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Research Title: Coating of Metallic Interconnector Used in Solid Oxide Fuel Cells to

Researcher: Walairat Chandra-ambhorn

ABSTRACT

The aim of this research is to develop the coating material and method for stainless steel the solid oxide
fuel cell interconnector coating to prevent or prohibit chromium volatilisation from the stainless steel
surface. In this work, high temperature oxidations of uncoated AISI 441 and AISI 441 coated with Mn-Co
spinel by electroplating method were investigated and compared. Chromium volatilisation and morphologies
of the samples were observed after oxidation. Here, the samples were oxidised in simulated cathodic
condition of solid oxide fuel cell. 5% H,0 in O, was passed through the quartz column where the specimen
was hung inside. This quartz column was placed in the vertical furnace. The operating temperature was
800°C. In the experiment, linear velocity of gas and oxidation time were varied. The experimental results
show that chromium volatilisation rates of uncoated and coated samples were not significantly different.
Furthermore, SEM results show that there were some holes and cracks observed on the coating layer which
may make AISI 441 surface to expose to the atmosphere. This means that this coating method and procedure
may not be suitable for this material coating and the coating material Mn-Co spinel itself may not be a good

choice to use as chromium volatilisation protective layer.

Keywords : chromium volatilisation, interconnector, Mn-Co spinel, electroplating method
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ABSTRACT

AIST 441 ferritic stainless steel is a good candidate for metallic interconnects of solid oxide fuel
cells (SOFCs). In this alloy. the minoer elements Ti and Nb are used to stabilise the ferritic
structure but their influence on steel durability is not well understood. This study focuses on the
early stages of oxidation (24 h) at 800°C of AISI 441 under 5%H,0 in O» following the cathodic
SOFCs conditions. The typical duplex oxide scale, composed of a (Mn,Cr);O4 spinel top layer
and a Cr20s-rich sublayer is observed, with oxide nodules growing by places. These objects, in
the micrometer range in size, are studied by FIB tomography. The analyses reveal a complex
structure and a development strongly linked to the presence of niobium and/or titanium
compound(s) in the subjacent substrate.

Keywords: ferritic' stainless steel, oxide nodules, niobium intermetallic. niobimm-titanium
carbonitrides, 3D-reconstruction.

1. INTRODUCTION

Solid oxide fuel cell (SOFC) is a promising device which can produce clean and renewable
energy. Since the operating temperature can be reduced to the intermediate range 600-800°C,
stainless steels appear to be good candidates for interconnectors due to their low cost, reasonable
oxidation resistance and good electronic conductivity of the formed oxide scales. One of the
remaining problems is the volatilisation of chromium species in presence of water vapour
(cathodic side of SOFCs) [1-3], possibly treated by the means of specific coatings [4]. During the
last decade, AISI 441 ferritic stainless steel was one of most studied commercial alloy for
interconnector purpose; in this alloy, small amounts of Ti and Nb are added to stabilise the
ferritic microstructure and enhance the alloy properties [5-7]. The development of the passive
chromia/chromium-manganese spinel duplex scale on ferritic stainless steels is well understood,
as well as the possible development, in various atmospheres, of iron-containing oxide nodules
leading to catastrophic oxidation, a phenomenon described in the literature [8-12]. However, Ti-
and/or Nb-containing smaller nodules are also observed to form on the passive scale but they are
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seldom described in the papers, and their growth mechanism and their possible mutation to
catastrophic ones are as yet not well understood. The present paper is focused onto such nodules
and on the role of the two minor elements Ti and NDb, in particular during the first hours of
oxidation, revealed by sophisticated microscopy and analysis techniques.

