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ABSTRACT

The performance of Cr-coated Optimized ZIRLO™ as accident tolerant fuel cladding material for pres-
surized water reactors (PWRs) is assessed. The coating oxidation mechanisms, oxide stability, and the
transformation of the Cr-coating/Optimized ZIRLO™ interface are among the studied phenomena. For
this purpose, samples were exposed at 1200°C in steam for 3 min, 20 min and 40 min. As-fabricated
coated claddings, plus specimens tested in autoclave at 415°C for 90 days in simulated PWR water chem-
istry were employed for comparison. Characterization techniques such as scanning electron microscopy,
energy dispersive x-ray spectroscopy, electron backscattered diffraction, and transmission electron mi-
croscopy were used to determine the chemistry and crystalline structure of the various phases formed
during the different exposures. When exposed to loss-of-coolant accident (LOCA) conditions for 40 min,
a layer of Cr,03 up to 8 pm thick was measured on the outer surface of the Cr-coating. No significant
oxidation of the underlaying Optimized ZIRLO™ alloy occurred, and the applied coating appears to be
very effective at delaying the cladding degradation under accident conditions. At the coating-substrate
interface, a 1-2 pm thick layer of (Cr,Fe),Zr Laves phase was found. The presence of this phase appears
to have no detrimental effects on the coating performance, and it might play a role in slowing down the
dissolution of the coating into the substrate. ZrO, particles were frequently found at grain boundaries in
the coating after exposure to LOCA conditions. For longer exposure time, these particles are expected to
grow into a ZrO,-network, creating a fast diffusion path for O, and compromising the oxidation protection

offered by the coating.

© 2023 The Author(s). Published by Elsevier B.V.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

The main design objective of accident tolerant fuels (ATFs) is to
greatly improve safety under severe accidents conditions. Loss-of-
coolant-accidents (LOCAs) are one of the most serious and conse-
quential emergency situations that can occur in a nuclear power
plant. In such accidents, the flow of water through the core is
stopped. This could be the consequence of a loss of electric power
to the pumps that drive the water into the core. From the in-
stant when the water flow stops the core starts heating up, the
temperature can quickly ramp up to 800°C where ballooning and
burst of the cladding start occurring, followed by chemical degra-
dation of the claddings and further increase in temperatures up to
1000-1200°C or more [1,2]. High temperature steam reacts with
the zirconium metal, forming zirconium oxide and producing large
quantities of hydrogen in a highly exothermic reaction [2]. Part of
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the hydrogen is adsorbed by the zirconium cladding forming hy-
drides and further deteriorating the mechanical properties of the
claddings, the rest is released as hydrogen gas into the core where
it contributes to increasing the pressure inside the reactor vessel.
This hydrogen gas can subsequently be released outside the con-
tainment due to reactor pressure vessel failure, ignite and cause
explosions, further damaging the power plant and making it even
more difficult to restart the flow of cooling water. All of this can
happen in a matter of hours, and in these emergency situations
any additional time is instrumental and could allow the person-
nel to react and solve the issue [1,2]. Cr-coatings are expected to
be able to delay the reaction between hot steam and Zr-claddings.
This would preserve the mechanical properties and the integrity
of the claddings for longer time, which can guarantee a coolable
geometry of the core and increase the time window where a se-
vere accident can be contained by restarting the water flow before
the situation becoming catastrophic. Also, delaying the oxidation of
the Zr means delaying the injection of additional reaction heat in
the core, reducing the rate at which the core temperature increases
during the accident. Cr-coatings have been shown to perform well

0022-3115/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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both under pressurized water reactor (PWR) operating conditions
and severe accident conditions [3-9], but a clear understanding
of all phenomena and transformations occurring in the coating-
cladding system during a severe accident is crucial for modelling
the behaviour of the newly developed fuel.

Previous, in-depth studies on physical vapour deposition (PVD)
Cr coatings for ATF have been performed [10-12], but a detailed
chemical and microstructural analysis of cold spray (CS) Cr coat-
ings tested under simulated accident conditions is still needed
[5,9]. Metallic chromium has been selected for its ability to form a
dense and protective chromia scale on its surface, both under op-
erating conditions and during high temperature oxidation [5,13]. In
most other applications, Cr is not used as a pure metal but added
to steels or Ni-alloys as alloying element to provide improved ox-
idation/corrosion resistance [14-16]. The result is that these sys-
tems often oxidize producing a complex layered oxide scale com-
posed of chromia and spinel oxides, which can promote chromia
stability and protect it from dissolution and evaporation [16,17].
In the case of a coating made of pure Cr, the main solid oxida-
tion product that can form is chromia and the performance of this
oxide in the tested environment is crucial for the effectiveness of
the coating in protecting the Zr-cladding. Under operating condi-
tions, Cr forms a stable layer of passivating chromia [3-9], and
its stability has been confirmed by thermodynamic calculations of
Cr oxidation products under similar conditions conducted by Cook
et al. [18]. In this case, the oxide grows through the diffusion of
Cr-cations from the metal to the oxide surface where they react
with H,0 and produce oxide growth [19]. At high temperature, the
oxidation process can instead be described as the oxidation of the
metal at the oxide-metal interface, plus the reduction of oxygen
at the oxide-steam interface. Both phenomena are controlled by
the diffusion of Cr vacancies from the outer surface to the metal
and of O vacancies from the metal-oxide interface to the outer
surface [20-23]. Depending on the environment the Cr is exposed
to, the mobility of vacancies and the activity of oxygen can pro-
mote different oxidation mechanisms, kinetics, morphologies and
microstructure of the oxide scale. Some of the most important ex-
posure parameters for oxidation are temperature, O partial pres-
sure and presence of steam [15,21,22,24-26]. Another issue worth
keeping in mind is the thermal stability of Cr,03. At temperatures
higher than 1000-1200°C, chromium can start oxidizing into CrOs
and other volatile species. These species have a significantly higher
partial pressure than Cr,03, can evaporate from the oxide surface,
and can have an important role in the loss of protection against
oxidation. [14,27,28].

