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Electro-codeposition was used to prepare the Co and Co-Mn;0, precursor coatings on ferritic stainless steel E-brite. Plated
samples were exposed at 800°C in air for different durations (i.e., 10 min and 4 h) for thermal conversion of the deposited layer to
a spinel coating. The converted layer was characterized with scanning electron microscopy/energy-dispersive spectroscopy
(SEM/EDS) and X-ray diffraction (XRD). The results showed that after 10 min heat treatment, the plated Co layer was not fully
oxidized and converted into a double-layer microstructure with an inner CoO layer and outer Co;0, layer, while for the Co-
Mn;0, layer, the Mn;O, particles were not completely dissolved into the oxide layer. After 4 h of exposure, the surface layer was
fully converted into the Co30, or (Co,Mn);0, spinel coating. Though the Mn content in (Co,Mn);0, was relatively low, the Mn-
doped spinel coating was advantageous over the pure cobalt spinel coating, as the thermally grown Cr,O; scale at the
coating/substrate interface was more compact and protective. Co diffusion from the deposited layer into the alloy substrate was

observed for both coatings.

1. Introduction

The ferritic stainless steel (FSS) with the (Co,Mn);0, spinel
coating is considered as one of the best material systems
for intermediate-temperature solid oxide fuel cell (SOFC)
interconnects [1-3]. Compared with the ceramic intercon-
nects, the FSS has the advantage of low cost, excellent
electrical conductivity, and thermal expansion which can
meet the physical performance requirement of the fuel cell
[4-6]. The (Co,Mn);0, spinel coating can effectively block
the outward migration of volatile Cr from the substrate
which will result in the Cr poisoning of the SOFC cathode
[7-9]. One of the most promising methods for synthesis of
the (Co,Mn);0, spinel coating is deposition of a Co-Mn
precursor layer on the surface of the substrate, which is then
thermally converted into a spinel phase by heat treatment in

air. In recent years, several routes for preparation of the Co-
Mn precursor layer were explored, including screen printing
[10], physical vapor depositions (PVD) such as sputtering
[11], sol-gel spray painting [12], and electroplating of the Co-
Mn alloy layer [13, 14]. Screen printing and sputtering are
both line-of-sight processes not suitable for coating
complex-shaped interconnects. The layer prepared by spray
painting needs a high sintering temperature to achieve
a proper coating density [12], and the high temperature
could negatively affect the microstructure and performance
of the interconnects. In general, electroplating is one of the
most effective and promising methods, offering advantages
such as low manufacturing cost, decent coating quality, and
ready adaptation to corrugated shape of the interconnects.
However, there are still some technical problems to be
solved, including the appearance of Mn(OH), in the
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electroplating process as well as a significant deposition
standard potential difference between Co and Mn [E°(Mn*
*/Mn) =1.18 V, E°(Co**/Co)=0.28 V]. Therefore, electro-
Iytic codeposition (also called electro-codeposition) is
considered to be a better approach to solve these problems.
In this method, the desired particles are dispersed in the
electrolyte and are incorporated into the growing metal layer
during electroplating, thus forming the metal matrix com-
posite coatings. In the subsequent heat treatment (also called
thermal conversion) step, a single-phase oxide coating can
be obtained due to the interaction and reaction among the
particles, metal matrix, and oxygen in air. Apelt et al. [15]
synthesized composite coatings consisting of the Co matrix
and Mn;0, particles and optimized the process parameters.
However, thermal conversion of the composite layer into
a spinel coating has rarely been studied and reported yet.

In this work, the Mn;0, particles were dispersed in a Co-
plating solution and embedded in the Co coating during the
plating process. The Co-Mn;0,4 composite coating was then
transformed into (Co,Mn);O, spinel coating by thermal
conversion. The surface and cross-sectional features of the
coatings before and after the thermal conversion were ob-
served and characterized, and a pure Co coating was in-
cluded in the evaluation for comparison.

2. Experiment

In this research, the ferritic stainless steel E-brite (Allegheny
Ludlum) was chosen as the alloy substrate, and the com-
position is listed in Table 1.

E-brite coupons measuring approximately 20 mm x 15 mm
were cut from a 1.65 mm thick sheet metal using a shearing
machine. A hole of 1.5mm in diameter was then drilled for
hanging the coupon in the heat-treating furnace. The coupons
were mechanically polished with various grades of silicon
carbide papers up to 600 grit, followed by ultrasonic cleaning in
water and acetone.

