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Abstract The effect of metallic Co-coating thickness on ferritic stainless steels is
investigated. This material is suggested to be used as interconnect material in
intermediate temperature solid oxide fuel cells. Uncoated, 200-, 600-, 1000-, and
1500-nm Co-coated Sanergy HT is isothermally exposed for up to 500 h in air at
650 °C. Mass gain is recorded to follow oxidation kinetics, and area-specific
resistance (ASR) measurements are conducted on samples exposed for 168 and
500 h. The microstructure of the thermally grown oxide scales is characterized
utilizing scanning electron microscopy and energy-dispersive X-ray analysis on
broad ion beam-milled cross sections. A clear increase in ASR as a function of Co-
coating thickness is observed. However, the increase in ASR, as an effect of a
thicker Co-coating, is correlated with thicker (Cr,Fe),O5 scales formed on these
materials and not to an increase in Co spinel top layer thickness.

Keywords Solid oxide fuel cell - Interconnect - Coating - Area-specific resistance -
Corrosion

Introduction

High electrical efficiency, clean emissions, and the potential to operate on a great
variety of fuels are some of the advantages that make solid oxide fuel cell (SOFC)
technology a promising candidate for future energy applications [1, 2]. However,
poor stability of performance in combination with high costs has limited the
commercialization of this technology. The interconnect is one of the key
components of an SOFC and is associated with substantial degradation along with
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a substantial part of the material costs. To design a fuel cell system with a desired
voltage, several cells must be connected in series to form a fuel cell stack. Each cell
in the stack is electrically connected by means of an interconnect. The selected
interconnect material must fulfil the following requirements: a thermal expansion
coefficient (TEC) close to the ceramic parts of the cell, low electrical resistance,
impermeable to gases, easy to shape, and stable in both high- and low-pO,
environments (air on the cathode side, respectively, fuel on the anode side) [3, 4].
Today, thin foils of Cr,Os-forming ferritic stainless steels have become among the
most popular interconnect material choices in SOFC technology. The operating
temperature for planar SOFC is 600-850 °C, depending on the type of SOFC. At
such high temperatures, two mechanisms that are associated with the interconnect
material contribute to the rapid degradation of the fuel cell: increased electrical
resistance caused by a growing oxide scale [5] and poisoning of the cathode caused
by volatilization of the chromium(VI) species from the Cr-rich oxide scale at the
interconnect surface [6—10]. Custom-made steels have been developed to improve
oxidation resistance; however, to mitigate Cr vapourization, these steels are coated
with an oxide layer that reduces Cr vapourization [9, 11-13]. Furthermore, in
addition to mitigating Cr vapourization, the coating material should possess high
electrical conductivity at the desired operating temperature in order to avoid high
electrical resistances caused by the coating. Several types of coatings have been
studied and proposed, but the most common type of coatings today is manganese
(Mn)- and cobalt (Co)-based spinel coatings (MCO). These coatings can be applied
with a variety of coating methods, such as in powder form [14-17], by plasma
spraying [18, 19], or by physical vapour deposition (PVD) [20], to mention a few.
An alternative coating process is to coat the steel with a metallic Co layer that is
rapidly converted to Co3;0O4 when heated in air [12, 21-24]. At 750 °C or higher, Mn
from the steel will diffuse out into the CozO4 and form (Co,Mn);0,4 [21-23, 25, 26].
Earlier publications have shown that high volumes of steel strips can be pre-coated
with metallic Co and, in a later stage, pressed into the desired interconnect design
without increasing Cr vapourization [27, 28]. This allows for the efficient mass
production of coated interconnects and, therefore, the potential to decrease the costs
of coated interconnects. The operating temperature for planar SOFC, today, ranges
from 600 to 850 °C. Earlier generations of SOFCs operated at 800 °C or higher, but
due to the limited lifetime and the expensive materials necessary for long-term
operation at such high temperatures, SOFC developers have put a lot of effort into
reducing the operating temperature, and today, several SOFC systems operate in the
temperature regime 600-700 °C. At 800 °C or above, the Cr,05 scale grows rapidly
to become several um thick [12, 13, 22, 29-31]. Therefore, the electrical resistance
of the well-conducting (Co,Mn);0, coating is not expected to contribute any
significant amount to the total resistance of the oxide scale. Instead, focus has been
on improving corrosion resistance and limiting the Cr,Oj3 scale thickness in order to
keep the electrical resistance as low as possible [20, 29, 32-34]. However, as the
SOFC operating temperature decreases and, as a consequence, the thickness of the
Cr,05 scale is reduced, the contribution of the coating to the electrical resistance
may be more relevant. The aim of this study was, therefore, to study the effect the
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thickness of the metallic Co-coating has on electrical scale resistance in air at
650 °C.

