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A B S T R A C T   

The accident tolerant fuel (ATF) concept has emerged in the years after the 2011 Fukushima accident as part of a 
renewed effort in research for light water reactors. The primary focus is to further improve safety measures under 
and beyond design basis accident conditions, and to improve fuel cladding performance in normal operation. The 
application of a coating on zirconium claddings can achieve both these aims without extensive changes to the 
reactor design. Metallic chromium coatings have been profusely studied as solution for pressurized water re
actors, but the search for an effective ATF coating able to withstand the environment inside boiling water re
actors (BWRs) is still ongoing. In this work, two different versions of a novel nitride coating composition were 
studied. Zirconium claddings coated with 8 µm thick layers of superlattice CrN–NbN and a nanolayered CrN–NbN 
were tested in autoclave under BWR operating conditions for 60 days. Scanning electron microscopy, trans
mission electron microscopy, energy dispersive x-ray spectroscopy, electron back-scattered diffraction, x-ray 
diffraction, and atom probe tomography were employed to characterize as-deposited and autoclaved samples of 
these two materials. During exposure, both coating versions formed a stable, dense and passivating oxide scale 
(200–300 nm thick) on the surface, demonstrating improved oxidation protection under operating conditions. 
Some differences in the oxide growth mechanism were observed between the superlattice and the nanolayered 
CrN–NbN coatings, which allowed to glimpse at the effect of the layer thickness on the oxidation protection 
provided by these coatings. The nano-structured morphology of both coatings remained unaffected by the 
autoclave test, but a 35 nm thick Zr-Cr-N phase was found at the coating-substrate interface of the superlattice 
CrN–NbN coated cladding.   

1. Introduction 

The development of new materials for light water reactors (LWRs) 
has acquired significant momentum in the years after the nuclear acci
dent that occurred in Fukushima in 2011. These new materials are 
referred to as accident tolerant fuels (ATFs) or enhanced accident 
tolerant fuels (EATFs) and promise to increase safety margins in case of a 
severe accident while improving the fuel performance during normal 
operation. Research in ATFs can be divided into the search for advanced 

fuel cladding tubes and improved fuel pellets. Fuel claddings are tradi
tionally produced from Zr-alloys. Zr has a very low cross-section for 
thermal neutrons, which was the reason why it was selected for nuclear 
applications, but it starts reacting exothermally with steam at temper
atures above 900 ◦C. During a severe nuclear accident such temperatures 
can be reached, and the Zr alloy can start oxidizing, producing hydrogen 
gas. The oxidation of the cladding can severely affect its mechanical 
properties and lead to embrittlement and rupture of the tube. The pro
duced hydrogen gas can leak outside the reactor pressure vessel, mix 
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with air and cause explosions. Impeding the reaction between Zr and 
steam is at the core of the ATF concept. Two main approaches have been 
undertaken in order to achieve this goal: integral substitution of the Zr- 
alloys as cladding material (long-term solution), and the application of a 
protective coating on the outer surface of a conventional Zr-cladding 
(short-term solution). The second approach is considered a good inter
mediate step because it allows to accomplish the principal ATF objective 
without the need for an extensive redesign and licensing of the reactors 
currently in operation [1–5]. 

Cr coatings have emerged in recent years as the main candidate ATF 
coatings for pressurized water reactors (PWRs) [6], but have had little 
success in the far more oxidizing BWR environment. Nitride coatings are 
well known as hard coatings for cutting tools, drill bits and other ap
plications where extreme resistance to abrasion, mechanical strength, 
corrosion resistance and thermal stability are a necessity. These coatings 
can be deposited with physical vapor deposition (PVD) or chemical 
vapor deposition. PVD has the advantage of a lower process tempera
ture, controllable coating composition and a tunable coating structure 
[7]. CrN and TiN are among the most commonly utilized nitride coatings 
[8]. TiN has outstanding mechanical properties, but it tends to oxidize 
quickly when exposed to temperatures above 500 ◦C. CrN, on the other 
hand, is able to form a dense layer of chromia and shows better oxida
tion resistance [9]. Both coatings were taken into consideration as po
tential ATF coatings but were unable to survive boiling water reactor 
(BWR) operating conditions [10]. CrN in particular, being a chromia 
forming coating, was found to dissolve into the cooling water, as this 
oxide is not stable in the water chemistry of a BWR [11–14]. For the 
same reason, metallic Cr coatings, despite being very promising for PWR 
environments, cannot form the passivating chromia layer necessary to 
survive in BWR environment. NbN is rarely employed as a monolithic 
coating, but it has been studied as component of multilayer coatings 
together with CrN or TiN for its positive effects on chemical stability, 
corrosion resistance and wear rates [15–19]. To obtain a multilayer 
coating, two targets of different metals are positioned opposite to each 
other inside the deposition chamber. During deposition both targets will 
be active, and layers will be formed by rotating the substrate towards 
one target at the time. By controlling the rotation speed it is possible to 
control the thickness of the layers down to the nanometer scale [9,15,16, 
20,21]. Layered and superlattice nitride coatings have been shown to 
perform well in simulated accident scenarios [22–25] and are promising 
candidates for ATFs. Cr-Nb metallic alloys have also been studied as ATF 
coatings and have exhibited improved corrosion and wear resistance 
compared to pure Cr [26] further demonstrating the potential of Nb 
additions to chromia forming systems. 

In this work, cladding tubes made from the commercial HiFi™ Zr 
alloy, coated with two different versions of nanolayered CrN–NbN 
coatings, were tested in BWR water chemistry. Scanning electron mi
croscopy (SEM), energy dispersive x-ray spectroscopy (EDS), trans
mission electron microscopy (TEM), scanning TEM (STEM), STEM-EDS, 
electron energy loss spectroscopy (EELS), x-ray diffraction (XRD), and 
atom probe tomography (APT) were used to characterize the coated 
cladding before and after autoclave exposure. The objective of the study 
was to test the corrosion resistance of the coatings, and to understand 
the role of Nb and of the nanolayered morphology in the formation of 
stable Cr-rich oxides under BWR operating conditions. Finding a nitride 
coating able to provide enhanced resistance to high temperature 
corrosion in steam and elevated hardness, would represent an important 
step forward in the development of ATF for BWRs. Debris fretting is 
currently one of the principal causes of fuel rod failure in BWRs [27–29]. 
Fuel rod failure due to debris fretting requires the operator to stop the 
reactor and exchange the damaged fuel assembly. Hard coatings could 
remedy this problem, offering one additional reason for the imple
mentation of ATFs. 

