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h i g h l i g h t s
� Coated zirconium-based alloys are studied as enhanced accident tolerant nuclear fuel claddings for light water reactors.
� Several types of PVD coatings, including ceramic nitride and metallic multi-layered materials, are studied.
� Chromium coatings are chosen and further developed.
� Encouraging results, showing improved behavior both in normal operating and upon DBA-LOCA and slightly beyond conditions.
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a b s t r a c t

Coatings with thicknesses between a few microns and ~10 mm deposited on a Zircaloy-4 substrate have
been studied with the objective to provide a significant reduction in the oxidation-induced embrittle-
ment of the nuclear fuel cladding, especially in accidental conditions, such as LOss-of-Coolant-Accident
(LOCA) conditions. This paper deals with the early studies carried out at CEA, several years before the
Fukushima-Daiishi events, on different types of coatings obtained by a physical vapor deposition process.
The studied coatings included ceramic, nitride and metallic multi-layered ones. The results of this
screening analysis showed that the first generation of chromium-based coatings exhibited the most
promising behavior: good compromise between oxidation resistance and adhesion to the metallic
substrate, good fretting resistance and improved resistance to oxidation in steam at high temperature
(Design Basis Accident LOCA conditions and slightly beyond).

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

Following the Fukushima-Daiichi accident in 2011, increasing
international Research and Development (R&D) efforts are
focusing on the development of Enhanced Accident Tolerant Fuels
(E-ATF) cladding materials for Light Water Reactors (LWRs).
Beyond the reference Zr-based claddings currently used, these
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developments include alternative cladding materials such as
highly oxidation-resistant FeCrAl ferritic steels, refractory based
(Mo) materials and ceramic (SiC/SiC …). Ceramic materials are
considered to be a powerful but long-term R&D E-ATF concept
[1e10].

Among the E-ATF concepts studied worldwide, coated Zr-
based materials appear to be one promising short-term E-ATF
cladding concept. Indeed, this concept benefits from several
decades of experience and operation of Zr-based fuel cladding
in LWRs. Furthermore, as far as it is not too thick, the coating
has a limited impact on the clad neutronic properties. Since the
Fukushima events, several types of coatings have been studied,
including metallic and ceramic coatings, deposited by using
several processes (physical vapor deposition, vacuum-Arc, cold-
spray, 3D laser coating, …) [11e51]. An overview focusing on
their behavior upon normal in-reactor operating conditions and
High Temperature (HT) oxidation was recently made in
Ref. [35].

At CEA, the very early studies on coated zirconium alloys,
including chromium-based coatings, were initiated in the 1960s.
But, at that time, the main objective was to enhance the corrosion
resistance of zirconium-based alloys exposed to CO2 oxidizing
environment for graphite-gas reactor application and not upon HT
hypothetical Design Basis Accident (DBA) LOss-of-Coolant Accident
(LOCA) conditions for LWRs application. Thus, the corrosion ex-
periments were limited to temperatures lower than 650 �C [52,53].
More recently, but several years before the Fukushima-Daiichi ac-
cident, it was decided to evaluate more in depth the capacity of
modern Physical Vapor Deposition (PVD) processes to generate
coated zirconium alloys with higher resistance to HT steam
oxidation in LOCA conditions, in addition to enhanced corrosion
behavior under in-service operation conditions. Thus, several types
of coatings including ceramic and metallic (multilayered or not)
coatings have been studied and tested both upon nominal and HT
LOCA conditions. As discussed in this paper, PVD chromium coat-
ings have been chosen from these first-step screening tests. The
more recent Framatome-CEA-EDF Cr coatings developments are
outside the scope of the present paper and have been published
elsewhere [54,63].
Table 1
The different types of coatings studied.

Coating type Notation Architectu

TiN TiN Single-laye
CrN CrN Single-laye
TiN and AlTiN TiN/AlTiN Multilayer

l¼ 2� 8 n
CrN and AlTiN CrN/AlTiN Multilayer

l¼ 2� 8 n
Nb82%V18% (at%) NbV Single-laye
Nb67%Cr10%Ti23% (at%) NbCrTi Single-laye
Cr Cr Single-laye

Cr/Cr Multipass,
l¼ 500 nm

Cr and Nb67%Cr10%Ti23% (at%) Cr/NbCrTi M10 Multi-laye
l¼ 2� 5 n

Cr/NbCrTi M100 Multi-laye
l¼ 2 x (50

Cr/NbCrTi M600 Multi-laye
l¼ 2� 30

Cr/NbCrTi M800 Multi-laye
l¼ 2� 40

a The period corresponds to the number of “layers”, i.e. one layer of Cr in the case of Cr/C
Cr/NbCrTi coatings.
2. Materials and experimental procedures

2.1. Materials

The preliminary coatings considered here have been deposited
by a PVD Direct-Current Magnetron-Sputtering (DC-MS) process on
low-tin stress-relieved Zircaloy-4. Most of these early studies were
carried out on 1.2mm-thick sheet samples. More recently, coatings
were deposited by using a hybrid Direct-Current/High Power Im-
pulse Magnetron Sputtering (DC/HiPIMS) PVD process on cladding
tube samples, with an outer diameter and a thickness of 9.5 and
0.57mm, respectively.

