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bstract

Several kinds of metallic bipolar plates for PEMFCs are currently being developed in order to meet the demands of cost reduction, stack volume,
ower weight and enhanced power density. This work shows an application of the Technique of ranking Preferences by Similarity to the Ideal
olution (TOPSIS) Multiple Attribute Decision Making (MADM) method for solving the material selection problem of metallic bipolar plates
or polymer electrolyte fuel cell (PEFC), which often involves multiple and conflicting objectives. The proposed methodological tool can aid the
aterial designer in the modeling and selection of suitable materials according to a set of predefined criteria. After introducing the theoretical

ackground, a case study is presented for the material selection of a bipolar plate in a PEFC. A list of all possible choices, from the best to
he worst materials, is obtained by taking into account all the material selection criteria, including the cost of production. A user-defined code

n Mathematica has been developed to facilitate the implementation of the method. It was shown that the optimum value of each criterion is
ndependent of other criteria values (i.e., no interaction is allowed). The proposed approach may be applied to other problems of material selection
f fuel cell components.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The development of polymer electrolyte fuel cell (PEFC)
echnology is at its critical stages. Several problems limit the per-
ormance of PEFC products: (1) poor electrochemical reactivity
f oxygen at low temperatures at the start of the cathode catalyst
Pt and Pt alloys), (2) poor alcohol, acetyl or reformed hydrogen
xidation at the state of the art anode catalyst (Pt alloys), (3) the
ritical choice of membranes for PEFC applications and (4) the
ost of graphite bipolar plates for mass production. These impor-
ant issues are related to the design and fabrication of materials.
onsequently, a wide range of materials – including membrane
aterials – are under development with two main objectives:
ost reduction and high performance.
In a recent review, a comprehensive study was performed

1] to provide a design analysis of an effective PEMFC for
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E-mail address: osavadogo@polymtl.ca (O. Savadogo).

w
d
p

t
h
a

378-7753/$ – see front matter © 2006 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2005.12.092
Material selection; Cost; Production

lectrical vehicle applications. The aim of the work was to facil-
tate material and process selections of fuel cell components
aking into account a large number of design and manufactur-
ng alternatives. In another work [2], the description of results
btained on different flow field designs for PMFC bipolar plates
as reviewed. It was shown that different flow field designs
ave pros and cons associated with them which, in turn, make
hem suitable for different applications. It was concluded that the
mprovements in the design of bipolar plates can help achieve
he set goals of cost and performance for the commercialization
f PEM fuel cells. In a very recent review [3], a design analysis
f the bipolar plate for PEM fuel cell applications was shown.
he desired properties of the bipolar plate for such applications
ere also presented. Other works related to materials and to the
isadvantages of materials and of design configuration of bipolar
lates and PEMFC have also been presented elsewhere [4–7].
Traditionally, when choosing a new material whose charac-
eristics are known, or replacing an existing one with another
aving better performing components, experts usually apply trial
nd error methods or use previous experimentation experience.

mailto:osavadogo@polymtl.ca
dx.doi.org/10.1016/j.jpowsour.2005.12.092
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Nomenclature

a length of bipolar plate
af the length of crack in ultimate fracture
b width of bipolar plate
Ci the relative closeness of ith candidate material to

the ideal solutions
E elastic modulus of bipolar plate
Ė standard equilibrium potential
Ea(j) anodic cell potential
Ec(j) cathodic cell potential
Ej the entropy value for jth attribute
E(j) equilibrium potential
�E(j) actual cell potential
fi ith objective
F static load
J the set of decision attributes
J(j) current density function
k constant of the entropy equation
K set of benefit criteria
K′ set of cost criteria
Kt the fracture toughness of bipolar plate
m total mass of bipolar plates in a fuel cell stack
M total mass of fuel cell stack
Mi ith candidate material in the decision matrix
n̄ number of ranking levels
nij an element of the normalized decision matrix
P power density of fuel cell stack
Pij an element of the decision matrix in the normal-

ized mode for entropy method
Q the heat content of the bipolar plate
rij an element of the decision matrix
r∗j the best value of jth attribute

r−j the worst value r−j of jth attribute
Re(j) ohmic resistance
S stiffness of bipolar plate
S+
i distance of design to the ideal solution for the ith

candidate material
S−
i distance of design from the negative ideal solution

for the ith candidate
t thickness of bipolar plate
Ti temperature
U elastic energy stored in the bipolar plate
V weighted normalized decision matrix
Vij an element of the weighted normalized decision

matrix
V+
j ideal solution for jth attribute

V−
j negative ideal solution for jth attribute
w′
j the weight coefficient of jth attribute

wj balanced weight coefficient of jth attribute
X the vector of optimization variables
Xj jth attribute in the decision matrix
ym maximum possible deflection of bipolar plate
α expansion coefficient of bipolar plate
σt thermal stress

