methods are described here. For
samples with an electrical resistivity >10° ohm-cm,
the volumetric electrical conductivity test was con-
ducted. In this method, a constant voltage (100 V)
was applied to the as-molded test specimen, and the
resistivity was measured according to ASTM D257
using a Keithley (Cleveland, OH) 6517A Electrome-
ter/High Resistance Meter and an 8009 Resistivity
Test Fixture.”” The Keithley 6524 High Resistance
Measurement Software was used to automate the

1045

conductivity measurement. Each test specimen was
an injection molded disk that was 6.4 cm in diameter
and 3.4-mm thick. At least six samples were tested
for each formulation. Prior to testing, the samples
were conditioned at 23°C and 50% relative humidity
for 2 days.

The in-plane volumetric electrical resistivity of the
center 60-mm long, 3.3-mm thick, 12.7-mm wide ten-
sile bars (rectangular necked area) injection molded
tensile bars was determined according to ASTM D
4496 at 23°C for samples with an electrical resistivity
<10° ohm-cm.*' Prior to testing, the samples were
conditioned at 23°C and 50% relative humidity for
2 days. At least six samples were tested for each for-
mulation. This test was conducted with two 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 and
the ER was calculated according to ASTM D 4496.

RESULTS

Field emission scanning electron microscope
(FESEM) and transmission electron microscope
(TEM) results

Figure 4 shows the CNT (white tubes) in the sample
containing 6 wt % CNT in polycarbonate. Figure 5
shows good dispersion of the CNT in 2 and 8 wt %
CNT composites. Conductive networks of CNT are
seen in the 6 and 8 wt % CNT samples. Figure 6
shows the CB (white spheres) in the sample contain-
ing 6 wt % CB. As expected, a nanosize highly
structured carbon black is seen with numerous con-
ductive paths present due to the close proximity of
the carbon black to each other.'” Huang Wu took
this photomicrograph at the Composite Materials
and Structures Center at Michigan State University.

Small-amplitude oscillator shear (SAOS) results

The SAOS master curves for all the CNT/PC compo-
sites are shown in Figure 7, with the corresponding
shift factors given in Figure 8. The SAOS master
curves for all the CB/PC composites are shown in
Figure 9, with the corresponding shift factors given
in Figure 10. In Figures 7 and 9, the plots of log n*
as a function of log frequency show a slope of —1 at
low frequency. This behavior that is consistent with
the presence of a yield stress as we now discuss.

Journal of Applied Polymer Science DOI 10.1002/app



1046

Nanotubes

Figure 4 Field emission scanning electron microscope pho-
tomicrograph of 6 wt % carbon nanotubes in polycarbonate.

For constant-viscosity fluid that has a yield
stress (a Bingham plastic), the shear stress is given
by

To1 = HoY + To (8)
where 1, is the shear stress, v is the shear rate, g

is the viscosity parameter of the model, and 1y is the
yield stress.”” Since viscosity n is defined as the ratio

VIA ET AL.

45
E.'.v'q .Y e

e

3 5
Carbon Black L

Figure 6 Field emission scanning electron microscope
photomicrograph of 6 wt % carbon black in polycarbonate.

of the shear stress to the shear rate, n = 11/7, we
see that for the Bingham model

T
n=w+§ )

on a log-log graph eq. (9) at low values of shear
rate 7 yields a line of slope —1, as shown in egs. (10)
and (11).

logn = log (uo + %) (10)
lim {log(uo +LO)] =logt) —logy (11)
=0 Y

We can estimate the yield stress in a system by
noting the value of the viscosity at y =1 sfl, pro-
vided the data exhibit the limiting behavior at this
value of shear rate. The yield stresses estimated in
this way from the data in Figures 7 and 9 are given

in Tables IV and V.

Figure 5 TEM photomicrographs of carbon nanotube (CNT)/polycarbonate composites (a) 2 wt % CNT (b) 8 wt % CNT.
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Figure 7 Time-temperature shifted complex viscosity as a
function of shifted frequency for carbon nanotube/poly-
carbonate composites studied at 270°C.

