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a  b  s  t  r  a  c  t

In  this  work  the  Ashby  approach  was  used  to select  materials  for bipolar  plates  for  polymer  electrolyte
membrane  (PEM)  fuel  cells.  The  procedure  was  based  on  the  development  of  a  trade-off  strategy  based  on
the  evaluation  of  the  corresponding  Ashby  charts.  A  detailed  analysis  of relevant  performance  attributes
for  different  types  of  materials  traditionally  used  as bipolar  plates  is  given.  The  data  used  in the  selection
vailable online 8 February 2012
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process  were  collected  from  the  scientific  literature  and  from  datasheets  of  commercial  products.  In this
regard,  graphite–polymer  composites  and  metals  are  thoroughly  compared  owing  to their  mechanical,
electrical  and corrosion  properties.  The  results  evidenced  the  suitability  of the  Ashby  approach  as  a
reliable  method  to  assist  the  designer  of bipolar  plates  in the  complex  task  of  selecting  materials  that
allow  for  the  best  overall  performance.
shby charts © 2012 Elsevier B.V. All rights reserved.
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. Introduction

Fuel cells have a remarkable potential as low emission power
eneration sources [1].  This characteristic has been extensively
xplored through different technologies. Solid oxide (SOFC)
nd polymer electrolyte membrane (PEM) fuel cells are the
ost promising types of fuel cells toward the standardization

scale commercialization is still incipient. In this context, durability
and cost are two major issues [6]. Bipolar plates are strongly
related to these issues [7,8]. They are vital components of PEM fuel
cells due to their core functions in the system, being responsible
for the water and thermal management, current collection and
distribution of fuel and oxidant within the cell [9].  To perform
such a central role, bipolar plates have to be carefully designed
f a hydrogen economy policy worldwide [2,3]. PEM fuel cells
ave well-known commercial applications owing to their fast
tart-up and high energy efficiency [4,5]. Nevertheless, full

∗ Corresponding author. Tel.: +55 11 4996 8241; fax: +55 11 4996 8241.
E-mail address: renato.antunes@ufabc.edu.br (R.A. Antunes).

378-7753/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2012.01.104
to achieve specific technical requirements related to mechanical,
electrical, thermal and chemical properties [10]. Furthermore, an
attractive compromise between performance and cost must be

pursued. Cost is a major barrier to the commercialization of PEM
fuel cells. Wang et al. gave an excellent overview of the current
status of PEM fuel cell development [11]. They addressed critical
inter-related issues such as cost, technologies and the need for

dx.doi.org/10.1016/j.jpowsour.2012.01.104
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:renato.antunes@ufabc.edu.br
dx.doi.org/10.1016/j.jpowsour.2012.01.104
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undamental research in vital components such as membrane,
as diffusion layer, catalysts, gas flow channels and bipolar plates.
he gas flow field design is closely related to the PEM fuel cell
erformance. It affects the pressure of the reactant gases along the
hannels and, therefore, their mass transport rate to and from the
node and cathode [12]. The optimization of the flow field design
nhances the performance of bipolar plates. The importance of
he transport phenomena along the gas flow channels to the
erformance of PEM fuel cells has been evidenced by several
uthors [13–16].  In addition to the transport of the reactant gases
hrough gas flow channels, bipolar plates also act as cooling plates,
eing responsible for the transport of water or air to the heat man-
gement of the PEM fuel cell [17]. Cooling channels design is also
f prime importance to the performance of bipolar plates [18,19].
ew knowledge has been brought to this area by the development
f suitable mathematical models that successfully explain the fluid
nd electron transport phenomena in PEM fuel cells [20–23].  These
spects and the final output voltage of the fuel cell are coupled
o the properties of the materials employed to fabricate bipolar
lates.

A first insight into this complex scenario evidences that the
evelopment of bipolar plates for PEM fuel cells is restricted by the

ntrinsic limitations of the materials employed in their manufactur-
ng, regarding both performance and cost. Pure graphite emerged as
he standard material for this application owing to its well-known
igh electrical conductivity and corrosion resistance. Neverthe-

ess, the intrinsic brittleness of pure graphite is a serious obstacle
o its widespread use, especially if one considers PEM fuel cells
or transportation uses [24]. Graphite–polymer composites have
een tentatively developed to circumvent the limitations of pure
raphite plates, providing better mechanical stability to the final
roduct. Several different polymeric matrices have been employed
s binders to the conductive graphite particles, comprising both
hermoplastic and thermosetting resins [25]. As the organic matrix
s added to the graphite-based plate the consequent increase of

echanical strength is inevitably accompanied by a reduction of
lectrical conductivity. In this regard, a careful balance between
hese two properties must be ascertained. A common approach to
mprove the electrical performance of polymer–graphite compos-
te bipolar plates is to add minor quantities of highly conductive
arbon-based fillers such as carbon black, carbon nanotubes and
arbon fibers [26,27]. As a consequence, many novel materials can
e obtained by the specific mixing of proper fillers. In spite of some
xcellent results encountered in the literature regarding the elec-
rical conductivity of polymer–graphite composite bipolar plates
28–30], metallic materials are more conductive and tougher [31].
et, engineering metallic alloys are readily available for mass pro-
uction at a relatively low cost, without the need for laborious
anufacturing steps as is frequently the case of carbon-based com-

osite bipolar plates. The major drawback of metallic bipolar plates
s the susceptibility to corrosion in the typical acid and humid
nvironment of PEM fuel cells [32]. Corrosion resistance is, there-
ore, a key property in this case. Surface modification methods are
rofusely employed to overcome this limitation [33]. Many dif-
erent techniques of producing protective coatings may  give rise
o an impressive multiplicity of materials with specific surface
roperties. Some examples are nitriding, ion implantation, physical
apor deposition, chemical vapor deposition and electrodeposition
34–38]. The same coating deposited through different techniques
an yield distinct performances regarding both electrical conduc-
ivity and corrosion resistance [39,40]. Moreover, the same coating
eposited by means of the same method but through different pro-

essing parameters can also yield distinct performances due to the
ormation of specific structure-related defects [41]. The list of alter-
atives to the manufacturing of bipolar plates is thereby further

ncreased.
wer Sources 206 (2012) 3– 13

From the above considerations it is clear that the bipolar plate
designer has to deal with a broad set of materials during the selec-
tion of the best candidates to the final product. The expertise of
this critical step determines the identification of the most proper
choices and delineates the pathways into a successful design.
This challenging assignment is entangled by the huge amount of
engineering materials available today. Ashby [42] estimated this
number as more than 120,000. At one hand, such impressive list
unfolds many possibilities, but on the other, it also hampers the task
of identifying the best candidates straightforwardly. Moreover, the
material attributes for bipolar plates span multiple properties and
the designer has to decide whether a property is more important
than other for a specific application. There is an evident trend in the
literature toward considering electrical conductivity and mechani-
cal strength as the most important attributes for polymer–graphite
composite bipolar plates. For metallic-based components the cor-
rosion resistance and the interfacial contact resistance are more
frequently addressed. However, there is no apparent consensus on
the relative importance of these attributes or if they stand only to a
specific family of engineering materials. For instance, some reports
indicate that carbon-based bipolar plates interact with the PEM fuel
cell environment and deteriorates with time [43,44].  Hence, corro-
sion resistance would not be concerned only with metallic bipolar
plates. This puzzling sketch constitutes an exciting materials selec-
tion problem that has been hardly discussed in the literature.
An exception is the report by Shanian and Savadogo [45]. These
authors used a multiple attribute decision making approach to
select the best candidates for the manufacturing of metallic bipolar
plates. Rao [46] complemented this view by introducing a compro-
mise ranking method for metallic bipolar plates. Many reports are
devoted to establish reliable and logical materials selection meth-
ods for a variety of industrial applications [47–51]. Jahan et al. [52]
gave an excellent overview of different methodologies of materials
screening and selection.