Different ways of obtaining a metallic Cr coating exist: PVD
and CS are currently the most widely used techniques for ATF ap-
plications [4,29,30]. In CS, high pressure, hot gas is fed through
a converging-diverging nozzle together with a powder. The pow-
der particles represent the building blocks that will assemble
into the final coating. After passing through the nozzle, the pow-
der is accelerated by the expanding gas up to supersonic speed
(the achieved particle velocity usually falls between 300 m/s and
1200 m/s [31,32]). The accelerated particles are then directed
onto the substrate, where they undergo ballistic collision with
the substrate, to start with, and subsequently with the coating
being formed. The impact of the particles results in high-strain,
high-rate plastic deformation, where Kinetic energy provides the
principal driving force for coating consolidation and particle ad-
hesion [32]. In this work, scanning electron microscopy (SEM),
energy dispersive x-ray spectroscopy (EDS), transmission electron
microscopy (TEM), and electron backscattered diffraction (EBSD)
are employed to study CS Cr-coated Zr-claddings exposed to a sim-
ulated accident environment. This material is analysed in search of
an understanding of the Cr oxidation mechanism, the interaction
between the Cr-coating and the Zr-substrate at elevated tempera-
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tures, and the microstructural and chemical evolution of the sys-
tem under these challenging conditions. Analysis and results from
as-fabricated coated cladding and PWR autoclaved coated cladding
are also used for comparison and for understanding the origin of
the microstructure and phases that emerge after the exposure to
simulated LOCA conditions.

2. Experimental procedures
2.1. Materials

Cold spray Cr-coated Optimized ZIRLO™ (OPZ) cladding ma-
terial, in form of tubes 4 cm long and 10 mm in diameter, is
analysed. The coating was obtained by depositing pure Cr pow-
der sieved to less than 44 pm in size with CS deposition (achieved
particle velocity 1200 &+ 50 m/s) onto OPZ cladding tubes (4 m
long; alloy nominal composition: 0.8-1.2 wt.% Nb, 0.6-0.79 wt.%
Sn, 0.09-0.13 wt.% Fe, 0.09-0.16 wt.% O, balance Zr). Initially, 50
um of coating was deposited, then the coating was machined down
to 20 um thickness. This step guarantees better control on coating
thickness and surface roughness. The coated tubes were cut into
4 c¢m long portions, and these smaller specimens were exposed
to simulated PWR operating conditions and simulated LOCA con-
ditions. The simulated PWR exposure was performed in a closed
loop, static, steam autoclave at 415°C and 220 bar for a total of
90 days in PWR water-chemistry. Static steam autoclave testing on
Zr-alloys is generally performed at 400°C [33], the slightly higher
temperature of 415°C was used in this study to test the material
under harsher conditions. A horizontal quartz tube furnace with
1 atm flowing steam was used to simulate the accident condi-
tions. The tube samples were inserted into the furnace, pre-heated
at 1200°C, once the target temperature was reached, the samples
were held inside for 3 min, 20 min and 40 min, respectively. Af-
ter the exposure was completed, the samples were extracted from
the furnace and let to cool in air. A type-K thermocouple was spot
welded to a dummy Zr-alloy tube sample and used to monitor the
temperature inside the furnace. The dummy was kept adjacent to
the actual sample for the duration of the experiment.

2.2. Sample preparation and analysis

A low-speed saw was used to cut the received samples into
rings 5 mm in hight. Bakelite embedded samples, ground and pol-
ished with SiC-paper and diamond particle suspensions, were sub-
jected to SEM study and EDS analysis. Cross-sections prepared with
broad ion beam (BIB) LEICA TIC3X were employed for EBSD map-
ping of as-fabricated material and PWR-autoclave exposed samples.
EBSD mapping of the LOCA tested material was performed on the
ground and polished Bakelite embedded samples. TEM specimens
were extracted from the Bakelite-embedded samples with a dual-
beam focused ion beam/scanning electron microscope (FIB/SEM) in
an FEI Versa 3D workstation implementing well-known procedures
for sample lift-out and preparation [34,35]. SEM and EDS analyses
were conducted on a JEOL 7800F Prime microscope, providing an
overview of the morphology and the microstructure. EBSD map-
ping (band contrast and inverse pole figure (IPF)) was performed
on a TESCAN GAIA3 equipped with an Oxford-NordlysNano detec-
tor and used to study the microstructural evolution of the coating
during autoclave and under simulated accident conditions. In the
case of the LOCA tested sample (40 min), bright field (BF)-TEM im-
ages and selected area diffraction patterns (SADPs) were collected
on an FEI Tecnai T20 LaBg, while scanning TEM (STEM) imaging
and STEM-EDS analyses were performed on an FEI Titan 80-300
FEG. The combination of the two instruments was used to identify
and characterize the oxide scale, the (Cr,Fe),Zr Laves phase formed
at the Cr/Zr interface, and the ZrO, particles formed in the coating
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at the Cr grain boundaries in proximity of the interface with the
substrate.

3. Results
3.1. Oxidation protection under simulated accident environment

An overview of the performance of the coated cladding after
hot steam testing is presented in Fig. 1. After exposure, the coated
outer wall of the cladding is still protected by the coating. Three
main features can be observed; a compact oxide scale has formed
on the surface, an intermetallic (Cr,Fe),Zr Laves phase has ap-
peared at the Cr/Zr interface, and some pores both in the oxide
and the coating can be observed. Looking at the evolution in time,
it can be noticed that the thickness of the oxide scale and of the
Laves phase increase visibly between 3 min and 20 min, while not
much difference is noticeable between 20 min and 40 min. As can
be seen in Box 1, in the initial stages of oxidation (LOCA 3 min),
the oxide scale is uniform and monolithic, characterized by crystal-
lites around 100 nm x 200 - 300 nm in size (elongated along the
growth direction). At this stage the interface with the Cr-coating
appears to contain many pores with localized points of contact be-
tween the scale and the metal, compatible with an initial outward
growing oxide. For longer exposure time, the oxide grows in thick-
ness and the interface with the metal changes morphology and no
pores can be observed any longer. The oxidation mechanism be-
comes mixed, the oxide is both outward growing and inward grow-
ing, leading to the incorporation of the original oxide/metal inter-
face inside the oxide scale. Overall, the result of the exposure to
LOCA simulated conditions for 40 min is the formation of a passi-
vating chromia scale 8-10 pum thick with no severe damage to the
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integrity of the coating. When compared with the degree of oxi-
dation suffered by the uncoated inner wall of the cladding (shown
in Fig. 1b), the advantage provided by the coating is immediately
clear. Where uncoated, the Zr-alloy produced an 80 um thick ZrO,
scale plus more than 100 um of oxygen saturated «-Zr(O).

