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Abstract: Two commercial ferritic stainless steels (FSSs), referred to as Steel A and Steel B, designed
for specific high-temperature applications, were tested in static air for 2000 h at 750 °C to evaluate
their potential as base materials for interconnects (ICs) in Intermediate Temperature Solid Oxide
Fuel Cell stacks (IT-SOFCs). Their oxidation behavior was studied through weight gain and Area
Specific Resistance (ASR) measurements. Additionally, the oxide scales developed on their surfaces
were characterized by X-ray Diffraction (XRD), Micro-Raman Spectroscopy (p-RS), Scanning Electron
Microscopy, and Energy Dispersive X-ray Fluorescence Spectroscopy (SEM-EDS). The evolution
of oxide composition, structure, and electrical conductivity in response to aging was determined.
Comparing the results with those on AISI 441 FSS, steels A and B showed a comparable weight gain
but higher ASR values that are required by the application. According to the authors, Steel A and
B compositions need an adjustment (i.e., a plain substitution of the elements which form insulant
oxides or a marginal modification in their content) to form a thermally grown oxide (TGO) with the
acceptable ASR level.

Keywords: FSSs; IT-SOFCs stacks; high-temperature oxidation; ASR; interconnects

1. Introduction

Interconnects (ICs) are key elements of Intermediate Temperature-Solid Oxide Fuel
Cells (IT-SOFECs), i.e., electrochemical devices made of an array of units which directly
convert, in the temperature range from 650 °C to 850 °C, the chemical energy of a fuel
(i.e., hydrogen or other fuels) into electrical energy [1-5]. This system offers many advan-
tages over traditional energy conversion devices as: high efficiency, reliability, modularity,
fuel adaptability, low noise, and very low levels of NOx and SOy emissions [6-9].

In planar stack design, the vital tasks of ICs are: to guarantee the electrical connection
between the anode of one individual cell to the cathode of the neighboring one in order to
accumulate voltage output (in fact, a single IT-SOFC, which is typically constituted by a
dense electrolyte placed between two porous electrodes, produces around 1 V open circuit
potential), to serve as barriers physically separating the reducing (anode side) from the
oxidizing (cathode side) atmosphere, and to act as a support structure for the cells [10-12].

For more than a decade, ICs have been mainly made of ferritic stainless steels (FSSs).
In fact, after the successful reduction of SOFC operation temperature in the range 650 °C
to 850 °C, this class of materials was selected among others (e.g., chromium-based alloys
and Ni-Cr based alloys) to replace LaCrOs-based interconnects since it exhibits adequate
application characteristics: a thermal expansion coefficient (TEC) similar to the other ce-
ramic parts of the fuel cell (11.5-14.0 x 107%/K from RT to 800 °C), good thermal and
electrical conductivity, good manufacturability and mechanical properties, easy fabricabil-
ity, affordable cost and, in the case of chromia-former steels containing over 16 wt.% Cr,
the formation of a comparatively conductive and protective CryOjs scale in presence of an
oxidizing atmosphere [13-15].
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Under IT-SOFC operating conditions and for a planned service of thousands of hours
(~40,000), FSSs interconnects show, however, some limitations: an inadequate oxidation
resistance which determines a drop in metallic interconnect (MIC) stability and electri-
cal conductivity; the formation and migration of volatile Cr(VI) species (e.g., CrO3; and
Cr(OH),0,) from ICs into the cathode where they form, after reduction at the three-phase
boundary (TPB), Cr,O5 [13,16-19]. Cr poisoning, whose mechanism and kinetics have
been extensively studied [20-23], represents one of the main disadvantages to the use of
chromia-forming MIC since this phenomenon causes a drastic reduction of cell perfor-
mances.

Several solutions have been proposed with the aim of solving the aforementioned
issues, particularly for the oxidizing environment of the cathode side, such as: the design
of alloys with specific compositions (e.g., Crofer 22 H, Crofer 22 APU, Sanergy HT, or ZMG
232 [24-28]), the application of surface treatments (e.g., polishing and grinding) and/or
modifications in the alloy microstructure [29-31], and the production and application
of protective coatings (e.g., reactive element oxides, conductive perovskites, conductive
spinels, and conductive composite spinels [8,12]). Generally, protective coatings made of
transition metal spinels show good stability and adhesion to metal substrate and, in com-
parison with rare-earth perovskites ones, a better ability to inhibit chromium diffusion [32].
Among these groups of compounds, Mn-Cu spinels have a higher electrical conductivity
at high temperatures (e.g., Mn; 7Cu; 304 about 225 S cm ™1 at 750 °C) and lower cost than
the more studied Mn-Co spinels; for this reason, the formers are recently receiving more
attention [16,32,33].

