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RESISTIVITY OF BIPOLAR PLATE MATEW
AT THE CATHODE
INTERFACE IN MOLTEN CARBONATE FUEL CELLS
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ABSTRACT

Measurements of oxide scale resistivity for prospective bipolar plate materials in the
molten carbonate fuel cell (MCFC) are coupled with observations of microstructural/compositional change over time. This work searches for a compromise to the high
corrosion rate of Type316L and the high oxide scale resistance of Type 310S. We tested
a group of materials having chromium content ranging from 16 to 31 wt%, including
Nitronic 50 and NKK, a Ni-Cr-Fe alloy. Chromium content was found to be the primary
determinant of oxide scale composition. In the MCFC cathode compartment, stainless
steels generally formed a duplex structure with an inner Cr-rich layer and an outer, Ferich layer. The composition of the inner Cr-rich layer was related to the base alloy and
had a controlling effect on scale resistivity. Oxide scale resistivity was measured for two
electrolyte compositions: Li/K and Li/Na carbonates. Changes in the physical/mechanical
properties (spallation/cracking) in the oxide scale of Type 316L provided an
understanding of its resistivity fluctuations over time.

INTRODUCTION
The molten carbonate fuel cell (MCFC) promises to generate power with a high
efficiency and low emissions for stationary power plants. Comosion of the bipolar plates
and current collectors is caused by the high operating temperature (650”C) and the highly
aggressive molten salts of the electrolyte. This limits the lifetime of the MCFC significantly (1). The resistance of the oxide layer on the cathode side of the bipolar plate
diminishes the MCFC performance and may constitute a significant voltage loss.
Approximately 25% of the internal cell resistance could be attributed to an oxide layer
that forms on stainless steel used for the bipolar plate and current collector.
Several authors have investigated the corrosion behavior of stainless steels and the
electrical conductivity of the corrosion layers, which are formed under the severe corrosion conditions in MCFC (1-6). They found that low-alloyed stainless steels with
chromium contents under 15% do not fidfill the life requirements necessary for current
collectors because fast-growing oxide layers are formed (5). Comparing the rates of corrosion and resistances of Types 310S and 316L stainless steel indicated that Type 310S
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exhibits a 50% lower rate of corrosion, but the resulting oxide scales have higher
electrical resistances (200-250 m!i2*cm2)compared to Type 316L (50 mQ*cm2).
Besides stainless steels, Inconel, Ni-Cr alloys, Ni-Fe alloys and NKK are candidate
materials for bipolar plate materials (3,6-9). The state-of-the-art for large scale MCFCS is
to use 316L as the bipolar plate with Ni cladding in combination with (Li,K)2C03
electrolyte.
The approach of this paper is to relate the interracial electrical resistance of different
stainless steels (316L, 310S, Nitronic 50) and Ni-based alloys with oxide scale composition as a fimction of exposure time and chemical composition of the electrolyte. We
have monitored the resistivity of a group of samples, which were exposed to laboratory
oxidant using (Li,K)2C03 and (Li,Na)2C03 electrolytes at 650”C. I%mples were removed
periodically to correlate changes in microstructure and resistance. While the (Li,K)carbonate electrolyte is commonly used in the MCFC, the (Li,Na)-carbonate electrolyte
shows promise for improved cell stability and minimal segregation (10). It also has a
higher ionic conductivity and is less volatile. The NiO dissolution rate is significantly reduced in the less acidic (Li,Na)-carbonate electrolyte (11).

EXPERIMENTAL

Materials
Three different stainless steels and a nickel-based alloy were exposed under simulated
MCFC conditions at 650”C. The chemical compositions of the materials are given in
Table I. A 62 mol%Li2C03-38 mol%K2C03 (Li,K) mixture and a 52 mol%Li2CO~-48
mol%Na2C03 (Li,Na) mixture were separately used as the electrolyte.

