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Abstract: The development of coatings for accident-tolerant fuels (ATFs) for light water reactor
(LWR) applications promises improved corrosion resistance under accident conditions and better
performances during operation. CrN and TiN coatings are characterized by high wear resistance
coupled with good corrosion resistance properties. They are generally used to protect materials in
applications where extreme conditions are involved and represent promising candidates for ATFE.
Zr cladding tubes coated with 5 um-thick CrN or TiN, exposed in an autoclave to simulated PWR
chemistry and BWR chemistry, were characterized with SEM, EDS, and STEM. The investigation
focused on the performance and oxidation mechanisms of the coated claddings under simulated
reactor chemistry. Both coatings provided improved oxidation resistance in a simulated PWR
environment, where passivating films of CrpOs and TiOy, less than 1 pm-thick, formed on the CrN
and TiN outer surfaces, respectively. Under the more challenging BWR conditions, any formed Cr,O3
dissolved into the oxidizing water, resulting in the complete dissolution of the CrN coating. For
the TiN coating, the formation of a stable TiO, film was observed under BWR conditions, but the
developed oxide film was unable to stop the flux of oxygen to the substrate, causing the oxidation of
the substrate.

Keywords: accident-tolerant fuel; CrN; TiN; nitride coating; autoclave corrosion testing

1. Introduction

The development of accident-tolerant fuels (ATFs) for light water reactors (LWRs) has
been proposed to offer new materials that are able to withstand severe accident conditions
and to improve the performance of the currently used Zr alloys [1,2]. In LWRs, the cladding
tube encloses the fuel pellets and prevents any release of radioactive material into the
cooling water. The main degradation mechanisms that affect Zr claddings under accident
conditions are rapid oxidation and hydrogen pick-up [3]. Cladding degradation is critically
detrimental to safety and accident management, as it can lead to severe consequences. Two
proposed solutions to the need for ATFs are: the integral substitution of the Zr cladding
with a cladding material that is better able to endure severe accident conditions and the
application of a protective coating on top of the currently used cladding tubes. FeCrAl
alloys [2,4] and SiC/SiC composite materials [2,5] are currently being studied as substitutes
for Zr alloys, but their implementation in commercial reactors might still take some time.
Coatings such as metallic Cr and a wide range of ceramic coatings are instead being
investigated as possible short-term answers for ATFs [6-8]. Chromia-forming coatings,
metallic Cr in particular [8-11], have emerged as highly effective under accident conditions,
while they are able to improve performance during operation in pressurized water reactors
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(PWRs), but no coating has been identified yet for use in boiling water reactor (BWR)
operating conditions.

Nitride coatings display very good corrosion properties and offer very high hardness
values that can help protect against debris fretting (one of the most common rod failure
modes [12,13]), making them promising candidates for both PWR and BWR [2,14-19]. CrN
is meant to form a Cr,O3 passivating layer that is able to stop the diffusion of oxygen and
significantly slow any oxidative process [6,20], both during operation and in the event of an
accident. TiN, instead, is expected to form TiO, as a passivating layer [21,22]. Nitride coat-
ings have been widely investigated for such applications and have demonstrated improved
corrosion resistance in air [23] and supercritical water [24] and improved resistance to
abrasion [25]. CrN coatings have been tested in high-temperature steam (simulating a loss-
of-coolant accident) and have demonstrated excellent steam oxidation resistance [26-28]. It
is worth mentioning that CrN starts decomposing into Cr and N, gas above 1000 °C, and
this results in the formation of porosities in the coating when exposed to high-temperature
steam corrosion. Nonetheless, the presence of such porosities did not deteriorate the per-
formance of the coating. CrN was shown to be able to withstand these temperatures for the
duration of the tests, allowing the CrN-coated cladding to clearly outperform the uncoated
cladding [26]. The coatings in this study were obtained with cathodic arc physical vapor
deposition (arc-PVD), one of the most commonly used deposition techniques for nitride
coatings and thin films. In arc-PVD, a diffuse electric arc discharge is used to enhance the
kinetic energy of the atoms on the target surface so as to create a very dense plasma that is
then driven to the sample by a magnetic field [29]. Arc-PVD allows the production of fully
dense nitride coatings layer by layer, with excellent control of the chemical composition
of the final coating [29-31]. The obtained coatings are usually characterized by textured,
columnar grains aligned with the growth direction [29,32].