Materials and Methods

Metallic Co-coated materials were produced by coating 0.2-mm-thick sheets of the
ferritic stainless steel Sanergy HT (chemical composition shown in Table 1) with
200-, 600-, 1000-, and 1500-nm Co. For comparison, the ferritic stainless steel
Crofer 22 APU (thickness 0.3 mm), coated with 1500-nm Co, was investigated. The
Co-coatings were prepared by Sandvik Materials Technology using a physical
vapour deposition (PVD) process. The sample size was 15 x 15 mm?, and prior to
exposure, all samples were cleaned in acetone and ethanol using an ultrasonic bath.
All samples were exposed in an as-received state, i.e. no further treatments were
carried out before exposure. The exposure environment was stagnant laboratory air,
and the temperature for all exposures was 650 °C. The 168- and 500-h isothermal
exposures were carried out twice to ensure repeatability.

In order to prevent metal-metal contact between the metallic Co-coating and the
steel, a few uncoated Sanergy HT samples were oxidized for 3 min at 900 °C
(stagnant laboratory air) before the steel was coated with 200- and 1500-nm Co
(pre-oxidized material). Based on the extremely small mass gain after the very short
pre-oxidation step (~0.006 mg/cm?), the oxide scale, which separates the steel
from the Co-coating, is expected to be approximately 40 nm thick.

For area-specific resistance (ASR) measurements, platinum (Pt) was used as the
electrode material. In order to minimize the effect of Pt on the oxide scale [35], ASR
measurements were carried out ex situ on the samples isothermally exposed for 168
and 500 h at 650 °C. A sputter mask of 10 x 10 mm” was placed on the samples
exposed for 168 and 500 h, and a very thin layer of Pt was sputtered on top of the
oxide scale of the sample. After the sputtering step, the sputtered area was painted
with a Pt paste (Metalor 6926). These samples were then dried for 10 min at 150 °C
followed by a Pt sintering step for 1 h at 650 °C. A Probostat (NorECs, Norway)
test cell, placed in a tubular furnace, was used to measure the ASR. DC resistance
was measured using a Keithley 2400 source meter in four-point mode, and the
applied current during each measurement was set to 100 mA/cm?. To check for
semiconductive behaviour, the ASR was monitored as the samples cooled down. All
ASR measurements were conducted in stagnant laboratory air.

Table 1 Composition of the two studied ferritic stainless steels in wt% as specified by the manufacturers
of the batches used

Fe Cr C Mn Si Al Mo Nb Ti RE

Sanergy HT (batch 518053) Bal. 212 0.040 03 0.12 0.017 096 0.71 0.09 Zr
Crofer 22 APU (batch 1732288) Bal. 229 0.004 0.38 0.01 0.01 0.06 La
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The microstructure and chemical composition of the oxide scales were analysed
in an FEI Quanta 200 FEG environmental scanning electron microscope (ESEM)
equipped with an Oxford Instruments X-MaxN energy-dispersive X-ray spec-
troscopy (EDX) detector and INCAEnergy software. Cross sections were prepared
by using a Leica TIC3X broad ion beam (BIB). A low-speed saw with a diamond
blade was used to cut the sample in half to enable BIB-milled cross sections from
the centre of the sample and not from the edges. For phase identification, X-ray
diffraction (XRD) measurements were carried out using a Siemens DS5000
diffractometer (Cu-Ko radiation).

Results
The Effect of Co-Coating Thickness

Figure 1 shows the mass gain after 0.1, 1, 4, 168, and 500 h of isothermal exposure
in air at 650 °C for Sanergy HT uncoated and coated with 200-, 600-, 1000-, and
1500-nm metallic Co. For all coated materials, a rapid increase in mass was
observed during the first 4 h of exposure. During this initial oxidation phase, the
metallic Co-coating oxidized into Co spinel (the spinel phase was confirmed with
XRD; see Figs. 4 and 6 for the 1500-nm Co-coated material). The conversion of
200-, 600-, 1000-, and 1500-nm-thick Co-coatings into Co;04 would correspond to
a mass gain of 0.06, 0.19, 0.32, and 0.48 mg/cmz, respectively. The initial mass
gains observed for the 200- and 600-nm Co-coated materials (0.07 and 0.19 mg/
cm?, respectively) correspond well to the mass gains expected for the oxidation of
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=B-600 nm Co
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Fig. 1 Mass gain values for uncoated (black circles), 200 (grey circles)-, 600 (black squares)-, 1000

(grey squares)-, and 1500-nm (black triangles) Co-coated Sanergy HT samples isothermally exposed for
0.1, 1, 4, 168, and 500 h in air at 650 °C. The error bars represent the maximum and minimum mass gain
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these Co-coatings. For the 1000-nm Co-coated material, the mass gain was clearly
higher (0.40 mg/cm? which is 0.08 mg/cm?® higher than the expected value for
oxidation of 1000-nm Co), and for the 1500-nm Co-coated material, the mass gain
after 4 h was significantly higher than expected (0.74 mg/cm® which is 0.26 mg/
cm? higher than the expected value for oxidation of 1500-nm Co).