In spite of the valuable contributions by Shanian and Savadogo
[45] and Rao [46] to the development of rational methods of materi-
als selection for metallic bipolar plates, there are still many aspects
to be unraveled. The influence of surface treatments, for instance,
was not taken into account in these investigations. In the same way,
composite bipolar plates have never been systematically assessed
owing to materials selection methods. The aim of this work is to
fill this gap. The Ashby approach was  chosen as the methodology
to meet this goal. This selection strategy was  developed by Prof.
Ashby at the Cambridge University. It is based on the use of the CES
(Cambridge Engineering System) software to construct materials
property charts. Next section describes the relevant aspects of this
methodology supporting the arguments discussed throughout this
text. A detailed view of this strategy is found in [42].

2. The Ashby approach

The selection strategy developed by Ashby is design-driven. In
this respect, it starts by identifying the desired materials properties
profile. Next, this profile is compared with real engineering materi-
als to highlight the best match. The identification of the attributes
to a given application is based on a translation step which com-
prises four different actions: (i) to express the function(s) that the
material will perform; (ii) to label the constraint(s) for the applica-
tion; (iii) to define the objective(s); (iv) to recognize which variables
the designer is free to decide. With this information, next step is to
screen all the available materials using the constraints. By doing so,
the number of candidates is significantly reduced in comparison

with the initial universe of options. Then, the remaining alterna-
tives are ranked using the objective(s). Finally, the designer should
search for supporting information regarding, for instance, the his-
tory of the top-ranked candidates owing to the application under
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as technical criteria for bipolar plates. Some of these targets are
ig. 1. Illustration of the different steps involved in the materials selection process
ccording to the Ashby approach.

onsideration or some not-examined aspect such as recyclability
r availability. Fig. 1 illustrates this sequence.

The constraints are specified by the materials properties which
re important to the application and also by dimension require-
ents of the component. The Ashby method proposes the graphical

epresentation of materials properties in Cartesian axes, using log-
rithmic scales. This procedure allows one to explore two  different
roperties simultaneously and to evaluate the performance of a
iven material in respect to these properties. This graphical repre-
entation is known as Ashby chart or material property chart. It is
onsidered a powerful tool to the selection of engineering materi-
ls, granting for the analysis of different inter-related properties in

 simple and rapid way. Then, the constraints are translated into
ttribute limits which are plotted as horizontal or vertical lines on
he material selection chart. By evaluating the materials which do
ot meet the technical requirements established by the constraints

he screening step is thereby easily conducted.

The ranking of the remaining candidates is based on the objec-
ive(s), always seeking to maximize a given performance. Ashby
wer Sources 206 (2012) 3– 13 5

proposes that the objectives define material indices, for which
extreme values are sought. The definition of the material indices
is done by the derivation of an objective function. This function has
the form shown in Eq. (1):

P = f (F, G, M) (1)

P  stands for the performance of the material which is a function
(f) of three different elements: functional requirements (F) that are
often some measurable quantity not directly expressing a material
property. Examples are the heat flux through a bar, the load it car-
ries, the temperature at which it is exposed, the electrical current
flowing through it and so on. The second element encompasses the
geometric parameters (G) of the component such as length, diam-
eter, thickness or width. The last element comprises the materials
properties (M), forming the so-called material index. Deriving M
involves the identification of proper equations relating the mate-
rials properties that are relevant to the application under study.
Ashby gives a deep understanding of this procedure in [42]. More-
over, it is important to realize that the three elements in Eq. (1) are
indeed separable and the equation can be written as follows:

P = f1(F) · f2(G) · f3(M) (2)

In  Eq. (2) f1, f2 and f3 are separate functions that can be simply
multiplied. By doing this, it is assumed that the materials properties
are independent from the design-related F and G elements. Thus,
the selection problem is greatly simplified as it is not necessary to
solve for the complete scenario, only for the materials attributes.
When conflicting objectives are involved, a trade-off strategy can
be undertaken. This methodology will be described and applied in
Sections 4.2 and 4.3.

The chart method is classified as a screening method for mate-
rials selection. It advantageously applies as an initial screening of
materials for a given engineering application. Moreover, it can be
easily coupled to the field of mechanical design, being considered a
simple and quick method of evaluating the performance of specific
candidates. However, it is frequently regarded as a useful tool for
selecting materials when only two or three criteria govern the
selection process. If, though, multiple criteria are necessary to
exploit the case under study, then the method is of limited appli-
cability. Multi-criteria decision making methods can be effectively
used in these cases. An excellent introduction to such methods
can be found in [42]. Although the Ashby approach has limitations
at dealing with multiple objectives situations [42], it successfully
applies to a variety of components [53–56].  In the next sections
we develop this selection strategy to screen and rank candidates
for the manufacturing of bipolar plates for PEM fuel cells.

3. The strategy for selecting bipolar plates

Following the procedure depicted in the previous section, the
first step of the materials selection method is translation. Then,
the very first concern is to clearly identify the functions that the
material will perform for the intended application. As already men-
tioned, bipolar plates play vital functions in a PEM fuel cell stack:
to provide electrical connection between individual cells, to dis-
tribute the reactants uniformly, to mechanically support the stack
and to manage heat and water flow within the stack. Bipolar plates
must meet strict technical targets to properly perform these func-
tions. This leads to the next action in the translation step, that is,
to define the constraints for the application. The targets defined by
the United States Department of Energy (DOE) are widely accepted
reproduced in Table 1.
Now it is noteworthy to discuss the relevance of these targets

to the materials selection procedure developed in this work. Gas
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Table 1
DOE technical targets for bipolar plates.