During the evaluation of a FSS as a candidate for SOFC interconnects, the attention is
usually focused on the study of its electrical conductivity (i.e., the acceptable Area Specific
Resistance, ASR, level is considered to be below 0.1 Qcm?), oxidation resistance, and Cr
volatilization under SOFC operating conditions; the composition and morphology of the
oxide scale growing on its surface are even analyzed since all the aforementioned properties
strongly depend on them [8,34,35].

The aim of this work was the study of two commercial FSSs, hereafter referred to as
Steel A and Steel B, as a possible candidate for IC in IT-SOFCs stacks. These materials have
been originally designed for the manufacture of exhaust manifolds and their composition,
in particular the presence of copper as an alloying element [36], drew our attention for the
reasons explained below.

The study and then the use of commercial FSSs as base material for IC in IT-SOFCs
stacks is not a novelty, as it is represented by the case of FSSs AISI 441 and AISI 444 [37-42].
Since the manufacture of MIC represents about 45% of the overall stack production costs,
the use of this group of FSSs can guarantee a reduction of those costs, even when further
actions, e.g., the application of protective coatings, are needed [43].

In order to compare the oxidation kinetics of Steel A and Steel B, their oxidation
behavior was investigated by means of weight gain measurement during aging for 2000 h
in static air at 750 °C. The oxide scales developed on their surfaces were then analyzed
through different techniques (i.e., ASR measurements, Scanning Electron Microscopy and
Energy Dispersive X-ray Fluorescence Spectroscopy (SEM-EDS), X-ray Diffraction (XRD),
and Micro-Raman Spectroscopy, (1-RS)) with the aim of determining their composition,
structure, electrical conductivity, and, with specific reference to Cu, the element response
to aging. The last information was useful to understand Cu influence on the oxidation
resistance of both investigated FSSs, to hypothesize its role in the presence of protective
coatings with specific composition, e.g., the above-mentioned manganese-copper spinel
oxide, and, finally, to evaluate the steel capability of forming a Cu-based spinel itself.
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2. Materials and Methods
2.1. Materials
All the investigated samples, approximatively 10 mm x 10 mm x 1.5 mm sized, were

mechanically cut from two “as-rolled” sheets of FSSs named, respectively, Steel A and Steel
B. Their nominal compositions are shown in Table 1 [36].

Table 1. Nominal composition (wt.%) of Steel A and Steel B [36].

Elements
Samples
Fe C Cr Cu Mo Nb Ti N Others
Steel A Bal. 0.005 14.1 1.2 - - 0.18 0.010 <1
Steel B Bal. 0.005 17.1 1.2 0.3 0.54 0.11 0.010 <1

These compositions have been specifically developed for high-temperature applica-
tions, i.e., for the manufacture of automotive exhaust manifolds [36].

During the evaluation of FSSs as materials for IT-SOFC applications, their oxidation
resistance is a property of major interest. In addition, the MIC performances depend upon
other characteristics as the composition and the value of conductivity of the oxide scale
grown on their surface. This information was determined during this study.

2.2. Weight Gain Measurements

For weight gain measurements of Steel A and Steel B, five sets of samples each made
up of five rectangular coupons were aged, after ultrasonic cleaning with distilled water
and then ethanol, at 750 °C in a muffle furnace (Lenton, Fairland, South Africa), in static
air up to 2000 h.

For each aging time (i.e., 100, 200, 750, 1000, and 2000 h), one set was extracted after
slow cooling in a furnace to avoid spallation and scaling of the oxide layer, while the
others continued the thermal treatment. Once they reached room temperature, the five
samples were kept in a desiccator before being weighed with a Mettler Toledo AE 240
Analytical Balance (Mettler Toledo, Columbus, OH, USA) (readability of 0.01 mg with
+0.03 mg linearity and reproducibility of 0.02 mg). The weight change corresponds to
the difference between the final weight and the one measured right before the thermal
treatment. The weight change data were normalized to sample surface area and reported
in mg/cm?. After the weight change measurement, part of these samples was subjected to
ASR measurements, as detailed in the following paragraph.