2. Materials and methods 

An 8 μm thick CrN–NbN coating was deposited onto a zirconium 
cladding substrate with PVD. Two versions of this coating were analyzed 
in this work: superlattice (SL) CrN–NbN from Ionbond – IHI Group, and 
nanolayered (NL) CrN–NbN from TEER Coatings Ltd. Both versions were 
deposited with magnetron sputtering PVD (MS-PVD). The deposition 
temperature was set to never exceed 400 ◦C so to avoid inducing any 
undesired change in the cladding microstructure. Plasma cleaning of the 
uncoated substrate tubes was performed before starting the deposition 
in order to prepare the surface and guarantee better coating adhesion. 
The SL CrN–NbN presents alternating layers of CrN and NbN which have 
equal thicknesses of 2 nm (periodicity of 4 nm). In the case of the NL 
CrN–NbN the layer thickness ranges between 5 nm and 10 nm. Both 
coatings were designed to have an average Cr:Nb ratio of 2:1 (at.%). The 
coatings were deposited on Zr cladding tubes made of the HiFi™ alloy 
(1.50 wt.% Sn, 0.40 wt.% Fe, 0.10 wt.% Cr, 0.08 wt.% Ni, and balance Zr 
[30]). The as-deposited claddings were cut into 4 cm long portions. 
Some of the obtained samples were kept as-deposited, while other 
samples were exposed to autoclave corrosion testing in BWR water 
chemistry for a total duration of 60 days. The autoclave corrosion test 
was performed in collaboration with Toshiba Energy Systems & Solu
tions Corporation for 60 days at 300 ◦C, 10 MPa and 8.3 ppm of dis
solved oxygen (conditions representing the top of a fuel rod in a BWR). 
The autoclave corrosion test was performed in a closed loop setup. After 
flowing through the pressure vessel, the water was circulated through a 
control tank and ion exchange resin cylinders in order to maintain the 
concentration of oxygen constant at the set value and to remove any 
dissolved ionic species. Afterwards, a low-speed saw was used to cut 
both as-deposited and autoclaved samples into rings (5–20 mm in 
height) that were subsequently cut in half along the axial direction. To 
access the outer surface of the coated claddings, the half-rings were 
mounted onto SEM-compatible aluminum stubs (coated surface pointing 
upward). To access the cross-section of the tubes, the half-rings were 
mounted in conductive Bakelite, then ground and polished with SiC 
paper and diamond suspensions. A focused ion beam/scanning electron 
microscopy dual-beam FEI Versa 3D workstation was used to prepare 
both TEM and APT specimens implementing well-known lift-out pro
cedures [31–33]. All FIB/SEM sample preparation was performed at 
room temperature and no cryo-FIB/SEM sample preparation was 
involved. It has been reported in literature that room temperature FIB 
milling can promote the formation of hydrides in Zr-alloys [34]. The 
effect on solute elements was demonstrated to be minimal [34] and was 
deemed not to be detrimental for the scope of this work which focuses 
mainly on the oxidation and transformation of the nitride coatings. TEM 
specimens were mounted on Cu half-grids, while APT specimens were 
mounted and sharpened on premade Si-posts disposed onto a coupon 
compatible with the CAMECA LEAP 4000X HR instrument. SEM and 
SEM-EDS were performed on a JEOL 7800F Prime SEM equipped with 
an X-MaxN EDS detector from Oxford Instruments. TEM imaging was 
performed on an FEI Tecnai T20 LaB6, while STEM images, and 
STEM-EDS and EELS analysis were collected on an FEI Titan 80–300. 
XRD analysis was carried out on a Bruker D8 Discover with a Cu source, 
and an Eiger 2R 500 K 2D detector. Sample positioning and scan pa
rameters were optimized for each sample. NL CrN–NbN coated samples 
were measured for 12 h each, with a 0.02 degree step size, variable slit 
and 1D detector setting. As-deposited SL CrN–NbN was measured for 10 
h using a fixed slit, 0.02 degree step size and 1D detector setting. 
Autoclave exposed SL CrN–NbN was measured for 3 h using a variable 
slit and 1D detector setting. Data was processed using Bruker Eva soft
ware. All electron microscopy-based investigations, XRD analysis, and 
specimen preparation were performed at Chalmers Materials Analysis 
Laboratory (CMAL). The APT specimens were run at Karlsruhe Nano 
Micro Facility (KNMFi) at the Karlsruhe Institute of Technology 
(Karlsruhe, Germany) in a CAMECA LEAP 4000X HR. All samples were 
run in laser mode with 200 kHz laser pulse frequency, at 40 K specimen 
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temperature, 70 pJ laser pulse energy and 0.2–0.5% evaporation rate. 
CAMECA IVAS 3.6.14 software was used for data evaluation and 
reconstruction. 

3. Results 

An overview of the outer surface and cross-section of as-deposited 
and autoclave exposed coatings is presented in Fig. 1(a). In these SEM 
images both as-deposited coatings appear fully dense, and no porosity is 
visible, neither in the bulk of the coating nor at the interface with the 
substrate. The SL coating appears fully homogeneous with no change in 
color throughout the thickness of the coating. In the case of the NL 
coating, instead, the lower third of the coating (closer to the substrate) 
presents a darker contrast, while the top part of the coating is slightly 
lighter in color. This is likely due to a larger presence of Nb in the top 
layer of the coating, as confirmed by the SEM-EDS map of the same area 
presented in Fig. 1(b). The outer surfaces of the coatings are presented in 
top view, and they display the typical morphology of MS-PVD coatings. 
Here the top of the columnar grains can be distinguished. Some hori
zontal trenches can be seen on the outer surface. These are probably due 
to scratches present on the HiFi™ cladding surface. 