εt thermal strain
ηa(j) anodic over potential
ηc(j) cathodic over potential
κ thermal conductivity of the bipolar plate
λj the priority of jth attribute comparing with others
µ thermal diffusivity
ν Poisson ratio
Ω the constrained space
ρ density of bipolar plate
σf tensile strength of bipolar plate
Ψ the set of objective functions
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ξ time of steady state

his shortcoming can be dealt with by adopting a Multiple
ttribute Decision Making model. In this work, it is shown

hat the material selection procedure of fuel cell components
an be done using Multiple Attribute Decision Making models,
hich often requires complex hierarchical comparisons among

andidate materials based on a number of design criteria. The
eason for choosing the MADM approach is briefly outlined as
ollows.

There are two general approaches which can be used to solve
ulti-objective optimization (also referred to as Multi-Criteria
ecision Making, or MCDM) problems. They are: Multiple
bjective Decision Making (MODM) and Multiple Attribute
ecision Making approaches [8,9]. The MODM approach can
e expressed in general form as [9]:

ODM

{
optimizeψ(X) = {f1(X) . . . fi(X) . . . fk(X)}
subject toX∈Ω (1-1)

The objectives are sometimes in conflict with one another,
eaning an optimal solution of one objective does not meet

he optimal solution of another. The material designer should
hen make a compromise between the objectives to come up
ith the best solution. This gives rise to an infinite num-
er of compromised solutions, usually called Pareto-optimum
olutions [10]. These types of models employ decision vari-
bles that are determined in a continuous domain with either
n infinite or a large number of choices. The best decision is
hen made so as to satisfy the material designer’s preference
nformation as well as the problem constraints and objectives
10–15].

The MADM approach, on the other hand, can be used in
election problems where decisions involve a finite number
f alternatives and a set of performance attributes [9]. The
ecision variables can be quantitative or qualitative. The key
ifference in MADM models, as compared to MODM mod-

ls, is that they include discreet variables with a number of
re-specified alternatives and, more importantly, they do not
equire an explicit relation between input and output variables
9]. Most of the MADM models are defined by a decision matrix.
n turn, the decision matrix has three main parts, namely (a)
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lternatives Ai (i = 1, . . ., m), (b) criteria gj (j = 1, . . ., n), (c)
elative importance of criteria (or weights) ωi and (d) a deci-
ion matrix with rij elements. In the decision matrix, all the
lements must be normalized so that their comparison becomes
elevant.

For material selection purposes, and from a metallurgical
oint of view, there are currently no exact relations available
escribing the electrochemical behavior of fuel cell materials
s a function of all micro- and macro-structural characteris-
ics. Therefore, between MADM and MODM, it is the MADM
pproach that can be adapted, until now, to the material selection
roblem. The solution (i.e., the suitable candidate material) is
hen found, based on a comparison of a set of alternatives with
espect to all criteria and their possible trade-offs and interac-
ions [9].

In the literature of decision science, a variety of MADM
ethods are available in deterministic, stochastic and fuzzy

omains. In this work, the Technique of ranking Preferences
y Similarity to the Ideal Solution (TOPSIS) [8–17] in a deter-
inistic domain is used. It is believed that the method has good

otential for solving the material selection problem of fuel cell
omponents like bipolar plates.

. Theoretical considerations on the TOPSIS method

.1. General considerations

The following characteristics of the TOPSIS method make it
n appropriate approach which has good potential for solving
aterial selection problem:

An unlimited range of material properties and performance
attributes can be included.
In the context of material selection, the effect of each attribute
cannot be considered alone and must always be seen as a
trade-off with respect to other attributes. Any change in, for
instance, thermal, mechanical, electrical and electrochemical
performance indices can change the decision priorities for
other parameters. In light of this, the TOPSIS model seems
a suitable method for multi-criteria material selection prob-
lems as it allows explicit trade-offs and interactions among
attributes. More precisely, changes in one attribute can be
compensated for in a direct or opposite manner by other
attributes.
The output can be a preferential ranking of the alternatives
(candidate materials) with a numerical value that provides a
better understanding of differences and similarities between
alternatives, whereas other MADM techniques (such as the
ELECTRE methods [18–20]) only determine the rank of each
material.
Pair-wise comparisons, required by methods such as the Ana-
lytical Hierarchy Process (AHP) [21,22], are avoided. This is

particularly useful when dealing with a large number of alter-
natives and criteria; the methods are completely suitable for
linking with computer databases dealing with material selec-
tion.
er Sources 159 (2006) 1095–1104 1097

It can include a set of weighting coefficients for different
attributes.
It is relatively simple and fast, with a systematic procedure.

