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The development of fast neutron reactors with improved efficiency
and sustainability, being a tangible solution to the large-scale
utilization of nuclear energy, serves as a critical step prior to the
commercialization of fusion energy. These reactors use liquid metal
coolants, which can weaken the durability of metallic components.
Conventional design of protective coatings counts upon thermo-
dynamics, which often overlooks the kinetic factors such as structural
evolutions, resulting in deteriorated coating properties. Herein, we
present a novel interface-engineering strategy involving the control of
the phase transformation direction and interface diffusion reaction.
Through iterations of self-organization, desired surfaces and inter-
faces can be achieved for materials used in harsh environments.
Specifically, a CrN-coated steel sample with an interfacial Cr layer
was designed and fabricated. After ultra-long (up to 6000 h) immer-
sion in liquid sodium, the CrN/Cr coating structure was converted into
a sandwich Cr,N/CrN/Cr;N structure dynamically. As a consequence,
the coating system exhibited enhanced properties, namely increased
surface hardness (by ~36%), reduced coefficient of friction (by
~13%), and enhanced interfacial adhesion (by ~37%). Thus, the
proposed strategy can guide the future design of robust coatings with
ultra-long service life in harsh environments.

Introduction

To reach net-zero emissions worldwide by 2050, the develop-
ment of reliable fast neutron reactors has become a tangible
solution to the large-scale utilization of nuclear energy. In this
context, the European Union has recently launched a new act
on climate change mitigation and adaptation covering certain
nuclear activities, among which the promotion of advanced
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New concepts

Developments of durable protective coatings for use in harsh environments
have long been a pursuit, yet are extremely difficult to achieve. In this
communication, we propose a novel interface-engineering strategy
consisting of the deliberate control of the phase transformation direction
and interface diffusion reaction, which differs from the conventional
concept of materials design that mainly counts upon thermodynamics
with the kinetic factors overlooked. Following such a strategy, we
successfully attained self-organized surfaces and interfaces desired for
components serving under harsh conditions, and the coating system
exhibited time-dependent property reinforcements, ie., a ~36% rise in
hardness, a ~13% reduction in COF, and a ~37% increase in adhesion
strength, after ultra-long (over 6000 h) immersion in liquid sodium, in sharp
contrast to the routinely observed property degradation upon high
temperature exposure. Thus, this study provides a new thread for the
design of self-adaptive coating systems serving in nuclear reactors, and the
interface-engineering strategy proposed is expected to propel breakthroughs
in the fields of coating development for harsh environments.

nuclear reactors with closed fuel cycles has been revitalized
since 2023." Fast neutron reactors that use uranium-238 have
the potential to solve the longstanding efficiency and sustain-
ability issues associated with thermal reactors.” For example,
the current pressurized water reactors (PWRs) harness <1% of
the total energetic power of uranium. In contrast, the next-
generation sodium-cooled fast reactors (SFRs) have the
potential to harness >60% while also featuring higher power
density and reducing the radioactive waste lifetime. The SFR,
which typically runs at 370-550 °C and utilizes liquid sodium as
a coolant instead of water, requires reliable materials for a life
expectancy of 60 years.’

The in-core and out-of-core structures in the SFR, including
fuel claddings, control rods, and their mechanical auxiliaries,
are made of stainless steel (SS).>* Some of these SS components,
such as the control rod drive mechanisms, are subjected to wear
contact.’ A primary research focus has been laid on the compat-
ibility between major types of SS materials and liquid sodium,*®
and the austenitic SS was found to be less sensitive to liquid
metal embrittlement than the ferritic and martensitic ones.’”
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Still, the dissolutions of iron, nickel, and chromium on the
austenitic SS surface can be identified shortly after 250 h, with
the resultant generations of NaCrO, layers and discrete cavities
underneath.® Against this backdrop, proper coatings that are
adaptive to the liquid sodium environment are deemed necessary
to prolong the service life of SS. Relevant attempts included the
thermally sprayed ceramic coatings (e.g:, Y,Al;O),’ the electro-
plated metallic coatings (e.g., Cr),"° and the nitrided-coated surfaces
consisting of Fe;O, and CrN;'" unfortunately, all these candidate
coatings were unable to block the element diffusion at elevated
temperatures. Recent endeavors with the construction of duplex
nitride coatings,""* despite being more protective, encountered an
inevitable decline of hardness at high temperatures, which raised
additional concern on the tribological performance of coated SS.