2. EXPERIMENTAL

The composition of AIST 441, supplied by APERAM, is shown in Table 1. The metal was used in
the as-received industrial state (cold rolled, annealed, etched, skin-passed). The sheets were cut to
25 % 15 x 1 mm® samples, cleaned with ethanol in ultrasonic bath for 5 min and dried before high
temperature oxidation. All samples were introduced in the cold furnace set at 40°C, programmed
with 20°C/min heating rate and were oxidised in a 5% H,0O / 95% O» atmosphere at 300°C. The
furnace was held at 800°C for 24 h. The experimental setup is shown in Fig. 1. Oxygen gas was
flowed from the oxygen tank and passed through a humidifier set for producing 5% vol. H,0 in
the O, stream. The linear velocity in the hot tube furnace was fixed at 2 cnv/s. At the end of the
assembly. two Erlenmeyer flasks were installed, for condensing the water vapour remaining in
gas stream and capturing Cr volatilized from the samples (results not presented here). After
cooling down to room temperature, cross-sections of the samples were investigated using a Zeiss
NVision 40 cross beam equipped with a focus ion beam coupled with a field emission gun. The
surface of samples was also analysed by EDX and Raman spectroscopy (green line of an Ar*
laser focalised to 1 um in diameter).

Three-dimensional reconstructions were obtained using FEG-FIB/SEM. Before making a FIB
box using the Ga™ beam installed inside the FIB column, a 10 % 10 pm localised area was
protected by a carbon deposit. This arsa was then sliced and SEM images were taken every 20
nm. The images were combined to build 3D reconstructions of the regions studied and
quantitatively analysed by the Fiji Imagel software. Fig. 2 shows a typical FIB cross-section
image.

Table 1 Composition of AISI 441 stainless steel (wt %)

Element Cr Mn Si Ti Nb C Mo Al Fe

wt% 17.830  0.240 0.60 0.130 = 0.550  0.010. 0.010 . 0.006 Bal.
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Fig. 1. Experimental apparatus (S: sample):

Fig. 2. Typical FIB cross section prepared in this wozk.
3. RESULTS AND DISCUSSION

3.1 Surface and cross-section observations

Fig. 3 shows the surface image of a sample after 24 h of oxidation. The surface exhibits a
classical micro-crystallised morphology and reveals the grain boundaries of the metallic substrate
(typically 20 pm in diameter). The micro-crystallized scale which covers the entire surface was
analyzed by Raman spectroscopy and revealed the presence of chromia (peak at # 560 cm™) [13-
16] and Cr.Mn-spinel (peak at # 680 cm™) [13. 16. 17]. The duplex structure of this scale was
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evidenced by EDX mapping (Fig. 4) and corresponds to the well-described regular situation: a
(Mn.Cr);04 spinel top layer and a Cr,Os-rich inner layer.

Fig. 3. SEM surface image (BSE mode)after 24 h oxidation (AISI 441. 5% H20 / 95% Oo,
800°C).

Fig. 4. EDX map of a cross-section of the regular-oxide scale coyering the entire sample surface.

In addition to the regular scale. egg-shaped nodules (diameter-in the micrometer range) are
observed above the alloy grain boundaiics (the smallest-ones) as well as above the heart of the
metallic grains (the largest ones). These nodules appear dark in SEM-BSE mode. as the possible
signature of a light element. but this observation may also be the result of a topographic effect.
When the laser is focused on a nodule. the Raman spectra exhibit rather different peaks near 245,
450 and 620 cm™ (Fig. 5). These could match with the bands registered for TiO,, rutile
modification, which were observed to appear at 236. 442. and 612 cm™).
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Fig. 5. Raman spectra obtained on the oxidised surface after 24 h oxidation (AISI 441, 5% H,O /
95% O,, 800°C). a) laser focused on the regular scale, b) laser focused on a nodule.

The Ga* beam installed inside the FIB column was used for penetrating the nodules. Cross
section SEM images in BSE mode of three different nodules are presented in Fig. 6. All of them
present a complex structure in two parts: a more or less pronounced internal part, beneath the
sample surface, and an external part above this surface. The nodules are clearly attached to the
passive (Mn,Cr);04/Cr,0; scale.

