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bstract

Niobium (Nb)-clad 304L stainless steel (SS) is currently under consideration for use as a bipolar plate material in polymer electrolyte membrane
uel cell (PEMFC) stacks. Because metal bipolar plates will likely be formed by stamping, the sheet-metal properties of this material were
haracterized in both the as-rolled and an optimized annealed condition via a series of bend and quasi-static tensile tests. Results from tensile
esting demonstrate that annealing significantly softens and thereby improves the ductility of the material. Bend test results indicate that springback
s nearly independent of the bend direction relative to rolling direction for both the as-rolled and annealed conditions. In the as-rolled condition,
pringback is also nearly independent of specimen orientation (i.e. whether the cladding layer is on the inside or outside of the bend). However, in
he annealed condition, springback does depend on the cladding orientation relative to bending and was found in all cases to be substantially lower
han that observed in the as-rolled condition. Microstructural analysis of the specimens indicates that two failure conditions can potentially arise,
ependent on the thermomechanical condition of the material. In the as-rolled condition, failure initiates via fracture through the Nb cladding. In
he annealed specimens, failure can occur by brittle fracture of an interfacial intermetallic layer that forms during the annealing treatment. This
enerates a series of crack-induced pores along the interface between the Nb cladding and the SS core, which eventually leads to ductile failure of

he Nb cladding via localized necking. However, the conditions required for this phenomenon to take place are fairly extreme and can be readily
voided in practice. In general, the results suggest that to achieve acceptable stamping tolerances, the material should be annealed prior to forming
nd the bipolar plate flow channel pattern should be designed such that extreme levels of strain at the cladding/core interface are avoided to mitigate
he potential for partial delamination within the material.
ublished by Elsevier B.V.
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. Introduction

Despite significant technical progress made in recent years
oward developing a commercially viable polymer electrolyte

embrane fuel cell (PEMFC) system, the device currently finds
ommercial use in only niche applications [1]. Among the rea-
ons for this are, the high cost of PEMFC stack manufacture and
he steady loss in power output typically observed during long-
erm, continuous operation [2]. According to a recent assessment
f PEMFC technology by the U.S. Department of Energy, “Fuel

ells are currently five times more expensive than internal com-
ustion engines and do not maintain performance over the full
seful life of the vehicle [3].” Additional factors hindering the
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cceptance of PEMFCs in transportation markets are their cur-
ent size and weight [4], which limit the specific power that can
e generated. For this technology to be competitive, cost reduc-
ion and performance improvement must come from all aspects
f PEMFC system design and manufacture.

One of the most bulky components in the stack with respect
o both weight and volume is the bipolar plate. In addition, it
s one of the most expensive to manufacture. This component
erves not only as the electrical junction between serially con-
ected cells in the stack, but also performs several other key
unctions in the overall device, including [5]: distribute fuel and
xidant uniformly over the active areas of the cells; facilitate
ater management of the membrane to keep it humidified, yet

itigate flooding; act as an impermeable barrier between the fuel

nd oxidant streams (particularly H2) to maintain the hydrogen
radient across the membrane necessary for high power out-
ut; provide structural support for the stack; and remove heat

mailto:scott.weil@pnl.gov
dx.doi.org/10.1016/j.jpowsour.2007.03.032
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Table 1
Thicknesses of Nb and SS used in cold roll bonding

Materials Thickness prior to rolling (mm) Total thickness after final rolling (mm) Total nominal thickness strain

Nb SS

5 0.25
1 0.25
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[18] for three-point bending using specimens measuring 57 mm
in length and 20 mm in width. The specimens were cut from
the clad metal sheets along two different angles to the rolling
direction, θ = 0◦ and 90◦. In addition, the specimens were tested
Nb-clad 304L SS 1.27 24.13
0Nb-clad 304L SS 1.32 11.88

rom the active areas of the cells. While various materials have
een considered for use in this component [6–11], metals offer
number of intriguing design advantages particularly for auto-
otive stack applications, including: low-cost, mass-production

ia stamping or embossing of sheet product; fabrication in very
hin form (<150 �m) to reduce weight and volume in the over-
ll stack; impermeability to fuel, oxidant and water vapor; and
n general, excellent thermal conduction properties and good

echanical robustness. However, a potential show-stopper with
ny metal-based PEMFC stack component is surface corrosion,
nd the current drive to increase the operating temperature of the
tack will only exacerbate this problem. Corrosion of the bipolar
late leads to a release of metal ions that can contaminate the
lectrolyte membrane and poison the electrode catalysts, thereby
xaggerating the long-term degradation issues with PEMFC
tacks. In addition, the formation of a passivating oxide or oxy-
ydroxide layer on the surface of the metal tends to increase
he contact resistance between the bipolar plate and the adjacent
arbon gas diffusion layer, often by many orders of magnitude,
hich both limits the amount of power that can be generated by

he stack and serves as an additional source of heat that must be
emoved during operation.

