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Abstract

Thermochemical water splitting stands out as the most efficient techniques
to produce hydrogen through electrolysis at a high temperature, relying on
a series of chemical reactions within a loop. However, achieving a durable
thermochemical cycle system poses a significant challenge, particularly in man-
ufacturing suitable coating materials for reaction vessels and pipes capable of
enduring highly corrosive conditions created by high-temperature molten salts.
The review summarizes thermally sprayed coatings (deposited on structural
materials) that can withstand thermochemical cycle corrosive environments,
geared towards nuclear thermochemical copper—chlorine (Cu—Cl) cycles. An
assessment was conducted to explore material composition and selection
(structure-property relations), single and multi-layer coating manufacturing,
as well as corrosion environment and testing methods. The aim was to iden-
tify the critical areas for research and development in utilizing the feedstock
materials and thermal spray coating techniques for applications in molten salt
thermochemical applications, as well as use lessons learnt from other appli-
cation areas (e.g., nuclear reaction vessels, boilers, waste incinerators, and
aero engine gas-turbine) where other types of molten salt and temperature
are expected. Assessment indicated that very limited sets of coating-substrate
system with metallic interlayer is likely to survive high temperature corrosive
environment for extended period of testing. However, within the known means
and methods, as well as application of advanced thermal spray manufacturing
processes could be a way forward to have sustainable coating-substrate assem-
bly with extended lifetime. Spraying multi-layered coating (nano-structured
or micro-structured powder materials) along with the application of mod-

ern suspension or solution based thermal spray techniques are considered to
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result in dense microstructures with improved resistance to high temperature

thermochemical environment.
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1 | INTRODUCTION

Nuclear reactors can serve as a source of high temperature heat for hydrogen production through electrolysis. This heat
can be utilized either for generating electricity or facilitating chemical reactions.! Considering the temperature range,
the water-cooled reactors can produce steam up to 300°C, while gas-cooled reactors can produce process steam up to
540°C, and the high temperature gas-cooled, graphite-moderated reactor (HTGR) can produce process heat up to 950°C.>
Furthermore, the electrical power from a nuclear power plant can be used for low temperature water electrolysis (e.g.,
proton exchange membrane electrolysis or PEME at 20-80°C, alkaline water electrolysis or AWE at 70-90°C). Also, a
combination of heat and electrical power can be used for high temperature steam electrolysis (HTSE) or solid oxide water
electrolysis (SOWE) at 800-1000°C, whereas heat can be used to split water through thermochemical cycle (for example
the iodine-sulfur (I—S) process). There are also hybrid thermochemical processes (e.g., copper—chloride (Cu—Cl), a phase
change material or PCM), that use both heat and electricity. In current practice, light water reactors (LWR) which uses
normal water as opposed to heavy water can be used for electrolysis, especially using off-peak electrical power. It has also
been suggested by Khamis' that high temperature gas cooled reactors (HTGR) are an attractive option for electrolysis,
including those advanced nuclear reactors such as supercritical water-cooled reactors (SCWR) or very high temperature
reactors (VHTR). More generally, the role of nuclear reactors in industrial heat generation has also been assessed.?
Recently the review of Roper* has considered the role of molten salt in energy systems, including generation and
storage. Despite of less mature technological aspects, the molten salts have considerable potential in energy applications
though some of the technological aspects are less mature. Figure 1 shows a scheme of a molten salt reactor (MSR) nuclear
power plant and the location of a thermochemical cycle reactor and high temperature steam for water splitting leading
to hydrogen production. In an MSR, the fissile material is dissolved in liquid (molten) salt in the reactor core, where the
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FIGURE 1 [Illustration of a molten salt reactor (MSR) nuclear power plant and location of molten salt based thermochemical and
steam-based water splitting system for hydrogen production (Authors original image but presented here in simplified form based on reports
by Waldrop,® Mallapaty,® and Calderoni and Cabet”), attribution is not required to any part of the figure).
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FIGURE 2 Temperatures (T) and theoretical electrical change in Gibbs free energy (AG) range and requirements for some hydrogen
production methods® (Source: reproduced with permission).

liquid salt also acts as a coolant in place of water.>~” As expected, the nuclear fission occurring in the reactor core generates
the heat which are then transferred by the coolant liquid salt and heat exchangers to secondary working fluid (generally
supercritical gas) leading to production of high temperature steam and subsequently, the electric generation by driving a
turbine. Some part of the heat (thermochemical, steam) and electricity could be used for electrolysis purposes.>

As shown in Figure 2, thermochemical cycles (e.g., Cu—Cl) operate at high temperature, up to 550-600°C.2 It also
shows that electricity input (i.e., voltage) for electrolysis could be decreased with the increase in temperature. However,
high temperature requirements expose the structures to new challenges such as material compatibility and operation
durations. Identification and selection of suitable materials is one of the major difficulties facing the development of a ther-
mochemical based hydrogen production plant that can sustain the corrosive and harsh environment for a prolonged use
(Figure 3). Current traditional solid-fuel nuclear reactors operate on a 12-18 months cycle of operation (limited by refu-
eling, reactor design and operation duration).® In molten salt reactors (MSRs), the unique design allows for continuous
circulation or online refueling to maintain the reactor operation, since the liquid fuel is applied, and in theory, the MSRs
could operate on several years depending on the lifespan of graphite. However, the components exposed to molten salts
will have to maintain integrity for at least this period before they could be replaced without impacting plant availability.

Coatings of specialized materials have been proposed for such harsh environments.!® These include superalloys,
ceramics, refractory metals, and graphite-based materials, as the most suitable coating materials (on base metal or sub-
strate) for high temperature corrosive environments. Within nuclear context we must also consider radiation. Even if
the components are separated from the high intensity neutron radiation in the reactor core, they may be exposed to
beta/gamma emitters that can promote chemical reactions through radiolysis such as corrosion. Noteworthy, coating
materials can fail due to reasons not related to layer adhesion to substrates, but other factors can be important (Figure 3).
These can be geometry of the specimen, factors associated with coating integrity (chemical resistance, thermo-mechanical
durability, and surface preparation), as well as failure of equipment that failed to prevent leaking of oxygen,
and so on.

This review assesses the possible impact of coating materials used in high temperature corrosive and harsh
environment for prolonged duration. This could provide a basis for further research, where the idea could be to
develop corrosion-resistant reactors designed for various thermochemical cycles. Following section summarize relevance
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FIGURE 3 Application of heat and electricity sources at nuclear power plant for thermochemical cycle electrolysis and illustration of
degradation of coating-substrate system (molten salt channel) (Source: authors original images, attribution is not required to any part of the
figure).

of nuclear thermochemical cycles and hydrogen production, presents scarce literature related to thermal spray coat-
ings for molten salt corrosion resistant applications, testing requirements, and then opportunities overview (modeling,
radiation-induced damage, and general assessment), and then concluding remarks.

2 | HYDROGEN PRODUCTION AND NUCLEAR THERMOCHEMICAL
CYCLES

2.1 | Hydrogen production overview

The recent geopolitical challenges caused a great push towards low carbon hydrogen production technologies to ensure
achieving energy security for everyone. Strategic autonomy is vital for most nations, both in terms of energy & industry
policy, and this review will address and contribute to the materials and manufacturing strategy ambitions. The global
hydrogen energy sector is expected to grow rapidly, with billions of US dollars of investment are being committed by
various governments and industry.!! The hydrogen production market size (global) was estimated at USD 158.8 billion
(2023), and it is expected to reach USD 257.9 billion, growing at a compound annual growth rate (CAGR) of 10.2% from
2023 to 2028.'2 Within hydrogen production sector, the market of production through electrolysis means is valued at
USD 12.9 Billion (in 2023) which is projected to reach USD 25.7 Billion (by 2032), growing at a CAGR of 7.9%.'3 Overall,
there is currently a focus on the deployment of first-generation solutions for nuclear thermochemical cycle electrolysis,
as well as planning to scale up the technology to meet short and medium-term targets.'° There is opportunity for fur-
ther research and address materials and manufacturing engineering issues in thermochemical cycle electrolysis, as these
will be essential enablers in coming decade for further roll-out of hydrogen in energy applications, and this review will
address these.

Recent advancement in materials and manufacturing is vital in transitioning towards the cleaner delivery of energy
around the world. Hydrogen’s promising future as an energy source combined with the possibility of carbonless produc-
tion results in a highly efficient and attractive alternative to fossil fuels that is predicted to initiate a global demand in
the forthcoming decades.'* Various economies worldwide have introduced a hydrogen-based renewable energy roadmap
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which has encouraged the growth of hydrogen-based technologies while setting target deliverables to support the devel-
opment of hydrogen infrastructure (i.e., production, storage, and usage). As presented in a recent report, the hydrogen
generation sector is being driven exponentially up to a predicted 160 billion USD by 2026.'> Many countries acknowledge
nuclear power as a viable low-carbon energy source and has the potential to play a significant role in hydrogen genera-
tion in many countries. It is very likely that hydrogen production could play a key role in the global energy system and
successfully develop a functioning hydrogen economy.

2.2 | Molten salt and steam interaction with metals

Examples of salt (inorganic) components include BeF,, CuCl,, MgCl,, NaBF, and KNOj3 '® Molten salts are a phase change
material (PCM) that can store and release thermal energy as they change phase (between solid and liquid states). Such
materials are solid at room temperature and atmospheric pressure but can change to liquid state when thermal energy is
transferred to the storage medium.!” Due to its liquid form, it can be both the fuel (means it can produce heat) and the
coolant (capable of transferring the heat to the power plant). For nuclear reactor applications, a salt mixture (also called as
coolant) consists of different components of salt mixed into a multicomponent binary mixture such as LiF-BeF, or ternary
mixture such as LiF-NaF-KF.'® Mixing several components into binary or ternary systems reduces the melting point of the
resulting salt system to more practical levels. In a molten salt reactor radioactive isotope of nuclear materials (e.g., uranium
and thorium) can be dissolved in the molten salt to provide a source of radiogenic heat from a self-sustaining nuclear
reaction.!® It is noted that there are many different types of MSR that have been proposed, with some demonstrated at a
small scale.

The original work on the use of molten salts in nuclear energy reactor was carried in 1940’s at the Oak Ridge National
Laboratory (ORNL). Molten salt reactors operate at high temperatures, leading to increased efficiencies in electricity gen-
eration, as well as other high-temperature process heat applications.!® Electrolysis is one of the most common techniques
with a high potential for being integrated with nuclear power to produce low carbon hydrogen through a high-temperature
thermochemical cycle.?°-?2 The interaction of molten salt with dissolved nuclear materials in contact with containment
vessels and pipes leads to significant corrosion and a range of related problems. Corrosion analysis of containment vessels
and pipes still needs research, as it is the least investigated area in the nuclear industry.

2.3 | Corrosive environment in nuclear thermochemical cycles

In thermochemical water splitting process (also called thermolysis or thermal decomposition via high temperature elec-
trolysis (HTE), for example, at nuclear reactors??), high temperature heat is used to decompose water leading to hydrogen
and oxygen production,?* with overall thermal efficiencies of about 50% achievable.?

