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ABSTRACT: A potential application for conductive resins
is in bipolar plates for use in fuel cells. The addition of car-
bon filler can increase the electrical and thermal conductiv-
ities of the polymer matrix but will also have an effect on
the tensile and flexural properties, important for bipolar
plates. In this research, three different types of carbon (car-
bon black, synthetic graphite, and carbon nanotubes) were
added to polypropylene and the effects of these single fil-
lers on the flexural and tensile properties were measured.
All three carbon fillers caused an increase in the tensile and
flexural modulus of the composite. The ultimate tensile and

flexural strengths decreased with the addition of carbon
black and synthetic graphite, but increased for carbon nano-
tubes/polypropylene composites due to the difference in
the aspect ratio of this filler compared to carbon black and
synthetic graphite. Finally, it was found that the Nielsen
model gave the best prediction of the tensile modulus
for the polypropylene based composites. © 2010 Wiley
Periodicals, Inc. ] Appl Polym Sci 118: 1620-1633, 2010

Key words: composites; fillers; polypropylene; mechanical
properties; modeling

INTRODUCTION

Most polymer resins are insulating materials but
they can also be used for other applications if their
properties, such as electrical and thermal conductiv-
ity, are modified. One emerging market for conduc-
tive resins is bipolar plates for use in fuel cells. The
bipolar plate has different functions. It separates one
cell from the next, carrying hydrogen gas on one
side and oxygen on the other side. Bipolar plates
must be made of a material with low gas permeabil-
ity, good dimensional stability and moderate flexural
and tensile properties and with high thermal and
electrical conductivity to conduct heat out of the cell
and to minimize ohmic losses. The target set by the
Department of Energy for flexural strength of bipo-
lar plates is 25 MPa.! Plug Power (Latham, NY) 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 conductivity of a
polymer is the addition of a conductive filler mate-
rial, such as carbon or metal.*® 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 electrically conductive
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bipolar plate material.'”'®> Thermosetting resins can-
not be remelted.

Significant progress is being made to develop new
recyclable materials with good mechanical properties
for application in fuel cell bipolar plates.®'*=
Kalaitzidou et al.** and Akinci®® added concentra-
tions up to 50 wt % of graphite to a polypropylene
matrix observed an increase in the tensile and flex-
ural modulus of the composite. Other research
groups' 2?2?3272 have measured the mechanical
properties of composites containing carbon nano-
tubes concentrations up to 6 wt % in different poly-
mer matrices. Their results have shown an improve-
ment in both the tensile modulus and the ultimate
tensile strength of the materials produced. A sum-
mary of tensile and flexural strength tests using car-
bon black, carbon nanotubes, and synthetic graphite
is shown in Table T later.”'* 8212224262829 Ty oo
eral, this table shows relatively consistent results for
the fillers used. We noted that in this table, the work
of Chodak et al.'® compares composites made by
injection molding (+ symbol) and compression
molding (++ symbol). Better results were obtained
with injection molding. Furthermore, Mali** investi-
gated strength properties using acetylene carbon
black and Vulcan carbon black and found similar
results with both fillers.

With regard to utility in bipolar plates, Blunk
et al.> prepared two formulations with polypropyl-
ene as the matrix. For a filler concentration of 15 wt
% graphite fiber, 5 wt % carbon black, and 30 wt %
carbon fiber, they obtained a flexural strength of
83 MPa and a flexural modulus of 16.9 GPa. For
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TABLE I
Summary of Tensile and Flexural Test Results for Polypropylene Filled Composites
Tensile Tensile Flexural Flexural
Authors Filler (wt %) strength (MPa) modulus (GPa) strength (MPa) modulus (GPa)
Petrovic et al.'* N/A 29 1.2
Petrovic et al.'* CB (15) 28 2.0
Petrovic et al.!* CB (25) 26 2.7
Kaynak et al." N/A 29 1.0
Kaynak et al."” CB (15) 25 1.5
Kaynak et al.'® CB (40) 35 32
Chiu and Chiu'® N/A 31 34 1.3
Chiu and Chiu'® CB (13) 33 32 44
Chiu and Chiu'® CB (31) 28 44 7.4
Narkis et al.'” CB (15) 22 1.2
Chodak et al.'® N/AT 41 0.8
Chodak et al.'® N/ATH 36 0.8
Chodak et al.'® CB™ (10) 36 1.2
Chodak et al.'® CB™™ (10) 31 1.0
Arai et al*! SG (85) 49 11.4
Lépez Manchado et a N/A 31 0.9
Lépez Manchado et al.*> SWCNT (0.75) 35 1.2
Lépez Manchado et al.? CB (0.75) 33 0.9
Mali** N/A 21 0.5 32 0.9
Mali** CB? (16) 20 0.9 31 0.8
Mali?* CB® (20) 20 0.9 30 0.9
Mali** CB? (35) 13 0.4 33 1.0
Mali** CB® (16) 20 0.9 31 0.8
Mali* CB® (32) 11 0.6 31 0.9
Zhou et al.?® N/A 36
Zhou et al.? MWCNT (12.5) 37
Zhou et al.?® CB (12.5) 37
Kalaitzidou et al.? N/A 1.5 1.3
Kalaitzidou et al.?® CB (6) 3.0 2.1
Bao and Tjong’ N/A 31 1.6
Bao and Tjong’ MWCNT (1) 36 2.1
Akinci®® SG (10) 29 25
Akinci®® SG (30) 21 49
Akinci®® SG (50) 17 5.5
Ansari® N/A 31 1.2 1.6
Ansari® MWCNT (0.5) 34 1.5 1.6
Symbols:

* for injection molding, “* for compression molding.
? for acetylene carbon black.
b for Vulcan carbon black.