Various schemes have been investigated for protecting metal-
ic bipolar plates, most of which rely on a thin, inert yet
lectrically conductive coating such as diamond-like carbon
r titanium nitride [12–14]. However, there are a number of
ractical problems with deploying a surface coating strategy,
ncluding the unintended incorporation of flaws during process-
ng, concerns with handling damage (chipping and scratching)
uring subsequent manufacturing steps, poor adhesion between
he coating and underlying substrate during stack assembly, and
he additional costs associated with the coating process. Desir-
ble is a bipolar plate material that incorporates the advantages of
etal, but undergoes little or no corrosion and is not susceptible

o the manufacturing issues associated with coatings.
Recently, we reported on the electrochemical properties of

iobium-clad stainless steel (Nb-clad SS) for potential use in a
ew clad PEMFC bipolar plate material concept [15]. Test results
emonstrated that the concept is electrochemically viable, i.e.
t affords excellent corrosion stability under an accelerated ver-
ion of simulated stack conditions, while allowing material costs
o be minimized by incorporating the passivating Nb as a thin
ayer roll clad to a more robust steel sheet. To date, testing has
een conducted only on as-rolled, flat samples; the work needs

o be validated on material in an as-formed condition that is rep-
esentative of a prototypic metal PEMFC bipolar plate. Prior to
his, the forming properties of the material must be evaluated.
or example, a common technique currently employed in the

F
r

4 −0.99
4 −0.98

anufacture of both PEMFC and solid oxide fuel cell (SOFC)
onolithic metal components is progressive stamping. However,

here are a number of sheet-metal properties that must be charac-
erized before considering the Nb-clad material for bipolar plate
esign and subsequent fabrication via stamping, including yield
tress, elongation, anisotropy, residual stress, formability, and
pringback [16]. Presented here is an initial evaluation of the
ensile and bend properties of the Nb-clad SS material currently
nder consideration for PEMFC stack application.

. Experimental set-up

The characterization studies were conducted on Nb-clad
04L SS sheets fabricated via roll bonding by Engineered Mate-
ials Solutions Inc. (EMS; Waltham, MA). As listed in Table 1,
wo different ratios of Nb to SS and two different thermome-
hanical conditions, as-rolled and annealed, were investigated.
nnealing was conducted in high vacuum at 982 ◦C (1800 ◦F)

or 15 min at EMS. Prior to characterization, the sheets were
egreased by ultrasonically cleaning in acetone and methanol
ollowed by rinsing with distilled water.

Specimens used in quasi-static tensile tests were cut from the
lad metal sheets along three different angles to the direction
f roll bonding, θ = 0◦, 45◦ and 90◦, as schematically shown in
ig. 1. The tests were performed according to the ASTM E8-
4 [17] using an MTS universal test machine. During testing,
he specimens were loaded in tension at a constant strain rate
f 0.05 min−1 (under a strain controlled condition) to the point
f rupture. A calibrated load cell and extensometer were used,
espectively, to record changes in the applied tensile force and
he length of the specimen during each test.

Bend tests were conducted according to the ASTM E290-97a
ig. 1. A schematic of the specimen preparation direction with respect to the
olling direction.
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nder two different orientations with respect to the Nb cladding,
.e. with the Nb facing outward to the bend (denoted as Nb-out)
nd the Nb facing inward to the bend (denoted as Nb-in). Shown
n Fig. 2(a) is a schematic of the experimental set-up for the tests.
he distance between the supports, C, is defined by the ASTM
290-97a as:

= 2r + 3t ± 0.5t (1)

here r is the radius of the mandrel and supporting rollers and
is the thickness of the sheet specimen. The distance C was

elected to be C = 2r + 3.5t in this investigation.
Testing was performed by applying a vertical force F via

he mandrel midway between the two supports. This force and
he vertical displacement h of the mandrel were recorded as a
unction of time, respectively, using a calibrated load cell and
VDT. As seen in Fig. 2(a), a half bend angle α/2 forms between
ach leg of the specimen and the horizontal reference axis. Thus
or the dimensions of a given test fixture there is a maximum
end angle that can be achieved, which is defined as the operation
imit angle, αL.

