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Abstract

The influence on oxidation resistance as well as conductivity, by the addition of the minor alloying
elements Mo and Nb to ferritic chromium steels have been investigated. Especially, effect of
trapping silicon inside the alloy matrix by the addition of Mo and Nb has been studied. Three melts
with the addition of Mo and Nb and one melt with no Mo and Nb have been studied. The steel
melts investigated were produced by a conventional steel making process. The materials were
further processed down to cold rolled strips with a thickness of 0.2 mm. The oxidation in air, of
coupons of the different model alloys, was studied. The formed oxide scales were further
investigated by means of X-ray diffraction, scanning electron microscopy combined with energy
dispersive spectroscopy. The area specific electrical interface resistance between the steel alloys
and a LSM plate was measured in air at 750°C.

Introduction

In recent years several different ferritic chromium alloys have been suggested as the candidate
material for interconnects in solid oxide fuel cells (SOFC) [1,2]. The demand on the life time of
interconnect in a SOFC is 40 000 operating hours. The features which makes chromia forming
ferritic steels the prime candidate materials for interconnects is, low production costs, good
corrosion resistance, ductility and flexiblity in comparison to ceramic interconnects and the thermal
expansion which is close to the ceramic materials used in SOFC's [3]. Steel producers and other
developers have put down a great effort in developing alloys with an expected lifetime of 40 000
hours [1-8]. One of the key elements identified in ferritic steels for the use as interconnect has
been silicon. Even though silicon containing steel have successfully been used as interconnect in
SOFCs for up to 13 000 hours, silicon is one of the elements which will effect the degradation of
the fuel cell [9]. If ferritic chromium steel with a too high silicon content is used this will lead to the
formation of silicon oxide under the formed chromium oxide scale. [10-11] The formation of
electrically insulating silicon oxide will increase the electrical resistance of the surface and by doing
so decrease the over all efficiency of the fuel cell. This have lead to the production of low silicon
containing alloys by either using very pure starting material or by vacuum melting processes, both
which will add cost to the production of the material. However, by carefully alloying the ferritic steel
with the right elements the small amount of silicon normally occurring in conventional produced
steel can be trapped in the steel matrix in the form of silicon containing particles. The entrapment
of silicon inside the alloy matrix, will reduced the risk of formation of silicon oxide under the
chromia scale. Chromium poisoning is another source that causes degradation of the fuel cell
which is believed to be solve by protective coatings of interconnects of ferritic chromium steel.

Experimental

In this studied four model alloys of ferritic chromium steel with 22% chromium were produced by
ordinary steel manufacturing processes. Especially, effect of trapping silicon inside the alloy matrix
by the addition of Mo and Nb has been studied. Three melts with the addition of Mo and Nb and
one melt with no Mo and Nb were produced. The materials were further processed to cold rolled
strips with a final strip thickness of 0.2 mm. The chemical compositions of the alloying elements of
the materials referred to in this study are listed in table 1 below, together with the designated
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names of the model alloys. The samples were cooled to room temperature before measuring the
weight gains at 168 hours intervals. The samples were oxidized for a total of 1008 hours. For
phase identification studies of the formed oxide scales, x-ray diffraction (XRD) was performed
using a Bruker D8 Discover diffractometer. The surface morphologies as well as the cross
sectional micrographs of the oxide scales were investigated utilizing a Leo DSM 962 scanning
electron microscope (SEM) equipped with Energy Dispersive Spectroscopy (EDS) for elemental
analysis. The electrical interface resistances between LSM plates and the alloys were measured
by a DC four-point method in air at 750°C over a period of 1000 h. A contact layer of
(La,Sr)(Mn,Co)O3; was applied between the alloys and LSM plates. Experimental details are given
in [12].

Table 1. The amount of alloying elements added to 22% ferritic chromium steels investigated.

Name Si Mn Mo Nb Ti+ Zr Other add.
#520 0,2 0,3 1,0 0,9 0,3
#522 0,2 0,4 1,0 0,4 0,3
#524 0,4 0,4 0,6 0,4 0,3
#527 0,2 0,4 0 0 0,03 Ce=0.03