2.3. Area Specific Resistance Measurements

This study included the evaluation of ASR, whose value expresses the electrical
resistance of the metallic interconnects [5].
ASR can be expressed as follows [35]:

ASR = Zpolo, (1)

where pg and Iy represent, respectively, the resistivity and the thickness of the oxide scale.

The measuring of ASR was complicated by a number of issues, particularly contacting
problems [44] and, to avoid them, the system used during this study consisted of a four
poles circuit with gold meshes in direct contact with the two faces of the sample; each mesh
was welded to two gold wires and mechanically pressed on the sample surfaces to further
ensure the contact (Figure 1).
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Figure 1. Schematic drawing of Area Specific Resistance (ASR) measurement setup.

The ASR measurements were performed at 750 °C and in static air using a custom test
bench on pre-aged samples coming from the weight gain measurements. Once verified the
homogenous weight growth in the batch of five samples aged for the same amount of time,
only one of them was selected as representative for the ASR measurements. In order to
ensure consistency in the measurement, the sample aged for 100 h was excluded from ASR
tests, this because the thermally grown oxide (TGO) had completed, at this stage, the first
step of formation [42].

The evaluation of the electrical performances was carried out using a VSP galvanos-
tat/potentiostat (Biologic, Seyssinet-Pariset, France) once the sample reached the planned
temperature and included the following steps:

e galvanostatic Electrochemical Impedance Spectroscopy (EIS) at 500 pA in the fre-
quency range between 600 KHz-200 mHz;
e repetition of the measurement every five hours until the measured resistance was stable.

The measured electrical resistance was determined by fitting the EIS spectra using
a resistive element. ASR, expressed in Qcm?, was then calculated by multiplying this
resistance by the contact area (in this case 1 cm?) and dividing by two in order to consider
the contribution of a single oxide scale formed on the sample.

2.4. Cross-Sections Preparation and Chemical and Morphological Characterization

The study of the chemical and morphological peculiarities of the TGOs formed on
Steel A and Steel B concerned the surfaces and cross-sections of two samples aged, after
careful ultrasonic cleaning with distilled water and then ethanol, for 1000 h at 750 °C in a
muffle furnace.

For cross-sections preparation, these aged samples were cut, part of them cold-
mounted in epoxy resin, and then polished according to the metallographic standard
procedure ASTM E 3_95 up to 1 pm diamond suspension.

The surfaces and cross-sections were then characterized by means of:

e  SEM through a ZEISS EVO 40 SEM (Carl Zeiss, Oberkochen, Germany)
@) SEM micrographs, showing the morphology of the oxide scales and the el-

ements distribution, were obtained using 20 kV of acceleration voltage, a
working distance of 12 mm, and the secondary electrons (SE) detector;
e  XRD with a Philips X'Pert 1 diffractometer (Malvern Pananalytical, Malvern, UK) with
Bragg—Brentano geometry
O XRD data were collected using 40 kV of acceleration voltage, a current of 30
mA, and the CuK« radiation (A = 1.5406 A); diffractograms were recorded from
15 to 80° 20, in 0.0250° 20 increments with 5.0 s counting time per increment;

° p-RS with a Jasco NRS-4100 spectrometer (Jasco, Easton, MD, USA)
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O u-RS spectra were acquired using a green laser (A = 532 nm); the samples were
observed with a 20x or 100X objective and exposed to a laser beam with a
power from 0.7 to 7 mW at the sample surface. The Raman spectrometer was
operated using continuous scanning mode in the spectral window from 100 to
4000 cm 1.

3. Results
3.1. Weight Gain and ASR Measurements

Figure 2 shows the weight gain of Steels A and B measured after ageing in static air at
750 °C for different oxidation times (i.e., 100, 200, 750, 1000, and 2000 h) compared with the
weight gain data published in literature and concerning the FSSs commonly used for stack
manufacturing [45].
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Figure 2. Comparison among weight gain data for Steel A and Steel B (experimental), and AISI 441,
AISI 430, and Crofer 22H reprinted with permission from ref. [45], copyright 2021 Elsevier. All the
measurements were carried out during oxidation in air at 750 °C.