.2. Characteristics of the TOPSIS method

Yoon and Hwang [16,17] introduced the TOPSIS method
ased on the idea that the best alternative should have the short-
st distance from an ideal solution. They assumed that if each
ttribute takes a monotonically increasing or decreasing varia-
ion, then it is easy to define an ideal solution. Such a solution
s composed of all the best attribute values achievable, while
he worst solution is composed of all the worst attribute values
chievable [17]. The goal is then to propose a solution which
as the shortest distance from the ideal solution in the Euclidean
pace (from a geometrical point of view) [8–17]. However, it has
een argued that such a solution may need to simultaneously
ave the farthest distance from a negative ideal solution (also
alled nadir solution) [10,23]. Sometimes, the selected solution
here candidate material) which has the minimum Euclidean
istance from the ideal solution may also have a short distance
rom the negative ideal solution as compared to other alternatives
10–15]. An example of this situation is presented graphically
n Refs. [16,17]. The TOPSIS method, by considering both the
bove distances, tries to choose solutions that are simultaneously
lose to the ideal solution and far from the nadir solution. In a
odified version of the ordinary TOPSIS method, the ‘city block

istance’ [16,24], rather than the Euclidean distance, is used so
hat any candidate material which has the shortest distance to the
deal solution is guaranteed to have the farthest distance from
he negative ideal solution [10–15].

The TOPSIS solution method consists of the following steps:

a) Normalize the decision matrix. The normalization of the
decision matrix is done using the following transformation:

nij = rij√∑m
i=1r

2
ij

; j = 1, 2, . . . , n; i = 1, 2, . . . , m

(2-2-1)

b) Multiply the columns of the normalized decision matrix by
the associated weights. The weighted and normalized deci-
sion matrix is obtained as:

Vij = nijw
′
j; j = 1, 2, . . . , n; i = 1, 2, . . . , m (2-2-2)

where w′
j represents the weight of the jth attribute.

c) Determine the ideal and nadir ideal solutions. The ideal and
the nadir value sets are determined, respectively, as follows:

{V+
1 , V

+
2 , . . . , V

+
n } = {(Max

i
Vij|j ∈K),

(Min
i
Vij|j ∈K′)|i = 1, 2, . . . , m} (2-2-3)
{V−
1 , V

−
2 , . . . , V

−
n } = {(Min

i
Vij|j ∈K),

(Max
i
Vij|j ∈K′)|i = 1, 2, . . . , m} (2-2-4)
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where K is the index set of benefit criteria and K′ is the index
set of cost criteria.

d) Measure distances from the ideal and nadir solutions. The
two Euclidean distances for each alternative are, respec-
tively, calculated as:

S+
i =

⎧⎨
⎩

n∑
j=1

(Vij − V+
j )

2

⎫⎬
⎭

0.5

;

j = 1, 2, . . . , n; i = 1, 2, . . . , m (2-2-5)

S−
i =

⎧⎨
⎩

n∑
j=1

(Vij − V−
j )

2

⎫⎬
⎭

0.5

;

j = 1, 2, . . . , n; i = 1, 2, . . . , m (2-2-6)

Remark: In the so-called ‘block TOPSIS’ method, the two
distances are obtained as:

S+
i =

n∑
j=1

|Vij − V+
j | and S−

i =
n∑
j=1

|Vij − V−
j |.

e) Calculate the relative closeness to the ideal solution. The
relative closeness to the ideal solution can be defined as:

Ci = S−
i

S+
i + S−

i

; i = 1, 2, . . . , m; 0 ≤ Ci ≤ 1 (2-2-7)

The higher the closeness means the better the rank.
The methods for assessing the relative importance of criteria

ust be well defined.
For solving MADM problems, it is generally necessary to

now the relative importance of each criterion. It is usually
iven as a set of weights, which are normalized, and which add
p to one. The importance coefficients in the MADM methods
efer to intrinsic “weight”. Some works deserve mention because
hey include information concerning the methods that have been
eveloped for assessing the weights in a MADM problem: these
re Refs. [25–33]. The entropy method [34–37] is the method
sed for assessing the weight in a given problem because, with
his method, the decision matrix for a set of candidate materials
ontains a certain amount of information. In other words, the
ntropy method works based on a predefined decision matrix.
ince there is, in material selection problems, direct access to the

alues of the decision matrix, the entropy method is the appro-
riate method. Entropy, in information theory, is a criterion for
he amount of uncertainty, represented by a discreet probability
istribution, in which there is agreement that a broad distribu-
ion represents more uncertainty than does a sharply packed one
34,37]. The entropy idea is particularly useful for investigat-
ng contrasts between sets of data. This method consists of the
ollowing procedure:

s
i

er Sources 159 (2006) 1095–1104

1) Normalizing the decision matrix

pij = rij∑m
i=1rij

j = 1, 2, . . . , J ; i = 1, 2, . . . , I

(2-2-8)

2) Calculating the entropy with data for each criterion, the
entropy of the set of normalized outcomes of the jth cri-
terion is given by

Ej = −k
m∑
i=1

[pij ln(pij)] j = 1, 2, . . . , J ;

i = 1, 2, . . . , I (2-2-9)

Using the entropy method, it is possible to combine the mate-
ial designer’s priorities with that of the sensitivity analysis.
inal weights defined are a combination of two sets of weights.
he first is the set of objective weights that are derived directly

rom the nature of the design problem using the entropy method,
nd with no regard to the design performers will. The second is
he set of subjective weights that are defined by the material
esigner’s preferences to modify the previous weights and find
he total weights. When the material designer finds no reason
o give preference to one criterion over another, the principle of
nsufficient reason [38] suggests that each one should be equally
referred.

