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Abstract

The mechanisms forimproved mechanical and electrical properties of an injection molded, carbon nanotubes (CNTSs) filled, polyethylene
terephthalate (PET)/polyvinylidene fluoride (PVDF) blend have been investigated. It is found that the improved properties are due to the
formation of a triple-continuous structure in the CNT-filled polymer blend; CNT segregates in the continuous PET phase, forming a
continuous conductive path to provide the composite an electrical short circuit. The continuous PVDF phase free from CNT, on the other
hand, offers crack bridging and the interface between the PET and PVDF phases provides crack deflection for the composite. As a result
of such a combination, the CNT-filled PET/PVDF has better electrical conductivity, strength and elongation than the CNT-filled PET with
the same CNT loading. The segregation of CNT in the PET phase of the CNT-filled PET/PVDF blend is due to the thermodynamic driving
force that favors the segregation of CNT in the PET.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction fer from corrosion in the fuel cell environment, which re-
sults in a release of cations. The cations, in turn, lead to
Currently, bipolar plates of polymer electrolyte membrane an increase in membrane resistance and to poisoning of the
(PEM) fuel cells are either made of Pdé&b graphite or electrode catalys{$]. In the case of carbon-filled polymers,
carbon-filled polymers. However, the material and manufac- high carbon loadings (typically > 50vol.%) are needed in
turing costs of these bipolar plates are very high and needorder to provide the required electrical conductiit®,11]
to be reduced by~10 times before PEM fuel cells can be As a result of such high carbon concentrations, utilization of
fully embraced for the automotive applicatih]. For ex- injection molding, which is suitable for mass manufacturing
ample, the cost of a graphite bipolar plate is currently about and will result in low-cost bipolar plated], is precluded
US$ 10 per plate if both the material and machining costs because of the difficulty in processability; instead, compres-
are included?2]. Such a high cost is due to the brittleness of sion molding, which is a slow process because one must
graphite, which drives the machining cost of the flow chan- allow the mold to cool down before the part can be taken
nels on bipolar plates to a prohibitive level. out, often becomes the only choice of processing method
Extensive research has been conducted to search for lonf10]. An additional problem associated with high carbon
cost, high performance bipolar plates. These research ef-concentrations in polymers is the substantial reduction in the
forts include studies of metal-based bipolar plafgs6], strength and ductility of the polymer composites. It is well
carbon-filled polymer§7—9], and carbon/carbon composites known that the tensile strengths of polymer composites in-
[2]. However, these efforts have met limited success; either crease initially with the addition of a small amount of fillers
the performance is not satisfactory or the cost is still high (~5-20vol.% CB), but decrease with higher filler loading
[2-9]. For example, metal-based bipolar plates typically suf- [12—14] Such phenomena have normally been attributed to
the weak filler-matrix interfacgl2].
Recently, we have proposed a concept of making

* Corresponding author. Tek:1 860 486 2592; fax:-1 860 486 4745,  carbon-filled polymer blends containing a triple-continuous
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Fig. 1: Schematic of the microstructure of the proposed
CB/polymer blend composite. Note that CB particles are
prelerentially distributed in one polymer phase. and both polymer
phases are continuous in 3D space.
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Fig. 1. Schematic of the microstructure of the proposed CB/polymer blend composite. Note that CB patrticles are preferentially distributedymeme pol
phase, and both polymer phases are continuous in 3D space.