The first nodule (Fig. 6a) is located at a metallic grain boundary (called GB-nodule in the
following) and reveals, at least. two different levels of grey in the BSE mode. Its internal part is
not well developed. The metallic substrate under it exhibits the presence of grain boundary
submicrometric white precipitates, probably containing heavy element(s). Note also the presence
of small pores localised at the metal/oxide interface.

The second nodule (Fig. 6b) is similar to the first one (also a GB-nodule), but shows large V-
shaped porosity which make it separate from the substrate, attached only to the passive scale on
either side. Evidence of steel repassivation appears under it.

The third nodule (Fig. 6¢) is not located at a metallic grain boundary but sits “in grain™ and will
therefore be called iG-nodule in the following. The presence of much more levels of grey in the
BSE mode confirms that it has a more complex structure compared to the GB-nodules. White
precipitates are present under and in this nodule, without any connection with a metallic grain
boundary. A great part of this nodule seems to have grown inside the metal.
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Fig. 6. Cross section-of nodules grown after 24 h of oxidation (AIST 441, 5% H,O 795 % O,.
800°C, BSE mode).

The white precipitates located at the grain boundaries and observedin Fig. 6aand b correspond to
the intermetallic Laves phase Fe,Nb appearing in the Fe-Nb system during tempering operations
[7. 18]. The other omes in Fig.6c¢. could cotrespond to niobium carbide NUE and/or niobium-
titanium carbonitride (T1.Nb)(C.N) well known to piecipitate in the heart of the grains of ferritic
steels during cooling from high temperatures during processing [7.18]. At this point of the study,
the question of a possible relationship between the development of nodules and the presence of
niobium and titanium in the steel can be raised. In the case of GB-nedules (Figs. 6a.b). it is
reasonable to imagine that Nb may diffuse along the grain boundanes and become oxidised
forming the small nodules which generate the GB decoration of Fig. 3. In case of iG-nodules, the
mechanisms are less evident because T1 and Nb can participate. Here there is the limit of what
can be observed with classical microscopic observations. In order to clarify the connection
between carbonitride precipitates and the “in-grain™ nodules. a 3D observation has been carried
out on a nodule non-connected to a grain boundary.

3.2. FEG/SEM-EDX analysis of thin lamella of a GB-nodule

After choosing a well-defined GB-nodule. a thin lamella was achieved by FIB-SEM. Fig. 7
shows cross-section cartography of this nodule. The observations lead to separate the nodule into
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2 zones, the upper zone grown above the surface and the lower zone grown inside the substrate.
The nodule is composed of oxygen and carbon as non-metallic elements and of 4 metallic
elements: Nb, Ti, Cr, Mn, while Fe was not detected. This absence of Fe is of importance and
possibly excludes such a nodule to become a catastrophic oxidation nucleus. Mn is distributed
everywhere and cannot be observed at a specific place. Cr203 can be observed as a thin
continuous layer in the middle of the nodule, in connection with the passive scale outside the
nodule, as well more massively in the lower zone of the nodule. Titanium oxide, which could be
Ti0O» according to the Raman results, is densely formed in the upper zone of the nodule and at the
lower edge of the nodule. Nb seems to accompany Ti at the same locations, and could be
dissolved in TiO; producing the small shift in the Raman bands compared to pure TiO,.

In this thin lamella, attention was paid to the steel substrate, particularly to the GB-precipitates.
In addition to Nb and Fe, EDX analysis indicated the presence of Si at these places. This
observation is in good agreement with the studies of Yang et al. [6] and Yan et al. [7, 18]
claiming that Laves phases located at the metallic grain boundaries capture Si, preventing the
growth of a continuous Si0, layer.

