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Compact Mn-Cu spinel protective coatings were fabricated on AISI 441 ferritic stainless steel by electrophoretic
deposition (EPD) followed by rapid thermal processing (RTP). The proposed approach enabled the formation of
compact, adherent and partially densified coatings within significantly reduced processing times (below 1 h). A
processing window was identified by varying RTP temperature and dwell time, highlighting the strong influence
of thermal parameters on coating densification and adhesion. In situ high-temperature X-ray diffraction (HT-
XRD) analysis of the Mn—Cu spinel powder revealed phase evolution during heating, including the growth of
CuO-related peaks and spinel instability at 950 °C. Microstructural characterization showed that RTP conditions
strongly affect coating morphology, densification behaviour, and thickness uniformity. Crack-free coatings were
obtained under optimized conditions, while EDS analysis showed no detectable chromia scale formation at the
coating/substrate interface after RTP treatment. The results demonstrate that RTP-assisted EPD is a promising
and potentially scalable route for the fabrication of Mn—Cu spinel protective coatings for SOC interconnects,

enabling rapid densification while limiting thermal exposure and interfacial degradation phenomena.

1. Introduction

Interconnects play a critical role in solid oxide cells (SOCs), acting as
both electrical connectors between adjacent cells and physical barriers
separating the fuel and oxidant gases. In addition, they ensure current
collection and distribution across the stack while maintaining structural
integrity under high-temperature operating conditions [1,2]. In-
terconnects represent one of the most cost-intensive components in SOC
stacks, accounting for a significant fraction (approximately 11-15%) of
the total system cost [3] and contributing substantially to the overall
stack weight [4].

While specialized alloys such as Crofer-type steels offer improved
oxidation resistance and long-term stability, their cost has been reported
to be up to one order of magnitude higher than that of commercially
available ferritic stainless steels [3], limiting their large-scale deploy-
ment [4]. In contrast, commercially available ferritic stainless steels,
such as AISI 441, provide a cost-effective alternative, combining
adequate  electrical  conductivity, good  thermo-mechanical
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compatibility, and ease of manufacturing [5-7].

However, under typical SOC operating conditions (600-850 °C),
these materials are prone to degradation due to high-temperature
oxidation and chromium volatilization [1]. The growth of the chromia
scale on the steel surface leads to an increase in electrical resistance [8],
while the formation and transport of volatile chromium species can
result in cathode poisoning and severe performance losses [9,10]. For
this reason, the application of protective coatings is essential to enhance
interconnect durability by limiting chromia scale growth, suppressing
chromium evaporation, and improving the overall electrochemical sta-
bility of the system [6,11,12].

Electrophoretic deposition (EPD) has emerged as a highly attractive
technique for fabricating protective spinel coatings on SOC in-
terconnects. Compared to other state-of-the-art deposition techniques
(e.g. sol-gel dip-coating [13-15], screen printing and slurry coating [4,
16], radio frequency (rf) magnetron sputtering [17,18], pulsed laser
deposition [19-21], plasma spraying [22,23]) EPD is characterized by
simplicity, low cost, scalability, and the ability to uniformly coat
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complex geometries [24,25]. This aspect is particularly relevant for SOC
interconnects, which typically feature three-dimensional architectures
with flow channels designed for gas distribution. Achieving a homoge-
neous coating over such non-planar and structured surfaces is essential
to ensure uniform protection and electrical performance across the
entire component [26,27]. In addition, EPD allows precise control of
coating thickness and morphology via simple adjustment of deposition
parameters, while maintaining low material consumption [2,28,29].
However, a key limitation of EPD is the requirement of post-deposition
sintering, as the as-deposited layer consists of loosely packed particles
that must be densified to achieve adequate mechanical stability [30,31].

Among protective coating materials, manganese—cobalt (Mn-Co)
spinels are currently considered the state-of-the-art due to their high
electrical conductivity, good thermal expansion compatibility, and
effective chromium blocking capability [11,32-41]. On the other hand,
cobalt-containing materials are associated with higher cost and poten-
tial environmental and health concerns related to the extraction and
processing of cobalt resources [42,43]. Therefore, increasing attention is
being devoted to alternative compositions, particularly man-
ganese—copper (Mn—-Cu) spinels, driven by both economic and envi-
ronmental considerations [44-51]. In this context, Mn-Cu spinels
represent a promising alternative, offering comparable or even higher
electrical conductivity and suitable thermo-mechanical compatibility
with ferritic stainless steels, while reducing reliance on critical raw
materials [47,52,53]. Despite these advantages, Mn-Cu systems have
been less extensively investigated than Mn-Co spinels.

