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a b s t r a c t

Roll-bonded niobium (Nb)-clad 304 L stainless steel (SS) is currently being developed as a metallic bipo-
lar plate material for polymer electrolyte membrane fuel cell stacks. Prior work has shown that post-roll
annealing significantly softens the constituent core and cladding materials, enhancing the ductility and
formability of each. However under the vacuum annealing condition employed in the previous study
(900 s, 982 ◦C (1800 F)), an interfacial layer was observed to form between the two bonded materials. Sub-
sequent bending and flattening tests indicated brittle failure of this interfacial region under high strain
eywords:
ladding
ipolar plate
roton exchange membrane fuel cell
nnealing

conditions. The present study employs transmission electron microscopy to examine the composition,
structure, and thickness of phases generated at the Nb/SS interface as functions of annealing temperature
and time. Corresponding selected electron diffraction patterns indicate that above a threshold anneal-
ing temperature of ∼950 ◦C, the formation of (Fe1−xCrx)2Nb appears to control the failure behavior of
the Nb/304 L SS material. Annealing treatments conducted below this temperature generally avoid the

tallic
formation of this interme

. Introduction

In spite of the significant technical progress made in recent
ears toward developing a commercially viable polymer electrolyte
embrane fuel cell (PEMFC) system, the use of PEMFCs in automo-

ive applications is still limited to prototypes [1]. The reasons for
heir limited use in automobiles include the high cost of PEMFC
tack manufacture and the steady loss in power output typically
bserved during long-term continuous operation. Fuel cells are cur-
ently five times more expensive than internal combustion engines
ICEs) and do not maintain performance over the full useful life
f the vehicle. In addition, the current size and weight of PEMFC
tacks limit the specific power that can be generated [2], which is
ne of the key parameters for transportation application. It is clear

hat a reduction in cost and improvements in performance must
ome from all aspects of PEMFC system design and manufacture
or this technology to be competitive with current ICEs and future
lternative power sources in the automotive market sector.
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One of the most bulky components in a PEMFC stack with respect
to both weight and volume is the bipolar plate [3]. This component
serves not only as the electrical junction between the serially con-
nected cells within the stack, but also performs several other key
functions in the overall system [4], including:

• Distributing fuel and oxidant uniformly over the active areas of
the cells;

• Facilitating water management within the stack to maintain
proper membrane humidification, yet avoid flooding;

• Serving as an impermeable barrier between the fuel and oxidant
streams to maintain the hydrogen gradient across the membrane
necessary for high power output;

• Providing structural support for the stack;
• Removing heat from the active areas of the cells.

In the early days of PEMFC development, graphite was the
material of choice for use in the bipolar plate because of its
excellent corrosion resistance and surface conductivity in the low

pH/hot aqueous environment (60–80 ◦C) of the stack. However,
the high cost and brittle nature of high purity graphite and the
expense associated with machining individual plates necessitated
the development of lower cost bipolar plate materials for commer-
cial applications. Among these, the leading candidates have been

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:sthong@ulsan.ac.kr
mailto:scott.weil@pnl.gov
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raphite- or carbon-based composites and metal alloys in both
ncoated and coated forms.

However, to date, the use of polymer impregnated graphite- and
arbon-composite bipolar plates has been beset by several prob-
ems of particular concern in an automotive application: (1) the
esulting bipolar plates are bulky because they need to be sev-
ral millimeters thick to ensure gas impermeability and acceptable
trength; (2) due to low material toughness, the plates require
areful handling to avoid damage prior to assembly; (3) injection
olded composite plates have a design-restrictive trade-off asso-

iated with particulate loading, i.e., electrical conductivity versus
roper polymeric flow during molding; and (4) alternatively com-
ression molded plates, while offering greater bulk conductivity
ue to higher particulate loadings, are far more difficult and expen-
ive to manufacture [5].

By comparison, metal alloys offer a number of attractive advan-
ages for automotive PEMFC systems including:

Low-cost, mass-production via stamping or embossing of sheet
product;
Fabrication in very thin form (<150 �m) to reduce the weight and
volume in the overall PEMFC stack;
Impermeability to fuel, oxidant, and water vapor;
Excellent thermal conduction properties;
Good mechanical robustness.

However, a potential show-stopper with any metal-based stack
omponent is surface corrosion, and the current drive to increase
he operating temperature of the stack will only exacerbate this
roblem. Corrosion of the bipolar plate leads to a release of metal

ons that can contaminate the electrolyte membrane and poison
he electrode catalysts, thereby exaggerating the long-term degra-
ation issues with PEMFC stacks [6,7]. In addition, the formation of a
assivating oxide or oxyhydroxide layer on the surface of the metal
ends to increase the contact resistance between the bipolar plate
nd the adjacent carbon-based gas diffusion layer (GDL), often by
any orders of magnitude, which both limits the amount of power

hat can be generated by the stack and serves as an additional source
f heat that must be removed during operation.

