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ABSTRACT: One emerging market for thermally and
electrically conductive resins is bipolar plates for use in
fuel cells. Adding carbon fillers to thermoplastic resins
increases the composite thermal and electrical conductiv-
ity. These fillers have an effect on the composite tensile
and flexural properties, which are also important for bipo-
lar plates. In this study, various amounts of three different
types of carbon (carbon black, synthetic graphite particles,
and carbon fibers) were added to Vectra A950RX liquid-
crystal polymer. In addition, composites containing combi-
nations of fillers were also investigated via a factorial
design. The tensile and flexural properties of the resulting
composites were then measured. The objective of this
study was to determine the effects and interactions of each
filler with respect to the tensile and flexural properties.
The addition of carbon black caused the tensile and flex-
ural properties to decrease. Adding synthetic graphite par-

ticles caused the tensile and flexural modulus to increase.
The addition of carbon fiber caused the tensile and flexural
modulus and ultimate flexural strength to increase. In
many cases, combining two different fillers caused a statis-
tically significant effect on composite tensile and flexural
properties at the 95% confidence level. For example, when
40 wt % synthetic graphite particles and 4 wt % carbon
black were combined, the composite ultimate tensile and
flexural strength increased more than what would be
expected from the individual additive effect of each single
filler. It is possible that linkages were formed between the
carbon black and synthetic graphite particles that resulted
in improved ultimate tensile and flexural strength. © 2008
Wiley Periodicals, Inc. ] Appl Polym Sci 108: 1657-1666, 2008
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INTRODUCTION

Most polymer resins are electrically and thermally
insulating. Increasing the conductivity of these resins
allows them to be used in other applications. One
emerging market for electrically and thermally con-
ductive resins is bipolar plates for use in fuel cells.
The bipolar plate separates one cell from the next,
with this plate carrying hydrogen gas on one side
and air (oxygen) on the other side. Bipolar plates
require high thermal and electrical conductivity (to
conduct heat and to minimize ohmic losses), low gas
permeability, good dimensional stability, and moder-
ate tensile and flexural properties. The U.S. Depart-
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ment of Energy has set a target flexural strength for
bipolar plates of 25 MPa.! PlugPower has set a
desired flexural strength of greater than 59 MPa and
a desired tensile strength of greater than 41 MPa.?

One approach to improving the electrical and ther-
mal conductivity of a polymer is the addition of a con-
ductive filler material, such as carbon or metal.>1°
Currently, a single type of graphite powder (often
60 wt %) is typically used in thermosetting resins
(often a vinyl ester) to produce a thermally and elec-
trically conductive bipolar plate material.'”*° Ther-
mosetting resins cannot be remelted.

The addition of conductive fillers can degrade the
mechanical properties of the conductive composite.
Hence, these mechanical properties cannot be
ignored. Thongruang et al.*! investigated the electri-
cal conductivity and mechanical properties of com-
posites containing both graphite particles and carbon
fiber in high-density polyethylene and ultrahigh-mo-
lecular-weight polyethylene.

In this work, researchers performed compounding
runs followed by injection molding and mechanical
testing of carbon/Vectra A950RX composites. Vectra
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TABLE I TABLE II

Properties of Ticona’s Vectra A950RX Properties of Akzo Nobel Ketjenblack EC-600 JD
Melting point 280°C Electrical resistivity 0.01-0.1 Q@ cm
Tensile modulus (1 mm/min) 10.6 GPa Aggregate size 30-100 nm
Tensile strength at break (5 mm/min) 182 MPa Specific gravity 1.8 g/cm’
Tensile strain at break (5 mm/min) 3.4% Apparent bulk density 100-120 kg/m®
Flexural modulus at 23°C 9.1 GPa Ash content, maximum 0.1 wt %
Flexural strength at 23°C 158.0 MPa Moisture, maximum 0.5 wt %
Notched Izod impact strength at 23°C 95 kJ/m? Brunauer-Emmett-Teller surface area 1250 m?/g
Density at 23°C 140 g/cc Pore volume 480-510 cm®/100 g
Volumetric electrical resistivity at 23°C 10" Q cm
Surface electrical resistivity 10 Q The data were taken from ref. 24.
Thermal conductivity at 23°C 0.2 W/mK

(approximately)
Humidity absorption
(23°C/50% relative humidity) 0.03 wt %

Mold shrinkage: parallel 0.0% wt %). The properties of Ketjenblack EC-600 JD are
Mold shrinkage: normal 0.7% 1.?* The carbon black is in the form

Coefficient of linear thermal
expansion: parallel

Coefficient of linear thermal
expansion: normal

0.04 X 107*/°C

0.38 X 107*/°C

The data were taken from ref. 22.

is a liquid-crystal polymer thermoplastic that can be
remelted and used again. Three different carbon fill-
ers (electrically conductive carbon black, synthetic
graphite particles, and carbon fibers) were studied.
Composites containing various amounts of a single
type of carbon filler were fabricated and tested. In
addition, composites containing combinations of fill-
ers were also investigated via a factorial design with
a replicate. The goal of this project was to determine
the effects and interactions of each filler with respect
to the composite tensile and flexural properties.