Despite the promising properties of these spinel coatings, achieving a
dense, well-adherent layer after deposition remains one of the most
critical challenges. In fact, conventional sintering treatments, which
typically involve prolonged high-temperature exposure in industrial
furnaces or reduction-reoxidation cycles, can promote chromia scale
formation at the steel/coating interface while increasing processing time
and cost [8,54,55]. Such effects are particularly critical in SOCs appli-
cations, where interfacial reactions and scale growth strongly influence
long-term performance [1,8,12,55]. Traditional thermal treatments are
often inherently energy-intensive and contribute significantly to
manufacturing costs, due to both the high-power demand required to
maintain elevated temperatures and the associated capital and opera-
tional expenses of high-temperature equipment. Indeed, sintering-based
manufacturing processes are recognized as major contributors to energy
consumption in industrial sectors, while furnace complexity and oper-
ating conditions can substantially increase production costs [2,28,29].
Moreover, prolonged exposure to high temperatures increases environ-
mental impact through increased energy use and emissions [29].

Alternative deposition techniques that enable direct formation of
dense coatings without post-sintering, such as plasma spraying, have
been explored to overcome these limitations. These approaches can
produce dense layers during deposition and limit chromia scale growth
at the interface [22,23]. However, they typically involve higher process
complexity, increased energy demand, and lower powder utilization
efficiency compared to suspension-based techniques [29]. To overcome
the limitations associated with conventional sintering, a wide range of
rapid sintering techniques has been developed in recent years, aiming to
reduce processing time, thermal budget, and grain coarsening while
improving densification efficiency [56-60]. Among these approaches,
field-assisted sintering techniques (FAST), including spark plasma sin-
tering (SPS) and flash sintering, have attracted considerable attention
due to their extremely high heating rates (up to 102 -10* °C-min™') and
the possibility of achieving densification within seconds [56-59].
Similarly, microwave sintering enables volumetric and rapid heating by
direct interaction between electromagnetic radiation and the material,
reducing thermal gradients and processing times [60]. More recently,
emerging techniques such as ultrafast high-temperature sintering (UHS)
and photonic or laser-based methods have demonstrated ultra-short
processing times, often in the order of seconds, although they are still
limited by scalability and process complexity [61,62]. Despite these
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advances, many of these techniques require specific sample geometries,
electrical contact, or complex equipment, which may limit their appli-
cability to coating systems and industrial-scale processes. As a result,
rapid thermal processing (RTP) has emerged as a promising alternative
[63-65]. RTP is a non-contact thermal treatment technique based on
radiative heating (typically using halogen lamps), capable of achieving
very high heating and cooling rates, with temperature ramps from room
temperature to several hundred or thousands of degrees within seconds
[64]. Compared to other rapid sintering methods, RTP combines fast
thermal cycles with relatively simple equipment and good compatibility
with planar substrates, making it particularly attractive for thin-film and
coating processing. Moreover, the short dwell times and reduced ther-
mal exposure can limit undesired diffusion, phase transformations, and
interfacial reactions [66]. Building on these features, the combination of
EPD and RTP represents a promising strategy to drastically reduce
thermal exposure time, enabling rapid densification while preserving
the advantages of a scalable and low-cost deposition technique. Never-
theless, the application of RTP to densify EPD-derived spinel coatings for
SOC interconnect protection has not yet been explored.

In this work, Mn—Cu spinel coatings are deposited by EPD on AISI
441 ferritic stainless steel and subsequently densified by RTP. Unlike
conventional sintering approaches, the proposed methodology enables
the formation of compact and adherent coatings within significantly
reduced processing times (below 1 h), while limiting thermal exposure
and effectively reducing chromia scale formation at the coating/sub-
strate interface during processing. This study provides the first system-
atic investigation of the combined use of EPD and RTP for Mn-Cu spinel
coatings in SOC interconnect applications, highlighting the critical role
of fast thermal cycles in controlling densification kinetics, phase sta-
bility, and interfacial phenomena. By decoupling densification from
prolonged high-temperature exposure, the RTP approach offers a viable
pathway to overcome the intrinsic limitations of conventional sintering.

Overall, this strategy establishes a time- and energy-efficient route
for the fabrication of Mn—Cu-based protective coatings, while simulta-
neously addressing key degradation mechanisms associated with
elemental interdiffusion, thus opening new perspectives for the indus-
trial implementation of cost-effective spinel coated SOC interconnects.