Table 1 gives an overview of the different types of coatings
preliminarily studied. Both monolayer and multilayers coatings
have been fabricated. The overall coating thickness ranged from 1
to 7 mm while the thickness of the sublayers ranged from ~10 to
hundreds of nanometers. The coating materials may be classified
into two main families:

- metallic materials, such as NbV, NbCrTi, Cr, NbCrTi and multi-
layered Cr/NbCrTi,

- ceramic materials, such as TiN, CrN, and multilayered TiN or
CrN/AlTiN.
2.2. As-received coating characterizations

Properties of PVD coatings and quality of the coating/substrate
bonding strongly rely on the coating material and the deposition
process/parameters used, which may induce specific microstruc-
tures [65,66]. Thus, before performing corrosion and mechanical
tests, homogeneity, grain size and morphology, crystallographic
texture and residual/internal stresses of the coating have been
characterized in the as-received conditions. For that purpose,
multiscale examinations from optical microscopy down to the
atomic scale using High Resolution Transmission Electron Micro-
scopy (HRTEM) were performed [67,68]. Additionally, Electron
Back-Scatter Diffraction (EBSD) and X-Ray Diffraction (XRD) were
used to get more insights into the overall and local crystallographic
re/period (la) Total number of sublayers Total coating thickness
±0.2 mm

red / 2.6
red / 3
ed,
m

>200 3.4

ed,
m

>200 3.2

red / 5
red / 4
red / 1 and 5

14 7

red,
m

>500 6

red,
e80) nm

40 5.5

red,
0 nm

10 6

red,
0 nm

5 4

r coating and two successive layers of variousmaterials for TiN/AlTiN, CrN/AlCrN and
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texture of the coating. Residual internal stresses were estimated
thanks to XRD measurements, by using the “sin2(j)” methodology
[69].

As-received coating hardness were evaluated using micro- and
nano-hardness measurements with Vickers or Knoop indenters. It
can bementioned that suchmeasurements were also used after ion
Fig. 2. Weight gain and typical optical micrographs of a transverse cross-section obtained o
and direct water quenching down to RT 21.

Fig. 1. Weight gain evolution as a function of oxidation time of several coated Zircaloy-4 she
PWR primary water chemistry 21.
irradiation of Cr-coated Zircaloy-4 to quantify the irradiation
hardening of the Cr coating at 400 �C [70]. For particular cases,
additional “scratch tests” measurements were performed to get
complementary information on the adhesion of the coating to the
substrate.

Additionally, tensile tests were conducted at Room Temperature
n several coated Zircaloy-4 sheets samples after HT steam oxidation for 850 s at 1100 �C

ets samples after autoclave tests performed at 360 �C in pressurized water with typical
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(RT) on 1.2mm-thick, 4mm-wide and 17mm-long gauge samples.
These tests were carried out on an INSTRON 5966 10 KN tensile
device, with a prescribed displacement rate of 8.5� 10�3mm s�1,
i.e. an initial average strain rate of approximately 5� 10�4 s�1. To
assess the failure mode of the samples, fracture surfaces of the
samples were examined by Scanning Electron Microscopy (SEM).
2.3. Corrosion testing (360e415 �C)

Coated samples were (out-of-pile) tested in autoclave. The early
tests were carried out in static autoclaves at 360 �C and 18.7MPa in
static water with a typical Pressurized Water Reactor (PWR) pri-
marywater chemistry. The primarywater chemistry is composed of
10wt ppm of lithium and 650wt ppm of boron issued, from,
respectively, lithium hydroxide and boric acid. More recent tests
were performed in steam at 415 �C pressurized at 100 bar to
accelerate the corrosion rate. Periodic visual examination, weight
measurement and hydrogen content measurement (on samples,
including oxide layers, extracted from the corroded specimens, by
using an inert gas fusion thermal conductivity technique) were
made. Post-test optical and SEM examinations were conducted to
get some insights into the outer oxide growth.
2.4. Preliminary fretting/wear tests (PWR environment)

Preliminary fretting/wear tests were performed in the “FROT-
TEAU 2” wear test rig, having reciprocating sliding horizontal mo-
tion. This wear machine operates in primary PWR conditions, with
circulating water parallel to the axis of motion. Excitation was
provided by an eccentricity and crank arrangement. The motion
was transmitted to the test specimen inside the rig by a shaft driven
by an external electro-magnetic device.

For the test described here, a 77mm-long Zr rod was connected
to the shaft and was the movable lower part. A 20mm-long Zr
plane support was linked above the rod on a supporting system and
the normal force was obtained by the total dead weight (3± 0.1 N,
measured in static water at room temperature). Two identical rod/
Fig. 3. Schematic representation of the behavior of the outer coating upon HT steam oxidat
22.
support testing devices were mounted and permitted two wear
results per test.
2.5. High temperature oxidation (LOCA)

Oxidation tests were carried out in pure flowing steam (atmo-
spheric pressure, steam flow rate normalized to the cross-sectional
area of the steam chamber of approximately 70 mg/(cm2∙s)) at
1000, 1100 and 1200 �C thanks to the CEA's “DEZIROX 1” facility
[71e74]. This facility is considered as a reference device at CEA for
HT steam oxidation. It has been extensively used in the past two
decades to assess the behavior of modern Zr based nuclear fuel
claddings. Indeed, more than two thousands HT oxidation tests
have been conducted so far and a huge HT oxidation database is
thus available. At the end of the isothermal oxidation step, direct
water quenching was applied down to Room Temperature (RT).
Such final cooling conditions are expected to be conservative when
compared to more prototypical LOCA transients including a two-
step cooling scenario (i.e., cooling at an intermediate cooling rate
(1e10 �C/s) down to an intermediate temperature (700e800 �C)
from which the final water quenching is applied down to RT
[75e77]). In fact, it has been observed that a two-step final cooling
scenario may induce a higher PQ clad ductility when compared to
direct quenching [73e78].