comparison purposes, a composite with 40 wt % car-
bon fiber as a single filler led to a flexural strength
of 28.9 MPa and a flexural modulus of 10.1 GPa.
Mighri et al.>’ measured a flexural strength of 45
MPa and a flexural modulus of 8.0 GPa for polypro-
pylene with 16.5 wt % carbon black and 38.5 wt %
graphite. They also measured flexural strength of 52
MPa and a flexural modulus of 10.0 GPa for poly-
propylene with 16.5 wt % carbon black, 33.5 wt %
graphite, and 5 wt % carbon fiber. When using a
poly(phenylene sulfide) matrix, they obtained a flex-
ural strength of 84 MPa and a flexural modulus of
19.0 GPa with 85 wt % carbon black, 43.8 wt %
graphite, and 4 wt % carbon fiber. More recently,
Cunnhingham et al.** proposed the production of
wet-lay composite materials containing graphite in

poly(ethylene terephthalate) and poly(phenylene sul-
fide). They obtained a tensile strength of up to 34
MPa and a flexural strength of up to 54 MPa.

As part of a larger project, research work in our
laboratory has proposed the addition of higher con-
centrations of carbon fillers to a liquid crystal poly-
mer (LCP) matrix>>® and a polypropylene ma-
trix® to achieve a large enhancement of the
thermal and electrical properties of the materials
produced while maintaining good strength proper-
ties. As such, the focus of this article will be on the
tensile and flexural properties and tensile modulus
modeling of injection molded carbon/polypropylene
composites. Polypropylene is a thermoplastic that
can be remelted and used again. Three different car-
bon fillers (electrically conductive carbon black,

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Properties of Dow’s H7012-35RN Polypropylene Resin*®
Melting point 163°C
Glass transition temperature —6.6°C
Melt flow rate (230°C/2.16 kg) 35 g/10 min
Density 0.9 g/cc

synthetic graphite particles and carbon nanotubes)
were studied. Composites containing various
amounts of a single type of carbon filler were fabri-
cated and tested. The goal of this work was to deter-
mine the effects of these fillers on the composite ten-
sile and flexural properties. Properties of these
composites were compared to results from prior
work for carbon/LCP matrix composites.

EXPERIMENTAL
Materials

The matrix used for this project was Dow’s semi-
crystalline  homopolymer polypropylene resin
H7012-35RN (Midland, MI). The properties of this
polymer are shown in Table I1.* The flexural and
tensile results for polypropylene composites will be
compared with those in a Ticona Vectra A950RX lig-
uid-crystal polymer matrix (Summit, NJ). Vectra is a
highly ordered thermoplastic copolymer consisting
of 73 mol % hydroxybenzoic acid and 27 mol %
hydroxynaphtoic acid. Properties of Vectra are
shown elsewhere.”

The first filler used in this study was Ketjenblack
EC-600 JD. This 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 poly-
mer, which results in improved electrical conductiv-
ity 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 in the form
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.*” A diagram of this car-
bon black structure is shown in Figure 1.

Table IV shows the properties of Asbury Carbons’
Thermocarb TC-300 (Asbury, NJ), which is a pri-

TABLE III

Properties of Akzo Nobel Ketjenblack EC-600 JD*°
Electrical resistivity 0.01-0.1 Q@ cm
Aggregate size 30-100 nm
Specific gravity 1.8 g/cm®
Apparent bulk density 100-120 kg/m?>
Ash content, max 0.1 wt %
Moisture, max. 0.5 wt %
Brunauer-Emmett-Teller surface area 1250 m?/ g

Pore volume 480-510 cm®/100 g

LOPEZ GAXIOLA ET AL.

Figure 1 Structure of Ketjenblack EC — 600 JD.

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. A photo-
micrograph of this synthetic graphite is shown in
Figure 2.

Hyperion Catalysis International’s FIBRI nano-
tubes (Cambridge, MA) were the third filler used in
this study. This is a conductive, vapor grown, multi-
walled carbon nanotube. They are produced from a
high purity, low molecular weight hydrocarbon in a
proprietary, continuous, gas phase, catalyzed reac-
tion. The outside diameter of the nanotube is 10 nm
and the length is 10 um, which gives an aspect ratio
(length/diameter) of 1000. Due to this high aspect
ratio, very low concentrations of nanotubes are

LTM

TABLE IV
Properties of Thermocarb TC-300 Synthetic Graphite**

Thermocarb TC-300

Filler synthetic graphite
Carbon content (wt %) 99.91
Ash (wt %) <0.1
Sulfur (wt %) 0.004
Density (g/cc) 2.24
Brunauer-Emmett-Teller 1.4
surface area (m?/ )
Thermal conductivity at 600. in “a”
23°C (W/m K) crystallographic
direction
Electrical resistivity of bulk 0.020
carbon powder at 150 psi, 23°C,
parallel to pressing axis (Q cm)
Particle shape Acircular
Particle aspect ratio 1.7
Sieve analysis (wt %)
+600 um 0.19
+500 pm 0.36
+300 pm 524
+212 pm 12.04
+180 pm 8.25
+150 pm 12.44
+75 pm 34.89
+44 um 16.17
—44 um 10.42

Journal of Applied Polymer Science DOI 10.1002/app



EFFECTS OF CARBON FILLERS ON POLYPROPYLENE COMPOSITE STRENGTH 1623

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

needed to produce an electrically conductive com-
posite. This material was provided by Hyperion Ca-
talysis International in a 20 wt % FIBRIL™ master-
batch MB3020-01. Table V shows the properties of
this carbon filler.**

The concentrations (shown in wt % and the corre-
sponding vol %) for all of the single filler composites
in polypropylene tested in this research are shown
in Table VI. In this and following tables and text, the
abbreviation “PP” is used to signify polypropylene,
“CB” is used to signify carbon black (Ketjenblack
EC-600]D), “SG” is used for synthetic graphite (Ther-
mocarb TC-300), and “CNT” is used for carbon
nanotube (FIBRIL™). We note that increasing filler
amount increases composite melt viscosity. Due to
the large increase in composite melt viscosity, car-
bon black is only used at low loading levels.** The
maximum single filler content that could be
extruded and injection molded into test specimens
were 15 wt % for carbon black, 80 wt % for synthetic
graphite, and 15 wt % for carbon nanotubes.