2. Experimental
2.1. Samples preparation

A manganese—copper spinel coating was deposited by EPD onto AISI
441 ferritic stainless-steel substrates (Thyssen Krupp). According to the
supplier datasheet, the nominal chemical composition of AISI 441 (wt%)
is: Cr17.5-18.5,C < 0.03,Mn < 1.0, Si < 1.0, Ti 0.10-0.60, P < 0.040, S
< 0.015, Nb (3xC + 0.30)-1.00, Fe balance [67].

Prior to deposition, the substrates (10 mm x 10 mm x 0.2 mm) were
ultrasonically cleaned (SONICA® 3300 (9.51t) EP S3) in acetone (Merck
KGaA) and ethanol (Merck KGaA) for 10 min.

Commercially available Mn1.7Cul.304 spinel powder was supplied
by SolydEra and used as received. The powder had a median particle size
of dso = 1.28 pm. A suspension containing 10 g L™! of spinel powder was
prepared in a 50:50 vol% ethanol-acetone mixture. Iodine (Merck
KGaA) (1 g L) was added as a charging agent to increase the electro-
phoretic mobility of the particles [68].

A two-electrode configuration was used for the EPD process, with the
substrate acting as the working electrode and a counter electrode placed
at an interelectrode distance of 10 mm. A constant voltage of 15 V was
applied for 90 s (Power Supply EV Series EV3620 Carl Roth).

The EPD parameters were selected based on previous optimization
activities performed with the same Mn-Cu spinel suspension and con-
ventional thermal treatments, as well as on literature reports on EPD of
Mn-Cu spinel coatings for SOC interconnect applications. Since the
present work focuses on the RTP post-deposition treatment, the EPD
conditions were deliberately chosen to obtain a continuous, relatively
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thin green coating to minimize cracking or delamination during the
initial RTP optimization. Therefore, these parameters should be
considered a suitable starting point for assessing the feasibility of RTP-
assisted sintering, rather than fully optimized conditions for achieving
the final target coating thickness. Future work will focus on optimizing
the EPD step to increase coating thickness while preserving adhesion
and coating integrity.

2.2. Sintering of the coated samples

After deposition, the rapid evaporation of the organic solvents
allowed direct thermal treatment without additional drying steps. The
thermal treatment was carried out using a rapid thermal processing
system (AS-One 100, Annealsys), shown in Fig. la, in which tung-
sten-halogen lamps provide rapid heating within a controlled-
atmosphere chamber. During the treatment, air was continuously
introduced into the chamber at a flow rate of 150 sccm, while the
chamber pressure was maintained at 250 mbar.

The process is schematically illustrated in Fig. 1b, while Fig. 1c
compares the processing time required for conventional sintering, as
reported in Ref. [69], with that of the RTP approach.

A processing window was investigated to identify the temperature
and time conditions that yield partially densified, crack-free coatings.
Based on this optimization, three sets of parameters were selected:
850 °C for 15 min, 875 °C for 10 min, and 900 °C for 1 min. The cor-
responding samples were labelled MnCu_850_15, MnCu_875_10, and
MnCu_900_1. A heating rate of 50 °C s™! was applied, while cooling
occurred primarily by thermal inertia, reaching 150 °C in approximately
10 min. A thermocouple was used to monitor the sample temperature
during the treatment.

For each selected RTP condition, two independently prepared sam-
ples were processed to verify the consistency of coating adhesion, visual
integrity, and microstructural features. The reported processing window
should thus be considered as an initial RTP optimization, while a
broader statistical reproducibility assessment will be addressed in future
work.

2.3. Characterization

Particle size distribution of the starting powder was evaluated by
laser diffraction (Mastersizer 3000, Malvern Panalytical). The phase
composition of the as-received powder and thermally treated samples
was determined by X-ray diffraction (XRD; PANalytical Empyrean)
using Cu Ko radiation in the 20 range of 20-70°, with a step size of
0.013° and a counting time of 100 s per step. Phase identification was
performed using HighScore software and the ICDD (International Centre

b)