A clad metal material was recently developed, which appears
o overcome these deficiencies and is sufficiently robust for use
n automobiles [8]. In its current form, the material is comprised
f a thin 12.5 �m layer of commercially pure niobium (cp-Nb)
oll bonded to a thicker (125 �m) 304 L stainless steel (SS) sheet,
lthough recent processing results suggest that the thickness of
he Nb sheet can be further reduced by roll bonding to 4–5 �m.
esults from linear voltammetry and potentiostatic testing con-
ucted under aggressive conditions (80 ◦C in 1 M H2SO4 + 2 ppm
F) demonstrated that the material is electrochemically viable,
xhibiting passivating behaviors with current densities that are
omparable (at typical anode and cathode potentials) to those of
on-corrosive noble metals such as Pt [9]. Measurements of the
ontact resistance between a representative TorayTM GDL paper
nd the Nb side of the clad sheet in the as-received or passi-
ated conditions were comparable to previously reported values
or graphite [9]. Preliminary mechanical property characterization
f the clad material in the as-rolled and post-roll annealed condi-
ions indicated that annealing may be required to restore sufficient
uctility for the subsequent blanking, stamping, and bending oper-
tions needed to form the final bipolar plate configuration [10].
owever the annealing step employed in that study (a high vacuum

nnealing at 982 ◦C for 900 s) led to the formation of an interfacial
ayer between the Nb cladding and the SS substrate.

It was found that the interfacial layer played a key role in the fail-
re of the annealed Nb-clad 304 L SS [10]. Failure in the annealed
b-clad 304 L SS under bending/tension initiated via brittle frac-
urces 195 (2010) 2592–2598 2593

ture of the interfacial layer, forming a series of periodically spaced
internal cracks. These internal cracks eventually formed internal
pores that initiated necking and through-thickness failure in the
Nb cladding layer at larger material strains. For this material to
be considered viable for commercial application, particularly when
the thickness of the niobium cladding is reduced to <5 �m, it must
be formable via low-cost (often moderate-to-high strain) processes
such as stamping and bending. Thus the objectives of this follow-
up study were to: (1) identify the nature of the interfacial layer and
determine the heat treatment conditions under which it forms and
thickens and (2) define conditions under which annealing can be
conducted without the formation of this deleterious layer.

2. Experimental set-up

The experiments were conducted on Nb-clad 304 L SS sheets
fabricated via roll bonding by Engineered Materials Solutions Inc.
(EMS; Waltham, MA). The roll bonding conditions were chosen with
the intent of preparing an as-rolled baseline material that does not
exhibit formation of an interfacial layer. Thus, the roll pressure, roll
speed, and backward and forward tensions on the incoming and
outgoing sheet were adjusted to levels deemed just high enough
to avoid delamination of the niobium layer from the stainless steel
substrate without inducing substantial internal heating and sub-
sequent spontaneous generation of an interfacial reaction layer.
Multiple passes were employed to achieve a thickness reduction
of 95.6%. As a result, the materials investigated in the present study
were approximately four times thicker (1.12 mm) than those exam-
ined in Hong and Weil [10] (0.254 mm). Table 1 lists the cold rolling
parameters of the Nb-clad 304 L SS used in this investigation. As
will be discussed later, no reaction product layers or precipitates
were observed along the Nb/SS interface of the baseline as-rolled
material. Since the baseline as-rolled material used in this research
was too thick to be used in the manufacture of commercial PEMFC
bipolar plates, the evaluation of the effect of annealing on the
mechanical properties was not considered here. The relationship
between the two will be examined in a subsequent process opti-
mization study using material with a prototype thickness.

Annealing was conducted under a range of conditions consid-
ered to be appropriate for cp-Nb and/or 304 L SS. In the case of
cp-Nb, the annealing atmosphere must be free of hydrogen to avoid
embrittlement, particularly during the cooling portion of the heat
treatment cycle [11]. As a rule, austenitic stainless steels generally
must be rapidly cooled from the annealing temperature (often by
water quenching) to prevent sensitization, or the loss of chromium
in the alloy through the formation of chromium carbides [11].
However, since 304 L SS is a low carbon alloy, it can be cooled
slowly without concern of carbide precipitation [12]. Thus the Nb-
clad 304 L sheets were annealed in a hydrogen-free, high vacuum
environment and allowed to furnace cool from the annealing soak
temperature to room temperature.