Various thermochemical cycles such as cerium-iodine (Ce—I) thermochemical cycle,?® iron-chloride (Fe-—Cl) ther-
mochemical cycle,?” iodine-sulfur (I—S) thermochemical cycle,?® and copper—chloride (Cu—Cl) thermochemical cycle
(Figure 4)%9-33 for splitting water by using nuclear or in some cases solar heat sources. Since thermochemical cycles oper-
ate at high temperatures in a corrosive and harsh environment, the structural components (including electrodes) require
special attentions. The accelerated degradation results in an economic problem for the thermochemical cycle operation
since the maintenance costs are greatly high. As the temperature of the thermochemical cycle is increased for higher effi-
ciency, the degradation severity of materials is further accelerated. To be able to compete with hydrogen production using
other electrolysis methods, more needs to be done in terms of corrosion-resistant materials in thermochemical cycle struc-
tural parts. Since corrosion-resistant bulk material (superalloy steel) values (cost) more than a less corrosion-resistant
material, that is, low-alloyed steel, therefore, from the economic point of view, an alternative approach could be the appli-
cation of high-alloyed steel or other materials in the form of a coating on to low-alloyed steel substrate, to increasing the
corrosion resistance with good mechanical properties.*

Figure 5 shows a schematic process flow diagram for a Cu—Cl thermochemical cycle. Thermal energy recovery within
the Cu—Cl cycle is important step which uses a combination of chemical and electrochemical reactions to separate the
water into hydrogen and oxygen. Analysis has shown that around 88% of the recovered heat can be achieved by cooling
and solidifying molten copper(I) chloride exiting the oxygen production step of the Cu—Cl cycle.? Initially, during the
reaction between HCl and Cu—Cl, the hydrogen and aqueous CuCl, are produced. The aqueous CuCl, is then dried to cre-
ate solid CuCl,, which is transferred to a fluidized bed reactor. The heat recovered from the cycle reacts with input water,
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and solid CuCl, produces the HCI gas and CuO—CuCl,, known as copper oxychloride. The CuO—CuCl, is transferred
in the molten salt reactor to produce molten Cu—Cl and oxygen.3¢ Depending on the specific cycle, some common com-
ponents in nuclear thermochemical cycles include nuclear reactor, heat exchanger, chemical reactors, separation units,
recuperator, heat rejection system, and containment structure. Materials selection is crucial for sustainable operation of
the thermochemical cycle due to the extreme operating conditions (such as high temperature, radiation exposure, and
extremely corrosive environment). Therefore, it is important that the chosen materials exhibit good thermo-mechanical
properties, resistance to corrosion, and demonstrate irradiation stability.

2.4 | Structural material selection strategies for thermochemical cycles

Considering thermochemical cycle operating temperature, the choice of materials for structural components is crucial,
as the entire system needs to ensure the structural integrity, safety, and efficiency.” At high temperature, the materi-
als should have high mechanical strength to withstand thermal stresses and creep, and the example materials could be
high-temperature alloys, refractory metals, and ceramics. Thermal expansion coefficient should be compatible to avoid
differential expansion (i.e., between structural parts or substrates and coatings, heat exchangers and insulation layers,
and seals and gaskets). To resist high temperature corrosion, resistant to oxidation, and be chemically stable, the mate-
rials could be stainless steels, nickel-based alloys, ceramics, and refractory metals. Considering the irradiation stability,
the materials (alloys and ceramics) should resist radiation damage such as embrittlement and degradation of mechanical
properties. And finally, the cost, access, and manufacturability of materials are also an important consideration which
influence the choice of materials. Meanwhile, there is also a need to check the compatibility of the cost-effective salts
with the combinations of structural materials (e.g., alloys, graphite, and composites) used in nuclear systems.3’

Considering range of factors, the development of innovative and sustainable coatings for key components for
structural parts (and electrolysers) could be a feasible way forward. For the combination of functional reasons
(thermo-mechanical, electro-chemical), it is preferred to keep the coated layers thin enough, implying that the reactors
are more prone to damage during production, assembly, and operations. Advanced testing and material property charac-
terization are required to optimize the support sections of the layered system (e.g., electrode, electrolyte, and membrane)
while maintaining active areas.

The scalability of thermochemical cycle systems (i.e., different scales and applications), can have a notable impact
on the material selection for various components. These include size and geometry, manufacturability and its maturity,
preferred heat transfer considerations, sustainable materials, materials cost for large and small-scale system, compatibility
between materials, design and safety considerations at varying scales, and the regulatory compliance.

2.5 | Potential structural materials for thermochemical cycle

The application of molten salt at high temperature and intense neutron radiation imposes restrictions on the structural
part of molten salt reactors that directly interact with the molten salt.*® In a molten salt reactor, main components (or
structural parts) that directly/indirectly interacts with the molten salt could be vessels, sheet, plate, strip, billet, rod, bar,
heat exchangers, pipes, pumps, flanges, bellows, seals, valves, thermal shields, radiator, tank, fans, and fittings, and so on.

The research conducted in the 1960’s at Oak Ridge National Laboratory (ORNL) demonstrated that an Ni-based
Hastelloy N (Ni-Mo-Cr-Fe alloy), emerged as the most promising structural material for MSRs that utilizes uranium
as fuel dissolved in a fluoride salt (LiF-BeF,ZrF,—UF,). Its good resistance to corrosion in high-temperature molten salt
environment underscores its utility for MSR applications.?®3° Apart from Hastelloy N (note: such sector are dominated
by trade name, with various percentage composition of elements), other materials investigated for MSR structural appli-
cations are stainless steel 304 (Fe-Cr-Ni-Mn-Si alloy), stainless steel 316L (Fe—Cr-Ni-Mo alloy), stainless steel AL6XN
(Fe-Ni-Cr-Mo-N alloy), Hastelloy X (Ni-Cr-Fe-Mo alloy), Hastelloy C-276 (Ni-Cr-Mo-W alloy), Inconel 600 (Ni-Cr-Fe
alloy), Inconel 617 (Ni-Cr-Co-Mo), Inconel 625 (Ni-Cr-Fe-Mo-Nb-Co alloy), Incoloy 800H (Fe-Ni-Cr alloy), Haynes
230 (Ni-Cr-W-Mo alloy), and Ni-201 (Ni-Fe-Mn-Si alloy)), a nearly pure Ni alloy, Nb-1Zr, Mo-30 W, and ferritic marten-
sitic steel JLF-1 (or Fe-9Cr-2W-0.1C), or composites, such as SiC-SiC (i.e., matrix and fiber phase mixed together by
various processing methods).”*” Other examples of Ni-based alloys that have been investigated for MSR structural appli-
cations include Hastelloy NM, HN80m-VI, HN8OMTY, HN80MTW, MONICR, GH3535, EM-721 (note: composition of
these alloys not well known).* It is important to note that Ni-based alloys embrittle when subjected to neutron fluxes
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at high-temperature (called neutron embrittlement), which then generate helium (He), which migrates to grain bound-
aries.*® Standards or code qualification (e.g., ASME Boiler and Pressure Vessel Code; Section II1: Rules for Construction of
Nuclear Facility Components, Division 5: High Temperature Reactors) is necessary for high temperature reactor applica-
tions. Currently, there are only five materials approved for use in Division 5: 214Cr-1Mo and 9Cr-1Mo steels, stainless steel
304, stainless steel 316, and Incoloy 800H, and selective approval for Hastelloy N.>* However, it is important to note that
ASME Boiler and Pressure Vessel Code does not address corrosion and radiation damage, but focus on mechanical per-
formance of material (i.e., time and temperature dependency).*’ To develop a First-of-A-Kind technology demonstrator
in relation to thermochemical cycle structural part and electrolyser system, perhaps selective materials (i.e., 214Cr-1Mo
and 9Cr-1Mo steels, stainless steel 304, stainless steel 316, and Incoloy 800H, and Hastelloy N) may be adequate, as such
materials are fully code-qualified for nuclear construction if the operating temperature is restricted.

The key challenges for structural materials are corrosion and grain boundary embrittlement leading to surface
cracking from the fission product.*® This means a systematic investigation (e.g., elevated temperature tensile strength
properties, microstructural stability, weldability, long-time aging and creep rupture, creep-fatigue, MSR salt corrosion
resistance, embrittlement resistance and analyzing the radiation effects, thermodynamics simulations of the equilibrium
phases) is needed to develop structural materials which could sustain corrosion and grain boundary embrittlement for use
in thermochemical cycle electrolysis. The materials degradation of structural parts is a major concern for the industry to
meet its commercial viability. Overall, the thermochemical interactions between molten salts and the metallic structures
(presence of dissimilar materials) should be evaluated. Such analysis could help determine the degradation and lifetime
of the containment materials. There is a need to evaluate corrosivity of molten salt and changing chemical composition
of the salt by the neutron flux and any other contamination during operation (e.g., driven by impurities in the molten
salt). Eventually, there is a need to have standards or data to support qualification of structural materials for molten salt
reactor thermochemical cycle leading to electrolysis and hydrogen production.

As shown previously in Figure 5 (for Cu—CI/HCI cycle), the thermochemical electrolyser cell structure is composed
of catalyst layers (i.e., anode, cathode) and membrane layer (e.g., Nafion/polyaniline and Nafion/polypyrrole compos-
ites3!). During operation, when water is heated to 2000-2500°C, part of which will decompose into monatomic hydrogen,
monatomic oxygen, OH, O,, and H,.#! As water decomposes at such high temperature, there could be material and struc-
tural stability issues. In addition, sustainable heat sources may not be easily available.*?> Therefore, usage of chemical
reagents has been considered to lower the temperatures, reducing the operating temperature at higher pressures.** Ceram-
ics, refractory metals, Mo, and Ni-based alloys, graphite-based materials, and Hastelloy C has been the most suitable
materials for high-temperature corrosive environments (for Cu—Cl thermochemical cycle).3! For such extreme applica-
tions, other materials could be considered. For instance, Xie et al.** investigated carbide and nitride materials due to their
range of properties, including high hardness, high melting points, and excellent thermal and chemical stability. Wu et al.*>
investigated mullite materials, due to their high temperature stability, low thermal expansion coefficient, thermal shock
resistance, and chemical inertness. Sure et al.* investigated partially stabilized zirconia (PSZ) with graphite coatings, due
to improved wear resistance, enhanced lubrication, and thermal stability. Kamali and Fray*’ investigated graphite, due to
combination of temperature resistance, corrosion resistance and mechanical strength. Vignarooban et al.*® investigated
Hastelloy C276, C-22 and N, Sellers et al.* considered Hastelloy N and Steel 316, due to corrosion resistance in aggressive
environments, high temperature stability, and mechanical properties. A comprehensive review about hydrogen produc-
tion by thermochemical water decomposition method is available elsewhere (e.g., Funk?>, O’Brien et al.,>® Roeb et al.,>
Naterer et al.,”® Yadav and Banerjee,>? and Naterer et al.32).

2.6 | Thermal spray coatings for structural parts exposed to molten salt corrosive
environment

Considering the focus of this review, this section presents literature related to thermally sprayed coatings for structural
parts exposed to aggressive corrosion environment. Thermal spray coating are applied in a wide range of anti-corrosion
structural part applications, such as oil and gas, construction, petrochemical, nuclear and marine.>*>* There are many
thermal spray coating processes,>> however, literature indicates that processes used were mainly air plasma spray (APS),
high velocity oxy-fuel (HVOF), detonation gun (D-gun), suspension plasma spray (SPS), and solution precursor plasma
spray (SPPS) processes.
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2.7 | Thermal spray coatings for thermochemical cycle Cu—Cl molten salt corrosion
resistant applications

The ambition of the review is to assess the feedstock materials, methods, and protocol in the field of appropriate ther-
mal spray coating manufacturing routes used in the thermochemical cycle molten salt facing structural parts. Some
key considerations in selecting a suitable thermal spray coating material for a specific molten salt application involves
careful consideration to ensure optimal performance and durability. These includes coating materials which are corro-
sion resistant and chemically stable, demonstrate high temperature stability and desirable thermal conductivity (to avoid
cracking or delamination), high compatibility with the underlying structural parts or substrates (high adhesion strength),
dense layer of coating to avoid penetration of corrosive materials, resistant to abrasive particles, ease of coating layer
manufacturing, cost effective and environmentally friendly.

There are numerous literatures where thermal spray coating methods have been reviewed and discussed, including
conventional as well as some modern methods.3>*® However, just to summarize, it is a process where feedstock coating
materials (wires, powders, suspension, or solution) are sprayed to form an overlay coating on to a substrate. The sprayed
layer is formed on a solid surface by fully or partially melting the feedstock materials in a high temperature zone and
propelling the feedstock material towards the solid substrate. It is an agile and scalable deposition technique allowing
selective tailoring of microstructure to achieve desired properties, such as microstructure, porosity, density, thickness, and
so on. Such coatings have the advantage of providing desirable thickness (from nanometer to millimeter) in an effective
manner for engineering materials (e.g., metals, alloys, ceramics, cermets, and polymeric composites). By careful design
of thermal spray process, for example, selection of geometry, particle shape and size, crystal structure and arrangement,
one can tailor surface properties (including adding corrosion resistant functionality for thermochemical cycle structural
parts) without significant surface preparation of the material. If one needs to obtain selective coating properties (including
residual strain which is inherent to such thermal spray coatings®’), there can be many variations possible with functional
features aligned to have reduced degradation of coatings.