In order to remove the native oxide layer on the surface
of the coupons and increase the surface roughness and
promote the adhesion of the electrodeposited layer, anode
activation and strike plating were conducted prior to elec-
troplating [13]. The device for anode activation was the same
as electroplating, using pure Co plate as the cathode and the
coupon as anode. The solution composition and time for
anode activation, pure cobalt plating, and Mn;0,-Co
electrolytic codeposition are shown in Table 2. The particle
size of Mn3;0O, (US Research Nanomaterials, Inc) used in the
experiment was about 2.5 ym. All experiments were carried
out with 300 ml electrolyte prepared with deionized water,
and the applied current density was 20 mA/cm”. All pro-
cesses were conducted at room temperature with continuous
stirring to ensure that all ingredients (including the Mn;O,
particles) were homogeneously distributed in the solution.

To study the progression of the thermal conversion, the
coated coupons were heated in a box furnace to 800°C in
stagnant air at a heating rate of 1°C/min and held at 800°C for
either 10 min or 4h, and then the furnace was cooled to
room temperature. For cross-sectional observation, the
coated and converted coupons were electroplated with

Advances in Materials Science and Engineering

a layer of copper for enhanced edge retention. After
mounting in an acrylic-based resin, the coupons were
grinded and polished for the cross-sectional analysis.

Surface and cross-sectional features were observed with
scanning electron microscopy (SEM, from JOEL) equipped
with an Oxford INCA unit for energy dispersive spectros-
copy (EDS). The phases in the thermally converted coatings
were determined using X-ray diffraction (XRD, PANalytical
X’pert) with a Cu target. Measurements were taken in a 26
range of 20°-80° with a step size of 0.05° and a step time of
0.3s.

3. Results and Discussion

3.1. Examination of the As-Deposited Coatings. The surface
features of both pure Co coating and Co-Mn;0, composite
coating are shown in Figure 1.

After 10min plating, E-brite was completely covered
with cobalt. As shown in Figure 1(a), the grains of Co were
slender spindle shaped of approximately 2~3 ym long and
with a random direction. The Co-Mn;0, composite coating
is similar to pure Co but contains a number of Mn;O,
particles with an irregular shape (Figure 1(b)). The cross
section of the Co-Mn;0,4 composite coating is presented in
Figure 2. The middle layer is the composite coating with
a thickness of about 8 ym. The dark Mn;O, particles were
distributed reasonably and uniformly in the coating, and
there was no obvious particle agglomeration. And the
coating was well adherent to the substrate.

3.2. Surface Morphology of the Converted Coatings.
Figure 3 shows the surface images of the cobalt layer after
thermal conversion for different times. When the sample
was just held for 10 min at 800°C, the oxidized cobalt grains
changed into the cobble shape which was completely dif-
ferent from that of the as-deposited layer. After thermal
exposure at 800°C in air for 4 h, the grains of the oxidized
cobalt grew to nearly 1 yum much larger than that exposed for
10 min. There was no visible porosity, cracks, or other de-
fects on the appearance surface of converted pure Co plating.

The surface features of the converted Co-Mn;O,4 com-
posite coating are shown in Figure 4. The overall surface was
not as flat as the oxidized cobalt layer because of the
implanted Mn3;O, particles. The morphology of the oxide
converted from cobalt in the composite was similar to that in
the pure cobalt layer. With the addition of the Mn;0, par-
ticles, the thermal conversion of coatings was more complex,
which is impacted by the interactions between Mn-containing
oxide particles, Co, and the oxygen from the conversion
environment. After 10 minutes of oxidation, the (Co,Mn);0,
spinel could be formed near the matrix-particle interface.
However, due to the short exposure time, the Mn;0, particles
did not completely incorporate into the surrounding coating.
The light parts in Figures 4(a) and 4(b) are the incompletely
converted Mn;0, particles not embedded completely inside
the original cobalt layer. In the high-magnification image
shown in Figure 4(b), the crystalline facets associated with
a Mn;0, particle were visible clearly.
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TasLE 1: Chemical composition (wt.%) of the E-brite substrate alloy.

Fe Cr Mn C P S Ni Al Mo Cu Cb N Si

Balance 26.05 0.06 0.002 0.013 0.013 0.12 0.002 1.01 0.01 0.12 0.011 0.13

TaBLE 2: Solution composition and time for anodic activation, pure cobalt plating, and Mn3;0,-Co electrolytic codeposition.