During initial testing, the specimens were bent to two dif-
erent bend angles α = αL/2 and αL in the three-point bend test
xtures. To achieve a third bend angle of α = 180◦, the specimens
ent to α = αL were further deformed by applying force against
he ends of the specimen with a spacer inserted within the bend,
s schematically shown in Fig. 2(b). As specified by ASTM
290-97a, the thickness of the spacer was equal to twice the

adius of the mandrel in the three-point bend test [18]. Finally
n extreme version of bend testing, a flattening test [18], was
onducted to investigate potential failure mechanisms in the
aterials. This test was performed by placing specimens bent

o α = 180◦ between two parallel platens and pressing to a verti-
al force per unit width of, F/w, of 60 kN m−1, as schematically
hown in Fig. 2(c).

In the present investigation two test fixtures were employed,
ach with a different mandrel radius. Listed in Table 2 are the
adii of the mandrels and the corresponding distances between
he supports and the operation limit angles. The amount of
pringback in the bent specimens [i.e. the tendency to partially
eturn to the original shape because of the elastic recovery [19]
r �α, as defined in Fig. 2(d)] was determined by comparing
he maximum bend angle achieved during testing to that mea-
ured in the specimen after removal from the test fixture. To
easure the repeatability of the test, twenty annealed 5Nb-clad
S specimens (10 in the Nb-out orientation and 10 in the Nb-in
rientation) were bent to α = αL with r = 6.4 mm. The standard

eviations of the springback angles in this series of experiments
ere found to be 1.4 and 1.5% of the mean value of the results

or Nb-out and Nb-in orientations, respectively. Given the high
egree of repeatability, it was decided that only three specimens

able 2
xperimental parameters employed in three-point bend testing

(mm) C (mm) αL (◦)

.2 7.3 124

.4 13.7 144

Fig. 2. Schematic of the experimental set-ups employed in: (a) the three-point
bend tests, (b) the 180◦ bend tests, and (c) the flattening tests. (d) A schematic
of springback in a bent specimen.
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ere needed to characterize each material condition in subse-
uent bend testing, with the mean value of �α reported for each
roup in the final analysis.

Microstructural analysis of the clad metal specimens prior
o and after bend testing was conducted on planar and polished
ross-sectioned samples using an Axiovert-25 optical micro-
cope and a JEOL JSM-5900LV scanning electron microscope
SEM) equipped with an Oxford energy dispersive X-ray anal-
sis (EDX) system that employs a windowless detector for
uantitative detection of both light and heavy elements. In order
o avoid electrical charging on the samples, they were gold
oated and grounded. Elemental profiles were determined across
he joint interfaces in the line-scan mode.

. Results
.1. Tensile properties

Shown in Fig. 3(a and b) are the nominal stress–strain
urves of the as-rolled and annealed 10Nb-clad SS material

ig. 3. Stress–strain curves of the 10Nb-clad SS specimens in: (a) the as-rolled
ondition and (b) the annealed condition. Ta
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s tested along, 45◦ to, and perpendicular to the direction of
olling (θ = 0◦, 45◦ and 90◦, respectively). The shapes of the
tress–strain curves for the 5Nb-clad SS material in the as-rolled
ondition and annealed conditions were found to be quite sim-
lar to those of the 10Nb-clad SS in the as-rolled condition and
nnealed conditions, respectively. Data from all 12 tests are sum-
arized in Table 3. Also listed are the anisotropy parameters Rθ

θ = 0◦, 45◦ and 90◦) for each material/thermomechanical con-
ition, where R� = 1 denotes isotropy in the material. Note that
he strain hardening exponent, n, is calculated only for the spec-
mens which do not contain the effect of work hardening [20].
s anticipated, the results indicate that annealing significantly

mproves ductility and softens the Nb-clad SS material by allow-
ng it to thermally recover from the cold worked state of the
s-rolled condition. Rθ values of 1–2 are not surprising given
hat stainless steel makes up 90–95 (v/o) of the clad material
nd an average anisotropy parameter for stainless steel ranges
rom 1.3 to 1.8 [19]. In general, the annealed 10Nb-clad material
isplays a slightly improved set of elongation and strength prop-
rties relative to the annealed 5Nb-clad material (∼10% higher
n both cases). The two as-rolled materials exhibit elongations
hat are likely too low for practical use in the PEMFC bipolar
late application.