After exposure, an oxide scale of a few hundred nanometer was 
found on both coatings. These oxide scales show acicular, elongated 
crystals on the outer surface. SEM-EDS chemical analysis of the oxides 
on both coatings was performed by mapping a large area of the outer 
surface of the exposed coatings. The obtained composition for the as- 
deposited and exposed coatings is presented in Table 1. In the as- 
deposited coating, the N concentration is measured to around 50 at.%, 

and Cr and Nb represent the remaining 50 at.%. 
The ratio between Cr and Nb is reasonably close to the targeted 2:1, 

but it is worth mentioning that excess Cr can be measured in both 
coatings. The composition obtained from the exposed outer surfaces is 
also very similar for both the SL and NL coatings: about 52–53 at.% O, 
25–27 at.% Cr, 11–12 at.% Nb, and 5–7 at.% N. The N signal could either 
originate from the coating underneath the oxide scale due to the inter
action volume with the e-beam being larger than the oxide thickness or, 
more probably, represent the incomplete oxidation of the coating with 
some remaining N in the form of residual oxynitride grains. Impurities of 
Ni and Al could also be found in the oxide but are not present in the as- 
deposited coatings. These impurities must originate from the autoclave 
environment (sample holders and autoclave walls). 

TEM was used to access the nanolayered morphology of the coatings 
and better study the oxides. Fig. 2 shows a series of BF-TEM images 
collected on the cross-sectional lamellae prepared from SL CrN–NbN 
coating before and after exposure in autoclave. The SL coating presents 
layers with a periodicity in the range of 4–5 nm. On top of this layered 
morphology, darker and brighter regions can be found. These changes in 
contrast could be associated with defect density and chemical in
homogeneities, and can be found both in the as-deposited and the 
exposed sample. On the outer surface of the exposed SL sample a 
200–300 nm thick oxide scale is found. This oxide is subdivided into a 
layered inner oxide and an outer oxide characterized by the presence of 
elongated crystals. 

The oxide-coating interface appears jagged, and the oxidation front 
penetrates deeper in certain regions of the SL coating. The superlattice 
structure is not lost after the exposure, and the 2–3 nm thick individual 

Fig. 1. (a) SEM images of superlattice and nanolayered CrN–NbN coatings before and after autoclave exposure. Both cross-sectional view and top view are presented. 
(b) SEM-EDS map on cross-section of as-deposited nanolayered CrN–NbN. 
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layers are still visible and distinguishable. The layered morphology is 
conserved in the inner layered oxide that is visible in the BF-TEM image. 
From BF-TEM it is difficult to tell if these layers in the oxide are due to 
different density (for example pores) or if it is linked to different 
chemical compositions. Moving away from the outer surface down to the 
coating-substrate interface, a 50–60 nm thick Cr bonding layer can be 
found. This layer has a homogeneous thickness across the interface and 
it has sharp interfaces with both the Zr substrate and the SL CrN–NbN 
coating. After exposure to autoclave, the interfacial area has undergone 
some small changes. The interface between the Cr bonding layer and the 
SL CrN–NbN coating appears less sharp and more jagged, while a new 
phase is found nucleating at the interface between the Cr bonding layer 
and the Zr substrate. This phase was identified as a Zr-Cr-N phase thanks 
to APT (see APT results presented below). It seems to grow inward, in 
the direction of the Zr substrate, and it forms a discontinuous layer at the 
interface. 

BF-TEM images of the NL CrN–NbN coating before and after auto
clave exposure are presented in Fig. 3. Here it is clear that the periodicity 
of the layers is very different between the SL and the NL coatings. The NL 
CrN–NbN coating presents alternating layers with a periodicity around 
10 nm, and the different layers (bright and dark) have different 

thicknesses. The layered morphology is conserved after the exposure 
and appears mostly unchanged. Well-defined columnar grains (50–100 
nm wide) are visible in both the as-deposited and exposed samples and 
stretch across the entire micrograph. After exposure, a 200–250 nm 
thick oxide scale is found on the outer surface of the coating. This scale is 
characterized by a denser outer layer with larger crystallites and a 
layered, less dense, inner band that seems to have conserved the original 
layered morphology of the coating. 

The inner, layered oxide developed on the NL CrN–NbN coating 
presents less porosities and defects when compared with the inner oxide 
developed on the SL coating. The oxide-coating interface is relatively 
flat, but small bits of unoxidized coating layers can be sometime found 
protruding into the inner oxide, as highlighted by the arrows in Fig. 3. 
The outer oxide presents relatively large grains with crystallites around 
50 nm in size and a homogenous thickness throughout the exposed 
cross-section. The NL CrN–NbN coating also contains a Cr bonding layer, 
but this time it is significantly thicker (200–250 nm). No change can be 
seen at the interface of the NL coating before and after exposure. Higher 
magnification BF-TEM micrographs of the oxide scale developed during 
the autoclave exposure on the outer surface of the NL CrN–NbN coated 
cladding are presented in Fig. 4. Selected area diffraction patterns 

Table 1 
Chemical composition of the coatings measured with EDS from the outer surface of the coated claddings. Measurements performed using an acceleration voltage of 12 
kV.   

Cr 
(at.%) 

error 
(±at.%) 

Nb 
(at.%) 

error 
(±at.%) 

N 
(at.%) 

error 
(±at.%) 

O 
(at.%) 

error 
(±at.%) 

Ni 
(at.%) 

error 
(±at.%) 

Al 
(at.%) 

error 
(±at.%) 

as-dep SL CrN–NbN 37.0 0.1 15.6 0.1 47.4 0.2 – – – – – – 
expos. SL CrN–NbN 24.8 0.1 10.7 0.1 6.8 0.3 52.1 0.3 4.3 0.1 1.3 0.1 
as-dep NL CrN–NbN 32.2 0.1 14.3 0.1 53.6 0.2 – – – – – – 
expos. NL CrN–NbN 27.0 0.1 12.5 0.1 4.6 0.2 52.8 0.2 3.1 0.1 – –  

Fig. 2. BF-TEM images of superlattice CrN–NbN coating. Both outer surface (top row) and coating-substrate interface (bottom row) are presented in the as-deposited 
condition (left column) and after autoclave exposure (right column). 