such a carbon-filled polymer blend, which consists of a bi- 2. Experimental
nary polymer blend both phases of which (i.e., Phases A and
B in Fig. 1) are continuous in 3D space. The conductive car- The detail of making the CNT-filled PET/PVDF blend
bon is preferentially located in one phase (Phase Rign 1) and CNT-filled PET via injection molding can be found else-
and its concentration is high enough to form a continuous where[16] and will not be repeated here. Briefly, CNT was
structure (i.e. at least higher than the percolation thresholdfirst extruded with PET to prepare masterbatches of PET pel-
in Phase A) so that a continuous electrical conductive path lets containing 12 vol.% CNT. These CNT-filled PET pellets
is present in the polymer. Such a triple-continuous structure were subsequently mixed with PVDF pellets in an 1-1 vol-
has the advantage of achieving conductive polymer com- ume ratio and injection molded to form PET/PVDF blends
posites at lower carbon concentrations since only the perco-containing 6 vol.% CNT. The PET containing 6 vol.% CNT
lation threshold in one phase, rather than the entire polymerwas prepared in a similar manner, i.e. the extruded PET with
blend, needs to be exceedé&d,18] Such triple-continuous,  12vol.% CNT was mixed with neat PET pellets in an 1-to-1
carbon-filled polymer blends also offer two additional ad- volume ratio and injection molded.
vantages, which are (i) the improved processability because The electrical conductivity of CNT-filled polymers was
of the low carbon concentration required, and (ii) minimal measured using the two-probe dc method with a Solartron SI
degradation in tensile properties because of the presence 0287 Electrochemical Interface. By applying 0.1 and 0.01 A
a continuous neat polymer phase (Phase Biin 1). currents, the corresponding voltages were measured. Based
The feasibility of making triple continuous, carbon-filled on the currentl, and the voltagey, recorded, the electrical
polymer blends via injection molding has been demonstrated conductivity,o, was calculated with the aid of
previously using a carbon nanotube (CNT) filled polyethy-
lene terephthalate (PET)/polyvinylidene fluoride (PVDF)  dI 1
blend. The CNT-filled PET/PVDF blend exhibits 2500% ° = av @)
improvement in electrical conductivity, 36% increase in ten-
sile strength, and 320% improvement in elongation over the whered is the specimen thickness between the two elec-
CNT-filled PET at the same carbon loadifig]. Thus, the trodes andA is the cross-sectional area perpendicular to the
triple continuous, carbon-filled polymer blends have great current direction in the sample. Silver paste was utilized in
potentials for manufacture of low cost conductive polymers all the measurements to ensure good contact of the sam-
with superior conductivity and strength for bipolar plate ple surface with the electrodes of the electrochemical inter-
applications of PEM fuel cells. To develop fundamental face. Furthermore, the electrical conductivity was measured
understanding of the improved properties of the CNT-filled in two directions for the injection-molded rectangular plates
PET/PVDF over the CNT-filled PET, additional experiments (Fig. 2g; one was parallel to the injection flow direction
have been performed in this study. The results and analysis(called Direction | hereafter) and the other perpendicular to
based on these new experiments are presented below. the flow direction (called Direction II).
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Fig. 2. Samples for (a) conductivity measurements and (b) tensile tests.
The direction parallel to the injection flow direction is termed Direction

I, whereas the direction perpendicular to the injection flow direction is
called Direction Il in the text.
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Tensile specimens of PET, PVDF, and CNT-filled poly-
mers with a gauge length of 10 mrRi¢. 2b were injection
molded and utilized to characterize the tensile properties.
The tensile test was performed at a constant crosshead spee
of 6 mm/min using a servo-hydraulic loading frame. An ex-
tensometer was attached to the gauge length of the samplg
to provide the strain value as a function of loading.

The morphology of polymer phases and the distribution
of carbon nanotubes in the polymer blend were observed us
ing an environmental scanning electron microscope (Phillips
ESEM 2020). Specimens for the ESEM observation were [}
prepared via polishing using #D3 suspension down to
0.05um, followed by ion etching using an Argon lon Sput-
ter Gun from Physical Electronic Industry, Inc., with a 3kV
voltage and a 45angle of the sputter gun with respect to the
specimen surface for 45 min. After ion-etching, gold coating
was deposited to all the samples in order to avoid charging
during SEM observation.

To provide hard evidence for deformation and fracture §
mechanisms, several CNT-filled PET/PVDF samples were
loaded in tension and unloaded right before fracture. These _ _
samples were cut using diamand saw i orde o prepare &, S sy e e f 0 B [ o s
po_“Shed cross section that W_as parallel to the tensﬂe I“-)"’ujngegion A is the PVDF phase, w’hereas Regior?l Bis thg PET with CNT.
axis. The polished cross section was subsequently ion etcheGne white spots in Region B are CNT.
using the conditions described previously to expose the pres-

ence of microcracks and their relative positions with respect gion B) and the other is free of carbon nanotubes (Region
to the PET and PVDF phases in the CNT-filled PET/PVDF ) The ratio of Regions A to B is about 1, consistent with

blend. the volume ratio of PET to PVDF. Recall that the CNT-filled
PET/PVDF blends were prepared by pre-extrusion of car-
bon nanotubes with PET, followed by mixing and injection
3. Results and discussion molding with neat PVDF. Thus, it is reasonable to conclude
that Region A is the PVDF phase, whereas Region B is the
Fig. 3 shows the SEM images of the CNT-filed PET phase containing CNT because transferring CNT into
PET/PVDF blend after polishing and ion etching. Two dis- PVDF to create an 100% clean PET region during injection
tinct regions are noted; one contains carbon nanotubes (Remolding is very unlikely kinetically. The thermodynamic
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consideration also support that CNT will stay in the PET
phase during injection molding, as elaborated below.