Table I

Chemical composition of the tested materials

Composition in wt%
Ni

316L
10.0-14.0

NITRONIC 50
111.5-13.5

310S
119.4

144.9

Fe

168.9-61.9

161.0-51.9

155.3

124

Cr

16.0-18.0

20.5 -23.5

25.3

30.1

c

0.03

0.06

NA

NA

Mn

2

4.0-6.0

NA

NA

Mo

2.0-3.0

1.5-3.0

NA

NA

Element

NA=not applicable

I

Procedure

Metal sheet samples were cut and polished to obtain a flat and smooth surface. The
metal samples were placed between nickel electrodes, which were in contact with the
electrolytes (Figure 1). The sample arrangement was preheated for one hour at 650”C to
immerse the electrolyte in the porous nickel electrode. The nickel electrode oxidized and
formed NiO. The porous NiO represents the cathode in our experiment. The molten
electrolyte creeps in the oxidized porous nickel, Iithiates the NiO, and forms a thin layer
on the surface. The metal samples are, therefore, exposed directly to the molten
electrolyte.

Figure 1 Schematic of the sample arrangement for the corrosion test
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Corrosion tests were carried out in a cathodic environment (30 %C02/air) at 650”C for
different exposure times. Afterwards, the samples were mounted, ground, polished, and
subjected to microstructural measurements in order to characterize the corrosion
behavior. Scanning electron microscopy (SEM) and energy dispersive X-ray spectrometry (EDX) were carried out on metallographic cross sections to determine the thickness
and composition of the oxide scale.
Additionally, X-ray diffraction (XRD) measurements were undertaken. A special polishing device was used to remove definite amounts of the surface (=5 pm) to determine
the chemical composition of the oxide layer in the outer and inner area of the scale. After
each “polishing” step, the phase distribution of the exposed surface was determined by
XRD.
The electrical resistivity was also measured in the cathodic environment under MCFC
conditions (650”C, 30 %COJair) for various exposure times. It was possible to place 12
samples in a furnace specially designed for this purpose. A HP4338A milliohmrneter,
which uses a four-wire measurement at 1 kHz, monitors the resistance of the samples. A
computer is connected with a controller and measures the resistivity of each sample
automatically. The samples were placed on an A1203 disk and connected with gold wires
in series, as shown in Fig. 2. Periodically (about every 750 hr), some of the samples were
removed from the furnace to determine the rnicrostructural composition of the formed
oxide scales.
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Figure 2

Schematic of the sample arrangement for the electrical resistivity test

NiO cathode

Gold resistance leads

RESULTS AND DISCUSSION
Corrosion tests

The corrosion tests indicated that different alloys develop a wide range of oxide scale
thicknesses and phases. The chromium content of the base metal is a key factor for the
oxide scale thickness, as shown in Figure 3. Chromium clearly improves the corrosion
resistance under MCFC conditions. While 316L (Cr content of 18 %) develops a
relatively thick oxide scale of 25 pm tier 1500 hours, the oxide scale of Nitronic 50 (Cr
content of 22%) has a thickness of only 15 pm. The thickness of the oxide scale grows
nearly linearly up to 2250 hours and reaches a plateau after long exposure times (3000
hours). The higher Cr content in 310S and NKK leads to slightly improved corrosion
resistance compared toNitronic50and316L.
The chemical composition of the electrolyte also influences the oxide scale thickness.
The scale thickness of all tested materials is slightly increased using (Li,K) electrolyte
compared to (Li,Na) electrolyte. This can be explained by the lower Cr oxide volubility in
(Li,Na) salt (9). Additionally, SEM micrographs indicated that the oxide scales of 316L,
which was exposed under (Li,Na) salt, have a dense scale without visible large cracks or
buckling. Some of the samples exposed to (Li,K) salt contain microcracks and buckling,
as shown in Figure 4. Horizontal buckling and rnicrocracks can be explained by the oxide
growth. Oxides do not only grow in thickness, but also expand laterally, parallel to the
metal surface; thus large compressive stresses occur in the scale, which cause
microcracks and spallation.
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Figure 3