In this work, the corrosion protection properties of arc-PVD CrN and TiN coatings
were tested in an autoclave simulating both PWR and BWR water chemistries. The coatings
were deposited onto a Zr alloy cladding tube, then exposed to the simulated operating
environment and characterized with a range of electron microscopy techniques. Scanning
electron microscopy (SEM) was used to study the morphology of the as-fabricated coating
and the coating after exposure. Energy-dispersive x-ray spectroscopy (EDS) was used to
measure the compositions of the coatings and to understand what type of oxide developed
on the coated samples in the different environments. Scanning transmission electron
microscopy (STEM) was used to access smaller details in some of the tested samples.
Schematic corrosion mechanisms for each material and environment are proposed.

2. Materials and Methods
2.1. Materials

CrN- and TiN-coated HiFi® Zr-claddings, in the form of tubes that were 4 cm-long
and 10 mm in diameter, were analyzed. Both as-fabricated samples, coated with 5 pm-thick
coatings, and material exposed to autoclave corrosion testing were studied. The coatings
were obtained by arc-PVD onto HiFi® alloy cladding tubes (1.50 wt.% Sn, 0.40 wt.% Fe,
0.10 wt.% Cr, 0.08 wt.% Ni, and balance Zr [33]). The coating deposition was performed by
IonBond IHI Group (Zurich, Switzerland), and the CrN and TiN coatings utilized in this
study are two of their commercial products. The PWR exposure was performed in a static,
closed steam loop autoclave at 415 °C and 220 bar for a total of 90 days in PWR chemistry.
The test temperature for a static steam autoclave according to ASTM is 400 °C [34], but a
temperature of 415 °C was chosen to exert more intense corrosion on the specimens. The
BWR exposure was performed in a once-through circuit and water autoclave at 360 °C and
220 bar for a total of 60 days in BWR chemistry. Beside the duration, the main difference
between the two chemistries was that in the BWR autoclave exposure the oxygen content
was monitored and kept constant at 8 ppm. In the PWR autoclave, the oxygen content was
below 45 ppb.
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2.2. Sample Preparation and Analysis

A low-speed saw was used to cut the received samples into rings 5 mm in height. The
rings were embedded in conductive Bakelite and ground and polished with SiC paper and
diamond particle suspensions. TEM specimens were extracted from the Bakelite-embedded
samples with a dual-beam focused ion beam/scanning electron microscope (FIB/SEM)
on a Versa 3D workstation from FEI (Hillsboro, OR, USA) while implementing standard
procedures for sample preparation [35,36]. The SEM and EDS analyses, conducted on
a GAIA3 microscope from TESCAN (Brno, Czech Republic), allowed us to access the
morphology, microstructure, and chemistry of the exposed samples. STEM imaging was
conducted on a 7800F Prime microscope from JEOL (Tokyo, Japan).

3. Results

An overview of the results for the exposure of the two different coatings to both the
PWR and BWR chemical environments is displayed in Figure 1. Here, cross-sectional SEM
images and the corresponding EDS maps are presented and help visually track the oxidation
of the coatings, the chemistry of the formed oxide, and the overall performance of the coated
claddings. Both as-fabricated coatings appeared to be single-phase and homogeneous. No
porosities were found in the coatings, and the coating—substrate interface appeared smooth
and continuous. No intermixing between the coating and the substrate was visible at
this scale. The CrN and TiN coatings performed well in the PWR environment forming,
respectively, a Cr-rich oxide and a Ti-rich oxide on the outer surface. However, when
exposed to BWR environment, both coatings failed to protect the substrate, and ZrO, could
be found after the exposure. Hence, a first important general finding that can be extracted
from Figure 1 is that the BWR autoclave environment appears to be significantly more
challenging for the tested materials, as expected from the higher amount of dissolved
oxygen. Interestingly, even if the BWR exposure conditions were identical for CrN and TiN,
the two coatings failed following two different mechanisms.

PVD - CrN PVD - TiN
SEM

— 2 |
ng

PWR autoclave
PWR autoclave

BWR autoclave

Figure 1. SEM cross-section imaging and EDS mapping. (a) CrN coating on HiFi® cladding: as
fabricated, after PWR autoclave exposure, and after BWR autoclave exposure. (b) TiN coating on
HiFi® cladding: as fabricated, after PWR autoclave exposure, and after BWR autoclave exposure.