A. Fazi et al.                                                                                                                                                                                                                                     



Journal of Nuclear Materials 586 (2023) 154681

5

(SADPs) of the outer, larger crystallites were collected and indexed. This 
phase was identified as tetragonal NbCrO4. Box A presented in Fig. 5 
shows a lower magnification BF-TEM image where it is possible to see 
the columnar grains stretching for 1–2 µm from top to bottom. In Box B 
of the same figure the region of transition from high Nb content to low 
Nb content (top 2/3rd of the coating vs lower 1/3rd of the coating) is 
presented. Around this area the grain structure of the coating changes 
and much smaller grains appear. 

STEM images and STEM-EDS mapping of the oxides developed after 
autoclave on the outer surface of the SL and NL CrN–NbN coatings are 
presented in Fig. 6. First, it is interesting to notice that the crystallites of 
the outer oxide seem to be on average larger in the NL coating than in 
the SL coating. Also, the inner oxide band (layered) appear to be on 
average thicker in SL coating than in the NL coating. This suggests the 
outer oxide band characterized by larger crystallites that is found 
growing on the NL CrN–NbN coating is better at passivating the surface 
of the oxidizing cladding. 

The STEM-EDS maps of the two oxide scales are very useful in un
derstanding the nature of the oxide sub-bands. In both cases, the outer 
oxide layer seems to have lower concentrations of Cr than the inner 
oxide. Some Cr signal can be collected from this outer band, but Nb and 
Ni (impurity) seems to be the main component of the oxide crystallites. 
The inner band, instead, shows alternating regions of higher Cr con
centration and lower Cr concentration. Where the Cr concentration is 
lower, the Nb map shows a higher signal suggesting the CrN–NbN 
layered structure is somehow reflected in the inner oxide chemistry. Ni 
seems to be coupled with the Nb in the inner oxide as well. O appears 
distributed uniformly across the oxide scale, and small regions of N 
enrichment can be found. A STEM-EDS line scan across the oxide scale of 
the SL CrN–NbN coating is presented in Fig. 7. From this analysis the O 

concentration is measured ranging between 40 and 60 at.% depending 
on the region. Significant amounts of residual N are measured in the 
oxide, and up to 70 at.% N can be found in the portion of unoxidized 
CrN–NbN coating adjacent the oxidation front. This is possibly due to 
the accumulation of N freed during the oxidation which tends to migrate 
into the nitride. Ni, again, seems to concentrate together with Nb. The 
periodicity in the EDS signal might be identified as chemical changes 
across layers but it is impossible to distinguish the signal from noise. 

EELS line scans performed on the exposed NL coating can be found in 
Fig. 8 for both the layered, inner band of the oxide, and for the coating 
immediately underneath the oxide scale. In the oxide, Cr and Nb EELS 
signal are in antiphase, where Cr has high signal Nb has low and vice 
versa. The O signal oscillates too, and it tends to be higher in corre
spondence to high Nb signal. The N signal is low and constant across the 
line scan but there are two bumps that suggest incomplete oxidation of 
some of the layers. In the case of the unoxidized NL coating (Fig. 8(c) 
and (d)), the Cr and Nb signals are in antiphase, and the N signal is 
higher in the Nb-rich layer. This suggests that N is not equally distrib
uted between the Cr-rich and Nb-rich phases. The distance between 
peaks in Cr concentration in the oxide is almost twice the distance be
tween peaks in the Cr signal from the coating. This suggests that a degree 
of volume expansion could be associated with the oxidation of the 
coating. The formation of pores could also be a co-cause of the increase 
in layer thickness. 

X-ray diffractograms for as-deposited and autoclave exposed NL 
CrN–NbN coated cladding are displayed in Fig. 9. These show a strong 
signal from the Zr substrate, as well as broad peaks corresponding to the 
CrN and NbN phases. The contributions from CrN and NbN phases can 
be separated - as shown by the fitting of two contributions of the two 
most intense CrN and NbN peaks at 42◦ and 62◦ 2θ, respectively. In the 

Fig. 3. BF-TEM images of nanolayered CrN–NbN coating. Both outer surface (top row) and coating-substrate interface (bottom row) are presented in the as-deposited 
condition (left column) and after autoclave exposure (right column). 
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case of the autoclave exposed NL CrN–NbN coated sample we also note 
the presence of additional peaks, the strongest one at 53.5◦, which can 
be associated with the tetragonal CrNbO4 phase (confirmed by electron 
diffraction shown in Fig. 4). The presence of the CrNbN2 ternary phase in 
the coating cannot be excluded due to a strong broadening of the peaks, 
while small secondary peaks possibly linked to Cr3Nb3N ternary phase 
are visible around the broad peak at 42◦

The x-ray diffractograms for as-deposited and autoclave exposed SL 
CrN–NbN coated claddings are reported in Fig. 10. As-deposited SL 
CrN–NbN shows mostly signal from the Zr phase, with minor 

contributions from the CrN–NbN coating (see zoomed-in Box A and Box 
B). It cannot be concluded whether the signal from the coating is from a 
homogeneous single phase, due to the low intensity of the signal. In the 
diffractogram from the autoclave exposed SL CrN–NbN a strong signal 
from the CrN–NbN coating is measured. This signal fits with a single set 
of peaks, indicating the presence of a homogenous CrNbN2 ternary 
phase. Interestingly, in this sample the intensity of the peaks from the 
coating is much higher than that of the peaks from the Zr substrate - in 
contrast to the as-deposited sample. This might indicate that the crys
tallinity of the coating was improved by the autoclave exposure. After 

Fig. 4. BF-TEM of outer oxide scale grown on nanolayered CrN–NbN coatings ((a) and (b)). SADPs Pattern A and B were collected from crystallites in the outer 
surface are reported and were indexed as tetragonal NbCrO4. 

Fig. 5. SEM cross-section of as-deposited nanolayered CrN–NbN coating (Zr substrate is at the bottom of the image). Box A: BF-TEM image taken close to the outer 
surface of the coating. Box B: BF-TEM image taken where the coating changes in contrast. 
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exposure, a minor peak linked to the NbCrO4 can be found, as displayed 
in Fig. 10 (Box C). 