Anodic activation/strike plating Co plating Mn;0,4-Co plating

CoCl,-6H,0 100 g/1 50g/1 50 g/l
CoSO47 H,O — 300g/1 300¢g/1
H3BO; — 30g/1 30g/1

SDS — 0.03 g/l 0.03 g/l
Mn;0, - — 120g/1

HCI 85ml/l — —

Time 2 min/6 min 10 min 10 min

SEl  20kV WD10mm  SS40 i S — SEl 20KV WD14mm SS40

BEC 20kV WD19mm  SS40 x3,000 Spm

FIGURE 2: Cross-sectional morphology of the as-deposited Co-Mn;0, composite coating by electro-codeposition.

w8k

SEl 20KV WD10mm SS40 g e — SEl  20kV WD10mm SS40 x5,000 5um

F1GURE 3: Surface morphology of the pure Co layer after oxidation for different times: (a) 10 min and (b) 4h.
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FIGURE 4: Surface morphology of Co-Mn;O, composite coating after oxidization for different times: (a) 10 min, low magnification;
(b) 10 min, high magnification; (c) 4 h, low magnification; (d) 4h, high magnification.
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FIGURE 5: XRD patterns of the coatings after conversion for different times: (a) the Co coating for 10 min; (b) the Co coating for 4 h; (c) the
Co-Mn;04 coating for 10 min; and (d) the Co-Mn;0, coating for 4 h. Cross-sectional examination of the converted coatings.
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F1GURE 6: Cross-sectional morphology and EDS linear scan of the plated substrates after thermal conversion for different times: (a) the Co
coating for 10 min; (b) the Co coating for 4 h; (c) the Co-Mn;0, coating for 10 min; and (d) the Co-Mn;0, coating for 4 h.
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FIGURE 7: Sketches illustrating the process of thermal conversion of the Co-Mn;0, composite coating to the (Co,Mn);0, spinel coating.

For the composite coating exposed for 4 h, there was no
visible Mn;O, particle on the surface. Apparently, the
Mn;0, particles had reacted completely with the cobalt
oxide to form the Mn-containing spinel layer.

3.3. Phase Structures in the Converted Coatings. Figure 5
shows the XRD patterns of the coatings after thermal
conversion at 800°C for different times. After conversion for
10 min, both Co3;04 and CoO peaks can be observed for the
pure cobalt coating (Figure 5(a)). As such a double-layer
microstructure with a surface Co;0, layer and an inner CoO
layer in contact with the Co substrate has been widely re-
ported for pure cobalt samples oxidized at a temperature
below 900°C [16, 17]. The growth of the two oxide layers is
controlled by the diffusion of Co and oxygen ions through
the generated oxide scale. Both Co30, and CoO have a cubic
structure. The whole Co;04 has a spinel structure with the
space group of Fd3m(227), and CoO has a rock salt structure
with the space group of Fm3m(225). After 4h conversion,
the diffraction peaks only existed in the Co;0, pattern, as
shown in Figure 5(b), indicating that the surface layer was
completely oxidized to the stable spinel structure.

For the Co-Mn3;0, coating, after conversion for 10 min,
the peaks from Co30,4 CoO, and Mn;O,4 can be detected
(Figure 5(c)). Similar to the Co layer, the short-term con-
version led to the formation of the double-layered
C0504/CoO microstructure. However, Mn;0, peaks were
also observed, due to the presence of the Mn oxide particles
in the coating, which was coinciding with the results shown
in Figures 4(a) and 4(b). It should be noted that the peaks of
Mnj;0, particles were pretty weak, as a result of the relatively
low particle incorporation in the plated layer. It has initially
transformed to Mn,0O3 and interacted/reacted with Co;0, to
form the (Co,Mn);0, spinel at this temperature. After
conversion for 4h of the Co-Mn;0, coating, only a spinel
phase was present in the surface coating (Figure 5(d));
during this period, the reaction and formation of the (Co,
Mn);0, spinel is completed. The XRD lines of the converted
Co-Mn;0, composite coating is little different from those of
the converted cobalt coating, as all of the peaks were more
broadened. This is due to the nonuniform incorporation of
Mn into Co30,, forming the (Co,Mn);0, spinel with slightly
varied compositions.