EXPERIMENTAL
Materials

The matrix used for this project was Vectra A950RX
liquid-crystal polymer (Ticona), which is a highly or-
dered thermoplastic copolymer consisting of 73 mol
% hydroxybenzoic acid and 27 mol % hydroxynaph-
thoic acid. This liquid-crystal polymer has the proper-
ties needed for bipolar plates, that is, high dimen-
sional stability up to a temperature of 250°C,
extremely short molding times (often 5-10 s), excep-
tional dimensional reproducibility, chemical resist-
ance in the acidic environments present in a fuel cell,
and a low hydrogen gas permeation rate.”** The
properties of this polymer are shown in Table 1.2

The first filler used in this study was Ketjenblack
EC-600 JD. This is an electrically conductive carbon
black available from Akzo Nobel, Inc. (Chicago, IL).
The highly branched, high-surface-area carbon black
structure allows it to contact a large amount of poly-
mer, and this results in improved electrical conduc-
tivity at low carbon black concentrations (often 5-7
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given in Table I
of pellets that are 100 pm to 2 mm in size and, upon
mixing into a polymer, easily separate into primary
aggregates 30-100 nm long.** Figure 1 shows a dia-
gram of this carbon black structure.

Table III shows the properties of Thermocarb TC-
300 (Asbury Carbons, Asbury, NJ), which is a pri-
mary synthetic graphite that was previously sold by
Conoco.”*® Thermocarb TC-300 is produced from a
thermally treated, highly aromatic petroleum feed-
stock and contains very few impurities. Figure 2
shows a photomicrograph of this synthetic graphite.

Fortafil 243 carbon fiber, sold by Toho Tenax
America, Inc., was the third filler used in this study.
Fortafil 243 (Rockwood, TN) is a polyacrylonitrile-
based, 3.2-mm chopped and pelletized carbon fiber
that is often used to improve the electrical and ther-
mal conductivity and tensile and flexural properties
of resins. Fortafil 243 is surface-treated and then
formed into pellets by the manufacturer. A proprie-
tary polymer (sizing) is used as a binder for the pel-
lets that also promotes adhesion with the matrix. Ta-
ble TV shows the properties of this carbon fiber.”

The concentrations (shown as weight percentages
and the corresponding volume percentages) for all
of the single-filler composites tested in this research
are shown in Table V. Increasing the filler amount
increases the composite melt viscosity. Because of
the large increase in the composite melt viscosity,
carbon black is used only at low loading levels.*®
The maximum single-filler contents that could be
extruded and injection-molded were 10 wt % for

Figure 1 Structure of Ketjenblack EC-600 JD.
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TABLE III TABLE IV

Properties of Thermocarb TC-300 Synthetic Graphite Properties of Fortafil 243 Carbon Fiber

Filler Thermocarb TC-300 Carbon content 95 wt %
synthetic graphite Electrical resistivity 0.00167 Q cm

Carbon content (wt %) 99.91 Thermal conductivity 20 W/mK (axial direction)
Ash (wt %) <0.1 Tensile strength 3800 MPa
Sulfur (wt %) 0.004 Tensile modulus 227 GPa
Density (g/cc) 2.24 Specific gravity 1.74 g/cc
Brunauer-Emmett-Teller Fiber diameter 7.3 um

surface area (m?/ g) 14 Fiber shape Round

Thermal conductivity 600 in the a crystallographic

at 23°C (W/mK) direction
Electrical resistivity of the

bulk carbon powder

at 150 psi and 23°C,

parallel to the pressing

axis (Q cm) 0.020
Particle shape Acicular
Particle aspect ratio 1.7
Sieve analysis (wt %)

+600 pm 0.19

+500 pum 0.36

+300 pm 5.24

+212 um 12.04

+180 pm 8.25

+150 pm 12.44

+75 pm 34.89

+44 pm 16.17

—44 um 10.42

The data were taken from refs. 25 and 26.

carbon black, 60 wt % for synthetic graphite, and 45
wt % for carbon fiber. Table VI shows the factorial
design formulations. For all fillers, the low loading
level was 0 wt %. The high loading levels varied
for each filler. The high loading levels were 4 wt %
for Ketjenblack EC-600 JD carbon black, 40 wt % for
Thermocarb TC-300 synthetic graphite, and 10 wt %
for Fortafil 243 carbon fiber. Because this project
focuses on producing highly conductive composites,
the loading levels were chosen so that the filler

Figure 2 Photomicrograph of Thermocarb TC-300 syn-
thetic graphite. (Courtesy of Asbury Carbons)