It is noted that our studies cover a wider range
in the amount of filler used (formulations ranged
from six to fifteen different filler loadings), types of
filler (three fillers were used), and types of matrix
materials (in a later section we will compare results

TABLE V
Properties of FIBRIL™ Carbon Nanotubes*®

Composition Pure carbon with trace
residual metal oxide catalyst

Diameter 0.01 pm

Length 10 pm

Morphology Typically eight graphitic sheets

wrapped around a hollow
0.005 pm core

Brunauer—-Emmett-Teller 250 m?2/ g
(N,) surface area
Density 2.0 g/cc

TABLE VI

Single Filler Loading Levels in Polypropylene
Filler Ketjenblack Thermocarb Carbon
(wt %) (vol %) (vol %) nanotubes (vol %)
2.5 1.27 N/A 1.14
4.0 2.04 N/A 1.84
5.0 2.56 N/A 2.31
6.0 3.09 N/A 2.79
7.5 3.90 N/A 3.52
10.0 5.26 4.27 N/A
15.0 8.11 6.62 7.36
20.0 N/A 9.13 N/A
25.0 N/A 11.81 N/A
30.0 N/A 14.69 N/A
35.0 N/A 17.79 N/A
40.0 N/A 21.13 N/A
45.0 N/A 24.74 N/A
50.0 N/A 28.66 N/A
55.0 N/A 3293 N/A
60.0 N/A 37.60 N/A
65.0 N/A 42.70 N/A
70.0 N/A 48.40 N/A
75.0 N/A 54.66 N/A
80.0 N/A 61.64 N/A

for polypropylene composites with Vectra LCP com-
posites) when compared with the scientific literature
summary of Table 1.%14718212224-262829 Thiq not only
aids in interpretation of experimental results for fuel
cell bipolar plate applications, but also allows for a
tensile module modeling study which will be
described later.

Test specimen fabrication

For this entire project, the fillers and polypropylene
were used as- received. The extruder used was an
American Leistritz Extruder Corporation Model ZSE
27 (Somerville, NJ). This extruder has a 27 mm coro-
tating intermeshing twin screw with 10 zones and a
length/diameter ratio of 40. The screw design,
which is shown elsewhere,** was chosen to obtain a
minimum amount of filler degradation, while still
dispersing the fillers well in the polymers. The pure
polypropylene pellets and the Hyperion FIBRIL™
masterbatch MB3020-01 (containing 20 wt % carbon
nanotubes) were introduced in Zone 1. Synthetic
graphite and carbon black were added into the poly-
mer melt at Zone 5. Schenck AccuRate (Whitewater,
WI) gravimetric feeders were used to accurately con-
trol the amount of each material added to the ex-
truder. A typical temperature profile for extrusion is
shown in Table VIL

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, polypropylene based
composites were dried in an indirect heated

Journal of Applied Polymer Science DOI 10.1002/app
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dehumidifying drying oven at 80°C for 4 h and then
stored in moisture barrier bags before injection
molding.

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 mm, 180 mm, and
144 mm respectively. A typical injection molding
temperature profile was 149°C (zone 1, feed), 204°C
(zone 2), 216°C (zone 3), and 227°C (zone 4, nozzle).
A four cavity mold was used to produce 3.3 mm
thick ASTM Type 1 tensile bars (end-gated) and 3
mm thick, 127 mm long, 12.3 mm wide flexural bars
(end-gated).

Synthetic graphite length, aspect ratio, and
orientation test method

To determine the length and aspect ratio (length/di-
ameter) of the synthetic graphite in the composites,
xylene at 120°C was used to dissolve the polypro-
pylene matrix. The fillers were then dispersed onto a
glass slide and viewed using an Olympus SZH10
optical microscope with an Optronics Engineering
LX-750 video camera (Orangeburg, NY). The filler
images (at 70x magnification) were collected using
Scion Image Version 1.62 software. The images were
then processed using Adobe Photoshop 5.0 (San
Jose, CA) and the Image Processing Tool Kit version
3.0 (Natick, MA). The length and aspect ratio of each
particle was measured. For each formulation,
~ 1,000 particles were measured. To determine the
orientation of the synthetic graphite in the tensile
and flexural specimens, the samples were cast in ep-
oxy so that the direction of flow induced during the
injection-molding process, which was also the
lengthwise direction, would be viewed. The samples
were then polished and viewed with an Olympus
BX60 reflected light microscope at a magnification of
200x. Adobe Photoshop 5.0 and the Image Process-
ing Tool Kit version 3.0 were used to process the
images. For each formulation, the orientation was
determined by viewing typically 1000 particles.

Tensile test method

The tensile properties (at ambient conditions, 165
mm long, 3.3 mm thick ASTM Type I sample geom-
etry) from all formulations were determined with
ASTM D 638 at a crosshead rate of 5 mm/min for
reinforced plastics.*> An Instru-Met Sintech screw-
driven mechanical testing machine was used. The
tensile modulus was calculated from the initial lin-
ear portion of the stress—strain curve. For each for-
mulation, at least five samples were tested.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 3 (a) Portion of flexural bar from where nano-
scratch specimens were cut. (b) Sample arrangement for
nanoscratch testing.