Post-Quenching (PQ) metallurgical examinations including
Electron Probe Micro-Analysis (EPMA, CAMECA SX100 electron
microprobe) was carried out to get additional insights into the
coated claddings oxidation behavior and the capacity of the coating
to delay the oxygen diffusion into the Zircaloy-4 matrix, which is
known to be one of themain parameters responsible for the PQ clad
embrittlement [73,79e81].
3. Results and discussion

3.1. Early screening tests on several types of PVD coating

Corrosion in nominal conditions e Fig. 1 illustrates the weight
ion in the vicinity of the clad balloon following internal pressure-induced burst (LOCA)
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gain evolution of several coated Zircaloy-4 sheets samples after
autoclave tests performed at 360 �C in pressurized water for typical
PWR primary water chemistry. According to these curves, the best
behavior is observed for CrN, Cr, Cr/Cr and multilayered Cr/NbCrTi
coatings, while TiN and NbV coatings show the poorest behavior.
Moreover, a loss of weight gain is observed for Al-containing
multilayered coatings. For these last coating materials, it is likely
that the observed weight gain evolution is due to outward migra-
tion of aluminum and potential release in the pressurized water, as
already observed in Refs. [18,20,32]. Such a behavior is questionable
since the industrial PWR chemistry specifications are very restric-
tive and do not allow significant chemical species release from the
internal core materials. Indeed, such a phenomenonmay induce re-
deposition in some (colder) parts of the primary PWR loop circuit,
Fig. 4. SEM micrographs of the surface of as-receive

Fig. 5. Typical as-received microstructure of PV
activation of the filters, etc … Additionally, as observed during in-
reactor corrosion loop tests in the HALDEN reactor [32],
aluminum-containing coatings may totally disappear after having
experienced corrosion under normal operating conditions
including neutron irradiation. Thus, (TiN,CrN)/AlTiN coatings seem
to be unsuitable for application to LWR nuclear fuel claddings.

HT oxidation behavior (LOCA) e Fig. 2 shows the weight gain and
typical optical micrographs obtained on the different coated
Zircaloy-4 sheets samples after steam oxidation for 850 s at 1100 �C
and direct water quenching down to RT (LOCA conditions). This HT
oxidation time-temperature condition corresponds to typical
Equivalent Cladding Reacted (ECR) values of ~10e11% using the
Baker-Just [84] correlation for two-sided oxidation of 1.2mm-thick
uncoated Zircaloy-4 sheets, as tested here (more or less
d Cr-coatings on Zircaloy-4 sheet substrate 22.

D Cr coatings on Zircaloy-4 substrate 23.



Fig. 7. Typical SEM fractogaphs of Cr-coated Zircaloy-4 samples tensile-tested at RT LEFT: (a
and very well bonded Cr-coating 25.

Fig. 6. Engineering tensile curves obtained at RT on uncoated and Cr-coated Zircaloy-4
(sheet samples) 24.
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representative of the ECR corresponding to one-sided oxidation of a
0.6mm-thick cladding).

From these results, the best behavior (lower weight gain) is
observed for (“PVD multipass”) Cr/Cr coatings while PVD mono-
layer Cr coatings are not fully protective. Indeed, for the HT
oxidation conditions tested here, Cr/Cr coatings exhibit a contin-
uous residual metallic chromium layer beneath the outer chromia
(Cr2O3) layer with no indication of significant oxygen ingress into
the Zircaloy-4 substrate. Thus, they can be considered as fully
protective. Cr/NbCrTi coatings exhibit an intermediate behavior
with indication of oxygen diffusion into the Zircaloy-4 prior-bZr
substrate as highlighted by the discontinuous growth of oxygen-
stabilized aZr(O) incursions. This means that for this particular
case, oxygen diffusion has occurred across the residual non
oxidized, intermediate, coating metallic layer but the net flux of
oxygen into the Zircaloy-4 matrix was not high enough to induce
formation of fresh zirconium oxide beneath the coating tested.
) & (c) - poorly ductile and partially spalled Cr-coating RIGHT: (b) & (d) e more ductile
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Finally, a poor oxidation behavior is observed for most of the
ceramic (nitrides) coatings. For one extreme case, i.e. for Cr/AlTiN
coating, the final weight gain is even slightly higher than the one of
reference uncoated Zircaloy-4, consistently with the formation of a
thicker outer zirconium oxide. Nevertheless, a rigorous comparison
of the HT steam oxidation behavior of the different coatings tested
here is not possible due to the various initial thicknesses of the
coatings (and probably not fully optimized deposition parameters
at this early stage of coatings developments). It is likely that some
of the coatings tested were not thick enough to undergo steam
oxidation for 850 s at 1100 �C.

Considering their good corrosion behavior in both nominal and
LOCA (HT steam) conditions, chromium-based coatings were
selected for further development and evaluation. One additional
motivation for choosing a fully metallic-based coating was its
intrinsic ductility at HT when compared to ceramic (nitrides)
coatings. Indeed, in LOCA conditions, the nuclear fuel cladding may
experience significant strain (ballooning) due to the internal clad
pressure and to the temperature increase inducing accelerated
viscoplastic strain. For example, internal pressure burst tests have
Fig. 8. Optical (2D and 3D) views of the tested uncoated and 6 mm Cr-coated Zircaloy-4 clad
wear testing (320 �C, 155 bar pressurized water, PWR chemistry, linear load applied¼ 150 N
been conducted recently on CrN-coated Zr based claddings at ORNL
[9]. They have shown that the ceramic chromium-nitride coating
did not sustain the clad circumferential elongation at the balloon
location, inducing a high surface density of open cracks. It is
believed that such a high damage of the coating may drastically
limit the protective property of the coating against subsequent HT
steam oxidation.

At that point, one could argue that, upon prototypical LOCA
transient and after significant ballooning, cladding burst may occur
and then, the inner uncoated surface of the clad would be exposed
to steam. However, even if cladding burst occurs and as shown
schematically in Fig. 3, it is still interesting to maintain the outer
oxidation resistance to avoid extended two-sided oxidation.
Indeed, preserving the outer coating efficiency should induce one-
sided (inner clad) oxidation conditions. In such conditions and
taking into account that the HT oxidation kinetics of the zirconium
matrix is more or less parabolic, one could expect an oxidation time
before achieving full cladding embrittlement more or less four
times longer, when compared to two-sided oxidation which could
take place at the location of cracks in the outer (deformed) coating.
segments and their respective (uncoated Zircaloy-4 plates) antagonists, after fretting/
/m, 3600 cycles, total time¼ 2 h, cumulative slide length ~160m) 26.