The thickness of the chromium oxide and the (Cr,Fe),Zr Laves
phase developed during exposure to simulated accident environ-
ment were measured for the three different times, see Fig. 2. The
thicknesses were measured along a 150 pum long portion of the
cladding outer wall, by analysing cross-section SEM images. As can
be seen, both the oxide and the Laves phase appear to grow fol-
lowing a parabolic kinetics and can be well fitted by a parabolic
law. Another interesting detail shown by this plot is the reduced
spread of measured thicknesses for the Laves phase after 40 min
relative to 20 min. As confirmed by Fig. 1, over time, the coating-
substrate interface tends to become less rough and more homoge-
neous, and this could have an effect on the Laves phase thickness
homogeneity.

Due to the mechanical polishing, the oxide scale visible in
Fig. 1 appears to be incomplete. A complete view on the chro-
mia scale formed after 40 min under simulated LOCA conditions
is offered in Fig. 3. In this BF-TEM micrograph the entirety of the
scale, from the outer surface to the interface with the metal, is
presented. The scale can be divided into two separate bands: an
outer one characterized by small grains (less than 100 nm in size),
and an inner one where the grains are larger (0.5-1 pm in size)
and many pores can be found. The transition from one region to
another is gradual and in the central zone of the scale, large grains
can be found surrounded by many smaller ones. The oxide/metal
interface appears to be continuous, and no porosity or lack of ma-
terial can be seen. Some small circular pores are found in the Cr
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Fig. 1. SEM cross-section imaging of CS Cr-coated OPZ cladding tubes exposed to LOCA condition (1200°C in steam) for 3 min, 20 min and 40 min respectively. (a) Detail of
the outer cladding wall, Cr-coated, after exposure. Due to the different electronic properties, n-type and p-type chromia present different contrast. Box 1 offers a magnified
view of the oxide scale and the oxide/metal interface after 3 min of exposure. (b) Overview of the cladding cross-section: the uncoated inner wall of the cladding is shown

and the degree of oxidation suffered by the bare Zr-alloy is visible.
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Fig. 2. Thickness of the chromium oxide scale and the (Cr,Fe),Zr Laves phase layer
measured after exposure to simulated LOCA conditions. The fitted parabolic law
curves are plotted as solid lines.

grains visible in this region near the oxide, which could be ex-
plained as Kirkendall porosities [11,36]. The electron diffraction
pattern A (Fig. 3) is compatible with the ring patterns produced by
a multi-crystalline chromia, but the number of grains included in
the selected area for electron diffraction was not sufficient to pro-
duce complete rings. Pattern B was successfully indexed as trigonal
chromia, and Pattern C was indexed as BCC-Cr.
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3.2. Cr-Zr interdiffusion at the coating-substrate interface

Another region of interest, which is subjected to transformation
during the exposure at high temperature, is the Cr-Zr interface.
Fig. 4 offers an EDS map comparison between the as-fabricated
material, the PWR autoclaved material and the LOCA tested ma-
terial. The Cr-Zr interface appears sharp for the as-fabricated and
PWR autoclaved samples, while an intermixing between Cr and Zr
can be noticed in the case of the LOCA tested samples. In fact,
the most evident phenomenon occurring at the interface once high
temperatures are involved is the formation of a 1-2 pm thick layer
of intermetallic Laves phase (CrFe),Zr. The (Cr,Fe),Zr Laves phase
is 0.5 pm thick after 3 min of high temperature exposure and it
grows to around 1-1.5 pm after 20 min. At this point the thick-
ness of this phase seems to stabilize. The EDS maps presented in
Fig. 4 allow to see a vague trend in the presence of Fe in the Laves
phase: no visible Fe enrichment after 3 min, initial stages of Fe en-
richment after 20 min and clear Fe enrichment after 40 min. The
concentration of Fe in the Laves phase after 40 min is still very
low, probably around 1-2 at.%, which makes it difficult to highlight
clearly with SEM-EDS mapping. Better quantification is offered in
Fig. 7b where the results from STEM-EDS point analysis is pre-
sented. A trend can be seen for the thickness of the outer oxide as
well, no oxide is visible at this magnification for the as-fabricated
sample, a very thin scale is identified on the PWR autoclaved ma-
terial, a 2-3 pm thick oxide layer is measured after 3 min of LOCA
exposure, and an 8 pm oxide layer can be seen after 20 min with
little increase in thickness after 40 min. Beyond the formation of
the oxide and the intermetallic, it is possible to see some Zr signal
inside the Cr-coating forming a network of loosely interconnected
lines, most likely Zr is diffusing along grain boundaries into the
coating. No Zr was measured in the bulk of the Cr grains (notice:
the detection limit of EDS is about 0.1-0.2 at.%). Due to the depo-

CS-Cr coating

trigonal — Cr,05
[110]

10 1/nm

Outer surface Finer grains

+
Porosities

Larger grains

Oxide-Metal interface

Fig. 3. BF-TEM image of the chromia scale formed on the outer surface of the CS Cr-coated OPZ cladding tube after 40 min at 1200°C in steam (montage of multiple images).
Right: SADPs from (A) multiple grains of chromia in the outer part of the oxide scale, (B) single grain of chromia midway through the oxide scale, (C) single grain of Cr

metal adjacent to the oxide scale.
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Fig. 4. SEM EDS cross-section mapping of CS Cr-coated OPZ cladding tubes as-fabricated, exposed to PWR autoclave, and exposed to LOCA condition (1200°C in steam) for
3 min, 20 min and 40 min, respectively. (Mapped elements: Zr in blue, Cr in magenta, O in grey, Fe in green. SEM images with scale bar shown in left column).

sition method and the consequent roughness of the Cr-Zr interface,
some Zr could already be measured penetrating the coating in the
as-fabricated or PWR autoclaved samples. This, though, was caused
by the turbulent flow of plastically deformed material that charac-
terizes CS deposition. It could be seen only in certain regions and
with only nanometre scale chemical intermixing at the interface,
showing significantly different characteristics [37,38].