Though there may be many industrial examples, but very limited studies have been reported (specifically for the
Cu—Cl cycle, Table 1) where the application of thermal spray coatings for thermochemical cycle structural parts has
been considered at laboratory scale (mainly carried by Canada based researchers such as,?31:3236:58.59) Various combi-
nation thermal/bond coats and substrates have been studied to determine their behavior at high temperatures molten
salt environment. This section presents a performance summary related to selected thermal spray coating and substrate
(structural parts) materials.

The lifetime analysis of pipeline structural materials transporting molten Cu—Cl is an important parameter for a
thermochemical Cu—Cl hydrogen plant. To investigate this, Siantar® studied (also reported by Naterer et al.?) on the
effect of the molten Cu—Cl immersion test (at 500°C for 100 h) on alloys with high Ni-content with and without surface
coatings. Metallic substrates such as Ni-based alloy (e.g., Inconel 625) and super austenitic stainless steel (e.g., AL6XN)
were selected to develop corrosion resistance coatings against aggressive molten Cu—Cl exposure. It was suggested that
the substrate should possess sufficient inherent corrosion resistance to permit detection of a damaged coating before pro-
gressing to catastrophic failure. This strategy could assist in repairing of the coatings instead replacement of the substrates
or components. It was also proposed to have a metallic inter-layer coating of Diamalloy (a high nickel-chrome mate-
rial) as a means of minimizing thermal expansion effects instigated by a brittle coating on a ductile substrate. Therefore,
the coatings were a metallic of Diamalloy 4006 and two ceramics of yttria-stabilized zirconia (YSZ) and alumina (Al,O3)
applied using thermal spray coating methods. Analysis of the sample (i.e., coating-substrate) showed that majority of
the deposited layers were damaged and fell-off from the metal substrate. Further analysis showed cracks in the coated
samples, indicating the sample geometry could have affected coating integrity. As expected, coating cracking provided a
route for the molten Cu—Cl to go underneath the coating, leading to a reaction with the substrate materials. Deposits of
copper and iron chloride found on the coating surface indicated that there were corrosion reactions during the immer-
sion test that involved dissolution of metal and reduction of copper. Overall comparison of the coating-substrate structure
after immersion test indicated that Inconel 625 substrate was better than stainless steel (AL6XN) substrate, and both Dia-
malloy 4006 and YSZ (ZrO,-18Ti0O,-10Y,03) coatings provided better protection to the metallic substrate than alumina
(AL,03-3TiO,) coating.

Figure 6 shows the sample degradation after immersion tests in Cu—Cl.3? Analysis showed that Diamalloy 4006 with
an Al,O; top layer survived for 40 h, whereas a super hard steel (SHS, i.e., iron based super hard steel alloy) coating
combination did not survive for 100 h. Analysis showed that Diamalloy coatings performed much better than SHS-9172.
Overall, Diamalloy 4006 (high velocity oxy-fuel or HVOF sprayed) was best in the group of tests conducted though with
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FIGURE 6 Cross-section of high velocity oxy-fuel sprayed diamalloy 4006 showing coating degradation after immersion test in Cu—Cl
(each scale bar is 2 mm)3? (Source: reproduced with permission).

damaged tip. Naterer et al.>? suggested that substrates under consideration for future testing should include Ni-based
superalloy (e.g., Hastelloy, Udimet 500, IN718, and Nimonic105), and quartz (silica) glass coating.

Azhar>® investigated six coating combinations of bond and ceramic coatings for the containment vessels and pipes for
thermochemical molten salts environment at high temperature of 500°C, and for 50-h and 100-h test durations. Inconel
625 and super austenitic stainless steel (AL6XN) were considered as substrate metals with thermally sprayed coating
materials such as super hard steel (SHS), Diamalloy 4006, YSZ (ZrO, 18TiO, 10Y,03), and Al,O;. Overall results suggested
that the combination of Diamalloy 4006 (Diamalloy, Diamalloy+YSZ, Diamalloy+Al,0O5) performed much better than
SHS combination (SHS, SHS + YSZ, SHS + Al,03), as shown in Figure 7. All SHS coatings fell off completely from the
substrate. Diamalloy 4006 coatings survived for 100 hours. Corrosion deposits and pure Cu appeared on the samples in
most of the cases. Also, it was observed that the Al,03; and YSZ can prevent diffusion of molten salt if these coatings do
not crack. Most of the coatings fell off from the substrates during testing and it was suggested that the porosity of the
coating layer (in both high velocity oxy-fuel (HVOF) and air plasma sprayed (APS)) should be minimized to protect the
underlying coating or substrate materials.

Azarbayjani et al.> investigated thermally sprayed ceramics with metallic coating materials deposited onto medium
carbon steel through an immersion test in molten Cu—Cl at 500°C for an extended period. Two types of thermally sprayed
coating materials were reported, such as YSZ, Diamalloy 4006 (reported as Ni-20Cr-10 W-9Mo-4Cu-1B-1C-1Fe) and YSZ
coatings onto steel substrates. It was observed that majority of the coatings were intact and did not fall-off, and that the
YSZ coating which was applied to the metallic steel substrate with a bond coating, survived the immersion tests, however
it showed corrosion and erosion related degradation within layers, as shown in Figure 8. Azarbayjani et al.> indicated
that the primary possible causes of the coating disbonding from the substrate could be the difference between the thermal
expansion coefficient of the coating and the substrate, as well as the stress or attached from the molten Cu—Cl. It was
suggested that if the crack appears in coating layer, it could provide a pathway for the chemicals to go under the coating
layer and react with the base substrate.

As discussed previously through several examples, application of thermal spray-coating processes is successful in
strategically developing protective layers against molten Cu—Cl corrosion. It was proposed to manufacture a metallic
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(A)

—(A)

(vi)

FIGURE 7 Examples of immersion tests in in Cu—Cl: (i) SHS-9172 specimen; (A) before, (B) after, and (C) after cleaning, (ii) SHS
9172 + Al, O3 specimen; (A) before, (B) after, and (C) after cleaning, (iii) SHS-9172 + YSZ specimen; (A) before, (b) after, and (c) after
cleaning, (iv) Diamalloy 4006 sample (100 hr test); (A) before, (B) after, and (C) after cleaning, (V) Diamalloy 4006 + Al,O3 specimen (100 hr
test); (A) after, (b) sample tip after, and (c) specimen with green shades after, (vi) Diamalloy 4006 + YSZ specimen (100 hr test); (A) before, (B)
after, (C) sample tip after, and (vii) Diamalloy 4006+ YSZ, Diamalloy 4006 + Al, 05, Diamalloy 4006 specimen (left to right) after the
immersion test for 50 hrs (scale bar not available)*® (Source: permission obtained ©M.S. Azhar, all rights reserved).
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(A) Before immersion (B) After immersion

<

(ii) Diamalloy + YSZ coating (i) YSZ coating

(iii) Diamalloy + YSZ coating
(after sealing)

FIGURE 8 Coated specimens (immersion tests in Cu—Cl): (A) before, and (B) after post-immersion cleaning): (i) Yttria-stabilized
zirconia (YSZ) coating (after 5h test), (ii) Diamalloy + YSZ coating (after 48 h test), and (iii) Diamalloy + YSZ coating after sealing (after
100 h test) (scale bar not available)* (Source: reproduced with permission).

inter-layer coating as a means of minimizing thermal expansion and stress effects instigated by overlaid brittle layer on a
ductile substrate. Cracks and porosity in the coated top brittle layers are not desirable, as it provides a route for the molten
Cu—Cl to go underneath the coating, leading to a reaction with the substrate materials. Various examples of thermally
sprayed coatings considered for thermochemical copper-chlorine (Cu—Cl) cycle applications are summarized in Table 1.

2.8 | Thermal spray coatings for other molten salt corrosion resistant applications

Corrosion-resistant coatings play a crucial role in protecting components from the damaging effects of a corrosive envi-
ronment. Depending on the corrosive environment there are examples where several thermal spray coatings have been
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studied.®® Some of the know-how (mainly those related to aggressive corrosive resistant applications, other than those
tested in Cu—Cl molten salt environment summarized previously), and new design of thermal spray coatings could be
useful for thermochemical cycle electrolysis applications. The example applications discussed here include thermal spray
coating when tested in aggressive corrosive environment at high temperature, such as nuclear reaction vessels, boilers,
waste incinerators, aero engine gas-turbine, and so on. The nuclear reactors are nuclear power plants components where
controlled nuclear reactions take place to produce heat.®! The boiler systems at power plants operate at high temperature,
pressure, and chemically aggressive environments, leading to corrosion related degradation and failure.52-% Waste incin-
erators operate under harsh conditions, with high temperatures, corrosive gases, and abrasive particles, and are used to
burn solid waste at high temperatures, converting it into ash, gas, and heat.®>% Examples related to thermal barrier coat-
ings of aero engines are included here as such components typically withstand the high temperature and gas pressure,
as well as corrosion and erosion.®’ As follows, there are multiple lessons related to materials degradation which could be
relevant for thermochemical cycle applications.

For pyrochemical reprocessing plant applications (i.e., nuclear fuel recycling process or salt purification vessel),
Shankar et al.®® investigated APS sprayed 8 wt.% YSZ (composition: Y,03 (7-9 wt%)-SiO, (1 wt%)-TiO, (0.2 wt%)-Al, O3
(0.2wt%)-Fe, 05 (0.2 wt%)-ZrO, (balance)) coatings deposited onto vacuum plasma sprayed (VPS) NiCrAlY metallic bond
coat with stainless steel 316 L substrate. The corrosion tests were carried out in molten chloride salt (i.e., LiCI-KCl) at
600°C for 5h, 100 h, and 500 h. Overall analysis indicated that the coatings did not show significant degradation under
corrosion attack (Figure 9i). To consolidate the coatings, laser melting using a CO, laser of the coated samples was car-
ried which led to the development of large grains of zirconia (and eliminated porosity) with segmented cracks (due to
shrinkage and relief of thermal stresses). It was also noticed that laser melting led to the elimination of coating defects
and showed smooth surface (Figure 9ii).

(i) Coating exposed to molten LiCI-KCl salt

(ii) Laser-melted

FIGURE 9 Microscopic images of APS sprayed partially stabilized (~8 wt.%) zirconia coating surface: (i) (A) as-coated, (B) 5 h exposed,
(C) 100 h exposed, and (D) 500 h exposed to LiCl-KC] molten salt, and (ii) laser-melted surface at (A) 50 W, and (B) 100 W*®) (Source:
reproduced with permission).
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For nuclear waste management and related electrochemical reduction process components (e.g., reaction vessels,
electrodes, and other metallic components), Lee and Baik® developed APS sprayed coatings, that is, Al,Os; and 8 wt.% YSZ
coatings onto CoNiCrAlY bond coat with Ni-alloy (Inconel 713LC) substrate. The investigation was for the purpose that
coated parts must endure hot corrosion environment and remain resistant. The corrosion tests of coatings were carried out
in LiCl-3wt.% Li,O molten salt at 650°C under an oxidizing environment for 24-168 h test duration. Corrosion analysis
showed that the Al,O5 coating reacted with LiCl-3 wt.% Li, O molten salt forming a reaction layer (porous) of LiAl, LisAlO4
and LiAlsOg, whereas the YSZ coating formed non-crystalline phase dense reaction layer and offered a better protection
as well as effective barrier against the molten salt. Further analysis showed that the molten salt penetrated through to the
coating pore and reaction products were formed at the intra-pores and splat boundaries. Such penetration of molten salt
is possible in coatings which typically contain various types of defects, for example, incompletely filled pores, inter-splat
pores and intra-splat space or microcracks.