Conventional strategies leverage thermodynamics to develop
the coatings with anti-corrosion and anti-wear properties,'*">
which reckon on the phase equilibria to possibly acquire targeted
phase compositions. Nevertheless, coatings are normally depos-
ited via non-equilibrium processes where metastable phases can
form.'®!” The evolution of the metastable phases towards their
equilibrium states, albeit theoretically feasible, can hardly proceed
in a controlled manner, accompanied with property deteriora-
tions. For example, a variety of fuel cladding coatings, including
the nitride (e.g., TiAICTN) and metallic (e.g., Zr) ones,"®"® experi-
enced phase decomposition or transformation upon high tem-
perature exposure, resulting in a lessened barrier effect on oxygen
diffusion; while some others, such as the CrN and TiO,
coatings,””*' exhibited the formation of interfacial phases due
to the dynamic diffusion of N (from CrN) and Cr (from SS
substrates), producing internal stresses and defects as a conse-
quence. These phase transitions and structural mutations at the
surfaces and interfaces of coatings highlight the importance of
kinetic factors in addition to the thermodynamic ones during the
coating design.

Thus far, a cornerstone strategy for designing self-adaptive
coating systems with long-term protectiveness under the stimuli
of high temperature, corrosion, and stress in the SFR and other
harsh environments is yet to be developed. Recent successes™>>*
in the manipulation of segment migration and interface reaction
in the functional coatings to endow strong interfacial adhesion in
aquatic environments have offered some clues for designing
robust self-adaptive coatings. In the current work, we propose
an interface-engineering strategy (Fig. 1A) involving the control of
phase transformation direction and interface diffusion reaction
for realizing self-adaptive coating systems with long-term durabil-
ity. The thermodynamic and kinetic aspects of this strategy were
rationalized via the CALculation of PHAse Diagrams (CALPHAD)
and the ab initio molecular dynamics (AIMD) approaches. Follow-
ing such a strategy, we synthesized a CrN coating on austenitic
316L SS substrates with an interfacial Cr layer for the SFR
application. As stable surface states of nuclear materials can be
readily achieved within 1000-5000 h,>* we selected 6000 h as the
total duration of liquid sodium exposure tests. After the immer-
sion, the designed coating system exhibited enhanced properties
(such as higher hardness, lower COF, and strengthened interfacial
adhesion), as opposed to the routinely witnessed property
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degradations. Such property enhancements were attributable to
the self-organized sandwich structure of Cr,N/CrN/Cr,N.

Results and discussion

The chromium nitride coating that has exhibited superior irradia-
tion resistance over other ceramic and metallic coatings was
selected as the model coating system.>> The purpose of the
interface-engineering strategy adopted in this work is to fabricate
the coating system enriched with the Cr,N phase that has been
characterized by the high hardness and corrosion resistance yet a
narrow processing window.>®”” Following such a strategy, the
CrN/Cr duplex coatings on the SS substrates were considered, with
the original and ultimate phase compositions assessed at three
interfaces, namely (i) the CrN/Cr, (ii) the Cr/Fe, and (iii) the CrN/
Na. The vertical section of the Cr-N binary phase diagram
(Fig. 1B) was established to identify potential phase transitions
at the CrN/Cr interface. Since the Cr,N single-phase region is
located between the (Cr) and CrN single-phase regions, the
equilibrium phase state at the CrN/Cr interface after the immer-
sion in liquid sodium (at 500 °C) would most likely be (Cr) + Cr,N
(marked orange) or CrN + Cr,N (marked green). As for the Cr/Fe
interface, the isothermal section of the Cr-Fe-N ternary system at
500 °C (Fig. 1C) was evaluated. The equilibrium phase component
would fall within the (Cr) + Cr,N + (Fe) three-phase region
(marked orange) or the Cr,N + (Fe) two-phase region (marked
green). Note that the (Cr) and (Fe) phases could not co-exist under
this condition, unless the new phase (Cr,N) formed. For the CrN/
Na interface, ie., the coating top surface in contact with the
corrosion medium, the isothermal section of the Cr-Na-N ternary
system at 500 °C (Fig. 1D) shows that in addition to the coex-
istence of CrN and Na (marked red), Cr,N might also be present in
the equilibrium composition as a Cr,N + CrN + Na three-phase
region (marked orange) and a narrow Cr,N + Na two-phase region
(marked green) can be noted as well.

