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Precoated AlSI441 for SOFC interconnectors werestigated
by STEM-EELS looking at the diffusion processeshia initial
stage of the oxidation. The electron beam physi@dour
deposition (EB-PVD) coating contained Ce and Collay in
two layers with at total thickness of 800 nm. Thenples were
exposed up to 1000 hours at 800°C, and then clesized by
STEM-EELS. Multiple linear least squares (MLLS}ifig of
reference spectra aids the interpretation of teenehtal maps
due to overlapping edges. Within 4 min heat treatmbe
oxidation front has reached the substrate steel Gm0; is
forming at the stainless steel interface. ¢aCts as the barrier
line for Cr and is situated between the Cr-contanspinels
and the (Co,Mn)-spinel after up to 168 h heat tnest.

Introduction

A solid oxide fuel cell (SOFC) is an electrocherhidavice which converts chemical
energy in fuels into electrical energy. The fuell ds containing an electrolyte
sandwiched between a porous anode and a porouxieathhe fuel cell is then separated
from the next by interconnects building up the SGdtack. Today, most interconnects
for SOFC are metallic and based on ferritic staslsteels. The properties that are the
most important are high electronic conductivityjtharmal expansion coefficient similar
to the surrounding adjacent ceramic components, artiermal stability at service
temperatures roughly spanning from 550°C to 1000AGter is a biproduct of the
electrochemical conversion and thus an oxidati@stant material is required for the
interconnector. Among the ferritic stainless stewldidates (alumina, chromia, or silica)
only chromia formers are suitable as both alumimé silica form insulating protective
scales (1,2). Steel producers and other develd@es developed alloys with an expected
lifetime of 40,000 hours, a coefficient of therneaijpansion compatible with the ceramic
components of SOFCs, good surface conductivithénformed oxide scale etc. However,
the specialized interconnector steel grades allecsstly to manufacture due to the
alloying elements and production routes and assaltreother ferritic stainless steel
grades spanning from AlSI430 to 446 have been densil.

Sandvik Materials Technology have been devefpmterconnector steels and surface
coatings for interconnect steels for more than@ade. Co coatings, for instance, can be
used to minimize detrimental chromium evaporatimnf ferritic stainless steel and to
improve the electrical conductivity of the formexide scale (3). The idea is to deposit a
metallic Co coating which will oxidize and reacttiwMn that diffuses from the substrate



to the Co coating, resulting in a CoMn-spinel a Hurface on the interconnect. Except
from substantially reducing the Cr evaporation t8 formed CoMn-spinel will have a
relatively good electrical conductivity (4). Theidkness of the CoMn-spinel will be
dependent of the initial thickness of the Co captamd it has been shown that up to a
cobalt thickness around 600-800 nm the Cr evaporati suppressed linearly with Co
layer thickness. It has been shown that a smaluatnaf Ce added to the spinel improves
the ASR as well as reduces the mass gain duedmiedation (4). Although the effect of
the additional Ce layer is evident, the mechansmaot fully understood. Earlier studies
(5,6) within the EU FP7 METSOFC project performed Ghalmers University of
Technology have shown that nanocoatings of thige sfpongly decreases the oxidation
rate and therefore improves the long term stahidlitthe interconnect.

A time resolved study of Ce/Co-Mn coated ARBIL/0C365 strip steel intended for
interconnects in solid oxide fuel-cells (SOFC) bagn conducted within SMT R&D. In
this study the combination of scanning transmissgtacttron microscopy (STEM) and
electron energy loss spectroscopy (EELS) is udliseor advanced materials
characterisation in collaboration with the Kelvimmbcharacterisation Centre, Glasgow
University. As the amount of data collected is guitige we have decided to divide the
results into two papers for clarity and the readsesefit. However, we recommend
reading the papers side by side.