The distribution of carbon particles (or nanotubes) in a
polymer blend will be dictated by the state of the minimum §
interfacial energy if the equilibrium state is reached. Such
a minimum interfacial energy state can be determined by
Young’s equatiorj19]

_ YCB—YCA
VAB

Wa 2
wherew, is the wetting coefficient, angtc—a, yc—s, and
ya—p are the interfacial energy between carbon and poly-
mer A, carbon and polymer B, and polymers A and B, re-
spectively. Whenw, > 1, carbon particles distribute within
polymer A. When—1 < w4 < 1, carbon patrticles distribute
at the interface of the polymer blend. Finally, whep <

—1, carbon particles distribute within polymer B. The inter-
facial energy between two phases; (for phases 1 and 2),

in Eqg. (2)can be estimated using the harmonic-mean equa-
tion [20]:

d,d p.p Fig. 4. SEM secondary electron image of a fracture surface of the
r1Y2 Y172 . EEEER . X s
ye=y1+vy2—4 d d P P (3) CNT-filled PET fractured in liquid nitrogen, showing uniform distribution
ity ntr of CNT in the PET.

wherey stands for the surface tension and subscripts 1 and
2 refer to phases 1 and 2, respectively. Furthes, y9+ P, PET/PVDF blend is indeed due to the thermodynamic driv-
y9 is the dispersion component of surface tension, ghd  ing force that favors segregation of CNT in the PET phase.
is the polar component. The harmonic-mean equation has Fig. 5 compares the stress—strain curves of neat PET,
been shown experimentally to be suitable for estimating neat PVDF, PET with 6vol.% CNT and PET/PVDF with
the interfacial energy between low-energy materials, such 6vol.% CNT. The major properties determined from these
as polymers, organic liquids, water, ef20]. Thus,Eq. (3) stress—strain curves for neat polymers and their CNT-filled
is utilized here to evaluate the interfacial energy between composites are summarizedTable 1 Several features are
carbon and polymers. Based on the surface tension data ohoted fromFig. 5 and Table 1 First, the addition of CNT
carbon, PET and PVDF as well as their dispersion and po-to the polymers has resulted in reductions in both tensile
lar components at 18@ [20], the interfacial energies be- strength and elongation at break. For instance, the addition
tween carbon and polymers at 18D are found as follows.  of 6vol.% CNT to PET has led to a decrease in the ten-
yo—pvDE = 2145 ergs/cr, yc—peT = 12.34 ergs/crf, and sile stress at break from 34 to 25 MPa and in the elongation
yrET—PVDFE = 1.78ergs/crA. Substituting these interfacial  at break from 2.2 to 1.2%. Second, as expected, the addi-
energies intdeq. (2)results in a wetting coefficient of 5.1 if  tion of CNT has increased the elastic modulus of PET. Fur-
PVDF is chosen as phase B and PET as phaseEqin(2) thermore, the modulus of the CNT-filled PET/PVDF blend
Therefore, the consideration of the minimum interfacial en- falls between that of the CNT-filled PET and neat PVDF, as
ergy predicts that carbon nanotubes should stay in the PETwould be expected from the rule of mixtures for composites
phase. Thus, the preferential distribution of CNT within PET [21] since the CNT-filled PET/PVDF can be regarded as a
observed in this study is in good agreement with the ther- composite made of CNT-filled PET and neat PVDF. Third,
modynamic consideration. the CNT-filled PET/PVDF exhibits a 36% improvement in
For comparisonFig. 4 shows the distribution of carbon elongation and a 325% improvement in fracture strength

nanotubes in the injection molded CNT-filled PET. Recall
that this injection molded CNT-filled PET was prepared via
a two-step method, i.e. 12vol.% CNT was extruded with

over the CNT-filled PET with the same CNT loading. These
improvements are due to the presence of the clean PVDF
phase free from CNT in the CNT-filled PET/PVDF blend,

PET first using a twin-screw extruder and subsequently this as discussed below.

extruded CNT-filled PET was injection molded with neat

Shown inFig. 6 are SEM images of crack paths in the

PET again to produce a CNT-filled PET with a final CNT CNT-filled PET/PVDF blend right before the fracture of the
loading of 6vol.%. It is quite clear that CNT is uniformly specimen. Note that cracks preferentially initiate and prop-
distributed in the PET phase even though the composite wasagate within the CNT-filled PET phase. This is consistent
prepared via a two-step method. Thus, it can be concludedwith the stress—strain behaviors of the CNT-filled PET and
that the non-uniform distribution of CNT in the CNT-filed neat PVDF shown ifrig. 5; that is, at strains slightly higher
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Fig. 5. Stress—strain curves of (a) PVDF and (b) PET, PET with 6 vol.% CNT, and PET/PVDF with 6 vol.% CNT. For comparison, part of the stress—strain
curve of PVDF is also shown in (b).