.2. Bend properties

Results from bend testing also demonstrate the significant
ffect of annealing on the mechanical properties of the Nb-clad
S materials. An example is given in Fig. 4, in which plots of
ertical load per unit width, F/w, up to α = 0.5 αL are shown as a

unction of mandrel displacement for the as-rolled and annealed
0Nb-clad SS specimens (for r = 3.2 mm and θ = 90◦). As seen
n Fig. 4, the annealed specimens display significantly softer
ehavior than specimens in the as-rolled condition. The same

ig. 4. The histories of the vertical load per unit width up to α = 0.5 αL as a
unction of the vertical displacement (positive in downward direction) of the
andrel for the as-rolled and annealed 10Nb-clad SS specimens (r = 3.2 mm

nd θ = 90◦).
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rend is observed in the springback data. Plotted in Fig. 5(a–d)
re measurements of the springback angle �α as a function of
he bend angle α for the four material conditions studied. A
uick comparison of the results obtained for the as-rolled and
nnealed conditions of each material type shows that springback
s significantly reduced by annealing. Interestingly, in the as-
olled condition there is little effect of specimen orientation (Nb-
n versus Nb-out) or the angle θ between the bend and rolling
irections on the bend properties of either clad material. While
also has little effect on springback in the annealed specimens,
aterial orientation plays a significant role.
In a work-hardening material, the degree of springback

epends approximately on two factors: the elastic modulus of
he material and the induced flow stress [20]. Therefore, the lack
f dependency of springback on θ observed in for the as-rolled
pecimens in Fig. 5(a and c) is reasonable, since elastic modu-
us is independent of thermomechanical condition and the yield
trengths of comparable specimens tested under the three values
f θ are not significantly different, as seen in Table 3. Simi-
arly, the degree of springback is approximately constant for the
nnealed specimens, regardless of θ.

However, note that once the SS core has been softened via
eat treatment, material asymmetry (i.e. material orientation in
he bend test) exerts an appreciable effect on springback. Con-
ersely, springback in the as-rolled material is independent of
aterial orientation. The difference in behavior can be attributed

o the state of work hardening in the SS core. During rolling
he 304L SS undergoes a greater degree of hardening than the
b cladding, based on the strain hardening parameters of each
aterial [21]. As a result, the thick, hardened core dominates

he clad material’s mechanical response in bending, relative to
he far thinner, metallurgically softer cladding layer. When the
riginal non-hardened state of the clad is recovered by anneal-
ng, flow stresses in both constituent materials are low. Upon
ending, the two materials are strained and eventually the flow
tresses in both build as they undergo plastic deformation. In
his way, the location of the cladding layer during bend testing
i.e. on the inner radius or outer radius of the bend) affects the
mount of strain and therefore flow stress in the niobium. This
ubsequently impacts the degree of springback measured in the
verall clad material.

.3. Microstructural analysis

Cross-sectional back scattered electron images of the as-
olled and annealed 10Nb-clad SS materials are shown,
espectively, in Fig. 6(a and b). It is apparent from Fig. 6(a) that
oll bonding yields a metallurgical bond between the cladding
nd underlying core evidenced by a non-diffuse interface and no
nterfacial porosity. For the as-rolled Nb-clad SS material, only

few intermetallic phase inclusions were observed along the
nterface. Results from EDX characterization demonstrate only a

inor amount of iron diffusion into the niobium cladding during

olling. Spot chemical analyses at the points indicated in Fig. 6(a)
re provided in Table 4. As listed in Table 4, diffusion is limited
o a ∼1 �m thick region on either side of the bondline. However,
ig. 6(b) shows that in the vacuum annealed specimen a micron
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In the PEMFC application, the primary corrosion concern is
ig. 5. Springback angle, ��, as a function of the bend angle α (with r = 3.2 mm
0Nb-clad SS, and (d) the annealed 10Nb-clad SS. The measurement uncertain