3.2 mm (entire range = 2.3-4.1 mm)

2.6 wt % proprietary polymer that
adheres pellets together and
promotes adhesion with the
nylon matrix

356 g/L

Fiber mean length
Binder content

Bulk density

The data were taken from ref. 27.

amounts would produce conductive composites
while still allowing the composite material to have a
low enough viscosity to be extruded and injection-
molded into test specimens. In the tables, CB is used
to signify carbon black (Ketjenblack EC-600]D), SG is
used for synthetic graphite (Thermocarb TC-300),
and CF is used for carbon fiber (Fortafil 243).
Because of the high viscosity of the resin, the com-
posite containing all three fillers (carbon black, syn-
thetic graphite, and carbon fiber) could not be
extruded and injection-molded into test specimens.

Test specimen fabrication

For this entire project, the fillers were used as
received. Vectra A950RX was dried in an indirectly
heated dehumidifying drying oven at 150°C and
then stored in moisture-barrier bags.

The extruder used was an American Leistritz Ex-
truder Corp. (Somerville, NJ) model ZSE 27. This ex-

TABLE V
Single Filler Loading Levels
Filler Ketjenblack Thermocarb Fortafil
(wt %) (vol %) (vol %) (vol %)

25 1.9 N/A N/A

4.0 3.1 N/A N/A

5.0 3.9 N/A 4.1

6.0 4.7 N/A N/A

7.5 6.0 N/A 6.1
10.0 8.0 6.5 8.2
15.0 N/A 9.9 12.4
20.0 N/A 13.5 16.8
25.0 N/A 17.2 21.2
30.0 N/A 21.1 25.5
35.0 N/A 252 30.2
40.0 N/A 29.3 34.9
45.0 N/A 33.8 39.7
50.0 N/A 38.5 N/A
55.0 N/A 43.3 N/A
60.0 N/A 48.4 N/A

N/A = not applicable.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE VI
Filler Loading Levels in Factorial Design Formulations
Ketjenblack Thermocarb Fortafil
Formulation (wt %) (wt %) (wt %)
No filler 0 0 0
CB 4 0 0
SG 0 40 0
CB*SG 4 40 0
CF 0 0 10
CB*CF 4 0 10
SG*CF 0 40 10

truder has a 27-mm corotating, intermeshing twin
screw with 10 zones and a length/diameter ratio of
40. The screw design has been shown elsewhere.” Tt
was chosen to allow a large concentration of filler to
mix with the matrix material and thereby achieve the
maximum possible tensile, flexural, and conductive
properties. The polymer pellets (Vectra) were intro-
duced in zone 1. For all the composites containing
single fillers, the fillers were added to the polymer
melt at zone 5. For the composites containing combi-
nations of fillers, carbon fiber was added to the poly-
mer melt at zone 7; carbon black and synthetic
graphite were added to the polymer melt at zone 5.
Schenck (Whitewater, WI) AccuRate gravimetric
feeders were used to accurately control the amount
of each material added to the extruder.

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 compounding, the pelletized
composite resin was dried again and then stored in
moisture-barrier bags before injection molding.

A Niigata (Tokyo, Japan) model NES5UA, injec-
tion-molding machine 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.

The temperature profile typically used was 280°C
in zone 1 (nearest feed hopper), 307°C in zones 2
and 3, and 315°C in zone 4. A four-cavity mold was
used to produce 3.2-mm-thick ASTM type [ tensile
bars (end-gated) and 127-mm-long, 12.7-mm-wide
flexural bars (end-gated). The tensile and flexural
properties of all formulations were determined.
Before the tests were conducted, the samples were
conditioned at 23°C and 50% relative humidity for
88 h, and then they were tested.?’

Filler length, aspect ratio, and orientation
test method

To determine the length and aspect ratio of the car-
bon fiber and synthetic graphite in the test specimens,

Journal of Applied Polymer Science DOI 10.1002/app
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diethylenetriamine was used to dissolve the matrix.
The fillers were then dispersed onto a glass slide and
viewed with an Olympus (Orangeburg, NY) SZH10
optical microscope with an Optronics (Goleta, CA)
Engineering LX-750 video camera. The filler images
(at 70X magnification) were collected with Scion
Image version 1.62 software. The images were then
processed with Adobe Photoshop 5.0 and Image
Processing Tool Kit version 3.0. The length and aspect
ratio of each filler were measured. For each formula-
tion, 1000-6000 particles/fibers were measured.
Because of the extremely small size of the carbon
black, the length and aspect ratio of the carbon black
were not measured.