3D reconstructions of APT data collected from the bulk of SL and NL 
CrN–NbN coatings as-deposited and after autoclave exposure are 

presented in Fig. 11. Here the difference between the SL and NL layer 
thickness and uniformity becomes more visible. In the SL CrN–NbN 
coating the alternating layers have the same thickness and they appear 
almost flat at this scale. The layers in the NL coating are not only thicker 

Fig. 6. STEM images and STEM EDS maps of the oxide scale found after autoclave exposure on the outer surface of superlattice CrN–NbN coating (a), and nano
layered CrN–NbN coating (b). 

Fig. 7. STEM image of the superlattice CrN–NbN coating outer surface after autoclave (a) and STEM EDS line scan across the oxide scale (b). Ni and Al contamination 
originating from the autoclave are also observed (c). 
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on average but less homogeneous and more jagged. The columnar grains 
shown in the BF-TEM images of the NL coating were about 50 nm wide. 
Vertical structures with a similar size are also visible in the APT data 
(marked with a dashed line). In proximity of these grain boundaries the 
layers form kinks, resulting in an overall curvature of the layers. As a 
consequence, the layers in the NL coating appear as arches or as half 
domes, and this is visible in the boxes in Fig. 11(c) and (d), and in the 
previously presented BF-TEM and STEM images. 

Some defects and inhomogeneities can also be found in the SL 
coating, but these imperfections are relatively minor and consist of small 
shifts in layer ordering (see Fig. 11(a) and (b)). These differences in 
morphology are also reflected in the chemical composition of the layers. 
In Fig. 12, 1D concentration profiles calculated in a direction perpen
dicular to the layers for the SL and NL CrN–NbN coatings as-deposited 
and exposed are plotted. For the SL coating, the periodicity is confirmed 
to be around 5 nm (each individual layer is about 2–3 nm thick). The 
composition of the Cr-rich and Nb-rich layers measured with APT is 
reported in Table 2. After exposure, the chemistry of the layers does not 
change greatly, but some homogenization of Cr and Nb across the layers 
might have occurred. In the case of the NL coating, there are more than 
two clear-cut compositions, and some areas with intermediate compo
sition do exist. Nonetheless, a Cr-rich and a Nb-rich layer can be 
observed, and their composition is reported in Table 2. The Cr-rich 
layers are in general thinner (around 4–5 nm), while the Nb-rich 
layers appear thicker (around 6–8 nm). This is likely an artifact 
caused by the different evaporation fields of the two materials that can 
produce local magnification effects. A better idea of the layer thickness 
is obtained from the TEM and STEM data. No significant changes can be 
discerned after the autoclave exposure, and both coatings seem to be 
unaffected. Very small changes can be observed, and it is important to 
keep in mind that local variations in the coating chemistry might be 
behind these differences rather than actual changes due to the exposure. 

APT reconstructions of the volume around the coating-substrate 

interface of the SL CrN–NbN coated cladding before and after expo
sure are presented in Fig. 13. In the as-deposited SL coating-cladding 
interface it is possible to see the Cr bonding layer in the middle of the 
reconstruction with the nitride coating and Zr substrate at the two 
opposite sides of it. The Cr-nitride interface is sharp with some jagged 
steps that are probably due to some Cr grains sticking out. The change in 
composition at this interface is presented in Fig. 14(a). The chemical 
composition goes from 100 at.% Cr to 45 at.% N, 35 at.% Cr, and 20 at.% 
Nb in a few nanometers. The Cr-Zr phase interface is smooth and sharp, 
and some O and N can be found at it. As shown in Fig. 14(b), there is a 
10 nm thick region where Cr, Nb, Zr, O and N are all found together at 
the interface. Cr and Zr composition profiles are flat in this 10 nm region 
and represent 45 at.% and 20 at.% of this layer, respectively. The Nb and 
N peak at 10 at.% and 20 at.% close to the Cr side, respectively. O is 
instead higher close to the Zr side where it reaches around 15 at.%. 
Another interesting feature that can be observed in Fig. 13(a) is the 
presence of O-enriched grain boundaries at the former surface of the Zr. 
These grain boundaries extend into the Zr-substrate for about 30–40 nm 
and are probably signs of the grinding and polishing performed on the Zr 
cladding surface before depositing the nitride coating. After exposure to 
autoclave, the Cr-nitride interface maintains a similar appearance but it 
is possible to see that some roughening of the Cr bonding layer is 
ongoing. The chemical composition of the interface, presented in Fig. 14 
(c), does not change significantly but N depletion close to the Cr side 
seems to be occurring. Additionally, Cr seems to be diffusing out of the 
Cr bonding layer into the nitride coating, creating a faint enrichment of 
Cr in the area close to the interface with the Cr. More distinct evolution 
can be observed in the chemistry of the Cr-Zr interface shown in Fig. 14 
(d). 

The 10 nm region where Cr, Zr, N, O and Nb were all present before 
exposure has now grown to about 30–35 nm in thickness. The Cr content 
is 45 at.% adjacent to the Cr and decreases gradually down to 30 at.% 
before going sharply down to about 10 at.% once the Zr substrate is 

Fig. 8. STEM images of the outer surface of the nanolayered CrN–NbN coating after autoclave (oxide (a) and coating adjacent to the oxide (c)). EELS line scans 
perpendicular to the layers visible in the oxide (b) and in the coating (d). 
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reached. Zr starts at about 20 at.% near the Cr side, and it increase up to 
50 at.% before reaching the Zr substrate. N peaks at 20 at.% near the Cr 
(same as before exposure), but it now decreases more slowly down to 
5–8 at.% before dropping to almost zero once the Zr substrate is reached. 
No new Nb seems to have reached the interface, but Nb is now distrib
uted homogeneously throughout the mixed region. O appears to have 
been pushed out of this mixed region into the Zr substrate. Around 4–5 
at.% of O can still be measured across the entire thickness of the mixed 
region. Less than 400 ppm Fe was measured at the Cr-Zr interface both 
before and after autoclave exposure. 