Fig. 9. Weight gain evolution, typical macroscopic aspects and SEM electron micrographs of uncoated and Cr-coated Zircaloy-4 sheet samples after autoclave tests in steam at
100 bar and 415 �C (*) Au and Ni outer layers deposited just before polishing to preserve the thin outer Cr2O3 scale 27.
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Finally, concerning protection of the clad inner surface against
incidental oxidation due to leaking fuels rods or occurring after HT
(LOCA) burst occurrence, it must be mentioned that recent efforts
were made at CEA in collaboration with french universities to
develop a process able to coat efficiently the clad inner surface. First
results obtained using a special chemical vapor deposition process
and an amorphous chromium carbide inner coating are encour-
aging, showing significant protection of the clad inner surface upon
HT steam oxidation [82].
5 As for other coated materials, strong internal tensile stresses have to be avoided
because they could contribute to incipient cracking of the coating, as already
observed in Ref. [88] on Cr-electroplated coatings.
3.2. First generation of 5e10 mm-thick Cr-coated Zircaloy-4

3.2.1. As-received microstructure and properties
Microstructure and properties of the as-received coating

depend on the coating materials, on the process/deposition pa-
rameters and on the coating thickness. Fig. 4 and Fig. 5 show typical
microstructures of as-received Cr coatings. By using convenient
deposition PVD process and parameters, it was possible to obtain
fully dense coating without evidence of cracks and/or interface
debonding. Micrograph (c) of Fig. 5 illustrates the typical elongated
morphology of Cr grains resulting from the PVD process. From X-
ray and EBSD measurements, it was noticed that the Cr (body-
centered cubic, bcc, lattice) coatings generally exhibit a predomi-
nant [100] fiber crystallographic texture normal to the surface, with
sometimes a second [111] component. Some published data also
mentioned a [110] fiber crystallographic texture for Cr coatings
deposited by PVD on other substrate materials [87], the (110) plane
corresponding to the plane of highest density. From XRD mea-
surements, compressive residual internal stresses parallel to the
surface are generally observed, with stress levels ranging from a
few tens up to a few hundreds of MPa. It is believed that such a
compressive internal stress state should contribute to the good
mechanical behavior of the coating5.

Depending on the PVD deposition parameters and the coating
thickness, micro/nano-hardness measurements gave values
ranging from ~300 up to more than 1000HV (Vickers Hardness),
which is consistent with some hardness measurements already
made on Cr-coating on other substrates [84e86]. As for other
coating materials, such a wide range of hardness should be related
to the coating internal stresses and grain sizes (“Hall & Petch” ef-
fect). Scratch tests were also carried out, evidencing no early
coating delamination or spallation, thus indicating a good Cr-
Zircaloy-4 bounding. In-depth HRTEM examinations and micro-
analysis showed that the Cr-Zircaloy-4 interface is constituted of



Fig. 10. Macrographs of the surface and optical micrographs of polished cross-section of (a, b) uncoated, (c, d) not fully protective Cr-coated, and (e, f) fully protective Cr-coated
Zircaloy-4 (sheet samples) after steam oxidation for 300 s at 1200 �C followed by direct water quenching 28.
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nanometric Zr(Cr,Fe)2 intermetallic sublayers with crystallographic
continuity between the different interphase interfaces [67]. Addi-
tionally, it was shown that this continuity is kept after ion irradi-
ation [68,70]. Thus, it is expected that the Cr-coating bounding
strength will be maintained after in-reactor irradiation, as recently
observed for neutron irradiated Cr-coated Zr based alloys [10].

Tensile tests were carried out at RT on both reference (stress-
relieved) and Cr-coated Zircaloy-4 sheet samples. Fig. 6 displays
typical engineering stress-strain curves obtained for uncoated and
Cr-coated Zircaloy-4. It can be observed that care has to be taken
during the deposition process to limit temperature of the substrate
and thus avoid any modification of the as-received clad material
properties. Thus, by using convenient PVD process and adequate
deposition parameters and, as already mentioned in Ref. [57] for
the last generation Cr-coated M5 substrate, the Cr-coating process
does not modify the mechanical properties of the as-received un-
coated reference claddingmaterial, as highlighted by the red dotted
curve in Fig. 6. Moreover, it can be mentioned that mechanical
strength of pure chromium at temperatures ranging from RT up to
at least in-service cladding temperatures, i.e. approximately 350 �C
[89], is not very different from that of industrial Zr-based alloys.
Thus the thin outer chromium layer is unlikely to significantly
impact the overall clad mechanical properties in nominal condi-
tions. However, as shown in some other papers [56,59,62], this is
not the case for higher temperaturese typical of hypothetical LOCA
conditions e at which a strengthening effect of the Cr coating is
observed.

Typical post-tensile test SEM fractographs are shown in Fig. 7 for
zones where stress triaxiality and plastic strain were high. The
reduction of area at fracture is beyond 40%. Even if it is cracked, the
6 Due to its bcc crystallographic structure, chromium is characterized by a rela-
tively high ductile-to-brittle transition temperature, inducing a macroscopic brittle
behavior when tested at low temperatures (at temperatures lower than ~100 �C
typically) [89,90]. Hopefully, for higher temperatures, ductility of chromium is
significantly enhanced [89].
outer chromium layer6 is still adherent to the substrate, thus con-
firming the good bonding strength of the Cr-Zircaloy-4 interface.
Electronmicrographs on the left in Fig. 7 correspond to a Cr-coating
with limited ductility, locally debonded from the substrate due to
non-optimized deposition parameters. When using adequate PVD
process and deposition parameters, the Cr coating shows high
bonding strength and limited cracking, even within the highly
deformed zones, as highlighted by the SEM micrographs on the
right in Fig. 7.