Experimental

Cold rolled steel strip with a thickness 0.2 mmao€tommercial ferritic stainless steel
AIS1441 were used in the present study. The nonghamical composition is (in wt%):
17.8 Cr, 0.48 Nb, 0.26 Mn, 0.55 Si, 0.01, Ni 0.0I80.139. Closest to the stainless steel
surface a 10 nm cerium layer was deposited byreledieam physical vapor deposition
(EB-PVD) in a laboratory batch coater followed by6@0 nm thick co-evaporated
manganese cobalt layer. The target value for theposition was 1:2 for the first 400 nm
and then reversed, 2:1, for the remaining 200 him,tb investigate the process control as
well as to investigate how different areas diffadter cyclic oxidation. Before coating
deposition all substrates were cleaned in acetornte ethanol followed by alkaline
cleaning at 60°C for 10 min. After alkaline cleagithe substrates were rinsed in hot tap
water, deionized water and finally in ethanol. Tileoated substrates were cleaned in the
same way before the oxidation experiments. The siz¢he double sided coated
substrates was 1530 cm. Sample coupons were ttte dimensions 15 mm x 15
mm. A hole with 3 mm in diameter was punched irite sample for sample handling.
Before exposure the samples were degreased antedles previously described. The
samples were mounted vertically on an alumina sarhplder, and positioned parallel to
the gas flow, in the center of a horizontal tuben&ce. The furnace was operated at
800°C. The reaction gas consisted of 20% 3% N and 3% HO. The volumetric flow
rate was 1000 ml/minute, giving a linear flow rateapproximately 3.8 cm/s. Digital
mass flow controllers were used for the dry cag@ses. For adding the water vapor, the
dry gas flow was bubbled through a humidifier ambled to the correct dew point
(24.4°C for 3% water vapor) in a condenser, bebmimg led into the furnace. All parts
of the system downstream of the condenser were dapte the relevant dew point, in
order to prevent condensation. One sample at 7&tend 168 hours were prepared. The



sample exposed for 30 s was prepared by puttingséimeple in a muffle furnace in
ambient air for 30 seconds for practical reasons.

The samples were subjected to heat treatne®®@C using certain time intervals
with the moment the sample were put into the fuenas the starting point. After heat
treatment the samples were prepared for TEM by IFi®ut techniques using Pt as a
protective surface layer subsequently mounted omi@mobe grids. In this study the
samples subjected to 30 s, 4 min, 72 h and 16&htleatment were characterised.

Data acquisition

STEM-EELS data cubes were acquired on the 2MRWI200F at the Kelvin
Nanocharacterisation Centre using a 200 kV beanm Wil-1 nm probe size with
simultaneous low-loss and core-loss acquisition a klual-EELS mode. Reference
images were acquired using the high-angular anrddak-field (HAADF) detector to
generate images with atomic number (Z) contrasthése reference images the area for
the 3D data cube and drift correction were assidpegdre acquisition.

Data processing — Part |

After acquisition the data-sets were correcteming a fresh dark reference to
compensate for any change in background causeldebyntiensity of the acquired spectra
on the CCD. Before further analysis energy driftsvearrected for using the zero-loss
peak (ZLP) in the low-loss spectrum image (SI) #mel O-K edge in the core-loss Sl.
Any thickness related effects were removed by dedlotion using the ratio method in
order to remove the plural scattering in the EEla&adAfter this, x-rays were removed
from the volume of the deconvoluted Sl. Elementapm were extracted using the
dynamic map option with carefully selected backgeband signal windows to match the
conditions of the full region of interest as clgsals possible. Due to overlapping of
neighbouring peaks this was not always successfdl raultiple-linear least-squares
(MLLS) fitting to reference spectra with known peakere performed. In this case, an
energy window (575 - 920 eV) including all the pgai interest (Table 1) was chosen
using reference spectra from the EELS-atlas (CrOMCoO and Ceg). Ideally, the
reference spectra should be acquired using maeridnown composition and thickness
at similar acquisition conditions but at this paatfitof the materials were not available to
us and reference spectra from the EELS-atlas we us

TABLE |. EELS-edges of interest in the MLLS-fitting.

Element Ls-edge L,-edge
Cr 575 584
Mn 640 651
Co 779 794

Data processing — Part Il

Further data analysis was done by calculating raritite histograms from MLLS fit
coefficients to identify areas of specific phasHsis technique can often identify regions



of compositional correlation not necessarily detble by eye. Finally, the white-line
ratio of the different phases was determined frow@ éxtracted EELS-spectrum of a
given phase identified by the trivariate histograithe white line ratio could be
determined using th®ouble Atan EELS Background script (7) method or the second
derivative method depending on the method useldemeference literature (8,9).

Results and discussion
30s

The trivariate diagram of the Cr, Mp@nd Co MLLS fit coefficients (Part I, Figure
1) identifies the Pt capping layer labelled regadninterest 1(ROI 1), the upper oxide
(ROI 2), the substrate steel and the C-rich int&rf@Ol 3), the Mn-rich (ROI4) and Co-
rich (ROI5) metal layers (Figure 1). Note that tiecontent in the Pt capping layer and
the upper oxide is an artefact of the MLLS fittiagd will not be considered. However,
the substrate steel (ROI 3) has a real Cr contendf7(8%. Interestingly, the Mn-rich
metal layers (ROI 4) has a very distinct compositihile the Co-rich metal layers show
a variation in composition along the CoO-MnéXige of the diagram. As the deposition
of Mn is off-set compared to Co during coating the content is likely to gradually
increase towards the top of the layered structure.