Property Value

Flexural strengtha ≥25 MPa
Contact resistance (at 140 N cm−2) <20 m� cm2

In-plane electrical conductivity >100 S cm−1

Thermal conductivity >10 W (m K)−1

Gas permeability <2 × 10−6 cm3 cm−2 s−1 at 80 ◦C and 3 atm
Corrosion resistance <1 �A cm−2
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a Using ASTM C651 – 11 Standard Test Method for flexural strength of manufac-
ured carbon and graphite articles using four-point loading at room temperature.

ermeability is a critical issue for polymer–graphite composites
ut not for metallic materials. However, it is a characteristic of
he molded plate and it is not related to an intrinsic attribute of
he materials employed to manufacture the plate. In this respect, it
epends on the processing pressure, temperature and time. Fur-
hermore, the size, shape and relative fraction of polymer and
onductive fillers in the composition is also important. Neverthe-
ess, the chemical nature of the matrix and fillers has little, if any,
nfluence on the final permeability. Thus, this characteristic will
ot be included in the subsequent analysis. In the same way, due
o the intrinsic high thermal conductivity of metals, this property
s more relevant for polymer–graphite composites than for metal-
ic plates. Even so, it has been hardly evaluated in the literature.
his apparent negligence probably comes from the direct propor-
ionality between thermal and electrical conductivities of the most
art of the engineering materials [42]. In this sense, if a material

s a good electrical conductor, it will also conduct heat effectively.
he most important yield of a PEM fuel cell is the power it gen-
rates. Therefore, it is not surprising that electrical properties are
horoughly characterized while the thermal behavior is frequently
isregarded. As a consequence, due to the lack of information in
he literature, thermal conductivity will not be considered in the
election process. We  let implicit that the best materials regard-
ng electrical conductivity will also meet the constraint for thermal
onductivity. From the foregoing considerations, four different con-
traints remained: flexural strength, contact resistance, electrical
onductivity and corrosion resistance.

Next, to define the objective(s) of the selection process, the
ollowing question has to be made: what should be maximized
r minimized? At this point, it is essential to ponder the rela-
ive importance of the four remaining constraints to each class of

aterials. As already mentioned, flexural strength is not a concern
or metallic materials, since its intrinsic high toughness guaran-
ees an excellent mechanical stability for application as bipolar
lates. Polymer–graphite composites are not as tough as metal-

ic materials and flexural strength has to be carefully evaluated.
he bulk electrical conductivity of metallic materials is typically
etween 1000 S cm−1 and 10,000 S cm−1 [42] which is perfectly
uited for bipolar plates. However, the most corrosion resistant
etals develop an adherent and compact oxide layer in the PEM

uel cell environment. This so-called passive layer increases the
nterfacial contact resistance (ICR) of the metallic surface, thus
educing the overall electrical performance of the fuel cell. In this
egard, ICR is a vital property for metal-based bipolar plates. For
olymer–graphite composites, though, the scenario is different.
he bulk electrical conductivity of polymer–graphite composites
s much lower than that of metallic materials and the composition
hould be conscientiously designed to attend the DOE technical
arget. On the other hand, ICR is not critical, since composites do
ot develop a highly resistive oxide layer in contact with the PEM
uel cell environment as metals do. Regarding corrosion behav-
or, polymer–graphite composites are often considered chemically
table in the PEM fuel cell environment. Consequently, despite indi-
ations of the possible degradation of carbon-based bipolar plates
wer Sources 206 (2012) 3– 13

during the operation of PEM fuel cells [43,44] due to corrosion pro-
cesses, corrosion resistance is often disregarded in the literature
and few data are available. Conversely, corrosion resistance is cru-
cial for metallic plates and a much wider variety of data can be
found.

The aspects depicted above suggest that different objectives
should be defined for different classes of materials. Hence, it seems
logical to separate our selection process in two  distinct parts: (i)
materials selection for polymer–graphite composite bipolar plates
and (ii) materials selection for metallic bipolar plates. This seg-
regation is justified by the antagonistic behavior of each class of
materials regarding the same properties. Following this idea, we
will conduct two parallel selection processes.

3.1. Materials selection for polymer–graphite composite bipolar
plates

Based on the preceding discussion the objectives for selecting
polymer–graphite composites are: (i.a) to maximize the flexural
strength and (i.b) to maximize the electrical conductivity of the
bipolar plate.

3.2. Materials selection for metallic bipolar plates

By considering the typical limitations of metal-based bipolar
plates the objectives have been defined as: (ii.a) to minimize the
corrosion current density and (ii.b) to minimize the interfacial con-
tact resistance.

Finally, the translation step is completed after recognizing the
variables which the designer is free to choose. We  promptly identify
the choice of material as a free variable in the selection process. We
will also let the size and shape of the bipolar plate as free variables.
This assumption applies for both polymer–graphite composite and
metal-based components. Thus, our focus will be on the selection
of the best material for the application.

4. Results and discussion

4.1. First screening

The selection process undertaken in this work will only consider
the traditional materials for bipolar plates, i.e., polymer–graphite
composites and metals. Ceramics and pure polymers have intrinsic
limitations which hamper their use as bipolar plates. As a conse-
quence, these materials cannot meet the constraints on electrical
and/or thermal conductivities as shown in the Ashby chart pre-
sented in Fig. 2. The chart was plotted using the CES software.
The constraints are marked as solid lines in the chart. Tech-
nical ceramics are represented as yellow, vitreous ceramics as
magenta, non-technical ceramics as dark yellow, elastomers as
cyan, thermosetting resins as dark-blue (navy), thermoplastics as
blue, polymer foams as green, wood and natural materials as olive,
ferrous metals as dark cyan, and non-ferrous metals as red bubbles.
Some representative materials of each of these classes are indicated
in the chart. The chart shows a range of values for each property
of each material. This construction results from the variable results
which can be obtained for the same type of material depending
on factors such as porosity for ceramics, degree of crystallinity for
polymers, purity and plastic deformation for metals.

As clearly seen, all the ceramics and polymers fail at achiev-
ing the required limits for one or both properties. Some technical

ceramics pass the thermal conductivity criterion but fails at achiev-
ing the electrical conductivity constraint. Tungsten carbides are the
exception. Hence, this first screening step has removed ceramics
and pure polymers from the subsequent analysis.
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Table 2
Composition of the bipolar plates displayed in Fig. 3.