CrN dissolved completely, leaving behind the bare surface of the cladding that was
then attacked by the corrosive environment to form a few-micrometer-thick ZrO; layer.
TiN did not dissolve. Instead, it fully oxidized, transforming into TiO,, which appeared to
be stable under these conditions. However, oxygen managed to reach the substrate anyway,
and ZrO, could be found growing at the coating—substrate interface. In this process, the
TiO, appeared to have peeled off from the substrate, leaving a gap between the ZrO, and
the TiO,.
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3.1. CrN-Coated Cladding Tubes in PWR Autoclave

In the second row of Figure 1a, the O signal shows that a thin O-enriched layer
grew on the outer surface of the CrN-coated cladding after the PWR exposure. From this
EDS map, it is difficult to tell the thickness of this band and if N can also be found in
it. To better quantify the amount of O enrichment and the composition of this band, an
EDS point analysis was performed, and the results are summarized in Table 1a. From
the EDS point analysis, it is clear that the measured composition of the as-fabricated
coating approached 50 at.% Cr and 50 at.% N, fitting the expected stoichiometry of the
CrN compound. A similar composition was measured from the bulk of the coating after
PWR autoclave exposure, demonstrating that a major part of the coating had not been
oxidized during the corrosion testing. Fluctuations around the 50/50 composition can be
attributed to deposition inhomogeneities, local fluctuations, and measurement inaccuracy.
The composition of the outer layer of the coating after PWR exposure was measured to be
around 50 at.% Cr, 28 at.% N, and 22 at.% O. This composition suggests that the formation
of a Cr (N,O) phase (chromium oxynitride) was the main phenomenon occurring during
exposure. Details of the Cr (N,0) band are displayed in Figure 2a, and from this SEM image
it is possible to see that around 1 um of Cr (N,O) formed on the surface of the coating. The
layer appeared to be dense, and the interface with the underlying CrN coating was flat
and continuous without any porosity. The remaining portion of the coating appeared to be
unmodified by the exposure.

Table 1. Results of EDS point analysis on as-fabricated and autoclave-exposed coated claddings:
(a) CrN-coated claddings and (b) TiN-coated claddings.

(a) Analysis Location Conditions Comments Zr (at.%) Cr (at.%) N (at.%) O (at.%)
Coating . As-fabricated Homogeneous - 473+03 527403 -
(bulk—cross section)
50 Coating PWR
;g (bulk—cross section) autoclave Homogeneous - 53.6+03 464 +0.3 -
o
2 . - -
= Oxidized coating PWR Transformation 497403 279402 224+ 02
B (outer surface) autoclave to Cr(N,0)
g Coating BWR No coating
o . - - - -
Z (bulk—cross section) autoclave left
~
o Oxidized coating BWR No coating ) . ) .
(outer surface) autoclave left
Oxidized substrate BWR Oxidation of 277 405 ) ) 723 + 0.4
(outer surface) autoclave the substrate
(b) Analysis Location Conditions Comments Zr (at.%) Ti (at.%) N (at.%) O (at.%)
Coating . As-fabricated Homogeneous - 448+02 552402 -
(bulk—cross section)
Coating PWR Homogeneous - $B6+£05 532404 32405
% (bulk—cross section) autoclave
= Oxidized coating PWR Adh?rent ) 33.0 4 0.8 ) 67.0 + 0.8
= (outer surface) autoclave oxide
E Coating BWR Coating fully
8 (bulk—cross section) autoclave oxidized
o
Z - . Peeling of the
= Oxidized coating BWR oxidized - 268+ 0.5 - 732 4+ 0.2
(outer surface) autoclave .
coating
Oxidized substrate S
(interface—cross BWR Oxidation of 5, 0 4 ; ; 69.4 + 0.4
. autoclave the substrate
section)
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CrN coated cladding TiN coated cladding

PWR autoclave

BWR autoclave

SEM - SE

Figure 2. SEM and STEM cross-sectional images of the outer surfaces of the coated claddings after
autoclave exposure. (a) SEM image of CrN-coated cladding after PWR autoclave exposure; (b) STEM
image of CrN-coated cladding after BWR autoclave exposure; (c) STEM image of TiN-coated cladding
after PWR autoclave exposure; (d) SEM image of TiN-coated cladding after BWR autoclave exposure.