3.3. FIB stack and 3D reconstruction

In order to produce a three-dimension view of a nodule, a stack of 330 images was recorded on
an oxidised sample by serial sectioning a nodule into thin layers from a cross-section previously
prepared by FIB. This procedure consists in iteratively eroding a thin layer from the material by
the Ga™ beam and subsequently imaging the surface by SEM. Images were recorded with a step
of 20 nm, the total observation thus consisting in an extent of 6.6 pm into the cross-section. Fig. §
presents three SEM images extracted from this stack and shows the nodule morphology at
different extents of the slicing process (beginning, middle and end). It is confirmed that this
nodule is not connected with a steel grain boundary and that it is surrounded with the passive
scale. An interesting observation is that its intermal part occupies a place within the metal.
Reminding that no Fe has diftused outward, it is suggested that a counterflow of this element
balances the outward flow of Nb and Ti duting the growth of the nodule.
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Fig. 8. SEM images (BSE mode) extractéd from,a stack of 300 images: a). b) and c) correspond
to the images number 1. 165 and 330 respectively.

This stack has been processed using Imagel software mn-order to render a three-dimension view
with different colours for low, medium and high mass elements. The result is presented in Fig. 9.
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3 um

Fig. 9. 3-D reconstruction of an1G-nodule (red: oxide layer with Crand Ti. yellow: Nb, blue: Si).

From this reconstruction. it is clearly seen that the nodule is connected to the surrounding passive
scale and that it sits on top of intra-granular Nb-rich precipitates. Evidence of precipitate size
decreasing in the vicinity of the nodule suggests that T1.Nb-rich oxide growth is the driving force
for precipitate dissolution and Ti.Nb transport to the nodule.

From the central slice of the nodule (image #165). the spatial evolution of the mobium amount
parallel to sample surface was extracted (Fig. 10)-using the black and white binarisation of the
images on which the area fraction of white (heavy element) was measured. This amount follows a
bell-shaped curve. suggesting that Nb supply from the metal through the chromua scale is much
localized and that the nodule grows-externally but also laterally tromr this supply.
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Figure 10. Area fraction of niobium across the nodule measured on the binarised images.
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According to the above results, the morphology of the non-catastrophic nodules studied here is
clear and their growth mechanism may be discussed. The link between the Nb-containing phases
and the nodules is well established, and the migration of Nb from these phases to the chromia-
covered sample surface seems to be rapid. The thermodynamic driving force for this migration is
the oxygen chemical potential gradient in the metal. Parallel transport of Ti occurs at the same
time, this element being well known to oxidize at lower oxygen potential than chromium and to
dissolve and rapidly move within chromia [19]. Part of the Ti enriches the chromia scale, part of
it is transported up to the surface of the nodule, in the form of TiOy more or less doped with Nb.
It seems that enrichment of Ti'* of the chromia scale makes it grow internally faster, according to
Wagner-Hauffe rules, but does not permit Fe outward diffusion and scale enrichment in this
element. On the contrary, iron probably counter-diffuses in the steel substrate, as observed by the
formation of large pores, particularly at the emergence of grain boundaries. In addition to the
outward migration of titanium and niobium, oxygen diffuses inward in the nodule, and is
responsible for oxide growth under the surface of the initial chromia film.

4, CONCLUSIONS

1. After high temperature oxidation of AISI 441 up to 24 h, nodules were observed on the
top surface. Some nodules were located above the substrate grain boundaries while others
were located above the heart of the grains.

2. These nodules do not contain any iron and are therefore not sites of future catastrophic
oxidation.

3. The location of the nodules is strongly connected with the presence of niobinin-containing
phase(s) within the steel substrate, Laves phase for grain-boundary nodules, niobium-
titanium carbonitrides for in-grain nodules..

4. The nodules are ball-shaped, with an external- and an internal-growing part,
approximately equivalent in volume. A thin chromia film still exists in the middle of the
nodule, as a remembrance of the initial passive scale. A thicker chromia scale grows
inward, with possible Ti-doping.

5. The nodule external part consists mainly in Ti(ND)O,, evidenced by EDX and Raman
spectroscopy. It grows by outward cation migration.
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