After this initial oxidation phase, no substantial increase in mass was observed
for the materials that had a coating thickness up to 1 pm. The 1500-nm Co-coated
material, in contrast, showed a significant increase in mass between 168 and 500 h
(0.65 mg/cm?). It should be pointed out that both the 168- and the 500-h exposures
were repeated twice, and the error bars represent the maximum and minimum values
from these two separate isothermal exposures (in total, five samples per exposure
time).

Figure 2 shows SEM images and the corresponding EDX maps taken from broad
ion beam (BIB)-milled cross sections for the 600-, 1000-, and 1500-nm Co-coated
materials exposed for 500 h. For all three materials, the metallic Co-coating was
converted to two layers of Co-oxide. The top layer consisted mainly of Co-oxide
with a small amount of Fe (denoted Co30,4). Underneath this top layer, an oxide
layer was found, which was rich both in Fe and Co [denoted (Co,Fe);0,4]. The
presence of both Co;0,4 and (Co,Fe);0, was confirmed with XRD. In the case of the
600- and 1000-nm Co-coated materials, the innermost oxide layer was a thin Cr-rich
oxide (denoted Cr,03). At the metal-oxide interface, also an enrichment of Mn was
detected. This enrichment in Mn is attributed to the formation of (Cr,Mn);0y4, which
is expected to be the stable phase, according to Jung [36], and has been observed in
earlier studies [21, 26]. The microstructure of the 1500-nm Co-coated samples
appeared markedly different: a 1-1.5-um-thick Fe-rich oxide layer was found
underneath the (Co,Fe);04 layer. The thermally grown oxide underneath the above-
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Es ‘(,‘ T B
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]

Fe oxuie
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Fig. 2 Broad ion beam (BIB)-milled cross sections and their corresponding EDX maps of Sanergy HT
samples coated with a 600-nm Co, b 1000-nm Co, and ¢ 1500-nm Co after 500 h at 650 °C in air
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mentioned layers was much thicker (1.5-4 pm) and more porous than on the other
samples (in Fig. 2, compare 2c with 2a, b). Further analysis focussed on the
1500-nm Co-coated samples in order to understand the deviating behaviour of this
material, i.e. the effect of thick metallic Co-coatings. Figure 3 (taken from the same
area as Fig. 2c) shows the position of the EDX analyses listed in Table 2. It can be
seen in the figure that the outermost layer (Co30,) is rather pure Co-oxide while the
layer denoted (Co,Fe);04 has a Co:Fe ratio of approximately 1:2. The Fe-rich layer
underneath is virtually devoid of Co and has >80 cation% Fe. The detected Cr
signal is believed to be generated in the oxide layer underneath (20 kV was used as
accelerating voltage; therefore, a small contribution of the oxide located even as far
as ~ 1 pum from the EDX measuring point can be expected). This innermost oxide
contains approximately 60 cation% Cr with a slightly higher Cr concentration
closest to the metal-oxide interface (compare also Fig. 2c¢).

Figures 2 and 3 also show that there is a relation between the thickness of the
(Co,Fe);04 layer and the thickness of the underlying (Cr,Fe),0j3 scale. In the areas
where the (Co,Fe);0, layer is thick, the underlying (Cr,Fe),05 scale is also thick,
whereas in the areas where the (Co,Fe);0,4 layer is thinner, the (Cr,Fe),03 scale is
also significantly thinner. Figure 4 shows XRD diffractograms of the 1500-nm Co-
coated material after 4, 168, and 500 h of exposure. In order to analyse the inner
part of the oxide scale, the sample surface was carefully ground with P2400
sandpaper (grey diffractograms). Without any grinding (black diffractograms), two
phases were found after all exposure times. First, a spinel phase identified as Co3;04
(indexed “S”), which is the top layer shown in Fig. 2c. Second, an inverse spinel
that was identified as CoFe,O, (denoted “I”), which is believed to be the layer
denoted (Co,Fe);0, in Fig. 2c. After the outermost oxide scale was ground away,
the underlying steel substrate could also be identified “A”. Furthermore, a set of
peaks were found that match a corundum structure. The peaks were located at 2@