3.2. CrN-Coated Cladding Tubes in BWR Autoclave

No trace of the CrN coating was left after exposure in the BWR autoclave, as demon-
strated by the EDS maps presented in the third row of Figure 1a. The EDS map showed
no signal from Cr or N from the outer surface of the cladding when measured on the
cross-section. The EDS point analysis confirmed that the coating was dissolved and was
substituted by a 2 um-thick layer of ZrO,. This oxide layer is shown in Figure 2b. It was
similar to any zirconia scale that would grow onto an uncoated cladding, but it was signifi-
cantly thinner than the scale that developed on the uncoated HiFi® cladding tested under
similar conditions [37]. It is reasonable to imagine that the CrN coating, while dissolving,
offered some protection to the substrate, delaying the onset of its oxidation.

3.3. TiN-Coated Cladding Tubes in PWR Autoclave

The measured composition of the as-fabricated TiN coating, presented in Table 1b,
was around 45 at.% Ti and 55 at.% N. The stability range for TiN is relatively wide [38],
and the measured composition fell reasonably within this range. The same Ti/N ratio was
measured for the TiN coating bulk after the PWR exposure, with the difference that after
PWR exposure the coating seemed to have absorbed a small amount of O as well. As shown
in Figure 1b, the TiN coating formed a stable 1 um-thick oxide scale under these conditions,
but O seemed to be able to penetrate the scale and reach the coating. The EDS analysis
of this oxide confirmed it to be TiO, with a measured composition of 33 at.% Ti and 66
at.% O. A higher magnification STEM image of the TiO, scale is presented in Figure 2c,
and here the scale appears dense, with little or no porosities and with crystallites in the
100 nm range.

3.4. TiN-Coated Cladding Tubes in BWR Autoclave

Different from the CrN coating, the TiN coating did not dissolve in the BWR environ-
ment. TiN oxidized, and it was then able to survive the entire 60 days of exposure as TiO,.
The main drawback, visible in Figures 1b and 2d, was that oxygen was able to penetrate
the oxidized coating and reach the substrate. As a result, ZrO; could be observed at the



J. Nucl. Eng. 2022, 3

326

coating—substrate interface. The formation of both TiO; and ZrO; came with significant
volume expansion, which could lead to the peeling of the TiO; from the substrate. A
detailed SEM image of the cross-section is shown in Figure 2d, where it is possible to notice
the presence of a significant number of porosities distributed uniformly in the TiO, scale.
The composition of both oxides was measured with an EDS point analysis, and the results
are contained in Table 1b. The measured compositions fit well with the stoichiometry of the
two compounds, but the oxygen content in the TiO, was slightly higher than expected. The
allowed composition range for TiO, is 63-67 at.% O [39], so higher amounts of O might
have to be attributed to gas [40] or liquid trapped in the large number of porosities that
developed in the oxide layer.

3.5. Owverall Performance of the Coatings

A summary of the coating performance is given in Table 2. In PWR autoclave corrosion
testing, the CrN-coated cladding formed 1 pm of Cr (N,O), but the rest of the coating and
the substrate were unaffected. TiN-coated cladding formed 1 um of TiO,, and a small
concentration of O could be detected in the bulk of the coating. Neither of the tested
coatings survived the BWR autoclave corrosion testing. CrN dissolved completely, and
the underlying substrate oxidized, forming 2 um of ZrO,. TiN fully oxidized into TiO,,
and oxygen managed to penetrate to the substrate. ZrO, formed at the coating—substrate
interface, and the TiO; layer was found to be peeling off of the substrate.

Table 2. Summary of the results of the current study.