hick intermetallic layer exists along the entire interface between
he Nb cladding and underlying SS core. Chemical analyses at
he points indicated in Fig. 6(b) are given in Table 5. Specifically
he results of point 3 in Fig. 6(a) and point 4 in Fig. 6(b) suggest

hat a chromium–nickel substituted form of the iron–niobium
-phase Fe2Nb3 [22] is likely the compound present at both

nterfaces. Elemental line scans of niobium, nickel, iron, and
hromium across the clad/core interface shown in Fig. 6(c and

able 4
hemical analyses at the points indicated in Fig. 6(a)

oints Composition (at%)

Fe Cr Ni Mn Si Nb

69.74 18.93 9.19 1.98 0.46 0
69.77 18.60 9.79 1.84 0 0
39.95 9.32 4.09 0.87 0.63 45.14

1.20 0 0 0 0 98.80
0 0 0 0 0 100
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: (a) the as-rolled 5Nb-clad SS, (b) the annealed 5Nb-clad SS, (c) the as-rolled
he springback angle is ±1◦.

) confirm these results. Transition metal �-phase compounds
re known to cause embrittlement problems in heat treated alloys
nd brazed or welded joints [23].
ailure of the Nb cladding, which would expose the SS core to
he low pH environment of the cell. The chances of this happen-
ng are more likely when the Nb is placed under tensile stresses,

able 5
hemical analyses at the points indicated in Fig. 6(b)

oints Composition (at%)

Fe Cr Ni Mn Si Nb

69.30 18.90 9.50 1.86 0.44 0
70.18 18.50 9.15 2.16 0 0
64.34 19.96 8.73 1.74 0 5.52
37.85 8.82 4.07 0 0.52 48.74

0.87 0 0 0 0 99.13
0 0 0 0 0 100
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ig. 6. Cross-sectional secondary electron images of: (a) the as-rolled and (b) a
cross the clad/core interface of (c) the as-rolled and (d) annealed 10Nb-clad SS

.e. when sheet bending occurs in the Nb-out orientation. Shown
n Fig. 7(a and b) are cross-sectional optical micrographs of the
0Nb-clad SS specimens in the as-rolled and annealed condi-
ions, respectively, after bending to α = 180◦ (r = 3.2 mm) in the
b-out orientation. It is apparent that neither sample exhibits

urface or interfacial failure under these conditions. In general,
one of the specimens listed in Table 1 that were tested to a
aximum bend angle of 180◦ displayed any signs of failure or

ncipient failure during bend testing. However, when the speci-
ens were then flattened, two different types of material failure
ere observed.
Shown in Fig. 8(a and b) are cross-sectional optical micro-

raphs of the as-rolled and annealed 5Nb-clad SS specimens,
espectively, after flattening in the Nb-out orientation. As seen
n Fig. 8(a), the as-rolled specimen undergoes fracture localized
t the bend tip due to low ductility. The cladding is cracked
nd peeled from the underlying SS core. In addition, the cracks

xtend into the core. The cracks observed inside the bend
n Fig. 8(a) are likely due to tensile stresses induced by the
pringback of the as-rolled specimen during unloading. Similar
bservations were made in the as-rolled, Nb-in oriented speci-

t
t
w
b

ed 10Nb-clad SS. Elemental line scans of niobium, nickel, iron, and chromium

ens. On the other hand, the flattened annealed specimens do
ot crack, but instead undergo a ductile form of failure. As seen
n Fig. 8(b), de-bonding begins to occur along the clad/core
nterface due to interfacial pore formation. Localized necking
s apparent in the Nb layer near the bend tip, which in several
laces is sufficiently extensive to form through-thickness gaps
n the cladding.