′
j = dj∑n

j=1dj
, ∀j (2-2-10)

here dj = 1 − Ej is the degree of diversity of the information
nvolved in the outcomes of the jth criterion. The value j is: j = 1,
, . . ., J.

Otherwise, if the material designer wants to add the subjec-
ive weight according to the experience, particular constraint of
esign and so on, the weight factor is revised as:

j = λjw
′
j∑n

j=1λjw
′
j

, ∀j (2-2-11)

In this paper, the revised Simos method (see Ref. [26]) has
een used to define the subjective weights in a given problem
y the following algorithm:

(i) The non-normalized subjective weights λ(1), . . . ,
λ(r), . . . , λ(n̄) associated with each class of equally placed
criteria, arranged in order of increasing importance. The
criterion or group of criteria identified as being least
important is assigned the score of 1, i.e., λ(1) = 1.

ii) The normalized subjective weight: λj is designated the nor-
malized weight of criterion Xi such that:

n∑
i=1

λj = 100 (2-2-12)
It is concluded that the introduced combined weighting
cheme is important for material selection problems. It can take
nto account both the nature of conflicts among criteria and
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he practicality of the decisions. This opportunity reflects the
dvantage of more controllable design selections. The entropy
pproach can be used as a good tool in criteria evaluation. This
ossibility makes the entropy method very flexible and efficient
or material design.

.3. Case study

This section focuses on the material selection of the bipolar
late in polymer electrolyte fuel cells. In a cell stack, bipolar
lates provide the following [39]: (i) rigidity for the MEA, (ii)
istribution and separation of the fuel and oxidant, (iii) elec-
ron flow through the stack and (iv) good electrical contact with

icro-diffuser. The following characteristics are required for
ipolar plates: (i) high electrical conductivity and thermal com-
atibility with other components, (ii) high corrosion resistance,
iii) high mechanical strength, (iv) low gas permeation, (v) low
ass and volume for FC stack, (vi) easy manufacture in low-

ost/high volume by automation and (vii) low material cost.
tate-of-the-art stacks contain bipolar plates made of machined
r molded graphite. Bipolar plate materials usually operate under
he static load and carry out heat efficiency close to PEMFC tem-
erature.

The heat and electrical conduction through a loaded bipolar
late requires the use of a flat plate which is located between
he cells, in a fuel cell stack. Desired plate thickness depends on
eat transfer, the electrical current transported, and the geometry
nd dimensions of the flow field channel which will be formed
n it. This plate has to resist against thermal distortion during
he operation of the fuel cell stack.

Due to its good chemical stability and high conductivity,
raphite is the most typical material being used as a bipolar
late PEMFC cells and stacks applications. It is, however, lim-
ted by its difficulty to machine the gas flow field channels that
rovide gas distribution for the streams, adding a considerable
ost. To increase structure strength and minimize gas perme-
tion, graphite plates are usually thick [39]; this allows for gas
hannels on both sides. To ensure high rigidity of the system and
ollect the current from the bipolar plates, copper end plates are
dded to the structure. This can be very heavy but the weight
an be decreased if metal bipolar plates are used, because they
an be thinner and can act simultaneously as both bipolar and
nd plates. For example, for a 60-cell stack, the mass distribu-
ion of the 33 kW PEFC stack is, respectively [40], (i) 40 kg
ith graphite plates, representing 88% of the stack weight and

ii) 24 kg with coated aluminum plates, or 81% of the stack
eight. Even though machined or molded graphite is the refer-

nce material for bipolar plate applications in PEFCs, it has a
igh cost (particular machined graphite) and a high mass and
olume (more than 75% of stack mass and volume); other mate-
ials, therefore, must be considered. Potential materials which
re currently studied are stainless steels, titanium, aluminum
oated with gold, electro-less nickel on aluminum, composite

aterials, plastics-coated metals and other coated metals, etc.