than 1.2%, the CNT-filled PET phase will have cracks, while fracture strength of the CNT-filled PET/PVDF is 34 MPa
the clean PVDF phase can still carry the load because its(the average of three specimens), slightly higher than the
elongation at break is-1400%. Thus, the presence of the prediction of the simple rule of mixtures. This discrepancy is
clean PVDF phase free from CNT has provided strengthen- likely due to the presence of the CNT-filled PET phase that
ing mechanisms for the CNT-filled PET/PVDF blend. Such imposes deformation constraints to the clean PVDF phase.
strengthening mechanisms are manifested as crack bridgingJnder constraints the fracture strength of a ductile phase
and crack deflection at the PET/PVDF interface, as revealedcan increase, as previously found in ductile metals within
in Fig. 6. the brittle ceramic or intermetallic matricé2].

Assuming that the load after cracking of the CNT-filled The analysis above suggests that the fracture strength of
PET phase is carried only by the clean PVDF phase, the carbon-filled polymer blends can be further improved if the
fracture strength of the CNT-filled PET/PVDF would be clean polymer phase in the carbon-filled polymer blend has a
~27 MPa because of the presence of 50 vol.% of the PVDF fracture strength higher than PVDF. Therefore, it can be con-
phase and its fracture strength-e64 MPa. The measured cluded that the intrinsic mechanical properties of the clean

Table 1

Tensile properties of neat polymers and CNT-filled polymers

Materials PET PVDF CNT-filled PET/PVDF CNT-filled PET Improvement of CNT-filled PET/PVDF
(6vol.% CNT) (6vol.% CNT) over CNT-filled PET (%)

Elongation at the rate of break (%) 2.2 1400 5.1 1.2 325

Tensile stress at the rate of yield (MPa) 34 32 - 25 -

Tensile stress at the rate of break (MPa) 34 54 34 25 36
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the clean PVDF phase, the crack either propagates along
the PET/PVDF interface or is bridged by the PVDF phase.
Therefore, if the interfacial strength of the two polymer
phases in the carbon-filled binary polymer blend increases,
the fracture strength of the carbon-filled polymer blend will
also increase.

The measured electrical conductivities are summarized
in Table 2 First of all, it is noted that the CNT-filled
PET/PVDF plates exhibit anisotropic conductivity, which is
most likely due to the partial alignment of carbon nanotubes
in the polymer blend caused by injection flow. During the
injection molding process the drag force applied from the
die surface to the polymer-carbon nanotube melt mixture
can result in partial alignment of carbon nanotubes with
their longitudinal axis parallel to the injection flow direc-
tion. As a result, the electrical conductivity is higher along
the injection flow direction (0.059 S/cm) than that perpen-
dicular to the injection flow direction (0.011S/cm). The
s . SEE phenomenon of the anisotropic behavior is also present in
UCONH-Ingt o F s 2479176 11 75e the injection molded CNT-filled PETT@ble 2.

Table 2 also indicates that PET containing 12vol.%
CNT has a conductivity of 0.25S/cm which is reduced
to 0.059 S/cm along the injection flow direction after the
CNT-filled PET has injection molded with 50 vol.% PVDF.
The reduction in the electrical conductivity is qualita-
tively consistent with the expectation that the addition of
a non-conductor (e.g., PVDF in this case) to a conductive
CNT-filled polymer will reduce the conductivity. Since (i)
the volume fractions of PVDF and CNT-filled PET are both
50% in the polymer blend studied, (ii) PVDF and PET are
immiscible [23], and (iii) most of the carbon nanotubes
stay within PET after injection molding, it is reasonable to
assume that both PVDF and CNT-filled PET phases have
formed self-continuous 3D structures in the CNT-filled
PET/PVDF polymer blend. With such 3D structures, the
conductive CNT-filled PET network and the non-conductive
PVDF phase can be treated as parallel conductors, and the
resulting resistivity,o, of the CNT-filled PET/PVDF blend
can be estimated based on the statistical percolation model
proposed by Buechi@4]

2@ kW 1828@:
UCONM=Inst of

PcPn
= 4
Fig. 6. SEM secondary electron image of crack paths in the CNT-filled P Vipe + o (1 — Vp)pn “)

PET/PVDF blend with (a) from the region near the shoulder of the tensile oL .
specimen and (b) from the central region of the tensile specimen. Region Where pc and pn, are the resistivities of the conductive and