Capillary rheometer results: CNT/PC

The steady-shear master curves obtained from the
capillary rheometer for all the CNT/PC composites
are shown in Figures 11 and 12 with the correspond-
ing shift factors ar given in Figure 8. Also included
in Figures 11 and 12 are fits to a model (CY) that
will be discussed later.

In Figure 11 the pure PC (topmost curve) shows a
typical flow curve, with a Newtonian plateau of
approximately ng = 700 Pa s observed at low shear
rates, and shear thinning observed at the highest
shear rates. As CNT is added to the PC (04 wt %
CNT), the viscosities of the resulting composites are
observed to decrease by up to a factor of two
(Fig. 11). This is unusual behavior, as most carbon/
thermoplastic composites show an increase in visco-
sity as filler loading is increased.”**™* At still
higher loadings (4-8 wt % CNT in Fig. 12) and low

e

1047
107
X
w 8 ‘Hx“
& o 1%
E °:*;::n‘.
z o,
§ 1 gﬁ%:*% *x opC
2 L, % 0::*‘0 " s2cB
é @ @qaao:k::oo:(g 03CB
£ oy ©4CB
g 1w f iy i %5*%‘%0 g #5CB
T 3 T B, g > 6CB
£ 5 gx T QOQ X X 8CB
& 0 & a ? &% ) X
L ve, mz%% 2y
. %Eﬁ o
s e e 2 | B
L]
L

107
107 10t 100 10t 10? 10% 10¢ 10°
Shifted Frequency (a;w, rad/s)

Figure 9 Time-temperature shifted complex viscosity as
a function of shifted frequency for carbon black/poly-
carbonate composites studied at 270°C.

shear rates, the viscosities rise as CNT is added to
the polycarbonate. The increases in low-shear-rate
viscosity are small for low filler loadings but become
quite substantial at the highest loadings (see Fig. 12
for 8 wt % CNT).

The observed rheological behavior of CNT/PC
composites, both in SAOS and in steady capillary
flow, is quite unusual for composites, and the cause
of the behavior is not immediately obvious. However,
Lee et al. has recently noted similar behavior in CNT/
PC composites.*” In addition, the Cox-Merz rule is not
followed in our materials.”*®* The Cox-Merz rule
states that the steady viscosity n(y) is often found to
be equal to the complex viscosity n*(®w) when they
are compared at Y = ; this was not found to be true
even for pure polycarbonate at low deformation
rates (for PC ng = 700 Pa s, n§ = 320 Pa s). The
SAQOS behavior indicates that a yield stress appears
and grows with filler content (Fig. 7 and Table IV).
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Figure 11 Time-temperature shifted steady-shear visco-
sity as a function of shifted shear rate for carbon
nanotube/polycarbonate composites studied at 270°C.
Compositions range from pure polycarbonate (0 wt %
CNT) to 4 wt % CNT. Lines in the figure represent the
Carreau-Yassuda (CY) model discussed in the text.

The steady shear viscosity, however, shows a com-
plex set of behaviors (Figs. 11 and 12).

Guided by the yield-stress behavior indicated in
the SAQOS results, we can understand the observed
steady shear capillary data of the CNT/PC compo-
sites by postulating that yield stress grows with
CNT content and that this is accompanied by a
decrease in the apparent zero-shear plateau (no) of
the polycarbonate matrix. To see how these two
effects would change a sample’s rheological beha-
vior, we fit a modified Carreau-Yassuda model®”*8
to our n(y) data using the parameters given in Table
IV. The model we used is shown in eq. (12):

n=1
a

() = %f+ Mo(1+ (72)%) (12)

where 19 is the yield stress, 1 is the zero shear vis-
cosity of the matrix polymer, A is a relaxation time
(which determines when shear-thinning starts), a is
an exponent parameter, and 7 is a power-law index.
The fits are shown in Figures 11 and 12 and are
labeled CY to represent the modified Carreau-
Yasuda model. The parameters used in the curve fits
are given in Table IV.