A higher magnification image of region A in Fig. 8(b) is
hown in Fig. 9(a). It is clearly seen that the pores are found
olely in the interfacial intermetallic layer, are periodically
paced ∼5 �m apart, and have begun to grow into the adja-
ent Nb and SS layers. As shown schematically in Fig. 9(b–d),
ventual failure of the Nb cladding in the Nb-out orientation
s suspected to occur in stages as the imposed strain state in
he material reaches a critical level. In the initial stage of bend-
ng, Fig. 9(b), none of the layers, clad, interfacial, or core, has
eached a sufficiently high state of strain to cause imminent brit-

le fracture (in the intermetallic layer) or ductile necking (in
he cladding layer). As bending progresses, Fig. 9(c), the strain
ithin the intermetallic layer eventually reaches that required for
rittle fracture, causing a series of cracks to form that essentially
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ig. 7. Cross-sectional optical micrographs of the 10Nb-clad SS specimens in:
a) the as-rolled and (b) annealed conditions after bending to angle of α = 180◦
r = 3.2 mm) in the Nb-out orientation.

elieve the stresses in this material. The flow stresses within Nb
ayer remain low enough that the imposed strain can be accom-

odated without necking. In the final stage of bending, Fig. 9(d),
tress concentration begins to take place in both the Nb and SS
aterials at the tips of the cracks, causing an increasing level of

lastic deformation to take place. With respect to the Nb layer,

his induces localized straining or necking to occur and even-
ual through-thickness failure. The mechanism is similar to that
eported by Matsumoto et al. [24] for annealed Al-clad Mg–Li
lloy plate under bending.

f
t
i
(

ig. 8. Cross-sectional optical micrographs of: (a) the as-rolled and (b) annealed
Nb-clad SS specimens after flattening in the Nb-out orientation.

Both brittle fracture of the work-hardened Nb layer in the as-
olled materials and ductile necking in the annealed clad metal
heets will negate the effectiveness of the protective cladding
n the PEMFC bipolar plate application. Thus, it is important
o understand the potential mechanical limitations applicable to
he stamping, bending, and other forming operations that will
e employed in fabricating the final clad metal plate. Results

rom the present study indicate that: (1) annealing is necessary
o control the amount of springback that material displays dur-
ng forming and to mitigate possible fracture in the cladding and
2) once annealed, the material can be bent extensively during
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Fig. 9. (a) A secondary electron image of the region A in Fig. 8(b). (b–d) A schematic of the failure mechanism of the annealed specimen in the Nb-out orientation.
(b) No failure occurs: none of the materials reaches the strains necessary for brittle fracture or necking. (c) The strain of the intermetallic layer reaches that required
for fracture, while that in the cladding is sufficiently low that the Nb accommodates it without necking. (d) The cracks open forming pores between the Nb and SS
l and N
N
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ayers and inducing localized necking in the Nb layer. Subscripts im, im f, Nb,
b layer at UTS, respectively.

tamping, however plate design features requiring complete flat-
ening generally should be avoided. As a follow-up to this work,
ormability studies will be conducted on the annealed Nb-clad
S materials and the effects of sheet deformation on electro-
hemical properties will be examined via polarization testing
nd contact resistance measurements.

. Conclusion

The quasi-static tensile test results indicate that annealing sig-
ificantly improves the ductility of the Nb-clad 304L SS sheet
aterial. Bend test results show that for the as-rolled material

pringback is essentially independent of bend direction and spec-
men orientation. The annealed specimens exhibit significantly
ess springback, the magnitude of which is dependent on whether
he Nb cladding layer is in compression (i.e. on the inside of
he bend) or in tension (i.e. on the outside of the bend). This
ependency indicates that the asymmetry of the clad material
xerts an appreciable effect on springback when the material
as been softened via annealing. Microstructural analysis of the

pecimens indicates that depending on the original thermome-
hanical condition of the material two failure conditions can
otentially occur, both under the extreme bending condition
f flattening. Failure of the as-rolled material takes place via

t
C
w
H

b UTS represents intermetallic layer, intermetallic layer at fracture, Nb layer,

racture through the work-hardened Nb cladding layer whereas
hat in the annealed material originates in an intermetallic layer
hat forms between the Nb and SS during the annealing pro-
ess. Because this micron thick layer is brittle, it eventually
ractures into a series of periodically spaced cracks that with
urther bending form pores which initiate necking and eventu-
lly through-thickness failure in the Nb cladding layer. These
esults suggest that annealing is required to induce sufficient
uctility in the material that it can be plastically formed into
PEMFC bipolar plate. In addition, the flow channel dimen-

ions of the plate should be designed to avoid extreme levels of
train at the cladding/core interface during stamping and thereby
itigate the potential for crack/pore formation within the
aterial.
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