A is the PVDF phase, whereas Region B is the PET with CNT. BG non-conductive phases, respectivelip the volume frac-
stapds for bridging, while DB represents debonding. The loading axis is tion of the non-conductive phase, andhe fraction of the
horizontal. conductive phase being incorporated in the conducting net-
work. The largest possible value far is 1, which corre-
polymer phase in the carbon-filled binary polymer blend are sponds to the case where all the CNT-filled PET regions are
critical in determining the properties of the resulting com- incorporated into the conductive network. Taking this ideal
posite. Another important conclusion that can be drawn from case ofw = 1 for analysis, the resistivity of the CNT-filled
this study is that the fracture strength of the carbon-filled PET/PVDF is estimated to be &Bbcm if p, for PVDF is
polymer blend will increase with the increase in the inter- taken to be 18 cm [25] and pc for the CNT-filled PET
facial strength of the two polymer phases. This conclusion taken from the measured value (4Q@m).
is made based on the observationFf. 6 which shows By comparing the predicted value of resistivity de-
that when a crack in the CNT-filled PET phase encounters scribed above with those measurdlfle 2, it becomes
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Table 2
Electrical conductivities of CNT-filled polymers and polymer blends
CNT-filled PET? CNT-filled PET/PVDF CNT-filled PET/PVDF CNT-filled PET CNT-filled PET
(12vol.% CNT) (6vol.% CNT) (6vol.% CNT) (6vol.% CNT) (6vol.% CNT)
(Direction 1) (Direction II) (Direction 1) (Direction II)
Conductivity (S/cm) 0.250 0.059 0.011 0.0023 58810
Resistivity, p (2cm) 4.000 16.95 90.91 430 1700

aThis CNT-filled PET was prepared via extrusion by Hyperion Catalysis International, Inc., whereas all others were prepared via injection molding
by the authors. SeBection 2for details.

obvious immediately that the injection-molded CNT-filled one because the 50vol.% PVDF added to the CNT-filled
PET/PVDF blend has higher resistivities in both directions PET remain about 50vol.% after injection molding, sug-
than the predicted value for the ideal case. The discrepancygesting little or no transfer of CNT out of the PET phase
may be attributed to two origins. First, a small amount of the into the PVDF phase (sd€g. 3).
carbon nanotubes may have transferred to the PVDF phase Finally, it is worthwhile to compare the electrical conduc-
near the PET/PVDF interface during injection molding. tivity obtained in this study with the literature data. Since
As a result of such transfer, the intrinsic resistivity of the few CNT-filled PVDF and CNT-filled PET have been pub-
CNT-filled PET, p¢, could become higher than 4.00cm lished in the open literature, the electrical conductivities of
used in the calculation, thereby resulting in a higher resis- carbon black (CB) filled PVDF polymers in the literature
tivity of the resulting CNT-filled polymer blend than the have been used to compare with the present stbiy ().
predicted value. The second mechanism for the discrepancyit can be seen that PET with 12vol.% CNT (i.e. 15 wt.%)
is related to the possibility that not all the CNT-filled PET has a lower electrical resistivity than the carbon black-filled
regions have been incorporated into the conductive net- PVDF with the same carbon loading. The resistivity of PET
work. As a resultw is smaller than 1, which will also lead  with 6 vol.% CNT (i.e. 7.5wt.%), however, is similar to that
to a higher resistivity of the resulting CNT-filled polymer of the carbon black-filled PVDF. In contrast, the PET/PVDF
blend than the predicted value. Of course, this is consistentblend with 6 vol.% CNT exhibits about two orders of magni-
with the expectation that not all the CNT-filled PET regions tude reduction in the resistivity over the carbon black-filled
can be incorporated into the conductive network becausePVDF with the same carbon loading, showing the efficacy
making connection among all the CNT-filled PET regions of the segregation of carbon in one of the phases in a bi-
during injection molding is a random process. nary polymer blend. Such an improvement, however, should
In summary, the higher resistivity of the resulting be treated with caution because carbon nanotubes are typ-
CNT-filled PET/PVDF blend than the predicted value of ically more efficient in increasing electrical conductivities
the ideal case may be due to (i) the transfer of a small than carbon black27,28] At this stage the relative impor-
amount of carbon nanotubes out of the PET phase and (ii)tance of the carbon morphology and the segregation of car-
the incomplete connection among all the CNT-filled PET bon in one of the phases in the polymer blend has not been
regions. The second mechanism appears to be the dominangstablished yet and is currently under investigation.
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Fig. 7. The resistivities of the CNT-filled PET and CNT-filled PET/PVDF as a function of the carbon concentration. The resistivities of severélledrbon-
PVDF composites from the literature are also included for comparison. The line is added as a visual guide only (25.26¢}:
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