41–65]. The main challenge for bipolar issues is to develop light
nd low-cost materials which can act as bipolar and end plates in
EFCs. Research on light metal alloys and composite materials

w
o
a
f
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ould be interesting approaches for suitable bipolar plate’s devel-
pment. Metallic bipolar plates have a lower cost than graphite
lates. They also exhibit a high mechanical strength to withstand
lamping forces, and high chemical stability; they can also be
asily cooled with water; they have fair gas permeability, and
re easily machined to form flow channels, which makes them
uite suitable for mass production. However, they form a pas-
ive oxide layer in air and this oxide layer increases interfacial
esistance between the fuel cell components. With aluminum
nd titanium bipolar plates, in order to achieve an acceptable
ifespan under the environmental conditions of the fuel cell, the
oating is necessary as it prevents contamination of the mem-
rane which should be an electrical insulator [49].

. Modeling, simulation, results and discussion

.1. Modeling and simulation

An analytical solution is considered for examining and eval-
ating the criteria and their related performance indexes in the
tudied case. During PEMFC operation, hydrogen is oxidized at
he anode (according to the following equation) to produce pro-
ons (H+) which are transported through the polymer electrolyte

embrane to the cathode:

2 → 2H+ + 2e− (3-1-1)

At the cathode, the supplied oxygen reacts with the protons
ccording to:

2 + 4H+ + 4e− → 2H2O (3-1-2)

These electrochemical reactions are characterized by the
hermodynamic equilibrium potential described by the Nernst
quation:

(j) = E0 + RT

2F
ln

(
P2

H2
PO2

P2
H2O

)
(3-1-3)

Electrical energy comes from a PEMFC only when a current
s drawn, but the actual cell potential �E(j) is decreased from
ts ideal potential because of irreversible losses.

E(j) = Ec(j) − Ea(j) = E(j) − (|ηa(j)| + |ηc(j)| + Re(j))

(3-1-4)

The bipolar plates are used as current collectors and also to
onnect the cells in series for a stack which provides us a system
ith a certain power. The measure of power per unit mass for a

uel cell stack, including n similar cells, is called specific power

= n[E(j) − (|ηa(j)| + |ηc(j)| + Re(j))]J(j)

M
(3-1-5)
here M is the total mass of the fuel cell stack. The total mass
f the other parts of cell stack, e.g., membranes, cathodes and
nodes compared to the mass of the bipolar plates in a specified
uel cell stack is negligible, and replacing the mass m of a bipolar
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late instead of total mass M of the fuel cell stack in Eq. (3-1-5)
an be considered as a good approximation.

As a result, a light and highly conductive bipolar plate which
haracteristics may satisfy the mechanical, thermal, corrosive
nd electrochemical criteria for PEMFC operating conditions
ight be the appropriate materials to consider if we want to get
high specific power density of the stack.

In many engineering applications, three-dimensional prob-
ems may be idealized as two-dimensional – or plane – problems.
he effects of normal transverse strain are often neglected in
inematics compared to the effects of in-plane strains due to
he thinness of the plate. Also, the plate is assumed to be in
n approximate state of plane stress (if one of the dimensions
s small in comparison with other dimensions, then the stress
n the direction of the small dimension is negligible). In deriv-
ng the equilibrium equations, statically equivalent forces and

oments acting on the reference surface of the plate can be
efined by integrating stress through the thickness. In this way,
he 3D plate behavior may be described using a 2D approxi-

ation. Therefore, the Roark relationships [66] used for a thin
ipolar plate, in this paper, could be accurate and present a good
pproximation of a 3D model.

A light bipolar plate with specified thickness t, length a and
idth b, should meet the constraint on its stiffness, S, meaning

hat it should not deflect under a static load F during the operation
ime of the fuel cell. This constraint requires that the stiffness
f the bipolar plate be high enough to tolerate the maximum
ossible deflection of an applied load. To determine the stiffness,
he bipolar plate is modeled as a simply supported plate subject
o a uniform load applied over the entire in-plane area of the
ipolar plate.

= F

ym
≥ χ

Et3

b4 (3-1-6)

can be obtained from the following relation [66]:

= −0.00505

[(a
b

)5
]

+ 0.0068

[(a
b

)4
]

− 0.0306

[(a
b

)3
]

+0.0371

[(a
b

)2
]

+ 0.0835
[(a
b

)]
− 0.0519 (3-7)

Decreasing the geometry parameters of the bipolar plate
educes the mass of the fuel cell stack, but it is noted that the
tiffness constraint should be met. Introducing the Eqs. (3-1-6)
nd (3-1-7) into mass relation (m = ρV) leads to the following
elation:

≥
( ρ

E1/3

)(Sb7

χ

)1/3

a (3-1-8)

Obviously, the best material for a light, stiff bipolar plate is
hat with large values of E1/3/ρ index.