To determine the orientation of the carbon fillers, a
polished composite sample was viewed with an opti-
cal microscope. Again, because of the small size of
the carbon black (aggregates 30-100 nm in size), the
orientation of only the synthetic graphite particles
and carbon fibers was determined. One 25 mm X
2 mm piece was cut from the center of a tensile speci-
men. This sample was cast in a two-part epoxy plug
so that the direction of flow induced during the injec-
tion-molding process, which was also the direction of
tensile testing, could be viewed. The sample was then
polished and viewed with an Olympus BX60 reflected
light microscope at a magnification of 200X. The
images were then processed with Adobe Photoshop
5.0 and Image Processing Tool Kit version 3.0. For
each formulation, the orientation was determined by
the viewing of typically 1000-2000 particles/fibers.

Tensile test method

The tensile properties (at ambient conditions, 16.5-
cm-long, 3.2-mm-thick ASTM type I sample geome-
try) from all formulations were determined with
ASTM D 638 at a crosshead rate of 5 mm/min for
reinforced plastics.30 An Instru-Met (Union, NJ) Sin-
tech screw-driven mechanical testing machine was
used. The tensile modulus was calculated from the
initial linear portion of the stress—strain curve. For
each formulation, at least five samples were tested.

Flexural test method

The flexural properties were determined with three-
point loading under ambient conditions from all for-
mulations according to ASTM D 790 at a crosshead
rate of 5.3 mm/min.>" Each rectangular sample was
3.2 mm thick, 127.0 mm long, and 12.7 mm wide. A
span of 1024 mm (corresponding to a 32:1 span/
thickness ratio) was used in an Instru-Met Sintech
screw-driven mechanical testing machine. Deflection
was measured with a linear variable displacement
transducer. The flexural modulus was calculated
from the initial linear portion of the load—deflection
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curve. For each formulation, at least five samples
were tested.

RESULTS
Filler length, aspect ratio, and orientation results

The length and aspect ratio of the Thermocarb in the
molded composite samples were typically 50 pm
and 1.68, respectively. These values are similar to
those of the as-received material and prior work.*>?
For the molded composites containing carbon fibers,
the length was typically 70 pm. The corresponding
fiber aspect ratio (length/diameter) was 9. These
results agree with prior work.*>*

Figure 3 displays a photomicrograph of a tensile
specimen containing 40 wt % Thermocarb TC-300, 10
wt % Fortafil 243, and 50 wt % Vectra A950RX at a
magnification of 200X. The arrow under the figure
indicates the tensile measurement direction, which is
also the direction of flow (lengthwise) into the mold.
This photomicrograph is typical of all the samples
tested. As can be seen, the fillers are primarily
aligned in the tensile test direction. These results
agree with prior work.>>?® Because both the tensile
and flexural specimens are end-gated, the fillers in
the flexural specimens are also primarily aligned in
the lengthwise direction of the flexural bar.

Tensile test results

Figures 4-6 show the tensile results (tensile modu-
lus, ultimate tensile strength, and strain at ultimate
tensile strength) as the mean plus or minus the
standard deviation for composites containing various
amounts of single fillers as function of the filler vol-
ume percentage. These formulations correspond to
those shown in Table V. If the standard deviation is
smaller than the marker size, the error bars are not
shown. In all cases, there was no observed necking
in the samples tested. Hence, for each formulation,
the ultimate (peak) tensile strength was nearly iden-
tical to the strength at fracture.

It is noted that the tensile modulus, ultimate ten-
sile strength, and strain at ultimate tensile strength

Figure 3 Photomicrograph of a 40 wt % Thermocarb TC-
300 synthetic graphite/10 wt % Fortafil 243 carbon fiber/
50 wt % Vectra A950RX tensile specimen at a magnifica-
tion of 200X.

1661

45 : :

40 O Carbon Black |
~ <& Thermocarb
% 351 & Fortafil {5 1
N 30 L % 4
> +
525 z}. 1
3 &
O 20t i
p 15 2} a & $ ¢
9 L o
B FilY % o & @
OC) 10 & o & ¢ b
= 5"%[![1 4

% 10 20 30 20 50

Volume Percent Filler

Figure 4 Tensile modulus for composites containing vari-
ous amounts of single fillers.

for the neat Vectra were measured to be 7.1 GPa,
145 MPa, and 5.8%, respectively. These values are
within 30% of those reported by the vendor litera-
ture (Table I). Differences are likely due to test speci-
men manufacturing methods.

The tensile modulus results for composites filled
only with various amounts of the single fillers are
located in Figure 4. Several observations can be made
from Figure 4. First, adding carbon black caused the
tensile modulus to decrease from 7.1 (neat polymer)
to 5.1 GPa at 8 vol % (10 wt %) carbon black. Carbon
black was used in this project primarily to increase
the composite electrical conductivity. Second, adding
synthetic graphite particles caused the tensile modu-
lus to increase from 7.1 (neat polymer) to 21.0 GPa for
the composite containing 48.4 vol % (60 wt %) Ther-
mocarb. Adding Fortafil 243 carbon fiber allowed the
tensile modulus to increase from 7.1 to 36.5 GPa for
the composite containing 39.7 vol % (45 wt %) carbon
fiber. The higher tensile modulus for the Fortafil car-
bon fiber/Vectra composites versus the Thermocarb/
Vectra composites is likely due to the higher filler as-
pect ratio of 9 for the carbon fiber/Vectra composites
versus 1.68 for synthetic graphite particle/Vectra
composites.