Chromium diffused into the bulk of the Zr cladding in signifi-
cant amounts, as shown in Fig. 5. Utilizing SEM EDS line scans, it
was possible to quantify the Cr diffusion into the Zr cladding. No
Cr has diffused into the Zr cladding for the as-fabricated sample as
the low deposition temperature of cold spray deposition does not
allow for long range diffusion to happen. During PWR autoclave
testing, despite the relatively low exposure temperature of 415°C,
due to the long exposure time of 90 days, a small degree of Cr
diffusion with a range of 8-10 nm was measured. The Cr content
for the LOCA tested samples is more significant, here the Cr con-
centration adjacent to the Cr coating peaks at 5 at.% for all expo-
sure times. From this point, moving towards the inner wall of the
coating, the Cr content decreases to reach zero approximately at
75 pm, 200 pm, and 300 pm distance from the coating-substrate
interface for the 3 min, 20 min and 40 min LOCA exposures, re-
spectively. The box on the right side of Fig. 5 shows a schematic
example of the position and direction of the SEM EDS line scans
collected. Additionally, the mapped EDS signal for Cr inside the Zr
cladding is presented. From this it is possible to see that, after the
exposure at 1200°C and cooling in air at room temperature, Cr is
not uniformly distributed in the Zr alloy. Both micron sized Cr-rich

particles and Cr-rich areas can be found in the Zr. These two fea-
tures, typical of Zr alloys containing 3 at.% Cr or more [39], are the
cause behind the fluctuation of the Cr content measured in the line
scans. The plotted data was obtained by aligning and averaging five
line scans per sample in an attempt to reduce the compositional
fluctuations characteristic of the LOCA exposed samples in partic-
ular, but the magnitude of these fluctuation made it very difficult
to obtain a smooth curve. It is also important to notice that the
(Cr,Fe),Zr Laves phase band, present at the Cr-Zr interface for all
three samples exposed in LOCA simulated environment, it is not
visibly plotted in Fig. 5 due to the scaling of the axis.

A better view of the Cr-Zr interface after 40 min exposure in
simulated LOCA environment is presented in Fig. 6a. On the Cr-
side, bright particles can be seen at the grain boundaries of the
recrystallized Cr grains. These particles correspond to the Zr-rich
regions penetrating into the Cr-coating that are visible in the EDS
map presented in Fig. 4. Between the Cr and the Zr, the (Cr,Fe),Zr
Laves phase layer appears to have sharp interfaces with both ma-
terials, the interfaces have some roughness but the thickness of
the intermetallic is relatively uniform. On the Zr side, the afore-
mentioned Cr-rich particles are found with both elongated/acicular
shapes and spherical shapes. The region of Zr within 1-2 pm dis-
tance from the intermetallic Laves phase does not present any of
these particles. This could be due to a Cr depletion zone produced
by the growth of the (Cr,Fe),Zr layer at the coating-substrate in-
terface. BF-TEM images of the Cr-(Cr,Fe),Zr interface is shown in
Fig. 6b. In addition to the features already visible in the SEM cross-
section, TEM allows to partially access the (Cr,Fe),Zr grain struc-



A. Fazi, M. Sattari, K. Stiller et al.

7.0

6.5

6.0

5.5

5.0

4.5

4.0

3.5

Cr content (At.%)

3.0

2.0

1.5

1.0

0.5 \

0.0 an

Distance from Cr coating (um)

Journal of Nuclear Materials 576 (2023) 154268

LOCA (40 min)
& 'T)' AR o

|

‘ Cr coating
| k

I

~<AS-FAB

PWR

SEM

LOCA (3min)

LINE SCAN DIRECTION

LOCA (20min) k
- Zr

+LOCA (40min)

10 um -

Fig. 5. SEM EDS cross-section line scans of CS Cr-coated OPZ cladding tubes as-fabricated, exposed to PWR autoclave, and exposed to LOCA condition (1200°C in steam) for
3 min, 20 min and 40 min respectively. Box (right side): Schematic of line scan direction and orientation, plus SEM EDS map of the Cr signal from the Zr cladding (signal
intensity adjusted to make Cr-rich particles and regions visible - contrast between the (Cr,Fe),Zr Laves and the Cr-coating is not visible due to oversaturation).

ture. Near the interface, (Cr,Fe),Zr presents small grains (around
500 nm in size) while further away from the Cr the grains appear
to be larger. Features resembling dislocation lines and bend fringes
are found in the Laves phase grains, suggesting that some stress
and strain are present, potentially induced during cooling. Box 1
presented in Fig. 6 shows one of the Zr-rich particles at higher
magnification. The corresponding Pattern A was indexed as mon-
oclinic zirconia. At this scale it is possible to reveal substructures:
bands 50 nm wide stretch across the particle from side to side,
possibly caused by tetragonal to monoclinic transformation occur-
ring at 1043°C, with a 3% volume change [40], during cooling of
the ZrO,-particles. The selected area diffraction pattern B was in-
dexed as cubic C15-type Laves phase.

STEM imaging and STEM EDS were employed to obtain detailed
chemical information about the composition of the (Cr,Fe),Zr Laves
phase and the Zr-rich particles growing along the Cr-grain bound-
aries. In Fig. 7, STEM images of the Laves phase formed at the
coating-substrate interface and of the Cr-coating are displayed, the
Zr-substrate is not shown. The intermetallic microstructure is char-
acterized by a grain size around 1-2 pm. Some plastic deformation
seems to have occurred as suggested by the twin lines visible in
Fig. 7, Box B. The formation of the twins is likely to be attributed
to residual stresses induced into the material during the cool-
ing. ZrO, particles are found very frequently decorating the grain
boundaries of the recrystalized Cr coating. The table presented in
Fig. 7 contains the chemical compositions of various areas on the
analysed lamella obtained with STEM EDS point analysis. The mea-
sured composition of the Laves phase is the same throughout the
entire layer and it agrees with the (Cr,Fe),Zr stoichiometry. An Fe
content of 1-2 at.% is found in this phase, probably coming from
the Zr substrate and substituting Cr in the Laves lattice. The com-
position of the Zr-rich particles is less uniform. The most common
composition is Zr 30-35 at.% and O 64-70 at.%, compatible with
Zr0,. The Cr content, though, can vary between 0 at.% and 6 at.%
(with 20 at.% Cr, Point 11 seems to be an outlier, probably because
of signal contribution from the matrix matrix). Where the lamella
was the thinnest, almost no Cr was measured (between 0 at.% and
0.5 at.%), which would agree with the hypothesis of the matrix in-
fluencing the results for the particles measured in thicker regions.
On the other hand, for all measured points (excluding Point 11),
the O content is not diluted by Cr and it is constant at about 66
at.% or above, which would suggest that the Cr is actually part of