Total time needed = 20min

EPD
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for Diffraction Data, Newtown Square, PA, USA) database. In situ high-
temperature X-ray diffraction (HT-XRD) was conducted using the same
diffractometer equipped with a high-temperature chamber (Anton Paar
HTK1200N) to investigate phase evolution during heating in air. Mea-
surements were collected at 25 °C, then every 50 °C from 600 °C to
950 °C, and finally after cooling to room temperature at the end of the
thermal cycle. A dwell time of 10 min was applied prior to each mea-
surement to ensure thermal stabilization, and a heating rate of 3 °C
min~! was used. Morphological analysis of the surface and cross-
sections of the sintered coatings was performed using field-emission
scanning electron microscopy (FE-SEM; MIRA3, TESCAN). Elemental
composition and mapping were obtained by energy-dispersive X-ray
spectroscopy (EDS) using FE-SEM instruments (SUPRA™ 40 and Merlin
Gemini, Zeiss; MIRA3 XMH, TESCAN). For cross-sectional observations,
samples were embedded in epoxy resin (Struers, Denmark), ground
using SiC papers up to 4000 grits, polished with diamond suspensions,
and finally sputter-coated with Pt. The porosity of the coatings was
estimated from cross-sectional SEM images using ImageJ software (NIH,
USA) by image thresholding and area fraction analysis. To assess the
reproducibility of the EPD step, three independently deposited green
coatings were prepared under the selected EPD conditions and the
deposited mass was measured by weighing the substrates before and
after deposition. In addition, the surface roughness of representative
green coatings was measured by confocal microscopy (LSM900 Zeiss)
and compared with that of the bare AISI 441 substrate.

3. Results
3.1. Phase evolution of Mn—Cu spinel during thermal treatment

In situ HT-XRD analysis was performed to investigate the phase
evolution of the Mn—Cu spinel powder during thermal treatment and to
identify the temperature range relevant for RTP processing. The results,
summarized in Fig. 2, show that significant changes in the diffraction
pattern occur at 950 °C, in agreement with the phase diagram [52],
indicating that this temperature corresponds to a critical region for
spinel stability under conventional heating conditions [70].

Below this temperature, no complete phase decomposition is
observed; however, progressive modifications of the diffraction patterns
indicate the onset of phase evolution during heating. In particular, an
increase in the intensity of peaks associated with copper oxide (CuO) is
detected with increasing temperature. This behaviour suggests a redis-
tribution of copper within the system and the formation of secondary
phases during thermal treatment. The evolution of secondary phases
within the coating system may affect the thermo-mechanical compati-
bility of the material, since phases with different properties can

20\

“Pofous coating ®

Dense coating

Thermocouple

Heating~5.5h ~ Dwell~10h

/' Heating~1min Dwell~10min " Cooling~ 10min

Conventional sintering
Cooling~5.5h | Heating~4.5h _

Dwell~2h Cooling~4.5h

Sintering in reducing atmosphere #21h

Sintering in oxidizing atmosphere ®11h

Total time needed = 32h

Fig. 1. a) RTP system AS-One 100, Annealsys b) Schematic representation of the RTP process c) Sintering time comparison between RTP and conventional sintering.
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Fig. 2. X-ray diffraction patterns of Mn-Cu spinel powder at different tem-
peratures a) 25 °C after cooling b) 950 °C c) 900 °C d) 800 °C e) 700 °C f)
600 °C g) 25 °C.

introduce local thermal expansion mismatch and internal stresses,
potentially leading to microstructural degradation and reduced coating
stability [71-73]. In addition, a systematic shift of the diffraction peaks
toward lower angles is observed with increasing temperature, consistent
with thermal lattice expansion according to Bragg's law.

After cooling to room temperature at the end of the thermal cycle,
the diffraction pattern shows the reappearance of the spinel-related
peaks, indicating partial recovery of the spinel structure. However,
CuO-related peaks remain detectable after cooling, suggesting that the
phase evolution occurring during heating is only partially reversible.

These results provide useful information for defining the thermal
limits of the RTP process. In particular, the phase evolution observed
close to 950 °C indicates that this temperature range should be avoided,
even under rapid thermal cycles, as transient phase changes may
generate local thermo-mechanical mismatch and contribute to stress
development within the coating. Therefore, the HT-XRD analysis was
used as a reference to guide the selection of RTP conditions below this
critical temperature range.

In conventional sintering, temperatures in the range of 850-900 °C
are commonly employed to achieve sufficient densification of spinel
coatings [11,35,45,74-77]. However, when combined with prolonged
dwell times, such conditions may promote phase evolution and inter-
facial reactions such as interdiffusion and chromia scale formation
within the coating/substrate system [55,78]. For this reason, RTP
treatments were investigated in the same temperature interval, aiming
to promote coating densification while strongly reducing the duration of
thermal exposure.