4. Discussion 

4.1. Corrosion resistance in BWR autoclave 

The CrN–NbN coatings tested in this work were found to be able to 
survive the BWR water chemistry. Both versions of the coating devel
oped an oxide scale of about 200–300 nm thickness that appears to be 
able to passivate the coating surface and prevent further oxidation. Both 
the SL and NL CrN–NbN coatings developed an oxide characterized by 
two main sub-bands: an outer oxide scale composed of crystallites 
20–50 nm in size, and an inner layered band that conserved the layered 
morphology of the original coatings. This substructure was significantly 
better defined in the NL coating. In the SL coating it was sometimes 

possible to find larger crystallites in the inner band. This oxide inner 
band was on average thicker in the SL than in the NL coating and its 
thickness was significantly less homogeneous in the oxidized SL coating. 
Cr and Nb were coexisting in both sub-bands, but the outer oxide was 
relatively richer in Nb, while Cr was dominant in the inner oxide. Ni 
could also be found predominantly in the outer oxide. Ni is an impurity 
originating from the autoclave environment and its presence in the outer 
scale suggests that this oxide has grown through a process of dissolution 
and precipitation rather than as direct oxidation of the substrate. The 
presence of this Ni impurity does not compromise the validity of this 
corrosion study: Ni and Fe impurities are in fact typical of all LWR en
vironments, and can often be found forming crud on the surface of 
cladding tubes exposed to reactor environment [35,36]. The inner oxide, 
instead, preserved the layered structure of the coating and it has most 
likely formed through direct oxidation of the layered nitride coatings. 

The outer oxide scale is mainly composed of 20–50 nm large crys
tallites that were indexed as tetragonal NbCrO4. Signal from this phase 
could be measured with XRD in both exposed samples. The stoichio
metric O content for this phase is 66.67 at.%, which is higher than the 
50–65 at.% content measured by STEM-EDS on the SL oxide scale. This 
mismatch can be explained by the presence of residual N sitting in the 
anionic site of the NbCrO4 crystal lattice [37–39]. The presence of Ni in 
the outer oxide scale is confirmed by STEM-EDS maps. This element 
must be dissolved in solid solution in the NbCrO4 lattice eventually 

Fig. 9. (a) X-ray diffractograms for as-deposited nanolayered CrN–NbN coated Zr-cladding (black line), and autoclave exposed nanolayered CrN–NbN coated Zr- 
cladding (red line). (b) Deconvolution of main peaks from the as-deposited coating into CrN and NbN Gaussian peaks. (c) Deconvolution of main peaks from the 
autoclave exposed coating into CrN and NbN Gaussian peaks. 
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substituting the Cr. Overall, EDS and STEM-EDS analysis reveal all three 
elements are present in the outer oxide, which suggest a complex oxide 
chemistry. 

Understanding the chemistry of the inner oxide is more challenging. 
The EELS line scan through the inner oxide grown on the NL coating is 
presented in Fig. 8(b). The plot shows one family of layers where almost 
only Cr signal is present and another set of layers where both Nb and Cr 
are present. This subdivision is not universal and it is difficult to imagine 
what could be the situation for the SL coating which has much thinner 
layers and more chaotic subdivision in inner and outer oxide. In any 
case, the most likely phases forming the oxide layers on the NL coating 
are chromia for the Cr-rich layer and CrNbO4 oxide for the Nb-rich layer. 
Other oxides could also be present, particularly in the regions where O 
and Nb signals are both seen increasing in comparison to the Cr-rich 
oxide, but the absence of clearly defined crystallites renders impos
sible the identification of these phases through electron diffraction or 
XRD. The oxidation of the coating layers seems to occur with significant 
volume expansion. As it is shown in the EELS line scans reported in 
Fig. 8, the distance between two Cr peaks in the oxide scale is around 
twice the distance between Cr peaks in the unoxidized coating. 

Assuming the expansion is happening only along the oxide growth di
rection, this would imply a volume change by a factor of 2. The volume 
expansion for the Cr2N to Cr2O3 phase transformation is by a factor 1.65. 
Considering that the formation of pores could exacerbate this expansion, 
a volume increase of about 2 times is somehow compatible. However, it 
is important to point out that the preferential dissolution and repreci
pitation of one layer type over the other could have caused the redis
tribution of certain elements. This renders reconstructing the actual 
oxidation process very challenging. 

One additional complication is the presence of N in the oxide. N is 
known to be able to substitute O anions in the lattice of mixed oxides (for 
example in spinel oxide) [37–39]. A few percent of N (5–7 at.% from 
bulk analysis) were measured in the oxide scale of both coatings, and the 
STEM-EDS line scan through the oxide scale developed on the SL coating 
shows up to 10–20 at.% of residual N after oxidation. Increased amounts 
of N are also measured in the portion of unoxidized coating adjacent to 
the oxide scale. All considered, it appears the oxidation of the coating 
transforms the CrN–NbN lattices into oxides with significant residual 
content of N. The N that cannot be hosted in the newly formed oxide 
lattice is instead pushed into the neighboring unoxidized coating 

Fig. 10. X-ray diffractograms for as-deposited superlattice CrN–NbN coated Zr-cladding (black line), and autoclave exposed superlattice CrN–NbN coated Zr- 
cladding (red line). Zoomed-in boxes A and B display CrNbN2 peaks in the diffractogram of as-deposited SL coating. Zoomed-in box C displays NbCrO4 main peak in 
the diffractogram of the autoclave exposed SL coating. 
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causing an increase in the N content in the CrN–NbN phases. The re
sidual N in the oxide scale can also be used to explain the relatively low 
O concentration measured with STEM-EDS as mentioned above. 

Overall, the formed oxide scale seems to be excellent at protecting 
the substrate from further oxidation and it is able to passivate the surface 
of the coating. The division into two sub-bands of oxide could be playing 
an important role in the effectiveness of this oxide scale. The outer oxide 
appears to protect the inner oxide by decreasing the activity of oxygen 
that manages to penetrate to the inner oxide, and by circumventing the 
dissolution of any chromia formed underneath. This protection mecha
nism and oxide scale morphology are very common in stainless steels 
and Ni-alloys [11,40,41]. Additionally, the layered morphology of the 
coatings could be forcing the oxidation front to proceed layer by layer 
requiring the nucleation of different oxides for each new layer oxidized, 
thus slowing down significantly the oxidation rate. 

