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Sandvik Materials Technology develops nanocoatings for SOFC
stainless steel interconnects. The-belaling properties of cerium
cobalt coated AISI1441 (EN 1.4509) have been studiepaiially
coaked sample was oxidized in air at 800°C for a total of 504
hours. Prior to oxidation aocused ion beamF(B) was used to

mill a trench on the uncoated surface toused as a reference
point relative thecoated border. A second FIB trench, made after
oxidation, revealed that the oxide formed on the uncoated part
adjacent to the coated area contained both cobalt and cerium.
Cerium was detected with EDS in the surface oxide of the
uncoated area as far as [ away from the coated edge, cobalt
had diffused even further. These findings are encouraging since
they suggests that cracks introddige the coating during stamping
and/or forming, which are usually in the3lum range, are likely

to self heal (i.e. become enclosed by the forming Co, Mn, Cr
spinel) upon oxidation.

Introduction

Metallic interconnects used in solid oxide fuel cells (SOFC) must be aldperate at

high temperatures (76860 °C) and in an oxidizing atmosphere. Steel manufacturers
have developed special alloys in order to meet reapg@inés such as; slow scale growth,
high surface conductivity and low chromium evaporation rates. A major drawback with
these alloys is the inherently high cost as compared to regular cfhéifeferritic grades,

e.g AISI 441 (EN 1.4509). In an uncoated condition the special alloy may outperform the
cheaper standard steels but still they suffer from rather high chromiumratiapaoates

[1] which may poison the cathode of the fuel cell. One common way to reduce the
chromium evaporation is to coat the imt@mnect steel with a cap layer, usually a spinel
type oxide[2]. Since these coating are rather thick and brittle they must be applied after
that the flow patterns havieeen imprinted on the interconnedthis means the each
interconnect has to be coated individually in a batch process.

Another way of achieving a chromium blocking cap layer is to coat the stéehwit
thin metallic coating which is then let to oxidize into a spinel structurédBASandvik
Materials Technology a retb-roll PVD coating technique is used to coat steel substrates
with a thin layer (< Jum) of cobalt. Good results are seen for both special alloys, e.g.
Sanergy HT and Crofer 22 APU, and for standard steels as the AlSNéh.the cobalt
coating combines with manganese that diffuses out from the bulk steel a- cobalt
manganesspinel will form on the surface of the interconnect. This spinel effectively
reduces chromium evaporation from the surf@end it also possesses relatively good



electronic conduction. Even better performance is achieved when small amounts of
reactive elements, e.g. cerium, are deposited as a seed layer underneath the cobalt coating
[4]. The cerium layer helps to slow down the rate of chroforenation, the cobalt

coating is still needed for the chromium blocking outer sgblel The thin coating does

not spall off during forming operations and therefore the steel can be delivered in a pre
coated condition. This means that no batch coatimgdofidual plates is required.

During forming operations of the pomated steel the cobalt coating is bound to crack
when the substrate material is stretched. An earlier study has shownrlratatiks (sub
micrometer) in the coating will beo@ enclosed due to the instant volume expansion that
follows when the metallic cobalt becomes oxidiZ&d. In this manuscript longer
oxidation exposures are used to see what effect this has on the cracked areas.

Experimental Procedures
Material

Sheets of cold rolled commercial grade ferritic stainless steel AISI 441 @599).
were used in the present study. The nominal chemical composition of the steel was
(wt%): 18 Cr, 0.11 Ti, 0.47 Nb, 0.28 Mn, 0.54 Si, 0.012 C, Ni 0.13. The thickness of the
sheets was 0.2 mm. The samples were coated with 600 nm cobalt and 30 nm cerium
(cerium closest to the steel) on one side of the sheet. Both coatings were deposited in a
PVD batch coater. Before coating, the substrates were cleaned in an alkalirdegerge
60°C for 10 min. After the alkaline cleaning the substrates were rinsed iaphofater,
deionized water and finally in ethanol.

Forming Trials

A cerium cobalt coated steel sheet was cut tox240 mni. The sample was
lubricated before the formg experiments in order to reduce the friction between the
steel sheet and the forming tool, i.e. the punch. The forming experiment was performed in
a conventional deep drawing cup test set up (Erichsen). The bottom surface of the cup
was subjected to biaal straining in the plane. The steel sheet was strained to roughly
10%, which was found to be the limit before the steel would fracture.

SurfaceDiffusion

Before coating the sheets, one of the samples was marked with a thin line, drawn with
a felt pen After the coating step the line (and the coating on top of it) was removed using
an ethanol soaked cottortig. This would create a wetlefined stripe where no coating
was present on the surface. In this uncoated region a trench was milled at tasee dis
(13 pm) away from the coatdabrderusing a focused ion beam (FIB), gagure 1. This
trench could then be used as a reference point during oxidation trials.

Exposure

The samples were oxidized, hanging by a platinum thread, in a muffle furnace at
80C°C. The furnace had no circulation and ambient air was used. Before exposure the
coated samples were cleaned in acetone and ethanol.



Figure 1.A FIB trench was milled as a reference point close to the edge.