the ZrO, particles and that it can substitute Zr in the oxide chem-
istry. Point 9, in particular, seems to confirm this hypothesis, as
the particle is relatively large, and contribution from the matrix
seems to be less likely. The solubility of Cr,05 in ZrO, is reported
to be around 9-10 wt.%[41], the corresponding chemical composi-
tion calculated in atomic percentage corresponds to 29 at.% Zr, 66
at.% O and 5 at.% Cr, which fits reasonably well with the compo-
sition measured in Point 9 and Point 10, confirming the hypothe-
sis of Cr dissolution in the ZrO, reasonable. STEM EDS line scans
across the (Cr,Fe),Zr - Cr interface and across one of the ZrO, par-
ticles are plotted in Fig. 7c and 7d. Both interfaces appear to be
sharp with little or no phase intermixing.

3.3. Microstructural evolution of the Cr-coating and coating-substrate
interface

Cold spray deposition produces coatings with a characteris-
tic microstructure: the high-rate, high-strain plastic deformation
involved in particle collisions produces regions of small grains
formed by dynamic recrystallization, typical of the material be-
tween two particles, and regions deformed but not recrystallized,
typical of the former bulk of a sprayed particle [37]. These differ-
ent regions are clearly visible in the first row of Fig. 8, present-
ing EBSD maps. In the as-fabricated material, large areas with the
same grain orientation and only gradual crystal rotation due to de-
formation can be seen surrounded by a multitude of very small
grains. Depending on the selected cross section, more or less of
these two morphologies will be visible. After the exposure to PWR
autoclave, the bulk of the former particles has experienced almost
no relaxation or change in microstructure, while some degree of
recrystallization has occurred in the very small grains found in the
inter-particle areas [38]. In Fig. 8, the microstructure characteristic
of the former bulk of the coating particles appears less frequent
and more work-hardened in the case of the PWR autoclaved mate-
rial, but this has only to do with local variations. When the mate-
rial is tested in steam at 1200°C, the Cr-coating, already prone to
recrystallization, goes through full thermal recrystallization within
the first 3 min as shown in Fig. 8, achieving a final grain size
ranging between 5 and 15 pm. Some smaller, 1-2 pm, grains can
still be found in certain regions, but do not represent the gen-
eral case. The microstructure observed in the coating after 20 min
and 40 min does not show any significant modification or addi-
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monoclinic — Zr0,
[211]

cubic — CryZr (Laves)
[011]

Fig. 6. CS Cr-coated OPZ cladding tubes exposed to LOCA condition (1200°C in steam) for 40 min. a) SEM image of FIB cross-section of the interface region between Cr-
coating and Zr-substrate. (The white dashed line indicates grain boundaries of the recrystallized Cr.) b) BF-TEM image of the interface between (Cr,Fe),Zr and the Cr-coating
after 40 min in LOCA conditions. Box 1: Detail of monoclinic ZrO, particle found at a Cr grain boundary. SAED Pattern A and Pattern B are collected from a ZrO, particle
and a (Cr,Fe),Zr grain, respectively. (The white dashed line indicates the phase interface between Cr and (Cr,Fe),Zr.)

tional change. Under these conditions, the coating is progressively
oxidised, but no further recrystallization occurs. No preferred ori-
entation or texture is observed to be developing in the coating.
At the coating-substrate interface, 50 nm sized nuclei of (Cr,Fe),Zr
Laves phase were found after PWR autoclave exposure [38], but
they are not visible at this scale. After the first 3 min under sim-
ulated LOCA conditions, the Laves phase has grown to a thickness
of around 0.5 pm and it is visible in the presented EBSD maps. For
longer exposure times it grows slightly up to 1-2 pm in thickness.
The most frequent grain structure is represented by 1 pum large
grains that can stretch across the entire thickness of the layer, but
smaller grains can also be found. No texture or preferred orienta-
tion is observed in the Laves grains.

4. Discussion
4.1. Cold spray Cr-coating: high temperature oxidation mechanisms

Cold sprayed Cr-coatings have been shown to work well under
simulated PWR operating water chemistry conditions [4,7,10,38],

but the principal reason for their development and potential future
deployment is the improved accident tolerance they can provide.
In this work, the ability of CS-Cr coatings to survive severe accident
conditions while protecting the underlying Zr-cladding was tested,
and the coatings demonstrated good performance. The tested con-
ditions are not identical to those a cladding tube would experience
in a real accident (gas pressure from the inside, pellet cladding in-
teraction, potentially longer exposure times, different temperature
ramp-up, pre-oxidation during normal operation before the acci-
dent, effects of irradiation, and water quench once the cooling is
restored), but the oxidation resistance shown in this test suggests
that CS-Cr coatings is a promising option for ATF.

The oxide scale formation starts with an outward growth mech-
anism. As can be seen in Fig. 1, the chromia layer after 3 min
of oxidation is very compact and no porosities are present in the
scale. The oxide-coating interface is not continuous and points of
contact can be found alternating with interfacial porosities. This
morphology is typical of outward growth of the oxide fostered by
outward diffusion of metal atoms [26]; as the chromia nucleates on
the surface of the coating, Cr-vacancies are injected into the coat-
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STEM b) STEM EDS — Point analysis
Area  Zr (at.%) Cr (at.%) Fe (at.%) 0(at%)  obrox
1 337+10 64507 1.8+0.1 - 100 nm
2 326%08  66.2%05 1.1+0.1 - 100 nm
3  354%06  63.3:04 1.3+0.1 - 100 nm
4  346+06  635+04 1.8+0.1 - 100 nm
5  310+13 - - 67.0+1.3 50 nm
6  293zx1.1 0.3£0.1 - 70.4£1.0 50 nm
7 304%10 0.5+0.1 - 69.0+0.9 50 nm
8  355+0.8 0.4£0.1 - 64.0+0.7  100nm
9  269+10 6.2£0.2 - 66.9+1.2  100nm
10  249%1.0 7.0£0.2 - 68.0+1.8  100nm
11 181406  20.8+0.3 - 61.0+13  100nm
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Fig. 7. (a) STEM images of CS Cr-coated OPZ cladding tubes exposed to LOCA condition (1200°C in steam) for 40 min: interface region between Cr-coating and Zr-substrate.
(b) Results of STEM-EDS point analysis. Composition profiles obtained by STEM EDS. Line scan 1 and Line scan 2 are plotted in (c) and (d).