Figure 5 illustrates the ultimate tensile strength
results for composites filled only with various
amounts of the single fillers. The addition of any of
the fillers caused the composite ultimate tensile
strength to decrease, with carbon black causing the
steepest decline. Composites containing 8.0 vol %
(10 wt %) carbon black had an ultimate tensile
strength of 68.4 MPa versus 145 MPa for the neat
polymer. Carbon fiber caused the smallest decline in
the ultimate tensile strength. The composites con-
taining 39.7 vol % (45 wt %) carbon fiber had an ulti-
mate tensile strength of 123 MPa.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Ultimate tensile strength for composites contain-
ing various amounts of single fillers.

Figure 6 illustrates the strain at ultimate tensile
strength results for composites filled only with vari-
ous amounts of the single fillers. Once again, adding
any of these fillers caused the strain at ultimate ten-
sile strength to decrease. Again, carbon black caused
the steepest decline. The composites containing 8.0
vol % (10 wt %) carbon black had a strain at ulti-
mate tensile strength of 2.5% versus 5.8% for the
neat polymer. Composites containing 60 wt % Ther-
mocarb and 40 wt % Vectra A950RX and composites
containing 45 wt % Fortafil carbon fiber and 55 wt %
Vectra A950RX had a strain at ultimate tensile
strength of 0.7%.

Flexural test results

Figures 7 and 8 show the flexural modulus and ulti-
mate flexural strength as the mean plus or minus the
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Figure 6 Strain at ultimate tensile strength for composites
containing various amounts of single fillers.
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Figure 7 Flexural modulus for composites containing var-
ious amounts of single fillers.

standard deviation for composites containing various
amounts of single fillers as function of the filler vol-
ume fraction. These formulations correspond to those
shown in Table V. If the standard deviation is smaller
than the marker size, the error bars are not shown.
Figure 7 shows the flexural modulus for compo-
sites containing various amounts of single fillers. Fig-
ures 4 (tensile modulus) and 7 (flexural modulus)
show the same general trends. Adding carbon black
caused the flexural modulus to decrease from 7.9
(neat polymer) to 5.1 GPa at 8 vol % (10 wt %) carbon
black. Second, adding synthetic graphite particles
caused the tensile modulus to increase from 7.9 (neat
polymer) to 18.1 GPa for the composite containing
48.4 vol % (60 wt %) Thermocarb. Adding Fortafil
243 carbon fiber allowed the tensile modulus to
increase from 7.9 to 30.3 GPa for the composite con-
taining 39.7 vol % (45 wt %) carbon fiber. The higher
flexural modulus for the Fortafil carbon fiber/Vectra
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Figure 8 Ultimate flexural strength for composites con-
taining various amounts of single fillers.
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TABLE VII
Tensile Modulus for Factorial Design Formulations

Tensile modulus (MPa)

Formulation Original Replicate
No filler 7,080 + 490, n =7 7,060 + 860, n = 6
CB 5,780 + 460, n = 5 6,060 = 620, n = 6
SG 13,970 =390, n = 5 12,920 + 840, n = 6
CF 13,290 = 870, n = 5 12,940 = 870, n = 6
CB*SG 11,050 *+ 530, n = 9 10,990 * 540, n = 10
CB*CF 10,700 = 490, n = 10 11,120 = 680, n = 10
SG*CF 16,610 = 290, n = 7 16,850 = 540, n = 8

composites versus the Thermocarb/Vectra compo-
sites is likely due to the higher filler aspect ratio of 9
for the carbon fiber/Vectra composites versus 1.68 for
the synthetic graphite particle/Vectra composites.

Figure 8 shows the flexural strength for compo-
sites containing various amounts of single fillers.
The addition of carbon black caused the composite
ultimate flexural strength to decrease from 106 MPa
for the neat polymer to 82.0 MPa with 8.0 vol %
(10 wt %) carbon black. Adding Thermocarb caused
a gradual decline in the ultimate flexural strength,
which decreased from 106 MPa for the neat poly-
mer to 88.3 MPa for the composite with 48.4 vol %
(60 wt %) Thermocarb. Carbon fiber caused the ulti-
mate flexural strength to increase from 106 MPa for
the neat polymer to 200 MPa for the composite with
39.7 vol % (45 wt %) carbon fiber. The higher ulti-
mate flexural strength for the Fortafil carbon fiber/
Vectra composites is likely due to the higher filler
aspect ratio for the carbon fiber/Vectra composites.