The rheological model given in eq. (12) has two
essential parts, a yield stress and a zero-shear viscos-
ity. The yield stress causes the model viscosity
curves to exhibit a slope of -1 at low shear rates. At
high shear-rates the rheological model in eq. (12) is
dominated by the zero-shear behavior of the matrix,
and the predicted viscosity curve shear thins with a
power-law index of 0.5. In between these two limits,
there is crossover behavior that, for the parameters
we have used, mimics the behavior of the CNT/PC
systems studied here.

Journal of Applied Polymer Science DOI 10.1002/app
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The values of the parameters used in our fits can
give us an idea of what may be happening within
the CNT/PC composites. The yield-stress para-
meters that were used in the steady shear fits imply
that the data show a yield stress, a conclusion that is
corroborated by the SAOS data discussed earlier.
The yield-stress parameters used in the steady shear
fit are not the same as those measured in SAOS,
they are off by up to a factor of ten, but the trend
with CNT composition is similar. No correspon-
dence between the two estimates of yield stress
(SAOS and fits to steady-shear viscosity) is expected
given that the Cox-Merz rule is not followed in our
composites. The matrix-zero-shear-viscosity para-
meters used in the fits indicate that mn, decreases
with increasing weight fractions up to 3 wt % (from
700 to 380 Pa s) and then saturates at that low level
(380 Pa s) as the wt % CNT rises to 8 wt % (Table
IV). The parameters A = 0.003 and n = 0.5 were not
varied in these fits.

The growth in yield stress implied by the steady-
shear fits (from 3.5 to 20 kPa) is consistent with the
building of a network among carbon nanotubes
throughout the composite. The electrical percolation
threshold for this composite is below 2 wt % (Table
IV shows mean, standard deviation, and number of
samples tested), which corroborates the existence of
a stress-bearing network for these composites, even
at low loadings.?® The steady-shear modeling results
and the SAOS results both indicate that yield stress
grows continuously with filler loading.

The model’s suggested variation of the matrix-
zero-shear-viscosity parameter 1y may be interpreted
as a high-shear-rate lubrication process occurring as
a result of the presence of the carbon nanotubes. The
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Figure 12 Time-temperature shifted steady-shear visco-
sity as a function of shifted shear rate for carbon
nanotube/polycarbonate composites studied at 270°C.
Compositions range from 4 wt % CNT to 8 wt % CNT.
Lines in the figure represent the Carreau-Yassuda (CY)
model discussed in the text.
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Figure 13 Schematic of a possible mechanism for the lubrication observed at high shear rates. The entangled polycarbon-
ate molecules are somewhat straightened out and forced into layers in such a way that the layers of fluid can flow with

less friction than if the CNT clusters were not present.

high-shear-rate data in the viscosity curve reflects
the entangled flow of the polycarbonate. In this flow
regime, the pure polycarbonate is shear-thinning,
indicating that the individual molecules are disen-
tangling during the flow of the pure polycarbonate.
For the composites studied here, our modeling sug-
gests that the presence of the nanotubes may cause
an enhancement of disentanglement at high shear
rate 7. We visualize that the carbon nanotubes cause
a kind of layering or laminarization of the flow. This
effect is postulated to be caused by the presence of
extended carbon nanotubes or nanotube clusters and
log-rolling carbon nanotubes or nanotube clusters
(Fig. 13). The carbon nanotubes allow greater rela-
tive motion among the layers of entangled polymers,
allowing a reduction of overall friction in the flow.
This reduction would be reflected in a reduced n. It
is reasonable that this type of lubrication effect
would saturate at some level, and saturation of ng at
a value of 380 Pa s is observed in our fits. The
situation we envision for the CNT composites is
somewhat reminiscent to the events that are thought
to occur in turbulent flow drag reduction.*® In turbu-
lent drag reduction, the stretching out of polymers
in dilute solution is thought to somewhat straighten
out the turbulent flow, allowing the net amount of
friction to be reduced.