In the strength-limited design, the objective function is still

o minimize the mass but the constraint is now that of strength.
herefore, the bipolar plate has to be designed in such a way that

t will not fail under a given load. This means that it should stand
p to the maximum bending stress of a uniform load applied

o

U

er Sources 159 (2006) 1095–1104

ver the entire area of plate. The maximum stress in a simply
upported plate due to a uniform load is defined as:

F ≥ β
Fb2

t2
(3-1-9)

here β follows

= −0.00907

[(a
b

)5
]

+ 0.0097

[(a
b

)4
]

− 0.0137

[(a
b

)3
]

+(−0.1883)

[(a
b

)2
]

+ 0.8678
[(a
b

)]
− 0.3874

(3-1-10)

Again, introducing the Eqs. (3-9) and (3-10) into mass rela-
ion (m = ρV) will result in the following equation:

≥
(

ρ

σ
1/2
F

)
(Fβ)1/2ab2 (3-1-11)

The mass is minimized by selecting materials with the large
alues of the index σ1/2

F /ρ.
When the fuel cell starts operating, the temperature of

he bipolar plate suddenly changes by �T, thermal strains
t = 1/2Eα(Ti − To) happen and the temperature gradient
hrough the thickness of the plate will be linear. The maximum
hermal stress in the given bipolar plate is defined as follows
66]:

t = 1

2
Eα

[
Ti + To − 2To + 1 − ν

3 + ν
(Ti − To)

]
(3-1-12)

If this stress exceeds the tensile stress of the bipolar plate, a
racture results. The safe temperature interval �T is therefore
aximized by choosing a material with a large value of σt/Eα.
lso, the plate distortion due to temperature changes is pro-
ortional to the thermal strain gradient and is defined by using
ourier’s Law in the steady state condition:

dεt

dx
= α dT

dx
=
(α
κ

)
Q (3-1-13)

For a given geometry and heat flow, the distortion is reduced
y selecting material with large values of the index (α/K). The
eat content of the bipolar plate per unit area, when heated
hrough a temperature interval of �T, gives the objective func-
ion

=
√

2ξ�Tκ

µ1/2 (3-1-14)

The heat capacity of the bipolar plate is minimized by choos-
ng material with a high value of κ/µ1/2.

When the hydrogen embrittlement happens in the bipolar
late, it defects elastically until it fractures. The elastic energy
er unit stored in the bipolar plate is the integral over the volume

f

=
∫ σF=CKt/√πaf

0
σ dε = C2

2πaf

(
K2

t

E

)
(3-1-15)
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Table 1
List of candidate materials for the bipolar plates

Material number Material name

1 316 Austenitic stainless steel
2 310 Austenitic stainless steel
3 317L Austenitic stainless steel
4 316L Austenitic stainless steel
5 Aluminium (gold plated)
6 AISI 446 Ferritic stainless steel
7 AISI 436 Ferritic stainless steel
8 AISI 444 Ferritic stainless steel
9 AISI434 Ferritic stainless steel

10 304 Austenitic stainless steel
11 Titanium (coated with nitride)
12 A560 (50Cr–Ni)

t
m
o
v
c
t
o
o

T
D

P
i

1
1
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For a given initial flaw size, energy is maximized by choosing
aterials with large values of K2

t /E.
The high resistance to corrosion in high acid environments

s another essential requirement for a bipolar plate; one can
onsider the amount of corrosion in sulphuric acid (lower is
esirable) as the corrosion resistance performance index.

Since high electrical conductivity is desirable in order to
nhance the specific power density of the stack according to the
q. (3-1-5), one can make the amount of electrical resistivity of

he bipolar plate (lower is desirable) the electrical criterion.
Cost criteria are divided into two main parts: (1) the first one is

roportional to the density of the bipolar plate according to Eqs.
3-1-1) and (3-1-2) and (2) the price of the base material, which
s specified by the fraction recycled and the price of the material
higher and lower values are desirable for both, respectively).
he fraction recycled is a measure of the proportion of a bipolar
late in use in products which can economically be recycled.

The other criterion is the gas compatibility of the bipolar
late, which is proportional to hydrogen permeability. A small
umber for this index denotes desirability for separation of the
node and cathode components.

Obviously, the ideal material cannot be found due to the
onflicting trade-offs between selection criteria. For modeling
given problem, at the initial stage, one should determine all

he material properties related to the given functional require-
ents. To narrow down the number of candidate materials from

he range of options, minimum constraints on materials should
e imposed. Ashby and Cambridge University have developed
he Cambridge Engineering Selector (CES) software-database
nd reported results [41–65] for finding the proper candidate
aterials and related properties. With the chosen materials, we

an also generate a decision matrix. This information has been
resented in Tables 1 and 2 and Fig. 1 which indicate the deci-
ion matrix and the direction of the performance of the criteria.
or the methods discussed, the elements of the decision matrix
or each criterion are taken as inputs. A Mathematica program
eveloped for this reason enables one to obtain the entropy-

eighted coefficients and the output of the TOPSIS method.
It should be pointed out that the material indices considered

bove in Table 2 are assumed to be independent measures of
he corresponding each parameter of performance. The goal is

