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Abstract

Background and Introduction

Summary

Stainless steel type 441 (UNS S 44100) is being considered for
application as a Solid Oxide Fuel Cell (SOFC) interconnect material.
It had been thought that Laves phase that forms in this alloy
preferentially consumes the Si present in the alloy microstructure,
thereby avoiding formation of a Si-rich layer at the scale/metal
interface. Recent work has shown this is not the case and a Si-rich
layer does indeed form at the scale/metal interface. However, this
layer is significantly different from the layer that forms in other
ferritic stainless steels, for example, type 430. In this present work
the Si-rich layer that forms on 441ss is examined and compared to
the layer that forms on several 430-type alloys with varying low levels
of Si. This research has shown that even at very low levels of Si (170
ppm), a Si-rich layer begins to form on the 430-type stainless steels.
However, the morphology, particularly with respect to the thickness
and continuity of the Si-rich subscale that forms in alloy 441ss, is
modified in comparison to non-Laves forming ferritic stainless steels
and therefore, may not be as detrimental to long term SOFC
performance.

Several commercial alloys have been developed for SOFC interconnect applications. These include Crofer 22
APU (ThyssenKrupp VDM), Hitachi ZMG 232 (Hitachi Metals), and Ebrite (Allegheny Ludlum), all of which form
chromium-rich oxide scales under oxidizing conditions. One disadvantage of these alloys is that they are
considered “specialty” alloys, due to the addition of rare earth elements and/or extra processing steps to lower
Al and Si contents. As such this increases alloy cost and they are not as readily available as other ferritic
stainless steels. Additionally, it has been observed that even with special processing, these alloys often
contain sufficient Si to form at least a semi-continuous Si-rich subscale [22]. Several authors [23-25] have
reported that 441ss can be utilized as an interconnect with good results, even though this alloy may contain up
to 1 weight percent (wt%) Si [26] and yet remain within the 441ss nominal chemistry specification. Besides the
usual Cr and Mn, 441ss also contains Nb and Ti and is known to form a Fe2Nb-based Laves phase, an
intermetallic with a C14 hexagonal crystal structure [27- 28]. Previous research has shown that Si preferentially
partitions to this phase over the ferritic matrix [25, 29-32]. The Laves phase has also been observed to reside
on ferritic grain boundaries [25, 31-33], potentially serving as a blocking agent for grain boundary diffusion [34].
More recently, Jablonski et al. [32] showed that a Si-rich phase forms at the base of the oxide scale in alloy
441ss, disputing the effectiveness of Laves phase in either scavenging Si from the matrix or blocking diffusion.
It further questions the long-term viability of 441ss in interconnect applications.

It is generally accepted that silica subscale formation greatly
increases the ASR and reduces the performance of a SOFC, and
should be avoided. Therefore, the maximum allowable Si level in
ferritic stainless steel in order to avoid the formation of Si-rich
subscales should be zero at or as near to zero as practical based on
this present investigation. However, there are many significant
differences between the Si-rich subscale that forms on the 441ss and
the 430ss alloys (and perhaps other ferritic stainless steels as well).
The Si-rich subscale that forms on the 441ss alloy is very irregular in
thickness. This provides for low resistance pathways during SOFC
operation and may help explain the low long term ASR results
reported by some researchers. Additionally, the Si-rich scale was
found intergranularly within the Cr2O3 scale both as film and islands,
suggesting that the interfacial energy between this phase and the
Cr2O3 scale is lower than the Cr2O3/Cr2O3 interfacial energy.
Furthermore, the Si-rich subscale that forms on the 441ss appears to
be doped with Nb, which may help to reduce the ASR of the Si-rich
phase since the Nb can act as an electron donor or receptor. These
unique characteristics of the Si-rich scale that forms on 441ss
contribute to the low electrical resistance observed on this alloy.

The research performed herein was intended to definitively evaluate the Si-rich subscale that forms on 441ss in
comparison to that which forms on comparable stainless steels such as 430ss. Furthermore, this work intends
to establish the threshold level of Si above which a layer of resistive scale is expected to form.

Figure 6: A TEM image of
the typical outer oxide scale
found on all the samples is
shown above; this example
is from alloy 441ss. This
scale had a chemistry of 6065 atomic percent Cr and
33-38 atomic percent Mn
(metal basis) and a cubic
crystal structure which
identified the phase as
Cr2MnO4 spinel.
Representative diffraction
patterns are also shown.
Figure 1: SEM cross section at the base metal/scale
interface for alloy 430-E exposed for 2000 h at 800◦C
is shown above. Note that the values are given in
atomic percent and the balance is oxygen in the two
outer scale layers (at right).