The typical temperature ranges used for annealing cp-Nb and
304 L SS are shown in Fig. 1. As seen in Fig. 1, the minimum temper-
ature required for stress-relieving cp-Nb is approximately 800 ◦C
and the temperature range for recrystallization annealing of cp-
Nb is 900–1200 ◦C [11]. The recommended temperature range for
annealing 304 L SS is 1010–1120 ◦C [12]. Three different annealing
temperatures, 850, 950, and 1050 ◦C, were chosen to represent each
of these heat treatment ranges. The annealing temperatures of 850
and 950 ◦C were selected even though they are lower than the min-

imum annealing temperature recommended for 304 L SS, since the
primary objective in annealing the Nb-clad SS is to regain the duc-
tility of the Nb cladding layer to manufacture bipolar plates without
defects in the protective Nb cladding layer. Annealing times of 15
and 60 min were chosen as representative short and long period
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Table 1
The cold rolling parameters of the Nb-clad 304 L SS.

Materials Thickness prior to rolling (mm) Total thickness after final rolling (mm) Total thickness reduction (%)

SS Nb

5%Nb-clad 304 L SS 1.27 24.13 1.12

Table 2
The annealing conditions for the Nb-clad 304 L SS.

Test number Temperature (◦C) Time (min)

1 850 15
2 950 15
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vacuum annealed without forming a potentially brittle intermetal-
lic reaction layer. Results from EDX analyses conducted at points
within the apparent intermetallic regions of the 1050 ◦C/15 min
and 1050 ◦C/60 min specimens are listed in Table 3 and correspond
3 1050 15
4 850 60
5 950 60
6 1050 60

nnealing runs, respectively. The six different annealing conditions
mployed in the present study are listed in Table 2. In each run,
amples were heated from room temperature to the target soak
emperature over a 1-h period.

Microstructural analyses of the materials before and after
nnealing were conducted on polished cross-sectioned samples
sing a JEOL JSM-5900LV scanning electron microscope (SEM)
quipped with an Oxford energy dispersive X-ray analysis (EDX)
ystem. Elemental profiles were also recorded across each clad/core
nterface in the line-scan mode. In addition, a focused ion beam
FIB) in situ lift-out technique was employed to extract electron
ransparent samples from select heat treatment specimens using a
EI Helios Nanolab dual-beam FIB/SEM. Compositional and struc-
ural details on these samples were investigated using a JEOL
EM-2010 transmission electron microscope (TEM) operated at
00 kV and equipped with an Oxford EDX system.

. Results

A cross-sectional back-scattered electron image of the baseline
s-rolled Nb-clad 304 L SS material is shown in Fig. 2. Results from
lemental line scans of niobium, nickel, iron, and chromium across
he clad/core interface are superimposed on the micrograph. It is
pparent that roll bonding yielded a metallurgical bond between
he niobium-clad and underlying stainless steel core, as evidenced
y the lack of interfacial porosity. No reaction layer or inclusions

ere observed in this specimen. Diffusion between the clad and

ore layers appeared to be limited to a narrow ∼1.5 �m thick region
cross the bondline, as estimated from the dimension over which
ach elemental profile changed from its maximum to minimum
alue.

Fig. 1. The temperature ranges for annealing of pure Nb and 304 L SS.
−95.6

Shown respectively in Fig. 3(a)–(f) are cross-sectional back-
scattered electron images of the Nb-clad 304 L SS speci-
mens annealed at 850 ◦C/15 min, 850 ◦C/60 min, 950 ◦C/15 min,
950 ◦C/60 min, 1050 ◦C/15 min, and 1050 ◦C/60 min. Again, results
from elemental line scans across the clad/core interface are super-
imposed on each respective image. As seen in Fig. 3(a) and (b), the
Nb/SS interface remained relatively sharp after vacuum anneal-
ing at 850 ◦C, even for a period as long as 60 min. The width of
the intermediary diffusion zone increased by only 10–15% from
that of the original as-rolled condition. A similar phenomenon was
observed in the specimen annealed at 950 ◦C for 15 min as seen in
Fig. 3(c). In all four cases (including the as-rolled specimen in Fig. 2),
the elemental gradients were smooth and continuous. However
for the last three heat treatments, 950 ◦C/60 min, 1050 ◦C/15 min,
and 1050 ◦C/60 min, shown in Fig. 3(d)–(f), respectively, there are
obvious differences in the image contrasts and corresponding dis-
continuities in the compositional gradients, which suggest new
phase formation.