ing while Cr-atoms diffuse into the newly formed chromia grains
through the oxide-metal interface. Bulk diffusion is generally or-
ders of magnitude slower than surface diffusion. As a consequence,
when the first chromia scale forms, vacancies will tend to con-
dense as pores at the oxide-metal interface first [42], producing
the oxide-metal interface shown in Fig. 1. After 20 min of oxida-
tion, the oxide-metal interface is now continuous and less porosity
can be found. Additionally, the oxide itself contains a porous band.
The oxidation mechanism has transitioned to a mixed outward-
inward growth mechanism. At this stage the scale thickness is act-
ing as a barrier for Cr diffusion and it is more difficult for the Cr
to reach the O on the outer surface of the scale. Oxygen at the
scale surface captures Cr atoms to facilitate scale growth, resulting
in what appears as a continuous injection of Cr-vacancies into the
growing chromia from the outer surface. Oxygen diffusing through
the scale, instead, will meet Cr atoms at the oxide-metal inter-

face and promote oxide growth into the metallic Cr. The inward
growth is controlled by the amount of available oxygen, and the
formed chromia is oxygen depleted which can be modelled as the
injection of O-vacancies into the chromia from the oxide-metal in-
terface [20-22]. The result is an outer layer of chromia with an
excess of Cr-vacancies (p-type semiconductor), an inner layer of
chromia with excess of O-vacancies (n-type semiconductor), and a
mid-region where Schottky vacancy annihilation occurs, and void
formation is observed. The non-uniform surface charge distribu-
tion and hence different electrostatic fields protruding out from
the sample surface in the n-type and p-type regions is the main
reason behind the SEM secondary electron contrast between the
outer chromia subscale and the inner chromia subscale visible in
Fig. 1. Because of this difference in the electrostatic fields, the sec-
ondary electrons emitted from the n-type regions of the sample
surface, face an extra energy barrier to reach the energy level of
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Fig. 8. EBSD cross-section maps of CS Cr-coated OPZ cladding tubes as-fabricated, exposed to PWR autoclave, and exposed to LOCA condition (1200°C in steam) for 3 min,
20 min and 40 min, respectively (in every map the Cr-coating is shown on top and the Zr-substrate at the bottom) . Left column: Band contrast map + IPFz map for BCC Cr.

Right column: Band contrast map + IPFz map for Cubic C15 Laves phase (Cr,Fe),Zr.

the vacuum inside the SEM chamber and be detected. Therefore,
there will be more secondary electrons detected from the p-type
regions, hence more signal and brighter contrast [43].

From the coating$ point of view, Cr out-diffusion towards the
scale will be necessary for oxide growth (injection of Cr vacan-
cies), which leads to the accumulation of vacancies in the metallic
Cr lattice and the appearance of Kirkendall porosities in the coat-
ing close to the oxide-metal interface, as seen in Fig. 3. The oxide
growth follows a parabolic kinetics, as previously demonstrated in
literature [5] and confirmed in this experiment by the decreasing
growth rate seen between 3-20 min and 20-40 min time ranges
(Fig. 2). No volatilization of the developed chromia scale was mea-
sured in this experiment, but it might occur after longer expo-
sure times (tens of hours) [15]. The observed rate of oxidation of
the coating represents a significant improvement when compared
with uncoated Zr-claddings. As visible in Fig. 1, around 80 pm of
ZrO, has grown on the uncoated inner wall of the cladding af-
ter 40 min LOCA exposure (around ten times thicker oxide than
on the coated side). Similar values are reported for fully uncoated
claddings [44] and claddings sealed at both ends to avoid oxida-
tion from the inner wall [45], which allows to exclude any effect
that would result in preferential oxidation of the uncoated side
(i.e., Zr acting as sacrificial anode). As mentioned previously, this
experiment does not fully reproduce real accident conditions, and
three main differences need to be taken into consideration: pellet-
cladding interaction, irradiation and pre-oxidation of the cladding
during operation. In the real case, the cladding would have been
in operation for a period of time before the accident, a thin layer
of chromia is expected to form as suggested by the autoclave tests
[38]. During operation, the cladding creeps down, comes in contact
with the pellet and then follows the pellet expansion [46,47]. In
addition, irradiation can change the oxidation rate of the cladding

and potentially the morphology of the oxide scale [48]. The pre-
existence of a thin and compact oxide layer could be beneficial,
passivating the metallic Cr and delaying oxidation of the coating,
but without experimental tests it is difficult to tell what effects ir-
radiation, creep and swelling could have on the coating oxidation
rate in operation and consequently on coating performance during
an accident.

4.2. Recrystallization of the cold spray Cr-coating

Cold spray deposited material is characterized by a high degree
of plastic deformation. During deposition, the incoming particles
hit the substrate surface (or previously deposited coating) at high
velocity. Upon collision, high-rate, high-degree plastic deformation
occurs, particularly in the periphery of the particles [32]. The re-
sulting plastic flow allows to fill in gaps and to generate intimate
contact between the incoming particle and the substrate or coating
under formation. As a consequence, the final microstructure will
contain a large amount of residual stress, high dislocation density,
regions of very small grains and larger grains with significant de-
formation, as displayed in Fig. 8 [37]. A small degree of recrystal-
lization is already observed after 90 days in PWR autoclave at the
relatively low temperature of 415°C [38]. Hence, recrystallization
occurring at 1200°C was expected and potentially desired as larger
grains can offer a better barrier for grain boundary diffusion and
might have some effect on the oxidation process [49]. In Fig. 8, it is
possible to see a large degree of recrystallization happening after 3
min exposure under LOCA conditions. Here the grain size increases
to around 5-15 pm, no obvious texture seems to have developed as
the grains are mostly equiaxed, and no favoured lattice orientation
has appeared. Some smaller grains can be found, generally above
1 pm in size. Grain size can have different effects on oxidation
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depending on the oxidation mechanism. In the 1200-1600°C tem-
perature range, Cr-self diffusion is not influenced by grain bound-
ary diffusion anymore [50]. Additionally, the Kirkendall porosities,
visible in Fig. 3, are found inside the Cr-grains, which further
suggests that the density of Cr-grain boundaries should not have
a direct effect on the oxidation of the Cr-coating. Nonetheless,
ZrO, particles inside the coating could only be found at the grain
boundaries of the recrystallized Cr. The nucleation of ZrO, par-
ticles and their growth into a network creating a path for O
from the chromia scale to the Zr-substrate has been identified
as one of the possible failure modes of Cr-coatings under simu-
lated accident conditions [11]. Zr could not be measured inside
the Cr-grains, and it is reasonable to assume that Zr atoms man-
age to penetrate the coating only along Cr grain boundaries. It is
then clear that a lower density of grain boundaries in the coat-
ing should increase the protection offered by the coating under
accident conditions. Nevertheless, once the network of ZrO, has
formed and O is allowed to enter the Zr substrate, a lower den-
sity of grain boundaries could result in a more localized oxida-
tion of the substrate, which could produce higher strains and be
detrimental.