Coating Autoclave Corrosion Test (PWR) Autoclave Corrosion Test (BWR)
Coating consumed: negligible Coating consumed: 100%
CrN Oxide thickness—type: Oxide thickness—type:
<1 um—Cr(N,O) A2 um—ZrO»p
Coating consumed: negligible Coating consumed: 100%
TiN Oxide thickness—type: Oxide thickness—type: -~10
<1 um—TiO, um—TiO; + 2 um—ZrO,

4. Discussion
4.1. Oxidation of CrN and the Stability of Cr,O3 in the PWR and BWR Chemical Environments

It is generally accepted in the literature that the oxidation of CrN coatings involves
the substitution of N by O in the CrN lattice, which leads to the formation of chromium
oxynitrides [20,21,40-42]. The N, released as N, [43] or NHj3 [41,44,45], is progressively
substituted by O to the point where the nucleation of chromia (CryO3) occurs and an oxide
scale forms on the surface of the CrN coating. Chromia, once formed, acts as a diffusion
barrier for the entrance of oxygen into the coating, slowing the oxidation and effectively
passivating the surface of the coated material. For this reason, the stability of chromia in
the corroding environment used for the exposure is crucial in determining if the coating
will be protective. If chromia is stable or its dissolution rate is very low, the oxidation of the
coating stops. However, if the chromia layer starts dissolving, the oxidation of the coating is
allowed to progress, more Cr (N,O) forms, and it subsequently transforms into new Cr,Os3,
which likewise dissolves. This process of the transformation and dissolution of the CrN
coating progresses until the entire coating is dissolved and the substrate becomes exposed.

To study the thermodynamic stability of compounds in specific chemical environments
and to establish if a material is going to corrode or passivate, Pourbaix diagrams are often
used. These diagrams summarize chemical and electrochemical equilibria, at a specific
temperature and pressure, in a potential-pH space. The resulting maps are used to predict
the absence of corrosion (immunity), the formation of a solid reaction product (passivation),
or the formation of a dissolved reaction product (corrosion). Pourbaix diagrams for Cr
in water at the temperature of 350 °C and 250 bar (high subcritical water), close to the
BWR autoclave conditions, and 400 °C and 250 bar pressure (low supercritical water), close



J. Nucl. Eng. 2022, 3

327

to the PWR autoclave conditions, were calculated by Cook et al. [46]. When calculating
these diagrams, a concentration of dissolved species of 10~® mol/kg, representative of
the high-purity water used in power plants [46—48] and in the current corrosion tests,
was assumed.

In the diagram calculated at 400 °C, a region of stable Cr,O3 stretches across the
entire range of pH. Chromia can be further oxidized into HyCrOy4 (aq.) and dissolved for
higher values of electrochemical potential (i.e., at high concentrations of oxidizing species
in the water), but the low concentration of oxygen in the simulated PWR environment
makes this unlikely. Any CryO3 formed in this chemical environment is likely to be stable,
and passivation of the coating can occur. This is in agreement with the experiments. The
CrN coating tested under similar conditions in this study appeared to be able to survive
with little or no modification or dissolution into the autoclave water, as demonstrated by
Figures 1a and 2a.

At 350 °C, no stable Cr,O3 can be found in the Pourbaix diagram. As a consequence,
pure metallic Cr is predicted to dissolve directly into HyCrOy4 (aq) without forming any
Cr,0;5. It is difficult to imagine what exactly would happen for CrN or Cr (N,O), but the
strategy behind the use of CrN coatings for corrosion resistance stands on the assumption
that the developed Cr,O3; will be stable in the chemical environment of interest. If this
passivating oxide is not thermodynamically stable, no passivation can be expected, and
corrosion is likely to proceed. This is what the results of the BWR autoclave corrosion
test presented in Figures 1 and 2 would suggest happened to the CrN coating. In order
to have stable chromia at 350 °C, a higher concentration of dissolved species would be
needed, as the Pourbaix diagram calculated at 10~® mol/kg shows a region of stable Cr,Os3.
Even under such conditions, the formed chromia can dissolve in water as H,CrOy (aq) for
high electrochemical potential values. Hence, the relatively high concentration of oxygen
(8 ppm) in the BWR autoclave can probably push the system into the corrosion field, even
if a higher solute concentration in the water would theoretically allow for the formation of
chromia. A possible sequence of the chemical reactions that would lead to the dissolution
of the coating is presented in Equations (1) and (2). These chemical reactions are formulated
according to the proposed oxidation mechanism of nitrides [44] and the dissolution of
chromia [46] in oxygenated water:

ZCI‘N(S) + 3H2O(aq) — Crzog,(s) + 2NH3(aq) (1)