It is noted that the flexural modulus and ultimate
flexural strength for the neat Vectra were measured
to be 7.9 GPa and 106 MPa, respectively. These val-
ues are within 30% of those reported by the vendor
literature (Table I). Again, differences are likely due
to test specimen manufacturing methods.

FACTORIAL DESIGN ANALYSIS

Tables VII-IX show the tensile modulus, ultimate
strength, and strain at ultimate strength for the facto-

TABLE VIII
Ultimate Tensile Strength for Factorial Design
Formulations
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TABLE IX
Strain at Ultimate Tensile Strength for Factorial Design
Formulations

Strain at ultimate tensile strength (%)

Formulation Original Replicate
No filler 5614 n=7 6005 n==6
CB 51*03,n=6 52*03,n=6
SG 28 £02,n=7 26 03, n=7
CF 43*02,n=6 44*01,n=6
CB*SG 1302, n= 1.3 *+01,n=10
CB*CF 31*03,n=10 31*03,n=10
SG*CF 1201, n=7 1101, n=28

rial design formulations. Tables X and XI show the
flexural modulus and ultimate strength for the facto-
rial design formulations. With the results shown in
Tables VII-XI, an analysis of the factorial design was
completed. This was performed with the Minitab
Release 13 Statistical Software package. For this anal-
ysis, the effects and the T (also often designated t)
and P (also often designated p) values for the results
were calculated. Large T values and low P values
indicate that the factor being studied (e.g., carbon
fiber) has a significant effect on the property (e.g.,
tensile modulus) being investigated.** For all statisti-
cal calculations, the 95% confidence level was used.

Factorial designs were used in the project because
they are the most efficient type of experiment to
determine the effect of each filler and any possible
interactions between fillers. By using factorials, one
can determine the effect that each factor (filler) has
on the system by calculating a single value to quan-
tify the change in the tensile/flexural properties as
the weight percentage of a filler is increased. These
calculated effects can then be ranked to determine
which fillers and combinations of fillers produced a
larger change.

Tensile results

The effects and the T and P values for the tensile
modulus are given in Table XII, which shows the
values for all of the filler combinations. Further
investigation of Table XII yields some important

TABLE X
Flexural Modulus for Factorial Design Formulations

Ultimate tensile strength (MPa)

Flexural modulus (GPa)

Formulation Original Replicate Formulation Original Replicate
No filler 1441 = 152,n =7 1464 +33,n =6 No filler 7930 80, n=5 7920 £ 170,n =5
CB 1132 = 34,n=6 108.6 = 1.0,n = 6 CB 7,010 = 60,n =9 6,880 + 140, n = 6
SG 811 *14,n=7 80.6 = 1.6,n =7 SG 12,000 = 200, n =5 11,020 * 240, n =
CF 1463 = 26,n =6 140.0 = 08, n =6 CF 12,050 = 250, n = 6 12,140 = 170, n =
CB*SG 589 +13,n=9 588 + 04,n = 10 CB*SG 10,510 = 180, n = 7 10,420 = 180, n =
CB*CF 1221 +12,n =10 1232+ 1.6,n =10 CB*CF 10,580 += 140, n =7 10,540 = 100, n = 8
SG*CF 720 * 04,n=7 722 +13,n=8 SG*CF 15,540 = 110,n =5 15,190 = 160, n = 6
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TABLE XI
Ultimate Flexural Strength for Factorial Design
Formulations

Flexural strength (MPa)

Formulation Original Replicate
No filler 105.8 1.2, n =6 1063 1.2, n=5
CB 940+ 14,n=6 915+ 07,n=5
SG 987 *13,n=5 951 *02,n=>5
CF 1564 + 2.0,n =7 1532 =15 n=>5
CB*SG 973 £1.0,n =38 961 09, n=7
CB*CF 1426 + 0.5, n =6 1411 + 04,n =5
SG*CF 1163 =08, n=7 1149 = 0.7, n =7

information regarding the effects that single fillers
and combinations of fillers have on the tensile mod-
ulus. The addition of any of the single fillers had a
statistically significant effect on the tensile modulus
at the 95% confidence level (P < 0.05). The addition
of 40 wt % synthetic graphite particles caused the
largest increase (largest and positive effect term) in
the tensile modulus. This was followed closely by
the addition of 10 wt % carbon fiber, which also
caused a statistically significant increase in the ten-
sile modulus. The addition of 4 wt % carbon black
caused a statistically significant decrease (negative
effect term) in the tensile modulus. Two of the two-
filler combinations (synthetic graphite particle/car-
bon fiber and carbon black/synthetic graphite par-
ticles) also had a statistically significant and negative
effect (negative effect terms) on the tensile modulus
(P < 0.05). For these composites containing combina-
tions of two different fillers, the largest effect was
for the 40 wt % synthetic graphite particles and
10 wt % carbon fiber composite, followed by the
4 wt % carbon black and 40 wt % synthetic graphite
composite. The two-filler combination of carbon
black and carbon fiber did not have a statistically
significant effect (P > 0.05). The statistically signifi-
cant results for two of the two-way interactions
show that there is an effect on the tensile modulus
when different fillers are combined. In this case, a
statistically significant interaction term indicates that
the composite tensile modulus is lower than what
would be expected from the additive effect of each
single filler.>* This means that, for example, when

KING ET AL.