The kinetics of potential phase transformations towards the
Cr,N phase in the model coating system were further investi-
gated through AIMD. At the CrN/Cr interface (Fig. 1E), it is
shown that both Cr and N atoms in the face-centered-cubic (fcc)
CrN became irregularly arranged after the simulation at 500 °C
for 10000 fs. In addition, with several N atoms diffusing into
the body-centered-cubic (bce) Cr, the original CrN/Cr interface
collapsed. These kinetic results agree well with the calculated
phase diagram (Fig. 1A). The potential phase transition at the
CrN/Cr interface can be suggested as follows:

(Cr) + CtN - Cr,N (1)

In terms of the coating top surface, the kinetic simulations
considered the CrN (Fig. 1F) and Cr,N (Fig. 1G) in contact with
liquid sodium at 500 °C, and the results reveal that both interfaces
remained unchanged after 10 000 fs. Nevertheless, the average radial
distribution functions differed between the CrN and Cr,N structures
(Fig. S1, ESIt). The Cr,N structure was well maintained after
simulation, except for minor distortions. In contrast, the CrN
structure was substantially destroyed, suggesting its instability when

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (A) lllustration of the proposed interface-engineering strategy for developing a self-organized sandwich coating structure with enhanced
properties for sodium-cooled fast reactors (SFRs). (B) Cr—N binary phase diagram. (C) Isothermal section of the Cr—Fe—N system at 500 °C. (D)
Isothermal section of the Cr—Na—N system at 500 °C. Ab initio molecular dynamics (AIMD) results of (E) CrN/Cr, (F) CrN/Na, and (G) CroN/Na interface

structures simulated at 500 °C for 10 000 fs.

exposed to liquid sodium. These kinetic simulations together with
the thermodynamic results (Fig. 1D) could indicate the high
propensity of phase transformation from CrN to Cr,N at the coating
top surface via the following reaction:

(Cr) + CIN + (Na, liq) — Cr,N + (Na, liq) (2)

It is pertinent to note that the CrN phase should be more
stable than the Cr,N phase at a temperature of 500 °C,”® while

This journal is © The Royal Society of Chemistry 2024

in the presence of liquid sodium the CrN structure became
incapable of maintaining its integrity. Thus, the (Na, liq) may
act as a catalyst to facilitate the phase transformation, and such
inference may need further validation.

To validate the effectiveness of the proposed strategy, the
designed coating system was fabricated on 316L SS substrates.
The as-deposited coating was dark grey in color (Fig. S2, ESIY)
and had a total thickness of ~46 pm (Fig. S3, ESIT), which can
be referred to as the CrN*/(Cr)* coating (where the asterisk

Mater. Horiz., 2024, 11, 4359-4366 | 4361
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Fig. 2 (A) X-ray diffraction (XRD) patterns and (B) electron backscatter diffraction (EBSD) phase maps of the as-deposited CrN*/(Cr)* coating and the
coating immersed in liquid sodium at 500 °C for 1000, 3000, and 6000 h. (C) Schematic diagrams of the stepwise formation of a self-organized sandwich
structure composed of CroN/CrN/Cr,N. The asterisk denotes the main phase in each layer.

denotes the main phase in each layer), as per the X-ray diffrac-
tion (XRD) and electron backscatter diffraction (EBSD) results.
Fig. 2A shows that the as-deposited CrN* top layer was
composed of CrN (space group: Fm3m) and minor Cr,N (space
group: P31m), which, in addition, may incorporate marginal
(Cr) phase (space group: Im3m) at a level undetectable by XRD
(Fig. 2B), as metallic macro-particles (droplets) can be com-
monly observed in arc evaporation-deposited coatings.?® In the
(Cr)* transition layer, Fig. 2B, minor Cr,N coexisted with (Cr)
phase, which originated from the phase transformation during
coating deposition.