Fig. 3 Broad ion beam (BIB)-milled cross section of a Sanergy HT sample coated with 1500-nm Co
after 500 h at 650 °C in air. The numbers represent the position of the EDX point analyses shown in
Table 2
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Table 2 Chemical composition

(in at.%) acquired by EDX point Spectrum 0 Co Fe Cr Mn
;Iil;lly;ls of regions labelled in la 5.0 1 16.8 275 1
1b 53.6 2.1 13.1 28.7 1.2
2a 55.1 0.6 19.1 24.4 0.4
2b 58.0 0.7 18.2 224 0.3
3a 56.7 0.7 38.2 4.4 0.0
3b 57.2 0.7 34.3 7.8 0.0
4a 53.7 153 30.0 1.0 0.1
4b 55.0 14.2 29.5 1.3 0.0
Sa 554 343 8.5 1.6 0.1
5b 55.3 39.9 3.8 0.8 0.1
5000 - 'HE s AS | HAS
- HE 'S HE \|,///S PHE 1|/ P HE IHES | S \/ H\/E
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Fig. 4 XRD diffractogram for Sanergy HT samples coated with 1500-nm Co after 4, 168, and 500 h at
650 °C in air. The grey diffractograms, referred to as ground, are the corresponding XRD diffractogram
after the samples had been ground in order to remove a few micrometres of oxide. XRD analysis of the
samples exposed for 168 and 500 h was carried out after the ASR measurements, which is the reason
some platinum (electrode material) was detected in these samples. The symbols indicate: Fe,O5; (H),
Cr,05 (E), (Co,Fe);04 (I), Co304 (S), Pt (P), and the substrate alloy (A)

angels between haematite “H” (Fe,O3) and eskolaite “E” (Cr,03), suggesting a
(Cr,Fe),05 phase. For these peaks, a shift over time was observed (see, for example,
20 = 54°). Initially (after 4 h), the corundum phase seemed to be more Fe-rich with
peaks very close to the haematite phase while, after 500 h, the peak was located in
between the expected haematite and eskolaite peaks, suggesting, according to

@ Springer



240 Oxid Met (2018) 89:233-250

Vegard’s law (the lattice parameter of a solid solution of two constituents is
approximately equal to a rule of mixtures of the two constituents’ lattice
parameters), a Cr to Fe ratio close to 1:1, which matches well with the EDX data
presented in Table 2.

Initial (0-1 h) Oxidation of 1500-nm Co-Coated Sanergy HT

Figure 5 depicts SEM cross-sectional images that show the first hour of exposure at
650 °C for the 1500-nm Co-coated material.

A dense and homogenous metallic layer of Co was deposited on the steel
substrate, which had a hexagonal closed-packed structure according to the XRD
diffractogram shown in Fig. 6. After 3 min at 650 °C, almost half of the Co-coating
had been oxidized. In the corresponding diffractogram, both Co30,4 (S) and CoO
(C) can be identified. Furthermore, a phase transition of the metallic Co layer from
hcp to fecc was observed, and this has been described earlier by Froitzheim et al. [22]
for 640-nm Co-coated Sanergy HT material. The same microstructure was observed
after 10 min except that more of the metallic Co-coating had been oxidized into
Co30,4 and CoO. A significant difference in microstructure was, however, observed
between 10 and 15 min of exposure at 650 °C. Within this short time interval, an
approximately 1-pum-thick Cr- and Fe-rich oxide scale had formed at the metal-
oxide interface and Fe was incorporated into the Co-oxide. In the corresponding
XRD diffractogram, additional peaks were observed after 15 min of exposure.
These corresponded to an inverse spinel identified as Fe-rich (Co,Fe);0,, although
the presence of magnetite with Cr ((Cr,Fe);0,4) could not be excluded. After 20 and
60 min, essentially the same phases were observed as after 15 min. Corundum-type
(Cr,Fe),03 could not be identified with XRD for the samples exposed for up to 1 h.