2C1‘203(s) + 4H2O(aq) + 302(aq) — 4H2CrO4(aq) )

In PWR, the CrN coating is expected to oxidize into Cr (N,O) and then into Cr;Os.
Chromia would be stable in this chemical environment and would stop further oxidation,
effectively passivating the coating. This Cr,O; layer is likely extremely thin and not
visible in Figure 2a. However, in BWR water chemistry, chromia is not stable, and the
coating is expected to oxidize and subsequently dissolve into the water, as confirmed
by the presented experiment. The transformation of CrN into Cr (N,O) probably still
occurs, but the products of any further oxidation of the coating are dissolved into the water,
progressively consuming the coating down to the Zr substrate. A schematic of the two
proposed mechanisms is presented in the first row of Figure 3.

Opverall, the role of the oxygen activity in determining the stability of chromia and the con-
sequent passivation of the oxidizing surface is well-established in the literature [46,47,49,50],
and it appears to be a very important factor to consider when deciding where to use a chromia-
forming coating if effective passivation needs to be achieved. The dissolution of chromium
oxide films on steels or Ni alloys, for example, can be avoided by employing Fe and Ni in
the alloy, which can form other solid oxides, producing protective oxide layers on top of the
chromia scale. In the case of CrN, this protection mechanism cannot be triggered, as there is no
other element that can oxidize to form other solid oxides. Hence, the stability of chromia in the
tested environments is the only factor that can determine the passivation or corrosion of such
coatings. Previous autoclave corrosion studies in BWR water chemistry on CrN coatings for
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ATF applications have suggested that this coating could survive the BWR environment [51].
In the mentioned work, the oxygen content used for the exposure was not stated. It is possible
that the oxygen content chosen for the test did not represent a significant challenge for the
formation of CryOs. The concentration of 8 ppm of dissolved oxygen in water employed in
this work is representative of the actual oxygen concentration in the cooling water of a BWR in
the top part of the cladding tube, where steam is present [52], and the resulting dissolution of
the CrN coating shows how important this parameter is when assessing oxidation resistance.

PWR autoclave BWR autoclave
H,CrO. Out
Cr(N,0) c[;oa Crzf)‘3 r(N,0) z“ 4 (aq.)
= B 0, / CrNO) H2CrOs aa)
L g
AN — 7r0, S
= CrN CrN CrN CrN CrN K} _ o
4 « =
— =l
o =
=]
Zr Zr Zr Zr Zr 2r Zr 8
i ii i ii iii iv v
In
(o}
O3(aq. o] 2(aq.)
) 2(aq.) 2(aq.) out
T/loz O2(aq.)
L
TiO - <
2 Tio, Tio, Tio, S
3]
= TiN TiN TiN TiN .";'
= . =
20, 2r0, &
Zr Zr Zr Zr Zr Zr Zr
i ii i ii iii iv v In

Figure 3. Schematic of the proposed corrosion mechanisms for CrN and TiN in the PWR autoclave
and BWR autoclave environments.

4.2. Oxidation of TiN and the Protectiveness of TiO, in the PWR and BWR
Chemical Environments

As for CrN, the oxidation of TiN involves the substitution of N with O with the
formation of Ti (N,O), followed by further oxidation of the oxynitride into TiO, [20,21,53].
The formation of TiO, was observed in both the PWR and the BWR autoclave experiments,
as shown in Figures 1b and 2¢,d. However, the effectiveness values of the TiO; films formed
in the PWR and BWR autoclaves were very different. Both oxide films appeared to be stable,
but TiO, seemed to be able to passivate the system in the PWR water chemistry, while
a small degree of substrate corrosion could be observed in the BWR environment. The
stability of TiO, in the test conditions was confirmed by the Pourbaix diagram calculated
by Cook et al. [46].

The TiO; film developed under simulated PWR conditions on the TiN-coated cladding
displayed in Figure 2c appeared to be compact with no porosities. As a result, the TiO,
film was able to successfully halt the oxidation process. It is worth mentioning that the
presence of a small amount of O in the coating bulk indicated that the transition to Ti-
oxynitride was initiated in the entire coating. This means that small amounts of oxygen can
somehow permeate the TiO, scale, possibly diffusing along TiO, grain boundaries to reach
the coating. TiO; is generally not considered the most effective passivating oxide, so the
corrosion resistance of Ti alloys is often improved with the addition of elements such as
Pd and Pt [54,55]. Similar improvements can be obtained in TiN by adding noble elements
or doping with Si [56-59]. With these modifications, it could be possible to achieve full
protection in a PWR environment, improving the performance of the tested TiN coating
even further.