After the coating was immersed in 500 °C liquid sodium for
different durations (1000, 3000, and 6000 h), its surface became
light grey (Fig. S2, ESIT), which was owing to the exfoliation of
oxide layers on the coating surface in liquid sodium.*® Simulta-
neously, the coating/substrate interface showed the gradual
formation of a continuous layer, which was particularly promi-
nent after 6000 h exposure in liquid sodium (Fig. S3, ESIY).
According to the XRD (Fig. 2A) measurements, the coating
surface that was immersed in liquid sodium for 1000 h exhib-
ited sharper Cr,N peaks than the as-deposited one. The peak
intensities of Cr,N continued to increase after 3000 h, which
eventually became the dominant phase (instead of CrN) after
6000 h. The EBSD phase maps (Fig. 2B) further unveiled that
the Cr,N phase was randomly distributed in the CrN* layer after
1000 h exposure, with a tendency to coalesce at the CrN*/(Cr)*
interface. After 3000 h, the Cr,N phase was further assembled
at the interface, while the top surface revealed only a trace

4362 | Mater. Horiz., 2024, 11, 4359-4366

amount of Cr,N formation. Eventually after 6000 h, the original
(Cr)* transition layer was completely transformed into a Cr,N
layer, while another Cr,N layer was concurrently generated at
the top surface. Hitherto, a self-organized sandwich structure
consisting of Cr,N/CrN/Cr,N was formed as designed after the
ultra-long immersion in liquid sodium.

The schematic diagrams to illustrate the phase transformation-
induced generation of the sandwich structure are shown in
Fig. 2C. The original coating (¢t = 0 h) was in a metastable state,
which finally became close to a phase-equilibrium state (¢ =
6000 h). The formation of the self-organized sandwich structure
benefited from such metastable-to-stable phase transformation in
a stepwise manner, during which intermediate states (¢ = 1000,
3000 h) were present. One should note that the phase transforma-
tion direction was well predicted by the thermodynamic calcula-
tions (Fig. 1B-D), while the earlier formation of the Cr,N layer at
the interface compared with that at the top surface was also
supported by the kinetic simulations (Fig. 1E-G).

The grain morphologies in the interfacial region before and
after the phase transition were specifically investigated via trans-
mission electron microscopy (TEM). According to Fig. 3A, both the
CrN* layer and the (Cr)* layer exhibited lath-like grains with an
average width of ~70 nm. The transmission Kikuchi diffraction
(TKD) and the energy dispersive X-ray spectroscopy (EDS) maps
revealed that the original (Cr)* layer had a thickness of ~500 nm.
The selected area electron diffraction (SAED) pattern (Fig. 3A1) of
the (Cr)* layer revealed its incorporation of nano-crystalline (Cr)
grains. The nano-beam diffraction (NBD) pattern (Fig. 3A2) of the

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 (A) Transmission electron microscope (TEM) image with the transmission Kikuchi diffraction (TKD) map of the interfacial region of the as-
deposited CrN*/(Cr)* coating system. The energy dispersive X-ray spectroscopy (EDS) maps of Cr, N, and Fe, as well as the selected area electron
diffraction (SAED) and nano-beam diffraction (NBD) patterns are provided for the analyses of chemical and phase compositions. (B) TEM image with TKD
map of the interfacial region of the coating system after 6000 h immersion in liquid sodium. The EDS maps of Cr, N, and Fe, as well as the SAED and NBD

patterns are provided for the analyses of chemical and phase compositions.