In particular for the specimens annealed at 1050 ◦C, there appear
to be two new interfacial regions distinguishable by a difference
in back-scattered electron contrast. In the elemental line scans
for both of these specimens, there is a region of zero slope (i.e. a
concentration isopleth) which suggests the formation of an inter-
metallic compound of invariant composition. In comparison, no
such zero slope region is observed in the elemental line scans for
the 950 ◦C/60 min specimen in Fig. 3(d), although there are appar-
ent breaks in slope. Also noted is an increase in the thickness of the
interfacial diffusion and/or reaction zones with increased temper-
ature and time at temperature. This is shown more directly by the
plot in Fig. 4, which is based on estimates from the EDX data.

Re-drawn as a process map in Fig. 5, this information suggests
conditions under which the roll-bonded Nb-clad 304 L SS can be
respectively to Points 1 and 2 in Fig. 3(e) and (f). Also, the EDX

Fig. 2. A cross-sectional back-scattered electron image of the baseline as-rolled
Nb-clad SS specimen with the results of elemental line scans across the clad/core
interface.
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the multi-layered region overlaid with results from EDX elemental
line-scan analysis. Interestingly, the interface consists of not two
but three distinct zones, denoted as I, II, and III. Zones I and II corre-
spond to the distinct layer adjacent to the Nb side of the specimen

Table 3
The chemical compositions of the intermetallic layers.

Materials Composition (at.%)
ig. 3. Cross-sectional back-scattered electron images of the Nb-clad SS specimens
050 ◦C/15 min, and (f) 1050 ◦C/60 min with the results of elemental line scans acro

esults reported in Hong and Weil [10] for the Nb-clad 304 L SS
pecimen annealed at 982 ◦C for 15 min are listed in Table 3 for
omparison. Again, this information was recorded for a region of
nvariant composition associated with an obvious interfacial band

ithin the specimen. Based on the limited chemical data taken in
hat study [10], the reaction layer was speculated to be composed
f the intermetallic �-phase Fe2Nb3. However, the layers of interest
n the present study display a significantly higher iron-to-niobium

atio.

To understand the nature of this interface more clearly, detailed
tructural analysis was conducted by TEM on a piece of the multi-
ayered region cut by FIB from the specimen annealed at 1050 ◦C for
0 min. Shown in Fig. 6(a) is a scanning TEM bright-field image of
led at (a) 850 ◦C/15 min, (b) 850 ◦C/60 min, (c) 950 ◦C/15 min, (d) 950 ◦C/60 min, (e)
clad/core interface.
Fe Cr Ni Nb

1050 ◦C/15 min 52.16 13.47 4.80 29.58
1050 ◦C/60 min 52.37 12.34 5.56 27.52
982 ◦C/15 min [10] 37.85 8.82 4.07 48.74
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ig. 4. The interfacial layer thickness (i.e. diffusion zone width + reaction layer
idth) as a function of annealing temperature.

n Fig. 3(f), while Zone III is the layer adjacent to the SS side in
he same micrograph. As seen in Fig. 6(a), Zone I is composed of
olumnar niobium grains 1–1.5 �m long oriented perpendicular
o the cp-Nb/Zone I interface. While the EDX data indicate little
iffusion of iron, chromium, or nickel into this region, it should
e noted that very small concentrations (<0.5 at.%) of these first
ow transition metals can significantly affect the grain size and
rain morphology in unalloyed versions of early transition met-
ls [13]. It is suspected that a small amount of iron, chromium, or
ickel diffusion not measurable by the EDX technique used in the
resent study altered recrystallization of the abutting niobium and
aused columnar grain growth during annealing. Approximately
inear concentration gradients are observed in Zone II for all of the
lements measured, indicating alloying but no reaction occurring
n this region of the specimen. The concentration of each element
eaches a constant value in Zone III, which signals the formation of
n intermetallic compound in this layer and is consistent with the

esults in Fig. 3(f).

Shown in Fig. 6(b) is a bright-field TEM image of Zone III. The
aterial in this region exhibits equiaxed grains that are sub-micron

n size. As denoted by the arrows in the micrograph, numerous

ig. 5. A process map for the interfacial layer development as functions of the
nnealing temperature and time. The approximate border line for the develop-
ent of multiple-layered interfacial layers in which the layer with a nearly constant

hemical composition exists is also shown.
Fig. 6. TEM bright-field images of the specimen annealed at 1050 ◦C/60 min: (a) a
cross-sectional view across the entire interfacial layer with the results from elemen-
tal line scans superimposed and (b) a cross-sectional view of Zone III.

defects such as stacking fault defects and dislocation structures can
be seen. Selected area electron diffraction (SAED) was conducted
to determine the crystal structure of the material in this zone and
typical patterns are shown in Fig. 7. The structure factor, Fhkl (where
hkl represents a specific Bragg reflection), was calculated for all
known intermetallic phases consisting of iron, nickel, chromium,
and niobium. Calculations of the electron diffraction patterns were
based on the following kinematical approximation [14]:

Fhkl =
∑

n

fn exp[2�i(hxn + kyn + lzn)] (1)

where fn is the atomic scattering factor for atom n at fractional
coordinates (xn, yn, zn).

