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ABSTRACT

Solid oxide electrolytic cells are operated at high temperatures under
humidified atmosphere which lead to oxidation of interconnector part. To avoid this
problem, interconnectors have to be first improved in way of lowering the oxidation
in the operating atmosphere. In this study perovskite coatings and spinel coatings by
physical vapor deposition (PVD method) or slurry application (SA method) were used
to protect the oxidation of FeCoNi alloy in anodic atmosphere of SOEC. The samples
were oxidized at 800 °C in 0,-5%H,0 at a total flow rate of 10 L/h. The results
showed that the oxidation kinetics of samples was as a parabolic function of time.
The oxidation of FeCoNi alloy led to three scale layers formed as CoFe,O, layer,
Fes0Oq4 layer, and NiFe,O, layer, respectively. The coating by SA method seemed to
provide better reducing internal oxidation of FeCoNi alloy than the coating by PVD
method. However, there was presence of trace of coating in the scale layer which
means that oxygen can diffuse through the coatings. Therefore, the coatings were
able to reduce the oxidation rate of alloy but not able to protect FeCoNi alloy from

oxidation at high temperature under humidified atmosphere.
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Chapterl1

Introduction

1.1 Statement and significance of the problems

In recent years, there have been increasing interests in hydrogen energy to
use as an alternative energy. Hydrogen is used in variety applications such as fuel for
vehicles, heating and producing the electricity. It is also used as a raw material for
many chemical processes such as ammonia and methanol synthesis. It is well known
that hydrogen is green energy carrier since the combustion reaction of hydrogen
does not pollute the environment. Nowadays, hydrogen is produced by two main
production technologies. The first one is thermal processes from fossil source and
the other is electrolytic processes from renewable sources and nuclear. Primary
process for producing hydrogen is steam methane reforming. The perspective for
long term, fossil fuel conversion processes are not sustainable since they consume
nonrenewable resources. Moreover, the reaction would emit greenhouse gases to
the environment. Hence, hydrogen production by electrolytic processes from
renewable sources using high temperature nuclear process heat is an alternative way
which is interesting [1-2]. Recently, there are interests in producing hydrogen from
water splitting via electrolytic process using an electrolyser [3-5]. Solid oxide
electrolytic cell (SOEC) is a high temperature electrolytic device used to convert
electricity and steam into hydrogen using unused heat from nuclear plants or waste
heat from industrial processes [5]. One of advantages of hydrogen production by
electrolytic cell is sustainability since water, raw material, is renewable source.
Moreover the operation releases no green house gases [3,6]. However, one important
disadvantage of application is that SOECs have to operate at high temperatures
(700-1,000 0C), alloy components, such as interconnectors, can be oxidized and lead
to shorter lifetime (expected time is 40,000 h) [2]. Recently, traditional interconnect
has been made from ceramic which is operated at 1000 °C [2). At lower operating
temperatures (e.g., 650-850 °C), metals can be used as interconnect instead of
ceramic [7]. Metals are more flexible and inexpensive comparing with ceramic.
Moreover, thermal conductivity and electrical conductivity of metal are greater than

those of ceramic. Nevertheless, the first criterion for evaluating the material applying



as interconnect is the resistance to high temperature oxidation [7-8]. The candidates
also have to remain high electrical conductivity and low area specific resistance
(ASR). Generally the accepted maximum of ASR for interconnector is 0.1 Q cm’ [2, 71.
Moreover, to avoid the damage of cell components due to thermal cycles, the
coefficient of thermal expansion (CTE) of the interconnect must close to that of
electrolyte (i.e., ~10%10° °c’ from 25 to 1,000 ©) [7]. Stainless steel is widely
applied for using as interconnector. The superalloys and austenitic stainless steels
are not suitable due to their high CTE (ie., 15-18 X10° °C” from 25 to 1,000 °C) [7].
Ferritic stainless steels are the candidate due to their comparable CTEs with
electrolyte, high electrical conductivity and low cost. Nonetheless, the problem of
using ferritic stainless steels is that there is chromium evaporation from chromia
passive film. At SOEC operating condition, chromia would react with oxygen
molecules under dry atmosphere or with oxygen and water vapor under wet
atmosphere and form volatile chromium species [8-11]. The volatile Cr would
dissociate and deposit on the interface between electrode and electrolyte. The Cr
deposite would poison the electrode and decrease the cell performance [8]. In order
to solve this problem, coating, surface treatment and bulk composition modification
and development have been considered.

Currently, the most promising material expected to use as interconnects is
Crofer22 APU ferritic stainless steel. However this alloy also has chromium
evaporation problem. Considering in CTE, interconnects have to well match with
other cell components. Fe-Co-Ni base alloys is a low thermal expansion coefficient
alloy that has been developed for using in clearance control area and as metal-glass
seal for aircraft gas turbine engines. With its special property, FeCoNi alloy can
probably be used as an interconnector in SOEC. Unfortunately, the low CTE
Fe-Co-Ni alloys generally exhibit poor oxidation resistance at temperatures higher
than 600 °C [2]. For improving the oxidation property, coating on alloys is also
performed.

The objective of this research is to evaluate the coatings on FeCoNi alloy in
high temperature electrolysis condition for applying as an interconnector in SOEC. In
this research, the behaviors of uncoated and coated samples in the oxidation at high
temperature electrolysis were investigated. Moreover the hardness of the coatings

was also studied.



1.2. Objective

The objective of this project is to study the oxidation behavior of uncoated
and coated FeCoNi alloys in high temperature electrolysis condition. Moreover the

hardness of coating was also investigated.