For molten salt fast reactor (MSFR) applications, Brupbacher et al. (Brupbacher et al 2015) investigated binder-free
chromium carbide (Cr;C,) coatings which was deposited on to Ni-based alloy (H230) (Ni-Cr-W system) substrate using
air plasma spray and cold spray techniques. This coating was developed for potential test in molten fluoride salt; however,
it was found to be not suitable for application requiring molten fluoride salt corrosion resistance. The emergence of
porosity in the coatings during processing may not be favorable for the proposed applications.

For biofuel-fired boiler (superheaters) applications, Uusitalo et al.”’ investigated HVOF sprayed Ni-49Cr2Si,
Ni-57CrMoSiB, Ni-21Cr9MoFe, Fe-15A1-2Cr, and Ni-50Cr coatings deposited on to steel substrates. The corrosion tests
were carried at 550°C (for 100 h duration) below a synthetic salt deposit (salt was partially molten in the order of 50% at
550°C). During corrosion test, the test samples were covered with salt (40Na,SO,, 40K,SO,4, 10NaCl, and 10KCI) which
were then exposed to oxidizing (N,—20H,0-14C0,-30,-500 vppm HCI) and reducing (N,-20H,0-5C0O-0.06H,S-500
vppm HCI) environment the corrosion of coating in presence of salt during combustion of chlorine containing nuclear
fuels. Analysis showed that the deposited coatings were susceptible to chlorine attack in both oxidizing and reducing
atmosphere through interconnected oxide network at splat boundaries within coatings (Figure 10i). During oxidizing
conditions, the Ni-57CrMoSiB coating performed well forming protective layer of oxide, whereas all the other coatings
formed only non-protective layers. Overall, it was suggested that the interconnected coating porosity, oxide-containing
splat boundaries, and compositional inhomogeneities could limit the corrosion resistance of coatings. Uusitalo et al.”
suggested that if oxidation of coatings takes place (along with presence of voids at splat boundaries), then chlorine cir-
culating through the coatings may cause significant damage and degradation of coatings and could affect the strength
of interfacial bonding between the substrate and coatings. It was also suggested that if the chlorine compound transport
through coating layers is slow, the coatings could hold their capability to protect the underlying substrates.

For boiler applications (superheater and re-heater materials), Sidhu et al.”? investigated high temperature corrosion
behavior of HVOF sprayed Cr3;C,-NiCr, NiCrBSi, Stellite-6, and Ni-20Cr coatings deposited on to Ni-based superalloy
(i.e., Superni 75 or 19.5Cr-3Fe-0.3Ti-0.1C-balance Ni). Testing and analysis in a corrosive environment of condensed
alkali molten metal salt Na,SO,4,-60% V,05 at 900°C under cyclic conditions showed that all coatings were superior to
bare substrate. Note about molten metal salt [Na,SOy4, V,0s5, Fe,(SO4)s]: the residual fuel oil contains Na, Va, and S as
impurities which reacts together to form ash at high temperature (approximately 700-900°C), and which deposit on the
material and cause hot corrosion Sidhu et al.”> The Ni-20Cr coated sample demonstrated high temperature corrosion
resistance with negligible spalling, whereas the Stellite-6 coated samples indicated minimum high temperature corrosion
resistance with marginal spalling (note: high temperature corrosion resistance of Cr;C,-NiCr coating was slightly better
than NiCrBSi coating). The formation of oxides along the splat boundaries and spinels of Ni, Cr or Co were the reason
to have hot corrosion resistance of all coatings. Similarly, Singh et al.”> compared the performance of Cr;C,-25(Ni-20Cr)
and Ni-20Cr coatings sprayed on to T91 boiler tube steel using HVOF and tested at 900°C under cyclic conditions. The
results showed that the uncoated steel tube experienced higher weight gain (due to the formation of Fe, O3 oxides), and
the Ni-20Cr coating was less protective compared to Cr;C,-25(Ni-20Cr) coating.

For range of applications (e.g., boiler, internal combustion engine, gas-turbines, fluidized bed combustion, and indus-
trial waste incinerators), Chatha et al.”! investigated HVOF sprayed 80Ni-20Cr and 75Cr;C,-25(Ni-20Cr) coatings
deposited on to T91 boiler tube steel. The samples were exposed to Na,SO4-60%V,0s molten salt at 750°C under cyclic
conditions. Analysis showed that oxide scale phases of the coated samples were mainly oxides and spinels of Ni and Cr
(which is protective against the hot corrosion), and that the 80Ni-20Cr coating showed more protective features than the
75Cr3C,-25(Ni-20Cr) coating. Considering the degradation of both coatings, perpendicular cracks in the coatings were

substrate, and uneven thermal shock.

8518017 SUOWWOD @AIEa.D 3(gedljdde ayy Aq pausenob ae sajolie VO ‘8sN JO S9INJ 10j A%iqiT8UIIUO AB|IM UO (SUOIPUOD-PUR-SUR) LD A3 1M ARIq U1 |UO//STIY) SUOIPUOD PuUe SWd 1 8y 88S *[7202/60/LT] U0 ARiqiTauluo A&[IM AISeAIUN UOPIOD 1Bqod 8y L A /4621 'Z6U8/200T 0T/I0p/u0o A3 (1M AeIq Ul |uo// Sy Woj pepeoumod ‘6 ‘202 ‘96T8LLSZ



18ofas | WILEY Bl i FAISAL ET AL.

Q
©
3]
n
)

HY |Mag| WD |Det| HFW | ———————300.0um
25.0 kV| 250%8.6 mm | SSD 0.60 mm IR

FIGURE 10 High velocity oxy-fuel thermal sprayed coating cross-sections: (i) Ni-21Cr9Mo coating after exposure in oxidizing
(N,-20H,0-14C0,-30,-500 vppm HCI) atmosphere, where the splat boundaries were attacked by chlorine (A is labeled as splat boundaries,
B is labeled as composition of the splats which remained unaffected,” (ii) 80Ni-20Cr coating, and (iii) 75Cr;C,~-25(Ni-20Cr) coating (both
coating subjected to the cyclic oxidation in Na,SO4~60%V,05 environment at 750°C for 50 cycles)”! (Source: reproduced with permission).

For biomass incinerator applications, Paul and Harvey’* investigated HVOF sprayed coatings (NiCrBSiFe, alloy 718,
alloy 625, and alloy C-276) deposited on to P91 substrates. The corrosion testing of coated samples was carried at ~525,
625, and 725°C in K,S0,4-KCl mixture and gaseous HCI-H,0-0O; containing environments. Analysis of corroded samples
showed that at 725°C, the alloy 625, alloy 718, and NiCrBSiFe coatings performed better than alloy C-276 coating. Consid-
ering the corrosion mechanism, it was suggested that in such coatings, the inter-splat boundaries form the weakest part
and that is where corrosion initiates. Further on, once the corrosion initiates at the splat boundaries and corrosion prod-
uct forms, mechanical stresses are generated at the interface, causing blistering, and peeling of the corrosion layer. And,
as schematically illustrated in Figure 11, in cases where an oxide layer is formed (forming a protective layer), spalling of
the top layer could be mitigated, however when exposed to molten salt and HCl-containing environments, corrosive gases
could penetrate through the inter-connected/inter-splat porosity, leading to accelerated corrosion rate and significant
degradation of coating-substrate system.

For boiler applications, Oksa et al.” investigated high temperature molten salt corrosion behavior of HVOF sprayed
coatings (i.e., nickel-based alloys with high chromium content NiCr, IN625, and Ni-21Cr-10W-9Mo-4Cu or Diamalloy
4006, and iron-based Fe-25Cr-15W-12Nb-6Mo or SHS9172). The coatings were deposited onto X20CrMoV121 (X20),
Nimonic® alloy 263 (Alloy 263) and iron-based alloy (Sanicro 25) substrates. The corrosion tests were carried in a molten
alkali chloride salt (NaCl, KCl, and Na,SO,4) at 575°C and 625°C. Results demonstrated that Diamalloy 4006 coating and
SHS9172 coating had the best corrosion properties, however, vertical cracking in SHS9172 coating were observed, poten-
tially due to combined effect of corrosion and high tensile residual stresses in coatings. The NiCr and IN625 coatings
protected the substrates but formed thick corrosion deposits when tested at 575°C.

For boiler applications, Mishra et al.”® investigated Stellite-6 (C-1.05, W-4.48, Ni-1.95, Fe-1.78, Cr29.50, Si-1.18,
Mg-0.45, Co-balance) and Stellite-21 (C-0.25, Mo5.5, Ni-3.0, Fe-1.0, Cr-29.0, Si-1.0, Co-balance) coatings deposited by
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FIGURE 11 Corrosion mechanism at high temperature (with cases where oxide layer forms)’* (Source: reproduced with permission).

detonation gun method on to boiler steel SAE 431 substrate (i.e., C-0.16, Mg-1.0, Si-1, S-0.03, P-0.04, Cr-16, Ni-2.5, and
Fe-balance). The hot corrosion performance was carried in an aggressive environment of Na,SO4-82%Fe,(SO,); under
cyclic conditions at an elevated temperature of 900°C. The overall comparison showed that Stellite-6 coating had a better
hot corrosion resistance than Stellite-21 coating, due to Stellite-6 coating’s characteristics of forming a diffusion barrier
layer to the degrading species through formation of chromium oxides. The microcracks which originated from the edge
of the Stellite-21 coated sample led to coating spallation and higher weight loss.

For applications related to garbage incinerator and boiler tubes, Porcayo-Calderdn et al.”’ investigated hot corrosion
behavior of Ni20Cr coatings which deposited on to stainless steel 304 by HVOF method. The samples were tested in
ZnCl,-KCl molten salts 350, 400, and 450°C. At the highest temperature of 450°C, there was some degradation of the
coating surface, leading to molten salt penetration slightly into the coating. However, overall analysis showed that Ni20Cr
coatings had higher corrosion resistance in ZnCl,-KCI molten salt at all temperatures than 304 stainless steel substrates.
While Cr and Fe played a detrimental role, it was implied that a high Ni content (or Ni-rich coatings) was effective in
improving the corrosion resistance.

For applications related to boiler tubes, Oksa et al.”> investigated multiple HVOF sprayed coatings (NiCr
(Ni-980-1/1260F), IN625 (Diamlloy 1005), Ni-21Cr-10 W-9Mo-4Cu (Diamalloy 4006), and Fe-25Cr-15W-12Nb-6Mo or
SHS9172 (SHS 9172HV1)) deposited on to stainless steel substrates. High temperature corrosion tests were carried out
in NaCl-KCI-Na, SO, salt (which transforms in the molten state) with a controlled H,O atmosphere at 575°C and 625°C.
Analysis showed that the Diamalloy 4006 and SHS9172 coatings had the best corrosion properties against molten salt
attack. While the NiCr and IN625 coatings were able to protect the substrates but formed thick layers of corrosion deposits.
Overall, it was suggested that coatings with low porosity (HVOF offers dense coatings) and high lamellar cohesion is
necessary, as the lamellar boundaries act as corrosion paths, and any detachment of the lamellas could lead to coatings
degradation in molten salt corrosion conditions.

Liu et al.”® investigated APS 8 mol.% Sc,03, 0.6 mol.% Y,0s-stabilized ZrO, (i.e., SCYSZ) thermal barrier coatings
deposited on to Ni-25C0-20Cr-8A1-4Ta-0.6Y (wt.%) bond coat which was deposited on to nickel-based (IC 10) superal-
loys. The corrosion tests were carried out in Na,SO4(99.5%) + V.05 (99.9%) salt at 1000°C. Analysis showed that the ScYSZ
coating had better chemical and phase stability compared to traditional YSZ coating (Figure 12). However, the destabi-
lization of ScYSZ coating was attributed to the deficiency of stabilizers which resulted from the synergic mineralization
effect of vanadium-containing compounds. It was found that the phase transformation (from tetragonal-to-monoclinic)
of ZrO, could induce the cracks in ScYSZ coating, which is responsible for the degradation of the thermal barrier
coatings.