3.2. RTP processing window

Based on the thermal behaviour identified by HT-XRD, RTP tem-
perature and dwell time were systematically varied to determine a
processing window suitable for coating densification without compro-
mising adhesion and integrity. The resulting processing window, sum-
marized in Fig. 3, was defined based on microstructural observations

o
Temperature [°C]| Poor adhesion to the substrate
950+ @ @-:_Cracks formation
~_
i \\\
900 + @—__ \ﬁ Poor adhesion to the substrate
\\\\\ //
875+ e
R of
850+ ®
\ /
\ /
, ¥ /
N //
800 '® - Notdensified
| [ | I |
T T I I 1 T
1 10 12 15 20 30 Time [min]

Fig. 3. Processing window for RTP conditions showing coating quality as a
function of temperature and dwell time.
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and adhesion behaviour, while only the most relevant conditions are
reported.

A treatment at 800 °C for 20 min was insufficient to ensure adequate
coating adhesion, indicating that densification was limited under these
conditions. In contrast, treatments at 950 °C resulted in severe thermal
stresses, leading to cracking and/or delamination. This behaviour is
consistent with the HT-XRD results, which identified 950 °C as a critical
temperature region for phase evolution of the Mn—Cu spinel system.
Similarly, prolonged exposure at 900 °C (30 min) resulted in poor
adhesion, suggesting that excessive thermal input promotes degradation
at the coating/substrate interface. Optimal conditions were identified as
850 °C for 15 min, 875 °C for 10 min, and 900 °C for 1 min, yielding
crack-free coatings with good adhesion. These results highlight a rela-
tively narrow processing window, requiring a precise balance between
temperature and dwell time to achieve defect-free coatings. Due to the
rapid heating and cooling rates associated with RTP, relatively small
variations in temperature and dwell time may result in significantly
different thermal histories and densification behaviours [63,64]. This is
consistent with the results obtained in the present work, where minor
changes in the RTP parameters led to marked differences in coating
densification and adhesion.

The identified processing window demonstrates that RTP enables
effective densification under reduced thermal exposure, provided that
the thermal input is carefully controlled to avoid insufficient consoli-
dation at low temperature and adhesion loss or cracking at excessive
temperature or dwell time. In this framework, the selected conditions of
850 °C for 15 min, 875 °C for 10 min, and 900 °C for 1 min represent the
most promising RTP treatments for further microstructural and
compositional analysis.

3.3. Phase composition of RTP-treated coatings

The XRD patterns of the RTP-treated coatings are reported in Fig. 4
together with the diffraction pattern of the as-received Mn-Cu powder.
The analysis was carried out to evaluate the phase composition of the
coatings after RTP treatment and to verify whether the selected pro-
cessing conditions preserved the spinel structure in the final coating
after cooling. All investigated samples exhibit the characteristic
diffraction peaks of the spinel structure, indicating that the spinel phase
remains the predominant crystalline phase after RTP treatment within
the investigated processing window.

Nonetheless, differences in the evolution of CuO-related peaks are
observed depending on the applied thermal treatment. In particular, the
CuO-related peak appears more pronounced in the MnCu_850_15 sample
compared to MnCu_875_10 and MnCu_900_1, despite the lower treat-
ment temperature. This behaviour suggests that dwell time plays a major
role in copper redistribution and secondary phase evolution during RTP
treatment. Although higher temperatures are reached in MnCu_875_10

a)
—~ . i —— MnCu_900_1
= o Jex e e ® 2 ||— MnCu_875.10
o b) ~—— MnCu_850_15
2 . —— As-received
2 ]
[ 4 L4 N
g o e 2 T @ Mn-Cu based spinel
g |? . k cuo
N
5 ® Jex e e o v |W(FeCr)
E S, S — A A e N}
s |d)
& °
It ° o o ® ®
20 30 40 50 60 70

Position (28)

Fig. 4. X-ray diffraction patterns of thermally treated samples compared with
the as-received Mn-Cu powder a) MnCu900_1 b) MnCu87510 c)
MnCu_850_15 d) Powder as-received.
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and MnCu_900_1, the significantly shorter thermal exposure appears to
limit the extent of Cu diffusion and associated CuO formation. These
observations indicate that, within the selected RTP window, phase
evolution in the final coating is influenced not only by peak temperature
but also by the duration of thermal exposure. In particular, longer dwell
times appear to favour copper redistribution and secondary phase sta-
bilization even at comparatively lower temperatures. This result sup-
ports the need to optimize both temperature and dwell time rather than
considering temperature alone.

Additionally, a peak at around 65.1° appears after sintering and can
be attributed to Fe-Cr phases originating from the substrate. The pres-
ence of this signal suggests that the coating thickness is limited, allowing
a partial contribution from the underlying substrate to the diffraction
pattern.