1.3 Scope of the study

1. Metallic material in this work is FeCoNi alloy which was developed by
ArcelorMittal IMPHY. The samples consist of uncoated and five coated samples:
- LaggSre,MnO; coated by slurry application method
- La(Nip¢Feq4)05 coated by slurry application method
- La(NiggFep4)05 coated by physical vapor deposition method
- Co;04 coated by physical vapor deposition method
- MnCo,04 coated by physical vapor deposition method.

2. The experiment in this work was carried out at 800 °C in 0,-5%H,0 at
a total flow rate of 10 L/h using thermobalance or horizontal furnace.

3. To analyze the samples, X-ray diffractrometer (XRD) was used to identify
atomic structure of the scale occurring on the sample surface, scanning electron
microscope and energy dispersive spectrometer (SEM/EDS) were used to analyze the
chemical distribution.

4. The hardness of the coatings was measured by Vickers hardness method.

1.4 Research methodology

1. lIdentify the significant problems, objectives, scopes, and limitations of the
study.

2. Study the theoretical background and literature review.

Design of the experiments.

3. Test the oxidation of the samples for studying the kinetics oxidation.

4. Test the oxidation of the samples for studying the morphology by XRD and
SEM/EDS.

5. Test the hardness of the coatings by Vickers hardness method.

6. Conclude the results and write a report.



1.5 Outcomes of the thesis

This work attempts to evaluate the coated FeCoNi alloys for applying to use

as an interconnector in solid oxide electrolytic cell.

1.6 Limitation of the study

This work is one part of the ICARE project which was performed in SIMaP
group, Grenoble-INP, France. The experiment was carried out at SIMaP laboratory,
Grenoble-INP, France for 5 months. The experimental time was limited because the
researcher had to complete the experiment in 5 months. Furthermore the samples
were not allowed to take back to Thailand, therefore some data were unable to
reanalyze. The other limitation of this research is that APERAM (ex-ArcelorMittal

Stainless) does not authorize any publishing of the composition of alloy.
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It was found that the Vickers hardness of coating samples which was coated
by PVD method was higher than SA method. Considering the surface of samples after
intended, for the LNF sample which was coated by SA method, the crack of the
coating occurs only at the perimeter. On the other hand, in case of LNF sample
which was coated by PVD method, after intended in the same way, a lot of crack
occurs all over and around the area which was intended. A lot of the PVD coating
fell out of the sample after sample was intended. This means that in physical, the

coating by SA method seems to be better than the coating by PVD method.



Chapter 5

Conclusions and Suggestions

5.1 Conclusions

This research attempts to evaluate the oxidation behavior of coated FeCoNi
alloys expected to use as an interconnector in solid oxide electrolytic cell. The
coatings consist of

e LaggSryoMnO; coated by slurry application method

» La(NigsFeq4)05 coated by slurry application method

+  La(Nig¢Feq4)O5 coated by physical vapor deposition method

» Cos0,4 coated by physical vapor deposition method

e MnCo,04 coated by physical vapor deposition method.
The samples were oxidized at 800 °C in 0,-5%H,0 at a total flow rate of 10 L/h. After
oxidation, the samples were analyzed by SEM/EDS and XRD. Moreover, the hardness
of non-oxidized coated samples was also measured. As already mentioned, it is able
to conclude that:

1. Considering in kinetic oxidation of samples, the weight gain per area of
samples increased as parabolic function of time. The LNF coatings were able to
reduce the oxidation rate of FeCoNi alloy for around four times when considering
from parabolic rate constants (k). The LNF coating using PVD method better reduced
oxidation of FeCoNi alloy than using SA method.

2. Considering the morphologies of the samples, after long term oxidation
the surface of perovskite coating samples cracked while the surface of spinel coating
samples did not crack.

3. The external oxidation of FeCoNi alloy formed the scale as layers of
CoFe;04, Fe,05 and NiFe,O4 from outer to inner, respectively. The direction of ions
diffusion in scale forming should be the diffusion of oxygen from atmosphere to
alloy surface and metallic ions, Fe and Co, in the opposite direction while Ni was not
mobile

4. The result of internal-oxidation morphology occurring after long term
oxidation can be concluded that the coating using SA method seemed to be better

in reducing internal oxidation of FeCoNi alloy than the PVD coating method.
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5. The scales of FeCoNi alloy were still formed even the samples were
coated. Moreover, some coating elements diffused into the scale layer. Therefore,
these coatings cannot prevent the diffusion of metallic ions from FeCoNi alloy.

6. The hardnesses of the coated samples using PVD method were higher than
hardnesses of the coated samples using SA method.

As these results, it can be concluded that the coating in this research are able
to reduce the oxidation of FeCoNi alloy but cannot protect the FeCoNi alloy from

oxidation at high temperature under humidified atmosphere.

5.2 Suggestions

This FeCoNi alloy is still interesting for applying as an interconnector due to
the occurrence of protective NiFe,O, spinel which can significantly improve the
oxidation resistance of the alloy [21].

1. In order to improve the oxidation behavior of this alloy, this alloy should
be modified and developed by changing the composition such as adding some
element as in Zhu et al.’s research.

2. The electrical properties of this alloy should be tested in further study.
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Appendices



Appendices A

EDS analysis on cross section of the oxidized samples

Appendix A-1: EDS analysis on top side of the oxidized uncoated FeCoNi.
Appendix A-2: EDS analysis on bottom side of the oxidized uncoated FeCoN:i.
Appendix A-3: EDS analysis of the oxidized LSM-SA FeCoNi.

Appendix A-4: EDS analysis of the oxidized LNF-SA FeCoNi.

Appendix A-5: EDS analysis of the oxidized LNF-PVD FeCoNi.

Appendix A-6: EDS analysis of the oxidized Co;0,-PVD FeCoNi.
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