Reference Composition

[24] Laminate with 25 wt.% polyphenylene sulfide (PPS) + 70 wt.%
graphite + 6.0 wt.% carbon fiber

[27] 60 wt.% Graphite (60% with particle size > 90 �m and 40% with
particle size < 45 �m) + 40 wt.% aluminate cement (Al2O3 + CaO)

[28] 25 wt.% epoxy resin + 75 wt.% compressed expanded graphite
sheets (CEG)

[43] 30 wt.% phenol formaldehyde + 60 wt.% graphite + 5 wt.% carbon
black + 5 wt.% carbon fiber

[57] 20 wt.% polyvinylidene fluoride (PVDF) + 80 wt.% Ti3SiC2

[58] Commercial vinyl ester based composite bipolar plate (no
further details available in the datasheet)

[59] 60 wt.% graphite + 40 wt.% aluminate cement (Al2O3 + CaO)
[60] 60  wt.% graphite + 40 wt.% aluminate cement

(Al2O3 + CaO) − graphite particle size < 45 �m
[61] Laminate with 25 wt.% PPS + 70 wt.% graphite + 6.0 wt.% carbon

fiber
[62] 35 vol.% phenolic resin (novolac) + 25 vol.% carbon

black + graphite + carbon fiber
[63] 40 wt.% phenolic resin (novolac) + 60 wt.% expanded graphite

(50% with particle size 50 �m + 50% with particle size 300 �m)
[64] 50 wt.% epoxy resin + 50 wt.% expanded graphite
[65] 30 wt.% epoxy resin + 70 wt.% expanded graphite
[66] 15  wt.% phenolic resin (novolac) + 85 wt.% graphite (flake;

particle size 25 �m)
[67] 25 wt.% phenolic resin (novolac) + 7.5 wt.% expanded

graphite + 67.5 wt.% graphite (flake)
[68] 23 wt.% polyphenylene sulfide (PPS) + 70 wt.% graphite + 7.0 wt.%

carbon fiber
[69] 15–20 wt.% epoxy resin + 80–85 wt.% graphite
[70] Phenolic resin (novolac) + graphite + carbon black + carbon fiber
[71] 25 vol.% epoxy resin + 61 vol.% graphite + 5.0 vol.% carbon

black + 2 vol.% multi-walled carbon nanotubes + 7.0 vol.% carbon
fiber

[72] 30 wt.% vinyl ester resin + 70 wt.%graphite + 2 phr multi-walled
carbon nanotubes

[73] 20 wt.% polypropylene + 80 wt.% graphite + 4 phr multi-walled
carbon nanotubes

[74] 30 wt.% vinyl ester resin + 2.0 wt.% multi-walled carbon
nanotubes + 68 wt.% graphite

[75] Sintered mesocarbon microbead (MCMB) plate from a
suspension with a solid loading of 66.7 wt.%

[76] 25  vol.% phenolic resin + 65 vol.% graphite + 2.5 vol.% carbon
fiber + 7.5 vol.% carbon black

[77] 35 vol.% phenolic resin (resole) + 50 vol.% graphite + 5.0 vol.%
carbon fiber + 10 vol.% carbon black

[78] 43.7 wt.% polyphenylene sulfide (PPS) + 43.8 wt.%
graphite + 4.0 wt.% carbon fiber + 8.5 wt.% carbon black

[79] Commercial plate – composition non specified in the datasheet
[80]  Commercial phenolic resin based composite bipolar plate (no
ig. 2. Thermal conductivity-electrical conductivity chart plotted using the CES
oftware.

Our approach for screening and ranking polymer–graphite com-
osites and metallic materials for bipolar plates is based on the data
ublished in the literature. The design of bipolar plates depends on
pecific formulations in the case of polymer–graphite composites
nd on proper surface treatments in the case of metals. We per-
ormed a thorough evaluation of the current literature to collect
he relevant data to our materials selection process. Whenever pos-
ible, we also report on the data available for commercial bipolar
lates.

.2. Screening and ranking for polymer–graphite composites

The flexural strength-electrical conductivity chart is shown in
ig. 3. The data on the chart were collected from scientific reports
nd commercial products. It is important to mention that the values
f electrical conductivity are referred to in-plane measurements.
he number above each point denotes the reference from which
he data were collected. Details about the composition of each

aterial shown in the chart are given in Table 2. This information
as not included in the chart for clarity reasons. A solid horizontal

ine marking the constraint on flexural strength and a solid verti-
al line marking the constraint on in-plane electrical conductivity
re inserted in the chart. Moreover, authors often evaluate several

ifferent materials which may  differ on composition, processing
onditions or both. We  report only the best condition achieved by
he authors, assuming that this would be the proper choice for the
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Fig. 3. Flexural strength-electrical conductivity chart.

further details available in the datasheet)
[81] Commercial polyvinylidene fluoride (PVDF) based composite

bipolar plate (no further details available in the datasheet)
[82] Commercial polypropylene based composite bipolar plate (no

further details available in the datasheet)
[83] 70 wt.% expanded graphite + 30 wt.% aromatic polydisulfide
[84] 20 wt.% polyphenylene sulfide (PPS) + 80 wt.% graphite
[85] 50 wt.% poly(arylene disulfide) + 50 wt.% graphite nanosheet
[86] 20 wt.% polyphenylene sulfide (PPS) + 80 wt.% mesocarbon

microbeads
[87] 25 wt.% vinyl ester resin + 75 wt.% graphite + 2 phr

montmorillonite (MMT)
[88] 15 wt.% phenolic resin + 85 wt.% graphite

[89] 3 wt.% carbon nanotube (Fentom/UV treated) + 14.54 wt.%

phenolic resin + 82.46 wt.% graphite

manufacturing of the bipolar plate, according to the published data.
It is worth mentioning that this chart is based on the same princi-
ples of the CES software but was  not plotted using it. The materials
displayed in the chart are specific formulations developed by sev-

eral top research groups throughout the world. The CES software
version used to plot the chart in Fig. 2 does not contain such infor-
mation. Then, we  chose to use the representation shown in Fig. 3. It
is perfectly suited to the materials selection process developed in
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Fig. 4. Interfacial contact resistance-corrosion current density chart.

his text. The chart shown in next section (Fig. 4) follows the same
hilosophy.

Based on both constraints the search region is given by the
rst quadrant of the chart shown in Fig. 3. This region comprises
he vast majority of the data. Only the candidates [57,75,78,82]
re screened. Let us analyze each material separately. As seen in
able 2, the bipolar plate material described in [57] was comprised
f a mixture of PVDF and titanium silicon carbide (Ti3SiC2). As
een in Fig. 3 it stands in the limit of the constraint on flexural
trength and is significantly lower than the constraint on electri-
al conductivity. At a first sight this result could indicate that the
omposite would not be suitable for application as bipolar plate.
owever, this conclusion oversimplifies the problem. It is known