The XRD results therefore indicate that the selected RTP treatments
maintain the spinel phase as the main crystalline phase in the final
coatings, while differences in CuO-related peak intensity highlight the
role of dwell time in secondary phase evolution. These findings provide
the basis for the subsequent microstructural and elemental analysis of
MnCu_850_15, MnCu_875_10, and MnCu_900_1.

3.4. Microstructural evolution and densification behaviour

The microstructural evolution of the RTP-treated coatings was
investigated by FE-SEM, as shown in Fig. 5. Top-view images (Fig. 5a—c)
reveal crack-free surfaces for all selected RTP conditions, confirming
that the identified processing window enables coating densification
without surface cracking. However, clear differences in particle
arrangement and aggregation are observed depending on the applied
thermal treatment.

In MnCu_850_15, the particles appear well sintered but relatively
loosely aggregated, suggesting that grain growth has occurred without
extensive coalescence between neighbouring particles. In MnCu_875_10,
particles exhibit similar sizes but appear more strongly aggregated,
indicating enhanced inter-particle bonding and a more advanced stage
of densification. In contrast, MnCu_900_1 shows a less uniform particle
size distribution, with smaller grains that appear more densely packed
and aggregated, suggesting a rapid densification process accompanied
by less controlled microstructural evolution.
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Cross-sectional observations (Fig. 5d—f) further support these trends.
In all cases, the coatings exhibit predominantly closed porosity, indi-
cating that the densification process is sufficiently advanced to isolate
pores within the microstructure. However, clear differences in thickness
distribution are observed. The MnCu_850_15 sample exhibits a more
uniform coating thickness along the substrate, while MnCu_875_10 and
MnCu_900_1 show more noticeable thickness variations, indicating a
less homogeneous redistribution of material during sintering.

Coating thickness and porosity values were determined from the
cross-sectional SEM images reported in Fig. 5 and are summarized in
Table 1. The MnCu_850_15 sample exhibits the highest thickness
(7.6 + 0.5 pm) and a porosity of 24.8%, while MnCu_875_10 and
MnCu_900_1 show reduced thickness (~4-5 pm) with comparable
porosity values of 21.0% and 22.7%, respectively.

The reproducibility of the EPD step was evaluated by measuring the
deposited mass on three independently prepared green coatings. The
deposited masses were 2.4, 2.5, and 2.3 mg on 1.5 cm x 1.5 cm sub-
strates, corresponding to 1.07 + 0.04 mg cm ™2 and to a coefficient of
variation of approximately 4.2%. This result supports the reproduc-
ibility of the EPD process under the selected conditions. Confocal mi-
croscopy of representative green coatings revealed sub-micrometric
surface roughness, with an average Sa of 0.47 + 0.13 pm, compared with
Sa = 0.192 pm for the bare AISI 441 substrate, indicating a relatively
homogeneous surface morphology prior to RTP. Therefore, although
minor local variations in the initial coating cannot be mainly ruled out,
and the differences observed after RTP are primarily discussed in rela-
tion to the applied thermal treatment.

Although the measured porosity values exceed 20%, cross-sectional
SEM observations suggest that the residual porosity is mainly isolated/
closed rather than forming continuous open pathways through the

Table 1
Coating thickness values (mean + SD) and porosity determined from cross-
sectional Fe-SEM measurements.

Sample Thickness (pm) Porosity (%)
MnCu_850_15 7.6 £ 0.5 24.8
MnCu_875_10 4.3 +0.3 21.0
MnCu_900_1 4.8 £0.5 22.7

20pm

20 pym 20pm

Fig. 5. FE-SEM images of Mn-Cu coatings showing top-view and cross-sectional morphologies for the investigated samples: a) Top-view MnCu_850_15; b) Top-view
of MnCu_875_10; c¢) Top-view of MnCu_900_1; d) Cross-sectional view of MnCu_850_15; e) Cross-sectional view of MnCu_875_10; f) Cross-sectional view

of MnCu_900_1.
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coating. This morphology is expected to be less detrimental to oxidation
protection than interconnected open porosity, since continuous chan-
nels do not promote direct oxygen transport toward the substrate. Pre-
vious studies on spinel-coated SOC interconnects have shown that even
porous spinel coatings can reduce chromium evaporation and contribute
to oxidation protection, although denser coatings generally provide
improved barrier efficiency [40]. Therefore, the coatings should not be
considered fully dense; in this work, densification refers to coating
consolidation and interparticle bonding induced by RTP, rather than the

MnCu_850_15

MnCu_875_10
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formation of fully dense protective layers.