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 mm thick, 127 mm long and 12.3 mm wide. A
span of 48 mm (corresponding to a 16 : 1 span/
thickness ratio) was used in an Instru-Met (Union,
NJ) Sintech screw-driven mechanical testing
machine. Deflection was measured with a linear
variable displacement transducer. The flexural mod-
ulus was calculated from the initial linear portion of
the load- deflection curve. For each formulation, at
least five samples were tested.

Nanoscratch testing

Nanoscratch tests were performed on samples cut
from the center of flexural specimens for the formu-
lation containing 20 wt % of Thermocarb TC-300 in
polypropylene, as shown in Figure 3(a). Then, the
3 mm thick x 12.3 mm long face was mounted in
epoxy, as shown in Figure 3(b), and tested with a
MTS Nano Indenter XP (Oak Ridge, TN). The typical
test was run under a constant load of 40 mN. The
scratch length was 500 pm, the scratch speed was
10 pm/s, and data were sampled at 5 Hz.

For each sample, two batches of five scratches
were made and two test samples were used for the
composite and one sample for the neat polypropyl-
ene. A Berkovich indenter was used for the tests
with scratches made in the edge-forward direction,
as shown in Figure 4. Data collected included force
on sample, penetration of the indenter relative to the
surface of the sample, force along the scratch
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Lateral force

Scratch o
direction ™ <—— Friction force

Figure 4 Scratch direction used in the tests with the Ber-
kovich indenter.

direction (friction force), and force normal to the
scratch direction (lateral force). All the data were
recorded with respect to distance along the scratch.
The friction and lateral forces are also depicted in
Figure 4.

A scratch test is performed in three stages, the
original profile, the scratch segment, and the resid-
ual profile. The original profile is obtained under a
very small load (20 uN) and is used to determine
the original morphology of the surface along the
scratch path. This information is then used to correct
the depth measurements during the scratch segment
for roughness and initial slope of the sample. The
same corrections are applied in the determination of
the residual profile. In this study, the information on
the residual profile was not used in the analysis.

The penetration during scratch was characterized
by the crest factor,*” a parameter used as a measure
of spikeness in the data. This measure is mainly
used in digital signal analysis of waveforms and is
defined as the peak amplitude divided by the root
mean square of the penetration:

Crest factor = ‘Ymaxi;{mm‘ )
2 N2y

where Ymax is the maximum penetration along the
scratch length, Ymin is the minimum penetration
along the scratch length, y is the penetration (nm)
along the scratch length and N is the number of
data points considered for a given scratch. During a
typical scratch test, data is collected over 500 pm. To
avoid any end effects at the beginning and end of
the scratch length, data over the first and last 10 pm
of the scratch were omitted in the calculations of the
crest factor.

Scratch tests performed on a heterogeneous mate-
rial under a constant normal load give the local com-
pliance of the material, so it is possible to detect the
filler-rich and matrix-rich areas along the scratch
path. A shallow scratch depth indicates a high-stiff-
ness (filler-rich) area, and a larger scratch depth
indicates a lower stiffness (matrix-rich) area. Because

the width of the groove generated by the scratch tip
(ca. 30 um) is large compared to the small size of the
carbon black and carbon nanotubes, these compo-
sites could not be studied using the nanoscratch
method. This method was only used in the compo-
sites containing synthetic graphite.

RESULTS AND DISCUSSION
Filler Length, aspect ratio and orientation results

The injection molded polypropylene test specimens
filled with Thermocarb TC-300 had a filler aspect ra-
tio of 1.67 and a length of 40 pm. Because the tensile
and flexural test specimens are end-gated, the syn-
thetic graphite is primarily aligned with the length
of the tensile specimens. These results show good
agreement with values obtained from prior work for
nylon, polycarbonate and LCP resins.**> Photomi-
crographs showing the orientation of the synthetic
graphite are shown elsewhere.’******°! Photomi-
crographs showing the dispersion of carbon nano-
tubes and carbon black are shown elsewhere.’® We
note that the aspect ratio and length of the carbon
black could not be measured due to the small size of
the particles (30-100 nm). Carbon nanotubes had a
length of 10 pm and a diameter of 0.01 pm. These
values provided by the vendor yielded an aspect ra-
tio of 1000 for this filler.*’

Tensile test results

Figure 5 shows typical stress—strain graphs for the
composite materials used in this study. The tensile
modulus, ultimate tensile strength, and strain at ulti-
mate tensile strength results are shown in Figures 6—
8 for carbon/polypropylene composites, as the mean

40

Carbon Nanotubes

Carbon Black Polypropylene

Synthetic Graphite

Tensile Stress (MPa)
~
S

0 1 2 3 4 5 6
Strain (%)

Figure 5 Typical tensile stress—strain plots for pure poly-
propylene (initial portion), polypropylene with 6 wt % car-
bon black, polypropylene with 20 wt % synthetic graphite,
and polypropylene with 6 wt % carbon nanotubes.
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Figure 6 Single filler tensile modulus results for CB/PP,
SG/PP, CNT/PP, CB/vectra, and SG/vectra composites.

plus or minus one standard deviation, as a function
of the filler volume fraction. The error bars are not
shown for formulations where one standard devia-
tion is less than the marker size. It is noted that
results for Vectra composites are also included in
Figures 6 and 7. These results will be discussed in
the next section. For all the carbon/polypropylene
samples tested, the ultimate tensile strength values
were the same as the fracture tensile strength.