The weight gain of the investigated steels increases with time (Figure 2). This means
that the oxide scale growth is the dominant process and spallation of the oxide scale was not
noticed. This last observation confirms the results of specific tests published elsewhere [36].

According to curves of Figure 2, Steel B exhibits slightly lower values of weight gain
compared with Steel A. However, both are close to the behavior of AISI 441 FSS which is
considered a standard material to produce ICs for IT-SOFC stacks [46].

The shape of weight gain curves of Steel A and B is similar (Figure 2) and indicates
that their oxidation kinetics follows the parabolic rate law. This suggests that the rate-
determining factor is the outward diffusion of cations (e.g., Cr, Mn, etc.) and/or inward
diffusion of the oxygen anion through the growing oxide scale [34]. For these steels, the
parabolic oxidation rate constant (K,) in terms of the weight change was evaluated by

the equation:
AW\?
<A) =Kt @

where AW is the weight gain (g), A is the sample surface area (cm?), and  is the oxidation
time (s). The experimentally obtained K, for Steel A and Steel B are in the range of values
found in literature (Table 2) [45]. Specifically, they are slightly lower than the K}, of AISI 441.
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Table 2. Comparison among the parabolic oxidation rate constant (K,) of Steel A, Steel B, and
those found in literature for Crofer 22H, 441, and 430 FSSs [45]. All were derived from weight gain
measurements during oxidation in air at 750 °C.

Steels K, [g?cm—4s~1]
Steel A 9.0 x 10~
Steel B 8.4 x 1071
Crofer 22H 32 x 1071
441 1.1x 1071
430 47 x 1071

Graphs of Figure 3 report the results of ASR measurements on Steel A and Steel B in
the function of the aging process compared with the weight gain.

0.30 T 0.30 0.30 — T 0.30
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0.25 0.25 0.25 0.25
& &
£ 0.20 -] 020 £0.201 L 0.20
S — o —
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& o S &
E)o.m- Lo10 & 50.107 R
[ [77]
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0.05 / 0.05 0.05 I 0.05
0004 *ASR |, 0.00 4 I ASR tooo
—e— Steal A —+— Weight gain
T T T T T T T T T T
0 500 1000 1500 2000 0 500 1000 1500 2000
Time (h) Time (h)
(a) (b)

Figure 3. Comparison between weight gain and ASR data for Steel A (a) and Steel B (b).

The ASR values of the two FSSs are comparable, even though Steel A generally shows
lower ASR values than those measured for Steel B. The only exception is represented by the
value of ASR measured at 1000 h (0.18 Qcm? and 0.15 Qcm? for Steel A and B, respectively).
Steel A evidences a mismatch of the growth between ASR and weight gain in the first
1000 h (Figure 3a) while steel B seems to have a higher coherency between the weight gain
and the ASR trend (Figure 3b).

As shown by Equation (1), ASR expresses the electrical resistance of the metallic
interconnects depending on the scale thickness and the resistivity, which is constant if the
chemical composition of the oxide scale is not variable. Therefore, in the initial process
of scale formation, it is coherent to have a mismatch between the ASR growth and the
weight gain. If such differences persist, other hypotheses might be used to explain the
phenomenon as, for instance, the formation of new layers (e.g., Si or Al oxides at the
interface TGO/ metal substrate), the diffusion of elements other than Cr and Mn into the
TGO (e.g., Fe, Ti), or the interaction of the TGO with the surrounding atmosphere (e.g., Cr
evaporation) [47].

3.2. Chemical and Morphological Characterization of Surfaces and Cross-Sections

The surfaces and cross-sections of samples were investigated, after aging for 1000 h,
through SEM-EDS in order to study and measure both the morphology and the elemental
composition of the TGOs covering the FSSs-based substrates.

Figures 4 and 5 show the oxide layers grown on Steel A and Steel B surfaces at different
magnifications.
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(a) (b)
Figure 4. SEM-SE micrographs, Steel A surface (1000%, a) and (10,000, b).

(a) (b)
Figure 5. SEM-SE micrograph, Steel B surface (1000, a) and (10,000 %, b).