As previously mentioned, preliminary fretting/wear tests were
also carried out on uncoated and ~6 mm-thick Cr-coated Zircaloy-4
clad segments. The test conditions applied here were very aggres-
sive as compared to more realistic in-reactor fretting conditions
which can take place within the nuclear fuel subassembly, due to
grid-to-rod and potential debris fretting effects. Thus, the results
have to be considered as very conservative. Fig. 8 shows the post-
test aspects of the tested uncoated and 6 mm Cr-coated Zircaloy-4
clad segments and their respective (uncoated Zircaloy-4 plates)
antagonists. For the severe fretting/wear conditions applied, a
significant loss of zirconium is observed on both the uncoated
Zircaloy-4 segment and on the (uncoated) antagonist counterpart
samples. For the last ones, the cumulative wear depth ranges
from �65 mm to �85 mm.The outer surface of the 6 mm Cr-coated
sample was remarkably not affected, with no indication of loss of
Cr (or Zr). Such a result was recently confirmed on the last gener-
ation of 10e20 mm Cr-coated M5 for more representative PWR
fretting/wear conditions applied [58]. It is thus expected that the
use of hard and strongly adherent Cr-coating on zirconium-based
claddings should contribute to reduce significantly grid-to-rod
and debris fretting clad failures for in-reactor conditions, thus
limiting drastically the potential occurrence of leaking fuels.

3.2.2. Corrosion behavior of 5e10 mm Cr-coated Zircaloy-4 in
nominal conditions

Short and preliminary corrosion tests have been carried out on
first generation of Cr-coated Zircaloy-4 sheet samples in pressur-
ized water (PWR chemistry) at 360 �C in autoclave up to 60 days.
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Even if this very first generation of Cr coatings was not fully pro-
tective, it was observed that the Cr-coating enhances the overall
corrosion resistance when compared to the uncoated reference
Zircaloy-4. In a second step, a second generation of Cr-coated Zir-
caloy-4 were tested in steam at 415 �C pressurized at 100 bar to
accelerate the corrosion rate, for longer autoclave testing times (up
to 200e250 days). Fig. 9 gives an overview of some of the results
obtained. It can be observed that:

- The outer surface color of the coatedmaterials evolves from gold
to magenta/deep blue for autoclave duration ranging from a few
tens of days up to 200 days. Such color evolution is linked to the
growth of the thin chromia (Cr2O3) outer scale. For not fully
protective Cr-coatings, grey spots are observed at the surface of
the sheet samples. This is likely due to the local formation of
zirconia (ZrO2) oxide “islands”, as discussed hereinafter.

- When appropriate PVD process and deposition parameters are
used, the Cr-coating is remarkably protective with very low
weight gain values: less than 5mg/dm2 to be compared to more
than 260mg/dm2 for the uncoated reference Zircaloy-4 after
200 days of autoclave testing at 415 �C. This last weight gain
value corresponds to the formation of a ~17 mm-thick zirconia
scale, while high magnification SEM examinations showed that,
for fully protective Cr-coating, the outer chromia (Cr2O3) thick-
ness was lower than 100 nm after 100 days of autoclave testing
(Fig. 9). Thus, if such a behavior is confirmed under neutron
irradiation, one could expect negligible corrosion of Cr-coated
nuclear fuel claddings for in-reactor conditions.

- Additionally, attention has to be paid to the effects of hypo-
thetical localized through-thickness cracks in the coating which
Fig. 11. Macrographs and optical (polarized light) of uncoated/Cr-coated Zircaloy-4 clad se
Remark: because of the two-sided oxidation conditions applied, for the coated clad, the weight
(calculated using the weight gain measured for the uncoated reference) 29.
could induce localized accelerated oxidation of the substrate
and/or Cr-coating spallation. Thus, it was decided to test
simultaneously some Cr-coated samples with initial defects
introduced intentionally within the Cr-coating, by using
degraded PVD deposition parameters. Those samples are
labelled as “not-fully-protective” in Fig. 9. In this figure, the
upper right optical micrograph shows a typical zirconia island
beneath the outer Cr-coating layer due to a pre-existing
through-wall crack in the Cr-coating. It is interesting to
observe that there is no experimental evidence here of local
spallation of the Cr coating in the vicinity of the underneath
zirconia oxide spot (taking into account that zirconia oxide
formation may induce a (localized) volume expansion of nearly
50%, corresponding to the so-called “Pilling-Bedworth” ratio).
Moreover, the actual thickness of zirconia is lower than 10 mm
while zirconia thickness formed in the same conditions on un-
coated reference Zircaloy-4 is twice larger. This indicates that no
localized oxidation acceleration has occurred. Such an acceler-
ation may have been eventually expected due to local electro-
chemical “galvanic-couple” effects at the Zr-Cr bonding inter-
face. As illustrated at the end of the next section, this last result
also stands for HT steam oxidation in LOCA conditions.

Hydrogen uptakeeOnewell-knownnegative consequence of in-
reactor corrosion of zirconium-based nuclear fuel claddings is the
associated hydrogen uptake which may induce cladding embrit-
tlement due to the detrimental effects of precipitated hydrides
within the zirconiummatrix. Thus, hydrogen analyses were carried
out on several autoclave-tested Cr-coated samples and compared
with results obtained on the uncoated reference material. The
gments after steam oxidation for 300 s at 1200 �C followed by direct water quenching
gain has been evaluated by subtraction of the contribution of the uncoated inner surface



Fig. 12. Typical electron SEM micrographs and associated EPMA profiles across the
residual non-oxidized chromium layer of (a) not fully and (b) fully protective Cr-coated
Zircaloy-4 sheets after steam oxidation for 300 s at 1200 �C, followed by direct water
quenching 30.
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measured hydrogen concentration reached around 1000wt.ppm
after 200 days for uncoated Zircaloy-4 (the hydrogen pick-up ratio
is higher in steam at 415 �C than in pressurized water at
300e360 �C), while for the same testing conditions, the hydrogen
contents of not fully protective and fully protective Cr-coated
samples reached ~150 and ~25wt.ppm respectively. If confirmed
for fully representative PWR in-reactor environment, this result
suggests that as far as efficient deposition process and parameters
are used, Cr-coated Zr-based nuclear fuel claddings would be an
efficient mitigation solution against hydriding due to the in-service
clad corrosion. This would increase the robustness of the nuclear
fuel clad not only upon nominal in-service conditions but also in
hypothetical accidental situations (LOCA, reactivity initiated acci-
dent, …). This may also induce some benefits for post-service nu-
clear fuel subassembly handling, storage and transportation issues.