The similar porosity values across all samples indicate that the
overall level of densification is comparable, whereas the reduction in
thickness with increasing processing severity suggests that densification
is accompanied by volumetric shrinkage rather than a significant
decrease in total porosity. This behaviour highlights that RTP conditions
primarily influence the densification pathway and microstructural
evolution rather than the final porosity.

Taken together, the FE-SEM observations and quantitative analysis

MnCu_900_1

Fig. 6. Cross-sectional FE-SEM images and corresponding EDS elemental maps of MnCu_850_15, MnCu_875_10 and MnCu_900_1 RTP-treated samples.
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reveal a trade-off between coating compactness and thickness homo-
geneity. The MnCu_850_15 coating exhibits lower densification but a
more homogeneous thickness distribution, indicating a more uniform
consolidation of the deposited layer. In contrast, MnCu_875_10 results in
a more compact microstructure despite the shorter dwell time, con-
firming the strong influence of temperature on densification. However,
this improvement in compactness is accompanied by reduced thickness
uniformity. The MnCu_900_1 sample exhibits behaviour comparable to
MnCu_875_10, indicating that both temperature and dwell time
contribute to determining the final coating morphology. This suggests
that faster densification at higher temperatures may promote localized
shrinkage and particle aggregation, leading to a non-uniform redistri-
bution of material across the coating. Therefore, while higher temper-
atures and shorter dwell times can enhance coating compactness, they
may also reduce coating homogeneity.

It is worth noting that the obtained thickness values are lower than
those typically required for protective interconnect coatings (10-20 pm)
[2,7,12,74]. However, this limitation is not intrinsic to the RTP
approach and can be addressed by optimizing the EPD deposition pa-
rameters, for example by increasing the initial coating thickness prior to
sintering.

3.5. Elemental distribution

Elemental distribution in the RTP-treated coatings was investigated
by cross-sectional EDS mapping, as shown in Fig. 6, to evaluate possible
chromium diffusion from the AISI 441 substrate into the coating. The
elemental maps confirm that the coatings are primarily composed of Mn
and Cu, while chromium remains mainly confined to the substrate. No
significant chromium enrichment is detected within the coating or at its
surface, and no continuous chromia scale is observed at the coating/
substrate interface at the spatial resolution of EDS. This result highlights
a key advantage of the proposed RTP-based approach. The absence of
detectable chromia enrichment can be related to the reduced thermal
exposure associated with rapid thermal cycles, which appears to limit
chromium outward diffusion during the coating consolidation step. In
conventional thermal treatments, prolonged high-temperature exposure
typically promotes the formation of a continuous chromia layer at the
interface, which is known to increase electrical resistance and degrade
interconnect performance. It should be noted, however, that the absence
of a detectable chromia scale after RTP does not imply that chromia
formation is completely suppressed during long-term SOC operation. A
thin chromia layer may still develop during high-temperature exposure
and can contribute to the passivation of the ferritic stainless-steel sub-
strate. However, excessive chromia growth is detrimental as it increases
interfacial electrical resistance, particularly at intermediate and lower
operating temperatures [55,79]. Therefore, the advantage of RTP lies in
limiting chromia scale formation during the coating consolidation step
while preserving a spinel-based coating/substrate interface expected to
be chemically and thermo-mechanically compatible during subsequent
operation. In this context, RTP's ability to limit detectable chromium
diffusion and chromia scale development is a significant advantage, as it
may improve interfacial stability while reducing degradation associated
with excessive oxide-scale growth. Nevertheless, long-term oxidation
and electrochemical testing will be required to confirm the stability and
protective behaviour of the coating/substrate interface under realistic
SOC operating conditions.

4. Discussion

The combined results obtained from HT-XRD, XRD, FE-SEM,
porosity/thickness analysis, and EDS mapping allow the investigated
RTP conditions to be assessed beyond visual inspection of coating
integrity. The HT-XRD analysis identified 950 °C as a critical tempera-
ture region for Mn-Cu spinel phase evolution under prolonged thermal
exposure, while the processing window confirmed that treatments at
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this temperature lead to cracking and/or delamination. This indicates
that, although RTP strongly reduces the duration of thermal exposure,
excessive peak temperatures can still negatively affect coating integrity,
likely due to transient phase evolution and thermo-mechanical stress
development during heating. At the opposite side of the processing
window, 800 °C was insufficient to promote adequate coating consoli-
dation and adhesion, even with a longer dwell time. This confirms that a
minimum thermal input is required to activate sintering and inter-
particle bonding. Therefore, the effective RTP window is defined by a
balance between insufficient densification at low temperature and
excessive thermal stress or phase evolution at high temperature.