26] that the flexural strength and electrical conductivity of car-
on based composites for bipolar plates depend on a variety of
actors such as the conductive filler particle size and dispersion
ithin the polymer matrix, volume fraction of each component and
rocessing conditions. Therefore, as highlighted by the authors, it

s possible to increase the performance of the PVDF–Ti3SiC2 com-
osite by a proper optimization of the Ti3SiC2 content, Ti3SiC2
article size and the molding conditions. This approach has been
racticed by the same group in a more recent publication [27].
he performance of the PVDF–Ti3SiC2 composite was  significantly
mproved regarding both flexural strength and electrical conductiv-
ty by selecting a suitable combination of filler content and particle
ize. The plate described in [75] was prepared from a suspen-
ion of mesocarbon microbeads (MCMB) with a solid loading of
6.7 wt.%, sintered at 1100 ◦C in an inert atmosphere. It is observed
hat the electrical conductivity was excellent, only surpassed by the
esult shown in [72]. However, the flexural strength was  slightly
ower than the constraint of 25 MPa. Notwithstanding this lack of

echanical stability, careful control of the solid loading in the orig-
nal suspension and/or the sintering conditions could enhance the

echanical properties of the finished part, thus surpassing the con-
traint on flexural strength. Alternatively, MCMB  particles could be
sed as conductive fillers for the preparation of composite plate
y dispersing them within a proper organic matrix. In fact, this
pproach was successfully employed by Yang and Shi [86]. They
eveloped polyphenylene sulfide (PPS)–MCMB composite bipolar
lates with superior flexural strength. In comparison with [75] the
lectrical conductivity was sacrificed due to the incorporation of
he insulating polymer matrix. In spite of the increased insulating
haracter, the composite still surpassed the constraint on electri-

al conductivity as shown in Fig. 3. The plate developed in [78]
resents outstanding flexural strength but the electrical conductiv-

ty is far below the constraint of 100 S cm−1. As shown in Table 2,
his composite comprises a mixture of PPS, graphite, carbon fiber
wer Sources 206 (2012) 3– 13

and carbon black. The superior mechanical behavior probably arises
from the high content of the polymer matrix and from the carbon
fibers. In the same way, the low electrical conductivity is a con-
sequence of the high PPS content (43.7 wt.%). The performance of
the composite can be drastically altered through an appropriate
balance between the volume fractions of each component in the
mixture. PPS has proved to meet the constraints on both flexu-
ral strength and electrical conductivity, depending on its relative
content in the composite bipolar plate as seen in [24,61,68,84,86].
Finally, the commercial polypropylene-based composite bipolar
plate identified as [82] in Fig. 3 displays suitable flexural strength
but low electrical conductivity. This could indicate that polypropy-
lene should not apply as the matrix for composite bipolar plates.
Indeed, it does not appear as the most frequent polymer matrix
within the best composite bipolar plates. A careful analysis of
Table 2 confirms this assumption. Yet, the electrical conductivity
of polypropylene-based composite bipolar plates can be tailored
to meet the constraint of 100 S cm−1. Liao et al. [73] achieved this
goal by introducing multi-walled carbon nanotubes (MWNTs) into
a polypropylene–graphite mixture.

The selection process screened only four candidates. The search
region (first quadrant) encompasses 33 candidates. Next step is
to define how to rank these materials regarding the objectives
previously defined: to maximize the flexural strength and the elec-
trical conductivity. These are conflicting objectives for a composite
bipolar plate. An increment of flexural strength is often related to
the increase of the insulating polymer matrix content. As a result,
the electrical conductivity diminishes. This conflict can be easily
managed through the trade-off strategy proposed by Ashby [42].
Following this methodology, the choice of material that maximizes
both properties simultaneously is based on the definition of a solu-
tion that meets all the constraints but is not necessarily optimal by
either of the objectives. Each bubble in the first quadrant of Fig. 3
is a solution to the selection process. The solutions that maximize
flexural strength do not maximize electrical conductivity and vice
versa. The arrow points in the direction of the solution, giving the
best compromise between the two objectives. This solution is given
by Ref. [64]. From this solution a line or surface can be traced in
which other solutions also lie. This surface is called the optimal
trade-off surface. It is not mathematically defined. The trade-off
surface is arbitrarily traced from the following procedure: after
identifying the solution that gives the best compromise between
the two objectives (Ref. [64] in our case), a tangent line is traced
from this point, extending to the highest (or smallest, depending
on the objective) values of each material property shown in the
chart. This line must be tangential to the most external solutions.
Other solutions can lie exactly on this trade-off surface. As shown
in Fig. 3 the solutions that lie on the trade-off surface are [64,68,72].
These solutions are called non-dominated solutions. Solutions that
lie more internally are dominated by others. Ranking the mate-
rials that lie on the trade-off surface requires a further step. The
definition of what is the best material for the application is mathe-
matically determined by a linear penalty function (Z) as expressed
in Eq. (3):

Z = ˛1 · P1 + ˛2 · P2 (3)

The best material gives the smallest value of the penalty func-
tion. In Eq. (3) P1 and P2 are called performance metrics. These
parameters are related to the objectives of the selection process.
As we seek for the lowest value of Z, in our case the values of P1
would be the inverse of the flexural strength, whereas the values of
P2 would be the inverse of the electrical conductivity. The param-

eters ˛1 and ˛2 are called exchange constants. The values of these
constants depend on the relative importance given to each objec-
tive. If both objectives have the same relative importance, then ˛1 is
equal to ˛2. If the designer gives more importance to one objective
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elative to the other, then the constants assume different values.
he definition of the values of the exchange constants is arbitrary,
epending on specific needs for the application, as defined by the
esigner. In our selection process we give the same relative impor-
ance to each objective. The same procedure will be adopted for
he selection of metallic bipolar plates. The arrow shown in Fig. 3
s an indication of the direction that minimizes the values of Z. It is
ot mathematically defined, being only a visual trace to point the
ptimal solutions to the selection process.

As already mentioned, [64,68,72] are the best candidates for the
pplication. The more external solution, [64], is the non-dominated
olution of the process (the best candidate). Refs. [68,72] are dom-
nated by [64]. If one calculates the Z values for [68,72] (given that
1 = ˛2), then [68] is the second and [72] is the third choice. A second
roup of materials lies more internally [73,74,76,77],  representing
he next best choices after those that lie exactly on the trade-off
urface. These materials are selected by inspecting the chart and
etermining the distance of each material to the trade-off surface.
he same procedure of identifying the dominating solutions and
alculating Z values can be applied to rank these candidates and
he next.

At this point, it is imperative to expand the discussion by care-
ully evaluating the composition of these plates. The composite
nvestigated in [64] was comprised of a mixture of equal fractions
f epoxy resin and expanded graphite. In Ref. [68] the plate was
repared from a proper mixture of PPS, graphite, carbon fiber and
arbon black. Vinyl ester resin, graphite and multi-walled carbon
anotubes comprised the mixture developed in [72]. A common

eature to these composites is the use of an organic matrix with a
olar group in the backbone. Polymers with polar atoms or a single
lectron or pair of single electrons in their molecular configuration
re easy to polarize or delocalize. As a consequence, the formation
f electrical channels is favored, thus enhancing the electrical con-
uctivity of the composite [73]. This behavior is confirmed through
he analysis of the composition of the second set of candidates. The
olymer matrix employed as the binder to the conductive fillers

n composite developed in [74] was a vinyl ester resin. Graphite
nd MWNTs complete the formulation. For both [76,77] the com-
osites were prepared from a mixture of phenolic resin, graphite,
arbon black and carbon fiber. Phenolic resin is a typical example
f polymer in which the electrical conductivity is governed by the
olar groups in the molecule [26]. The only exception is the com-
osite described in [73], where the binder is a non-polar molecule
polypropylene). In this case graphite and MWNTs were used as
onductive fillers.