The O K-edge fine structure changes dramdyit&tween the oxide above and below
the C-rich contamination layer (Figure 2) where firg characteristic peak at 536 eV is
completely missing under the C-rich contaminatiayel and instead an additional peak
at 566 eV is present. Such a change in the O K-&dgestructure has previously been
observed when changing thé*Ration in the normal spinel (10) e g*Alnstead of C¥".
The white-line ratios of Mn 4L, and Co /L, for the two oxides does indeed reflect a
change in cation valency between the two regionsrgvithe protruding oxide contains
Mn?* and C8" and the upper oxide contains firand 1/3 C& + 2/3 C&*. This is
probably an effect of the oxidation front progregsithrough the coating layers and
would be interesting to correlate to crystal stmoet This would clarify whether the
spinel structure can form before the correct vadestates are reached.
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Figure 1. Trivariate diagram of Cr, Mp@nd CoO fit coefficient maps of 02_30 s (Part I,
Figure 1) showing five distinct regions: Pt capplager (ROI 1), upper oxide (ROI 2),
steel substrate (ROI 3), Mn-rich coating (ROI4) &wdrich coating (ROI 5)
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Figure 2. Changes in the O K-edge fine structndiécates that the upper oxide (blue)
and the oxide under the C-layer have differentocapecies. White-line ratios of Mn
Ls/L,and Co k/L, confirms that the upper oxide contains ¥and 1/3 C&" + 2/3 C&*
and the oxide under the C-layer consist of'vand C§*.

4 min

Using the trivariate histogram routine regioois correlated composition can be
identified (Figure 3). When correlating the fit éagent maps of Cr, Mn@and CoO one
can easily distinguish the Co-Mn layer (ROI1), seel substrate (ROI2), the Gy@yer
(ROI3), the Mn-rich interface layer (ROI4) and tGe-rich layer (ROI5). Most of these
ROIs have well-defined compositions but the ¢rdayer (ROI3) stands out with its
elongated shape possibly most likely caused byrtbbility of Cr in this region. As was
noted in Part | the Mn-rich interface layer (RO&&n be a result of an inclined interface



in the sample where an overlap between the stésitrste and the added coating gives
this effect.
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Figure 3. Trivariate diagram of Cr, Mp@nd CoO fit coefficient maps of 03_4 min
(Part I, Figure 2) showing five distinct regionso @nd Mn-rich metal (ROI 1), steel
substrate (ROI 2), CtO(ROI 3), Cr-deficient and Mn-rich interface lay@Ol4) and
trace values in the Ce-layer and steel interfagerlROI 5)

As for the 30 s sample the differences inoraspecies is reflected in the O K edge
fine structure (Figure 4). Where £z shows the two characteristic peaks at 537 and 547
eV, and the Co-Mn layer a reduction in height & finst peak and an additional peak at



553 eV often found in spinels (10). The reductinrsize of the first peak is commonly a
result of changes in the trivalent cation spedss$,as was seen at the oxide under the C-
layer at the oxidation front after 30 s heat treanitn(Figure 2) where only f#ions are
present.
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Figure 4. The O K-edge fine-structure of ROI 3,(@j) and ROI 1 (Co-Mn metal)
reflects the changes in cation species in thereiffelayers.

72h

The trivariate histogram analysis (Figure &)eals not only that the £33 (ROI 1)
and (Co, Cr)-spinel (ROI 2) can easily be distisped but also that the region of (Co, Cr,
Mn)-spinel grains (ROI3-5) can be split into thdi#erent grains based on composition
with decreasing Cr content away from the staingtes! interface. Moreover, the CeO
particle is found situated at the grain boundaryhefse three grains. It should also be
noted that the Cr content of the phases becomes amat more defined the further away
from the steel substrate they are based. As wasdrfot the 30 s sample this is most
likely an effect of the Cr evaporation from theedte



02_Fit coeff for MnO2(0-0920eV)_no drift_no xrays

02 72h

02_Fit coeff for Cr(0-0920eV)_no drift_no xrays 02_Fit coeff for CoO(0-0920eV)_no drift_no xrays

ROI'1

ROI 2

ROI 3

ROl 4

ROI'5

ROI 6

Figure 5. Trivariate diagram of Cr, Mp@nd CoO fit coefficient maps of 02_72 h (Part
I, Figure 3) showing six distinct regions: Gr@ROI1), (Co,Cr)-spinel (ROI2),
(Co,Mn,Cr)-spinel (ROI13-4), (Co,Mn)-spinel (ROIS@Gsteel substrate (ROI6).

