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1. Introduction

Fuel cells convert gaseous fuels via an electrochemical process directly into electricity with
high efficiency (up to 60% electric efficiency and with heat recovery up to 80% system
efficiency) and very low pollution (orders of magnitude reduction in the level of NOX and a
significant reduction in the levels of the greenhouse gas carbon dioxide, and SOX - the cause of
acid rain)[I]. The solid oxide fuel cell is the most versatile of all fuel cell technologies
currently under development in terms of its high efficiency and fuel flexibility. However, the
high operating temperature (800-900°C) puts constraints on materials which can be used in
solid oxide fuel cells.

In a fuel cell, several single cells are joined together through an interconnect material to form
a stack for desired power output. The interconnect also delivers fuel and air to anode and
cathode respectively of the fuel cell. The interconnect material is required to meet stringent
specifications of matching thermal expansion coefficient with other fuel cell components, low
material and fabrication costs, high electrical and thermal conductivity, chemical stability with
respect to other fuel cell components, high strength and ductility, and high corrosion
resistance.

The high chromium alloy steels, if used as interconnects in solid oxide fuel cells, have the
potential of meeting most of the above criteria. However, low corrosion resistance of these
alloys combined with high volatility of Cr (6+) species from Cr2O3 formed at the surface of
the alloy are serious problems . With a view to reduce these problems, in this paper the role
of reactive elements such as La, Y and Zr on the high temperature corrosion of stainless steel
has been investigated.

2. Experimental

Ferritic stainless steel TP 446 (72.37% Fe, 26.16% Cr, 0.77% Mn, 0.51% Si) specimens were
polished to 2400 mesh grit SiC paper and thoroughly cleaned. Ions of La, Y, Zr and Cr were
implanted on steel samples using MEVVA ion implanter at an extraction voltage of 40 kV. A
single dose of 1 El7 ions/cm was chosen initially for all species at nominal room temperature.
This dose was selected as it provides reasonable concentration of the doping ion at the metal
surface. Cr was implanted to observe the self ion damage. After implantation, samples were
heat treated at 800°C for 1 h or at 900°C for 0.5 h in air. Heating rate was 100°C/h. Specimens
were characterised by Rutherford Backscattering Spectrometry (RBS) and optical microscopy.
An analysis beam of 2.0-MeV 4He was used for RBS.
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3. Results and Discussion

3.1 Optical Microscopy Analysis
At 800°C La implantation reduces the oxidation rate of TP 446 stainless steel (see Fig. la).
This effect decreases as the temperature is increased to 900°C (see Fig. lb). At both
temperatures several oxide phases (eg Cr2O3, SiO2 and (CrMn)3O4 ) appear to grow on the
steel surface acting as a protective layer. Formation of these phases will further be confirmed
by XRD and SEM-EDX analysis.
Y implanted specimens show similar behaviour.
However, Zr implantation has little effect on the oxidation rate of this alloy. Although there is
a small improvement at 800°C (see Fig. 2a) the steel surface is totally oxidised at 900°C (see
Fig. 2b).
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Figure 1: Optical microscopy picture of La implanted stainless steel TP 446 _ _ 50 jim
a) Oxidised at 800°C b) Oxidised at 900°C

Figure la) and b) show optical microscopy images of La implanted stainless steel specimens
heat treated at 800 and 900°C. These images appear darker as the oxide layer grows thicker,
depending on the temperature and hold time. Darker areas are spread on the surface as well as
along grain boundaries. Grains of the bulk metal (grey areas in Fig. la) are clearly visible after
the heat treatment at 800°C for 1 h. As the annealing temperature is increased to 900°C (see
Fig lb) the image gets blurred, but it is still possible to see the grains. Although the oxidation
at 900°C is more rapid, the beneficial effect of La is still obvious.
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Figure 2: Optical microscopy picture of Zr implanted stainless steel TP446

a) Oxidised at 800°C b) Oxidised at 900°C
Figure 2 a) shows a Zr implanted steel specimen heat treated at 800°C. Although some parts
of the specimen are covered with a thinner oxide layer (light areas), this image is quite blurred
indicating much more rapid oxidation compared to La implanted sample at 800°C. After the
900°C annealing, the surface appears to be totally oxidised (see Fig. 2b). These results clearly
show that Zr does not protect the metal surface.



3.2 RBS Analysis
Figure 3 shows RBS spectra of non-oxidised and oxidised (800°C) La implanted steel
samples. In curve 1 (no heat treatment), the La signal has a Gaussian distribution with a peak
at 1.774 MeV, while the substrate appears as a step with leading edge at 1.491 MeV. The peak
position of La is at a depth smaller than it's surface edge. Trim calculations give a projected
range of Rp=175A and a straggling width of ARp=70A, which are consistent with RBS
results. Oxygen can not be observed because of the high background signal from the steel
substrate. When an implanted sample is heat treated at 800°C (curve 2), La diffuses into the
bulk material. La peak is no longer shallow, and is redistributed during oxidation. However,
detailed analysis of this curve indicates that there is no loss of La by vaporisation, ALa=4604
counts for both oxidised and non-oxidised samples. Oxide film thickness causes a shift in the
Fe edge by AE=152.8 keV and is increasing with oxidation at higher temperatures, as does the
oxide thickness. Cr peak is observed at 1.473 MeV indicating that the oxide formed is mainly
Cr2O3. Results at 900°C (not shown) indicate higher penetration of La into the substrate and
increased oxide thickness.
Y implanted and oxidised samples show a similar behaviour.
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Figure 3: RBS Energy Spectra, La implantation Figure 4: RBS Energy Spectrum, Zr implantation

Figure 4 shows energy spectra of Zr implanted and oxidised (900°C) samples. Zr is observed
at 1.661 MeV. As the temperature is increased Zr diffuses into the bulk. At 900°C, contrary to
the behaviour for La, it is no longer detectable on the surface. It looses it's protective ability
and the sample oxidises rapidly. These observations are consistent with optical microscopy
results.

4. Conclusion

The experimental results show: 1) Oxidation behaviour of TP446 stainless steel improves with
implantation of reactive elements. 2) Implantation with La and Y reduces oxidation rate of the
steel alloy at both temperatures. These elements are more effective at 800°C than they are at
900°C. 3) Zr implantation has a little effect on the corrosion rate at 800°C. Specimens that are
heat treated at 900°C undergo rapid oxidation.
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