At low magnification (1000x), sample surfaces show a similar appearance: they are
completely covered with oxide crystals alternating in small and large sizes (Figures 4a and 5a).
This peculiarity is more evident at higher magnification (10,000 ) and especially in the case of
Steel A (Figure 4b).

The results of EDS analyses indicate that all the investigated surfaces are mainly constituted
by Cr, Mn, Fe, and O and that the easily recognizable well-facet surface crystals of large size are
characterized by a higher amount of Mn than the smaller ones (Tables 3 and 4, Figures 6 and 7).
Other elements were clearly detected but in very low concentrations (Tables 3 and 4): Al Si,
and Cu for Steel A and B, Ti for Steel B only. It is important to highlight that, on surfaces of both
samples, and especially on that of Steel A, the presence of Cu, at first sight, seems to come along
with higher Mn concentrations and lower Cr and Fe concentrations (Tables 3 and 4), confirming
the higher diffusion rate of Cu compared to the one of Cr in the oxide scale [48].

Table 3. Results of EDS analyses (at.%) performed at points of Figure 6.

Elements
Point ;
(@) Al Si Cr Mn Fe Cu
1 46 1 - 13 20 17 3
2 52 - - 10 21 14 3

3 54 - 1 15 2 28
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Table 4. Results of EDS analyses (at.%) performed at points of Figure 7.
Elements
Point . .
(0} Al Si Ti Cr Mn Fe Cu
1 59 - - 1 21 16 3 -
2 55 1 - - 16 20 5 3
3 62 - 1 1 26 5 5 -
4 60 1 1 1 26 2 8 1
5 54 4 - - 21 2 16 1

Figure 6. Steel A—SEM-SE micrograph (5000x), and location of Energy Dispersive X-ray Fluores-
cence Spectroscopy (EDS) analyses.

Figure 7. Steel B—SEM-SE micrograph (10,000 ), and location of EDS analyses.

The nature of the oxides forming the scale was defined by surface techniques as p-RS
and XRD. In the case of u-RS analyses, it was also possible to gather spectra from the
cross-sections of the specimens. In Table 5, a list of the identified compounds is presented
and representative examples of the collected experimental p-RS spectra and diffractograms
are shown in Figure 8.
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Table 5. Results of Micro-Raman Spectroscopy (u—RS) and XRD analyses performed on the surfaces and cross-sections of
Steel A and Steel B.

Main Compounds

STEEL

u-RS XRD
A Substrate (Fe,Cr) alloy
Cr203 CI‘203
B MnyCr3_»O4 TiO,
Mn; 5Cr1 504
O Substrate (Fe, Cr) alloy
| @ Mn, 5Cry 50,4
¥ Cr,0,4 0
ATO,
Steel A °
C: Cr,0, c
Mn,Cry-O4 o
o
(@]

Steel B

Intensity (a.u.)

Fe-Cr ICCD 00-006-0696

Mn, .Cr, ;0,ICCD 00-033-0892

‘ | ‘ L1
Cr,0, ICCD 01-074-0326

I TN

TiO,01-084-1284

800 700 600 500 400 300 200 ‘ ‘ ‘ |
Raman shift (cm™) l

(a) (b)

Figure 8. Experimental Raman spectrum of the oxide scale grown on Steel A with the indication of compounds identified
through comparison with literature [49-51] (a) and experimental diffractograms, Steel A and Steel B (b)

It is worth noting that all diffractograms show the peaks of the metallic substrate
(Fe-Cr alloy) since the X-rays reached the FSS due to the limited thickness of the oxide scale
(Figure 8b).

The EDS semi-quantitative profiles of elements (Figure 9¢c,d) performed along sample
cross-sections (yellow arrows in Figure 9a,b) allow for observing that the distribution of Fe,
Mn, Cr, and O elements is similar for both FSSs.
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Figure 9. SEM-SE micrographs of Steel A (a) and Steel B (b) cross-sections, 20,000 x; EDS semi-quantitative distribution
profiles of elements of Steel A (c) and Steel B (d) performed along the yellow arrow of (a,b).