In terms of performance, the SL and NL coatings were almost the 
same: both formed a stable oxide about 200–300 nm thick and no further 
transformation of the underlying coating could be observed. Nonethe
less, the NL CrN–NbN has displayed a few features that might bring some 
potential benefits for longer exposure times. The outer oxide scale of the 
NL CrN–NbN coating appears to be more developed and presents larger 
crystallites on average. Other characteristics that point in the same di
rection are the smooth oxide-coating interface and the uniformity in 
thickness. The oxide-coating interface of the NL CrN–NbN coating is 
significantly flatter and more regular than the oxide-coating interface of 
the SL CrN–NbN coating. The oxidation front appears to progress in a 
slow and controlled way. As a result, the oxide thickness is almost the 
same everywhere it is measured. In the case of the SL coating, the oxide- 
coating interface presents significant steps and kinks. This would suggest 
that the oxidation front is progressing faster in certain areas than in 

Fig. 11. 3D reconstructions of APT data collected from the bulk of the coatings. Superlattice CrN–NbN coating before (a) and after (b) autoclave exposure, and 
nanolayered CrN–NbN coating before (c) and after (d) autoclave exposure. Top figures present isosurfaces calculated at Cr plus N at 70 at.% (magenta) and Nb plus N 
at 50 at.% (orange). Bottom figures: 50 × 50 × 20 nm3 boxes perpendicular to the layers. 
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other, contributing to the uneven thickness of the oxide. The main dif
ference between the SL and NL CrN–NbN is the thickness of the layers 
they are made of. Thicker layers might promote the formation of larger 
crystallites and result in a more well-defined subdivision of the oxide 

scale. It is also true that the layers of the SL and NL do not have the exact 
same composition, and this could be also playing a role. Overall, the 
application of the tested nitride coatings provided a significant 
improvement in oxidation resistance compared to uncoated claddings 
tested under similar circumstances [42]. 

4.2. Composition and phases forming the SL and NL CrN–NbN layers 

Using APT data it was possible to determine with relatively high 
accuracy the composition of the different layers deposited to form the 
coatings. In the SL CrN–NbN coating, the Cr-rich layer has a metal- 
nitrogen ratio that resembles a (Cr,Nb)2 N phase with 33 at.% N, 
58–60 at.% Cr, and 7–9 at.% Nb. The Nb-rich layer is instead closer to a 
(Nb,Cr)N structure with 50 at.% N, 25–30 at.% Nb, and 20–25 at.% Cr. 
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Fig. 12. 1D concentration profiles across coating layers. Layer composition in superlattice CrN–NbN coating before (a) and after (b) autoclave exposure. Layer 
composition in nanolayered CrN–NbN coating before (c) and after (d) autoclave exposure. 

Table 2 
Approximate composition of the layers constituting the SL and NL CrN–NbN 
coatings, from APT.  

Coating Layer type Cr (at.%) Nb (at.%) N (at.%) 

SL CrN–NbN (as-deposited) Cr-rich 55–60 8–9 33–35  
Nb-rich 20–25 28–33 47–50 

NL CrN–NbN (as-deposited) Cr-rich 68–72 5–10 22–28  
Nb-rich 9–10 40–45 48–50  

Fig. 13. 3D reconstructions of APT data collected at the coating-substrate interface of the cladding coated with superlattice CrN–NbN coating: as-deposited (a) and 
after autoclave exposure (b). Size of the boxes 300 × 80 × 50 nm3. 
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This would suggest the coating is composed by two alternating phases. 
After the exposure to autoclave, the Cr content in the Cr-rich layers 
seems to be slightly lower, while the Nb content in the same layer in
creases slightly, as if the two different layers were starting to mix. The 
change is very small though, and it might be attributed to local varia
tions. The XRD data for the as-deposited SL shows very weak peaks that 
could match a combination of CrN, NbN, and CrNbN2 ternary phase. The 
low intensity of these peaks indicates that the crystallinity of the as- 
deposited SL coating is extremely low. The low deposition tempera
ture typical of MS-PVD in combination with the ionic bombardment 
utilized to guarantee elevated coating densities when depositing nitride 
coatings [43,44] could be the main explanation for this low crystallinity. 
The XRD results for the exposed SL coating show clear, gaussian peaks 
corresponding to the CrNbN2 ternary phase. This implies that the 60 
days at 300 ◦C allowed the coating to increase significantly its crystal
linity, either by annihilation of 1D defects induced during deposition or 
by allowing short-range diffusion and rearrangement of atoms. Ac
cording to the XRD diffractometry, the chemical variation of the layers 
measured with APT does not reflect two different alternating crystal 
lattices, but rather a single CrNbN2 crystal lattice with significant peri
odic variations in composition that result in the emergence of the 
superlattice layered structure. This would be particularly true for the SL 
coating after the autoclave exposure. On this note, the small chemical 
changes measured with APT in the layer composition after exposure 
could be linked to the increased crystallinity measured with the XRD. 

Less clear is the nature of the phases present in the NL CrN–NbN 
coating. The APT data showed Cr-rich layers composed of 70 at.% Cr, 5 
at.% Nb, and 25 at.% N; and Nb-rich layers composed of 40 at.% Nb, 10 
at.% Cr, and 50 at.% N. The Cr-rich layers could fit reasonably well with 
the (Cr,Nb)2 N stoichiometry. Even if the metallic content of these layers 
is higher than the precise stoichiometry, Cr2N is known to have a wide 
range of stable compositions, particularly at elevated temperatures, and 
it is possible that the Cr-rich layer is metastable at room temperature but 
was still able to form during deposition. The composition of the Nb-rich 
layers fits well with a (Nb,Cr)N stoichiometry. From the XRD analysis 
emerges that the main crystalline phases present in the NL coatings are 

CrN and NbN. Hence, the Nb-rich layers must be arranging into a NbN 
lattice, which fits quite well their chemical composition, while the Cr- 
rich layers must form a CrN crystal lattice despite the significant devi
ation from the CrN stoichiometry. Secondary peaks relative to Cr3Nb3N 
and possibly CrNbN2 were also measured and could partially explain this 
inconsistency. No real difference is found in the NL layers composition 
before and after autoclave both in APT and XRD data, which means that 
300 ◦C is not sufficient to allow significant diffusion of Cr out of the 
supersaturated CrN lattice. An alternative explanation could be that 
adding Cr atoms to the Nb-rich layer would come at an energy cost, 
leaving the Cr trapped inside the Cr-rich layer. 