i
b
u
m

able 2
ecision matrix for material selection of the bipolar plate in PEFC

erformance
ndex ID

Material ID 1 2 3 4 5

1 E1/3/ρ 0.729 0.840 0.867 0.768

2 σ
1/2
f /ρ 2.812 2.781 3.214 2.714

3 σf/Eα 0.147 0.094 0.133 0.111
4 α/κ 19.02 29.31 24.10 24.43 1
5 κ/µ1/2 270.9 251 244.4 269.6 6
6 K2

t /E 253.5 44.15 174 322.0
7 Resistivity �ohm cm 71 80 74 69
8 Cost (CAN$/kg) 5.089 10.83 7.142 5.184
9 Corrosion rate (in/year) 0.081 0.081 0.23 0.081
0 Recycle fraction 0.7 0.7 0.7 0.7
1 Hydrogen permeability 5.1 5.4 5.3 2.2 1
Fig. 1. Result of CES simulation for material selection of a bipolar plate.

o optimize each index, regardless of the values of individual
aterial properties defined in that index. Furthermore, the initial

ptimum value of each criterion is independent of other criteria
alues (i.e., no interaction is allowed). However, when these
riteria are used with the TOPSIS method which cannot treat
he material properties as individual criteria, the ranking results
btained in this work might not be very sensitive to the inclusions
f indices. In order to check the sensitivity of the results to the

nclusion of indices, one may solve the same decision problem
y considering the material properties as individual criteria and
sing other methods (like ELECTRE IV) rather than the TOPSIS
ethod. We are actively investigating this aspect because it may

6 7 8 9 10 11 12

2.474 0.822 0.891 0.821 0.950 1.018 1.824 0.952

5.814 3.240 3.141 3.10 3.351 3.735 5.792 3.342
0.036 0.246 0.2 0.198 0.159 0.092 0.142 0.200

58.8 13.12 15.70 15.63 20.97 40.26 40.67 16.64
29.4 295.4 305.8 292.0 267.3 232.0 203.9 237.3
4.224 76.60 28.95 51.49 42.52 12.42 4.385 50.56
3.9 65 55 57 62 77 60.3 40

50 4.954 5.69 5.53 5.76 5.99 34.56 10.37
2 0.105 0.105 0.105 0.105 0.081 0.061 0.005
0.9 0.75 0.75 0.75 0.75 0.7 0.65 0.3

60 0.69 0.69 0.69 0.69 5.4 0.32 4.2
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Table 3
Weighted coefficients of the performance indexes without and with the criterion of cost

Performance index Without the criterion of cost With the criterion of cost

Designer weighted coefficients Entropy-weighted coefficients Designer weighted coefficients Entropy-weighted coefficients

E1/3/ρ 11.4 0.0226781 9.2 0.0190989

σ
1/2
f /ρ 11.4 0.00946816 9.2 0.00797387
σf/Eα 5.7 0.0103501 6.1 0.0115589
α/κ 5.7 0.048621 6.1 0.0542999
κ/µ1/2 11.4 0.0135546 9.2 0.0114154
K2

t /E 14.3 0.17835 10.8 0.140567
Resistivity (�ohm cm) 17.2 0.0317112 12.4 0.0238576
Price of material – – 13.9 0.13997
Corrosion rate (in/year) 14.3 0.351417 10.8 0.276969
Recycle fraction – – 4.6 0.00235528
Hydrogen permeability 8.6 0.333849 7.7 0.311934

Table 4
Final score of candidates for the bipolar plate in PEFC

Material With the criterion of cost Without the criterion of cost

Ordinary TOPSIS Block TOPSIS Ordinary TOPSIS Block TOPSIS

Closeness to
ideal solution

Rank Closeness to
ideal solution

Rank Closeness to
ideal solution

Rank Closeness to
ideal solution

Rank

1 0.937 2 0.787 2 0.931 2 0.795 2
2 0.823 8 0.705 9 0.808 8 0.708 10
3 0.875 3 0.736 4 0.862 3 0.736 5
4 0.962 1 0.811 1 0.959 1 0.825 1
5 0.028 12 0.028 12 0.030 12 0.308 12
6 0.844 4 0.744 3 0.828 4 0.737 4
7 0.821 9 0.728 8 0.802 9 0.719 8
8 0.833 5 0.734 5 0.814 6 0.727 6
9 0.827 7 0.729 7 0.809 7 0.721 7

10 0.810 10 0.704 10 0.791 11 0.695 11
1 11
1 6

h
o
i
i
p
m
a

3

p
o
r
i
s
s
a
t
a
w

fi
h

i
When one considers the decision matrix without the crite-

rion of cost and its related attributes (Table 4 and Fig. 2), the
materials 1 and 2 [41–53,54–65] and 12 [41,58] are considered
as the first three choices using Ordinary TOPSIS and Block
1 0.878 11 0.660
2 0.832 6 0.732

elp to make systematic comparison between ranking results
btained from models which are sensitive to the inclusion of
ndices and those which may consider the material properties as
ndividual criteria. Such an approach will help to evaluate the
erformance of each of the Multiple-Criteria Decision Making
odels in material selection for polymer electrolyte fuel cell

pplications.