Figure 6 shows the cross-sectional morphologies and
EDS line scans of the plated substrates after conversion. The
thickness of the converted coatings was slightly larger than
that of the as-deposited layer, and this is associated with an

increased molar volume of the product. Based on the results
of EDS line scans, after 10 min at 800°C, Cr had already
diffused outward from the FSS substrate to the surface to
form an oxide layer at the interface between the substrate
and coating in all samples. This oxide layer contained not
only Cr and O, but also Co, as well as some Fe in the Co-
plated samples, likely due to the extremely thin nature of the
formed Cr,0; scale. With the extended conversion time,
more Cr was detected in the scale, but the thickness of the
scale maintained 2-3 ym in all samples after 4 h conversion.
The inner layer of the coating indirectly in contact with the
substrate in the composite coating samples was mainly
composed of manganese-chromium spinel, while in the pure
Co-plated samples, there was still a significant amount of Fe
in the scale. The Cr content was very low near the surface of
each spinel layer, implying that the converted layers, re-
gardless of whether Mn is contained, during this period of
oxidation, had the capability of blocking the evaporation of
Cr from the FSS substrate. It was obvious that the Cr,O3
scale in the (Co,Mn);0, spinel coating was more compact
and contained less Fe than that in the Co30, coating. The
compact oxide layer can prevent further oxidation, and it is
of great significance for the long-term performance stability
of SOFC running at elevated temperatures.

Similar to Cr, some Fe also diffused outward from the
substrate to the coating. According to the EDS results, the
diffusion distance of Fe was further than that of Cr at the same
time, implying that the diffusivity of Fe is greater than that of
Cr, which agrees with the data in the literature [18]. With the
extended conversion time, Fe was more uniformly dispersed
in the coating. It appears that the converted composite coating
contained more Fe than the converted Co coating.

From Figure 6, the inward diffusion of Co from the
coating to the substrate was also observed for both the Co
and Co-Mn;0, coatings after the conversion treatment. The
interdiffusion between the coating and the substrate led to
the formation of Kirkendall voids in the coating. Since these
voids/porosities are relatively small and not interconnected,
their potential impact on the performance of the plated
metallic interconnect is expected to be minimal. On the
contrary, the Co incorporation in the FSS matrix near the
substrate/coating interface will lead to the transformation of
the body-centered cubic (BCC) structure into the face-
centered cubic (FCC) structure in this region. The FCC
structure has a much higher coefficient of thermal expansion
(CTE) than that of the BCC structure as well as those of the
adjacent SOFC components, thus potentially causing CTE-
mismatch-induced cracking/damage in the SOFC stacks.
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The E-brite itself contained a small amount of Mn, and
Mn was able to diffuse through the Cr,O; scale into the
Co30, spinel layer. However, the amount of Mn in the spinel
was limited, due to the low level of Mn in the alloy substrate.
On the contrary, due to additional Mn incorporation from
the Mn;0, particles, the converted Co-Mn;0, coating had
a much higher Mn content after 4 h conversion, compared to
the converted Co coating, as is clearly shown in Figures 6(b)
and 6(d).

Electro-codeposited composite coatings were used to
enhance the oxidation/corrosion resistance of metal, in-
cluding a Ni (or Ni-Co) matrix embedded with metallic
particles such as Al and CrAlY, which requires a diffusion
treatment in an inert environment to convert the composite
layer into a multiphase coating via the interdiffusion between
the metal matrix and the embedded metallic particles [19-21].
The current work involves the complex reaction between
a metal matrix, embedded oxide particles, and oxygen in
the conversion environment to form a single-phase spinel
oxide coating. Furthermore, during the conversion process,
interdiffusion between the coating and the metallic sub-
strate will occur and an oxide scale can be formed at the
coating-substrate interface. From what has been discussed
above, the process of thermal conversion of the Co-Mn;0,
composite coating to the (Co,Mn);0, spinel layer can be
described using the sketches in Figure 7, where the complex
interactions among the substrate, the matrix, and the
embedded phases in the composite coating and the envi-
ronment are highlighted for eventual (Co,Mn);0, spinel
coating formation.

4. Conclusion

The Co-Mn;0,4 composite coating was successfully applied
onto the FSS E-brite substrate by electro-codeposition, and
the Mn;O, particles were distributed uniformly in the
coating. While after 10 min conversion at 800°C in air, a
double-layer Co30,/CoO structure with undissolved Mn;0,
particles was observed, and it was fully converted into the (Co,
Mn);0, spinel coating after the 4 h treatment. Compared to
the Co304 coating derived from the pure Co-plated layer, the
thermally grown Cr,Oj5 scale at the coating/substrate interface
was more compact and contained less Fe for the (Co,Mn);0,
coating, which is beneficial for the application of the process
for the enhancement of the corrosion resistance of the SOFC
interconnects. The Co diffusion from the coating to the
substrate may have a negative impact on the coating per-
formance due to the potential CTE mismatch caused by the
formation of the Co-containing FCC region near the
coating/substrate interface.
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