However, after the BWR autoclave exposure, the obtained TiO, film presented a
very large number of nanoporosities that could be observed to be uniformly distributed
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throughout the entire thickness of the oxide scale (see Figure 2d). TiO; is prone to form
porosities, cavities, and other structures, and this peculiarity has often been exploited to
obtain nanostructured materials [60-62]. The formation of these nanostructures is usually
controlled by the addition of elements in the electrochemical environment that promote
competition between anodic oxide formation on the outermost surface and the chemical
dissolution of the oxide as a soluble complex in crevices [62]. These two phenomena make
the growth of a flat oxide surface unstable and foster the formation of pores and crevices. It
is therefore possible that the simulated BWR conditions promoted a similar mechanism,
causing the porous morphology reported in this work. The resulting TiO, film was unable
to stop the oxygen diffusion, suggesting that the porosities were interconnected into a
network of channels, enabling the transport of water, and consequently oxygen, from the
outer surface of the TiO, scale to the coating, fostering the continuous oxidation of the
coating. Once the coating was fully transformed into TiO,, the porous oxide scale still
allowed water and oxygen to the coating—substrate interface, causing the oxidation of the
substrate. The formation of ZrO, was likely the cause behind the TiO, delamination [54,63],
as the volume expansion induced by the transformation from Zr to ZrO, produced stresses
on the interface. A schematic of the proposed oxidation mechanism is presented in the
lower row of Figure 3.

5. Conclusions

CrN and TiN performed well in the simulated PWR environment, offering a significant
improvement to the oxidation resistance of the cladding under simulated PWR operating
conditions. The 90 days of exposure in the autoclave resulted in the formation of a Cr
(N,O) layer less than 1 um-thick on the outer surface of the CrN coating and no other
modifications to the system, making it an excellent candidate for a coated accident-tolerant
cladding. A Cr,O3 scale, only a few nanometers thick, at the very surface of the Cr (N,O)
layer was likely present, but it could not be confirmed experimentally with SEM-EDS.
The TiN-coated cladding developed a 1 um-thick TiO, layer that appeared to be able to
passivate the coated cladding in the simulated PWR conditions. Small amounts of O could
be measured in the bulk of the remaining TiN coating, suggesting that the transformation to
Ti-oxynitride was slowly progressing. Small additions to the TiN coating chemistry could
possibly result in full protection under simulated PWR conditions.

In the BWR autoclave corrosion test, CrN was fully dissolved during the 60 days
of exposure, and a 2 pm-thick layer of ZrO, was found on the surface of the cladding.
The TiN coating oxidized entirely into TiO,. The formed oxide film was porous, and
oxygen managed to reach the substrate, causing the formation of a 2 pm-thick ZrO, layer
at the coating—substrate interface. Both coatings appeared to be very effective in the PWR
conditions but were only partially effective in the BWR conditions. In BWR chemistry,
both coatings could delay the oxidation of the substrate but ultimately ended up exposing
the Zr cladding to the reactor water. Interestingly, the failure mechanisms of CrN and
TiN in BWR followed completely different paths, as the former was dissolved and the
latter oxidized fully into a stable but unprotective scale. Finally, we proposed a schematic
representation of the oxidation and degradation mechanism of the two coatings in the
PWR and BWR autoclaves. Future work involving advanced analytical methods such as
XRD and XPS would allow the confirmation of the proposed mechanisms and a deeper
understanding of the corrosion of nitrides in water at these temperatures, pressures, and
oxygen concentrations.

The tested environments proved to be very different challenges for the studied mate-
rials. While both coatings were shown to be good candidates for ATF in simulated PWR
water chemistry, the addition of 8 ppm of dissolved oxygen in the BWR autoclave water
caused the coatings to go from practically unaffected to fully dissolved or oxidized. The
awareness of the challenges that the BWR environment represents is going to be crucial in
the future exploration of possible ATF candidates for this reactor design.
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