Before exposure

050,

¥4 (CojFe);0,
—— i)

Cr- and Fe-oxide

Cr- and Fe-oxide

Steel

Steel e Rieel B — 5 um—

Fig. 5 SEM (BSE mode) images of broad ion beam (BIB)-milled cross sections from Sanergy HT
samples coated with 1500-nm Co and exposed for 0, 3, 10, 15, 20, and 60 min in air at 650 °C
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Fig. 6 XRD diffractograms for Sanergy HT samples coated with 1500-nm Co after 0, 3, 10, 15, 20, and
60 min at 650 °C in air. The symbols indicate: CoO (C), (Co,Fe);0,4 and (Cr,Fe);0,4 (I), Co304 (S), and
the substrate alloy (A)

EDX analysis of the oxide scale after 15 min of exposure is presented in Fig. 7
and Table 3. The outermost oxide in the figure and the table is relatively pure
Co030,4. Underneath, a second layer can be found (marked location 2). This layer
also appeared to be pure Co-oxide, and the slightly brighter shade in the
backscattered electron image might be related to a lower oxygen content, which
would match well with the CoO phase identified with XRD (Fig. 6). The layer
marked 3 had a Fe:Co ratio of approximately 1:1, although surrounding areas might
cause an overestimation of the Co content. This layer is believed to be the inverse
spinel ((Co,Fe);0,4) detected in the diffractogram after 15 min. A halite-structured
oxide with a Fe:Co ratio of 1:1 can be excluded because the corresponding peak

&

1 ~
2 ot
3 -_ih

" amssmmmsans

6
= 5um—4}

Fig. 7 SEM (BSE mode) image of broad ion beam (BIB)-milled cross section and the corresponding
EDX maps of Sanergy HT material coated with 1500-nm Co after 15 min at 650 °C in air

B
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Table 3 Chemical composition

(in at.%) acquired with EDX Spectrum 0 Co Fe Cr Mn
E?i;*litgan;lym of regions labelled 1 544 23 17 05 0.0
2 50.9 46.1 1.7 0.5 0.0
3 48.1 25.1 25.8 0.8 0.1
4 229 66.0 8.5 2.6 0.0
5 39.0 10.1 31.4 18.6 0.1
6 0.9 0.4 74.8 227 0.2

shift does not match the measured XRD diffractograms. The bright layer in Fig. 7
(marked 4) is believed to be metallic Co caused by BSE contrast and low-oxygen
signal. The measured amounts of Fe and Cr in spectrum 4 are believed to be from
surrounding areas. The layer closest to the steel (marked 5) is a Cr- and Fe-rich
oxide. In Fig. 5, a noticeable change in microstructure and chemical composition of
the oxide scale can be observed between 10 and 15 min. During this short period of
time at 650 °C, two processes took place: (1) Fe was incorporated into the Co-oxide
and (2) a fast growing Cr- and Fe-rich oxide scale was formed at the metal-oxide
interface. In Fig. 8, two images of the 10-min sample are shown where localized
formation of the Cr- and Fe-rich oxide can be seen. These images indicate that the
formation of a Cr- and Fe-rich oxide at the metal-oxide interface is the initial step,
and thus, Fe is, subsequently, incorporated into the Co-oxide as the Co-oxide is in
contact with this Cr- and Fe-rich oxide.

Comparison with 1500-nm Co-Coated Crofer 22 APU

Figure 9 shows cross sections of a 1500-nm Co-coated Sanergy HT sample and a
sample of the well-known ferritic stainless steel Crofer 22 APU coated with
1500-nm Co, after exposure for 168 h at 650 °C. The oxide scale on the 1500-nm
Co-coated Sanergy HT material exhibits essentially the same features after 168 h as
after 500 h, as shown in the figure. The two outermost layers (Co3;O, and
(Co,Fe);04) have approximately the same thickness after 168 and 500 h. There are
two main differences between 168 h and 500 h. One is that there is no Fe-oxide

Fig. 8 SEM (BSE mode) images of broad ion beam (BIB)-milled cross sections from a Sanergy HT
sample coated with 1500-nm Co and exposed for 10 min in air at 650 °C. These two images are not
representative for the typical microstructure after 10 min (see Fig. 5 for a representative microstructure
after 10 min)
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(a)

Coz0,

(Co,Fe);0,

Fig. 9 SEM images of broad ion beam (BIB)-milled cross sections and their corresponding EDX maps
of a a Sanergy HT sample coated with 1500-nm Co, b a Crofer 22 APU sample coated with 1500-nm Co,
and ¢ a Sanergy HT sample pre-oxidized and, subsequently, coated with 1500-nm Co after 168 h at
650 °C in air

layer between the (Co,Fe);0,4 and (Cr,Fe),05 layers after 168 h, like there is after
500 h. The second difference is that the inner (Cr,Fe),O; scale is thinner
(approximately 0.5-2.5 pum thick) and less porous after 168 h than after 500 h.
The 1500-nm Co-coated Crofer 22 APU sample after 168 h (Fig. 9b) looks very
similar to its counterpart with a Sanergy HT substrate (Fig. 9a). The same layered
oxide structure is shown in Fig. 9, and the layer thicknesses are also similar. The
most notable difference is the presence of Laves phase precipitates in the steel
(bright in BSE image [37, 38]) in the Sanergy HT sample and the lack thereof in the
Crofer 22 APU sample, which is due to the Nb and Mo addition to the Sanergy HT
steel.