From this point, further considerations should be made. The
se of polar group-containing polymer matrices is beneficial but

s not the only factor to be considered in the selection pro-
ess. In Ref. [65], for instance, the composite was prepared
ith epoxy resin and expanded graphite, similarly to Ref. [64].
owever, the manufacturing method was different. While an inter-
alation method was used to prepare the composite in [64], a
ompression–impregnation–compression method was developed
n [65]. The difference between the electrical and mechanical per-
ormance of each composite is significant as seen in Fig. 3. It is
oteworthy that the addition of MWNTs is beneficial to the elec-
rical conductivity of the composites. The three highest conductive
lates in the search region (first quadrant) are [72–74].  MWNTs
re present in all these composites. Nevertheless, the dispersion
f MWNTs within the polymer matrix is dependent on both the
ontent and surface treatment of the nanometric filler. Different
reatments may  lead to completely distinct results for the same

ype of MWNT. In Refs. [71,89],  for instance, MWNTs were also
dded to the composite but the electrical performance was  not as
ood as those reached by the composites shown in [72–74].  Car-
on fiber is important to maximize the flexural strength of the
wer Sources 206 (2012) 3– 13 9

composites. The highest mechanical stability was found for the
composites developed in [68,76]. Carbon fibers are present in both
materials.

The complexity of the materials selection process of carbon
based composite bipolar plates was depicted above. Our results
yielded the materials developed in [64,68,72] as the best candi-
dates for this application. As seen, three different polymer matrices
were used: epoxy resin as the binder in [64], PPS in [68] and a vinyl
ester resin in [72]. The highest conductivity was found for the com-
posite in [72] whose composition contains MWNTs. The highest
flexural strength was found for the composite in [68] whose compo-
sition contains carbon fibers. The composite in [64] gives a balance
between flexural strength and electrical conductivity. From these
observations some useful guidelines can be identified: (i) the selec-
tion of a polymer matrix containing polar groups in the backbone
is beneficial to the electrical conductivity; (ii) the incorporation
of properly dispersed MWNTs enhances the electrical conductiv-
ity; and (iii) carbon fibers can be effectively employed to improve
the flexural strength. The bipolar plate designer should be aware
of these guidelines and, most importantly, should be capable of
combining this information with the careful control of processing
conditions and relative fractions of each component in the com-
posite formulation.

4.3. Screening and ranking for metallic bipolar plates

The ICR-corrosion resistance chart is shown in Fig. 4. The data
on the chart were collected from scientific reports. The corrosion
resistance is represented by the corrosion current density (icorr)
determined from potentiodynamic polarization curves. The exper-
iments are conducted in a variety of different electrolytes, aiming
at simulating the best as possible the actual conditions of a PEM fuel
cell environment. In this regard, it is a common practice to perform
the corrosion tests in a H2SO4 aqueous solution with the addition
of traces of HF at 70 ◦C or 80 ◦C. We  do not mention the different
electrolytes used in each reference, assuming that small variations
in both composition and temperature would not be relevant to the
selection process. The ICR values are referred to a 20 kg cm−2 con-
tact pressure. The number above each point denotes the reference
from which the data were collected. Details about the core mate-
rial and coating/surface treatment of each corresponding bipolar
plate material shown in the chart are given in Table 3. This infor-
mation was not included in the chart for clarity reasons. A solid
horizontal line marking the constraint on ICR and a solid vertical
line marking the constraint on corrosion resistance are inserted in
the chart. The inset is an expansion of the region circled near the
intersection between the two  lines that mark the constraints. Five
different materials lie in this region. The inset allows for a clearer
identification of their relative positions in the chart. In this chart,
the objectives are to minimize both ICR and icorr. Therefore, the
third quadrant is the search region.

The screening step eliminates various candidates as observed
in Fig. 4. The candidates screened based on the constraint
on ICR [8,95,104–106,109,117,125] are in the second quad-
rant of the chart. Those screened due to the constraint on
corrosion resistance are in the fourth quadrant of the chart
[92,94,97,98,101,102,34,114,118,120,129,130]. The materials in
[113,116,126] are screened due to both constraints.

Initially, let us analyze the materials screened due to the con-
straint on ICR. The core materials were austenitic stainless steels
(304, 310S, 316L and 317L). Only in Ref. [104] the surface metallic
plate was not protected from the PEM fuel cell environment,

exposing the bare substrate (310S stainless steel) to it. The other
seven materials underwent some surface treatment. Cha et al. [8]
deposited a NbN/NbCrN coating in a 304 stainless steel substrate
and observed an excellent corrosion resistance. As seen in Fig. 4
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Table 3
Core material and surface treatments of the metallic bipolar plates displayed in Fig. 4.

Reference Core material Surface treatment

[8] 304 stainless steel NbN/NbCrN coating (inductively coupled plasma assisted d.c. magnetron sputtering)
[90] 1045  carbon steel Rolling followed by pack chromization at 700 ◦C for 2 h
[91] 1020  carbon steel Ni electroplating + pack chromization at 700 ◦C for 2 h
[92] Al-5083 alloy 5 �m CrN coating deposited by cathodic arc evaporation physical vapor deposition
[93]  Hastelloy® G-35TM Nitridation at 1100 ◦C for 6 h
[94] 316L stainless steel Carbon film deposited by close field unbalanced magnetron sputtering ion plating
[95]  316L stainless steel Silver ion implantation
[96] Ti (purity of 99.6%) Nitrogen plasma immersion ion implantation
[97] Fe41Cr18Mo14Y2C15B6N4 –
[98] 316L stainless steel CrN coating produced by pulsed bias arc ion plating (Cr0.49N0.51)
[99]  304 stainless steel Carbon coating (plasma assisted chemical vapor deposition)
[100] 304 stainless steel CrN/Ti multilayer coating (cathodic arc plasma deposition)
[101] Fe43Cr18Mo14C15B6Y2Al1N1 –
[102] 18Cr–12Ni–2Mo–3W stainless steel –
[103] 446M stainless steel Immersion in 15 wt.% HCl solution for 5 min  + heat treatment in ambient air at 380 ◦C for 10 min
[104] 310S  stainless steel –
[105] 316L stainless steel Electrochemical treatment in a CeO8S2 solution for Ce insertion into the passive film
[106] 316L  stainless steel Polyamide-imide (PAI)-carbon black composite coating (40 wt.% PAI + 60 wt.% carbon black)
[107]  304 stainless steel Carbon nanotube coating + polypropylene–carbon black-carbon fiber composite (40 wt.%