Figure 2: SEM cross section at the base metal/scale
interface for alloy 430-F exposed for 2000 h at 800◦C
is shown above. Note that the values are given in
atomic percent and the balance is oxygen in the two
outer scale layers (at right).

Figure 3: SEM cross section at the base metal/scale
interface for alloy 430-G exposed for 2000 h at 800◦C
is shown above. Note that the values are given in
atomic percent and the balance is oxygen with the
exception of the matrix Si level (upper left).

Figure 4: SEM cross section at the base metal/scale
interface for alloy 441ss exposed for 2000 h at 800◦C
is shown above. Note that the values are given in
atomic percent and the balance is oxygen (with the
exception of Laves phase which has a balance of Fe
as shown).

Figure 7: A TEM image of the
typical inner oxide scale found
on all the samples is shown
above; this example is from
alloy 441ss. This scale had a
chemistry of essentially pure
Cr (metal basis) and a triclinic
crystal structure which
identified the phase as Cr2O3.
Representative diffraction
patterns are also shown.

Figure 8: A TEM image of the typical oxide scale
found beneath the Cr2O3 on the 430ss samples is
shown above; this example is from alloy 430-G. This
scale had a chemistry of 99 atomic percent Si (metal
basis) and always exhibited a diffuse diffraction
pattern indicating an amorphous structure (inset).

Figure 5. Low magnification TEM image of a FIB cross
section taken from alloy 430-G which is representative
of the FIB cross sections of each of the alloys as well as
the general features of the oxide scales.

Figure 12: A TEM image
of the typical oxide
scale/metal region in
alloy 441ss is shown
above. The indicated
particles were found to
be Ti-rich. These particles
were identified to be a
Ti4O7 phase with a
triclinic crystal structure
and P-1 space group.
Figure 9: A TEM image of the typical oxide scale/metal
region on the 430-G alloy (500 ppm Si) is shown above.
Area ‘A’ is the matrix which had a typical alloy
composition, albeit with a slight Cr depletion (Fe16.1Cr-0.3Si-0.4Mn, weight percent). Area ‘B’ was Sirich with some Cr and Fe, presumably from the
surrounding regions (Si-7.6Cr-2.5Fe,atomic percent,
metal basis). Area ‘C’ is the chromia scale (Cr-1.0Fe2.4Mn 0.7Si, atomic percent, metal basis).

Figure 10: A TEM image of the typical oxide scale/metal
region on the 430-F alloy (240ppm Si) is shown above.
Area ‘A’ is the matrix which had a typical alloy
composition, albeit with a slight Cr and Mn depletion (Fe14.6Cr-0.1Si-0.1Mn, weight percent). Area ‘B’ was Si-rich
with some Cr and Fe, presumably from the surrounding
regions (Si-1.0Cr-1.5Fe, atomic percent, metal basis).
Area ‘C’ is an area midway between two Si-rich areas.
This area also showed a buildup of Si (Cr-8.3Fe-3.3Mn10.2Si, atomic percent, metal basis) with the high Cr
likely coming from the adjacent chromia scale.

Figure 11: A TEM image of the typical oxide scale/metal
region on the 430-E alloy (170ppm Si) is shown above.
Area ‘A’ is the matrix which had a typical alloy composition,
albeit with a slight Cr depletion (Fe-14.4Cr-0.2Si-0.3Mn,
weight percent). Area ‘B’ was a chromia grain adjacent to
the base alloy (Cr-1.9Fe-5.3Mn-0.8Si, atomic percent,
metal basis). Area ‘C’ is at the chromia/alloy interface
which showed a buildup of Si (Cr-2.6Fe-7.6Mn-1.8Si,
atomic percent, metal basis).

Figure 13: A TEM image of the typical oxide scale/metal
region on the 441 alloy is shown above. The boxed
areas are further described in subsequent figures.
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Figure 14:Figure 14: A higher magnification
TEM image of boxed area ‘a’ from Figure 13 is
shown above. A broad beam analysis of area A’
gave 4.6 Si and 0.5 Nb while a narrow beam
located at area A returned 12.7 Si and 1.9 Nb
(atomic percent, metal basis) indicating a
buildup of Si and Nb in that area.
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Figure 15: A higher magnification TEM image of
boxed area ‘b’ from Figure 13 is shown above.
Area F is a broad region of Si-rich sub-scale.
Area G is the 441ss base metal.
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Figure 16: A higher magnification TEM image
of boxed area ‘c’ from Figure 13 is shown above.
A narrow beam analysis of the indicated areas
showed that they were high in Si and Nb.
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