4.3. Evolution of the Cr-Zr interface: reaction and interdiffusion

The most evident phenomenon happening at the coating-
substrate interface during LOCA exposure is the formation of a
dense and continuous layer of (Cr,Fe),Zr cubic C15-type inter-
metallic Laves phase. The Laves phase seems to nucleate as pure
CryZr, which is enriched over time with small amounts of Fe. Two
versions of CryZr exist, a C15-type (cubic) low temperature phase
and a C14-type (hexagonal) high temperature phase, the transition
between the two is at 1592°C, so only the C15-type is expected in
the studied material [39]. The Cr content of the C15-type phase can
vary between 64 at.% and 69 at.% at 900°C [39], which fits with the
measured composition of about 64 at.% of Cr plus 1-2 at.% of Fe. At
1200°C, up to 3-4 at.% Fe can substitute Cr in the Cr,Zr intermetal-
lic lattice without changing the crystal structure [51], but above
this value the structure changes to Cl14-type, as Fe acts as a C14-
type stabilizer. The Fe found in the C15-type Laves phase probably
originates from the Zr-substrate. The OPZ contains small amounts
of Fe (0.09-0.13 at.%), and this Fe is generally located in secondary
phase particles (SPPs) distributed in the Zr-matrix in the form of
Cl14-type Fe-rich Laves phase [52,53]. Fe is known to diffuse quite
quickly in Zr (compared to Zr self-diffusion or Cr diffusion) [54],
and the Fe enrichment in the layer of (Cr,Fe),Zr C15-type Laves
phase found at the Cr-Zr interface must have occurred at the ex-
pense of the C14-type SPPs present in the Zr-matrix. Similar inter-
actions between the Fe from the SPPs and the Laves phase present
at the Cr-Zr interface have been discovered also in autoclave tested
CS-Cr coated OPZ claddings [38]. In summary, this intermetallic is
thermodynamically stable and it is expected to grow. Its nucleation
at the interface was discovered even after PWR autoclave exposure
at the relatively low temperature of 415°C for 90 days [38] and its
presence is reported in many studies of similar systems and ex-
posures [5,29,55,56]. This Laves phase is relatively brittle, but it
does not seem to represent a point of failure: no spallation of the
coating is seen, no significant concentration of cracks or porosities
could be found in this area.

The growth of the intermetallic phase starts relatively quickly
and it reaches 0.3-0.5 nm thickness after 3 min. It grows signifi-
cantly between 3 min and 20 min up to around 1-1.5 pm thick-
ness, then it seems to slow down, and little growth could be dis-
cerned between 20 min and 40 min exposure. Once formed, this
intermetallic Laves phase will act as a diffusion barrier. It is rea-
sonable to expect diffusion of Zr in the Laves phase to be 1-2 or-
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ders of magnitude slower than the diffusion of Cr in the same lat-
tice [57]. In fact, Cr is able to penetrate through the 1-2 pm thick
Laves layer and progressively diffuse deeper into the Zr-cladding as
demonstrated in Fig. 5, while the Zr content in the bulk of the Cr
coating is measured to be zero (below the detection limit of about
0.1-0.2 at.%). Overall, the flux of Cr atoms to the Laves phase can
become smaller than the flux of Cr atoms leaving the intermetal-
lic to dissolve into the Zr substrate. This can inhibit growth of the
(Cr,Fe),Zr Laves phase and even promote dissolution for longer ex-
posure times, as reported in literature [56]. The grain size of the
intermetallic Laves layer plays a role in controlling the diffusion of
Zr to the Cr-coating. A thicker intermetallic layer, larger grains and
lower density of grain boundaries could imply slower diffusion of
Zr into the Cr-coating, delaying the formation of ZrO, particles in
the coating (see Fig. 7) and the subsequent formation of the ZrO,
network [11]. The presence of an intermixed bonding layer at the
Cr-Zr interface in as-fabricated CS Cr-coated Zr-claddings, shown in
previous studies [37,38], could play a role in the initial formation
of the Laves phase. Ultimately, though, at these temperatures, the
formation of the intermetallic phase is inevitable and will occur in-
dependently of the pre-existence of an intermixed bonding region
or proto-nuclei. STEM images have shown the presence of twin-
ning in the Laves layer, a sign of significant stresses in this phase,
probably produced during cooling. In this work, the samples were
cooled in air. A faster cooling, as in a post LOCA quench, could in-
duce more severe stresses. Nonetheless, little or no spallation of
the coating or of the oxide has been reported in literature for Cr-
coatings quenched in water [11,45,56].