The Effect of Pre-oxidizing Steel Before the Coating Process

A third type of material was investigated, referred to as the pre-oxidized material
(Fig. 9c). In order to prevent metal-metal contact between the Co-coating and the
steel, uncoated Sanergy HT steel was pre-oxidized (approximately 40-nm-thick
oxide scale was formed) before the steel was coated with 200- and 1500-nm Co.
Figure 9a, c shows the 1500-nm Co-coated materials with and without pre-oxidation
after exposure for 168 h at 650 °C. Interestingly, compared to the thick Cr- and Fe-
rich oxide scale on the non-pre-oxidized sample shown in Fig. 9a, a uniform and
very thin (~ 100 nm) protective scale was formed on the pre-oxidized material and
is assumed to be a Cr-rich (Cr,Fe),05 layer. Furthermore, the metallic Co-coating of
the pre-oxidized sample converted only into a layer of Co;0y, in contrast to the non-
pre-oxidized sample on which the Co-coatings converted into both Coz0,4 and
(CO,FG)304.
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Area-Specific Resistance (ASR) Measurements

Figure 10 shows ASR measurements as a function of Co-coating thickness on the
Sanergy HT sample, after 168 and 500 h of isothermal exposure at 650 °C. In the
case of uncoated, 200-, 600-, and 1000-nm Co-coated Sanergy HT samples, an
increase in ASR with increasing coating thickness was found. In comparison with
the ASR after 168 and 500 h for all materials with a coating thickness of <1000 nm,
no noticeable difference in ASR between the two exposure durations was found. For
the 1500-nm Co-coated material, the 168-h exposures followed the same trend with
a steady increase in ASR with increasing coating thickness. However, after 500 h of
exposure, the 1500-nm Co-coated Sanergy HT sample showed substantially higher
ASR values (~40 mQ cm?). This is qualitatively in line with the substantial
increase in mass gain between 168 and 500 h (see Fig. 1). Figure 11 shows the
oxide scales formed after 168 and 500 h, for the 1500-nm Co-coated Sanergy HT
material in lower magnification compared to Figs. 2 and 9. Along the metal-oxide
interface, areas where the (Cr,Fe),05 scale was thinner than 1 um were observed
after 168 h. These areas may act as “bridges” where electrical resistance is very
low. With prolonged exposure time, the (Cr,Fe),0; layer continued to grow, and as
a consequence, the thickness of these “bridges” increased. Figure 12 compares the
ASR values after 168 h of exposure for pre-oxidized Sanergy HT samples (before
coating) with the non-pre-oxidized samples described above (same values as the
168-h samples in Fig. 10). The non-pre-oxidized samples showed a steady increase
in ASR as a function of Co-coating thickness, whereas the ASR values for the pre-
oxidized samples (200- and 1500-nm Co-coated) were virtually identical, resulting
in an almost three times lower ASR for the pre-oxidized 1500-nm Co-coated
samples.

50
A 168 h Sanergy HT o
20 - 0500 h Sanergy HT
0168 h Crofer 22 APU o
E 301
G
&
g
] 20
A
u]
10 + @ g a
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Fig. 10 Area-specific resistance (ASR) measured in air at 650 °C after isothermal exposures at 650 °C in

air for 168 h [Sanergy HT (grey triangles) and Crofer 22 APU (red squares)] and 500 h [Sanergy HT
(black circles)] (Color figure online)
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Fig. 11 SEM images of broad ion beam (BIB)-milled cross sections of a Sanergy HT sample coated with
1500-nm Co after 168 h (upper image) and 500 h (lower image) at 650 °C in air
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Fig. 12 Area-specific resistance (ASR) measured in air at 650 °C as a function of Co-coating thickness
after 168 h at 650 °C for Sanergy HT and pre-oxidized Sanergy HT

Discussion

Within the first hours of exposure, rapid mass gains associated with oxidation of the
Co-coating were observed for all the coated materials. During this initial oxidation
phase, the metallic Co-coating was converted to the two Co-rich spinel layers:
Co304 and (Co,Fe);04. For all coated materials, after the initial oxidation phase
(4 h), almost no change in mass gain was observed during the first 168 h of
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exposure. It can, therefore, be assumed that a protective oxide scale was formed
during the initial oxidation phase. However, the Co-coating thickness has a strong
influence on the thickness of the (Cr,Fe),O3; and (Co,Fe);0, layers formed during
the initial oxidation phase and, thus, also a strong influence on the ASR of the
material at 650 °C.