For coal-fired gas-turbine applications, Kamal et al.” investigated detonation-gun sprayed Cr;C,-NiCr coat-
ings deposited on to Ni-based superalloys (superni 75, superni 718, Fe-based superalloy superfer 800H). The cyclic
hot-corrosion studies were carried out in 75 wt.% Na,SO,4 + 25 wt.% K,SO4 molten salt at 900°C for 100 cycles. Analysis
showed that Cr;C,-NiCr-coated sample had better hot-corrosion resistance than the uncoated substrates. This was due
to the formation of crack free protective oxides (i.e., Cr,03, NiO and formation of their spinel NiCr,0, via solid phase
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FIGURE 12 Microscopic images of APS coating after 100 h corrosion in Na,SO,4 + V,0s molten salt: (i) yttria-stabilized zirconia (YSZ)
coating surface: (A) and (B) surface morphologies showing large plate-like crystals, (ii) SCYSZ coating surface: (A) surface morphologies with
no corrosion product on the corroded surface, (B) coating surface exhibiting a significant difference, and (iii) (A) coating cross-section
showing impenetrate vertical cracks formed in ScYSZ (resulted from the phase transformation of t*-ZrO, and creation of stress), and (B) TGO
layer formed between the ScYSZ coating and bond coating”® (Source: reproduced with permission).

reaction), which leads to a slow oxide scale growth, blocks pores, and acts as diffusion barriers to the inward diffusion of
corrosive species.

Loghman-Estarki et al.%° investigated corrosion resistance of APS sprayed duplex thermal barrier coatings, that is,
scandia and yttria co-doped zirconia (nano-4 mol%SYSZ and micro-8.6SYSZ) and yttria doped zirconia (4YSZ) topcoat
deposited on to NiCrAlY bond coat with Ni-based supper-alloy (i.e., Inconel 738, Ni-15Cr-8.5Co) substrate. The corro-
sion tests were carried out in 25 mg molten vanadium oxide (V,0s) salt at 910°C for different times. Nanostructured
coating (4SYSZ) showed a higher corrosion related degradation resistance. The resistance was due to increased compli-
ance capabilities which resulted from the extra porosity presence associated with the nano-zones, including high surface
roughness and fracture toughness. Factors associated with the degradation in coatings included destroying splat features
(loose coral-like regions), formation of destructive crystals, stresses resulting from thicker thermally grown oxide (TGO),
and phase transformation.

For thermal barrier gas-turbine coating applications, Jonnalagadda et al.3! investigated the attack of vanadium pen-
taoxides (V,0s) or sodium sulphate (Na,SO,4) on the suspension plasma sprayed (SPS) yttria-stabilized zirconia (YSZ)
and gadolinium zirconate (GZ)/YSZ coatings, deposited onto Hastelloy-X substrate with Co32Nil17Cr8Al0.5Y (AMDRY
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9951) bond coat. The corrosion tests were carried at 900°C for 8 h. Analysis showed that molten salts infiltrate the coat-
ing through micro-cracks and pores, causing leaching of yttria from YSZ. The leaching of yttria destabilizes YSZ, led
to an undesired phase transformation of zirconia from tetragonal to monoclinic, which damaged the coating. Addition-
ally, stress was associated with YVO, formation, contributing to overall corrosion damage. Conversely, in the presence of
gadolinium zirconate (GZ), a low-reactive topcoat material, the columnar boundaries acted as active pathways for molten
salts, enabling extensive salt infiltration. As a result, the corrosive product GAVO, formed between the columns, as shown
in Figure 13. The presence of such corrosion products can reduce strain tolerance and cause cracking in SPS coatings.

For thermal barrier gas-turbine coating applications, Hajizadeh-Oghaz et al.®? investigated hot corrosion behavior of
APS ceria-yttria co-stabilized zirconia (CYSZ) nanostructured coatings (ZrO,-2.5 wt%Y,03-25 wt%CeO,) deposited on
to Amdry 962 (Ni22Cr10Al1Y) bond coat with Inconel 738 (Ni-15Cr-8.5Co) as substrate. The corrosion was carried in
molten salt (45wt.% Na,SO4 + 55 wt.%V,05) for 6, 12, 18, 30, 72, 156, and 300 h at 1000°C. Analysis showed that CYSZ
(nanostructured) thermal barrier coatings exhibited superior hot corrosion resistance compared to YSZ and CYSZ (both
conventional) thermal barrier coatings. Reasons were attributed to the robust acidity and high content of the stabilizer
(when compared with YSZ), and the resistance of molten salt to diffuse in nanoporous CYSZ microstructures. However,
the creation of ZrO, and YVOy,, CeVOy, and Ceq750,Zr( 5 crystals (all hot corrosion products) on the exterior topcoat
CYSZ surface led to the formation of tensile stress which then led to delamination and cracking of exterior or top part of
coatings (Figure 14).

For calcia-magnesia-alumino-silicate (CaO-MgO-Al,05-SiO, or CMAS) resistant thermal barrier gas-turbine coating
applications, Fan et al.®? investigated supersonic atmospheric plasma sprayed (S-APS) YSZ and ScYSZ coatings deposited
onto aluminium substrate. Through investigation (i.e., TBCs and CMAS interactions in a muffle furnace carried at 1320°C
for 24 h and 72 h, that is, a high-temperature furnace which typically involve combination of materials testing, heat treat-
ment, and ashing), it was observed that even though the dense and bulk YSZ material still cannot prevent the infiltration
of CMAS, the effect of defects on the CMAS infiltration of the YSZ coating is limited. Overall, it was demonstrated that
the addition of Sc,03 could improve CMAS resistance of the YSZ coating, due to lesser solubility of Sc** (compared to
Y3*+) in the CMAS, and that it is not easy to form m-phase, indicating that the ScYSZ has higher ¢-phase stability under
CMAS attack than that of conventional YSZ.

In a recent work for the application related to thermal barrier for gas-turbine coating, Praveen et al.3* develop hybrid
double-layered TBCs (solution precursor plasma sprayed lanthanum zirconate (LZ), and pyrochlore-fluorite cerium
doped lanthanum zirconate (LZC) + air plasma sprayed YSZ) and evaluated high temperature corrosion behavior of the
coatings in Na,SO,4 + V,05 environments at 800°C. It was proposed that solution precursor plasma spraying (SPPS), which
is a promising thermal spray technique which could develop thin layer with precise control over the composition and
stoichiometry of the coating, fine-porosity, phase pure and vertically cracked LZ, and LZC coatings over APS sprayed
YSZ layer to produce hybrid double-layered thermal barrier coatings (TBCs) (Figure 15). Analysis showed that the cor-
rosive salt interaction with YSZ coatings resulted in primary corrosive product (i.e., YVO,) along with monoclinic phase
transformation, potentially due to temperature and chemical composition changes, leading to structural change (volume

FIGURE 13 Cross section of two-layer gadolinium zirconate SPS coatings: (A) GdVO, on the top surface, and (B) GAVO, formation
between the columns®! (Source: reproduced under the terms of the Creative Commons CC BY license).
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FIGURE 14 Microscopic images of top surface of CYSZ nanostructured APS coatings after toleration of hot corrosion carried in
molten salt (45 wt.% Na,SO, + 55 wt.%V,0s) for 300 h (presence of cerium, oxygen, zirconium, yttrium, and vanadium was shown at the
cubic-like crystals A and C, semi-rod crystals B were composed of cerium, yttrium, oxygen, vanadium, and minor zirconium, and D showed

only the presence of cerium, oxygen, zirconium, and yttrium elements)®? (Source: reproduced with permission).

FIGURE 15
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(i) (A, B) Multi-layered coating architecture of thermal barrier coatings (TBCs), and (ii) (A, B) images of double-layered
LZC SPPS TBC after 30 h of corrosion at high-temperature®* (Source: reproduced with permission).
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change, inducing stress and affecting mechanical properties) of ZrO,. LZ coatings formed LaVO, as the primary corrosive
product along with ZrO, and LZC coatings formed (LaCe)VOy, as the primary corrosive product along with ZrO,. Even
though the vertical cracks were present in the deposited layer, they were still defied against easy infiltration towards the
YSZ layer. The LZ/LZC coatings showed inherent resistance against corrosion product infiltration which delayed coating
degradation. Compared to significant degradation in conventional YSZ layer, SPPS LZ layer, the SPPS LZC layer showed
better resistance despite vertical cracks. The underlying YSZ layer (in both double-layered LZ/LZC + YSZ architectures)
remained unaffected by the molten salts after 30 h testing. Analysis showed that both LZ and LZC coatings acted as the sac-
rificial as well as molten salt corrosion resisting layer. It was concluded that the double-layered coatings could potentially
improve corrosion resistance performance over the standalone YSZ layer.

For the application related to double ceramic layer thermal barrier coating, Zhang et al.®> developed air plasma sprayed
LaPO,/YSZ coatings onto Ni-based superalloy substrate with NiCoCrAlY as the bond coat and investigated hot corro-
sion behavior in V,05 molten salt at 700, 800, 900 and 1000°C for 4 h. While the main corrosion product observed was
La(P,V)Oy, at a higher temperature of 1000°C for the same duration, a minor amount of LaVO, was formed alongside
La(P,V)Oy, although La(P,V)O, remained the dominant corrosion product, revealing high resistance of LaPO,/YSZ TBC’s
to V,05 molten salt. It was recommended that LaPO,4 can be a promising TBC candidate for high-temperature applica-
tions, as no apparent coating degradation was observed. Roche et al.?¢ investigated air plasma sprayed bilayer thermal
barriers coatings of dense ceria yttria-stabilized zirconia (D-CYSZ)/yttria-stabilized zirconia (YSZ) deposited onto Inconel
625 substrate. High temperature corrosion resistance of the bilayer system was evaluated (at 900°C) using a salt mixture
of 32 wt.% Na,SO,4 and 68 wt.% V,0s. Investigation showed that d-CYSZ layer had a higher resistance to high tempera-
ture corrosion, exhibiting fewer changes into the microstructure and presence of the monoclinic phase transformation
despite the presence of cracks in the coating.

As discussed previously through several examples, for improved protection against molten salt corrosion, the practice
has been to develop coatings with low porosity and high lamellar cohesion. It also included mitigating cracks in coating
layers by managing the residual strains and phase transformation in coatings during manufacturing, as well as developing
top layers which are sacrificial, can act as diffusion barrier, can have reduced scale growth, and remains resistant to molten
salts, and so on. Various examples of thermally sprayed coatings considered for other aggressive corrosion resistant (other
than Cu—Cl molten salt) applications are summarized in Table 2. Figure 16 presents the reported examples of thermal
spray coating materials investigated under various molten salt and temperature test conditions (as per Tables 1 and 2).

2.9 | Prospects of thermal spray coatings for thermochemical cycles

There are several factors which could contribute to the cost-effectiveness of the decision to apply thermal spray coatings
to thermochemical molten salt structural parts. The factors could include materials and manufacturing costs, pre- and
post-manufacturing costs, maintenance costs, performance gain costs, replacement costs, and regulatory costs. Not much
is known in the proposed thermochemical cycle molten salt applications, and therefore as part of further work, there is
need to have techno-economic analysis, including assessing the circularity and life cycle assessment of both coatings and
structural parts.