Cr is mainly concentrated at the interface TGO/metallic substrate forming the inner
layer of chromia while the external layer, mainly made of spinel oxide, contains a higher
amount of Mn. The presence of Cu and of the other minor elements was too low to be
expressed in this graph. A quantitative profile was then acquired to better highlight such
detail and the results are presented in Figures 10 and 11.
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STEEL A
3 —Al
1 —8Si
- 4 Li . m% Ti
. y e spectrum
: 'MLMctmm 4 21 Cu
¥ L!ne speatmmg e
rum .
5.12 pm Lins ggggtrum 7 "
Line spectrum 8
Cu nodule Line spectrum 9 14
FSS
.
0 ‘ . ¥ :
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Line spectrum

(b)

TGO

7 um ! ! 7 um !

(8)

Figure 10. Steel A—SEM-SE micrograph of the oxide scale with spots and area of EDS analyses, 20,000 x (a) EDS quantitative
profile (b) and EDS elemental maps (c-g).
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STEEL B
9 — A
81 —— i
7 —Ti
6 Cu

<5
w4
3
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: g@s
0E—, ‘ ‘ :
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Line Spectrum

Figure 11. Steel B—SEM-SE micrograph of the oxide scale with spots and area of EDS analyses, 20,000 x (a) EDS quantitative
profile (b), SEM—backscattered electron (BSE) micrograph highlighting Laves phases (c), and EDS elemental maps (d-h).
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The cross-section of Steel A shows that:

o  Cu segregates at the interface TGO/FSS in the form of small nodules (Figure 10d) and
diffuses at the top of the spinel layer where Mn is higher than Cr (Figure 10b);

e Tihas two zones of concentration, the first, smaller, is at the interface between the
scale and the metal substrate, the second and major one, is at the external part of the
TGO (Figure 10b,c);

Al shows a maximum concentration in the inner layer of the oxide scale (Figure 10b,e)
Siis primarily distributed inside the alloy and forms a thin layer just before the first
peak of Ti (Figure 10b,f).

The cross-section of Steel B shows that:

e  Cusegregates in the form of small nodules inside the alloy (Figure 11e) and, according
to the EDS quantitative profile, its concentration grows, moving from the alloy to the
external part of the TGO where it reaches the highest value (Figure 11b);

e Tiand particularly Al seem to be more concentrated at the interface TGO/FSS accord-
ing to the EDS map and the EDS quantitative profile, respectively (Figure 11d,b); for
Al, the EDS map also shows the element distribution inside the TGO and at the metal
substrate edge where Al rich oxides are precipitating within the matrix (Figure 11f);

e  Sishows a peak of concentration at the interface TGO/FSS (Figure 11b) even if EDS maps
suggest, for this element, a homogeneous distribution inside the alloy (Figure 11g).

The composition of the alloy after aging, and especially the variation in the content of
Cr, Mn, and Cu, was measured. The results of the EDS quantitative profile on Steel A and
B performed at spots indicated in Figures 10a and 11a, respectively, are listed in Tables 6
and 7. For Steel A, they show that: Cr content is around 13 wt.% from the edge to 3 um
deep in the bulk, Cu in this same area is below 1.2 wt.% ranging around 0.5 wt.%, and Mn
is below 0.5 wt.%. Alloying elements’ depletion is detectable and strong, especially for Mn.
For Cu, we can estimate that at the interface metal substrate/ TGO, more than half of the
Cu is diffusing inside the oxide, while for Cr, this corresponds to 5-8 wt.%.

Table 6. Results of EDS analysis performed at spots of Figure 10a.

Elements (wt.%)

Spectrum

Cr Mn Cu
1 23 21 2
2 32 29 2
3 32 21 2
4 34 8 1
5 35 7 <0.5
6 15 1 1
7 13 <0.5 1
8 13 <0.5 1
9 13 <0.5 <0.5

Steel B starts from a higher Cr content (Table 1) and, in the alloy nearby the interface
with the TGO, this is around 16 wt.% (Table 7). Mn shows a concentration in the alloy below
0.5 wt.% rising up to higher content at the direct interface with the TGO where it grows to
up 27 wt.% in the spinel crystal (Table 7). Cu is around 1 wt.% until the substrate/ TGO
interface and reaches 5 wt.% in the outer oxide layer (Table 7), highlighting a clear diffusion
process from the metal substrate to the TGO.
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Table 7. Results of EDS analysis performed at spots of Figure 11a.