Figure 6 shows the tensile modulus as a function
of the filler volume fraction, for formulations con-
taining single fillers in polypropylene. The measured
value of the tensile modulus of pure PP was 1510
MPa. In Figure 6 it can be seen that higher concen-
trations of all carbon fillers in the polypropylene ma-
trix caused an increase in the tensile modulus of the
composite. This can be explained by the fact that the
tensile modulus of the fillers is much higher than
that of the neat polypropylene.*”**>* The adhesion
between the filler and the matrix may also contrib-

OCB/PP

© CB/Vectra
140 osG/PP
ASG/Vectra
X CNT/PP
120 { o A A

80 © A

Ultimate Tensile Strength (MPa)

40

20

Filler Volume Percent

Figure 7 Single filler ultimate tensile strength results for
CB/PP, SG/PP, CNT/PP, CB/vectra, and SG/vectra
composites.
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Figure 8 Strain at ultimate tensile strength for polypro-
pylene composites containing various amounts of single
fillers.

ute to this effect, and will be described in a follow-
ing subsection. Based upon a comparison at low fil-
ler concentrations, the largest relative increase was
observed in formulations containing carbon nano-
tubes, followed by formulations containing carbon
black. We also note that the largest value of the ten-
sile. modulus measured in our experiments was
16,200 MPa at a concentration of 61.64 vol % (80 wt
%) synthetic graphite. These results compare well
with those in the literature, which shows an increase
in tensile modulus as the fillers used in this study
are added to polypropylene.”!>18:2%2426:26:29

Figure 7 shows the ultimate tensile strength for
composites containing various amounts of single fil-
ler in polypropylene. In general, the ultimate tensile
strength is relatively unchanged for all systems stud-
ied. It can be seen that carbon black causes a
decrease in the ultimate tensile strength, which
agrees with those seen in the literature at low filler
loadings.'*'>'82* The results of Chiu and Chiu'® and
Zhou et al.” show a very slight increase in ultimate
tensile strength. Composites containing synthetic
graphite particles had a similar decrease to carbon
black in the values of the ultimate tensile strength.
The behavior of the ultimate tensile strength using
synthetic graphite agrees with prior work by Konell
et al.* and with Akinci® for synthetic graphite in
polypropylene. This result is likely because synthetic
graphite (with an aspect ratio of 1.67) is not a rein-
forcing material.

Also in Figure 7, opposite to what occurred with
carbon black and synthetic graphite, it can be seen
that the addition of carbon nanotubes caused the
ultimate tensile strength to increase slightly, similar
to that observed by others when low concentrations
of carbon nanotubes are added to polypropyl-
ene.””*™ This result is expected due to the high
aspect ratio (1000) of the carbon nanotubes.*
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TABLE VII
Temperature Profile for Extrusion

Extruder zone Temperature (°C)

Feed zone Water cooled
Heated zone 1 150
Heated zone 2 180
Heated zone 3 195
Heated zone 4 210
Heated zone 5 220
Heated zone 6 220
Heated zone 7 220
Heated zone 8 220
Heated zone 9 220
Heated zone 10 (Die End) 220

The strain at ultimate tensile stress results for the
carbon black, synthetic graphite and carbon nano-
tubes in polypropylene are illustrated in Figure 8.
As expected, it can be observed that strain values
for all three fillers decrease when filler is added. At
the highest concentrations of carbon fillers, the strain
at ultimate strength values were reduced the most
with carbon black, followed by carbon nanotubes.
This decrease in the strain at ultimate tensile
strength with the addition of carbon fillers, agrees
with results observed by Huang™ and Konell et al.*
We also note that at the largest loading of synthetic
graphite, 61.64 vol % (80 wt %), the strain at ulti-
mate tensile strength was measured to be 0.23%.

Comparison of tensile results for polypropylene
and liquid crystal polymer composites

Because prior tensile and flexural strength tests were
performed using carbon black and synthetic graphite
in a Vectra liquid crystal polymer matrix (LCP) for
use in fuel cell bipolar plate applications,” a com-
parison is made in Figures 6 and 7. The filler vol-
ume fractions used in the LCP matrix are summar-
ized in Table VIIL> The tensile modulus increased
as a function of the filler volume percent with
increasing filler concentration for both carbon black
and synthetic graphite in the polypropylene, as indi-
cated in Figure 6. This result is consistent for syn-
thetic graphite in the LCP matrix. However, the
addition of carbon black to LCP resulted in a reduc-
tion in tensile modulus, in contrast with the increase
in tensile modulus seen in the carbon black/poly-
propylene composites. Prior work has shown that
Vectra has had poor adhesion to some carbon fil-
lers,””® and we hypothesize that carbon black may
also have poor adhesion to Vectra, which may
explain the poor tensile modulus results in Vectra.
Figure 7 shows that both carbon black and syn-
thetic graphite caused the ultimate tensile strength
to decrease for LCP and polypropylene composites;
however, the reduction is much more significant in

the LCP composites. Carbon black in polypropylene
caused the smallest decrease in the ultimate tensile
strength with values of 32.7 MPa for the neat poly-
mer and 30.2 MPa for a concentration of 8.11 vol %
(15 wt %) of carbon black. For comparison, the ulti-
mate tensile strength for neat Vectra was 145.2 MPa
and decreased to 68.4 MPa with a carbon black load-
ing of 7.95 vol % (10 wt %). This result supports our
hypothesis that carbon black may have poor adhe-
sion to Vectra. Finally, the composites formed with
synthetic graphite and polypropylene has an ulti-
mate tensile strength of 26.0 MPa at a concentration
of 48.40 vol % (70 wt %), which can be compared to
the synthetic graphite/Vectra composite at 58.2 MPa
at 48.39 vol % (60 wt %).