Among the defect-free coatings, MnCu_850_15 exhibited the most
homogeneous thickness distribution but also showed a less compact
microstructure and a more pronounced CuO-related contribution. This
suggests that longer dwell times may favour copper redistribution and
secondary phase evolution, even at comparatively lower temperatures.
In contrast, MnCu_900_1 enabled rapid densification within only 1 min,
but the resulting coating showed reduced thickness homogeneity and
less uniform microstructural development, likely due to localized
shrinkage during fast densification. MnCu_875_10 therefore represents
the most balanced condition among those investigated, combining good
adhesion, crack-free morphology, compact microstructure, limited CuO-
related phase evolution, and significantly reduced processing time.
These results indicate that the most suitable RTP processing range for
Mn-Cu spinel coatings lies between 850 and 900 °C with short dwell
times, with 875 °C for 10 min providing the best compromise between
densification, coating uniformity, phase composition, and reduced
thermal exposure.

The EDS results further support the relevance of RTP for interconnect
coating fabrication, as no detectable chromia scale formation or chro-
mium enrichment was observed at the coating/substrate interface after
thermal treatment. This result should not be interpreted as the complete
suppression of chromia formation during SOC operation. Rather, it in-
dicates that RTP can limit excessive oxide-scale growth during the
coating consolidation step. This aspect is particularly important
because, although a thin chromia layer can contribute to steel passiv-
ation and coating adhesion [8,79,80], excessive chromia growth in-
creases interfacial resistance and may become especially detrimental at
reduced SOC operating temperatures [55,78]. During long-term opera-
tion, a thin oxide scale may still form at the interface; however, the
selected Mn-Cu spinel coating is expected to mitigate further outward
diffusion of chromium and maintain chemical and thermo-mechanical
compatibility with the ferritic substrate. Long-term oxidation and elec-
trochemical testing will be required to confirm this behaviour under
realistic operating conditions.

Nonetheless, the relatively low coating thickness and residual
porosity obtained in this work remain important limitations. Although
the coatings are continuous, adherent, and crack-free, they should not
yet be considered fully optimized protective layers for long-term SOC
operation. The present study should therefore be regarded as a proof of
concept demonstrating the feasibility of RTP-assisted sintering of EPD-
derived Mn-Cu spinel coatings under reduced thermal exposure.
Nevertheless, cross-sectional SEM observations suggest that the residual
porosity is mainly isolated/closed rather than forming continuous open
pathways through the coating. Moreover, a relatively compact region
can be observed close to the coating/substrate interface, which may still
contribute to limiting direct oxygen transport toward the substrate.
Previous studies on spinel-coated interconnects have shown that even
porous coatings can reduce oxidation and chromium evaporation,
although denser and thicker coatings generally provide improved bar-
rier efficiency [11,40].

Future work will focus on optimizing the EPD deposition step to
increase coating thickness and reduce residual porosity, for example by
increasing the deposited mass or by exploring multi-step deposition
strategies. Long-term oxidation and electrochemical tests under SOC-
relevant conditions will then be required to validate the protective
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performance of the optimized coatings.

Overall, the results demonstrate that RTP is not simply a faster
alternative to conventional sintering, but a processing route in which
temperature and dwell time must be carefully balanced to control
densification, phase evolution, coating uniformity, and interfacial
stability.

5. Conclusions

Compact Mn—Cu spinel coatings were successfully fabricated on AISI
441 ferritic stainless steel by combining EPD and RTP. The process
enabled partially densified and crack-free coatings in less than 1 h,
confirming RTP as an effective route to reduce the thermal budget of
EPD-derived protective coatings.

HT-XRD identified 950 °C as a critical temperature region for Mn-Cu
spinel phase evolution, while RTP experiments showed that excessive
peak temperatures lead to cracking and/or delamination. Among the
investigated conditions, 875 °C for 10 min provided the best compro-
mise between coating densification, thickness uniformity, phase
composition, and reduced processing time. EDS mapping showed no
detectable chromia scale formation or chromium enrichment at the
coating/substrate interface after RTP treatment, highlighting the po-
tential of the approach to limit interfacial degradation during process-
ing. Although the coatings obtained in this work are not yet fully
optimized in terms of thickness and residual porosity, the results
demonstrate that RTP-assisted EPD is a promising strategy for the rapid
fabrication of Mn-Cu spinel coatings for SOC interconnect applications.
Further optimization of the EPD step and long-term oxidation/electro-
chemical testing will be required to fully assess their protective perfor-
mance under realistic SOC operating conditions.
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