Influence of the chromium content of the base metal on the oxide scae thick.
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Both the XRD and EDX results showed that the outer layer of all analyzed materials
consists of LiFe02, independent of the chromium content of the base metal and the
electrolyte composition. h this outer layer the chromium content is very low, as shown in
Figure 5. The nickel content in the outer layer is increased with raised nickel content of
the base metal. The volubility of LiFeOz in the melt is very low, so that LiFeOz protects
the metal from corrosion attack by the melt.
Additionally, we found slightly increased manganese content in the outer and inner
layer of Nitronic 50. Other authors (5) determined the oxide scales of manganesecontaining stainless steels with 8-20 wt% Mn. They detected a thin Li2Mn03 outer layer,
Mn-containing LiFe02, and an inner spinel, where manganese is built in [(Fe,Mn)Cr20A].
Further XRD investigations on Nitronic 50 will show if these oxide scale compositions
are formed in this alloy.

Figure 5 Influence of the chromium content of the base metal on the element distribution in the outer layer under the (Li,K) and (Li,Na) electrolyte
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Figure 6 XRD pattern of the oxide scale of 316L under the (Li,Na) electrolyte
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Figure 6 shows a typical XRD pattern through the oxide scales of 316L using (Li,K)
electrolyte with an outer LiFeOz layer. For stainless steels, which contain between 1618 %Cr, an outer layer is built from FezOS, which is formed in the fust few hours (l).
Marker experiments have shown that the outer layer mainly grows by outward iron diffusion (l):
Fe 3++ 2 Li20 ~

LiFe02 + 3Li+

Additionally, diffusion calculations indicated that the diffusion coefilcient of iron in a
high-alloyed stainless steel (Fe-19.9 at.% Cr-25 at.%Ni) is much greater than that of
chromium in the temperature range from 650”C to 1100”C.
Unlike the outer layer, the structure of the inner layer is significantly influenced by the
chromium content of the base metal. For example, 316L with a Cr content QO% forms a
which was observed by XRD (Figme 6). This corrosion
spinel structure such as L@&
product is formed under both tested electrolytes. For the 316L, a chromium-enriched
inner layer was detected (Figure 7), but no LiCrOz could be detected with XRD. It is
likely that chromium was built into the LiFesOs structure, or that LiFesOs and FeCrOA
coexist.
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Figure 7 EDX Iinescan through the oxide scale and the base metal 316L using (Li,Na)
electrolyte, exposure time: 3800 hours
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An increased chromium content >25% in stainless steels favors LiCr02 formation as
an inner oxide scale. Neither316L nor Nitronic 50 form LiCr02, but this was observed in
XRD pattern for both chromium-rich alloys310S and NKK. This oxide might be responsible for the better corrosion resistance of 310S and NKK because it limits the outward
diffusion of iron and thus acts as a diffusion barrier (l). At higher temperatures LiCr02 is
stable and prevents fimther corrosion under MCFC conditions (9).
The chemical composition of the electrolytes influences the oxide scale thickness, but
not the structure of the oxide scale.

Electrical Resistance Test

As shown in Figures 8 and 9, the chromium content of the base metal influences the
electrical resistivity significantly. A higher chromium content leads to higher resistivity
values under both (Li,K) and (Li,Na) salt. The 316L and Nitronic 50 with chromium
contents under 22% show low resistivities, while the resistivity of 310S and NKK with
Cr contents >24% is twice as high, although the oxide scales are much thinner compared
to 316L and Nitronic 50. Nitronic 50 with a relatively high chromium content has
acceptable resistivity values (50-100 mQ*cm2), which might be explained by the
increased manganese content of 4 wt%. The modified oxides scales with increased Mn
content may decrease the oxide scale resistivity.
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Oxide scale resistivity of316L, Nitronic 50, 310S, and NKK VS.time in the
(Li,K) electrolyte