Overall, the tensile modulus and ultimate tensile
strength of the composites with Vectra as the poly-
mer matrix were higher due to its liquid crystal
structure. The rod-like shaped structure of the solid
LCP contributes to the reinforcement of the
composite.”*°

Flexural test results

Figures 9-11 show the flexural test results for each
formulation. When the standard deviation for each
formulation was less than the marker size in the
graphs, the error bars were not displayed. Figures
9-10 also show the results for carbon/Vectra compo-
sites, which will be described in the next section.
The flexural modulus results for composites with
varying amounts of the single fillers in polypropyl-
ene are shown in Figure 9. For the pure polypropyl-
ene, the experimental flexural modulus is 1700 MPa.
Adding each of the three single carbon fillers caused
an increase in the flexural modulus. The largest
effect is due to carbon nanotubes, followed by car-
bon black. As a final note, the maximum flexural

TABLE VIII
Single Filler Loading Levels in Vectra A950RX>®

Filler (wt %) Ketjenblack (vol %) Thermocarb (vol %)

2.5 1.96 N/A
4.0 3.14 N/A
5.0 3.93 N/A
6.0 473 N/A
7.5 593 N/A
10.0 7.95 6.49
15.0 N/A 9.93
20.0 N/A 13.51
25.0 N/A 17.24
30.0 N/A 21.13
35.0 N/A 25.18
40.0 N/A 29.41
45.0 N/A 33.83
50.0 N/A 38.46
55.0 N/A 43.31
60.0 N/A 48.39
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Figure 9 Single filler flexural modulus results for CB/PP,
SG/PP, CNT/PP, CB/vectra, and SG/vectra composites.

modulus for our experiments was 15,400 MPa which
was obtained with synthetic graphite at 61.64 vol %
(80 wt %).

It can be seen that the flexural modulus behavior
as function of the volume fraction of the fillers, fol-
lowed the same trend observed in the tensile modu-
lus results. The change in the properties of the pure
polypropylene can be attributed to the higher modu-
lus of the carbon fillers. If we compare the results of
different fillers at low concentrations in Figure 9, it
can be seen that the largest increase was observed in
composites containing carbon nanotubes, due to the
high aspect ratio of the filler. The carbon
black'#'®?*2 and synthetic graphite®" results are
consistent with that seen in the literature. Ansari*
found no increase in flexural modulus with addition
of 0.5 wt % multiwalled carbon nanotubes. How-
ever, both Lopez Manchado et al.** and Ansari®
found an increase in tensile modulus with increasing
concentration of carbon nanotubes.
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Figure 10 Single filler ultimate flexural strength results
for CB/PP, SG/PP, CNT/PP, CB/vectra, and SG/vectra
composites.
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Figure 11 Strain at ultimate flexural strength for polypro-
pylene composites containing various amounts of single
fillers.

In Figure 10, it can be seen that the ultimate flex-
ural strength of pure polypropylene was 60.8 MPa.
For comparison purposes, the addition of carbon
nanotubes caused an increase in the ultimate flexural
strength to 73.4 MPa for composites with 7.36 vol %
(15 wt %), due to the high aspect ratio of carbon
nanotubes. The increase in flexural strength is con-
sistent with the increase in tensile strength seen in
our results (Fig. 7) and in the literature. 22,2955 The
addition of 8.11 vol % (15 wt %) carbon black led to
a decrease in ultimate flexural strength to 59.5 MPa.
This is consistent with that seen in the literature.'®**
Finally, it is noted that at the highest concentration
used for each of three fillers, the composites contain-
ing a concentration of 61.64 vol % (80 wt %) syn-
thetic graphite had the lowest ultimate flexural
strength (43.1 MPa).

Figure 11 illustrates the strain at ultimate flexural
strength results for composites filled with carbon
black, synthetic graphite and carbon nanotubes. As
expected, the addition of any of these fillers caused
the strain to decrease. In comparison, synthetic
graphite led to the lowest decrease in strain, fol-
lowed by carbon nanotubes. The lowest value was
observed in composites with synthetic graphite,
which was 0.44% for a filler concentration of 61.64
vol % (80 wt %) of synthetic graphite particles.

Comparison of flexural results for polypropylene
and liquid crystal polymer composites

Figures 9-10 show the mean flexural modulus and
ultimate flexural strength, respectively and one
standard deviation for at least five specimens tested
of composites with carbon black and synthetic
graphite in polypropylene and in Vectra A950RX
LCP matrices. Similar with the tensile results, syn-
thetic graphite caused an increase in the flexural
modulus in both matrices. In the polypropylene
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Figure 12 Displacement normal to the surface under a
constant force of 40 mN for composites containing 20 wt
% of synthetic graphite particles in polypropylene.

matrix, the addition of carbon black caused an
increase in the flexural modulus from 1700 MPa for
the pure polypropylene to 2800 MPa at a carbon
black concentration of 8.11 vol % (15 wt %) carbon
black. As described earlier, this may be due to poor
adhesion between carbon black and Vectra.

As expected, a decrease in the ultimate flexural
strength was observed in the composites with single
amounts of carbon black and synthetic graphite in
polypropylene and LCP as it can be seen in Figure
10. At a concentration of 8.11 vol % (15 wt %) of car-
bon black in polypropylene, the value measured for
the ultimate flexural strength was 59.5 MPa and for
the LCP composites with 7.95 vol % (10 wt %) car-
bon black, an ultimate flexural strength of 82.0 MPa
was observed. The addition of synthetic graphite
also caused a decrease in the ultimate flexural
strength of the composites in the two different matri-
ces. The ultimate flexural strength value measured
for the composites containing 48.40 vol % (70 wt %)
synthetic graphite in polypropylene was 49.5 MPa.
The composites with 48.39 vol % (60 wt %) synthetic
graphite in LCP, had an ultimate flexural strength of
88.3 MPa. Again, the carbon/Vectra composites have
better flexural properties than the carbon/polypro-
pylene composites due to the liquid-crystalline struc-
ture of the Vectra.

Nanoscratch results

The indenter displacement as a function of the
scratch distance for the formulation containing 20 wt
% of synthetic graphite in polypropylene is shown
in Figure 12. The degree of adhesion between the
synthetic graphite particles and the polypropylene
matrix affected the transition regions in the plot,
between the filler-rich area (lower penetration) and
matrix-rich areas (higher penetration). A photomi-

crograph of the scratch surface is also shown in
Figure 12.