CrN* layer validated the presence of CrN grains with a cubic
structure. The 6000 h immersion in liquid sodium resulted in
remarkable microstructural variations in the interfacial region.
Although rod-like grains with an average width of ~110 nm were
still observable adjacent to the SS substrate, a number of equiaxed
grains with similar widths emerged right above them (Fig. 3B). In
light of the TKD map, both rod-like and equiaxed grains belonged
to the Cr,N phase. In addition, no element (Cr and N) segregation
can be detected in this interfacial region, suggesting the thorough
transformation from (Cr) to Cr,N. Further examination of the
SAED pattern (Fig. 3B1) again confirmed the conversion of the
original (Cr) into Cr,N, while the NBD pattern (Fig. 3B2) revealed
the transformation of CrN into Cr,N as well, both of which
validated the interface reaction proposed (eqn (1)). The dynamic

This journal is © The Royal Society of Chemistry 2024

phase transition thus eliminated the initial CrN*/(Cr)* interface,
forming an integrated layer of Cr,N, which could be beneficial to
the interfacial bonding, a point that will be examined in the
following paragraph.

The effect of the stepwise evolution towards the Cr,N/CrN/
Cr,N sandwich structure on the mechanical and tribological
properties was examined periodically (after 1000, 3000, and
6000 h immersion). As shown in Fig. 44, the benchmark
adhesion force of the as-deposited coating to the SS substrate
was measured as ~117 N, which rose to ~153 N after 1000 h
and plateaued at ~160 N after 3000 h and 6000 h. The average
coefficient of friction (COF) value of the coated surface after
6000 h immersion in liquid sodium (~0.47) became slightly
lower than the pre-immersion one (~ 0.54). The hardness of the

Mater. Horiz., 2024, 11, 4359-4366 | 4363
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coated surface, in addition, gradually increased over the expo-
sure time, from an initial value of ~15 GPa to a value of ~21
GPa after 6000 h. Both the decrease in COF and the increase in
hardness would indicate the dynamic improvement in the
tribological properties of the engineered coating system. The
temperature-induced changes in the hardness of typical nitride
coatings and SS*'” were further compared (Fig. 4B). Besides
the TiAlIN coating, which showed increased hardness (by <1%)
after heat treatment,®" other types of nitride coatings exhibited
prominent hardness decreases following the high temperature
annealing (500 °C). For example, the TiN coating exhibited a
~9% decline in hardness,*' and this downward trend was also

View Article Online
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supported by the theoretical results.”” Similarly, the SS materi-
als encountered inevitable decreases in hardness (~4% for 316
LN $S** and ~15% for 304 SS**) after high temperature
exposure. In sharp contrast to these widely-used binary and
ternary nitride coating systems (including their multilayer
counterparts) and SS materials, the coating system engineered
in this work showed a hardness increase rate of ~37%, con-
sistent with the hardness difference (~36%) between CrN and
Cr,N predicted using ab initio calculations. Thus, the coating
system designed based on the interface-engineering strategy is
expected to impart ultra-long surface protection to the SS
components serving in SFR environments.
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Fig. 4 (A) Variations of hardness, adhesion force, and coefficient of friction (COF) with the increased duration of exposure to high temperature liquid
sodium. (B) Temperature-induced hardness variations of the designed coating system in this work and the typical nitride coatings and SS materials after

high temperature annealing at 500 °C reported in the literature 313"
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Conclusions

To avoid property degradation and prolong the service life of
critical materials used in harsh environments, we propose a
novel interface-engineering strategy that involves the subtle
control of the phase transformation direction and interface
diffusion reaction. The coating/substrate and coating/
corrosion-medium interfaces became the areas of interests at
which the thermodynamics and kinetics of phase transforma-
tions were considered. Based on such a strategy, a CrN/Cr
coating system was designed, which could generate a self-
organized sandwich structure of Cr,N/CrN/Cr,N after the
ultra-long immersion (up to 6000 h) in high temperature liquid
sodium. Along with the phase transitions, the coating system
exhibited dynamic property reinforcements, namely an ~37%
rise in hardness, ~13% reduction in COF, and ~37% increase
in adhesion strength. Thus, the proposed strategy may provide
solutions superior to the conventional methods that relied
solely on thermodynamics to amend the compositions and
processing routines, and can usefully guide the material
exploration for achieving ultra-long service life in nuclear
power systems and other harsh-environment systems.
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