40 wt % synthetic graphite and 10 wt % carbon fiber
were combined, the tensile modulus of the compos-
ite decreased more than what would be expected
from the individual additive effects of synthetic
graphite and carbon fiber.

Table XIII shows the effects and the T and P values
for the ultimate tensile strength, showing the values
for all of the filler combinations. Of all the single fill-
ers, the addition of 40 wt % synthetic graphite par-
ticles and 4 wt % carbon black caused a statistically
significant decrease in the ultimate tensile strength
(negative effect term). The addition of 40 wt % syn-
thetic graphite had the largest effect on the ultimate
tensile strength. Adding 10 wt % carbon fiber did not
have a statistically significant effect on the ultimate
tensile strength (P > 0.05). For the composites con-
taining two different fillers, the composites contain-
ing carbon black and carbon fiber caused a statisti-
cally significant and positive effect on the ultimate
tensile strength. This was followed closely by the
composite containing both carbon black and synthetic
graphite. The composite containing both synthetic
graphite particles and carbon fiber did not have a
statistically significant effect on the ultimate tensile
strength (P > 0.05). The statistically significant results
for two of the two-way interactions shown in Table
XIII indicate that there is an effect on the ultimate ten-
sile strength when different fillers are combined. For
example, the most significant combination was that of
carbon black and carbon fiber. This means that, for
example, when carbon black and carbon fiber were
combined, then the ultimate tensile strength of the
composite was higher than what would be expected
from the additive effect of each single filler.**

The effects and the T and P values for the strain at
ultimate tensile strength are given in Table XIV,
which shows the values for all of the filler combina-
tions. For all the single fillers, all the effect terms are
negative, and this indicates that the addition of any
filler reduced the composite tensile strain. The addi-
tion of any of these single fillers caused a statistically
significant decrease in the tensile strain (P < 0.05),
with the synthetic graphite particles having the larg-
est effect, followed by carbon fiber and then carbon
black. For the composites containing two different

TABLE XIII
TABLE XII Factorial Design Analysis for Ultimate Tensile

Factorial Design Analysis for Tensile Modulus (MPa) Strength (MPa)

Term Effect T P Term Effect T P
Constant 97.64 0.000 Constant 127.38 0.000
CB —2314 —9.88 0.000 CB —21.23 —13.56 0.000
SG 4363 18.63 0.000 SG —61.56 —39.32 0.000
CF 4141 17.68 0.000 CF 1.50 0.96 0.370
CB*SG —636 =271 0.030 CB*SG 6.16 3.93 0.006
CB*CF —526 —2.24 0.060 CB*CF 6.93 4.42 0.003
SG*CF —-1379 —5.89 0.001 SG*CF —3.33 —2.12 0.071
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TABLE XIV TABLE XVI
Factorial Design Analysis for Strain at Ultimate Tensile Factorial Design Analysis for Ultimate Flexural
Strength (%) Strength (MPa)

Term Effect T p Term Effect T p
Constant 62.71 0.000 Constant 204.96 0.000
CB -1.321 —14.55 0.000 CB —6.55 —5.83 0.001
SG —3.519 —38.76 0.000 SG —17.62 —15.69 0.000
CF —1.798 —19.80 0.000 CF 33.91 30.21 0.000
CB*SG —0.359 —3.95 0.006 CB*SG 6.54 5.83 0.001
CB*CF —-0.273 —3.00 0.020  CB*CF 0.17 0.15 0.883
SG*CF —0.030 —0.33 0.751 SG*CF —15.02 —13.38 0.000

carbon fillers, the carbon black/synthetic graphite
particles, followed by the carbon black/carbon fiber
composites, caused a statistically significant decrease
(negative effect term) in the composite strain (P <
0.05). There was not a statistically significant effect on
the composite strain for the synthetic graphite parti-
cle/carbon fiber composite (P > 0.05). This means
that, for example, when carbon black and synthetic
graphite particles were combined, then the strain at
the composite ultimate tensile strength was lower
(negative effect term) than what would be expected
from the additive effect of each single filler.**

Flexural test results

The effects and the T and P values for the flexural
modulus are given in Table XV, which shows the val-
ues for all of the filler combinations. The addition of
any of the single fillers had a statistically significant
effect on the flexural modulus at the 95% confidence
level (P < 0.05). The addition of 10 wt % carbon fiber
caused the largest increase (largest and positive effect
term) in the flexural modulus. This was followed
closely by the addition of 40 wt % synthetic graphite
particles, which also caused an increase (positive
effect term) in the flexural modulus. The addition of
4 wt % carbon black caused the flexural modulus to
decrease (negative effect term). None of the two-filler
combinations had a statistically significant effect on
the composite flexural modulus (P > 0.05).