Elements (wt.%)

Spectrum

Cr Mn Cu
1 53 27 5
2 44 17 8
3 48 9 4
4 35 3 1
5 19 1 1
6 16 <0.5 1
7 16 <0.5 1
8 16 <0.5 1
9 16 <0.5 <0.5
10 17 <0.5 1

4. Discussion

The slightly lower weight gain values observed for Steel B and confirmed by the
calculated Kj, value are attributed to the different composition of the two steels (Table 1)
and, specifically, to the presence, in Steel B, of Mo, and Nb, in addition to a larger Cr
content. This element offers a higher resistance to high-temperature oxidation, whereas
Mo and Nb contribute to control the diffusion of elements at the alloy grain boundaries by
forming Laves phases [9,52,53].

Steels A and B have shown a weight gain comparable with AISI 441, with Steel A
and Steel B displaying slightly lower values than AISI 441 FSS at 2000 h (i.e., 0.28 mg/cm?-
0.27 mg/cm?-0.29 mg/cm?, respectively). A reduced weight gain is related to the amount
of absorbed oxygen to form the TGO but is also connected with the evaporation phenomena
due to the further oxidation of Cr'! oxides into Cr¥! volatile compounds [54-56].

The detection, on both samples, of oxide scales made of an inner Cr,Os-based layer
and an outer Mn-Cr mixed oxide layer, is extensively documented in the case of FSSs
containing Cr from 16 to 25 wt.% and small amount of Mn (i.e., <1 wt.%) [25,54,56-62].

The growth and positioning of Mn-Cr mixed oxide at the external part of the oxide
scale, even if the Mn content in the alloy is low, depend upon various factors: the low
solubility of Mn in chromia, the fast diffusivity of Mn ions through chromia (i.e., manganese
diffuses, apparently via lattice rather than grain boundaries, two orders of magnitude faster
than chromium in CryOj3 scales), the stability of Mn-Cr spinel with respect to the binary
oxides, i.e., Cr,O3 and MnO, at high temperatures [58,63,64]. Sabioni et al. [65] compared
the diffusion coefficients of various elements into the chromia in function of the tempera-
ture, confirming that Mn (3.3 x 10~ cm?2/s) diffuses faster than Fe (1.7 x 10718 cm?/s)
and Cr (4.6 x 10718 cm?/s) at 800 °C. Copper also diffuses into the chromia, sustaining the
formation of a spinel where it concentrates [66].

The presence of an outer Mn-Cr spinel layer has advantageous effects: it improves
the overall scale electrical conductivity because its resistivity is lower than that of Cr,O3;
it limits Cr evaporation phenomenon since the formation of Cr(VI) volatile compounds
from the spinel is from one to two orders of magnitude lower than from the chromia, with
a linear Cr vaporization versus time; when it is capable to form a continuous layer, it is
an effective barrier to oxygen diffusion, and this can increase considerably the oxidation
resistance [58,67-74].

SEM-EDS analyses performed on sample surfaces seem to indicate a moderate contri-
bution of copper to the TGOs” formation (Tables 3 and 4). Its participation in the spinel
formation is suggested by the absence of specific Cu-oxidized compounds. A limited
amount of Cu can in fact dissolve inside the spinel lattice, due to the affinity with Mn.
According to Talic et al. [75] the presence of Cu affects the Cr self-diffusion by increasing
it and therefore enhances the formation of the spinel layer. This may result in a reduced
content of Fe and Cr within the oxide layers, as effectively observed (Tables 3 and 4), and
hence in the positive effect of lowering the formation of Cr-rich volatile compounds. Mn-
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based spinels containing Cu are known to be highly stable [76] and are used as protective
coating on MICs [77,78]. It is hence consistent to consider the presence, inside Steel A and
B, of Cu in concentration as high as 1.2 wt.% as an element increasing the stability of the
TGO also toward the evaporation process.

Further research activities are, however, planned to measure the evaporation rate of
the three steels (i.e., 441, A, and B) to better understand the chemical stability of the oxide
part of the TGO.