Table IX shows the results for the crest factor,
comparing the penetration of the indenter into com-
posites containing 20 wt % in Vectra A950RX LCP
and in the polypropylene matrix used in this pro-
ject.! Previous research®® has shown that the nor-
malized crest factor (ratio of the composite crest fac-
tor to the polymer crest factor) can be used as a
measure to compare the relative degree of adhesion
between different composites having the same ma-
trix but different types of fillers. A higher normal-
ized crest factor is indicative of a resistance of the
composite to scratching, due to better filler/matrix
adhesion.

Table IX shows that the crest factor for the matrix
materials polypropylene and Vectra were close to
zero, because there was no filler causing perturba-
tion in the displacement. Table IX also shows the
normalized crest factor used to estimate the effect of
filler/matrix adhesion. If we correlate the nano-
scratch results to the ratio of composite tensile mod-
ulus to matrix tensile modulus, we find for 48.40 vol
% (70 wt %) of synthetic graphite in polypropylene,
a modulus enhancement ratio of 8.4 is found (12600
MPa /1510 MPa), while for 48.39 vol % (60 wt %) of
synthetic graphite in Vectra, a modulus enhance-
ment ratio was found to be 3.0 (21000 MPa/7070
MPa) which might be attributed to better filler/ma-
trix adhesion for the polypropylene composites.

TENSILE MODULUS MODELING
Background

Many models® are used to predict the tensile modu-
lus of a two-component composite material (for
example, one matrix material and one filler). Shown
below are the most basic models.

E.=V,E, + VfEf
Rule of mixtures (series model)

)

TABLE IX
Penetration Crest Factors for Polymer Composites with
20 wt % Synthetic Graphite in Different Matrices™

Number of Normalized
scratch tests Mean crest crest factor
Formulation performed factor (matrix = 1.00)
Thermocarb/ 10 0.149 1.79
vectra
Thermocarb/ 10 0.110 5.03
polypropylene
Pure vectra 10 0.083 1.00
Pure 5 0.022 1.00
polypropylene
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1 _Vu Vs

E. E. Ef ®)
Inverse rule of mixtures (parallel model)

where: E. = composite tensile modulus

V¢ = volume fraction of filler

V,u = volume fraction of matrix =1 — V;

E,, = tensile modulus of matrix

Ef = tensile modulus of filler

The rule of mixtures model typically overpredicts
the modulus of short fiber/particulate composites,
whereas the inverse rule of mixtures model typically
underpredicts the modulus of short fiber/particulate
composites.

More detailed models such as the Halpin-Tsai
equations can be used to predict the modulus of short
fiber composites.®®>® The analysis uses the longitudi-
nal and transverse moduli of aligned unidirectional
(oriented) short fiber composites, given below.

Ep  1+2(L/d)n Vf

B Tom @
R L ®
] Ay ©
(5/E0) 1 o

= E JEy) +2

where: E; = longitudinal composite tensile modulus

Er = transverse composite tensile modulus

L = filler length

d = filler diameter

It is noted that eq. (4) will be referred to in this ar-
ticle as the Halpin-Tsai oriented fiber model.

The longitudinal and transverse models can be
combined for a two-dimensional random orientation
of fibers, as shown in eq. (8),63 and for a three-
dimensional random orientation of fibers, as shown
in eq. (9).5

E.= gEL + gET 2D Randomly oriented fiber (8)
1 4 . .
E.= 5 Er + EET 3D Randomly oriented fiber (9)

Nielsen® 7 has developed a macroscopic model
that is the most versatile for short fiber/particulate
composites. It accounts for constituent properties
and concentrations of each constituent. Furthermore,
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the aspect ratio, orientation, and packing of the fil-
lers in included in the model

E. 1+ ABV¢
E. 1-ByV; (10)
A=kp—-1 (11)

Ef/E, —1

f [ Bm

B=—+——— 12
Ef/Em-l-A ( )

1- m
y~1+ ¢2¢ Vi (13)

where ¢,, = maximum packing fraction of the filler.

The constant A in eq. (11) is related to the general-
ized Einstein coefficient, which is a function of the
aspect ratio and orientation (random vs. unidirec-
tional) of the filler, while ¢,, is based on the particle
shape (sphere, irregular particles, fibers) and pack-
ing order (random loose, random close, three-dimen-
sional random, etc). In eq. (12), the relative modulus
of the two components (one matrix and one filler) is
captured in the parameter B. In eq. (13), the factor ¥
is related to the maximum packing fraction of the fil-
ler. We note that the value of ®V}, equivalent to a
reduced volume fraction, approaches 1.0 when V; =
d)m-

Alternatives to eq. (13) have also been proposed
by McGee and McCullough®”":

wzugﬁ%w+a—%wu (14)

In this work, egs. (10)-(12) and (14) are referred as
the Modified Nielsen model.

Modeling results

All the above tensile modulus models use the tensile
modulus of each constituent. Based on the previous
experimental results, the tensile modulus of polypro-
pylene was 1500 MPa. In previous modeling
research on nylon 6,6 and polycarbonate compo-
sites,” the modulus of Thermocarb TC-300 used was
827 GPa and the modulus of Ketjenblack EC-600 JD
was 827 GPa. The modulus of carbon nanotubes is
available in the recent literature®>*’>” and in the
range of 900-1060 GPa. As such, we use 1000 GPa
for our modeling work.

In addition to filler tensile modulus, some of the
models need the filler aspect ratio (L/d). For syn-
thetic graphite, the aspect ratio used was 1.67. For
carbon nanotubes, the aspect ratio used was 1000.43
Finally, it is assumed that carbon black is a spherical
particle. As such, a value of 1.5 was used instead of
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Figure 13 Tensile modulus modeling for carbon black in
polypropylene. From lowest to highest, the models are
Inverse Rule of Mixtures, Halpin-Tsai Oriented Fiber, 2D
Halpin-Tsai, 3D Halpin-Tsai, Nielsen, and Modified
Nielsen.

