A Time Resolved Study of Precoated AISI 441 for SAF Interconnects
using STEM-EELS - Part |

L. S. Karlssofy M. W. Lundber§, R. Berget, and J. Westlind8r

& Physical Metallurgy, AB Sandvik Materials Techngyp81181 Sandviken, Sweden
® Surface Technology, AB Sandvik Materials Techng|@®L181 Sandviken, Sweden

Precoated AlSI441 for SOFC interconnectors werestigated by
STEM-EELS looking at the diffusion processes in itngal stage
of the oxidation. The electron beam physical vapdeposition
(EB-PVD) coating contained Ce and Co/Mn-alloy inothayers
with at total thickness of 800 nm. The samples vex@osed up to
1000 hours at 800°C, and then characterized by SHEMS.
Multiple linear least squares (MLLS) fitting of e¥Ence spectra
aids the interpretation of the elemental maps @ueverlapping
edges. Within 4 min heat treatment the oxidati@mtfihas reached
the substrate steel and ,Og is forming at the stainless steel
interface. Ce®@ acts as the barrier line for Cr and is situated
between the Cr-containing spinels and the (Co,Ndmed after up
to 168 h heat treatment.

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 stagslsteels. The properties that are the
most important are high electronic conductivitytharmal 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 oxidatiastant material is required for the
interconnector. Among the ferritic stainless steldidates (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 therneaipansion 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 depetp interconnector steels and
surface coatings for interconnect steels for mbam ta decade. Co coatings, for instance,
can be used to minimize detrimental chromium evaipam from ferritic stainless steel
and to improve the electrical conductivity of tleermed oxide scale (3). The idea is to
deposit a metallic Co coating which will oxidizedareact with Mn that diffuses from the



substrate to the Co coating, resulting in a CoMnalat the surface on the interconnect.
Except from substantially reducing the Cr evapora{i3) the formed CoMn-spinel will
have a relatively good electrical conductivity (&he thickness of the CoMn-spinel will
be dependent of the initial thickness of the Cdiogaand 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 (5). 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 mmaotommercial ferritic stainless steel
AlIS1441 were used in the present study. The nontghamical composition is (in wt%):
17.8 Cr, 0.48 Nb, 0.26 Mn, 0.55 Si, 0.01, Ni 0.0I30.139. 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 by680 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 his,td investigate the process control as
well as to investigate how different areas diffadter cyclic oxidation. Before coating
deposition all substrates were cleaned in acetaontk ethanol followed by alkaline
cleaning at 60°C for 10 min. After alkaline cleagithhe substrates were rinsed in hot tap
water, deionized water and finally in ethanol. Timeoated substrates were cleaned in the
same way before the oxidation experiments. The sizéhe double sided coated
substrates was 15x30 cm. Sample coupons were tutte 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&ice. The furnace was operated at
800°C. The reaction gas consisted of 20%% 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 ammbled 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&rand 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 treatnteB®@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@robe grids. In this study the
samples subjected to 30 s, 4 min, 72 h and 16&htreatment 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 acquisitioro dtsown as dual-EELS mode.
Reference images were acquired using the high-an@uinular dark-field (HAADF)
detector to generate images with atomic numberc@alrast. In these reference images
the area for the 3D data cube and drift correatiere assigned before 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 calculatidfivariate histograms from dynamic
maps or MLLS fit coefficients to identify areas gpecific phases. This technique can
often identify regions of compositional correlatiolwt necessarily detectable by eye.
Finally, the white-line ratio of the different plesswas determined from the extracted



EELS-spectrum of a given phase identified by thnvatiate histogram. The white line
ratio could be determined using tBeuble Atan EELS Background script (7) method or
the second derivative method depending on the rdetised in the reference literature
(8,9).

Results and discussion
30s

After 30 s heat treatment the oxidation frtwais reached 55 nm into the layered
structure with protrusions visible at certain lacas (Figure 1). The Ce layer is intact at
the steel interface and Cr is mainly present ingihiestrate steel. The elevated levels of
Cr in the Pt capping layer, upper oxide and Cerlayanost likely an artefact of the
MLLS-fitting as neither Pt nor Ce was present ie tieference spectra used from the
EELS atlas and have peaks available in the enengyer used for the fitting. The MLLS
fit coefficient of MnQ and CoO are complementary with a Co rich sectiothé upper
part and a Mn rich section in the lower part of ldngered structure. These variations are
caused by off-set of the evaporation from the Md @wo sources plus the fact that the
growth process is interrupted at certain intertalcheck the growth rate. The upper
oxide layer (UO) includes a layer of dark contrdstt is rich in C, most likely dirt and
dust deposited on the coated steel before the samwgd put into the furnace for the heat
treatment. The high-contrast clusters seen in tADBF-image are likely to be
redeposited Pt from the sample preparation by i raost likely causes the artifact of
elevated Cr in the upper oxide.