It has previously been speculated that Fe is able to dissolve into the metallic Co-
coating, and that this Fe-Co alloy is oxidized into (Co,Fe);04 [22, 29, 39]. The
findings in this study, however, do not support that theory. The EDX maps in Fig. 7
show that (Co,Fe);0, is formed before all of the metallic Co has been oxidized.
Furthermore, it can also be seen that the residual metallic Co has a much lower Fe
content than the (Co,Fe);0,4 layer (Fig. 7). Instead, the findings in this study indicate
that the formation of a (Co,Fe);0, layer starts with the formation of a Cr- and Fe-
rich oxide in a few areas at the steel-coating interface (Fig. 8). As this Cr- and Fe-
rich oxide gets in contact with the Co-oxide, Fe is incorporated into the Co-oxide,
and a layer of (Co,Fe);0, is formed (Fig. 7).

The rapid oxide scale growth that takes place during the initial oxidation phase
for the Co-coated material can be compared to the oxidation behaviour observed by
other researchers at similar temperatures in either an Ar-H,-H,O atmosphere [40] or
under dual atmosphere conditions [41]. In both cited studies, the oxide scale
consisted of an outward growing Fe-oxide and an inward growing Cr- and Fe-rich
oxide. In the study by Young et al. [40], the ferritic stainless steel Crofer 22 APU
(which was also studied in the present study; see Fig. 9b) was exposed for 500 h in
an Ar-4% H,-20% H,0O atmosphere at 500-900 °C. Within the studied temperature
interval, the highest mass gains were actually recorded at 650 °C. By increasing the
temperature to 700 °C, or higher, significantly lower mass gains were recorded for
the Crofer 22 APU steel. At higher temperatures, the diffusion of chromium is
faster, and as a consequence, the steel is able to form a protective oxide scale. In the
present study, very low mass gains were recorded for the uncoated Sanergy HT steel
in air at 650 °C (see Fig. 1), which proves that the chromium concentration was
high enough to form a protective (Cr,Fe),0; scale in the absence of a metallic Co-
coating. Nevertheless, by increasing the thickness of the metallic Co-coating, the
ability of the steel to form a protective (Cr,Fe),05 scale is influenced negatively.

One possible mechanism behind the reduction in oxidation resistance, as an
effect of the Co-coating, could be a decrease in Cr activity within the steel surface
caused by diffusion of Co into the steel substrate. By pre-oxidizing the steel for
3 min at 900 °C (forming an oxide scale as thin as 40 nm before the coating
process), a (Cr,Fe),03 scale not thicker than 100 nm was formed after 168 h at
650 °C, compared to a 0.5-2.5-pum-thick (Cr,Fe),05 scale that formed on the sample
where the metallic 1500-nm Co-coating was deposited directly on the steel substrate
(Fig. 9). Furthermore, this research group has, in previous studies, shown that the
formation of a (Co,Fe);0, layer can also be prevented by adding a 10-nm layer of
cerium (Ce) between the steel and the metallic Co-coating [21, 26, 32]. The lack of
a (Co,Fe);04 layer indicates that a Cr- and Fe-rich oxide scale (as in Fig. 5) was
never formed, and instead, only a protective Cr-rich (Cr,Fe),0O5 scale was formed
initially, as must have been the case for the pre-oxidized material. These results can
also be compared to a similar study by Macauley et al. [39] on Co-coated SS441
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exposed at a substantially higher temperature (800 °C) in air. Those authors also
reported a beneficial effect of pre-oxidizing the steel before coating it with metallic
Co (the formation of a (Co,Fe);04 layer was prevented, and thinner Cr,O5 scales
were formed). However, Macauley et al. [39] used significantly longer pre-oxidation
times (10 and 100 h at 800 °C) and, as a consequence, achieved thicker oxide scales
than were achieved with the short pre-oxidation step in this study.