Capillary rheometer results and discussion: CB/PC

The steady-shear master curves obtained from the
capillary rheometer for all the CB/PC composites
are shown in Figures 14 and 15 with the correspond-

ing shift factors ar given in Figure 10. Also included
in Figures 14 and 15 are fits to the model (CY) that
has been previously discussed.

In Figures 14 and 15, as CB is added to the PC,
the steady shear viscosities of the resulting compo-
sites are observed to increase from 700 to 2000 Pa s.
This is the expected behavior, as most carbon/ther-
moplastic composites show an increase in viscosity
as filler loading is increased.?’#27%¢ At all shear rates,
the viscosities rise as CB is added to the polycarbon-
ate. The increases in low-shear-rate viscosity are
substantial at the highest loadings (see Fig. 15 for
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Figure 14 Time-temperature shifted steady-shear viscos-
ity as a function of shifted shear rate for carbon black/pol-
ycarbonate composites studied at 270°C. Compositions
range from pure polycarbonate (0 wt % CB) to 4 wt % CB.
Lines in the figure represent the Carreau-Yassuda (CY)
model discussed in the text.
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Figure 15 Time-temperature shifted steady-shear visco-
sity as a function of shifted shear rate for carbon black/
polycarbonate composites studied at 270°C. Compositions
range from 4 wt % CB to 8 wt % CB. Lines in the figure
represent the Carreau-Yassuda (CY) model discussed in
the text.

8 wt % CB). At high shear rates, shear thinning
effects reduce the increase in viscosity (see Fig. 15)
due to higher filler loadings (4-8 wt % CB). No
crossover or lubrication effects were observed.

The growth in yield stress implied by the steady-
shear fits (from 1.2 to 29 kPa) is consistent with the
building of a network among carbon black agglo-
merates throughout the composite. The electrical
percolation threshold for this composite is between 3
and 4 wt % CB (~ 2.3 vol % CB; Table V shows
mean, standard deviation, and number of samples
tested), which corroborates the existence of a stress-
bearing network for these composites, even at low
loadings.*” The steady-shear modeling results and
the SAOS results both indicate that yield stress
grows continuously with filler loading. The para-
meter n = 0 was not varied in the CB/PC fits.

CONCLUSIONS

The object of this research was to determine the
effect of the addition of various amounts of multi-
walled carbon nanotube or carbon black on CNT/
PC and CB/PC composite viscosities. Small-ampli-
tude oscillatory shear measurements determined
that the addition of multiwalled carbon nanotubes
or carbon black to a PC matrix created yield-stress
materials. The apparent yield stress from SAOS and
that reflected in steady-shear modeling increased
monotonically with increased filler loadings. The
growth of apparent yield stress is believed to be due
to the creation of a stress-bearing structure consist-
ent with CNT and CB percolation.”®*’ Steady shear
capillary rheometry measurements on all CB compo-
sites showed an increase in composite viscosity with
increasing filler loading levels for all shear rates,
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which is a classic filler effect. Steady shear capillary
rheometry measurements on all CNT composites
showed a decrease in composite viscosity with
increasing filler loading levels for high shear rates,
which is different from classic behavior. This viscos-
ity reduction is consistent with an internal lubrica-
tion effect caused by the carbon nanotubes or by
clusters of carbon nanotubes. This effect is imagined
to be due to flow laminarization caused by the pres-
ence of the carbon nanotubes stretched out in the
direction of flow and/or log-rolling carbon nano-
tubes/nanotube clusters oriented perpendicular to
the direction of flow. For composites with 3, 4, 5, 6,
and 8 wt % CNT there is very little additional
change in high shear rate viscosity due to the addi-
tion of filler above 2 wt % CNT, which is believed to
be caused by a saturation of the laminarization effect
described above. Both estimates of yield stress
(SAOS and steady-shear modeling) grow as wt %
CNT is added; this effect and the laminarization
effect are both captured by a viscosity model based
on a modified Carreau-Yassuda equation. The Cox-
Merz law was not observed to hold for polycarbon-
ate, CNT/PC composites, or CB/PC composites.
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