Asreviewed in the sections previously, there are multiple prime design criteria which need to be considered for struc-
tural parts and overlaid coating layers, for example (Figure 17, illustrating the surface and interface issues in multilayer
structure): (a) alloys as structural materials are useful when it could provide high tensile strength at elevated temperature,
microstructurally stable, weldable, have long-time aging, creep rupture, and fatigue life, is MSR salt corrosion resistance,
oxidation resistant, embrittlement resistant, and radiation damage resistant, and so on, and (b) coating layers (one or
more layers) are useful when it could provide a thermal barrier layer, a thermal insulating layer, and a functional layer.
The thermal barrier layer could enhance mechanical bonding with the top layer, could reduce the transfer of heat, provide
low thermal conductivity, and mitigate thermal expansion mismatch need at the interface. Post-processing heat treat-
ment of thermal barrier inter-layer could influence grain size and strengthen mechanical properties. Based on operating
conditions, substrate material and thermochemical environmental exposure, the thermal insulating layer could provide
good adhesion properties, along with minimizing heat transfer and act as barrier between the coating and the chemi-
cals environment. The functional layers could add value to the overall coating-substrate system by providing low porosity
sacrificial top layer, could be resistant to aggressive corrosion, could have good hardness, layer stability at high tempera-
ture (with lower thermal conductivity), and resistant to tribological wear, could provide no appearance change (e.g., no
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FIGURE 16 Mapping the reported examples of thermal spray coating materials investigated under various molten salt and
temperature test conditions (data extracted from Tables 1 and 2) (Source: authors original image).
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FIGURE 17
coating-substrate system to mitigate various molten salt environment conditions) (Source: authors original image).

Tllustrating the surface and interface related issues in multilayer structure (presenting conceptual multi-layered
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oxidation) to the top layer, could have better overall thermo-physical properties, and provide improved chemical inertness
against foreign deposits (liquid/solid).

2.10 | Laboratory-based reactor design and immersion testing requirement

As expected for a molten salt reactor (MSR), the primary nuclear reactor coolant and/or the fuel is a molten salt mixture
at high temperature. Therefore, testing and qualification of materials (coatings and substrates) require special equipment
and procedures, as such testing are typically carried for an extended period to study the effect of molten salt.

In such work, the coatings are typically exposed to the conditions of molten salt reactor for extended period (e.g.,
100 h or more) in the absence of oxygen. The testing reactor design requires some consideration, so that during testing
the absence of oxygen in the system can be ensured. It also requires designing a new geometry of sample so that coating
integrity on the sharp edge of the sample could be mitigated, and where the immersion tests of samples can be con-
ducted for extended period. The testing should help assess the results of various materials after immersion tests and other
characterization and monitoring studies.

Majority of the analysis of coatings have been carried out through immersion test. This includes design of an immer-
sion test vessel typically as per ASTM G31-21 (Standard Guide for Laboratory Immersion Corrosion Testing of Metals),
where mainly mass loss tests could be carried. In such immersion tests, the test conditions, for example test chemical com-
position, temperature, gas sparging, liquid motion, volume, method of supporting (holding) test samples, and duration
of test could be varied and investigated.?” However, such standard test set-up does not allow measurement of cracking,
coating delamination or other effects, such as solution flow.

Siantar3® and Naterer et al.?” have described the laboratory-based immersion test and procedures to handle such tests
in much detail with the design and actual test apparatus shown in Figure 18A,B. The design of such reactor and immersion
test set-up requires special consideration. Overall, all we need is a safe testing environment during molten salt immersion
testing. These include fume hood enclosure (to allow molten chemical and gaseous waste to escape in safe direction),
high temperature protection due to filling the crucible with molten salt, followed by post-immersion cleaning of the
equipment and sample recovery for further analysis. The immersion vessel structural materials which house molten salt
should be chemically inert and should not react at high operating temperatures, should be sealed, and leak-free. They
proposed fused quartz as vessel structural material which is a better candidate material for high temperature applications
(with softening point at 1730°C, higher than the immersion test operating temperature at 500°C), which does not expand
much during extended heating, as well as it is an inert material. Other part of the test set-up could be made using other
traditional materials (such as stainless steel, borosilicate glass, Teflon, rubber, polyethylene, etc.) as those are far from
the heat source and molten salt. For measurement purpose, the vessel should have inlets and outlets for thermocouple
and connecting pipes, as well as pressure relief device for inert gas flow. The heating system with appropriate safety

2 (A) - —bK (B) 1
[0 O s N e
test | - 7 : |
" Enaiiad J ;
——
3
e
' scrubber
heating mantle

gas cylinder

FIGURE 18 Immersion test model set up: (A) same test set-up presented in simplified way by Naterer et al.,?® and (B) electrochemical
cell for corrosion testing®® (Source: reproduced with permission).
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should heat the outer side of the immersion vessel. To mitigate air pollution and ensuring that the processes comply with
emissions standards and regulations, the scrubber is also needed to offset the gaseous waste and redundant chemicals
transported by the purge gas.

Apart from weight loss method, electrochemical methods could be used to quantify corrosion rates in mm/year. Elec-
trochemical corrosion testing includes 2- or 3-electrode (i.e., counter, reference, and working) electrochemical impedance
spectroscopy (EIS) equipment and other accessories. The working electrode is typically the materials to be tested (coatings
and substrates), while the counter electrode is typically platinum wire and reference electrode could be any, for example,
Ag/AgCl. Figure 18B shows the corrosion test cell at room temperature (not high temperatures) corrosion measurement.®

Similar to methodology presented previously, Azhar®® have also used laboratory-based immersion test and proce-
dures to test various specimens, as shown in Figure 19A-E. The experimental setup included a temperature controller,
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FIGURE 19 (A)High temperature molten salt corrosion testing lab set up®; Source: permission obtained ©M.S. Azhar, all rights
reserved, (B) immersion test vessel®; Source: permission obtained ©M.S. Azhar, all rights reserved, (C) sample handing and lifting
mechanism (*%; Source: permission obtained ©M.S. Azhar, all rights reserved), (D) alternative design of corrosion test set-up® (Source:
reproduced with permission), and (E) specifically designed test cell®® (Source: reproduced with permission).
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condenser, scrubber, and immersion test vessel (made of quartz glass, for testing up to 1050°C) in the fume hood which
ventilates toxic and hazardous gases. It was suggested that glass is the only material that could be used for this purpose
as other material was not able to withstand such high temperatures with Cu—Cl environment. Considering the sam-
ple holding and handling during the immersion tests, Azhar>® simplified this with the use of two stainless steel plates
arranged in a parallel way with screws and rods (Figure 19C).

For structural samples (non-coated metallic substrates), Li et al.® proposed a method to test multiple samples in a
molten FLiNaK bath (LiF-NaF-KF: 46.5-11.5-42 mol%), where separate samples were hung up and experiments were
carried in an Ar-filled glove box to avoid the influence of excess water and oxygen (Figure 19D). In this method, the
crucible (made of graphite) was filled with FLiNaK salts and was placed into a 316 stainless steel crucible (sealed by
welding as well as heated in a furnace at 650°C for 100 h). As shown in Figure 19E, Shankar et al.®® developed corrosion
test cell for testing coated samples in molten LiCI-KCl salt. In custom built test cell, the stainless-steel cell along with the
test sample could be taken into an Ar-atmosphere glove box. The salt could then be loaded in the Al,O; crucible and could
be placed in the stainless-steel cell, along with test sample and thermocouple for temperature measurement, following
which the cell could then be sealed inside the glove box.

3 | OPPORTUNITIES AND CHALLENGES
3.1 | Design and modeling work

While there is an opportunity to advance the material, manufacturing, characterization, testing, and qualification
methods for thermochemical cycle electrolysis, it also requires developing theory and modeling. As part of the the-
ory and modeling work, the research should be covering all stages of investigation of materials design (from molecular
to macroscale) to product development, including validation, characterization, and life cycle assessment (LCA). The
approach should help translate industry needs (in relation to electrolysis-based hydrogen production) into innovation
challenges and provide solutions to multi-component parts or structures. To achieve the above outcomes, with the com-
bination of theory and modeling approaches, focusing on user cases, the research should have a clear demonstration of
modeling (e.g., Figure 20, illustration based on schematic shown in Figures 1 and 5) and system integration, including
various development stages of materials and final products.

To establish a theoretical and modeling database for predicting structural design, assembly, and operational chal-
lenges in the thermochemical module for hydrogen production application, various methods, and approaches (e.g., Monte
Carlo, finite element, and computational fluid dynamics) could be applied. The modeling could establish a design of

Electrical source

—{ H,/H,0 output

Thermal sources

(Q)

— 0,/H,0 output

Suneon

«<— H,Oinput

Anode Cathode
package package

FIGURE 20 TIllustrating the basic input and output in a nuclear thermochemical cycle electrolysis cell (Source: authors original image).
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the coating-substrate system, and operational challenges in the electrolyser unit hydrogen production. For appropriate
structural behavior, the coating-substrate system must be thermo-mechanically and thermo-chemically well-controlled
and able to be reproduced. Using theoretical and modeling methods, which can offer further detailed views of the appli-
cation process and can show the effect of different operating conditions (e.g., thermo-mechanical loads and unloading
conditions, incidental loads, durability, transient behavior, current distribution, single/multiphase flow, etc). Any design
optimisation usually requires expensive trial and error practices and procedures, therefore modeling and simulation of the
coating-substrate system operation and processes involved are very useful. Modeling will bring together the links between
the design-structure-property relationship which will acknowledge the effect of operational parameters, electrode design
and materials chosen.

Benchmarking of coating-substrate system in thermochemical cycle structural parts could be an important criterion
for various reasons. The coating-substrate system needs to be designed for high temperature thermochemical deployment
applications, and benchmarking needs to be done specifically for sector requirement (e.g., nuclear reactor heat transfer).
Issues such as operating conditions in a radiological and chemical environment, restricted access, reduced cost, enhanced
structural integrity and aligned to regulatory standards, enhanced efficiency, materials selection which can operate at high
temperature, accounting for corrosion rates, and design needs to be considered. The benchmarking work should focus on
process-property relationship models and material laws definition to apply in structural analysis and design optimisation
within the allowable limits for the cell design and manufacturing processes.

There is need to develop a base for design, manufacture, and test tasks to define the reactor specifications using lit-
erature and industrial input considering current regulatory, knowledge and technology gaps in such field. The modeling
study should focus on design integrity, structural and thermo-mechanical loading and unloading conditions (internal,
external, and deployment), incidental loads (impact and shock) and durability (cyclic loadings, vibration, and material
degradation) to enable the critical application capability. The analysis should be able to help understand the design and
dimensioning of the components. Implementation of the thermal expansion into the structural model could allow evalu-
ating the stress distribution in the reactor during a variation of operating conditions. Analysis and establishing how fluid
and by-products diffuse into the materials, investigating the effects of porosity, tortuosity, and thickness of the coating
materials is also critical. Finally, the study of heat generation and transfer could also help in defining optimized thermal
management.

3.2 | Management of radiation-induced damage and potential contamination
of materials

Nuclear radiation particles (alpha, beta, gamma, and neutron) generated due to fission reaction in nuclear reactors have
various penetration range into the materials, which could contaminate and damage the structural materials. Particles
(e.g., protons, alpha-particles/helium nuclei, beta-particle/fast neutrons or positrons, and fission fragments), could trans-
fer enough energy through elastic or inelastic collisions to remove nuclei from their lattice positions, and therefore,
such addition of vacancies and interstitial atoms could cause changes in material properties. Radiation-induced crystal-
lographic defects due to vacancies (or knock-ons), interstitials, ionization, thermal and displacement spikes, impurity
atoms, and radiation-induced creep could all have effect of greatest interest on materials.®” As shown in Figure 21, nuclear
radiation damage to structural materials poses some threats to the operation of structural parts.’® In practical terms, the
damage could be in the form of radiation hardening and embrittlement (reduced elongation and fracture toughness),
phase instabilities, irradiation creep, void swelling, corrosion, stress corrosion cracking, and more.%0-91

It is important to be clear that the radioactive contamination of the structural parts (materials) is not well understood
while developing complex multi-layer structures like nuclear thermochemical reactors for hydrogen production through
electrolysis. The structural parts (e.g., pipelines and vessels) in the vicinity of nuclear fuel (fissile product) mixed with
molten salt could be contaminated due to the presence of ionizing radiation due to radioactive decay of the contaminants.
Also, the radiation-induced damage of structural materials needs to be understood for material selection, as this could
help in evaluating the structural materials in-reactor degradation behaviors.”*-* Satisfying standard materials design
criteria based on various mechanical properties (e.g., tensile, creep, and fatigue) is critical for structural parts for nuclear
energy systems. Overall, the selected materials should provide adequate resistance to radiation damage and should show
chemical compatibility.?%!