For the material with the thickest Co-coating (1500 nm), a substantial increase in
mass was observed between 168 and 500 h, a behaviour not observed on samples
with thinner Co-coatings. During this period, the (Cr,Fe),03 scale had grown even
thicker, and, above the (Cr,Fe),O5 scale, a ~ 1-um-thick layer of mainly Fe-oxide
had been formed (compare Figs. 2, 9). This suggests that with prolonged exposure
time, at 650 °C, the (Cr,Fe),05 scale had turned into a non-protective (Cr,Fe),0;
scale. It should be pointed out that the Fe concentration in the (Cr,Fe),03 scale was
very high (above 40 cation%), which might very well explain the poor oxidation
resistance of the 1500-nm Co-coated material. However, in addition to the high Fe
concentration in the thermally grown (Cr,Fe),05 scale, this scale had become very
porous after 500 h compared to after 168 h (Figs. 2c, 9a). The conversion of a dense
(Cr,Fe),0j3 scale into a porous (Cr,Fe),03 scale could explain the sudden increase in
the corrosion rate between 168 and 500 h for the 1500-nm Co-coated material. The
increase in porosity may have been caused by the outward diffusion of Fe from the
(Cr,Fe),O5; scale to the (Co,Fe);04 and Fe-oxide layers above. The ASR
measurements clearly show that an increase in metallic Co-coating thickness
causes an increase in ASR at 650 °C. However, by increasing the thickness of the
Co-coating, also an increase in the thickness of the thermally grown (Cr,Fe),0;
scale occurred. The observed increase in ASR as a function of Co-coating thickness
is, therefore, correlated with the increase in (Cr,Fe),05 scale thickness and not to the
thicker layer of Co-oxide. Evidence for this hypothesis lies in a comparison with the
200- and the 1500-nm Co-coatings on the pre-oxidized Sanergy HT steel. Despite a
much thicker layer of Co-oxide, the ASR was not affected. It can, therefore, be
concluded that even a 3-um-thick Co3;0,4 layer, as is the case for the pre-oxidized
1500-nm material, does not have a noticeable effect on the ASR. Instead, it seems as
if the (Cr,Fe),05 scale is the main contributor to the ASR, even if the Co;0,4 layer is
significantly thicker than the (Cr,Fe),05 scale. A layer of (Co,Fe);0,4 was formed on
all the materials not pre-oxidized before the coating was deposited on the steel.
According to Petric and Ling [42], the electrical conductivity of CoFe,0O, is seven
times lower than the electrical conductivity of Co30y in air at 800 °C. The ASR for
the 1500-nm Co-coated material after 168 h was, however, only 10-15 mQ cm?
although the (Co,Fe);0, thickness was almost 3 pm. It can, therefore, be assumed
that the (Co,Fe);04 layer does not have a significant effect on the ASR.
Furthermore, it is interesting to note that the ASR for the 1500-nm Co-coating
was as low as 10-15 mQ cm? after 168 h at 650 °C even though the (Cr,Fe),03
scale on an average is 1-2 pum thick. This is assumed to be correlated with the large
variation in (Cr,Fe),05 scale thickness along the metal-oxide interface. Repeatedly
along the metal-oxide interface, areas where the (Cr,Fe),05 scale was thinner than
1 um were observed after 168 h for the 1500-nm Co-coated material (Fig. 11).
These thinner areas may be the reason for the still relatively low electrical
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resistance. Linder et al. [31] have studied the increase in ASR caused by a growing
Cr,03 scale on metallic interconnects. They have shown that typical morphologies
favour non-homogeneous electrical current distributions where the main current
flows over rather few “bridges”, i.e. local spots with relatively thin oxide scales.
With prolonged exposure time, however, the (Cr,Fe),05 layer, on the 1500-nm Co-
coated material in the present study, continued to grow thicker, and consequently,
the thickness of these “bridges” increased (Fig. 11). This is assumed to be the
reason for the strong increase in ASR from 168 to 500 h (from <15 to ~40 mQ
cm2) for the 1500-nm Co-coated material (Fig. 10).

Conclusions

In the present study, the effect of Co-coating thickness on oxidation resistance and
electrical scale resistance in air at 650 °C was investigated for Sanergy HT steel,
uncoated and coated with 200-, 600-, 1000-, and 1500-nm Co, and for Crofer 22
APU steel, coated with 1500-nm Co.

By increasing the thickness of the metallic Co-coating, thicker (Cr,Fe),0; scales
were formed. The increase in (Cr,Fe),0O5 scale thickness was correlated with the
initial oxidation phase, i.e. during which the metallic Co-coating converted to Co-
oxide. With thicker Co-coatings, the formation of a protective (Cr,Fe),05 scale was
delayed, and as a consequence, thicker (Cr,Fe),03 scales were formed on these
materials during the initial oxidation phase. The formation of thicker (Cr,Fe),03
scales had a significant effect on the ASR, which showed a clear increase as a
function of Co-coating thickness. By pre-oxidizing the steel before depositing the
Co-coating, significantly thinner (Cr,Fe),0; scales were formed, and as a
consequence, a much lower ASR was measured. Furthermore, for the pre-oxidized
samples, no difference in ASR was found between the 200- and the 1500-nm Co-
coated samples. This proves that the electrical resistance of the Co spinel top layer
did not influence the ASR to any noticeable extent; instead, the (Cr,Fe),O5 scale
thickness was the dominant layer even at temperatures as low as 650 °C.
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