Overall, both coatings have demonstrated to be stable at this tem
perature. It is safe to assume that the diffusion rates of Cr and Nb in the 
nitride lattice are too low to produce any significant change in the 
chemistry of such coatings at operating temperature. However, irradi
ation could promote mixing of the layers, particularly in the thinner 
layers of the SL coating. 

4.3. Evolution of the coating-substrate interface during autoclave 
exposure 

The coatings are very stable in autoclave at 300 ◦C, but some inter
action does occur between the substrate and the coating during expo
sure, as is shown by the APT data displayed in Figs. 13 and 14. At the 
coating-substrate interface of the SL CrN–NbN as-deposited coated 
cladding two main features are evident: the presence of a Cr bonding 
layer (deposited intentionally during deposition), and the presence of 
what is left of the Zr-cladding native oxide. The native oxide was present 
on the outer surface of the cladding before the deposition of the nitride 
coating. Plasma cleaning was performed before deposition to prepare 
the substrate surface, but a small amount of residual oxidized Zr can still 
be found buried at the interface with the coating. At the initial stages of 
deposition, some Cr, Nb, and N end up mixing with this native oxide 
forming a 10 nm thick mixed region. This region evolved significantly 
during the time in autoclave, and it is found growing to about 30–35 nm 
in thickness. The main elements promoting the formation and growth of 
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this phase are N and Cr. N has to come from the nitride coating, and it 
must have diffused through the Cr bonding layer in order to get to the Zr 
substrate. This would explain the N depletion zone seen after exposure 
in the proxigram across the Cr-nitride interface plotted in Fig. 14c. The 
reaction between Zr and N has been documented for nitride coated 
claddings tested at elevated temperatures [45,46], and it is reasonable to 
imagine that the mixed region reported in this work could easily evolve 
into ZrN at higher temperatures. The diffusion of Cr into Zr is very well 
documented in the case of Cr coated claddings and it has been reported 
even at operating temperatures [47]. Coupled with the intermixing be
tween Cr and Zr, Fe is often found enriching in the mixed region. In this 
material, though, almost no Fe could be detected at the Cr-Zr interface. 
This could be linked to the abundance of N diffusing from the coating to 
the substrate which reacts with the Zr leading to the formation of ZrN. 
The presence of this ZrN phase was found hindering the Cr-Zr reaction 
[46] which could explain the absence of Cr2Zr laves phase or 
Fe-enrichment at the interface. The formation of this Zr-Cr-N phase was 
visible in BF-TEM images of the SL CrN–NbN coating-substrate interface 
(see Fig. 2), but no nucleation of this phase was seen occurring for the NL 
CrN–NbN coating. This is probably due to the thickness of the Cr 
bonding layer used in the NL coating (250 nm in the NL coating vs 50 nm 
in the SL case), which, being five times thicker, must have delayed the 
diffusion of N from the nitride to the Zr substrate. 

5. Conclusions 

In this work, a superlattice (SL) CrN–NbN coating and a nanolayered 
(NL) CrN–NbN coating were deposited onto Zr claddings made of HiFi™ 
alloy. These coated claddings were then exposed to autoclave corrosion 
testing. The as-deposited materials and the samples exposed to auto
clave were analyzed with a wide range of advanced characterization 
techniques and the main results and conclusions are reported below:  

(1) Both the SL and NL CrN–NbN coating survived the exposure to 
BWR water chemistry in autoclave. Both coatings formed a 
200–300 nm thick passivating oxide which represents a signifi
cant improvement when compared with uncoated claddings [42]. 
The oxide scale was subdivided into an outer scale characterized 
by 20–50 nm large crystallites of NbCrO4 (with Ni impurities), 
and an inner oxide scale formed by alternating layers of Cr-rich 
and Nb-rich oxides. Traces of N could still be measured with 
EDS in the formed oxide.  

(2) Despite the nanoscale of the layering in the coatings, the 
morphology and chemistry of the two coatings were not modified 
by the exposure, and no significant mixing was observed. The 
coatings have demonstrated to be stable at BWR operating 
temperature.  

(3) In the case of the SL CrN–NbN coated HiFi™ cladding, some Cr 
and N were found to diffuse from the coatings into the substrate. 
The diffusion of these two elements caused the nucleation and 
growth of a 30–35 nm thick Zr-Cr-N phase arranged into a 
discontinuous band along the coating-substrate interface, and 
growing into the Zr substrate. This phase is expected to evolve 
into a ZrN for exposures at higher temperature.  

(4) The thicker layers of the NL CrN–NbN coating appear to have 
promoted the formation of an oxide scale characterized by more 
defined oxide bands: outer protective oxide and inner layered 
oxide. This subdivision was visible on the SL CrN–NbN coating as 
well but it was less clearly developed. Additionally, the oxide- 
coating interface was flat in the NL coating and while it was 
quite rough and uneven for the SL coating. The morphology of the 
oxide found on the NL coating appears generally more desirable. 
The difference in thickness of the layers that characterize the two 
coatings seems to be responsible for the differences reported in 
the oxidation mechanism.  

(5) The thicker Cr bonding layer employed at the coating-substrate 
interface in the case of the NL CrN–NbN coating was able to 
delay the formation of the Zr-Cr-N phase described in point (3). 
This suggests that the thickness of such bonding layers can affect 
the diffusion of N from the coating into the substrate and hinder 
the interaction of N with Zr. 

CrN–NbN nanolayered coatings performed well in simulated BWR 
environment and are very promising candidates as ATF material for 
BWRs. Further optimization of the coatings can be performed and a 
deeper understanding of the effect of the layered structure could be 
obtained. The study of a monolithic nitride coating with the same 
average composition could help shed further light onto the effects of the 
layered morphology on the oxidation mechanism. Other nitride coatings 
have performed well under simulated accident conditions. However, 
high temperature corrosion studies in steam need to be performed on 
both SL and NL CrN–NbN in order to confirm the potential of these 
materials as ATF designs. 
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