02 30s

Figure 1. MLLS fit coefficient maps of Cr, MpOC0O and Ceg&¥for the entire coated
stainless steel after 30 s heat treatment. Therupgpae (UO) formation has started at the
top of the coating with protrusions into the unged layers.

4 min

After 4 min heat treatment the oxidation frdras reached all the way to the steel
substrate and Cr evaporation from the steel subshas started resulting in a 30 nm
CrO layer at the interface (Figure 2). An 8 nm Ce-fliayer is situated above the GrO
and the coating Co-Mn layer show a similar completaiy composition in the CoO and
MnO_-fit coefficient maps as was observed after 30 & hreatment (not shown here).
Note that the interface region at the steel sutesshiows an enrichment of Mn under the
CrOx layer. This interface layer could well be explair®y an inclined surface between
the substrate steel and the oxidized coating laydrs interfaces are often not perfectly
sharp and follow the contour of the substrate sisaé evident form the overview image
of Figure 2.
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Figure 2. MLLS fit coefficient maps of Cr, MnOCoO and Cegfor the region from the
substrate steel (SS) to the Ce layer after 4 ma theatment.

72h

After 72 h heat treatment the Cr-front hasratigd some 400 nm from the stainless
steel interface and coincides with a band of discit€eQ-particles, as have been
confirmed by high-resolution TEM (HRTEM) (10), iwa size fractions; 15 or >70 nm
(Figure 3). The CrQlayer is followed by a (Co,Cr)-spinel with a gratlincrease in Mn-
content until the (Co,Mn)-spinel is reached abdwe hand of Ce@particles. It is clear
that a reaction with the coating Co/Mn-layers hesuored and that the proximity of the
Co layers in the original coating results in a siian phase of (Co,Cr)-spinel. The
evaporation of Cr is therefore reduced but notyfathntrolled until the (Co, Mn)-spinel
has formed. A perfect 50:50 Co:Mn coating would tigly control the Cr evaporation
to an even larger extent. Moreover, the MriiDcoefficient map shows elevated levels of
Mn in the grain boundaries of the (Co,Cr)-spinetlicating that we have Mn evaporation
from the steel substrate. If the transport occuesipminantly in the grain boundaries this
can be reduced by increasing the grain size as I texpected with time as the scale
grows.
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Figure 3. MLLS fit coefficient maps of Cr, MpOCoO and Cegfor the region from the
substrate steel (SS) to the band of gp@rticles after 72 h heat treatment
168 h

After 168 h heat treatment the Cr-front haached 950 nm from the steel substrate
and still coincides with a band of Cg@articles of two different sizes; 15 and >70 nen i.
precisely like after 72 h heat treatment. The @atficoincides with the Cr-front with the
CrOx-layer being followed by a layer of (Co,Cr)4spi gradually changing into a
(Co,Mn)-spinel with increasing content of Mn (Figud). Interestingly, the transition
phase (Co,Cr)-spinel still remains and the Ca@d the (Co,Cr)-spinel has grown. It is
clear that Cr is mobile in the system but is repthby Mn at a certain level. As for 72 h
heat treatment the Mn levels is somewhat enhangethe grain boundaries of the
(Co,Cr)-spinel but is less pronounced in this case.
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Figure 4. MLLS fit coefficient maps of Cr, MROCoO and Ce®for the region from the
steel substrate to the Cgl@yer after 168 h heat treatment. The arrow indgae rich
particles formed by redeposition of sputtered maltérom a larger Ce@particle in the
sample preparation process.

Conclusions

In this time resolved study the oxidation front athiffusion of elements can be followed
after heat treatment at 800°C. Also, the obsermatioa (Co,Cr)-oxide layer between the
Cr-oxide at the steel interface and the (Co,Mnjexat the upper surface is clearly
distinguishable when comparing the Cr, Co and Mpsn&Vith increasing heat treatment
time the Cr-oxide and (Co,Mn)-oxide layers increas¢hickness but the (Co,Cr)-oxide
layer thickness tend to be stable.



The use of STEM-EELS and MLLS-fitting is a veppwerful combination for
recording local changes in composition during aetinesolved study. However, for
regions containing elements that are not accouoteid the MLLS-fitting routine (e g Pt
in Figure 1) artefacts might occur. It is therefaery important to perform the data
processing with care and not to over interpretrésellt before all other options have been
ruled out. In this case the EELS Atlas referen@xsp proved very useful as we wanted
to study the effects of diffusion of the presemneénts, in particular Cr, Mn and Co. It is
clear that by coating the steel with a (Co,Mn)-owatwe are able to reduce the
evaporation of Cr and Mn from the steel itself atigrefore reduce the risk of
embrittlement of the interconnect and in the lomg increase the life time of the fuel cell
stack. Also, if the precoated interconnect is taubed at temperatures lower than 800°C
the Mn diffusion rate from the steel will decreagi¢h lowered temperature. This could
be a factor to be considered in the formation ef(tbo,Mn)-spinel if the coating does not
include Mn and only Co from the start.

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 coatings based on pegating temperature requirements.
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