Results and Discussion

Forming Trials

The strained sample was examined in a scanning electron microscope (SEM). It was
seen that the coating had cracked during the forming operation. Parts of the cracked
surface can be seenfigure 2in the upper left image. None of the examined cracks on
the sample exceedediBn in width. This figure can be thought of as an approximate
upper limit for the crack width because the sample was strained to the veryelior b
the steel would rupture. Despite the cracks, no delamination could be observed on the
surface, indicating@pd adhesion between the substrate and the coating. The cobalt maps
shown inFigure 2 recorded with energy dispersiveray spectroscopy (EDS), confir
that no or only very little cobalt was present in the cracks after forming. dotn@ninitial
oxidation, the smallestcracks (< 1 pum) would become enclosedue to the volume
expansion of the metallic cobalt coating when this was oxidized. At 800°itltegtion
of 600 nm cobalt happens within a couple of minutes. After an hour of oxidahat,
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Figure 2 SEM images of strained and oxidized (BDPsamples (top)EDS cobalt maps
from corresponding areas (bottom).



(=100 nm) oxide grains protruding from the cobalt coating became evident but no further
sealing of the cracks was observed. When the sample had been expdkéfl Hours

(one week) at 80T the entire sample surface had become clearly oxidized with oxide
grains, ranging from a few hundred nanometers to a couple of micrometers. Atghis sta
no traces of the cracks were seen and the EDS map indicated thatvesbattw present

over the entire surface.

SurfaceDiffusion

When stretching the coated steel e tdeep drawing cup test or in a tensile test rig
crackswere generatedh the coating up to fim wide. After that point the steel would
fracture. The masking approach described in the experimental procedure waseherefor
used to produce larger areas withany coating. The masked sample with the FIB trench
milled into it was oxidized and examined in the SEM. After 504 hours (three weeks) of
oxidation at 800C a second FIB trench was milled at a right angle towards the first
trench. This second trench, which was abougir2d6wide, stretched from one of the short
ends of the first trench and roughly i into the coated part of the steel, shown in
Figure 3 The second trench therefore showed both the previously uncoated area and the
coated part of the sample. Interestingly the oxide formation of the two had much
resemblance. As commonly seen for these cobalt coated steels the upper oxidascale w
dominaed by two fairly distinct layers. These have been shown to consist of an upper
spinel type oxide and beneath a chromia lagigrip this samfe the lower oxide scale
was 11.5 pm thick on both the coated and the uncoated area. The upper oxidelvidas 1
pKm on the uncoated part but about double that on the coated side. In between the two
layers was seen a pearl like streak of bright particlé® size of these particles was in
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Figure 3 The AISI 441 sample was masked before being coated with 30 nm cerium and
600 nm cobalt, respectively. With the mask removed a sharp border between coated and
uncoated surface was created. After oxidation at@Q@Be formed oxide of the uncoated

part was examined. Cerium rich particles were detected in the scale as famasdy

from the coated area.



the 100 nm range and they stretched from the coated part roughiynlto the
uncoated area of the sample. A buckling of the steel surface, which created a wavy
appearance, could be seen. This deformation can be attributed to plastic defoohati

the steel due to strains imposed on the steel surface by the growing oxide.

SEM EDS analysis was used to analyze the different parts of the oxide scale. Despite
the limited lateral resolution of this technique it was possible to get some valuable
information from the oxide scale. It could be concluded that the bright particlegialer
in cerium and that the upper oxide contained cobalt in the coated as well as thieduncoa
part. Elemental maps recorded with SEM EDS from the uncoated side are shown in
Figure 4.
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Figure 4 SEM EDS elemental maps recorded from the uncoated part of FIB trench 2.

From the results in Figur@it is evident that the diffusion of cobalt extendydred
the first FIB trench. In Figure 5 the extent of the Co diffusioreigaledwith an EDS
line scan of a larger part of the sample showing that a cobalt signal is detectab® up
um into the uncoated regio@ertainly, the amount of cobalt weanf as we move away
from the border out towards the uncoated region. In Figure 6 the progression of the cobalt
diffusion is shown by EDS maps collected at different exposure times. As discussed
earlier, when stretching the coated steel in the deep drasupgdest or in a tensile test rig
the cracks generateh the coatinghad widths up to 5um. The surface diffusion
experimentescribedn this sectiordemonstrateBow diffusion from oneside of a crack
would progressHowever, h areal application theabalt would diffusefrom bothsides
of the crackon thesamplesurface.Consequentlycracks up to 2um could be self
healed based on the cressctions in Figure 3 given enough exposure time and
temperature is supplied.

Conclusions

We have studied and compared hstretching the coated41l stainlessteel in the
deep drawing cup test or in a tensile tesgegerates cracksd that these cracks readily
sel-heal over time at 800°C. We have also shown by placingrllig trenchesearby
a border of coated and uncoatsgel surfacethat the sethealing extends larger
distanceshan previously have been shawifrurthermorethat even if cracksform or
delaminated flakes of the coatiagein the size of 2%um range, theoatingwould self
heal. The results also suggest that even larger crackaild selfheal given enough time
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Figure 5 EDS linescan performed over wide part of the sanafier 504 hoursof
exposureat 800°C(bottom part of the image}tarting in the coated part (left) and ending
up roughly 70um into the uncoated region. The corresponding cobalt signal is shown in
the graph above.
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Figure 6 Top row shows SH images of the investigated area before and afteouk
168 hoursand 504 hours of oxidation at 800 °C. The bottom row shows cobalt EDS maps
of the oxidized samples.



and temperatureThese findings areery encouraging since thegyuggestthat cracks
introducedin the coating during stamping and/or forming, which are usualthe 13
pm range, areery likely to self heal (i.e. become enclosed by the forming Co, Mn, Cr
spinel) upon oxidation.
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