The fine-structure of the O K-edge (Figureréfjects the change in cation species
with a gradual decrease in the first peak as th& @mtent decreases. Moreover, the
characteristic peak at 552 eV is found for all sipenel grains (ROI2-5) and the relative



peak height distinguishes (Co,Cr)- from the (Cdyy)- and (Co,Mn)-spinels. It should
be noted that the relative peak height is the sem&€r,0O; (ROI 1) and the (Co,Cr)-

spinel (ROI 2) but shows a shift in position of $econd peak (A) from 547 to 546 eV.
This probably reflects the small change in trivaleation species, B and presence of

Cc®" in this structure.
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Figure 6. The O K-edge fine-structure of ROI 1Feg(re 5) reflects the changes in
cation species in the different layers: Gr®0OI1), (Co,Cr)-spinel (ROI2), (Co,Mn,Cr)-
spinel (ROI3-4), and (Co,Mn)-spinel (ROI5).



168 h

The trivariate histogram (Figure 7) cannolyfdlistinguish between the &3 (ROI 1)
and the (Co,Cr)-spinel (ROI 3) and defines an meatiate phase at the interface (ROI2).
This is most likely an effect of an inclined int@ce with overlapping phases as was
observed for the steel substrate after 4 min leatrhent (Figure 3). The (Co, Cr, Mn)-
spinel is defined as one single phase (ROI 4) amdonger distinguishes individual
grains as was found after 72 h heat treatment (Ei§). In this particular region of
interest only one single grain of (Co,Cr,Mn)-spirgeincluded, so this observation is not
such a surprise after all. However, the transitmthe (Co, Mn)-spinel above the CeO
particle, as was observed at 72 h, is not at akrclEither the (Co,Mn)-spinel front no
longer coincides with the band of Cegfarticles or the sample preparation has removed a
neighbouring (Co,Mn)-spinel grain.

The O K-edge fine structure (Figure 8) is moreless identical for ROI1-2 and
confirms the suspicion of an overlap region whergOg dominates. For the (Co,Cr)-
spinel (ROI 3) the characteristic spinel peak aP ¥/ appears and is even more
pronounced in the (Co,Cr,Mn)-spinel (ROl 4). Morenvthe first peak in the
(Co,Cr,Mn)-spinel has a reduced height as was wbddor the (Co,Mn)-spinel after 72
h heat treatment (Figure 6). This suggests thatRkds a lower Cr-content than at 72 h
and is becoming virtually indistinguishable to tf&o,Mn)-spinel. This would explain
why the trivariate histogram method could not poinp the transition to the (Co,Mn)-
spinel at the Ce&front but also shows that the Cr evaporation featively reduced.
Also, the (Co,Cr)- and (Co,Cr,Mn)-spinels (ROI3a4g equally confined in composition
(Figure 7) while the GO3; (ROI 1) still shows the most elongated trace mhistogram.
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Figure 7. Trivariate diagram of Cr, Ma@nd CoO fit coefficient maps of 05_168 h (Part
I, Figure 4) showing five distinct regions: the,QOg (ROI1), overlap region between
Cr,03 and (Co,Cr)-spinel (ROI2), (Co,Cr)-spinel (ROIGY0,Cr,Mn)-spinel (ROI4) and
steel substrate (ROI 5)
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Figure 8. The O K-edge fine-structure of ROl 1Hg(re 7) reflects the changes in
cation species in the different layers: ROI 1,(@y, ROI2 overlap region between g
and (Co,Cr)-spinel, ROI3 ((Co,Cr)-spinel) and RQ@o,Mn, Cr)-spinel.



Conclusions

The use of STEM-EELS, MLLS-fitting and trivariatestograms gives truly added value
to the acquired data. Not only can one distingpishises not evident to the naked eye but
the fine structure of relevant edges can be stuidiedach phase. However, care must be
taken when the method defines unique phases asil o overlapping regions, as was
observed in several cases. Also, the mobility ef @r is clearly seen on the shape of
phase in the histogram and tends to decrease wsthnde from the steel substrate.
Moreover, the fine structure of the O K-edge shtivesdevelopment of the fully oxidised
phases but can also distinguish between individymhels based on differences in
bonding alone. In combination with the white lirios of the Cr, Co and M,k peaks
the valence state of these elements can be detmnfon each phase and gives an even
more complete picture of what is happening in timge resolved study. The ultimate
experiment would be to perform this process in sitside the TEM with relevant
atmosphere to study the effects in real time. Timrearize, we can conclude that by
coating the steel with a (Co,Mn)-coating we areedblreduce the evaporation of Cr and
Mn from the steel itself and therefore reduce thle of embrittlement of the interconnect
and in the long run increase the life time of thel fcell stack.

Finally, we have showed it is possible to treand vary the composition of co-
evaporated (Co,Mn)-alloy layer using EB-PVD in bdeatory scale setup. This could be
used for more complex precoated layer structureS@FC interconnects, which could
be used to tailor-make the coating based on eggatipg temperature requirements.
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