3.2.3. HT steam oxidation behavior of 1st generation of 5e10 mm
Cr-coated Zircaloy-4 (representative of DBA-LOCA and slightly
beyond conditions)

HT steam oxidation tests were performed within the
1000e1200 �C temperature range for DBA-LOCA and slightly
beyond oxidation times. As a first step, to monitor the Cr PVD
process and deposition parameters in order to obtain efficient
resistance to HT oxidation, a first set of tests was carried out for
300 s at 1200 �C on several Cr-coated sheet samples fabricated
through different coating process routes. This HT oxidation condi-
tion was chosen because, for the sheet and clad sample thicknesses
considered here, it corresponded to typical one-sided and two-
sided oxidation “Baker-Just” ECR values of nearly 12 and 22.5%
respectively. The historical regulatory ECR LOCA criteria of 17% is
therefore within the ECR values interval tested here. The experi-
ments were carried out on both Cr-coated sheets and tubular clad
segments, as shown respectively in Fig. 10 and Fig. 11.

When appropriate PVD process and deposition parameters are
applied, it can be observed that 5-10 mm-thick Cr coatings lead to a
decrease of the weight gain by at least a factor ten when compared
to the reference uncoated material. This reduction in oxidation in
the presence of Cr coating for DBA-LOCA oxidation times and
temperatures is qualitatively consistent with some recent results
obtained by other institutes on Cr and CrN coated zirconium-based
claddings [4,14,16,17,21,28,44,45], even if some of the mentioned
results sometimes differ, likely due to different process/deposition
parameters.

Additionally, to get some insights into the HToxidation behavior
of the Cr coatings, Fig. 12 shows typical electron SEM micrographs
and associated EPMA profiles across the sub-oxide residual metallic
(non-oxidized) chromium layer, for two Cr-coated Zircaloy-4 sheets
after steam oxidation for 300 s at 1200 �C. The first coating shows
numerous pores and extended defects at the Zr/Cr interface after
the HT oxidation test. It is then obvious from the associated EPMA
measurements that oxygen has diffused through the chromium
wall thickness confirming the non-protective behavior of this
particular sample. On the contrary, the second sample obtained
with convenient Cr deposition process/parameters shows no pores/
defects nor indication of oxygen ingress into the residual metallic
chromium beneath the outer chromia scale, thus confirming a fully
protective behavior, in agreement with the low weight gain
measured (lower than 1mg/cm2). Moreover, for both oxidized
coatings, a ~1 mm-thick ZrCr2-type intermetallic has grown at the
Cr/Zr interface. As mentioned earlier, such an intermetallic phase at
the interface was already present in the as-received state but with a
nanometric thickness. In fact, consistently with the Zr-Cr phase
diagram, a ZrCr2 type intermetallic layer has grown at the Cr/Zr
interface due to Cr-Zr inter-diffusion which took place during HT
oxidation. One may notice from the EPMA results (Fig. 12) that this
thin intermetallic layer is slightly enriched in iron. It is likely that
this iron enrichment came from the dissolution at HT of the Laves
Zr(Fe,Cr)2 precipitates initially present within the aZr Zircaloy-4
matrix. This observation confirms the high thermodynamic affin-
ity of iron to the Cr/Zr interface intermetallic layer also evidenced
before and after ion irradiation at 400 �C of Cr-coated Zircaloy-4
[67,68,70].

Fig. 13 summarizes the weight gain evolution of uncoated and
several of the first generations of 5e10 mm Cr-coated Zircaloy-4
sheet samples as a function of the square root of time, up to 450 s at
1200 �C. This figure shows that for these typical DBA-LOCA oxida-
tion times, the oxidation kinetics of Cr-coated Zircaloy-4 is nearly
parabolic and much slower than the one of the reference uncoated



Fig. 13. Weight gain evolution as a function of the square root of oxidation time in
steam at 1200 �C of uncoated and Cr-coated Zircaloy-4 sheets (for typical DBA-LOCA
oxidation times) 31.

Fig. 14. SEM-EBSD map in phase contrast imaging mode of a Cr-coated Zircaloy-4
sheet sample after steam oxidation for 300 s at 1200 �C 31.

Fig. 15. Experimental (EPMA) and calculated Cr diffusion profiles into the prior-bZr
substrate from the Zr/Cr interface after steam oxidation at 1200 �C 32.

Fig. 16. Calculated (Thermocalc® þ Zircobase) evolution of the chromium solubility
within the HT bZr phase in equilibrium conditions for pure binary Zr-Cr and pseudo-
binary Zircaloy-4-Cr systems, compared to experimental (EPMA) data 32.

7 Let us recall that such an assumption is not valid for uncoated Zirconium-based
claddings because, at HT, a significant part of the oxygen coming from the outer
steam oxidation diffuses into the bZr substrate forming an oxygen-stabilized aZr(O)
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Zircaloy-4. Then from equation (1), the Kp parabolic constant
values derived from Fig. 13 are ~0.62mg/cm2/s1/2 and ~0.05mg/
cm2/s1/2, for uncoated and Cr-coated sheets Zircaloy-4 respectively.
Then, it is possible to calculate the outer chromia thickness from
the weight gain measured, assuming that all the oxygen which has
reacted with the Cr-coating has transformed into stoichiometric
Cr2O3 oxide7 (for the oxidation conditions considered here, the
potential fraction of volatilized Cr has been neglected). Finally, from
the chromia thickness evaluation, one can deduce the equivalent
thickness of metallic chromium consumed by the outer chromium
oxide scale formation.