2(L/d) in the Halpin-Tsai model.”*®* We note that
due to the particle shape, all of the Halpin-Tsai
equations become the same for carbon black
composites.

Basic and Halpin-Tsai models

Tensile modulus values predicted by the inverse
rule of mixtures, Halpin-Tsai models and Nielsen
models are shown in Figures 13-15 for single filler
formulations containing carbon black, synthetic
graphite and carbon nanotubes in polypropylene,
respectively. The rule of mixtures was not included
in these figures, because it severely overpredicts the
tensile modulus of the composites. The first observa-
tion we can make from this graphs, is that the

20 4

<& Experimental /
—-—-Inverse Rule of Mixtures K
7 ----Halpin-Tsai Oriented Fiber /
= Halpin-Tsai 2D Randomly Oriented Fiber N
16 { ——-Halpin-Tsai 3D Randomly Oriented Fiber / <
—— Nielsen Model .
— - Modified Nielsen Model /

14 4
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o ~

®

Tensile Modulus (GPa)

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Filler Volume Percent

Figure 14 Tensile modulus modeling for synthetic graph-
ite in polypropylene. From lowest to highest, the models
at 55 wt% are Inverse Rule of Mixtures, 3D Halpin-Tsai,
2D Halpin-Tsai, Halpin-Tsai Oriented Fiber, Modified
Nielsen, and Nielsen.
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Figure 15 Tensile modulus modeling for carbon nano-
tubes in polypropylene. From lowest to highest, the mod-
els at are Inverse Rule of Mixtures, Nielsen, Modified
Nielsen, 3D Halpin-Tsai, 2D Halpin-Tsai, and Halpin-Tsai
Oriented Fiber.

inverse rule of mixtures model yielded the lowest
values for the tensile modulus of the composites for
all three fillers. In Figures 13 and 14, it can be
observed that the Halpin-Tsai models are also
underpredicting the tensile modulus of the compo-
sites with carbon black and synthetic graphite in
polypropylene. However, Figure 15 is showing that
the Halpin-Tsai models yield higher values when
compared to the experimental data for composites
with different amounts of carbon nanotubes. This
result is likely due to the extremely high aspect ratio
of carbon nanotubes.

Nielsen’s models

Nielsen’s model wuses the parameters A and
¢, which depend on the shape and aspect ratio of
fillers. These values are available in the literature®®”°
for different types of filler particles. The selected val-
ues are listed below:

Carbon black: A = 1.5 (spheres)

Gm =02

Synthetic graphite: A = 2(L/d) (uniaxially oriented
rods with aspect ratio L/d = 1.68)

b = 0.637 (irregular particles)

Carbon nanotubes: A = 8.38 (random fibers with
aspect ratio = 15, largest published value)

Gm =02

It is noted that since the actual aspect ratio in our
system is unknown, the A value of 8.38 for carbon
nanotubes is only an estimate. Overall, the results
given by the modified Nielsen’s model [eq. (10)-
(13)] appear to give reasonable results for SG/PP,
CB/PP, and CNT/PP composites. This is consistent
with that seen in the earlier study of Konell et al.”*
for carbon black and synthetic graphite fillers in
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nylon 6,6 and in polycarbonate resins. However,
Keith et al.°" found that for composites containing
synthetic graphite in Vectra, the Halpin-Tsai models
performed the best, with the Nielsen model under-
predicting the tensile modulus. This could be attrib-
uted to the poor adhesion of the synthetic graphite
with the Vectra polymer.

CONCLUSIONS

Addition of different amounts of carbon fillers
increases the tensile and flexural modulus of the
composites. However, the ultimate tensile and flex-
ural strengths for composites with carbon black and
synthetic graphite as single fillers, decreased with
higher filler concentrations. These results are consist-
ent with that seen in the literature. Since carbon
nanotubes have a much higher aspect ratio than CB
and SG, the CNT/PP composites showed an increase
in both the flexural and tensile ultimate strengths.
The ultimate flexural strengths measured for all
composites exceeded the 25 MPa requirement set by
the Department of Energy for use of these materials
in fuel cell bipolar plates applications.

Nanoscratch tests performed provide data that
could be used to measure the degree of adhesion
between fillers and the polymer matrix. The scratch
results were represented by the normalized crest fac-
tor. When comparing crest factors of polypropylene
composites with LCP composites, it can be seen that
a better degree of adhesion exists for the carbon/
polypropylene composites. Data analysis was done
using the penetration into the composite surface as a
function of the scratch distance and the results of
this test agree with the results obtained for the ten-
sile modulus of the composites. These results sug-
gest that carbon-filled polypropylene composites
may have suitability in fuel cell bipolar plate
applications.

For this project, different tensile modulus models
were applied, such as the rule of mixtures, inverse
rule of mixtures, Halpin-Tsai oriented models and
Nielsen models for composites containing different
amount of carbon black, synthetic graphite and car-
bon nanotubes in polypropylene. The rule of mix-
tures and inverse rule of mixtures represent the high
and low limits for the predicted values for the ten-
sile modulus respectively. The Halpin-Tsai and the
inverse rule of mixtures models underpredicted the
tensile modulus of the composites containing carbon
black and synthetic graphite. However, for formula-
tions containing carbon nanotubes, the Halpin-Tsai
overpredicts the tensile modulus values, due to the
high aspect ratio of this filler. In all cases, the tensile
modulus results obtained using modified Nielsen
model showed better agreement with the experimen-
tal data. It can be observed that for the carbon
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black/polypropylene and synthetic graphite/poly-
propylene composites, there was a higher deviation
if compared to the carbon nanotubes/polypropylene
formulations.
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