As mentioned before, Cr manages to diffuse quite freely through
the Laves phase and can penetrate deep into the bulk of the
cladding. The solubility of Cr in B-Zr at 1200°C is slightly above 5
at.% [39], this value is reached in the Zr adjacent to the coating and
it decreases from there. The resulting Cr diffusion profile into the
cladding produces regions with different alloying content. Depend-
ing on the Cr content, different phases can appear after quench-
ing from the B-Zr field: precipitates of the metastable hexag-
onal w phase with varying c/a ratios, precipitates of (CrFe),Zr
Laves phase, and laths of metastable &’ phase (martensite) are the
most commonly reported [39]. Cooling in air is slower than wa-
ter quenching, but due to the very small volume of the exposed
samples, it is still possible for these structures to form. Presence
of Cr-rich precipitates in the cladding after exposure is evident,
as shown in the box in Fig. 5 and in the SEM cross-section pre-
sented in Fig. 6. These precipitates, most likely (Cr,Fe),Zr, have
both lamellar and particle shapes depending on the region. In
the EDS map presented in the box in Fig. 5, lath-shaped areas
characterised by a high Cr signal can be found adjacent to re-
gions containing Cr-rich precipitates but with lower Cr content
in the matrix. For bulk diffusion of Cr in Zr crystal, the diffu-
sion depths (d;j,.) measured for Cr into Zr after 3 min, 20 min,
and 40 min depends on the diffusion lengths +/Dt, where t is
time and D is the diffusion coefficient. Because T is constant, the
diffusion coefficient D can be considered constant as well. As a
consequence, the diffusion depth should simply scale with /t. It
is possible to verify this relationship by comparing the ratio be-
tween the measured diffusion depths at different times and the
square root of the exposure time. Assuming the following experi-
mental values for the diffusion depths of d3 p;, = 75um, dyg min =
200um, and dgg min = 300 um the ratios are calculated as follow:
75um/200um = 0.38 and +3 min/+/20 min = 0.39 which show
excellent fit, 2004m/300um = 0.67 and +20 min/~/40 min = 0.71
that show a good fit. The ratios calculated from the model and
from the experimental data appear to match, which suggests that
bulk diffusion of Cr in the Zr lattice from the Laves-Zr interface
represents the main transport phenomenon.
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4.4. Advantages and disadvantages of cold spray Cr-coatings

Different Cr-coatings are being developed for ATF applications.
A large range of deposition technologies are being tested, but the
most common techniques currently used to produce metallic Cr
coatings are PVD and CS [30]. The most important characteristics
of CS coating is the severely strained and deformed microstruc-
ture produced by the collisions of the particles during the coat-
ing process [32]. When dealing with high temperatures, as shown
in Fig. 8, CS coatings recrystallize very quickly, as the very high
degree of deformation and the high density of dislocations act as
driving force for recrystallization and formation of new stress-free
grains [58-60]. As discussed in the section about oxidation, larger
Cr-grains can be considered an advantage under accident condi-
tions. After only 3 min at 1200°C the CS Cr-coating has recrys-
tallized into large 5-15 pm grains. The microstructure does not
evolve significantly afterwards, and it can be considered fully re-
crystallized. As-fabricated PVD coatings are often characterized by
grain size around 1 pm, often columnar or fibre-like, and textured
with specific grain orientations aligned along the growth direction
[12,61-63]. Full recrystallization of the Cr coating at elevated tem-
perature (1000-1200°C) is reported for PVD Cr-coatings as well.
This process occurs over similar time scales, but the final grain size
is usually in the 1-5 pm range, and the preferred grain orientation
can sometime be maintained [11,12,30,55].

Another difference between PVD and CS is the growth rate
of the Laves phase, which is reported in literature to be slightly
higher in the CS coating [56]. This is generally attributed to the
ballistic surface cleaning that occurs in CS which is able to spall off
the native oxide scale present on the Zr surface. The native oxide is
usually very thin (5-20 nm [64]) but is deemed able to slow down
the initial stages of interdiffusion in a diffusion couple [56]. Also,
the Cr-Zr interface in the studied CS coating is characterized by the
presence of a 10-20 nm thick intermixed bonding region where Zr
and Cr are already mixed (60 at.% Zr, and 30 at. % Cr) [37]. This
region is produced by a very localized heating that occurs dur-
ing particle collision and it could represent a favourable place for
the Laves phase to nucleate at the beginning of the interdiffusion.
Faster growth rates of the Laves layer can be considered advanta-
geous, as it reduces all diffusive processes between the coating and
the cladding, which leads to slower dissolution of the coating into
the cladding, slower diffusion of Zr into the Cr grain boundaries,
and potentially longer effective protection offered by the coating.
To better evaluate the actual significance of these differences for
performance, future work on coatings with the same thickness,
under identical experimental conditions would be needed. More-
over, experiments at intermediate temperatures (or with tempera-
ture ramps), and water quench, would reproduce even better the
actual stresses and challenges faced by the coatings in an actual
accident scenario.

5. Conclusions

Cr coatings deposited with CS technology were shown to ef-
fectively protect the Zr-substrate from oxidation under simulated
LOCA conditions. After 40 min at 1200°C in flowing steam, an 8
um thick chromia scale had formed on the outer surface of the
Cr-coating. The oxidation kinetics followed a parabolic law and no
significant spallation of the oxide scale could be observed. At the
interface between the coating and the substrate, Cr and Zr reacted
forming a (Cr,Fe),Zr Laves phase layer. This layer reached a max-
imum of 1.5-1.7 pm in thickness and seemed to have a role in
slowing down the dissolution of the Cr coating into the Zr alloy.
The microstructure of the coating, initially severely deformed, was
fully recrystallized after the first 3 min of exposure. The obtained
microstructure is characterized by large equiaxed grains 5-15 pm
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in size. ZrO, particles were found nucleating and growing at the
grain boundaries of the recrystallized Cr. As the Cr grain bound-
aries seem to be the main pathway for oxygen through the pro-
tective coating, the prompt coarsening of the CS-Cr grain structure
can be considered beneficial. Particularly important in this regard
is the tendency of the CS-Cr to recrystallize into large and equiaxed
grains, 5-15 pm in size, that do not stretch across the whole coat-
ing. Because of this, the grain boundary density is very low and no
grain boundary links the outer surface of the coating to the sub-
strate, strongly reducing the amount of direct pathways for the O
to diffuse towards the substrate. To further validate the effective-
ness of this coating, testing CS-Cr coated claddings in autoclave or
reactor before exposing it to simulated accident condition would
be ideal, as irradiation and oxidation during operation could influ-
ence the morphology and microstructure of the system and change
its performances during a severe accident. To identify or exclude
any significant effect of the deposition method on the oxidation
protection offered by Cr coatings during an accident, Cr-coatings of
the same thickness, deposited using different techniques (e.g. CS
and PVD), should be tested and characterized.
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