Weight Gain (mg/cm2)¼ Kp.[oxidation time(s)]1/2 (1)

Overall Cr-coating consumption kinetics in oxidizing environment
at HT e As an EATF clad concept, the Cr coating plays a sacrificial
role upon HT oxidation until its full “consumption”. Thus, thanks to
its lower oxidation rate compared to uncoated Zircaloy-4 and as far
as convenient deposition process/parameters have been used to
obtain a fully dense, adherent and protective chromium scale, the
Cr-coating may induce an additional “grace period” before the full
clad embrittlement is achieved. In fact, as highlighted by Fig. 14 and
Fig. 15, the overall Cr-coating consumption kinetics in steam at HT
is not only due to the formation of an outer chromia scale but also
results from the simultaneous chromium diffusion into the un-
derlying bZr substrate. Such phenomenon is due to the increase in
chromium solubility within the HT bZr phase as the temperature
increases. As shown in Fig. 16, thermodynamic calculations using
Thermocalc® [92] associated with the CEA “Zircobase” thermody-
namic database [93,94] predict that the Cr solubility in Zircaloy-4
may achieve ~2.5wt % (wt.%) at 1200 �C, while an experimental
value of ~3wt% was determined from the EPMA Cr profile mea-
surements (Fig. 16), assuming local thermodynamic equilibrium at
the ZrCr2/bZr interface. Then, it is possible to calculate the Cr
diffusion profiles using the analytical “Fick” law solution for one
dimension semi-infinite (volume) thermal diffusion of Cr within
the bZr phase at HT (Equation (2)):

[C(x,t)-Co ]¼ [Cs-Co].(1-erf(x/(2√Dt))) (2)
sub-oxide layer.



Fig. 17. Typical calculated Cr-coating overall consumption kinetics for DBA-LOCA oxidation times and temperatures 33.

Fig. 18. Weight gain (a) and hydrogen up-take (b) of coated and uncoated (from L.
PORTIER et al. [72]) Zircaloy-4 sheet samples, after steam oxidation up to 15000 s at
1000 �C 34.

J.-C. Brachet et al. / Journal of Nuclear Materials 517 (2019) 268e285280
with:

- D the Cr thermal (volume) diffusion coefficient in bZr (from
Ref. [94]), 6.29 mm2/s at 1200 �C,

- C(x, t) the Cr concentration diffusing into bZr at a distance x from
Zr-Cr interface, and for a given diffusion time t,
- Co the initial Cr concentration in the Zircaloy-4 substrate
(~0.1wt%),

- Cs the concentration at the Cr/Zr interface assuming local ther-
modynamic equilibrium

Then the consumption kinetics of chromium at HT due to the
inward chromium diffusion within the HT bZr substrate can be
calculated by integration of the Cr diffusion profiles. At 1200 �C, it is
found that the Cr-coating consumption kinetics due to Cr diffusion
into the substrate and due to outer chromia scale formation are
nearly identical.

Finally, by summing the contributions of the outer oxidation
(chromia scale formation) and the Cr diffusion into the substrate,
and by using some additional experimental oxidation data obtained
on Cr-coated Zircaloy-4 within the 1000e1300 �C temperature
range, it was possible to derive a preliminary model of the overall
Cr-coating consumption upon HT oxidation typical of DBA-LOCA
conditions. It can be observed from Fig. 17 that, in agreement
with the experimental results obtained, 5e10 mm thick Cr coating
may survive to prototypical DBA-LOCA oxidation times and tem-
peratures, that is, for ECR (calculated for the uncoated reference
clad with the Baker-Just correlation) values and oxidation tem-
peratures lower than 17% and 1200 �C respectively.

HT steam oxidation of 5-12 mm Cr coated at 1000e1200�C for
beyond DBA-LOCA oxidation times Zircaloy-4e To have a first idea of
the potential additional “coping period” which could be derived
from the use of protective Cr-coatings before achieving full clad
embrittlement due to HT oxidation, HT steam oxidation experi-
ments were extended to longer oxidation times.

Steam oxidation at 1000�C e It is well known that for reference
uncoated zirconium-based claddings, steam oxidation around
1000 �C is characterized by the occurrence of a “breakaway” oxida-
tion phenomena after a certain “incubation” time, generally ranging
from 3000 to 5000s for modern nuclear fuel alloys [95e102]. This
phenomenon is characterized by an acceleration of the oxidation
associated with a high hydrogen pick-up ratio. Fig. 18 shows the
weight gain and hydrogen uptake of coated/uncoated Zircaloy-4
sheet samples after steam oxidation up to 15000 s at 1000 �C. It is
obvious that for this post-breakaway oxidation time for the uncoated
material, the uncoated materials have experienced severe oxidation
with formation of thick outer zirconia scale with numerous cracks



Table 2
PQ mechanical properties obtained after HT steam oxidation at 1000 �C for 15000s
followed by direct water quenching down to RT.

Materials Weight Gain
(mg/cm2)

Hydrogen content
(wt.ppm)

Tensile test (sheet
materials)

Impact tests (clad
segment)

RCT (clad segment)

YS (a)
(MPa)

UTS
(a)
(MPa)

UE
(a)
(%)

TE
(a)
(%)

Impact energy (J/
mm2)

Max load (N) at RT and
at 135�C

Residual ductility(b) (%) at RT
and at 135�C

Reference uncoated
Zircaloy-4

37e40 2000
�3000

e 156 e 0 Brittle/Failure upon quenching
or upon PQ machining

5e12 mm Cr coated
Zircaloy-4

2.3e2.5 �80 812 887 0.7 1.7 0.23 (c) 1130-1270
1560e1770

11.5e15
>33 (d)

a YS ¼ Yield Strength at 0.2% plastic strain, UTS ¼ Ultimate Tensile Strength, UE ¼ Uniform Elongation, TE¼ Total Elongation (deduced from the crosshead displacement).
b Plastic displacement divided by the initial clad diameter (as defined in Ref. [75]).
c Embrittlement threshold ~0.04 J/mm2 [71e73].
d No failure, until achievement of maximal displacement available on the RCT facility used.