polypropylene + 50 wt.% carbon black + 10 wt.% carbon fiber)
[108]  310S stainless steel TiN nanoparticle coating (electrophoretic deposition)
[109] 316L stainless steel Nitridation (Cr2N layer) at 1100 ◦C for 2 h of a previously electroplated Cr layer
[110]  316L stainless steel CrN coating (physical vapor deposition)
[111] 304 stainless steel Nitride layer (physical vapor deposition)
[112] 316L  stainless steel Plasma nitriding at 370 ◦C for 2 h
[34] 304L stainless steel Glow discharge plasma nitriding at 370 ◦C for 2 h
[113] 316L stainless steel Cr interlayer + CrN top-coat (physical vapor deposition)
[114]  349 stainless steel Nitridation at 1100 ◦C for 7 h
[115] 446 stainless steel Nitridation 1100 ◦C for 2 h
[116] 446  stainless steel –
[117] 317L stainless steel SnO2:F coating (low pressure chemical vapor deposition)
[118] 430  stainless steel Nb cladding
[119] 420 stainless steel Pack chromization at 700 ◦C for 2 h
[120] 316L  stainless steel Cr0.23C0.77 coating (pulsed bias arc ion plating)
[121] Fe–27Cr–6V Nitridation at 850 ◦C for 24 h
[122] 316L stainless steel –
[123] 316L stainless steel –
[124] 316 stainless steel ZrN film (physical vapor deposition) + 10 nm Au top coat (electroplating)
[36] 304  stainless steel TiN (pulsed bias arc ion plating)
[125] 316L stainless steel TiN (multi-arc ion plating)
[126] 316L stainless steel Cr/CrN/Cr multilayer (pulsed bias arc ion plating)
[127]  316L stainless steel CrN/Cr coating (pulsed bias arc ion plating)

lasma
 (close
ectron

t
w
m
t
t
b
w
o
i
T
[
D
u
m
t
s
v
s
i
l
L
t
r
h

[128] 304 stainless steel NbN film (p
[129] 304  stainless steel Carbon film
[130]  316L stainless steel CrN film (el

he icorr of this material is the lowest in chart. However, the ICR
as above the constraint. According to the authors, this property
ay  be improved by controlling the gas ratio (N2/(Ar + N2) used in

he deposition process. Feng et al. [95] employed Ag-ion implan-
ation to modify the surface a 316L stainless steel plate. Although
oth ICR and corrosion resistance have been improved compared
ith the bare substrate, ICR was still higher than the constraint

f 20 m� cm2. The authors did not suggest how to modify the
mplantation process in order to achieve better ICR performance.
he same group performed ion implantation with carbon ions
131] and nickel ions [132] with stainless steel bipolar plates.
espite the significant decrease of ICR in comparison with the
ntreated metallic surface, the values (not shown in Fig. 4) did not
eet the constraint of 20 m� cm2. In another reference, though,

hese authors achieved 22.1 m� cm2 for the ICR of a 316L stainless
teel bipolar plate co-implanted with Ni Cr and cobalt [31]. The
alue is very close to the active constraint on this property. It
eems, therefore, that ion implantation is not at a mature level, but
s very promising for improving the surface properties of metal-
ic bipolar plates by properly selecting ion nature and fluence.

avigne et al. [105] have found that a Ce-based electrochemical
reatment of 316L stainless steel surface enhanced its corrosion
esistance and decreased the ICR. Nevertheless, the value was
igher than the ICR constraint and the authors did not indicate
 surface diffusion alloying method)
 field unbalanced magnetron sputtering ion plating)

 beam physical vapor deposition)

how to achieve further improvements for this property. Lee and
Lim [106] developed a composite PAI–carbon black coating to
improve the performance of a 316L stainless steel bipolar plate. As
seen in Fig. 4, neither ICR nor corrosion resistance are outstanding.
They suggest that the relative fraction of carbon black in the film
should be carefully controlled in order to achieve low ICR and
high corrosion resistance simultaneously. The negative influence
of the insulating PAI component in the composite contributes
to the high ICR value. Thus, it can be inferred that this approach
is not suitable to produce low ICR bipolar plates. Any insulating
component should be avoided. The nitridation process employed
by Nam and Lee [109] did not provide suitable ICR performance
for a 316L stainless steel bipolar plate. The corrosion resistance of
nitride layers can also not meet the constraint in the chart. This is
the case of Refs. [34,114]. However, nitridation has been effectively
employed by other authors [111,112].  The structure of the nitrided
layer depends on the processing conditions such as the treatment
temperature and time. In this regard, different behaviors may  be
expected depending on specific parameters. The SnO2:F coating on
the 317L stainless plate in [117] and the TiN coating on 316L stain-

less steel plate in [125] presented the same problem regarding the
constraint on ICR. While SnO2:F coatings have not been successfully
developed by any other group regarding their ICR performance,
TiN coatings have shown to meet both the ICR and corrosion
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esistance constraints [108,36], depending on the deposition
ethod.
The materials in [113,126] have the same core metal (316L

tainless steel) with different Cr and CrN multi-layered coatings
repared by physical vapor deposition (PVD) methods. As seen,
hese materials, despite improving the performance of the bare
ubstrate, did not meet both constraints. However, one should not
isregard this approach as a viable alternative of attaining surface-
ffective metallic bipolar plates. Zhang et al. [127], for instance,
sed a PVD (pulsed bias arc ion plating) to deposit a CrN/Cr mul-
ilayer film on the surface of a 316L stainless steel plate. The
esulting material met  both the ICR and corrosion resistance con-
traints being amongst the best candidates in the chart as shown in
ig. 4. Therefore, the relative unsuitable performance of [113,126]
hould be rather envisaged as an opportunity of improving both ICR
nd corrosion resistance through the conscientious investigation
f specific processing parameters. Corrosion resistance problems
rising from PVD methods have been displayed by the bipolar
lates developed in [92,94,101,34,120,129,130]. A common fea-
ure to these references is that the PVD coatings were comprised of

onolayers. The control of coating defects is of prime importance
o avoid the onset of corrosion due to the penetration of the elec-
rolyte through these pathways. Multi-layered PVD films are less
rone to this phenomenon [133].

Unmodified metallic surfaces generally lack both corrosion
esistance and surface conductivity, presenting high ICR and icorr

alues. This behavior is shown in several of the references marked
n the chart shown in Fig. 4. We  do not display all these values in the
hart, as they do not bring new knowledge to the selection process.

e preferred to show only less usual materials such as the metallic
lasses in [97,101]. These materials, despite the low ICR, are not
uitable to bipolar plate applications due to the high icorr values.
he same finding is observed for the tungsten-modified austenitic
tainless steel in [102]. The presence of tungsten in the passive film
ecreased the ICR value, but the corrosion resistance is far too low
or a bipolar plate. The 446 ferritic stainless steel in [116] presented
xcessive ICR and icorr values. Exceptions to the overall poor per-
ormance of untreated metallic bipolar plates can be found in the
tudies conducted by Yang et al. [122,123].  They tested 316L stain-
ess steel specimens in the cathode environment of a PEM fuel cell
nder different conditions of temperature and acidity. As observed

n Fig. 4, the results from these references are near the limits of
oth constraints. Nevertheless, this is not an indication that bare
16L stainless steel is able to perform well in a PEM fuel cell envi-
onment. In fact, there is no registration of proper performance of
ntreated metallic alloys in the literature. The surface condition is
ore important to the performance of the metallic bipolar plate

han the core material. In this regard, the final behavior will be a
unction of the composition and structure of the coating layer or
assive film on the surface of the core material.