Figure 8
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A key factor for the electrical resistivity seems to be the phase composition of the inner or intermediate oxide scales which are formed under MCFC conditions. The
composition of the inner corrosion layer varies with chromium content of the base metal.
Both 310S and NKK have an inner LiCrOz layer, which may lead to high resistivities.
Additionally, we found porosity between the oxide scale and the base metal of NKK,
which explains its rather high interracial resistivity.
The oxide scale thickness does not play an important role in the electrical resistivity.
For example, 316L and Nitronic 50 have a thicker oxide scale compared to 310S and
NKK, but a lower electrical resistivity.
For 316L with the (Li,K) salt, the resistivity as a function of time (Figure 8) displays a
saw-toothed pattern: first the resistivity reaches about 25 mQ*cm2. After 500 hours, the
resistivity increases to 130 mQ*cm2 and then returns to about 25 mQ*cm2. Others have
observed this phenomenon. Horizontal buckling and porosity, a result of stresses related
to oxide growth, can explain the fluctuations. After long exposure times, crystallite
precipitations were observed, which have been determined to be Fe-Ni solid solutions.
This is a result of a reaction between the NiO and the LiFeOz layer. Due to the formation
of a solid solution of Fe-Ni, the resistivity decreases after long exposure times.
The electrical resistivity of 316L with the (Li,Na) electrolyte is slightly decreased
compared to the (L1,K) electrolyte, especially in the first 1500 hours. me formation of a
dense oxide scale without visible cracks or buckling could also explain the lower
resistivity obtained with the (Li,Na) electrolyte. For Nitronic 50, no clear influence of the
electrolyte is detectable.
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Figure 9 Oxide scaleresistivityof316L

and Nitronic 50 vs. time in (Li,Na) electrolyte
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SUMMARY
The corrosion resistance of stainless steels under MCFC conditions is mainly influenced by the chromium content of the base metal. While the outer oxide scale of all
analyzed stainless steels consists of LiFe02, the inner layer is strongly influenced by the
chromium content of the base metal. The material 316L (chromium content c20 %) forms
a structure such as LiFesOg, where Cr is built in the structure or LiFesOg and FeCr04
coexist. The materials with Cr content >25910such as 310S and NKK have a LiCr02 inner
layer. This layer is supposed to be a diffusion barrier for outward diffusion of iron
cations, which explains the relatively thin oxides scales of 310S and NKK. Nitronic 50
has an improved corrosion resistance compared to 316L, which might be caused by the
spinel supporting element Mn. The oxide scales of Nitronic 50 are modified with Mn.
The chemical composition of the electrolytes influences the oxide scale microstructure
and the layer thickness as well. The (Li,Na) carbonate salt leads to dense scales without
large cracks and spallation. This effect is attributed to the lower NiO dissolution rate
under the less acidic (Li,Na) electrolyte.

.-*U

The electrical conductivity of the oxides forming the scales determines the interracial
resistance. Indications show that the key factor is the phase composition of the inner
layer. Both 310S and NKK have a LiCrOz inner layer, which probably causes the
increased electrical resistivity, although the oxide scales are thin and compact. For NKK
underlying porosity between the base metal and oxide scale is attributed to the increased
resistivity comparedto310S.
A modified inner layer in Nitronic 50 may explain the improved conductivity of this
material. Nitronic 50 seems to combine good corrosion resistance and low electrical resistivity and is a promising material for bipolar plates.
The oxide scale resistivity for 316L showed fluctuations over time. The change in
oxide layer composition and oxide scale spallatiordcracking for Type 316L samples is
associated with transitions in interracial resistivity. Examination of 316L oxide scale
after 3000 h revealed formation of Ni/Fe oxide crystallite at its surface. The nickel
component of the oxide scale is associated with lower resistance and gives support for
lower resistance after 2000 h.
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