In addition, EDS elemental maps show that Cu as well segregates, as small nodules,
at the TGO/FSS interface (Steel A, Figure 10d) and within the alloy at the grain boundaries
where Laves phases are also present (Steel B, Figure 11c,e). According to [13,34] the largest
concentration of this element at the TGO/FSS interface (Steel A, Figure 10d), enhance the
oxidation resistance since the segregated Cu acts as a diffusion barrier for both the anions
and cations.

So far, beside the correspondence of the weight gain rate of the three steels, the
measured ASR values, i.e., 0.20 Qcm? for Steel A and 0.21 Qcem? for Steel B, are both indeed
higher than the one required by the application (i.e., smaller than 0.1 Qcm? after 40,000 h
at operating conditions [79]). This can only be correlated to the presence of elements
as Si and Al forming tiny but highly resistive oxides (Al;03 conductivity ~10~% S/cm
at 750 °C [80] and SiO, conductivity ~0.4 x 107° S/cm at 750 °C [81]) at the interface
alloy/oxide scale [8,12,82,83]. The presence of Al-rich oxides is suggested by EDS maps
(Figure 10e,g and Figure 11f,h). Nevertheless, neither Al,O3 nor SiO; were identified by
XRD, confirming their very limited volume fraction.

In the case of Steel A, the results of SEM-EDS and XRD analyses indicate the presence
of an external and not continuous TiO, layer, which can serve as a barrier to Cr evaporation
reaction [84]. Generally, in fact, addition of an adequate amount of Ti improves the Cr
evaporation resistance as well as the electrical properties of the oxide scale and the oxidation
resistance of the FSSs [52,84].

Investigations by means of Focused Ion Beam-High Resolution SEM (FIB-HRSEM)
will be carried out to better understand the nature and formation of the oxides and of their
interfaces with the FSS substrates.

Based on data collected during this research activity, Steels A and B have a weight
gain rate comparable with the state-of-the-art FSS in use as interconnects of SOFC stacks,
but need an improvement (possibly a plain substitution of some elements such as Si and
Al or a marginal modification in their content) to form a TGO with an ASR matching
with the SOFC application. Moreover, the performances of the studied FSSs in IT-SOFC
applications could be further improved through the deposition of protective and electrically
conductive coatings [85-88]. In such a case, the presence of Cu in the stainless steel might
play an important role to strengthen the adhesion between the metal substrate and Mn-Cu
spinel oxide.

5. Conclusions

This paper explored the oxidation behavior at 750 °C of two commercial FSSs, referred
to as Steel A and Steel B, in order to establish their potential as interconnects for IT-SOFCs
stacks. The thermally grown oxide has been studied and characterized through weight
gain measurements, ASR measurements, and spectroscopic analyses (i.e., XRD, p-RS, SEM-
EDS), on the surfaces and the cross-sections. The samples were aged for various ranges of
time using air as oxidizing atmosphere. The analyses showed the oxide growth rate, the
distribution of elements diffusing from the metal substrate into the TGO, and the overall
electrical resistance of the metal/oxide system. The main conclusions are:

e  Steel A and Steel B have a similar oxidation behavior compatible with that of AISI 441
FSS, which is a standard material used as IC for IT-SOFC. Steel B exhibits slightly lower
values of weight gain compared with Steel A. Such difference could be explained by
the presence, in Steel B, of adequate amounts of Nb and Mo in addition to a larger
Cr content. This element offers a higher resistance to high-temperature oxidation,
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whereas Mo and Nb contribute to control the diffusion of elements at the alloy grain
boundaries by forming Laves phases;

e  All samples are characterized by TGOs mainly consisting of an inner Cr,O3 subscale
and an outer Cu-doped (Mn,Cr);04 spinel layer. The presence of a discontinuous TiO,
scale, that can serve as a barrier to Cr evaporation reaction, was observed in steel A;

e  The ASR values measured on both steels are higher than those typical of suitable FSS
for ICs. Such a result could be explained by the presence of elements such as Al and
Si, which form resistive oxides mainly disposed at the alloy/ TGO interface.

e  Compositional improvements of the studied steels are required for their application
as ICs in SOFC stacks. In particular, the substitution or the adjustment of Si and Al
content is necessary to enhance the electrical conductivity of the TGO.

Further investigations will be carried out to better understand the nature of the oxides,
their mechanism of formation, and the applicability of protective coatings on these steels.
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