The effects and the T and P values for the ultimate
flexural strength are given in Table XVI, which shows
the values for all of the filler combinations. The addi-
tion of any of the single fillers had a statistically sig-

TABLE XV

Factorial Design Analysis for Flexural Modulus (MPa)

Term Effect T p
Constant 111.26 0.000
CB —1291 —6.48 0.000
SG 3395 17.05 0.000
CF 3739 18.78 0.000
CB*SG —30 —0.15 0.886
CB*CF —278 —1.40 0.205
SG*CF —158 -0.79 0.454

nificant effect on the ultimate flexural strength at the
95% confidence level (P < 0.05). The addition of 10 wt %
carbon fiber caused the composite ultimate flexural
strength to increase (largest and positive effect term).
The addition of 40 wt % synthetic graphite particles
had the second largest and negative effect (causes
decrease) on the ultimate flexural strength. The addi-
tion of 4 wt % carbon black also causes the compos-
ite ultimate flexural strength to decrease.

Two of the two-filler combinations had a statisti-
cally significant effect on the composite ultimate flex-
ural strength. The combination of 40 wt % synthetic
graphite particles with 10 wt % carbon fiber pro-
duced the largest and negative effect (causes decrease)
in the composite ultimate flexural strength. The
combination of 4 wt % carbon black with 40 wt %
synthetic graphite particles caused a statistically
significant increase (positive effect term) in the com-
posite ultimate flexural strength. The composite con-
taining carbon black with carbon fiber did not have
a statistically significant effect (P > 0.05) on the com-
posite ultimate flexural strength.

The statistically significant results for two of the
two-way interactions show that there was an effect
on the tensile modulus when different fillers were
combined. For the 40 wt % synthetic graphite par-
ticles with 10 wt % carbon fiber composites, the stat-
istically significant interaction term indicates that the
composite ultimate flexural strength was lower (neg-
ative effect term) than what would be expected from
the additive effect of each single filler.>* This means
that, for example, when 40 wt % synthetic graphite
and 10 wt % carbon fiber were combined, then the
ultimate flexural strength of the composite decreased
more than what would be expected from the indi-
vidual additive effects of synthetic graphite and car-
bon fiber. For the 4 wt % carbon black/40 wt % syn-
thetic graphite particle composites, the statistically
significant interaction term indicates that the com-
posite ultimate flexural strength was higher (positive
effect term) than what would be expected from the
additive effect of each single filler.>* This means that
when 4 wt % carbon black and 40 wt % synthetic
graphite were combined, then the ultimate flexural
strength of the composite increased more than what
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would be expected from the individual additive
effects of synthetic graphite and carbon black.

CONCLUSIONS

Adding increasing amounts of conductive carbon
fillers will increase the composite thermal and elec-
trical conductivity needed for bipolar plates for fuel
cells. These fillers also have an effect on the compos-
ite tensile and flexural properties, which are also im-
portant for bipolar plates. Considering only the com-
posites containing various amounts of single fillers,
we found that the addition of carbon black caused
all the flexural and tensile properties to decrease.
Adding synthetic graphite particles caused the ten-
sile and flexural modulus to increase. They also
caused the ultimate tensile strength and ultimate
flexural strength to decrease. Adding carbon fibers
caused the tensile and flexural modulus and ultimate
flexural strength to increase.

The use of factorial design to analyze the tensile and
flexural results allows one to rank the effects of single
fillers and combinations of different fillers. In many
cases, combining two different fillers caused a statisti-
cally significant effect. For example, when 40 wt %
synthetic graphite particles and 4 wt % carbon black
were combined, the composite ultimate tensile and
flexural strength increased more than what would be
expected from the individual additive effect of each
single filler. It is possible that linkages were formed
between the carbon black and synthetic graphite par-
ticles, which resulted in improved ultimate tensile
and flexural strength. To the authors” knowledge, this
is the first time in the literature that a synergistic effect
of combining different carbon fillers in a Vectra lig-
uid-crystal polymer on the composite tensile and
flexural properties has been observed. For all the for-
mulations in this study, the composites exceeded the
targets for flexural strength and tensile strength set by
PlugPower and the U.S. Department of Energy.

The authors gratefully thank the technical staff of
American Leistritz for recommending an extruder
screw design. They also thank Asbury Carbons and
Akzo Nobel for providing carbon fillers and Albert
V. Tamashausky of Asbury Carbons for providing
technical advice.
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