.2. Results and discussion on the material choice

Table 3 summarizes the weighted coefficients of different
erformance indexes obtained using the entropy method, with
r without considering the criterion of cost (price of material and
ecycled fraction). For the first case, the strength performance
ndex has a very low value compared to other attributes. For the
econd case, the criterion of the recycled fraction has a low value
imilar to the strength performance index. One sees that for the

ttributes with a low range, which possess no critical points due
o a uniform rate of increase, the entropy-weighted coefficients
re negligible. It can be concluded that those attributes whose
eighted coefficients are of low value have no major effect on the
0.792 10 0.715 9
0.818 5 0.740 3

nal decision compared to the effect of hydrogen embrittlement,
ydrogen permeability and corrosion resistance.

The results of Ordinary and Block TOPSIS methods are given
n Table 4 and Figs. 2 and 3.
Fig. 2. Ranks of candidate materials without the criterion of cost.
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Fig. 3. Ranks of candidate materials with the criterion of cost.

OPSIS methods. The first three choices are reasonable, since
hese materials have one of the best electrochemical, mechani-
al and corrosion resistance compared to other candidates in the
ecision matrix. As can be seen, these materials (when the price
f base material and recycling are not factors) can be used for
electing a material with high performance requirements, such
s in aerospace applications.

It is worth noting that material 5 [49] shows a TOPSIS score
alue that is significantly worse than other candidate materials.
he reason is clear: the most important criteria values, which
re highlighted by the entropy method for the other candidate
aterials, dominate those for material 5. Accordingly, one may

ecide to repeat the solution by eliminating this candidate mate-
ial (which clearly is the worst material solution and has no
ower to compete with other candidate materials) in order to
dd to the accuracy of the final decision, particularly when the
ethods are linked to a material database.
Materials 3 and 12 have the same ranking in Ordinary TOP-

IS and Block TOPSIS. For comparison purposes, the score of
ach material is determined by the TOPSIS methods and it can
rovide a clear idea to the designer. It is observed that the results
btained by the above methods are significantly different if the
core of the candidate materials are very close to each other. As
een in Table 4, the TOPSIS methods are able to show distinc-
ions and similarities in candidate materials.

When considering the criterion of cost (Table 4 and Fig. 3),
he ranking of candidate materials changes significantly, partic-
larly for materials 12 and 6 [63,64], when compared to the first
ase. For mass production of these components, the criterion of
ost (price of material and recycling fraction) plays an essential
ole and, as seen, 316-types materials are preferred in all cases;
hey are therefore the most appropriate.

Although it is sufficient to use each of the Ordinary and Block
OPSIS methods in a stand-alone fashion, they may also be used
s complements. Three hundred and sixteen types and AISI 446
ave an almost stable ranking, with and without the criterion of
ost, in all methods. As such, material 4 can be considered the
est choice because of the minimum distance to the ideal solution
nd longest distance to the negative ideal solution, as determined
y Ordinary TOPSIS and Block TOPSIS, respectively. In that

ase, the selected candidate material is optimal. In an approach
hich involves replacing the material 4 already in use with a
ewer one, material 6 is the most appropriate. This confirms the
btained results about the applicability of material 6 in Refs.

[

[

er Sources 159 (2006) 1095–1104 1103

63,64] compared to material 4. In addition, the materials which
re selected as the best choices by the TOPSIS methods are
n agreement with the Cambridge Engineering Selector (CES)
atabases as well as with reported results [41–65] which contain
nformation about the applicability of these materials for the
ipolar plate in PEFC.

. Concluding remarks

Using MADM models in material selection problems can be
onsidered an efficient and suitable tool. The decision matrix is
ntroduced for selecting the appropriate materials for the bipolar
late in a polymer electrolyte fuel cell based on design criteria
nd possible candidate materials. The weighted coefficients are
btained for every attribute by making use of the entropy method.
he decision matrix and weighted coefficients are taken as the

nput for Ordinary TOPSIS and Block TOPSIS. These models
ist candidate materials from the best to the worst, taking into
ccount all material selection criteria including cost. Methods
hat determine both the score and the rank of each candidate

aterial may be preferred over methods that provide only the
ank of materials. The score option can provide better insight
o the designer and it takes into account both the differences
nd similarities of the candidate materials. In order to enhance
he accuracy of the final decision, using the Ordinary and Block
OPSIS methods together can be considered an efficient tool.
he results show good agreement with available data in CES
atabases.
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