Fig. 19. Typical micrographs and weight gain evolution as a function the square root of (one-sided) oxidation time in steam at 1200 �C, for beyond DBA-LOCA oxidation times, for
uncoated and 5e12 mm Cr-coated Zircaloy-4 sheet samples and clad segments 35.
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and a very high hydrogen uptake. On the opposite and except for one
particularnot fully protective sample, Cr-coatedZircaloy-4 sheets are
characterized by very low weight gain values corresponding to the
formation of a 3-4 mm-thick outer chromia scale and negligible
hydrogen uptake. PQ tensile tests, Ring Compression Tests (RCT) and
impact tests (on samples with a U-shape notch) were carried out at
RT. The results are summarized in Table 2. As discussed in more
details in a previous paper [54], the PQmechanical properties clearly
show that for this beyond DBA-LOCA oxidation time, the Cr-coated
Zircaloy-4 materials display high residual PQ strength, ductility
and toughnesswhile theuncoated Zircaloy-4 is fully brittlewith very
low or negligible residual strength and ductility. For this last one, its
high brittleness is not only due to the formation of thick brittle ZrO2
and aZr(O) layers but also to the high hydrogen and oxygen8 con-
centrations within the residual inner prior-bZr layer.

Oxidation up to 6000 s at 1200�Ce6000 s at 1200 �C is nearly 10
8 The high oxygen concentration achieved of nearly 0,9 wt.% is much higher than
the equilibrium oxygen solubility in the bZr phase of as-received uncoated Zircaloy-
4 (~0,25 wt.% at 1000�C). As discussed in Ref. [54] and consistently with thermo-
dynamic predictions, this is related to the thermodynamic “b-stabilizing” effect of
hydrogen which increases the bZr oxygen solubility [103e105].
times longer than the current LOCA criteria limit for one-sided
oxidation of uncoated zirconium-based claddings at 1200 �C. It is
obvious from Fig. 19 that, even if the outer Cr coating has been
nearly fully consumed for such beyond DBA-LOCA conditions, the
Cr-coated sample survived to the final quenching while the un-
coated reference Zircaloy-4 clad segment did not. This confirms the
capacity of the Cr-coated fuel cladding to sustain longer oxidation
time at HT and/or higher temperature before loosing its integrity
when compared to the reference uncoated materials.

Impact of pre-existing (or formed upon clad ballooning) through-
thickness cracks within the Cr coating on subsequent oxidation at
HT - As for in-service corrosion, the potential detrimental effect of
damage of the Cr-coating on the subsequent HT steam oxidation
behavior of the cladding is an important issue. Upon LOCA, such
cracking of the Cr-coating may result from the internal pressure-
induced clad ballooning as already observed and mentioned in
the previous chapter for ceramic-based coatings (CrN). As an
illustration, Fig. 20 shows a typical SEM fractograph of a first gen-
eration (not fully protective) Cr-coated Zircaloy-4 sheet sample that
has been subjected to steam oxidation for 300 s at 1200 �C followed
by direct water quenching, and then tensile-tested at RT. As already
observed and discussed in Ref. [106] for multilayered TiN-TiAlN



Fig. 20. SEM fractograph of (not fully protective) Cr-coated Zircaloy-4 sheet sample from a first generation that has been subjected to steam oxidation for 300 s at 1200 �C followed
by direct water quenching, and then tensile-tested at RT 35.
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coating system over Zirlo™ substrate exposed to supercritical wa-
ter, it can be observed that the pre-existing crack within the Cr-
coating induced some localized oxidation of the Zircaloy-4 sub-
strate at HT, with formation of a ~10 mm-thick nodular zirconia
“spot” and a ~20 mm-thick aZr(O) “ring” just underneath. Let us
remind that for the reference uncoated Zircaloy-4 sheet sample
tested in the same conditions, 50-60 mm-thick oxide and aZr(O)
layers formed. Then, taking into account the perfect spherical shape
of the oxygen penetration depth beneath the pre-existing crack in
Cr, it can be concluded that this type of pre-existing defect does not
induce any local acceleration of the subsequent HT oxidation of the
substrate. Additionally, the aspect of Cr suggests that the formation
of an outer chromia scale at the crack “lips” tends to close the pre-
existing defect due to the (Cr2O3) volume expansion induced locally
inside the crack, thus further reducing the access of steam to the
Zircaloy-4 substrate (i.e., partial “self-healing” effect). This last
assumption should explain the thinner zirconia and aZr(O) formed
within the Cr-coated Zircaloy-4 substrate as an extension of the Cr
crack-tip, when compared to the deeper oxidation observed for the
uncoated reference materials. Finally, it can be observed that in the
vicinity of the nodular ZrO2 oxide spot, where local swelling has
occurred, the outer chromium oxide and the remaining metallic
layers were still remarkably fully adherent to the Zircaloy-4 sub-
strate. This indicates that such a defect should not induce extended
spalling of the Cr coating upon HT oxidation or during the final
water quenching.
4. Conclusions

Coatings with thicknesses between a few microns and ~10 mm
deposited on a Zircaloy-4 substrate were studied with the objective
to provide a significant reduction in the oxidation-induced
embrittlement of the nuclear fuel cladding, especially in acci-
dental conditions, such as LOCA conditions. Early studies were
performed at CEA on several types of coatings fabricated by a PVD
process, including ceramic nitride and metallic multi-layered
coatings. The results of this screening analysis showed that the
first generation of chromium-based coatings exhibited the most
promising behavior with a good compromise between nominal
corrosion resistance and adhesion of the coating, good fretting
resistance and improved resistance to steam oxidation at HT,
relevant of DBA-LOCA conditions and slightly beyond.

These preliminary encouraging results were further confirmed
on the last generation of Cr-coatedM5™ as discussed in some other
papers [54e63].
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