Results and discussion

An oxidation study was done on coupons of all four alloys at 850°C in air for 1008 hours. The
weight gains of two coupons of each alloy were measured with intervals of 168 hours and the area
specific weight is plotted versus time in Fig. 1. In the figure below in can clearly be seen that the 3
alloys i.e. #520, #522 and #524 with the addition of Mo, Nb and Ti/Zr shows the best oxidation
resistance compared to the almost pure 22% Cr alloy i.e. #527 with a small addition of Ce. The
model alloys with a Mo and Nb addition all had very similar oxidation behaviour despite the
different amounts of Mo and Nb added. They all ended up with a weight gain of about 0.7 mg/cm?
after 1008 hours of oxidation at 850°C in air. It is appears that a small addition of a rare earth
metals such as Ce to a ferritic chromium steel will not have as positive effect on the corrosion
resistance as the addition of Mo, Nb and group IV metals. The #527 model alloy with no Mo and
Nb added had the worst corrosion resistance with a weight gain of 1,8 mg/cm? after 1000 hours
oxidation at 850°C in air.
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Fig. 1. Weight gain of the four different model alloys as a function of time while oxidized in
air at 850°C.

The cross section of the oxidized samples scales were investigated by SEM/EDS. The alloying
elements were mapped by EDS and below is the EDS mapping of the oxide scale formed on the
model alloy #527. In Fig. 2 a rather thick oxide scale of about 15 um was observed consisting of a
Mn rich outer part followed by a Cr richer oxide and thin but appearing silicon oxide layer below the
chromia scale. However, in the Mo and Nb alloyed steel with the same amount of Si i.e. 0.2% by
weight no formation of a silicon oxide layer under the chromia scale was observed. Instead the
silicon was entrapped in Mo-Nb-Si rich particles inside the steel matrix.
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Fig. 2. SEM/EDS mapping of alloying elements Mn, Cr and Si in the model alloy #527.

This is very well illustrated in Fig. 3 below which shows a SEM/EDS cross section of the formed
oxide scale on the model alloy #522. In the EDS element mapping of Si, Nb and Mo it is seen that
the 3 elements are forming will dispersed patrticles inside the alloy matrix. Furthermore it can be
seen that both model alloys forms duplex oxide scales which have been formed after 1008 hours of
oxidation in air at 850°C. The outer part of the scale contains a more Mn rich oxide, confirmed by
X-ray diffraction to have a spinell structure, followed by a more chromium rich oxide and under this
a Ti enriched thin oxide layer. However, more important and interesting is that despite the fact that
this particular alloy contained more than 0.2% silicon almost no string of silicon is detected under
the oxide scale. Instead the silicon is detected in particles inside the steel matrix. In the mapping it
is very easy to seen that the elements bonded to the silicon are Mo and Nb. Similar behaviour
have just recently been observed for W & Nb alloyed ferritic steels. [X]
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Fig. 3. SEM/EDS mapping of alloying elements in the Mo-Nb-Si alloyed melts #522.

More important than only oxidation resistance is the area specific resistance (ASR) values of the
model alloys and the alloy-LSM plate interfaces were measured during aging at 750°C. The ASR-
values for the alloys are shown in Fig. 4. The largest degradation rate was found for the #527 alloy
with a degradation of more than 7 mQcm?/10°% h. The much thicker oxide scale and the appearance
of silicon oxide under the chromia scale of the #527 alloy is likely the cause of this degradation
rate. The 3 model alloys with the addition of Mo and Nb all had a higher degradation rate during
the first 200 hours. Especially, the ASR curve for the model alloy #524 made a large initial
increment of the ASR during the first 100 hours but then it dropped and decreased the ASR back
till almost the same as the initial value. A possible reason for the increment of the ASR initially is
the formation of a more pure chromia scale which by time is converted to a more duplex Mn spinell
containing surface oxide due to diffusion of Mn out to the surface from the bulk of the alloy. The 3
Mo and Nb alloyed model alloys all are showing both good corrosion protection properties as well



as good electrical performance at high temperature and is therefore a good candidate material for
interconnects in SOFCs.
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Fig. 4. Electrical interface resistance between the four model alloys and LSM plates measured
during aging at 750°C, include a contribution from a LSM plate (~ 7 mQcm?).

Conclusion

It has here been observed that by alloying ferritic chromium steel with Mo and Nb the remaining
silicon in the alloy can be entraped by the formation of Mo-Nb-Si particles. The formation of silicon
rich particles inside the alloy matrix will lower the risk of formation of silicon oxide under the
chromia scale. This will lead to lowering the electrical resistance cause by the oxidation of the steel
interconnect. These newly developed alloys are much better candidate materials than the 22% Cr
alloy with a small amount Ce used as reference.

Furthermore, this will lead to much simplier production routes of the stainless steel for
interconnects since no advanced vacuum melting processes are needed or no need for high purity
starting material is needed.
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