In traditional design, there are structural parts in nuclear power reactors which are tubular or thin plate in shape.
These include zirconium (Zr)-based nuclear fuel cladding tubes, thin-plated grids in light water reactors, and oxide
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FIGURE 21 Nuclear radiation damage threats to structural materials performance® (Source: reproduced with permission).

dispersion-strengthened (ODS) steel claddings in fast breeder reactors.®> Considering the manufacturing of such parts,
they are fabricated which consist of plastic deformation process (e.g., cold/hot rolling, extrusion, and/or pilgering), lead-
ing to formation of inhomogeneous microstructures. Such deformation could lead to anisotropic mechanical properties
as well as in-reactor degradation over time.

There are established protocols to manage the sources of contamination, its containment, control, and monitoring of
contamination, decontamination, assessment of contamination hazards, nuclear waste handling and disposal, etc. How-
ever, for nuclear thermochemical electrolysis (which is a multi-layer structure made of different materials), the effect of
radioactive contamination and degradation of structural parts is not well understood or not explored much. This means
more research is needed to determine structural contamination, its degradation and to put in place necessary measures
for a sustainable electrolysis process. One of the important actions could be the application of radiation-shielding mate-
rials (for example, traditional lead (Pb) or lead composite shielding) which could help attenuate the radiation level into
the material. Noteworthy, Pb is soft, malleable and corrosion resistant material. Alternatively, the application of Pb-free
shielding materials which could provide similar protection levels, which could be tin, antimony, tungsten, or bismuth,
however, further investigation is needed.

For nuclear energy system based thermochemical cycle electrolysis to reach their full potential, high performing struc-
tural materials are needed that incorporate improved mechanical strength, adequate ductility, and fracture toughness,
along with good radiation resistance, and high temperature corrosion resistance. Multiphysics computational modeling
approach, and experimental validation will be needed to demonstrate the stability of new structural alloys and coating
materials under prolonged exposure to high temperature, mechanical stress, and nuclear irradiation.

4 | MISCELLANEOUS OPPORTUNITIES
4.1 | Alternative manufacturing for aggressive corrosive environments

Manufacturing for aggressive and harsh corrosive environments (such as high temperature and pressure, corrosive and
high radiation levels, and potentially other demanding factors) involves the production of structural and coating parts
that can sustain and reliably perform under harsh and challenging conditions. Due to the lack of structural materials
which can withstand the high temperature corrosive environment, commercialisation of MSRs technology is significantly
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hindered.* Development of new alloys, possibly combined with advanced deposition or coating methods, with enhanced
mechanical properties, resistance to corrosion in molten salts and radiation damage should be considered.

Manufacturing techniques continue to evolve rapidly, and new approaches have gained traction to manufacture alloys
and coatings which could assist in enhancing the properties. Utilization of alternative manufacturing techniques can be
considered such as additive manufacturing (AM), laser processing, powder metallurgy, and potentially application of nan-
otechnology to produce structural and coated components with better performance. Additive manufacturing has allowed
the use of high-temperature resistant materials, such as Ni-based superalloys and refractory metals, which are crucial
for components operating in extreme heat environments.” It can also produce intricate geometries that are challenging
to achieve using traditional manufacturing methods, however further research is needed to find if additive manufac-
tured components could improve performance and efficiency in thermochemical extreme environments. This becomes
more important as additive manufacturing could allow for rapid prototyping and customisation for complex shapes, rapid
repair, and maintenance, potentially reducing downtime, and creation of radiation tolerant structures.

Laser cladding, also known as laser metal deposition, is a new type of surface engineering or coating technology.
During this process, the cladding powder melts and solidify on the substrate under the irradiation of laser beam (high
power laser as a heat source). Coating layers deposited by laser cladding for molten salt reactors serve multiple purpose,
ranging from hard, self-lubricating, high temperature oxidation resistant, to wear and corrosion-resistant layers. Laser
cladded layer forms a metallurgical bond with the substrate (good adhesion with the substrate), heat-affected zone are
small, and forms a fine microstructure due to large temperature gradient. Laser cladded coated layers have been developed
from a single crystal alloy, amorphous alloys, multiple-alloy, multiple-ceramics, high entropy alloys (HEAs).”%%7

Powder metallurgy technique has allowed the use of refractory metals and alloys that can withstand extreme heat con-
ditions, can enabling the production of components with complex shapes, can help achieve uniform microstructures, can
incorporate various materials and additives leading to the creation of composite structure, and can have reduced mate-
rial waste. As an example, Li et al.*® used powder metallurgy method and prepared 1 wt.% Y, 05 dispersion-strengthened
NiMo-based alloys as structural materials and demonstrated its higher ultimate tensile strengths and yield strengths than
the Ni-based alloy (Hastelloy N).

4.2 | Reliability assessment opportunity

Reliability analysis for a thermochemical electrolysis system could be based on system level physical modeling and
experimental results for degradation. As seen through various research, there could be various reasons that may cause
degradation or failure of nuclear thermochemical cycle structural parts (such as anode package, cathode package, mem-
brane). Monitoring and analyzing such systems are important, like other similar structures or multi-stack systems (e.g.,
solid oxide fuel cell or SOFC,” or other unrelated fields). While degradation of materials and structural parts can lead to
failure, but other factors could also lead to failure, which could be excessive current densities, cyclic power supply (i.e.,
start-up and shut down cycles), and associated failure probabilities. Additional factors could also lead to failure such as
variation between steady and transient state operations, sudden mechanical shock to structural parts (due environmental
factors), including any human handling error.

As discussed previously, the structural parts of electrolysers are made up of layers of metals and coatings (alloys,
ceramic, and cermets), the flaws could be in both substrate and coatings, and the failure probability could be more in the
anode part due to its direct interaction with molten salt. For long-term stability of the thermochemical cycle structural
parts and coating materials, an adequate match and compatibility in terms of thermo-mechanical and thermo-chemical
properties is important. One of the important physical quantities to monitor during operation of a combined thermo-
chemical cycle electrolysis system is heat input at the anode side and heat distribution to rest of the structure (coating and
substrate system). High temperature corrosive environment has a strong effect on several structural degradation mech-
anisms, also on performance and durability on system level. Stack system failure could lead to changes in voltage and
current density due to an increased power density per stack, as typically known for solid oxide fuel cell system.’® As part of
future development, development of models representing the relationship between electrical voltage and current density,
and failure probability function using temperature as primary variable could be necessary.”®% Also, the development of
correlation between stresses and failure probability should be considered, which could establish the link between current
density and failure probability.*810

As proposed by Colombo and Kharton,*® a methodology for SOFC, development or implementation of similar or mod-
ified methodology to conduct a system reliability analysis for nuclear thermochemical electrolyser could be considered.
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This could include system design (or flow diagram of the process), weakest element(s) identification in one unit (a system
which could have multiple units), performance characteristics construction (experimental data and Multiphysics model),
stack level virtual aging due to degradation, system level identification of potential failure phenomena, unit level con-
struction of relationship between performance metrics and failure probability, combined calculation of failure probability
of the system, development of technological case studies, and then translation of failure behavior into financial metrics
which includes capital, operation expenditure and downtime. As there is limited literature available in thermochemical
cycle electrolyser, proposed reliability analysis and engineering design principles for SOFC system may act as an opening
for related system analyses, as recommended by Colombo and Kharton.*

4.3 | Life cycle assessment opportunity

Ambition to have a cost saving strategy and sustainable sourcing of feedstock materials (or development of new mate-
rials) is important part of nuclear thermochemical electrolysis, and this should be addressed through further research.
For a sustainable energy supply through electrolysis soon, the technologies should be environmentally burden free.
Considering the entire life cycle of the process and value chains, a life cycle assessment (LCA) is necessary to iden-
tify such impacts.!1-193 LCA is an established and internationally accepted method that is defined in the ISO standard
(e.g., ISO14040-14044). It refers to the activities during the product’s lifetime from its manufacturing, through use and
maintenance to its raw material circulation required to re-manufacture the product (cradle-to-cradle).!%4

As reviewed by Bhandari et al.,'®! electrolysers have traditionally been analyzed as a unitary system, and therefore,
details on the contribution from individual parts could not be understood from previous work. Considering different
materials and service lifetimes of parts as well as the use of environmentally friendly materials, a more disaggregated
evaluation could be interesting because it can distinguish between the different nuclear thermochemical cycle electrolyser
types, and not just their supply of energy. LCA focused on an electrolyser unit (thermochemical cycle electrolyser in
the current context) should be carried out to understand the contribution of individual parts. By including other impact
categories beyond the global warming potential (GWP), the research should also broaden the scope of the LCA studies.
Nuclear thermochemical cycle electrolyser focused life cycle analysis would be an important investigation, for example,
when toxic impacts on coating and structural materials caused by nuclear contamination are analyzed.

4.4 | Techno-economic analysis opportunity

Thermal spray coating is an integral part of various industrial sectors (e.g., aviation, transportation, power generation,
chemical and biomedical industry), with a global worth of around USD 11.37 billion in 2024 to USD 13.98 billion by
2029, growing at a CAGR of 4.22% (during forecast period 2024-2029).1%° Techno-economic analysis on the application of
thermal spray coatings for thermochemical cycle structural parts followed by the development of an electrolyser system
could help to assess its technical feasibility and economic viability. While such analysis is not sufficiently available, it could
be important to understand the potential economic benefits, risks, and barriers associated in adopting thermochemical
cycle electrolysis.>%6:1% In such analysis, a range of considerations are needed for thermochemical cycle electrolysis,
such as (a) process description (chemical reactions, materials requirement, sources of energy and description about other
components or products), (b) to set-up the facility, analysis of capital and operational costs are needed, (c) overall energy
efficiency analysis as well as energy consumption analysis are needed, (d) market analysis for revenue generation, (e)
sensitivity analysis to assess the overall economic viability, (f) technical uncertainty analysis of immature technology, (g)
environmental risk assessment and impact, and (h) financial and regulatory analysis. These analyses will help end users,
developers and stakeholders make informed decisions and guide future opportunities.

4.5 | Standards and regulation opportunity

Currently, there are no specific standards dedicated solely to thermochemical cycle electrolysis. However, relevant exist-
ing standards from different domains could be applied which covers safety, materials, environmental impact, and other
aspects related to the technology and its operation. Within such opportunities, considerations about the coating and struc-
tural materials are needed, such as (a) safety standards, (b) environmental standards, (b) chemical standards, (c) materials
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standards, (d) energy efficiency and sustainability standards, and (e) quality and reproducibility standards. Since different
countries could have specific regulations or guidelines to address aspects of thermochemical cycle electrolysis, it could be
essential to engage stakeholders, organizations, and regulatory bodies to identify and adhere to the most applicable stan-
dards and guidelines. At best in short term, awareness about the latest developments in the field could also help ensure
compliance with the best practices.

Similarly, regulations could vary by country, and it may cover various aspects, including safety, environmental impact,
operational procedures, and more. Some areas of regulation for thermochemical cycle electrolysis could include: (a) safety
regulations to ensure the safe handling of chemicals, hazardous materials, equipment, and operating procedures, pro-
cesses and safety protocols for users, (b) environmental regulations as the process can waste products and/or generate
emissions that may have impact on the environmental, (c) energy efficiency regulations as it may require the reduction
of carbon emissions associated with the process, (d) licensing regulations for operators, (e) reporting regulations on pro-
cess performance and emissions to ensure compliance with established standards, (f) waste management regulations
to address the handling, treatment, and disposal of waste materials, and (g) transportation and storage regulations of
materials or products for safety and security reasons.