A comparison of the recorded diffraction patterns shown in
Fig. 7(a)–(c) with the corresponding simulations calculated from
Eq. (1) in Fig. 7(a′)–(c′) indicates that the dominant phase in Zone

III exhibits the crystal structure of Fe2Nb and Cr2Nb (space group of
P63/mmc, prototype structure of Zn2Mg, C14 Strukturbericht des-
ignation). The simulations shown are for pure Cr2Nb. However the
same patterns were found for Fe2Nb with minor changes in the
spot intensity. Note that the extra intensity maxima observed in
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ig. 7. SAED patterns obtained from individual grains in Zone III (a)–(c). Simulatio
aves phase (AB2) with Cr in the B-site and Nb in the A-site Wyckoff positions: (a′)

ig. 7(a)–(c) (indicated by arrows) are attributed to multiple elec-
ron scatterings.

Fe2Nb is thermodynamic stable at 1050 ◦C, but is not a line com-
ound and can exhibit a significant degree of non-stoichiometry,
rom 27 to 38 at.% Nb with Nb substitution occurring on the Fe

yckoff positions for Nb-rich forms of the compound and vice
ersa [14]. Similarly Cr2Nb exhibits a wide compositional range.
owever the hexagonal C14 phase of Cr2Nb is not stable below
1585 ◦C [15]. Instead the cubic C15 Laves structure is the stable

orm at 1050 ◦C. This information and the corresponding EDX data
n Fig. 6(a) suggest that the intermetallic phase that formed in the
050 ◦C annealed specimen is iron-based, likely with a significant
mount of random chromium substitution, i.e. (Fe1−xCrx)2Nb. Tran-
ition metal substitutions of this type are not uncommon in cubic
nd hexagonal Laves phase compounds and have been reported
or the intermetallic precipitates of various alloy systems [16,17],
s well as single phase compounds [18]. Recently Zhu et al. [19]
eported that the substitution of Fe for Cr stabilizes the hexagonal
14 structure in the Nb(Cr,Fe)2 system. This is due to increased elec-
ron concentration in the intermetallic compound, which agrees
ith the combined TEM/EDX/SAED results in the present study.
s a final comment, the bulk resistance of the Nb-clad material
as measured in the as-rolled and annealed conditions via a four-
oint technique using an Agilent 34410A Multimeter. No significant
hange in bulk resistance was observed upon annealing, regardless
f the annealing conditions.

. Conclusion

Roll-bonded Nb-clad 304 L SS has showed stable electrochem-
cal properties for PEMFC bipolar plate application [9]. However,
rior work [10] indicated that under certain annealing conditions a
rittle reaction layer will form along the Nb/SS interface, which can
ave a deleterious effect on material formability. The present study
xamined in greater detail the conditions under which this reac-

ion layer formed, identified the nature of this layer, and defined
onditions under which the clad material could be annealed while
voiding reaction layer formation. Results from SEM and EDX anal-
ses indicated that an annealing temperature of 850 ◦C safely avoids
enerating an interfacial layer at annealing times as long as 60 min.
ults for electron diffraction patterns along the following axes for a hexagonal C14
, (b′) [3 0 1], and (c′) [4 0 1].

An annealing condition of 10 min at 950 ◦C could also be pre-
scribed without interlayer formation. However longer annealing
times at this temperature or alternatively carrying out annealing
at higher temperatures tended to produce a thin interfacial reac-
tion layer. Combined TEM/EDX/SAED analyses demonstrated that
this layer is actually composed of three distinct zones: (I) 1–1.5 �m
long columnar niobium grains oriented perpendicular to the Nb/SS
interface, (II) a 0.5-�m wide alloy region that contains Nb, Fe, Cr,
and Ni, and (III) an iron–chromium–niobium intermetallic com-
pound, (Fe1−xCrx)2Nb, crystallizing in the hexagonal C14 structure.
It is the latter phase that causes failure of improperly annealed
Nb/304 L SS under high strain conditions.
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