From the 44 candidates shown in Fig. 4, only 21 remained to be
anked. As described for the chart flexural strength-electrical con-
uctivity (Section 4.2), the ranking step for the chart ICR-corrosion
esistance will also be conducted through the approach based on
onflicting objectives by means of the definition of a trade-off sur-
ace. ICR and corrosion resistance are conflicting properties, since
n increase of corrosion resistance (decreasing icorr) is often associ-
ted with a less conductive surface (with high ICR). This is a serious
rawback of metallic materials regarding their use as bipolar plates,
s the corrosion resistance typically comes from the development
f a low conductivity oxide layer (passive film) with intrinsically
igh ICR. In this context, the choice of material that minimizes

oth properties simultaneously is based on the definition of a solu-
ion that meets all the constraints but is not necessarily optimal
y either of the objectives. Each bubble in the third quadrant of
ig. 4 is a solution to the selection process. The solutions that
wer Sources 206 (2012) 3– 13 11

minimize ICR do not minimize icorr and vice versa. The arrow points
to the solution that gives the best compromise between the two
objectives. This solution is given by Ref. [121]. From this point a
line or surface can be traced in which other solutions also lie. This
surface is the optimal trade-off surface for the chart ICR-corrosion
resistance. The solutions that lie on this surface are [121,124,36]. As
already mentioned, if the same relative importance is given to each
objective, [121] represents the best candidate to the application. A
second group of materials lies more internally [90,91,93,119,127],
representing the next best choices after those that lie on the trade-
off surface. The top ranked bipolar plate was a vanadium modified
Fe 27Cr alloy nitrided at 850 ◦C for 24 h. The nitridation process
yielded the formation of a conductive surface layer of V-doped CrN
which accounts for the high corrosion resistance and low ICR of the
nitrided material. This approach is unique in the literature. Nitri-
dation has also yielded good results for a Ni Cr alloy (Hastelloy®
G35TM) [93]. The low contact resistance of the plate in [124] is
due to a gold layer applied onto a PVD ZrN coated-316 stainless
steel. As observed in Fig. 4, this material presents the lowest ICR
at the trade-off surface, but its corrosion resistance is relatively
poor in comparison with [121,36]. The presence of the conduc-
tive gold top layer proved to be effective at reducing the ICR. In
[36] a PVD TiN single layer was deposited on a 304 stainless steel
providing exceptionally low icorr, while the ICR is not as good as
the corrosion resistance. The bipolar plate developed in [90] gives
the second best performance owing to a compromise between ICR
and icorr. This plate was  manufactured with low cost 1045 carbon
steel previously subjected to rolling to activate the surface and,
then, to low-temperature pack chromization at 700 ◦C for 2 h. The
same research group has achieved excellent results in [91] by using
this approach with 1020 carbon steel. However, in [91] the car-
bon steel plate was first electroplated with Ni and then chromized.
Pack chromization has also been successfully employed by Wen
et al. [119] with martensitic type 420 stainless steel, giving a good
balance between ICR and icorr. Zhang et al. [127] produced a high
performance 316L stainless steel plate coated with a PVD multi-
layered CrN/Cr coating. According to Fig. 4, this material gives the
third best compromise between ICR and icorr.

From the above standings the three top ranked candidates may
be defined as follows: [121] > [90] > [127]. This result evidences that
the core metallic material used for manufacturing bipolar plates
may  be even an intrinsically low corrosion resistant alloy such as
1045 carbon steel [90], if a proper surface modification technique is
employed. In this context, as the surface of the metallic material is
responsible the final performance of the bipolar plate, the materi-
als selection process allows the following recommendations: pack
chromization gives attractive results as shown by Bai et al. [90,91]
and by Wen  et al. [119]. Nitridation is also an interesting route
as well as PVD methods that yield multi-layered structures based
especially on low resistivity nitride compounds. A common fea-
ture to the most successive treatments is the formation of a coating
layer comprised of Cr-containing and/or N-containing compounds.
Moreover, the structure of the protective films must be carefully
designed by the selective definition of processing parameters in
order to avoid the formation of through-coating defects that would
hamper the anticorrosion properties of the coating.

5. Conclusions

The Ashby approach was  employed for selecting materials for
the manufacturing of bipolar plates for PEM fuel cells. The selection

process was  divided into two  distinct parts: selection of materials
for polymer–graphite composite bipolar plates and for metallic-
based ones. These routes were defined based on the different
attributes relevant to each type of material. The process is highly
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omplex due to the several simultaneous aspects involved in the
erformance of bipolar plates. Notwithstanding its simplicity, the
shby approach proved to be effective, evidencing the weaknesses
nd strengths of particular options. A critical understanding of the
pplication could be delineated and useful guidelines could be
rawn. In this context, the following bullet points can be high-

ighted:

The objectives for selecting materials for polymer–graphite com-
posite plates are to maximize both electrical conductivity and
flexural strength. These objectives are conflicting. As a conse-
quence, a trade-off strategy applies.
The top ranked materials for composite bipolar plates were those
described in Refs. [64,68,72].  A common feature to these candi-
dates was the use of a polymer matrix containing polar groups in
the backbone. This characteristic was identified as highly bene-
ficial for the electrical conductivity of the composites. Phenolic,
epoxy and vinyl ester thermosetting resins and the thermoplastic
PPS are remarkable options.
Furthermore, the incorporation of properly dispersed MWNTs
enhances the electrical conductivity and carbon fibers can be
effectively employed to improve the flexural strength. The com-
promise between electrical conductivity and flexural strength
depends on the meticulous use of these fillers, in addition to the
polymer–graphite base material.
The objectives for selecting materials for metallic bipolar plates
are to minimize both interfacial contact resistance and corrosion
current density. A trade-off strategy could be employed due to
the conflicting nature of these objectives.
The top ranked materials for metallic bipolar plates were those
described in Refs. [121,90,127]. The surface treatment is more
important than the core metallic alloy owing to the performance
of the bipolar plate. Even an intrinsically low corrosion resistant
alloy such as 1045 carbon steel can be effectively employed as
a bipolar plate since it receives the proper surface treatment as
shown in [90].
Cr and/or N-containing coatings are the most attractive materi-
als for top layers on metallic bipolar plates. Pack chromization,
nitridation and PVD-based multi-layered films may  yield high
performance surfaces.
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