Thermal spray coatings typically contain materials that are subject to regulations related to environmental impact,
workplace safety, testing methods, materials specifications, quality control, and other considerations. Standards (such as
ISO 14922:2021'%7) specifies quality requirements for manufacturers of thermal sprayed coatings to ensure quality assur-
ance for activities in the field of production. While other standards (such as ISO 2063-2:2017'%%) specifies requirements
for corrosion protection of steel structures (between 50 and 200°C temperature range), which are coated by thermal spray-
ing of zinc, aluminium, or their alloys. It specifies requirements for coating thickness, minimum adhesive strength and
surface conditions, surface preparation, thermal spraying, testing, post treatments, and manufacturing locations (work-
shop, on-site and for repair on-site after assembly). Additionally, there are guidance!® which provide notes about thermal
spraying of metal coatings and metal compound coatings, when 20 or more tonnes are sprayed in any 12 months. There
are numerous thermal spray related specifications and standards,!!* however, there are no specific regulations on the
application of thermal spray coatings for thermochemical cycle molten salt structural parts. It is always possible and
essential to ensure compliance with known regulations, consider industrywide practices, work with regulatory agencies,
seek guidance where necessary, and maybe there is opportunity to develop specific thermal spray guidance and standards
for thermochemical cycle molten salt structural parts application.

4.6 | General innovation and opportunity

Efforts to ramp up hydrogen production and its usage are increasing in many nations, emphasizing larger-scale, more
power system-friendly electrolysis. Significant cost reductions must be made to achieve an economically sustainable route
for hydrogen production. One of the major factors that can be optimized is the electrolyser efficiency. In addition, the
material choice significantly affects the durability of the electrolyser. The electrical efficiency of the electrolyser could
achieve values higher with high operating temperatures. The required reduction of costs can only be achieved through
continuous material performance improvement.

The major concern with current large installations of novel electrolyser-based hydrogen is that the
return-on-investment cost is quite low for the smaller amounts of hydrogen produced. Several factors contribute to
this, including the scale and degree of mass-production. Electrolyser system costs start to converge at high operating
hours, meaning that the hydrogen economy becomes sustainable as the durability of the electrolyser becomes higher.
Thermochemical electrolysis techniques could potentially make a direct impact in addressing this challenge.

Further research is needed pertaining to the optimisation of the material properties to enhance the durability and
efficiency of thermochemical cycle electrolysers. The integration of data modeling methods with analytical and numer-
ical methods of process modeling shall enable the creation of full life cycle estimates of the various components of the
chosen electrolyser design. Not only is this critically important to ensure the rapid development of electrolyser materials,
but it will also have a direct impact on the process and material development costs associated with incremental changes
in the electrolyser efficiency. The operational durability of thermochemical cycle electrolyser components is expected to
improve to have a self-sustaining and flexible energy production model. This can only be possible through sustained and
focused efforts to improve the complete energy production process starting from material development to energy delivery.
In a cost analysis report of hydrogen production with different technologies, the Hydrogen Council predicts a cost reduc-
tion of 60%-80% due to the advent of large-scale manufacturing of electrodes by 2030.!! The current practice of manual
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fabrication is expected to be replaced by automated and streamlined production processes. This requires support from
R&D in optimizing the catalyst loading, increased system sizes and associated benefits. Increasing the electrolyser system
size to 80-100 MW is projected to reduce the cost from 2 USD/kg of hydrogen produced to 0.5 USD/kg by a conservative
estimate. It is also predicted that an increase in the electrolyser efficiency through a reduction in the operating voltage
could lead to a cost reduction of 0.4 USD/kg. Also, improved operational and maintenance (O&M) protocols and reduced
need for O&M due to better optimized catalyst/electrolyte combinations could lead to a cost reduction of 0.2 USD/kg of
hydrogen.

Through further research, the aim could also be to address these critical issues through extensive process modeling
and design. To aid the efficiency enhancements of such electrolysers, in this research field, one should consider creating
an extensive database of materials, their manufacturing process, characterization methods and observed microstructural
features, electrolyser performance and efficiency. This database should be made available to the wider network of energy
researchers and key stakeholders in the energy transition process. This will significantly aid in the development of novel
materials through the creation of process maps and predicted electrolyser performance using data science. The developed
numerical, data analytics and analytical models could also be made available through an open access repository that shall
significantly aid researchers in the field of hydrogen production in understanding the effects of design parameter choices
on the performance of the electrolyser.

5 | CONCLUDING REMARKS

Since thermochemical cycles operate at high temperatures in a corrosive and harsh environment, the structural (construc-
tion) and coating materials require special considerations. Thermally sprayed coatings of specialized feedstock materials
(with high thermodynamic resistance) such as superalloys, ceramics, and refractory metals have been considered for
such harsh environments as the most suitable materials (on metallic structures) for high temperature corrosive envi-
ronments. Also, there are multiple lessons learnt related to materials degradation which could be relevant for various
thermochemical cycle applications.

Assessment indicated that very limited sets of coating-substrate system with metallic interlayer is likely to survive
high temperature corrosive environment for extended period of testing. Penetration of molten salt is possible in coatings
which typically contain various types of inherent defects, for example, incompletely filled pores, inter-splat pores and
intra-splat microcracks. The failure of coating materials due to high temperature molten salt corrosion were multi-mode in
nature (i.e., deformation, fracture, and delamination). These failures were due to the asymmetric material configuration,
as well as extension of a small defect which could be accidentally included during material processing, manufacturing,
and mechanical, thermal, and chemical stress generation during operation. Over time, these failures modes ultimately
degrade the performance of the reactor, leading to the system failure.

Range of techniques could be used to fabricate high temperature corrosion resistant coatings. However, thermal
spray coating techniques can help spray feedstock materials where microstructure (e.g., porosity, crystallographic texture,
phases, anisotropy, and strains) can be controlled using selection (also called optimized) of spray process parameters.
In the published literature, the spray process parameters were developed and optimized (mainly the microstructures,
porosity, roughness, and splats size), largely to maximize corrosion resistant properties of the coatings. While fabricat-
ing thermally sprayed coatings, it has been a common practice to make changes in spray angle (normal/off normal) to
substrate that can also help unique microstructures which leads to varied active surface area. Varied active surface area
could help mitigate some of the thermochemical corrosion reaction issues. Overall, it is recommended to develop coat-
ings with low porosity (using spray techniques which offers dense coatings, e.g., HVOF, SPS, and SPPS) and high lamellar
cohesion, as the lamellar boundaries act as corrosion paths, and any detachment of the lamellas could lead to coatings
degradation in molten salt corrosion conditions. It was proposed to manufacture a metallic inter-layer coating as a means
of minimizing thermal expansion and stress effects instigated by overlaid brittle layer on a ductile substrate. Avoiding
cracks in coating layers (generally attributed to thermal expansion mismatch between the coatings and substrate, and
uneven thermal shock), potentially by managing the residual strains and phase transformation in coatings during man-
ufacturing, could also help reducing layer degradation. The strategy to reduce coating degradation should also include
developing top brittle layers which are sacrificial, act as diffusion barrier, reduced scale growth, and resistant to molten
salts.

Based on published resources, coating materials considered for the molten salt facing parts includes superal-
loys like variants of nickel-chrome alloys (e.g., Ni-Cr, Ni-20Cr, Ni-50Cr, Ni-57Cr), Ni-49Cr-2Si, Ni-57Cr-Mo-Si-B,
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Ni-21Cr-9Mo-Fe, Ni-21Cr-10 W-9Mo-4Cu, NiCr-Cr;C,, Cr;C,-25(Ni-20Cr), Ni-Cr-B-Si, Ni-Cr-B-Si-Fe), variants of super
hard steel (Fe-Cr-W-Nb-Mo), variants of iron-aluminium (e.g., Fe;Al, Fe-15A1-2Cr), cobalt-chrome (Co-Cr-Mo); ceramic
like alumina (Al,O3), variants of yttria-stabilized zirconia (YSZ), ceria doped yttria-stabilized zirconia (C-YSZ), scandium
doped yttria-stabilized zirconia (Sc-YSZ), lanthanum zirconate (LZ) and pyrochlore-fluorite cerium doped lanthanum
zirconate (LZC) with YSZ (LZ-LZC/YSZ), gadolinium zirconate (GZ) with YSZ, and lanthanum phosphate (LaPO,4) with
YSZ. Example of metallic inter-layer bond coat feedstock materials considered include variants of nickel-chrome alloys
(e.g., Ni-Cr-Al-Y, Ni-25C0-20Cr-8Al-4Ta-0.6Y, Co-32Ni-17Cr-8Al-0.5Y), as a means of minimizing thermal expansion and
stress effects.

Application of advanced thermal spray techniques, for example, solution or suspension based thermal spray tech-
niques (SPPS/SPS) have resulted in coatings with micrometer to nanometer microstructures. Varied high energy deposits,
for example, high temperature (as in air plasma spraying or APS), leads to fully molten feedstock particles, relatively
less temperature (as in high velocity oxy-fuel or HVOF), leads to partially or un-molten feedstock particle, whereas
significantly less temperature or near room temperature (as in cold gas dynamic spray or CGDS), leads to minimal oxida-
tion with highly deformed sprayed feedstock particles. Therefore, the coating deposits with flattened feedstock particles
(deformed-fully or partially, or combination of both) can be developed leading to different microstructures and rough-
ness depending on process parameters and spray techniques used. The process parameters and spray techniques could
also lead to varied through-thickness residual strains (compressive, tensile, or combination of both) in coating-substrate
system which in turn could impact overall coating properties.

Lack of solutions utilizing the thermochemical technique for electrolysis does not permit commercial exploitation so
far. There is a need to carry fundamental research that could help overcome present challenges and assess opportunities
that will unlock efficient hydrogen production with stable thermochemical cycles for operation at Molten Salt Reactor
(MSR) nuclear plants. Testing and qualification of materials (coatings, substrates) require specialized equipment and
procedures, as such testing is typically carried out for an extended period to study the effect of molten salt. In such work,
the coatings are typically exposed to the conditions within an MSR for an extensive period (~100-500 h or more) in the
absence of oxygen. It also requires designing a new geometry of sample so that coating integrity on the sharp edge of
the sample could be mitigated, and where the immersion tests of samples can be conducted for extended period. Such a
test set-up should help evaluate and compare the results of various corrosion resistant coatings after immersion tests and
other characterization and monitoring studies.

Some of the know-how, and new design of thermal spray coatings could be useful for thermochemical cycle structural
part applications. The example applications included thermal spray coating when tested in aggressive corrosive environ-
ment at high temperature, such as nuclear reaction vessels, boiler, waste incinerators, aero engine gas-turbine, and so on.
As of now, thermally sprayed coatings present some inherent challenges, for example, deterioration (corrosion, cracking,
and reduced residual strength), low mechanical strength, and effect of high operating temperature. Not much research
has been carried to investigate the long-term structural stability of the coating-substrate system in thermochemical cycle
applications, as well as their life cycle assessment. To develop a technology demonstrator in relation to thermochemical
cycle structural parts, among others metallic alloys, perhaps selective materials (i.e., 2/4Cr-1Mo and 9Cr-1Mo steels, stain-
less steel 304, stainless steel 316, and Incoloy 800H, Hastelloy N) may be adequate, as such materials are currently fully
code-qualified for nuclear construction if the operating temperature is restricted. However, the combination of high per-
forming substrate and coating materials (including those possible via additive manufacturing, laser cladding, and powder
metallurgy routes) still requires research, potentially leading to fully code-qualified thermochemical cycle constructions
(for electrolyser).

There is a need to benchmark thermochemical electrolysis cell materials, design, and operational configurations, if
considering for nuclear reactor applications. It also requires developing numerical and computational modeling for reli-
able design of materials and manufacturing processes, scalable manufacturing, and effective quality control. Issues such
as operating conditions in a radiological and chemical environment, restricted access, reduced cost, enhanced struc-
tural integrity aligned to regulatory standards, enhanced efficiency, materials selection, and accounting for corrosion
rates and degradations needs to be considered. There is a need to have standards or data to support any qualification
of structural and coating materials for molten salt reactor thermochemical cycle. If above is not addressed adequately,
then it is expected that barriers will be in the adoption, implementation, and sustaining of the new technology. However,
this could be overcome through incremental research, and through the provision of awareness, training, and resource
allocation.
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